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Having successfully secured a booking at the famous Conference Center on 
Monte Verità, Switzerland, and with financial support for the ISOTT 2020 
conference confirmed, the COVID-19 pandemic came along and the event 
had to be cancelled. We postponed the conference to 2021 but our hopes were 
once again dashed as ongoing uncertainty and travel restrictions made it 
impossible to hold the ISOTT conference on site 1 year later. Within our com-
munity of scientists, and particularly among the younger members, the wish 
to present work and share findings remained strong, however, and so we 
decided to take a digital approach. The 2021 ISOTT conference was held 
online for first time in our history and open to all attendees free of charge. The 
call for registrations was well received as a high number of scientists from all 
over the world signed up to take part. Talks were presented and discussed via 
Zoom, while gather.town hosted poster presentations as well as informal 
gatherings and discussions.

The highly interdisciplinary scientific program covered all aspects of oxy-
gen transport – from air to the cells, organs, and organisms; to instrumenta-
tion and methods to measure oxygen; and to clinical evidence. We focused 
our attention on contributions from young scientists since they had suffered 
most as a result of measures during the pandemic. The program included 39 
invited speakers, 101 abstracts (39 talks and 62 posters), and 152 registered 
participants (54 students) from 18 countries. The spirit of ISOTT was alive 
and palpable despite the novel format: an interested, prestigious, and active 
audience, well-attended sessions, and lively follow-up discussions at a high 
scientific level. Alongside the atmosphere of enthusiasm and mutual interest, 
a key highlight was the constructive and stimulating interaction between 
experts in the field and students. And so it was that we were able to celebrate 
the huge success of our ISOTT 2021 online conference. We would like to 
thank everyone who participated or assisted in carrying out this event.

Ursula Wolf, MD, Professor of Medicine
President ISOTT, 2021

Preface
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David K. Harrison was born in Cleethorpes, Lincolnshire (UK), on 8 August 
1951  – a real “Yellowbelly” as he was proud to say. He attended Clee 
Humberstone Foundation Grammar School and then, in 1969, went to Dundee 
to study electrical engineering but switched to physics. He graduated with 
honors in 1973 and was appointed as an economic forecaster at BP. Later, 
after turning down a post in the NHS, David was offered a PhD in medical 
biophysics, based in Ninewells Hospital. After graduation, David took a post 
with the new principal of the University, Adam Neville, a world-renowned 
civil engineer, whose textbooks on concrete, especially creep in concrete, 
needed revision for the new editions – David’s first experiences of scientific 
editing, a sign of the future.

In 1980, David attended a small meeting on oxygen transport hosted by 
the Max-Planck-Institute for Applied Physiology in Dortmund (Germany). 
This was a visit which was to have far-reaching consequences and change his 
life. During the meeting he was approached by Professor Manfred Kessler, 
who had just moved from Dortmund to Erlangen to build up his research team 
in the 2nd Institute of Physiology on the University campus in Erlangen.

For David, this was a move with a decisive change in direction. In spring 
1981, David was awarded a prestigious “Alexander von Humboldt 
Stipendium,” allowing him to join the Erlangen group. The Harrison family 
remained for nearly 10 years in Erlangen, and David completed his habilita-
tion (venia legendi, Dr. med. habil.) in January 1990.

Later in 1990, the Harrison family set off back to the UK as David took up 
a new post at Ninewells Hospital in Dundee. David refined the oxygen 
 methods to be used in clinical measurement that would be applied in the neo-

In Memoriam: David Keith Harrison 
(1951–2021)
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natal unit, in radiotherapy monitoring, and amputation assessment in 
diabetics.

Then came another move – as head of medical physics in Durham, then 
part of the largest medical physics department in Europe. There he continued 
his research and extended the clinical work to O2 measurement in bowel sto-
mas and breast reconstruction. Unfortunately, in the following decade, his 
post became increasingly administrative and time for research extremely lim-
ited. As a consequence, David retired early and the Harrisons moved to St. 
Lorenzen/Tyrol, Italy. The University of Innsbruck/Austria being the nearest 
academic institution, David joined Professor Erich Gnaiger at Oroboros 
Instruments and moved field again into high-resolution respirometry and 
mitochondrial research with their O2k devices.

Over the years, David has published numerous research articles related to 
oxygen transport in tissue in esteemed journals, above all in the ISOTT 
Proceedings. David’s first ISOTT meeting was held in Nijmegen (1984). The 
next was the Sapporo meeting (1987). After the meeting in Mainz (1992), he 
attended most of the following meetings. Unfortunately, he could not attend 
the Istanbul meeting in 1994 because a few weeks before he was diagnosed 
with a highly aggressive mediastinal tumor. In his absence, at the meeting, he 
was nominated President Elect, and 2 years later, David and Eileen Harrison 
welcomed ISOTT to Dundee for a very Scottish meeting with high tea, hag-
gis, whisky, pipers, a ceilidh, and a boat, the “Discovery,” which was to start 
a tradition that lasted for a long time with river trips at many later meetings.

David’s outstanding services for ISOTT include his Editorships on 17 
Oxygen Transport to Tissue (OTTT) volumes, beginning with the proceed-
ings from his ISOTT meeting in Dundee, 1996 (OTTT XIX). In 2003 a deci-
sion was taken that David should act as a scientific editor to ensure continuity, 
joining Laraine Visser who after the Curacao meeting did the language edit-
ing for two decades. When all editorial work went digital, Eileen M. Harrison 
joined the editorial team acting as technical editor. As scientific editor, David 
also organized the mandatory review of all manuscripts submitted, always 
selecting appropriate reviewers to guarantee the high scientific standard of 
the OTTT volumes, which were co-edited by the president of the respective 
ISOTT meeting.

In 2019, David realized that, in the future, his health was not going allow 
him to devote the 6 months per year required for this task and resigned as 
scientific editor. In fact, he completed the final bits of the Albuquerque book 
(OTTT XLII) with some difficulty as he had fallen and had a spinal fracture. 
After the fall he never really recovered as the coronavirus pandemic spread 
just as he should have started rehabilitation. He deteriorated physically due to 
several subsequent falls and was referred to palliative care, where he tempo-
rarily improved his physical and mental status. Finally, his daughters Natalie 
and Francesca provided exemplary 24/7 care for him at home until his 
redemptive death on 29 October 2021.

With David’s passing I have lost a long-standing, dear friend, and the 
ISOTT community has lost a loyal and highly supportive member. During 
35 years of ISOTT membership, David presented himself as an innovative 

In Memoriam: David Keith Harrison (1951–2021)
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researcher, fair and supportive discussant, and as a friendly, very kind, 
 open- minded, restrained, and extremely sociable person. He will be sorely 
missed. R.I.P.

On behalf of ISOTT
Dr. med. Peter Vaupel, Professor (emeritus) of Physiology and 

Pathophysiology

In Memoriam: David Keith Harrison (1951–2021)
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Involvement of Endothelial Nitric 
Oxide Synthase in Cerebral 
Microcirculation and Oxygenation 
in Traumatic Brain Injury

Denis E. Bragin, Olga A. Bragina, Alex O. Trofimov, 
Paul L. Huang, and Dmitriy N. Atochin

Abstract

Traumatic brain injury (TBI) leads to cerebral 
microvascular dysfunction and cerebral isch-
emia. Endothelial nitric oxide synthase 
(eNOS) is a key regulator of vascular homeo-
stasis. We aimed to assess the role of eNOS in 
cerebral blood flow (CBF) changes after 
TBI.  Moderate TBI was induced in eNOS 
knockout (KO) and wild-type (WT) mice (8 
per group). Cerebral microvascular tone, 
microvascular CBF (mCBF) and tissue oxy-
genation (NADH) were measured by two- 
photon laser scanning microscopy (2PLSM) 
before and 1  h, 1  day and 3  days after 

TBI.  Cerebrovascular reactivity (CVR) was 
evaluated by the hypercapnia test. Laser 
Doppler cortical flux (cLDF) was simultane-
ously measured in the perilesional area. One 
hr after TBI, cLDF was 59.4  ±  8.2% and 
60.3 ± 9.1% from the baseline (p < 0.05) in 
WT and eNOS  KO, respectively. 2PLSM 
showed decreased arteriolar diameter, the 
number of functioning capillaries, mCBF and 
tissue oxygenation (p < 0.05). At 1 day, cLDF 
increased to 65.2  ±  6.4% in the WT group, 
while it decreased to 56.1  ±  7.2% in the 
eNOS  KO mice. 2PLSM revealed a further 
decrease in the number of functioning capil-
laries, mCBF, and oxygen supply which was 
slightly milder in WT mice (p < 0.05 from the 
baseline). On the third day after TBI, cLDF 
increased to 72  ±  5.2% in the WT, while it 
stayed the same in the eNOS  KO group 
(55.9 ± 6.4%, p < 0.05 from the WT). 2PLSM 
showed reduction in arterioles with vaso-
spasm, increase in the number of functioning 
capillaries, and improvement in mCBF and 
tissue oxygen supply in WT, while no signifi-
cant changes were observed in eNOS KO 
(p < 0.05). CVR was impaired in both groups 
1 h after TBI, and improved by the third day in 
the WT, while staying impaired in eNOS 
KO.  In the subacute TBI period, the signifi-
cance of eNOS in maintaining cerebral micro-
circulation and oxygen supply increases with 
time after the injury.
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1  Introduction

Post-traumatic cerebral microvascular dysfunc-
tion, characterised by vasoconstriction and vas-
cular occlusion, ultimately leads to cerebral 
ischemia following traumatic brain injury (TBI) 
[1]. Nitric oxide (NO), produced by vascular 
endothelial nitric oxide synthase (eNOS), is a 
central regulator of vascular homeostasis and 
cerebral blood flow [2]. Several studies showed 
that eNOS is essential for the maintenance of 
cerebral blood flow  (CBF) after TBI [3–5]. 
However, the involvement of eNOS and NO in 
TBI pathophysiology is still under-investigated. 
The objective of this pilot work was to assess the 
involvement of eNOS in cerebral microvascular 
changes after TBI by comparing it in eNOS 
knockout (KO) and wild-type (WT) mice. Our 
working hypothesis was that eNOS mediates 
cerebral microvascular and oxygen supply 
changes after TBI in a time-dependent manner.

2  Materials and Methods

Animal procedures were approved by the 
Institutional Animal Care and Use Committee of 
the Lovelace Biomedical Research Institute 
under the Animal Protocol #FY20-058. Moderate 
TBI was induced in 8 C57BL/6 wild type and 8 
eNOS knockout mice  (eNOS KO) [6] by 
Benchmark Controlled Cortical Stereotaxic 
Impactor (Leica Biosystems, Germany) through 
craniotomy (5 mm diameter, centred at 3.5 mm 
posterior and left-lateral to bregma) using a 
3-mm flat-tip impounder deployed at a velocity 
of 5 m/s and depth of 2.0 mm from the cortical 
surface, as in our previous study [7]. Regional 
CBF (rCBF) was visualised by RFLSI II Laser 
Speckle Contrast Imaging System (RWD Life 
Science Co., Shenzhen, China) before and 1  h, 
1  day and 3  days after the TBI. Cortical 

 microvascular tone, microvascular CBF (mCBF) 
and tissue oxygen supply (NADH) were mea-
sured by two-photon laser scanning microscopy 
(2PLSM) before and 1 h, 1 day and 3 days after 
the TBI.

Two-Photon Laser Scanning Microscopy The 
number of perfused capillaries, microcirculation, 
and tissue oxygen supply were visualised in 
anesthetised mice (2% isoflurane in 70% N2O 
and 30% O2) using Olympus BX 51WI upright 
microscope and water-immersion XLUMPlan FI 
20x/0.95W objective as previously described [7]. 
Excitation was provided by a Prairie View Ultima 
multiphoton laser scan unit powered by a 
Millennia Prime 10 W diode laser source pump-
ing a Tsunami Ti: sapphire laser (Spectra-Physics, 
Mountain View, CA). Red blood cells (RBC) flow 
velocity was measured in microvessels, ranging 
from 3–50 μm diameter up to 500 μm below the 
surface of the parietal cortex. NADH autofluores-
cence measurement was used to evaluate mito-
chondrial activity (metabolic status) and tissue 
oxygenation [8]. In offline analyses using NIH 
ImageJ software, three-dimensional anatomy of 
the vasculature in areas of interest was recon-
structed from two-dimensional (planar) scans of 
the fluorescence intensity obtained at successive 
focal depths in the cortex (XYZ stack).

Cerebrovascular Reactivity Testing by 
Hypercapnia Challenge Cerebrovascular reac-
tivity (CVR) was evaluated by measuring changes 
in arteriolar diameters and NADH (tissue oxygen 
supply) during hypercapnia test as previously 
described [7]. Transient hypercapnia was induced 
by a 60-s increase in CO2 concentration to 10% in 
the inhalation mixture through the face mask. 
Each trial consisted of 3  min of baseline data 
acquisition, followed by 1 min of the hypercap-
nia challenge, and 3 min of the post-hypercapnic 
surveillance period.

Statistical Analyses were done using GraphPad 
Prism software (La Jolla, CA, USA) by indepen-
dent Student’s t-test or Kolmogorov–Smirnov 
tests where appropriate. Differences between 
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groups and time were determined using a two- 
way repeated measures ANOVA analysis for 
multiple comparisons and post hoc testing using 
the Mann-Whitney U test. Variables are expressed 
as mean ± SEM. The level of significance was set 
at 0.05.

3  Results

At a baseline, regional CBF, arteriolar diameter 
and capillary flow velocity were slightly less in 
eNOS KO but not significantly different than in 
wild-type mice (Fig 1a, c). However, the number 
of functional capillaries and tissue oxygen supply 
(NADH) was similar in both WT and eNOS KO 
mice (Fig. 1b, d). In contrast, the baseline hyper-
capnia test showed that in eNOS KO mice, cere-
bral arterioles dilated by 30  ±  8% during 
inhalation of 10% CO2, which was significantly 
less than in WT mice (45  ±  6%, Fig.  2a). 
Simultaneous NADH autofluorescence imaging 

did not show any transient changes in tissue oxy-
gen supply during hypercapnia in WT animals as 
a result of arteriolar dilatation and increased RBC 
traffic, reflecting intact mCBF regulation. In 
eNOS KO mice, hypercapnia caused a slight 
increase in NADH autofluorescence, correspond-
ing to the impaired CVR (Fig. 2b). However, this 
NADH change was not statistically different 
from the WT mice.

One hour after the TBI, rCBF fell to 
59.4 ± 8.2% and 60.3 ± 9.1% from the baseline in 
the ipsilateral hemisphere in WT and eNOS KO 
mice, respectively (Fig. 1a, p < 0.05) without a 
difference between groups. In the peri-lesion cor-
tex, 2PLSM showed decreased arteriolar diame-
ter, the number of functioning capillaries, mCBF, 
and tissue oxygen supply without significant dif-
ference between the groups (Fig. 1b–d, p < 0.05 
from the baseline).

At one day after the TBI, rCBF in the ipsilat-
eral hemisphere increased to 65.2 ± 6.4% in the 
WT group, decreasing further to 56.1 ± 7.2% in 

A B

DC

* *
* *

*
*

**

Fig. 1 After traumatic brain injury: (a) regional cerebral 
blood flow in the peri-lesion cortex dropped in eNOS KO 
mice more significantly than in wild-type (WT); (b) the 
number of functional capillaries in the peri-lesion cortex 
was less in eNOS KO mice comparing to WT; (c) the cap-
illary flow velocity in the peri-lesion cortex was less in 

eNOS KO mice comparing to WT; and (d) tissue oxygen 
supply (inversely reflected by nicotinamide adenine dinu-
cleotide level, NADH) in the peri-lesion cortex was less in 
eNOS KO mice comparing to WT. n  = 8 per group, 
*p < 0.05, mean ± SEM

Involvement of Endothelial Nitric Oxide Synthase in Cerebral Microcirculation and Oxygenation…
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Fig. 2 Nitric oxide-dependent cerebrovascular reactivity 
in wild-type (WT) and eNOS knockout (KO) mice. (a and 
b) Cerebrovascular reactivity is impaired in eNOS KO 
mice reflected by less change in the arterioles’ diameter 

during hypercapnia test compared to WT; and (c and d) 
Nicotinamide adenine dinucleotide (NADH) autofluores-
cence dynamics during the hypercapnia test. n  =  8 per 
group, *p < 0.05, mean ± SEM

the eNOS KO mice (Fig. 1a, p < 0.05). At this 
time, 2PLSM over the peri-lesion cortex revealed 
a further decrease in the number of functioning 
capillaries, mCBF and tissue oxygen supply, 
which was slightly milder in WT mice than in 
eNOS KO mice (Fig. 1b–d, p < 0.01).

On the third day after TBI, cLDF in the ipsi-
lateral hemisphere further increased to 72 ± 5.2% 
in the WT group, while it stayed the same in the 
eNOS KO group (55.9 ± 6.4%, p < 0.05 from the 
WT, Fig. 1a). 2PLSM showed reduction in arteri-
oles with vasospasm, increase in the number of 
functioning capillaries, and improvement in 
mCBF and tissue oxygen supply in WT mice, 
while no significant changes were observed in 
eNOS KO mice (Fig. 1b–d, p < 0.05).

CVR was impaired in both groups one hour 
after TBI (29.3 ± 7.1% and 15.2 ± 5.4% in WT 
and eNOS KO mice, respectively), and improved 
by the third day after TBI in the WT group 
(35.1  ±  6.2%), while it remained impaired in 
eNOS KO mice (16.2  ±  5.4%, Fig.  2a, b, 
p < 0.05). Simultaneous NADH autofluorescence 
imaging revealed that one hour after TBI, tissue 
oxygen supply during the hypercapnia test tran-
siently decreased by 5.5 ± 0.7% and 6.6 ± 0.6% 
in WT and eNOS KO mice, respectively, corre-
sponding with impaired CVR. At three days after 
the TBI, it improved in WT mice (2.5 ± 0.4%) 
compared to eNOS KO mice (6.1 ± 0.5%, Fig. 2c, 
d p < 0.05).

D. E. Bragin et al.
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4  Discussion

The differences in cerebral hemodynamic and 
metabolism between the eNOS KO and the wild- 
type mice suggest a critical role of the eNOS in 
preserving cerebral blood flow metabolism in the 
contused brain after traumatic injury. The 
obtained results are in agreement with works per-
formed by Haltky et al., who also demonstrated 
regional CBF reduction in the acute period of 
TBI [3]. Lundblad et al. did not find a difference 
in CBF between WT and eNOS KO mice at 3 h 
after the TBI, but at 24  h, CBF was lower in 
eNOS KO than in WT mice in our studies [4]. 
However, in contrast to our research, they did not 
find any differences in the number of perfused 
capillaries [4].

5  Conclusions

The significance of eNOS in maintaining cere-
bral microcirculation and tissue oxygen supply 
increases with time in the subacute period of TBI. 
The impaired vasoreactivity due to limited NO 
production in eNOS KO mice is responsible for 
poor outcomes. eNOS knockout mouse model in 
combination with NOS inhibitors and NO donors 
might be helpful for work investigating 
NO-targeted TBI therapies.
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Imaging Cerebral Energy 
Metabolism in Healthy Infants

M. F. Siddiqui, S. Brigadoi, L. Collins-Jones, 
S. Lloyd-Fox, E. J. H. Jones, I. Tachtsidis, 
M. H. Johnson, and C. E. Elwell

Abstract

Broadband near-infrared spectroscopy 
(bNIRS) has the potential to provide non- 
invasive measures of cerebral haemodynamic 
changes alongside changes in cellular oxygen 
utilisation through the measurement of mito-
chondrial enzyme cytochrome-c-oxidase 
(oxCCO). It therefore provides the opportu-
nity to explore brain function and specialisa-
tion, which remains largely unexplored in 
infancy. We used bNIRS to measure changes 
in haemodynamics and changes in oxCCO in 
4-to-7-month-old infants over the occipital 
and right temporal and parietal cortices in 

response to social and non-social visual and 
auditory stimuli. Changes in concentration of 
oxygenated-haemoglobin (Δ[HbO2]), deoxy-
genated haemoglobin (Δ[HHb]) and change 
in the oxidation state of oxCCO (Δ[oxCCO]) 
were calculated using changes in attenuation 
of light at 120 wavelengths between 780 
and900 nm, using the UCLn algorithm. For 4 
infants, the attenuation changes in a subset of 
wavelengths were used to perform image 
reconstruction, in an age-matched infant 
model, for channels over the right parietal and 
temporal cortices, using a multispectral 
approach which allows direct reconstruction 
of concentration change data. The volumetric 
reconstructed images were mapped onto the 
cortical surface to visualise the reconstructed 
changes in concentration of HbO2 and HHb 
and changes in metabolism for both social and 
non-social stimuli. Spatially localised activa-
tion was observed for Δ[oxCCO] and Δ[HbO2] 
over the temporo-parietal region, in response 
to the social stimulus. This study provides the 
first reconstructed images of changes in 
metabolism in healthy, awake infants.
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1  Introduction

Near-infrared spectroscopy (NIRS) is a non- 
invasive neuroimaging technique that provides 
measures of changes in cerebral haemodynamic 
activity and oxygenation. Due to its feasibility, it 
has become an established research tool in the 
field of Psychology to study neurodevelopment 
and investigate both typical [1] and atypical 
brain development [2]. NIRS uses near-infrared 
light to quantify changes in the concentration of 
oxygenated Δ[HbO2] and deoxygenated haemo-
globin Δ[HHb]. More recently, broadband NIRS 
[3–5] systems have been developed to allow for 
the measurement of changes in metabolic activ-
ity alongside haemodynamic activity. This is 
performed by measuring changes in the oxida-
tion state of mitochondrial enzyme cytochrome-
c- oxidase Δ[oxCCO], which is responsible for 
95% of energy metabolism. oxCCO is a more 
direct marker of brain activity. Compared to 
haemoglobin- based measures, oxCCO can 
potentially provide a more direct marker of brain 
activation, and animal studies [6] have found a 
significant correlation between oxCCO mea-
sures and phosphorus magnetic resonance spec-
troscopy biomarkers of cerebral energy 
metabolism.

More recently in the field of functional NIRS 
(fNIRS), technological advancement has allowed 
the reconstruction of images of Δ[HbO2] and 
Δ[HHb] (in both adults and infants) [7] and 
Δ[oxCCO] (in adults) [8]. To date, no studies 
have reconstructed images of changes in haemo-
dynamics and metabolism in infants. These 
reconstructed images could provide the opportu-
nity to investigate the spatial specificity of cere-
bral energy metabolism during development and 
to understand its role in functional cortical spe-
cialisation. In this study, we used a broadband 
NIRS (bNIRS) system to measure changes in the 
redox state of CCO alongside haemodynamic 
changes in typically developing infants. We per-
formed image reconstruction for four of the 
infants in the study, to visualise, for the first time, 
reconstructed bNIRS measured changes in 
response to functional activation.

2  Materials and Methods

The study protocol and procedures were approved 
by the Birkbeck Psychology Research Ethics 
Committee. Forty-two healthy 4-to-7-month-old 
infants participated in the study (22 males, 20 
females: age 179 ± 16 days old). All parents vol-
unteered and gave written, informed consent to 
participate.

2.1  Instrumentation

Measurements were performed using a broad-
band system developed in-house at University 
College London [3]. The system consisted of four 
light sources (at the subject-end) which were 
controlled using a time multiplexed mechanism 
whereby one pair of light sources was on every 
1.4  s. The system also consisted of fourteen 
detector fibres (at the subject-end). The attenua-
tion signal was obtained from changes in attenu-
ation of light at 120  wavelengths between 
780–900  nm. The sources and detectors were 
positioned on the head using custom-built, 3-D 
printed arrays (all source/detector separation 
2.5  cm, with three additional long-separation 
channels at 4.3  cm used for image reconstruc-
tion) which were positioned over the occipital 
and the right temporo-parietal regions. A NIRS- 
MRI co-registration map [9] was used to position 
the temporo-parietal array such that two channels 
were located over the superior temporal sulcus – 
temporo-parietal junction (STS-TPJ) region 
which has been shown to be activated to social 
stimuli [10]. Figure  1a shows the placement of 
the array on a participant and Fig. 1b shows the 
locations of each of the channels on the head, 
including the long-distance channels used for 
image reconstruction.

2.2  Protocol and Measurements

During the study, infants were seated on their 
parent’s lap at an approximate viewing distance 
of 65 cm. A 35-in screen was used to display the 

M. F. Siddiqui et al.
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Fig. 1 (a) The headgear is shown positioned on an 
infant’s head with NIRS sources and detectors indicated. 
The black electrodes/fibres are EEG electrodes for con-
current EEG measurements that are not discussed in this 
paper. (b) Locations of the bNIRS channels (grey circles) 
and locations of the sources (orange circles) and detectors 

(green circles) over the right hemisphere. The grey lines 
show each source-detector pair that forms each channel 
(separation 2.5 cm) and the dark orange lines shows the 
long-distance channels used for image reconstruction 
(separation 4.3 cm)

Fig. 2 Order of stimulus presentation

experimental stimuli. These were visual and 
auditory stimuli comprising a ‘social’ condition 
which consisted of dynamic videos of actors per-
forming nursery rhymes such as ‘incy-wincy’ 
and a ‘non-social’ condition which consisted of 
moving mechanical toys. The baseline condition 
consisted of still images of transport vehicles. 
Both the social and non-social stimuli were pre-
sented for a varying duration of 8–12 s while the 
baseline was presented for 8  s. Figure  2 shows 
the order of stimulus presentation. The study 
began with a rest period (10 s minimum) to draw 
the infant’s attention towards the screen, during 
which the infant was shown shapes in the four 
corners of the screen. Following this, the baseline 
and experimental conditions were alternated until 

the infant became bored or fussy. Alerting sounds 
were occasionally played during the baseline 
period to draw the infant’s attention back to the 
screen.

2.3  Data Analysis

Data analysis was carried out in MATLAB 
(Mathworks, USA) and has been described else-
where [4]. Image reconstruction was performed 
at the individual subject level. A four-layer volu-
metric infant head model was built using average 
MRI data from a cohort of 12-month-old infants 
[7, 11] using the iso2mesh software [12]. A grey 
matter (GM) surface mesh was built similarly 

Imaging Cerebral Energy Metabolism in Healthy Infants
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and used to display the reconstructed images. 
Images of HbO2, HHb and ΔoxCCO were recon-
structed from the block-averaged attenuation 
changes at 13 discrete wavelengths (from 780 to 
900 nm at 10 nm intervals) using the multispec-
tral approach [13] as described elsewhere [8]. 
Toast++ [14] was used to compute wavelength- 
specific Jacobians on the tetrahedral mesh. 
Optical properties were assigned to each tissue 
type and for each wavelength by fitting all pub-
lished values for these tissue types [15–17]. The 
inverse problem was solved employing the LSQR 
method (maximum number of iterations: 50; tol-
erance: 10−5) to solve the matrix equations result-
ing from the minimisation and using first-order 
Tikhonov regularisation, with the parameter 
covariance matrix containing the diagonal square 
matrices with the background concentration val-
ues of the three chromophores (23.7 for ΔHbO2, 
16 for ΔHHb and 6 for ΔoxCCO) [18, 19] and 
the noise covariance matrix set as the identity 
matrix. The regularisation hyper-parameter was 
set to 10−2. The volumetric reconstructed images 
were mapped to the GM surface mesh; changes 
in concentration for HbO2 and HHb were nor-

malised to the maximum change in HbO2, while 
oxCCO was normalised to its maximum change.

3  Results

Figure 3 shows reconstructed images from a 
single infant at three different time points for 
both social and non-social conditions. Figure 4 
shows reconstructed images from three different 
infants at time point 14  s post-stimulus onset 
(the response is expected to have reached a 
maximum around this time). Figure 5 shows the 
reconstructed images of the group average 
(averaging across the four infants shown in 
Figs. 3 and 4) at three different time points. In 
general, in response to the social condition, a 
widespread initial decrease in Δ[HbO2] and 
Δ[oxCCO] was observed over the temporal and 
parietal brain regions which was followed by a 
more spatially localised increase in Δ[HbO2] 
and Δ[oxCCO]. Δ[oxCCO] displayed activity 
which was more localised to the parietal region. 
Meanwhile Δ[HHb] showed an initial increase 
in response to the stimulus followed by a 

Fig. 3 Reconstructed images from one infant at three dif-
ferent time points; stimulus onset, 10 s post-stimulus 
onset and 14 s post-stimulus onset for both social ((a) – 
(c)) and non-social conditions ((d) – (f)). The concentra-

tion changes of HbO2 and HHb have been normalised to 
the maximum of HbO2 and changes in oxCCO have been 
normalised to its maximum

M. F. Siddiqui et al.
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Fig. 4 Reconstructed images from three different infants ((a) – (c)) at time point 14 s post-stimulus onset for both 
social and non-social conditions

Fig. 5 Group average reconstructed images of the infants 
shown in Figs. 3 and 4 at three different time points; stim-
ulus onset, 10 s post-stimulus onset and 14 s post-stimulus 
onset for both social ((a) – (c)) and non-social conditions 

((d) – (f)). The concentration changes of HbO2 and HHb 
have been normalised to the maximum of HbO2 and 
changes in oxCCO have been normalised to its 
maximum

decrease. Moreover, in response to the non-
social condition, both Δ[HbO2] and Δ[oxCCO] 
displayed a decrease with Δ[oxCCO] showing a 
more widespread decrease over the temporal 
and parietal regions.

4  Conclusions

In this study, we used a bNIRS system to explore 
the feasibility of reconstructing images of 
changes in haemodynamic and metabolic activity 
in awake infants, during functional activation. 

Imaging Cerebral Energy Metabolism in Healthy Infants
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Broadband data were acquired in 42 healthy 
infants during a social/non-social experimental 
paradigm that is known to elicit strong activation 
over the temporal and parietal brain regions [20]. 
Spatially localised activation was observed for 
Δ[HbO2] and Δ[oxCCO] over the temporal and 
parietal regions during the period of maximum 
response to the stimulus in the four reconstructed 
infants. These results are in line with each infant’s 
channel-wise data which show a clear increase in 
Δ[HbO2] and Δ[oxCCO] in channels over the 
temporo-parietal region in response to the 
stimulus.

We have demonstrated for the first time in 
awake, healthy infants the reconstruction of 
simultaneous changes in the concentration of 
HbO2, HHb and oxCCO. Image reconstruction of 
changes in oxCCO provides the opportunity to 
investigate cerebral energy metabolism during 
neurodevelopment and to understand its role in 
specialisation of brain function. While in the 
healthy brain, as in the case of the infants in this 
study, HbO2 and oxCCO showed similar patterns 
of activation, the same pattern may not be 
observed and needs to be studied in clinical pop-
ulations. This technique is therefore useful to 
understand not only typical brain development, 
but atypical brain development in disorders such 
as autism spectrum disorders (ASD) where stud-
ies have shown a link to mitochondrial dysfunc-
tion [21].
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Changes in Cerebral Oxygenation 
and Systemic Physiology During 
a Verbal Fluency Task: Differences 
Between Men and Women

Hamoon Zohdi, Felix Scholkmann, 
and Ursula Wolf

Abstract

Background: Sex differences in behavioural 
performance of a cognitive task have been 
repeatedly reported in the literature. Whether 
such differences are also relevant for evoked 
cerebral haemodynamic and oxygenation 
responses as well as systemic physiological 
changes is a topic of ongoing investigations. 
Aim: We investigated whether changes in 
cerebral oxygenation and systemic physiolog-
ical activity are sex-dependent during a verbal 
fluency task (VFT). Subjects and methods: 
VFT performance and changes in cerebral 
oxygenation and systemic physiology were 
investigated in 32 healthy right-handed adults 
(17 females, 15 males, age: 25.5 ± 4.3 years). 
The total duration of the VFT was 9  min. 
During this phase, subjects were also exposed 
to blue light (peak wavelength: 450 nm, illu-
minance: 120 lux). Before and after the VFT, 
subjects were in darkness. In this study, we 

used the systemic physiology augmented 
functional near-infrared spectroscopy (SPA- 
fNIRS) approach. Absolute concentration 
changes of oxyhaemoglobin ([O2Hb]), deoxy-
haemoglobin ([HHb]), total haemoglobin 
([tHb]), as well as tissue oxygen saturation 
(StO2) were measured bilaterally over the pre-
frontal cortex (PFC) and visual cortex (VC). 
Systemic physiological parameters were also 
recorded in parallel (e.g., end-tidal CO2, heart 
rate, respiration rate, skin conductance). 
Results: We found that: (i) Females were bet-
ter VFT performers in comparison to males. 
(ii) Changes in [O2Hb] and [HHb] in the VC 
were higher for males compared to females 
during the VFT under blue light exposure. (iii) 
Lower and higher StO2 changes were detected 
for males compared to females in the PFC and 
VC, respectively. (iv) Sex-dependent changes 
were also evident for end-tidal CO2, heart rate, 
respiration rate, and pulse-respiration quo-
tient. Conclusions: Our study showed that sex 
differences are not only observed in task per-
formance but also in the magnitudes of 
changes in cerebral and physiological param-
eters. The findings of the current study empha-
sise that sex differences in brain activation and 
systemic physiological activity need to be 
considered when interpreting functional neu-
roimaging data. These findings offer a broad 
range of implications for educational purposes 
and facilitate a better understanding of the 
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effects of sex on behavioural performance as 
well as human physiology.

Keywords

Sex differences · SPA-fNIRS · Verbal fluency 
task · Systemic physiology · Cerebral 
haemodynamics

1  Introduction

Sex dependency of cognitive functions has been 
well established in behavioural studies, e.g. 
females were found to perform better in verbal 
tasks while males better in visual-spatial tasks 
[1]. Neuroimaging studies, e.g., functional 
magnetic- resonance imaging (fMRI), showed 
this sex dependency too [2]. The increasing 
awareness of the sex dependency of neuroimag-
ing findings motivated us to investigate if such 
differences also play a role for functional near- 
infrared spectroscopy (fNIRS) studies.

In previous studies by our group we investi-
gated how cerebral haemodynamics and systemic 
physiology change during various paradigms 
involving long-term or short-term coloured light 
exposures with different colours [3–5]. The aim 
of our present study was to investigate whether 
changes in cerebral haemodynamics and sys-
temic physiology are sex-dependent during a 
cognitive task (verbal fluency task; VFT) per-
formed under blue light exposure.

2  Subjects and Methods

Thirty-two healthy right-handed subjects 
(17  female, 15  male, age: 25.5  ±  4.3  years) 
were recruited in the current study. The subjects 
sat upright in a comfortable chair while per-
forming a VFT. The total duration of the VFT 
was 9  min. During this phase, subjects were 
also exposed to blue light (LED headlights, 
spectral peak: 450  nm, illuminance: 120  lux) 
continuously. Before (baseline, 8 min) and after 
(recovery, 15  min) the VFT, subjects were in 

darkness and were asked to relax. We used the 
systemic physiology augmented functional 
near-infrared spectroscopy (SPA-fNIRS) 
approach, enabling changes in cerebral oxygen-
ation and haemodynamics to be measured 
simultaneously with systemic physiology. A 
multichannel frequency-domain near-infrared 
spectroscopy system (Imagent, ISS Inc., 
Champaign, IL, USA) was used to measure 
absolute concentration changes of oxyhaemo-
globin ([O2Hb]), deoxyhaemoglobin ([HHb]), 
total haemoglobin ([tHb]), as well as tissue 
oxygen saturation (StO2) bilaterally over the 
prefrontal cortex (PFC) and visual cortex (VC). 
Systemic physiological parameters, i.e., end-
tidal CO2 (PETCO2), mean arterial pressure 
(MAP), skin conductance level (SCL), arterial 
oxygen saturation (SpO2), heart rate (HR), res-
piration rate (RR), and pulse-respiration quo-
tient (PRQ) were also recorded. A detailed 
description of the experimental protocol as well 
as the SPA-fNIRS measurement setup can be 
found in our previous studies [6, 7].

Too noisy fNIRS signals were rejected by 
manual assessment. Movement artefacts were 
removed and a low pass filter (RLOESS) with a 
span of 3  min was applied to remove high- 
frequency noise. Signals from the left and right 
PFC and VC were averaged to obtain signals for 
the whole PFC and VC, respectively. All systemic 
physiological signals, except the SCL, were also 
denoised by the RLOESS with a span of 3 min. 
The SCL signals were processed with the Ledalab 
toolbox [8].

All signals were then normalised to the last 
minute of the baseline phase. Signals for males 
and females were block-averaged.

3  Results

VFT Performance Females were better VFT 
performers in comparison to males (p  <  0.05; 
effect size (Cohen’s d): d = 0.8). They produced 
62.2 ± 15.5 (mean ± SD) correct nouns during the 
VFT, while males were able to articulate 
51.1 ± 13.2 correct words.
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Cerebral Haemodynamics and 
Oxygenation The group-averaged long-term 
changes of [O2Hb], [HHb], [tHb] and StO2 at the 
PFC and VC for both females and males are 
shown in Fig. 1. The typical patterns of cerebral 
activation were found during the VFT in the PFC 
and VC for both groups. However, some haemo-
dynamic changes were different between females 
and males: (i) evoked changes in [O2Hb] and 
[HHb] at the VC were higher for males in com-
parison with females during the VFT under blue 
light exposure (p < 0.001; d = 2.7 and p < 0.001; 
d = 1.4, respectively); (ii) lower and higher StO2 
changes were detected for males compared to 
females in the PFC (p < 0.01; d = 0.8) and VC 
(p < 0.001; d = 1.9), respectively.

Systemic Physiological Parameters Figure 2 
presents the group-averaged changes of systemic 
physiological parameters. No significant differ-
ence in evoked changes of MAP, SCL and SpO2 
was found between females and males. Sex- 
dependent changes were observed however for 
PETCO2 (p  <  0.001; d  =  2.1), HR (p  <  0.001; 
d  =  1.3), RR (p  <  0.001; d  =  1.1) and PRQ 
(p < 0.01; d = 0.7).

4  Discussion and Conclusions

We found that females were more successful than 
males in performing the VFT. This could be due 
to dissimilarities in the language-related cortex 
structure and the cerebral organisation of lan-
guage function as well as different processing 
strategies to perform VFT tasks [1, 9]. We also 
observed that cerebral haemodynamic and 
 oxygenation responses in the VC during the VFT 
under the blue light exposure are sex-dependent, 
i.e., higher for males. These differences between 
females and males in the VC may be attributed to 
the effects of the blue light rather than the VFT as 
well as dissimilarities in the structure of the VC, 
visual perception and sex differences in both 
basic and high-level visual processing [10]. We 
also hypothesise that the underlying reasons for 
sex differences in the VC lie in specific areas of 

the visual pathway, including amygdala, thala-
mus and in particular area V4, which is very 
responsive to colour and is also considered as a 
vital site for colour perception.

A variety of physiological responses can be 
triggered in the presence of stressors (like per-
forming a VFT tasks), leading to an increase in 
HR, for example. This phenomenon was 
observed in both female and male groups during 
the VFT. A significant stronger increase in HR, 
especially at the end of the VFT, in males com-
pared to females can be related to their poorer 
VFT performance. The reason for further 
increased stress and consequently increased HR 
in males could be that males put themselves 
under pressure, since they were not so satisfied 
with their results. Thus, they were stressed to 
perform better and strove to provide more nouns 
within a restricted time. Furthermore, a decrease 
of RR in females and insignificant changes of 
RR in males during the VFT can also be attrib-
uted to the behavioural performance. It is known 
that speech production increases the duration of 
breathing cycles (i.e., a decrease in RR). Since 
females continuously produced nouns and they 
were generally much more fluent than males 
during the VFT, such changes in RR were 
expected for both groups.

The sex-dependency of the PRQ can also be 
interpreted based on changes in HR and RR dur-
ing the VFT for both females and males, as dis-
cussed above. A comprehensive review on the 
PRQ as well as on internal and external factors 
(e.g., sex) affecting this parameter have been 
thoroughly discussed in our recent paper [11]. 
We also found that PETCO2 changes during the 
VFT were sex-dependent. It is known that speech 
tasks causes hyperventilation leading to hypo-
capnia (i.e., a decrease in PETCO2). The hypocap-
nia in females was weaker compared to males. 
Multiple reasons may account for the sex differ-
ence in PETCO2 during the VFT, including differ-
ences in the dynamic cerebral autoregulation, 
which were found to be more efficient in females 
[12]. Moreover, the role of sex hormones (e.g., 
progesterone’s effect as a respiratory stimulant) 
as well as the influence of the menstrual cycles 
should not be overlooked.
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Fig. 1 Group-averaged changes in haemodynamic and 
oxygenation responses of the PFC and VC.  The blue 
shaded areas represent the VFT periods during which the 

subjects were also exposed to the blue light. Median ± 
standard error of median (SEM) are shown
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Fig. 2 Group-averaged changes in systemic physiological parameters. The blue shaded areas represent the VFT peri-
ods during which the subjects were also exposed to the blue light. Median ± SEM are shown

In conclusion, this is the first VFT study 
employing the SPA-fNIRS method, constitut-
ing a comprehensive approach that simultane-
ously measures fNIRS parameters alongside 
with important physiological parameters to 
measure effects of sex on behavioural perfor-
mance, cerebral haemodynamics and oxygen-

ation responses and systemic physiological 
activity. Our study showed that sex differences 
are observed in task performance and also in 
the magnitudes of changes in cerebral and 
physiological parameters. The findings of the 
current study emphasise that sex differences in 
brain activation and systemic physiological 
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activity need to be considered when interpret-
ing fNIRS neuroimaging data in particular and 
functional neuroimaging data (e.g., fMRI) in 
general.
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Brain Tissue Conductivity in Focal 
Cerebral Ischemia

Liang Shu, Ruwen Böhm, Ulrich Katscher, 
and Ulf Jensen-Kondering

Abstract

Background: Cerebral ischemia leads to oxy-
gen depletion with rapid breakdown of trans-
membrane transporters and subsequent 
impaired electrolyte haemostasis. Electric 
properties tomography (EPT) is a new con-
trast in MRI which delivers information on tis-
sue electrical conductivity. In the clinical 
realm it has been mostly used for tumour map-
ping. Ischemic cerebral stroke is another 
promising but neglected application. It might 

deliver additional information on tissue viabil-
ity and possible response to therapy.

Aim: The aim of this study was to demon-
strate tissue conductivity in a rodent model of 
stroke. Further, we aimed to compare electric 
conductivity in ischemic and non-ischemic 
cerebral tissue.

Materials and Methods: Two male Wistar 
rats were used in this study and were subjected 
to permanent MCAO.  The animals were 
scanned in a 3 Tesla system (Philips Achieva/
Best, the Netherlands) using a dedicated sole-
noid animal coil (Philips/Hamburg, Germany). 
In addition to diffusion weighted imaging 
(DWI), EPT was performed using a steady- 
state free-precession (SSFP) sequence (repeti-
tion time/echo time  =  4.5/2.3  ms, measured 
voxel size  =  0.6  ×  0.6  ×  1.2  mm3, flip 
angle = 38°, number of excitations = 4). From 
the transceive phase ϕ of these SSFP scans, 
conductivity σ was estimated by the equation 
σ = Δϕ/(2μ0ω) with Δ the Laplacian operator, 
μ0 the magnetic permeability, and ω the 
Larmor frequency. Subsequently, a median fil-
ter was applied, which was locally restricted 
to voxels with comparable signal magnitude.

Results: The animals exhibited an infarct as 
demonstrated on DWI.  Conductivity within the 
infarcted region was 60-70 % of the conductivity 
of not affected contralateral tissue (0.39 ± 0.07 S/m 
and 0.31  ±  0.14  S/m vs. 0.64  ±  0.15  S/m and 
0.66 ± 0.16 S/m, respectively).
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Discussion: Infarcted tissue exhibited 
decreased conductivity. Further in-vivo exper-
iments with examination of the influence of 
reperfusion status and temporal evolution of 
the infarcted areas should be conducted. 
Depiction of the ischemic penumbra and pos-
sibly subclassification of the DWI lesion still 
seems  to be a fruitful target for further 
studies.

Keywords

Electric properties tomography (EPT) · 
Stroke · MRI · Imaging

1  Introduction

Despite recent dramatic therapeutic advances [1] 
cerebral ischemia is the leading cause of acquired 
disability and one of the most frequent cause of 
death worldwide [2]. Cerebral imaging remains a 
fundamental part of the diagnostic work-up for 
initial diagnosis and follow-up. Magnetic reso-
nance imaging (MRI) provides high resolution 
images of structural changes and numerous 
sequences have been developed to provide insight 
into pathophysiology, e.g., diffusion and perfu-
sion imaging [3], oxygen imaging [4], tempera-
ture [5] and pH-mapping [6].

Early ischemic changes on a cellular level 
includes deranged homeostasis caused by ion 
and water shift across cell membranes into neu-
ronal cells and the extracellular space due to 
energy failure by oxygen depletion [7, 8]. In a 
first phase cytotoxic oedema develops with 
water influx into cells which does not cause 
overall tissue swelling since no additional com-
ponent is added. However, it represents the irre-
versibly damaged core. The following phase of 
oedema development is caused by water influx 
from the intravascular space which in turn 
causes tissue swelling which is detrimental to 
brain tissue by increasing the intracranial pres-
sure due to brain confinement by the skull. On 
standard imaging, only diffusion- weighted 
imaging is available as a surrogate marker for 
cytotoxic oedema. [7, 8].

Electric properties tomography (EPT) is a 
relatively new technique which provides an esti-
mation of absolute tissue electric conductivity 
[9]. It can be performed using standard MRI 
 systems and standard MRI sequences, so no 
application of external currents to the patient (via 
mounted electrodes or the like) are required. 
Instead, the acquired standard MRI images are 
post-processed according to Maxwell’s equa-
tions. EPT has been mainly employed in cancer 
imaging [10, 11] while only a few studies focused 
on cerebral ischemia [12–15]. We hypothesised 
that early ischemic changes will alter tissue 
conductivity.

2  Material and Methods

2.1  Surgery

Middle cerebral artery thread occlusion (MCAo) 
was performed in two male Wistar rats. The 
established MCAo model initially described by 
Koizumi and co-workers [16] was used. In short, 
a midline incision is made in the neck and the left 
common carotid artery is exposed. After proxi-
mal and distal clip occlusion the artery is incised 
and the thread is inserted. The distal clip is 
released and the thread is advanced until resis-
tance is felt and local cerebral blood in the left 
middle cerebral artery territory measured by laser 
flow drops to 30% of baseline. The thread was 
left in place during the MRI. Time from occlu-
sion to MRI was ~45 min. Throughout all proce-
dures ketamine and medetomidine were used as 
anaesthetics and metamizole was used as analge-
sic. After the MRI the animals were euthanized. 
Institutional approval was obtained and animals 
were handled according to applicable require-
ments for animal care.

2.2  Magnetic Resonance Imaging

MRI was performed in a Philips Achieva 3 Tesla 
scanner (Philips, Best, The Netherlands) using a 
dedicated solenoid animal coil (Philips Research 
Laboratories, Hamburg, Germany). We per-
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formed a diffusion-weighted scan (DWI: TR/
TE  =  2399/165  ms, slice thickness  =  1.3  mm, 
gap = 0.2 mm, 64 × 64 matrix, FOV = 50 × 50 mm, 
flip angle = 90°, b-values 0 and 2000 s/mm2) and 
EPT (TR/TE  =  4.5/2.3  ms, voxel 
size = 0.6 × 0.6 × 1.2 mm3, flip angle = 38°) using 
a steady-state free-precession (SSFP) sequence.

2.3  Electric Properties 
Reconstruction

Performing EPT as described in, e.g., [9], con-
ductivity σ was estimated from the transceive 
phase ϕ of the SSFP scans by σ = Δϕ/(2μ0ω) (Δ: 
Laplacian operator, μ0: magnetic permeability, ω: 
Larmor frequency) Subsequently, a median filter 
was applied, which was locally restricted to vox-
els with comparable signal magnitude [9].

2.4  Image Analysis

Side-by-side comparison of DWI and conductiv-
ity maps was performed in a quantitative and 
qualitative manner as described previously [14]. 
In short, a region of interest was outlined on the 
DWI images encompassing the infarct and trans-
ferred to the conductivity maps. Absolute con-
ductivity values were calculated as described 
above and compared to the contralateral not 
affected side. Additionally, the conductivity maps 
of the affected and not affected side were com-
pared, and altered conductivity was detected in a 
qualitative manner.

3  Results

Both animals exhibited a lesion that could be 
well delineated on the DWI images (Fig. 1b, e) in 
the left middle cerebral artery territory. 
Conductivity within the infarct was 
0.39 ± 0.07 S/m and 0.31 ± 0.14 S/m for animal 1 
and 2, respectively. In the contralateral not 
affected side it was 0.64  ± 0.15  S/m and 
0.66  ±  0.16  S/m, respectively. This difference 
was also clearly visible by qualitative inspection 

of the conductivity maps (Fig. 1c, f). The corre-
sponding ADC values calculated from the two 
b-values were 0.27  ±  0.10  ×  10−3 mm2/s and 
0.19  ±  0.11  ×  10−3 mm2/s. In contralateral not 
infarcted tissue it was 0.68 ± 0.28 × 10−3 mm2/s 
and 0.59 ± 0.16 × 10−3 mm2/s, respectively, in the 
two animals.

4  Discussion

We found decreased conductivity after acute 
focal permanent cerebral ischemia in a rat model 
of stroke.

When oxygen supply is acutely and critically 
diminished, many processes take place on a cel-
lular level which might influence tissue conduc-
tivity. Energy failure leads to impairment of ion 
transporters like the Na+/K+-ATPase and the Na+/
Ca2+-antiport and ion channels, e.g., for calcium 
and chloride are opened. As a result, net water 
influx ensues called cytotoxic oedema [7, 8]. 
Glutamate sensitive receptors increase the per-
meability for Na+, K+ and Ca2+ [7, 8]. At the same 
time, the extracellular space is first depleted of 
sodium, then replenished by transcapillary 
sodium flux [17]. When reperfusion takes place, 
these processes can be partially reversed but 
reperfusion injury may occur [17] that causes 
additional damage to brain cells. In the subacute 
stage an impaired blood brain barrier causes 
vasogenic oedema of the extracellular space by 
passage of large molecules followed by water 
[18].

Others have described increased conductivity 
in subacute cerebral ischemia in humans two 
months [12] and seven days [13] after the insult 
as well as in transient experimental cerebral isch-
emia 45 min [14] and 24 h [15] after the insult in 
rats. In contrast to the present study, blood flow 
was re-established [14, 15] at the time of image 
acquisition or is expected to occur when sponta-
neous recanalisation takes place [12, 13]. Further, 
vasogenic oedema is expected to occur in the 
subacute stage of the insult. In the present study 
in the face of persistent vessel occlusion and thus 
critically diminished blood flow and the acute 
stage of the insult, vasogenic oedema is not 
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Fig. 1 Representative image montage of the two animals 
(a–c: animal #1, d–f: animal #2) with permanent MCAo. 
Structural SSFP magnitude image (a and d), diffusion 
weighted images (DWI, b and e) with an infarct (arrows) 
and conductivity maps (c and f) demonstrating decreased 

conductivity (0.39 ± 0.07 vs. 0.64 ± 0.15 S/m in c and 0.31 
± 0.14 vs. 0.66 ± 0.16 S/m in f) within the DWI lesion that 
also can be well appreciated when comparing the affected 
side with the non-affected side). Note the colour scale for 
image c and f (in S/m)

expected. Concurring with that notion, ADC val-
ues were markedly diminished, indicating 
restricted water molecule movement, cell swell-
ing and irreversible tissue damage.

It is intriguing to speculate that the effects of 
cytotoxic and vasogenic oedema and the related 
sodium concentration determines tissue conduc-
tivity. However, the exact mechanism of conduc-
tivity changes cannot be elucidated here since we 
did not perform histological work-up or 
 electrophysiological experiments. Further, we 
did not perform additional imaging to depict the 
ischemic penumbra. Thus, only information on 
the final infarct depicted by DWI potentially 
encompassing penumbra already recruited into 
the core is available. More experiments are 
needed to confirm these first preliminary 
experiments.

We hope that EPT might offer an additional 
contrast parameter in addition to existing conven-
tional and functional sequences. Potentially, it 
can be used as a surrogate imaging marker of 
cytotoxic oedema. EPT can be obtained without 
the need for special coils, scanners or any other 
dedicated hardware and can be calculated by 
using the phase information of routinely acquired 
standard sequences [9] which makes it an attrac-

tive candidate technique for stroke imaging. 
Studies on the temporal behaviour of conductiv-
ity after focal cerebral ischemia and reperfusion 
should be conducted. Further, different compart-
ments of ischemia (core, penumbra, oligemia) 
and their conductivity should be studied.
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Physical Stress Attenuates 
Cognitive Inhibition: An fNIRS 
Examination

Lei Ma, Kui Xu, Jinhong Ding, Jianren Gao, 
and Xianliang Wang

Abstract

This study aimed to assess the haemodynam-
ics in the prefrontal cortex (PFC) and salivary 
α-amylase (sAA) response during acute physi-
cal stress. Acute stress was induced using the 
cold pressor task (CPT). The haemodynamics 
in the prefrontal cortex was measured using 
functional near-infrared spectroscopy 
(fNIRS). The Stroop test was performed and 
the sAA levels were measured before and after 
the task. The accuracy rate (%) of the Stroop 
test decreased significantly in the stress group 
(t = 2.80, p = 0.008) but not the control group 
(t = −1.05, p = 0.298). The results showed that 
oxyHb activation in the mid-left and mid-right 

regions of PFC after the CPT. The sAA levels 
significantly increased during and after the 
CPT in the stress group (U/ml, 
2527.58 ± 437.54, mean ± SD, n = 26) but not 
the control group (U/ml, 1506.92  ±  291.05, 
n = 23). Our data showed that the acute stress 
exposure attenuated cognitive inhibition, 
which may be due to changes of scalp blood 
flow and/or cerebral haemodynamics near the 
mid-left PFC and mid-right PFC following 
acute stress.

Keywords

Cerebral haemodynamics · salivary 
α-amylase response · cold pressor task · 
cognitive regulation · Stroop test

1  Introduction

Cognitive regulation has been widely shown in 
the laboratory to be an effective way to alter 
decision- making responses [1]. Executive func-
tions are cognitive control mechanisms that allow 
goal-oriented, flexible and effective action and 
thinking [2, 3]. Cognitive regulation is generally 
a complex, goal-directed process that relies on 
many higher cognitive functions, such as cogni-
tive inhibition, cognitive flexibility [4]. The pre-
frontal cortex (PFC) is a key brain region that is 
involved in these functions [5, 6]. The successful 
cognitive regulation depends on complete execu-
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tive functioning and engagement of the PFC [7]. 
Stress is defined as the non-specific response of 
the body/mind to any demand of change [8]. 
There is growing evidence that stress can decrease 
attention and cognitive inhibition [9]. Functional 
Near- Infrared Spectroscopy (fNIRS) is a promis-
ing neuroimaging technique to measure the cere-
bral haemodynamics associated with neural 
activity related to cognitive behaviour [10]. In 
this study we used the cold pressor task (CPT) to 
induce acute stress. The haemodynamics in the 
PFC was measured using fNIRS, and the levels 
of salivary α-amylase (sAA) of participants were 
analysed before and after the stress. The cogni-
tive function was assessed using the Stroop test. 
The importance of linking stress and cognitive 
inhibition to cognitive health was discussed.

2  Methods

2.1  Participants

Forty-nine healthy male participants were recruited 
from Nantong University in Jiangsu province (age: 
20–25 years, 21.30 ± 1.85, mean ± SD). We ran-
domly assigned the participants to the stress group 
(n = 26) and control group (n = 23). Individuals 
were recruited until we reached the maximum 
number of participants approved by the institu-
tional review board for this project.

2.2  Cold Pressor Task (CPT) 
and Stroop Test

The CPT was used to induce acute stress as 
described previously [11]. All participants who 
underwent CPT in the stress group were asked to 
place their non-dominant hands in ice-cold 
(1–3 °C) water for 3 min, while participants who 
underwent sham CPT in the control group were 
asked to place their non-dominant hands in room- 
temperature (∼22 °C) water for 3 min.

Participants’ cognitive inhibition was assessed 
using a computerised version of the Stroop test 
[12]. The Stroop colour and word test was used to 
assess the ability to inhibit cognitive interference 

that occurs when the processing of a specific stim-
ulus feature impedes the simultaneous processing 
of a second stimulus attribute. Participants had to 
select the correct answers within a limited time 
period. The entire test lasted about 300s. The 
reaction time and accuracy rate were recorded.

2.3  Procedural Flow

The scheme of the experimental protocol is 
shown in Fig. 1. The participants needed to wear 
an fNIRS cap for the entire experiment. After 
completion of the baseline Stroop test, the par-
ticipant underwent the CPT or sham CPT and 
then completed the post-task Stroop test. Saliva 
samples were collected before and after each 
Stroop test and the sAA levels were measured. 
We used 22 channel LIGHTNIRS system 
(Shimadzu Corporation) to indicate the brain 
oxyHb concentrations using the 2 × 8 Prefrontal 
Cortex map. All the raw optical intensity values 
data were preprocessed and converted into hae-
modynamics response [4].

2.4  Statistical Analysis

Data are expressed as mean ± SD.  Statistical 
analyses were performed using SPSS V19.0 for 
Windows. For sAA analysis, a 2  ×  4 mixed 
repeated ANOVA with condition (stress vs. con-
trol) as a between-subjects variable and time as a 
within-subjects variable was calculated. To com-
pare the Stroop response of different groups 
(stress vs. control) before and after stress stimu-
lus, a 2  ×  2 mixed ANOVA was used. For the 
fNIRS results, the comparison between any two 
groups was analysed one-sided t-test. Significance 
was considered at the level of p < 0.05.

3  Results

3.1  sAA Characteristics

As seen in Fig.  2, the sAA analysis revealed a 
significant between-subjects interaction effect [F 
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Fig. 1 Scheme of the experimental protocol

Fig. 2 The mean sAA levels at the pretest and after Stroop test 1, CPT (or sham CPT), and Stroop test 2. CPT: cold 
pressor task. * indicates significance (p < 0.05) between the stress group and the control group

(2, 49)  =  48.576, p  <  0.001] and a significant 
within-subjects interaction effect [F (1, 
50) = 43.662, p < 0.001]. There was also a signifi-
cant main effect between-subjects [F (1, 
50)  =  35.949 p  <  0.001]. The sAA levels were 
significantly increased during CPT and after CPT 
in the stress group (U/ml, 2527.58  ±  437.54, 
mean ± SD) but not in the control group (U/ml, 
1506.92 ± 291.05), indicating that an acute stress 
was successfully induced by the CPT.

3.2  Stroop Test Results

The Stroop response of different groups (stress 
vs. control) before and after the stress is shown in 
Table  1. The participants in the control group 
improved in their performance after the stress 
stimulus, regardless of time [F (1, 51) = 6.743, 
p = 0.012]. The accuracy rate (%) of participants 
decreased significantly in the stress group 
[t = 2.80, p = 0.008] but not in the control group 
[t = −1.05, p = 0.298]. However, no significant 

interaction between condition and time of mea-
surement was found [F (1, 51) = 12.18, p = 0.26].

3.3  fNIRS Results

Figure 3 shows the averaged β values of the 
oxyHb (Fig. 3a) and deoxyHb (Fig. 3c) concen-
trations after CPT. Figure 3b, d demonstrate the 
regions of significant differences (t-test, p < 0.05) 
in averaged β values of the oxyHb (Fig. 3a) and 
deoxyHb (Fig. 3c) concentrations of participants 
in the stress group before and after CPT. Figure 3b 
indicates oxyHb activation in the mid-left PFC 
and mid- right PFC after the CPT. Figure  3b 
shows that the β values of deoxyHb in the mid- 
left, mid-right and right regions of PFC signifi-
cantly changed after CPT.

As shown in Table 2, the levels of oxyHb in 
the mid-left and mid-right PFC regions were sig-
nificantly different than the baseline levels 
[t = 2.53, p = 0.02] and the levels of the recovery 
phase. The oxyHb levels in mid-right PFC were 
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Table 1 Executive functions on the Stroop test

Group
Accuracy 
rate (%)

Reaction time 
(ms)

Stress 
(n = 26)

Before 
CPT

91.15 ± 
15.86

1155 ± 228

After CPT 84.90 ± 
12.16*

1310 ± 
213*

Control (n 
= 23)

Before 
sham CPT

90.84 ± 
14.54

1244 ± 206

After sham 
CPT

94.09 ± 
12.18*

1056 ± 
195*

Note: data are mean ± SD; CPT cold pressor task, ∗ indi-
cates significance vs. the values before the task (p < 0.05, 
ANOVA)

Fig. 3 Averaged β values (t-tests) of the oxyHb and 
deoxyHb concentrations after cold pressor task (CPT). (a) 
averaged β values of the oxyHb: (d) indicates the regions 
of significant differences (t-test, p < 0.05) in averaged β 

values of the oxyHb (a); (c) averaged β values of the 
deoxyHb; 3D: indicates the regions of significant differ-
ences (t-test, p < 0.05) in averaged β values of the deoxyHb 
(c)

−0.006 ± 0.02 (mean ± SD) and 0.020 ± 0.04 for 
the duration CPT and the recovery phase, respec-
tively, and they were significantly lower com-
pared to baseline (0.06  ±  0.19). This could be 
interpreted as corresponding changes in cortical 

perfusion, suggesting that the CPT stimulus sig-
nificantly influenced the cognitive process in the 
mid-left and mid-right regions of PFC but not the 
left and right regions of PFC.

4  Discussion

Our results showed acute stress attenuated cog-
nitive inhibition. The regulatory hormonal 
rhythms may be associated with the changes in 
oxyHb in PFC [13]. We explored the relation-
ship between brain haemodynamics and sAA 

responses associated with acute stress. 
Participants who had higher levels of oxyHb in 
the mid-left and mid- right regions of PFC fol-
lowing cold exposure seemed to have a lower 
score of reaction time post-stress on Stroop test 
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Table 2 Measurement of oxyHb using fNIRS before, 
during and after the stress

Regions of 
PFC Baseline

During CPT or 
sham CPT

Post-task 
recovery

Stress Group 
(n = 23)
Left 0.060 ± 

0.14
−0.007 ± 
0.12

0.070 ± 
0.12

Mid-left 0.040 ± 
0.16

−0.008 ± 
0.04*

0.060 ± 
0.06*

Mid-right 0.060 ± 
0.19

−0.006 ± 
0.02*

0.020 ± 
0.04*

Right 0.070 ± 
0.17

−0.010 ± 
0.15

0.080 ± 
0.12

Control 
group 
(n = 24)
Left −0.007 

± 0.42
−0.006 ± 
0.35

−0.050 ± 
0.21

Mid-left −0.090 
± 0.03

−0.030 ± 
0.05

−0.080 ± 
0.04

Mid-right −0.320 
± 1.35

0.005 ± 1.16 0.190 ± 
1.02

Right −0.072 
± 0.16

−0.007 ± 
0.15

0.060 ± 
1.35

Note: fNIRS functional Near-Infrared Spectroscopy, CPT 
cold pressor task; data are mean ± SD; * indicates signifi-
cance (p < 0.05, t-test) vs. baseline values

but the accuracy rate did not change signifi-
cantly. Changes of blood pressure and heart 
rates would be expected after CPT, which may 
give spurious results due to changes in skin 
blood flow [14]. The changes in oxyHb we 
observed could be simply a change in scalp 
blood flow and/or changes in cerebral haemody-
namics induced entirely by causes other than 
neurovascular-coupling. One of the important 
causes may be the CPT-induced strong increase 
in sympathetic nervous system activity, leading 
to an increase in blood pressure and vasocon-
striction, resulting in a change in oxyHb [15]. 
Our results showed that the oxyHb levels were 
increased in the mid-left PFC and middle right 
PFC after acute stress, which may not directly 
reflect the changes in cognitive inhibition. 
Further study is required to control the possible 

 interference in fNIRS measurement and identify 
other possible solutions.
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Changes in Prefrontal Cortical 
Oxygenation During Tilt Table 
Orthostatic Hypotension 
in Subarachnoid Haemorrhage 
Patients

Masamichi Moriya

Abstract

Cerebral vasospasm and delayed cerebral 
ischaemia in patients with subarachnoid 
haemorrhage (SAH) are more likely to occur 
within the first two weeks of bleeding. Thus, 
conventional management involves absolute 
rest for two weeks. Recently, studies have 
reported on the possibility of early mobilisa-
tion after SAH; however, its safety has not 
been sufficiently evaluated. The present study 
investigates the relationship between cerebral 
cortex oxygenation and orthostatic hypoten-
sion in SAH patients using near-infrared spec-
troscopy (NIRS). Four SAH patients were laid 
supine for 5 min before performing a head-up 
tilt (HUT) to 30°, 45°, and 60° every 5  min 
using a tilt table bed. Arterial blood pressure 
was measured before and immediately after 
HUT. We evaluated O2Hb levels of the left and 
right prefrontal cortex (PFC) in 11 of 12 times 
that could be performed without stopping due 
to orthostatic hypotension. We analysed O2Hb 
levels at up to 60 s at 10-s intervals after HUT 
60 s before mobilisation. We found that O2Hb 
levels decreased after the first (30°) HUT, but 
increased after HUT at 45° and 60°. Over a 

60-s period, no statistically significant differ-
ence was observed. Arterial blood pressure 
fell by 6% on average across all the 12 tests. 
These results reveal that HUT orthostatic arte-
rial hypotension caused an instantaneous 
decrease in oxygenation, but it returned to the 
baseline shortly thereafter. It is important to 
monitor the degree of orthostatic hypotension 
in patients after SAH.  Gradual mobilisation 
may minimise the decrease in arterial blood 
pressure and maintain oxygenation of the 
cerebral cortex.

Keywords

NIRS · Oxyhaemoglobin · Orthostatic 
hypotension · Head up tilt (HUT)

1  Introduction

Rehabilitation in the acute phase of subarachnoid 
haemorrhage (SAH), which is performed in par-
allel with emergency medical care, has attracted 
international attention in the recent years. The 
guidelines of the American Society of Clinical 
Care Medicine (SCCM) [1] and the expert con-
sensus of early rehabilitation by the Japanese 
Society of Intensive Care Medicine [2] recom-
mend the procedure of rehabilitation from the 
hyperacute stage. However, several guidelines 
have previously recommended the mobilisation 
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of patients with SAH, with careful intervention 
[3, 4].

Cerebral vasospasm and delayed cerebral 
ischaemia are more likely to occur in patients 
after SAH, usually within the first two weeks of 
bleeding. Since cerebral vasospasm is a revers-
ible narrowing of the cerebral artery lumen that 
occurs near the ruptured cerebral aneurysm, 
aggressive physical therapy was contraindicated 
considering the possible risk of changes in cere-
bral circulation upon being mobilised. Several 
recent studies of early mobilisation in SAH 
patients have been reported [5, 6] and our study 
also reported consistent results [7]. However, the 
safety on mobilisation has not been sufficiently 
verified. The present study investigates the rela-
tionship between cerebral cortex oxygenation 
and orthostatic hypotension in SAH patients 
using near-infrared spectroscopy (NIRS).

2  Methods

2.1  Subjects

A total of four patients with aneurysmal SAH 
were enrolled (Table  1). The inclusion criteria 
were as follows: (1) systolic blood pressure 
(SBP) 120–220  mmHg; (2) heart rate (HR) 
40–100  bpm; (3) oxygen saturation >92%; (4) 
temperature < 38.5  °C.  The exclusion criteria 
were as follows: (1) mean blood pressures < 70 
or > 120 mmHg; (2) HR < 40 or >130 bpm; (3) 
respiratory rate < 5 or > 40 bpm; (4) oxygen satu-
ration < 88%; (5) if intracranial pressure (ICP) is 
monitored, ICP > 15 mmHg; (6) sudden changes 
in neurologic symptoms or level of conscious-

ness. These criteria reflect the expert consensus 
of the Japan Intensive Care Medical Society [2].

2.2  Study Design

Each trial consisted of the following steps: First, 
each subject was positioned on the tilt table in the 
supine position for 10  min. Next, the standing 
load was increased to 30°, 45° and 60° every 
5 min. Finally, the table was returned to 0° and 
maintained in this position for 10 min. To avoid 
the influence of environmental stress, the study 
was performed in a rehabilitation room with air 
conditioning throughout the trials.

We used 2-channel NIRS (Pocket NIRS Duo, 
Dyna Sense, Hamamatsu, Japan) for the mea-
surement of cerebral blood oxygenation (O2Hb) 
in the bilateral prefrontal cortex (PFC). The NIRS 
probes were set symmetrically on the forehead 
with a flexible fixation pad, so that the midpoint 
between the emission and detection probes was 
3 cm above the centres of the upper edges of the 
bilateral orbital sockets. Distance between the 
emitter and detector probe was set at 3 cm. This 
positioning is similar to positions Fp1 (left) and 
Fp2 (right) of the international electroencephalo-
graphic 10–20 system.

Using the NIRS equipment, we measured the 
bilateral PFC activity at rest (10 min) and during 
a gradual increase in the standing load (30°, 45°, 
60°) using the tilt table. In addition, we measured 
blood pressure using a non-invasive brachial 
sphygmomanometer (HEM-7120, OMRON 
HEALTHCARE, Japan. The cuff was wrapped 
around the upper arm without being removed 
from the beginning to the end of the experiment. 
The measurement was performed manually by 
the examiner immediately after mobilisation of 
the patient.

2.3  Data Analysis

We analysed the changes in NIRS parameters by 
subtracting the mean before mobilisation values 
from the mean after mobilisation values. The 
time course of the rate of change in O2Hb was 

Table 1 Clinical profiles of the subjects

ID.No Age Sex GCS Location (surgery)
1 73 F 8 Rt PICA (Clip)
2 71 F 9 Lt IC-PC (Clip)
3 88 F 11 A-com (Clip)
4 64 M 6 M1-M2 (Coil)

PICA Posterior inferior cerebellar artery, IC-PC Internal 
carotid artery-posterior communicating artery, A-com 
Anterior communicating artery, M1-M2 
Sphenoidal-insular
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analysed by a Friedman’s test followed by 
Dunnett’s multiple comparisons test. Statistical 
analysis was performed using Prism 8 software 
(GraphPad Software Inc., La Jolla, CA, USA). 
For all statistical analyses, differences with a 
p < 0.05 were deemed statistically significant.

3  Results

The results showed that the O2Hb levels decreased 
after the first head-up tilt (HUT) at 30°, but 
increased after the subsequent HUTs at 45° and 
60°. However, not all cases revealed the raised 
O2Hb levels. Over a 60-s period, no statistically 
significant difference was observed. In the sec-
ond and subsequent HUTs (i.e., at 45° and 60°), 
O2Hb levels decreased only after 10  s, but 
returned to a value higher than the baseline after 
20 s (Fig. 1).

In addition, lowered blood pressure was 
observed in all the cases except one (Table  2). 
The rate of change was highest at 45° after 
mobilisation (Fig.  2). HR was observed to 
increase in all cases on mobilisation.

4  Discussion

Here, we show that in SAH patients, O2Hb tem-
porarily decreases after mobilisation, but rapidly 
returns to the baseline. The reason for the 
decrease in blood pressure and the increase in HR 
due to mobilisation could possibly be the physi-
ological response to orthostatic hypotension. It 
has previously been reported that the mobilisa-
tion from supine to sitting results in an increase 
in HR, but no significant haemodynamic changes 
were observed [8]. In this study, the mobilisation 
using the tilt table resulted in a similar physiolog-
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Fig. 1 Time course of rate of changes in O2Hb at each angle
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Table 2 Systolic blood pressure and heart rate change due to mobilisation

0° 30° 45° 60°
case1 178 (82) 186 187 188 (82) SBP (HR)
case2 159 (93) 143 135 138 (95) mmHg (bpm)
case3 131 (81) 133 112 114 (100)
case4 108 (101) 99 96 104 (117)

30 45 60
80

90

100

110

120

tilted angle (°)

ΔS
B
P
(%

)

Fig. 2 Rate of change in blood pressure due to 
mobilisation

ical response. In other words, cerebral oxygen-
ation is often maintained even when blood 
pressure is low.

Since Schwickert’s research report [9], aware-
ness of early mobilisation has increased, and the 
number of facilities promoting that patients leave 
the bed as soon as possible has rapidly increased, 
provided that the criteria for discontinuation are 
met during acute rehabilitation. However, regard-
ing SAH, the safety of expedited mobilisation is 
questioned, and no consensus has been obtained 
as yet. At the same time, several studies have 
reported the possibility of spasm reduction effect 
due to mobilisation [5, 10]. The subjects of this 
study did not develop spasms. We recommend 
clinics to proceed with immediate mobilisation in 
a step-by-step manner after fully checking the 
cerebral circulation index.

A limitation of this study is that only four sub-
jects were evaluated, thus limiting the interpreta-
tion of the results substantially.
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Effects of Different Optical 
Properties of Head Tissues 
on Near-Infrared Spectroscopy 
Using Monte Carlo Simulations

E. Russomanno, A. Kalyanov, J. Jiang, 
M. Ackermann, and M. Wolf

Abstract

In near-infrared spectroscopy (NIRS), it is 
crucial to have an accurate and realistic model 
of photon transport in the adult head for 
obtaining accurate brain oxygenation values. 
There are several studies on the influence of 
thickness, the morphology of extracerebral 
layers, and source-detector distance on the 
sensitivity of NIRS to the brain. However, the 
optical properties of the different layers vary 
between different publications. How is the 
performance of NIRS affected when the real 
optical properties differ from the assumed 
ones?

We aim to investigate the influence of vari-
ation in scattering and absorption in a five- 
layered head model (scalp, skull, CSF, grey 
and white matter). We performed Monte Carlo 
simulations focusing on a five-layered slab 
mesh. The range of optical properties is based 
on a review of the published literature. We 

assessed the effect on light propagation by 
measuring the difference in the mean partial 
path lengths, attenuation, and the number of 
the detected photons between the different 
optical properties performing Monte Carlo 
simulations. For changes in the reduced scat-
tering, we found that the upper layers tend to 
have a negative impact. In contrast, changes in 
lower layers tend to impact the brain’s influ-
ence metrics positively. Furthermore, for 
small source-detector distances, the relative 
percentage difference between lower and 
higher values is greater than larger distances. 
Conclusions: We conclude that the assump-
tion of different optical properties has a sub-
stantial effect on the sensitivity to the brain. 
This means that it is important to determine 
the correct optical properties for NIRS mea-
surements in vitro and in vivo.

Keywords

NIRS · Inhomogeneous head model · 
Cerebral oxygenation · Light scattering

1  Introduction

One of the techniques capable of non-invasively 
measuring tissue oxygenation and their optical 
properties using diffuse light is near-infrared 
spectroscopy (NIRS). NIRS is widely applied to 
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the head of humans to determine the oxygenation 
of the brain because oxygenation is an important 
parameter, particularly for the brain. However, it 
is known that this measurement is substantially 
influenced by extracerebral tissue [1–4]. To mea-
sure the oxygenation correctly in the adult head, 
the measured data should be fitted with an inho-
mogeneous model representing the multi-layered 
structure of the involved tissues. Currently often 
homogeneous models are employed that lead to 
loss in precision. One effort when building a real-
istic model is the difficulty of retrieving accurate 
optical properties of the different layers of an 
adult head, since many published works use and 
report different values, leaving no common 
agreement on this matter.

This study aims to investigate the impact of 
this uncertainty in the optical properties. How is 
the performance of NIRS affected when the real 
optical properties differ from the assumed ones?

2  Material and Methods

For this investigation, the simulations were per-
formed using the state-of-the-art mesh-based 
Monte Carlo (MC) toolkit, the MMC [6], which 
provides an accurate solution to the radiative 
transfer equation. MC gives us also the ability to 
retrieve information about path of the simulated 
photons through the layers of the model. One 
light source, pencil beam type, and eight detec-
tors of 1.2 mm radius, distanced from each other 
by 5  mm, were placed on the surface of the 
model. The experiments were executed in reflec-
tion mode with 1 ✕ 108 simulated photons emit-
ted into the mesh. We modelled a slab with a 
dimension of 100 ✕ 100 ✕ 100mm3, max vol-
ume size of 1 mm3, 1.894.993 elements and five 
layers to represent the adult head, using the 
TetGen toolkit [7]. We chose a slab rather than 
an MRI-based head model to reduce the compu-
tational time and to avoid the position depen-
dency, which is often present in a full head 
model. The thickness of the various layers was 
chosen to simulate an adult male, with a cranial 

thickness above average. The value for the skull 
is based on the study from DeBoer et al. [8] and 
the different thicknesses of this slab mesh are 
shown in Table 1.

Due to the already stated variability between 
the reported optical properties of the different 
layers, we composed a reasonable range of opti-
cal properties that were taken from a review of 
the published literature. Table 2 shows the respec-
tive range of reduced scattering (μs

`) and absorp-
tion (μa) coefficients.

We used the following metrics for the further 
analysis: mean partial path length (PPL), attenu-
ation or final weight, photon arrival time and 
photon count. The PPL is the average path length 
that photons have travelled in every single layer. 
The attenuation is the final detected photon 
weight based on the partial path data and optical 
properties [9].

One of the objectives is to assess the influ-
ence that the variation of optical properties in a 
specific layer has on the measured brain data. 
For this reason, we first picked a specific layer 
and then changed the optical properties for that 
layer in every new simulation, while keeping 
the optical properties of the other layers at a 
fixed value. This was executed by first varying 
the μs

` and then the μa parameter in their range 
(Fig. 1).

We considered the photons that have trav-
elled at least 5 mm deep inside the brain vol-
ume as brain data. The brain percentage 
attenuation and brain percentage partial path 
length used in the next plots are computed as 
shown in Eqs. 1 and 2.
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Table 1 Thickness of head model layers

Scalp Skull CSF Grey matter White matter
3 mm 9 mm 3 mm 5 mm 80 mm
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Table 2 Range of optical properties for a specific layer with the fixed value outside brackets

Scalp Skull CSF Grey matter White matter

μs
` cm−1 10 [8:12] 11 [8:12] 5 [3:8] 12 [6:14] 12 [6:14]

μa cm−1 0.1
[0.05:0.15]

0.1
[0.05:0.15]

0.04
[0.02:0.06]

0.15
[0.1:0.2]

0.15
[0.1:0.2]

Fig. 1 Mesh slab 
representing an adult 
head used for the Monte 
Carlo simulations

3  Results and Discussion

Figure 2 shows the results obtained by the simula-
tions in slab head model. Every simulation took on 
average ≤60s and total number of simulations per-
formed is 34 for the μs

` variation and 49 for the μa 
changes. Every coloured dot in the plots corre-
sponds to the result of a simulation while varying 
the optical properties only of the specific layer, writ-
ten in the legend. It is clearly visible that an increase 
of the source-detector distance will increase the per-
centage of information that is related to the brain, 
but the absolute number of photons that reached the 
brain is still higher at the small source-detector dis-
tance. This observable in Fig. 3.

On the other hand, an increase of the μs
` in the 

brain layers will increase the number of photons 
that travel into the brain and so giving us photons 
that are more influenced by the brain, i.e., higher 
sensitivity to the brain tissue. The smaller the 
source-detector distance (SDD), the higher the 

relative variation in brain sensitivity when varying 
from the lower to the higher μs

` values, as visible 
in the skull layer. For this superficial layer, in the 
case of the closest SDD, we have a decrease in 
brain information between lower and higher μs

` 
values by half, while for large SDDs, there is a 
decrease of only 10%. Figures  2c, d show the 
same metrics while varying the absorption value. 
In Fig. 2d we see that with an increase of SDD the 
influence of the upper layers changes. For the lon-
ger SDD, increasing the μa increases the brain 
influence. Meanwhile increasing the μa in the 
lower layers causes a reduction of it. This is con-
sistent across the various distances. As a prelimi-
nary finding, we also detected an increase in 
photon arrival time when increasing the μs

` in a 
specific layer. This will be further investigated in 
future work. This could be useful for time- domain 
NIRS devices, since we can identify a time bin 
with most of the photons related to a specific layer 
of tissue, and therefore better estimate the influ-
ence of this particular layer.

Effects of Different Optical Properties of Head Tissues on Near-Infrared Spectroscopy Using Monte Carlo…
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Fig. 2 Scatter plots of the PPL (top) and Attenuation 
(bottom) relative to the brain photons by varying the scat-
tering (right) and the absorption (left) of a specific layer. 
From left to right, in every sub-groups of coloured dots, 

the μs
` or μa starts with the lowest value in the range and is 

then increased. SDD source detector distance; PPL partial 
path length

Fig. 3 Scatter plots of the raw count of the brain photons 
(left) and the percentage of photon that have travelled 

through the brain (right) by varying the μs
` of a specific 

layer

E. Russomanno et al.
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Many other studies have investigated how 
brain sensitivity is affected by changes in source 
detector separation, the thickness of superficial 
tissue layers and variation of the scattering of a 
particular layer such as the cerebrospinal fluid 
(CSF) layer. These groups also used Monte Carlo 
simulations applied to simple geometries as well 
as MRI-based head models [5].

In our study, we have presented a preliminary 
study to assess the effect of a range of μs

` and μa 
values on the light propagation in the brain by 
simulating these changes in every tissue layer of 
an adult head slab model. Our results suggest that 
it is important to determine the correct optical 
properties of the superficial layers for precise 
NIRS measurements in  vitro and in  vivo. 
Switching from the extreme values on our 
selected range caused the brain’s influence on the 
data to be increased or reduced in the worst case 
even by half. Increasing the evaluated range or 
the gap between the assumed and the real value 
will increase this discrepancy. The variation in 
the optical properties for upper and lower layers 
tend to, respectively, influence the sensitivity 
negatively and positively. For small source- 
detector distances, the relative percentage differ-
ence between lower and higher values appears to 
be greater than for the larger distances.

In the next step, we will further evaluate this 
influence on a real phantom experiment with our 
in-house TD-NIRS device, changes in photon 
arrival time and the computation of the absolute 
blood saturation level.

4  Conclusions

We conclude that different optical properties 
have a substantial effect on the efficiency of a 
NIRS device to measure brain data. It is impos-

sible to determine the true combination of optical 
properties just from the literature. For a future 
NIRS device, it is important to obtain a correct μs

` 
value of the tissue. This is only possible with 
time-domain or frequency domain devices.
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Frontal Cerebral Oxygenation 
in Humans at Rest: A Mirror 
Symmetry in the Correlation 
with Cardiorespiratory Activity

Felix Scholkmann, Hamoon Zohdi, Martin Wolf, 
and Ursula Wolf

Abstract

Background: Although several studies pub-
lished reference values for frontal cerebral 
tissue oxygen saturation (StO2) measured 
with near-infrared spectroscopy (NIRS) 
based cerebral oximetry, a detailed investi-
gation, whether and which factors from sys-
temic physiology are related to the individual 
StO2 values, is missing. Aim: We investi-
gated how the state of the cardiorespiratory 
system is linked to StO2 values at rest. 
Subjects and methods: Absolute StO2 values 
(median over a 5  min resting-phase while 
sitting) were obtained from 126 healthy sub-
jects (age: 24.0  ±  0.2  years, 45 males, 81 
females) over the left and right prefrontal 
cortex (PFC) by employing frequency-

domain NIRS as part of a systemic physiol-
ogy augmented functional near-infrared 
spectroscopy (SPA-fNIRS) study. In addi-
tion, heart rate (HR) and respiration rate 
(RR) were measured, and the pulse respira-
tion quotient (PRQ) was determined 
(PRQ  =  HR/RR). General additive models 
(GAM) were used to analyse the data. 
Results: The GAM analysis revealed a spe-
cific relationship between the overall PFC 
StO2 values (mean over right and left PFC) 
and the variables HR and RR: HR was posi-
tively correlated with mean StO2, while RR 
showed no correlation. In the mirror case, 
RR was negatively linearly correlated with 
the frontal cerebral oxygenation asymmetry 
(FCOA), which was not correlated with 
HR.  The right PFC StO2 was not linked to 
the RR, whereas the left PFC StO2 was. 
Positive correlations of the PRQ with the 
mean PFC StO2 as well as the FCOA were 
also found. GAM modelling revealed that 
the individual FCOA values are explained to 
a large extent (deviance explained: 88.8%) 
by the individual mean PFC StO2 and 
PRQ.  We conclude that (i) the state of the 
cardiorespiratory system is significantly cor-
related with StO2 values and (ii) there is a 
mirror symmetry with regard to the impact 
of cardiorespiratory parameters on the mean 
PFC StO2 and FCOA.
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1  Introduction

What are typical values of frontal cerebral oxy-
gen saturation (StO2) at rest for healthy adults 
measured by cerebral oximetry, i.e., near-infrared 
spectroscopy (NIRS)? Although several studies 
have published such StO2 reference values (e.g., 
[1–7]), there has not yet been a detailed investi-
gation of whether and which systemic physiol-
ogy factors are related to these StO2 values 
measured on the forehead. Knowing these factors 
and how they impact the measurements is impor-
tant since they confound the definition of refer-
ence ranges.

Previous work from our group already showed 
that frontal cerebral StO2 from healthy young 
adults at rest was dependent on several factors, 
including heart rate (HR), respiration rate (RR), 
partial pressure of end-tidal CO2 (PETCO2), sex, 
room temperature and time of measurement (i.e., 
season and time of day) [8].

The aim of this study was to investigate how 
frontal cerebral StO2 in healthy young adults 
depends on their cardiorespiratory state at the 
time of measurement.

2  Subjects and Methods

Participants and Measurements Data from a 
previously published systemic physiology aug-
mented functional near-infrared spectroscopy 
(SPA-fNIRS) study conducted by us [8–10] was 
employed. For the present analysis, data analysed 
were from 126 healthy subjects (age: 
24.0  ±  0.2  years, age range: 20–28  years, 45 
males, 81 females) were measured four times on 
different days, resulting in 504 single measure-
ments. Absolute StO2 values during resting state 
in sitting position were obtained over the left and 
right prefrontal cortex (R-PFC, L-PFC) by 

employing a frequency-domain (FD) NIRS 
device (Imagent, ISS Inc., Champaign, Illinois, 
USA). HR was measured with the wrist-worn 
SOMNOtouch™ non-invasive blood pressure 
device (SOMNOmedics GmbH, Randersacker, 
Germany) and RR with a NONIN LifeSense 
patient monitor (NONIN Medical, Plymouth, 
Minnesota, USA).

Data Analysis Data was low-pass filtered with a 
robust second-order moving average (window 
lengths: 2  min (StO2), 3  min (HR) and 2  min 
(RR)) to remove high-frequency fluctuations not 
of interest for the present analysis. Median values 
were calculated based on 5 min long time-series 
of StO2 (mean of R-PFC and L-PFC), ΔStO2 
(R-PFC–L-PFC; representing the frontal cerebral 
oxygenation asymmetry, FCOA), StO2 at the 
right PFC and left PFC, HR and RR. Furthermore, 
the pulse respiration quotient (PRQ) was deter-
mined (PRQ = HR/RR) [11]. Blood pressure data 
was not used in the analysis since we wanted to 
investigate the relationship between respiration 
and heart rate on StO2 in particular.

Outliers in the data (three standard deviations 
away from the mean) due to unstable measure-
ments were removed before the final statistical 
analysis. General additive models (GAM), an 
extension of generalised linear models, were 
used to analyse the data. The following GAMs 
were employed: (i) g(X) = β0 +  f(HR) +  f(RR) 
+ Subject + ε, (ii) g(X) = β0 + f(PRQ) + Subject 
+ ε, and (iii) g(Y) = β0 + fts(PRQ ΔStO2) + Subject 
+ ε, with X = {StO2, R-StO2, L-StO2, ΔStO2}, 
Y = StO2, β0 the intercept, f a regression spline 
function, fts a tensor product smooth function, g 
a smooth monotonic link function, ε the residual 
and ‘Subject’ a categorical variable with the 
individual subject identification number (mod-
elled as a random effect). The models were fit-
ted by penalised likelihood maximisation.

Signal processing was performed by Matlab 
(R2017a, MathWorks, Inc., Massachusetts, 
USA) and statistical analysis in R (version 
3.5.1) [12] using the ggplot2 [13] and mgcv [14] 
packages.
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3  Results

Distribution of the Parameter Values: Normal 
and Log-Normal All parameter values were 
normally distributed (Shapiro-Wilk test; StO2: 
72.7  ±  0.5%, R-StO2: 73.8  ±  0.6%, L-StO2: 
71.7  ±  0.6%, ΔStO2: 2.4  ±  0.5%, HR: 
1.106  ±  0.016  Hz, RR: 0.2660  ±  0.004  Hz), 
except the PRQ ones that followed a log-normal 
distribution (PRQ, median: 4.1, 95% CI: 2.8–6.2) 
(Fig. 1).

Frontal Cerebral Oxygenation and 
Cardiorespiratory Activity: A Mirror- 
Symmetry in Their Correlation The GAM 
analysis revealed a specific relationship between 
the overall PFC StO2 values and the variables HR 
and RR: HR was positively correlated with mean 
StO2 (p  =  0.0000116) while RR showed no 
 correlation (p = 0.448) (GAM adjusted R2: 0.814, 
deviance explained: 87.2%) (Fig.  2a, b). In the 
mirror case, ΔStO2 was negatively correlated 
with RR (p = 0.0149) but not with HR (p = 0.7040) 
(GAM adjusted R2: 0.539, deviance explained: 
68.5%) (Fig. 2c, d). Further analysis revealed a 
link between L-PFC StO2 and HR (p = 0.000503) 
as well as RR (p = 0.007722) (GAM adjusted R2: 
0.775, deviance explained: 84.4%) (Fig.  2e, f), 

while the R-PFC was shown to be related to HR 
(p  =  0.00265) but not the RR (p  =  0.54568) 
(GAM adjusted R2: 0.747, deviance explained: 
82.6%) (Fig. 2g, h).

Frontal Cerebral Oxygenation and 
Cardiorespiratory Activity: The Significance 
of the PRQ Positive correlations of the PRQ 
with the mean PFC StO2 as well as ΔStO2 were 
found. Modelling the interaction of these three 
parameters proved a statistically significant high 
correlation (p  =  0.000095) and an excellent 
model fit (GAM adjusted R2: 0.829, deviance 
explained: 88.8%) (Fig.  3e–g). This shows that 
individual FCOA values can be explained to a 
large extend by the individual mean PFC StO2 
and individual PRQ. Furthermore, PRQ was 
found to be tendentially positively correlated 
with StO2 (p = 0.0595) and ΔStO2 (p = 0.0942), 
significantely positively correlated with R-StO2 
(p  =  0.0086) but interestingly not with L-StO2 
(p = 0.577) (Fig. 3a–d).

Figure 4 demonstrates the importance of con-
trolling for intersubject variability when analys-
ing the relationship between StO2, ΔStO2 and 
PRQ: considering the intersubject variability to 
explain the intertrial variability of StO2 results in 
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a superior fit compared to the case when intersub-
ject and intertrial variabilities are not differenti-
ated when analysing the data via the GAM 
approach. Figure 4a also highlights the complex-
ity of the relationship between StO2, ΔStO2 and 
PRQ; the condition ‘PRQ > 4’ is correlated with 
an increase of StO2 the higher the FCOA is 
(regions Q1 and Q4), while PRQ < 4 is related to 
a decrease in StO2 especially when a positive 
FCOA is predominant (region Q1).

4  Discussion, Conclusion 
and Outlook

Our study showed that (i) the state of the cardio-
respiratory system is significantly correlated with 
absolute StO2 values (mean StO2 over the PFC, 
and FCOA), and (ii) there is a mirror symmetry 
with regard to the impact of cardiorespiratory 
parameters (HR and RR) on the mean PFC StO2 
and FCOA.

Our finding that the cardiorespiratory system 
impacts resting-state StO2 values was also par-
tially observed by other studies. For example, 
Eyeington et  al. [2] found their frontal cerebral 
resting-state StO2 values to correlate positively 

with mean arterial pressure and cardiac index 
(CI). Since CI is positively correlated with HR 
[15], the findings of this study agree with our 
findings of a positive correlation between frontal 
StO2 and HR during rest. However, we are not 
aware of a study, despite our previously pub-
lished report about our measurements [8], that 
investigated the effect of the resting-state HR and 
RR in parallel on resting-state cerebral frontal 
StO2 values (mean and FOCA). Our results are 
therefore novel and provide additional insights 
into possible confounding factors for the deter-
mination of StO2 reference ranges for healthy 
adults. Our study is also the first to show the sig-
nificance of the PRQ with regard to explaining 
the inter-trial variability of StO2. The PRQ is a 
unique parameter capturing the coupling state 
between the cardiac and respiratory systems [11] 
with a 4:1 (PRQ = 4) attractor state in the resting- 
state [16].

The mirror symmetry found (i.e., cardiac 
activity is linked to StO2 and respiration to 
ΔStO2) is intriguing and has not been reported so 
far to the best of our knowledge. It might be the 
case that the link between respiration and FCOA 
is mediated by the autonomic nervous system or 
the emotional state of the person, since frontal 
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neuronal asymmetry is linked to mood [17] and 
the mood and emotional state are also related to 
respiratory activity [18].

In conclusion, our study provides the follow-
ing novel insights with regard to resting-state 
frontal cerebral StO2 reference values for 
healthy adults: (i) StO2 and ΔStO2 depend on 
cardiorespiratory activity (HR, RR, PRQ), (ii) 
the GAM approach has been proven to be suit-
able to determine the non-linear relationships 
between cardiorespiratory activity and StO2/
ΔStO2, (iii) cerebral oxygenation shows a mir-
ror symmetry with respect to its correlation 
with cardiorespiratory activity. In short, when 
interpreting absolute frontal StO2 values, the 
cardiorespiratory state of the subject needs to 
be considered.
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Abstract

The blood-brain barrier (BBB) poses a signifi-
cant challenge for drug delivery to the brain. 
Therefore, the development of safe methods 
for an effective delivery of medications to the 
brain can be a revolutionary step in overcom-
ing this limitation. Using a quantum-dot-based 
1267  nm laser (photosensitiser-free genera-
tion of singlet oxygen), we clearly show the 
photostimulation of lymphatic delivery of 
bevacizumab (BMZ) to the brain tissues and 
the meninges. These pilot findings open prom-
ising perspectives for photomodulation of a 
lymphatic brain drug delivery bypassing the 
BBB, and potentially enabling a breakthrough 
strategy in therapy of glioma using BMZ and 
other chemotherapy drugs.
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1  Introduction

The blood-brain barrier (BBB) has been a great 
hurdle for brain drug delivery and excludes the 
vast majority of cancer therapeutics from the 
brain. However, the importance of the BBB in 
limiting drug delivery and efficacy is controver-
sial in high-grade brain tumours, such as glio-
blastoma (GBM). Most clinical data clearly 
demonstrate that GBM patients have an intact 
BBB around the tumour, and a cure will only be 
possible if these tumour regions are extensively 
treated [1]. Therefore, there is growing demand 
to develop safe methods to bypass the BBB and 
blood-tumour barriers for effective therapy of 
GBM [1].

The bevacizumab (BMZ) is a monoclonal 
antibody that prevents activation of the vascular 
endothelial growth factor demonstrating antian-
giogenic effects. GBM development depends on 
its angiogenesis, which provides high potential 
for antiangiogenic cancer therapy. However, 
BMZ is effective in controlling oedema in some 
GBM patients, but clinical trials have not demon-
strated a convincing impact on patient survival 
[2]. There is the hypothesis that a newly formed 
GBM by recruiting the normal cerebral vessels 
within an intact BBB limits effectiveness of the 
therapeutic dose of high molecular weight 
BMZ. The modulation of BMZ delivery into the 
brain can significantly improve the therapeutic 
effects of antiangiogenic therapy of GBM.

In our previous work we reported photostimu-
lation (PS) of the meningeal lymphatic vessels 
(MLVs) [3–6] using a quantum-dot 1267  nm 
laser, which can directly generate a singlet oxy-
gen (1O2) from the triplet oxygen state without 
photosensitisers [7]. We discovered that PS stim-
ulates the clearance of macromolecules from the 
brain via MLVs as well as PS causes an increase 
in the permeability of the lymphatic endothelium 
to macrophages [3–5]. In our pilot experiments 
on rats, we demonstrated laser-suppression of 
glioma growth that was associated with the acti-
vation of the lymphatic drainage system [5]. 
These findings open new strategies for therapy of 
glioma by modulation of the lymphatic functions 
via PS.

In this work, we aim to study a lymphatic 
delivery of BMZ to the murine brain bypassing 
the BBB. We also sought to examine modulation 
of lymphatic transport of fluorescent BMZ by PS.

2  Methods

Male BALB/c mice (20–25 g) were used in all 
experiments. All procedures were performed in 
accordance with the Guide for the Care and Use 
of Laboratory Animals. The experimental proto-
cols were approved by the Local Bioethics 
Commission of the Saratov State University 
(Protocol No. 7). The experiments were per-
formed in the following groups: (1) BMZ injec-
tion (10 μl) in the right deep cervical lymph node 
(dcLN) without PS and (2) with PS, n = 7 in each 
group.

A fibre Bragg grating wavelength locked high- 
power laser diode (LD-1267-FBG-350, 
Innolume, Dortmund, Germany) emitting at 
1267 nm was used as a source of irradiation using 
algorithm: 17 min PS + 5 min pause +17 min PS 
+ 5  min pause +17  min PS of 100  mW laser 
power intensity with the total dose applied of 
1611 J/см2 (on the surface of skull) and 470 J/см2 
(on the surface of the brain, [11]) under 1% iso-
flurane at 1 L/ min N2O/O2–70/30 ratio.

The BMZ was labelled with the FluoReporter 
FITC Protein Labeling Kit (Invitrogen). The 
molecular weight of FITC-BMZ was 149 kDa.

For the quantitative analysis of intensity sig-
nal from BMZ, ImageJ was used for image data 
processing and analysis. The areas of specific 
signals from fluorescence were calculated using 
the plugin ‘Analyze Particles’ in the ‘Analyze’ 
tab. In all cases, 10 regions of interest were 
analysed.

For confocal imaging of BMZ distribution, we 
used the protocol for immunohistochemistry 
(IHC) with the markers for lymphatic vessel endo-
thelial hyaluronan receptor 1 (Lyve-1), for the 
pericytes in the blood vessels, such as the neuron-
glial antigen 2 (NG2), for the blood endothelium 
with cell adhesion molecule 1 (CD31), and for 
astrocytes by glial fibrillary acidic protein (GFAP). 
The brain tissues and the meninges were collected 
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and fixed for 48 h in a 4% saline solution- buffered 
formalin, then sections of the brain with a thick-
ness of 40–50 microns were cut on a vibratome 
(Leica, Germany). Sections were processed 
according to the standard IHC protocol with the 
corresponding primary and secondary antibodies. 
The sections of the mouse brain and the meninges 
were imaged using a Leica SP8 confocal laser 
scanning microscope (Leica, Germany).

3  Results

3.1  Lymphatic Delivery of BMZ 
into the Meninges

In the first step, we studied the lymphatic path-
way of BMZ spreading after injection into the 
dcLN (Fig. 1a). The cribriform plate is a centre of 
lymphatic pathway of metabolic clearance and is 
a connective bridge between the cerebral spinal 
fluid (CSF) and the cervical lymphatic system 
[8]. The cribriform plate is a fenestrated bony 
plate of the ethmoid bone that separates the cra-
nial and nasal cavities. Once through the plate, 
CSF is absorbed by the lymphatic vessels (LVs) 
in the nasal mucosa and drained into the cervical 
lymph nodes [8]. There is evidence that the crib-
riform plate is also a lymphatic window into the 
brain [8]. Taking into account these facts, we ana-
lysed BMZ distribution through the cribriform 
plate 3 h after injection into the dcLN. Figure 1b, 
c demonstrate wide spreading of BMZ along the 
cribriform plate as well as through the meninges. 
We observed that BMZ was distributed via the 
lymphatic vessels and the perivascular spaces 
(PVSs) along the meningeal arteries and veins 
(Fig. 1d–f). However, we did not find the pres-
ence of BMZ in the brain parenchyma.

3.2  Photostimulation 
of Lymphatic Delivery of BMZ 
into the Brain Parenchyma

In our previous works, we discovered that PS 
enhances the lymphatic contractility and drain-
age due to an increase in the permeability of 

lymphatic endothelium and the changes in 
expression of tight junctions [3–6]. Here we 
tested our hypothesis that PS increases the 
movement of BMZ in the lymphatic system, 
including retrograde travelling. With this aim, 
PS was applied immediately after BMZ injec-
tion into dcLN and it was used during one hour. 
The brain slices were analysed 3 h after BMZ 
injection + PS (Fig. 1g). Figure 1 h and j clearly 
demonstrate the presence of BMZ among astro-
cytic end feet suggesting that PS contributes 
lymphatic delivery of BMZ into the brain paren-
chyma. Indeed, PS was accompanied by the 
high intensity of the fluorescent signal from 
BMZ compared with the group without PS 
(Fig. 1i).

4  Discussion

Our results clearly demonstrate that dcLNs are an 
anatomical structure for unique communication 
between the meninges, the brain tissues and the 
peripheral lymphatic network. Indeed, injection 
of BMZ into the dcLN was accompanied by its 
delivery to the meninges (without PS) and into 
the brain parenchyma (with PS). Our findings are 
consistent with other experimental evidence sug-
gesting that dcLNs are a unique passage, which 
connects the brain fluid system and the peripheral 
lymphatics [9].

We revealed that BMZ travelled from dcLN 
to the brain meninges and parenchyma via the 
lymphatic backroad. The retrograde movement 
of tracers into the brain parenchyma was also 
discussed in other works as physiological 
properties of the lymphatic/glymphatic mecha-
nisms of exchanges of molecules between the 
PVS and the brain parenchyma [8].

In our research, we demonstrate that PS 
enhances the lymphatic delivery of BMZ to the 
brain parenchyma. The infra-red light of 800–
1100 nm is widely used for the PS therapy of 
various brain diseases [8]. However, the infra-
red PS has a significant drawback in its limited 
penetration into the brain due to high scattering 
and heating effect. The light wavelength of 
1300 nm has less scattering and can penetrate 
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Fig. 1 The lymphatic delivery of BMZ in the brain tis-
sues and in the meninges with and without PS: (a)  – 
Schematic illustration of BMZ injection into dcLN with 
the aim to study of its distribution in the meninges and in 
the brain tissues; (b) and (c) – Representative images of 
BMZ spreading through the cribriform plate (b) and in the 
meninges (c); (d–f) – Representative images of lymphatic 
and perivascular pathway of BMZ diffusion in the menin-
ges. BMZ is distributed via the Lyve-1+ lymphatic vessels 

(d), over PVSs along the meningeal arteries (e) and the 
meningeal veins (f); (g)  – Schematic illustration of PS 
effects on lymphatic delivery of BMZ into the brain; (h) 
and (j) – Representative image of BMZ distribution in the 
brain parenchyma after PS, (j) – Quantification of fluores-
cent signal from BMZ in the brain with and without PS 
(mean ± s.m.e.; n = 10 fields analysed from 7 independent 
mice in each group; ***  – p  <  0.001 between groups, 
Mann-Whitney test)
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deeper into the brain [10]. This wavelength, 
highly absorbed by oxygen, is capable of turn-
ing triplet oxygen to reactive singlet form [7]. 
In our recent work, we discovered that PS 
dilates MLVs, which is associated with 
PS-mediated stimulation of lymphatic transport 
of red blood cells from the brain [6]. In this 
work, we demonstrate that PS activates the 
nitric oxide (NO) synthesis in lymphatic endo-
thelium isolated cells and the lymphatic vessels 
contractility might be the possible mechanisms 
responsible for singlet oxygen stimulation of 
lymphatic transport of macromolecules into 
and from the brain tissues.

5  Conclusions

In summary, using a quantum-dot-based 
1267 nm laser (photosensitiser-free generation 
of singlet oxygen), we clearly show the photo-
stimulation of lymphatic delivery of BMZ to 
the brain parenchyma and the meninges. These 
pilot findings open promising perspectives for 
photomodulation of a lymphatic brain drug 
delivery bypassing the BBB, and potentially 
enabling a breakthrough strategy in therapy of 
glioma using BMZ and other chemotherapy 
drugs.
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Transcranial Direct Current 
Stimulation in Patients with Mild 
Traumatic Brain Injury

Alex O. Trofimov, Darya I. Agarkova, 
Dmitry Sergeev, Anton Dubrovin, 
Kseniia A. Trofimova, Oxana Novosadova, 
Dmitry Martynov, Kyril Lidji-Goryaev, 
and Denis E. Bragin

Abstract

The purpose of our study was to assess the 
dynamics of local cerebral oxygenation (LCO) 
by near-infrared spectroscopy (NIRS) during

 

transcranial direct current stimulation (tDCS) 
in the acute stage of mild traumatic brain 
injury (mTBI). Fifty-seven mTBI patients (18 
women and 39 men, 35 ± 11.7 years old, GCS 
13.7 ± 0.7) were treated by tDCS at 3–5 days 
after head injury. Stimulation parameters 
were: 1 mA, 9 V, duration-20 min. A cerebral 
oximeter was used to assess LCO-values in 
the frontotemporal lobes. Anodal and cathodal 
LCO values were compared before tDCS and 
every 2 min until the tDCS end. Significance 
was preset to p < 0.05. Results: A significant 
decrease in LCO values on the anodal side 
was observed at the 8th to 12th minutes of 
stimulation, compared to the cathodal side (at 
8th minute  – p  =  0.011; at 12th minute  – 
p < 0.00000001) and compared to LCO values 
before tDCS (p < 0.00001). The LCO on the 
cathodal side was not significantly different 
during the whole tDCS. At the end of the pro-
cedure, the interhemispheric LCO differences 
were not statistically significant (p = 0.757). 
Conclusions: Transcranial DCS in 3–5 days of 
mTBI leads to a significant decrease in the 
LCO value on the anodal side between 8 and 
12  min and subsequent recovery to baseline 
values by the end of the procedure.

A. O. Trofimov (*) 
Department of Neurological Diseases, Privolzhsky 
Research Medical University,  
Nizhny Novgorod, Russia 

Department of Polytrauma, Regional Hospital named 
after Semashko, Nizhny Novgorod, Russia 

D. I. Agarkova · D. Sergeev · A. Dubrovin 
Department of Polytrauma, Regional Hospital named 
after Semashko, Nizhny Novgorod, Russia 

K. A. Trofimova · O. Novosadova · K. Lidji-Goryaev 
Department of Neurological Diseases, Privolzhsky 
Research Medical University,  
Nizhny Novgorod, Russia 

D. Martynov 
State Technical University named after 
R.E. Alekseev, Nizhny Novgorod, Russia 

D. E. Bragin 
Lovelace Biomedical Research Institute, 
Albuquerque, NM, USA 

Department of Neurology, University of New Mexico 
School of Medicine, Albuquerque, USA 

National Research Saratov State University,  
Saratov, Russia

© Springer Nature Switzerland AG 2022 
F. Scholkmann et al. (eds.), Oxygen Transport to Tissue XLIII, Advances in Experimental Medicine 
and Biology 1395, https://doi.org/10.1007/978-3-031-14190-4_10

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14190-4_10&domain=pdf
https://doi.org/10.1007/978-3-031-14190-4_10


60

Keywords

Local cerebral oxygenation · Transcranial 
direct current stimulation · Mild traumatic 
brain injury · Neurovascular coupling

1  Introduction

Traumatic brain injury (TBI) is a worldwide 
problem. Although 75–90% of TBIs 
(Glasgow Coma Scale (GCS) score of 
13–15) are generally mild, there are about 
50 million TBI cases worldwide each year, 
resulting in significant morbidity and a 
global economic cost of about 400 billion 
dollars per year [1, 2]. To date, no drug has 
been approved by the Food and Drug 
Administration (FDA) for the treatment of 
the cognitive effects of mild TBI (mTBI), 
making the issue of patient rehabilitation 
highly relevant.

Therefore, the emerging non-invasive brain 
stimulation techniques in rehabilitation post-
TBI have attracted significant attention. 
Transcranial direct current stimulation (tDCS) 
is one of the non-invasive brain stimulation 
techniques that can increase or decrease corti-
cal excitability according to polarity and can 
be used to promote long-term functional 
recovery.

Recent clinical studies showed the effec-
tiveness of tDCS for craniocerebral trauma 
rehabilitation, as well as for early post-trau-
matic consequences, such as post-traumatic 
encephalopathy [3–5]. However, the LCO 
dynamics in the early period of mTBI remains 
poorly understood, determining the relevance 
of our study. We hypothesised that anodal 
tDCS might induce LCO decrease at mTBI 
acute stage. The objective of our study was to 
assess the dynamics of LCO values at the 
anodal and cathodal sides, measured by near-
infrared spectroscopy (NIRS), during tDCS at 
3–5 days after mTBI.

2  Methods

2.1  Study Design

This is a non-randomised single-centre study 
involving 57 patients with diffuse, blunt, mild 
TBI (at 3–5 days after head injury). All patients 
were treated at Nizhny Novgorod Regional 
Trauma Centre Level I of Clinical Hospital 
named after N.A.  Semashko between January 
2018 and April 2021.

2.2  Population

The study involved 18 women and 39 men with a 
mean age of 35  ±  11.7  years, and severity at 
admission according to the Glasgow Coma Scale 
of 13.7 ± 0.7. Clinical criteria for detecting mild 
TBI include at least one of the following: 
 confusion and disorientation, loss of conscious-
ness up to 30 min and/amnesia up to 24 h after 
the head injury, a GCS score of 13–15, and tran-
sient focal neurological symptoms [6].

None of the patients had any parenchymal 
brain lesions on computed tomography. Twenty- 
two patients had a non-severe concomitant injury 
(Injury Severity Score of less than 9). Thirty-five 
patients had non-concomitant (isolated) mTBI 
[6]. All patients were right-handed and not taking 
neurotrophic treatment.

The patients received a verbal explanation of 
the research goals and risks. The patients and 
their families provided signed informed consent. 
The study was approved by the local Ethics 
Committee according to the standard set by the 
Declaration of Helsinki.

2.3  Transcranial Direct Current 
Stimulation

Transcranial DCS was delivered by a custom- 
made stimulator (Nizhny Novgorod State 
Technical University) with a pair of gel-soaked 
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surface sponge electrodes (Ambu, USA) 
(S = 5 cm2). The tDCS parameters were: 1 mA, 
9 V, current density ~0.45 mA/cm2. The proce-
dure duration was 20 min. The anodal and cath-
odal electrodes were placed over the left and 
right supraorbital region (M1-Fp), respectively.

2.4  Local Cerebral Oxygenation

Local cerebral oxygenation was assessed in the 
left and right frontotemporal lobes using cerebral 
oximeter Fore-Sight 2030 (CAS Medical Systems 
Inc., Branford, USA). Received LCO data were 
collected using a Сentaurus-LCO intensive care 
monitor (Ver. 3.0., Privolzhsky Research Medical 
University, Russia), which provided 20  sec- 
by- 20 sec average values. Manual corrections of 
movement artifacts were performed on the whole 
obtained data. Anodal and cathodal LCO-values 
were compared before tDCS, then every 2  min 
until the end of the procedure.

2.5  Statistical Analysis 
and Endpoints

The endpoint of our study was the determination 
of NIRS-derived LCO-values in the frontotempo-
ral regions in patients 3–5 days after mTBI dur-
ing tDCS procedures. Continuous variables are 
expressed as median [interquartile range]. Data 
were evaluated for normality distribution using 

the Smirnov-Kolmogorov test. The differences in 
LCO values were assessed using a non- parametric 
Wilcoxon rank-sum test. The level of significance 
was set at 0.05. All analyses were performed 
using the software package Statistica 7.0 (Statsoft 
Inc., USA).

3  Results

Basic statistics and comparisons for recorded 
parameters (tDCS time, LCO-values) are shown 
in Table 1. Of 57 patients, after the tDCS proce-
dure, 52 noted a decrease in headaches, 48 a 
decrease in dizziness, 42 a normalisation of cir-
cadian rhythms, and 12 a decrease in tinnitus.

Before tDCS, LCO-values were 66.1% [59.1; 
73.1] on the cathodal side and 64.9% [60.7; 
68.7] on the anodal side. There were no signifi-
cant differences between the cathodal and right 
sides (Z  =  0.719; p  =  0.472). During the 8th–
12th minutes of the stimulation, a significant 
decrease in LCO values on the anodal side was 
observed compared to the cathodal side (at 8th 
minute Z  =  2.531; p  =  0.011; at 10th minute 
Z  =  4.962; p  =  0.000001; at 12th minute 
Z  =  5.478; p  <  0.00000001), and compared to 
LCO values before tDCS procedure 
(p  <  0.00001). The average duration of the 
‘decline gap’ was one-third of the procedure 
time (about 7 min). The LCO levels on the cath-
odal side were not significantly different during 
all tDCS procedures. At the end of the proce-

Table 1 Comparison of the obtained values of the studied parameters

tDCS time (minute) Cathodal side LCO (%) Anodal side LCO (%) Z p-values
0 66.1[59.1;73.1] 64.9[60.7;68.7] 0.719 0.472
2 65.7[59.3;73.2] 63.4[59.9;67.9] 1.315 0.189
4 63.3[58.9;72.9] 63.7[59.5;67.5] 1.855 0.064
6 65.1[61.9;69.9] 63.1[58.8;66.8] 1.593 0.111
8 65.6[61.4;70.4] 61.2[57.4;65.4] 2.531 0.011*

10 66.7[62.6;70.6] 61.8[58.6;66.6] 4.962 0.000001*
12 66.3[61.7;69.4] 59.2[56.2;64.2] 5.478 p < 0.000001*
14 65.1[61.9;69.9] 63.5[60.3;68.3] 1.871 0.061
16 65.9[62.7;70.7] 64.1[61.2;69.2] 0.624 0.533
18 65.8[62.3;69.3] 64.7[61.5;69.5] 0.123 0.902
20 66.1[62.6;68.6] 64.9[61.7;69.7] 0.310 0.757

LCO local cerebral oxygenation, tDCS transcranial direct current stimulation, data are presented as median [interquar-
tile range], * – р < 0.05
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dure, the interhemispheric LCO differences were 
not significantly different (Z = 0.310; p = 0.757). 
In no patient was stimulation accompanied by a 
worsening of the clinical condition.

4  Discussion

Transcranial DCS of low amperage and voltage is 
a relatively new, promising technology for brain 
cortex modulation [1]. Preclinical and clinical 
studies demonstrated that tDCS is a safe and effi-
cient stimulation modality with a neuroprotective 
effect on central nervous system diseases [7–9].

Our previous study using perfusion computed 
tomography revealed an increase in volumetric 
cerebral blood flow after tDCS suggesting 
increased oxygen saturation in patients with post- 
traumatic encephalopathy at 21 days after moder-
ate TBI (GCS 12) [10]. In the current study, we 
measured LCO in the frontal cortex before, dur-
ing and after tDCS at 3–5 days after mTBI. We 
have obtained a statistically significant decrease 
in LCO value at the anodal side between 8 and 
12 min of the stimulation and its recovery by the 
end of tDCS to the initial LCO values. On the 
cathodal side, LCO values during and after the 
procedure did not significantly differ from the 
values obtained before tDCS. Although our data 
seems to contradict earlier results [8, 10], this 
contradiction is not apparent for several reasons.

First, in our study, patients did not have paren-
chymal brain lesions noted on CT, i.e., they had 
mild TBI. In contrast, our previous work and pre-
clinical studies were done on moderate-to-severe 
TBI with parenchymal lesions.

Second, the current study was done 3–5  days 
after the injury, while our previous study was at 
21 days after TBI [8], and animal studies were done 
1–3 weeks after the controlled cortical injury [10].

Third, one of the reasons for the time- 
dependent effect of tDCS in animal studies was 
damage of the blood-brain barrier permeability, 
which, obviously, was not observed in patients 
with mTBI.

A similar decrease in local brain oxygenation dur-
ing tDCS has been described by Polanıa et al. [11], 
who showed that direct current changes the connec-
tivity between different parts of the brain, making it 
possible to redistribute cerebral cortex blood flow, 
directing it to the stimulation area. However, these 
processes have a certain hysteresis, and the redistri-
bution does not occur instantly but with a certain time 
delay, which was noted in our study.

Del Felice et al. suggest that dynamic internal 
brain networks have a low entropy, which deter-
mines their ability to return to the equilibrium 
state of physiological parameters independently. 
The maintenance of oxygen saturation is proba-
bly one of such systems [12]. As demonstrated in 
our work, the mechanism of neurovascular cou-
pling is responsible for restoring LSO in the fron-
tal lobes at the end of the stimulation. A decrease 
in LCO during the procedure may indicate a 
functional impairment of neurovascular coupling 
even with mild TBI, consistent with previous 
studies [13].

Our study had some limitations. We measured 
LCO values only in the frontal lobes and thus 
cannot consider the distribution of LCO values in 
other cortical areas before, during and after 
tDCS. We were not able to eliminate completely 
an error associated with a slight spatial displace-
ment of the tDCS electrodes and NIRS probes. 
All these issues require further study. We believe 
that our study results provide conditions for a dif-
ferentiated approach for the treatment of mTBI 
patients.

5  Conclusion

Transcranial DCS at 3–5  days after mild TBI 
leads to a significant decrease in the LCO value 
on the anodal side between 8 and 12 min and sub-
sequent recovery to baseline values by the end of 
the procedure.
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Postnatal Exposure to Brief 
Hypoxia Alters Brain VEGF 
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in Adult Mice
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and Joseph LaManna

Abstract

Perinatal hypoxia leads to changes in cerebral 
angiogenesis and persistent structural and 
functional changes in the adult brain. It may 
also result in greater vulnerability to subse-
quent challenges. We investigated the effect of 
postnatal day 2 (P2) hypoxic preconditioning 
on adult brain capillary density and brain vas-
cular endothelial growth factor (VEGF) 
expression in mice. P2 mice were exposed to 
hypoxia (5% O2) in a normobaric chamber for 
2 h then returned to normoxia while their lit-
termates remained in normoxia (P2 control). 
After 2–6 months, they were euthanised and 
their brains were removed for capillary den-
sity determination. Another set of animals (P2 
hypoxic mice and P2 controls) were euthanised 
at 2, 10, 23, and 60 days after birth and brain 
VEGF expression was assessed by western 
blot. Adult brain capillary density was signifi-
cantly increased in the P2 hypoxic mice when 
compared to the P2 control mice. Additionally, 
VEGF expression appeared to be elevated in 
the P2-hypoxia mice when compared to the 
P2-control mice at all time points, and VEGF 

levels in P2-hypoxia mice declined with age 
similarly to P2-control mice. These data dem-
onstrate that transient early-postnatal hypoxic 
stress leads to an increase in capillary density 
that persists in the adult, possibly due to 
increased VEGF expression. These results 
might be explained by epigenetic factors in 
the VEGF gene.

Keywords

Perinatal hypoxia · Hypoxic preconditioning · 
Postnatal hypoxic stress · Epigenetics

1  Introduction

Prolonged exposure to hypoxia in the adult rodent 
produces substantial cerebral angiogenesis result-
ing in increased capillary density [1]. Perinatal 
stress, including transient hypoxia, leads to per-
sistent structural and functional changes in the 
adult rat brain [2, 3] including cerebral angiogen-
esis [4, 5]. Hypoxia associated cerebral angio-
genesis primarily occurs through hypoxia 
inducible factor accumulation and consequent 
promotion of vascular endothelial growth factor 
(VEGF) expression [6]. In these experiments, we 
studied the effect of postnatal transient hypoxia 
on VEGF expression and the development of 
brain capillaries in mice. Whether or not perina-
tal hypoxia results in greater vulnerability to sub-

M. B. Komarovsky · C. P. Tsipis · K. A. Almotah · 
W. F. Boron · K. Xu · J. LaManna (*) 
Department of Physiology & Biophysics, Case 
Western Reserve University,  
Cleveland, OH, USA
e-mail: joseph.lamanna@case.edu

© Springer Nature Switzerland AG 2022 
F. Scholkmann et al. (eds.), Oxygen Transport to Tissue XLIII, Advances in Experimental Medicine 
and Biology 1395, https://doi.org/10.1007/978-3-031-14190-4_11

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-031-14190-4_11&domain=pdf
mailto:joseph.lamanna@case.edu
https://doi.org/10.1007/978-3-031-14190-4_11


66

sequent challenges in adulthood remains 
unknown [7].

2  Methods

The experimental protocol employed by this 
study was approved by our Institutional Animal 
Care and Use Committee (IACUC). Mice (C57/
B6 background) used in this study were bred in 
our laboratory for more than 15 generations. All 
mice were housed and maintained at the Animal 
Resource Center on a 12:12-h light/dark diurnal 
cycle with unrestricted access to food and water.

2.1  P2 Hypoxic Exposure

Mice at postnatal day two, with their dam, were 
exposed to hypoxia (5% O2 in N2) for 2 h in a 
chamber where the inflow of gases (Oxycycler 
model A44XO, Biospherix, Redfield, NY) was 
automatically controlled. Mice were then 
returned to a normoxic environment. Littermates 
were maintained normoxic in the same room and 
used as P2 controls. Ambient temperature and 
humidity of gases was monitored and maintained 
at 22–24 °C and 40–50%, respectively.

2.2  Determination of Cerebral 
Capillary Density

Brain microvascular density was determined by 
immunohistochemical staining for the capillary 
glucose transporter-1 (GLUT-1) and by counting 
the number of GLUT-1 positive capillaries per 
unit area (N/mm2), as described previously [8–
10]. Mice were deeply anaesthetised with isoflu-
rane, a blood sample was taken for haematocrit 
measurement, and mice were perfused transcar-
dially with PBS (pH 7.4) and 4% paraformalde-
hyde. Brains were removed and immersed in 4% 
paraformaldehyde overnight at four degrees 
Celsius. The brain samples were dehydrated 
through graded alcohol and embedded in paraf-
fin. Coronal serial sections (five μm) of frontal 
cortex (levels of Bregma 0.98 mm to 0.38 mm) 

[11] were made on a microtome. Sections were 
deparaffinised, rehydrated, and subjected to anti-
gen retrieval at 90  °C for 10  min in 0.1  mol/L 
sodium citrate buffer and incubated with 3% 
hydrogen peroxide. Slides were blocked with 
10% normal horse serum for 1 h and then incu-
bated with primary antibodies (anti-Glut-1, Santa 
Cruz, CA) at four degrees Celsius overnight. 
After three serial washes with 0.1  mol/L PBS- 
tween solution, the secondary antibody (1:200, 
Vector Labs, Burlingame, CA) was applied. The 
slides were washed again and incubated in 
Vectastain ABC Elite reagent (Vector Labs, 
Burlingame, CA) for 30 min and then developed 
using diaminobenzidine. After dehydration and 
coverslipping, images were taken with a SPOT 
digital camera in conjunction with a Nikon E600 
Eclipse microscope. Images spanning the entire 
depth of the parietal cortex were resolved at 
200X optical resolution. Adobe Photoshop CS5 
and ImageJ were used to count positively stained 
microvessels, less than 20  μm in diameter, to 
determine the capillary density (number per mm2 
of brain tissue). For each brain, at least our differ-
ent GLUT-1-stained sections were averaged for 
quantification. Each quantified section was sepa-
rated by at least 50 μm from each other.

2.3  Determination of VEGF 
Expression

Tissue lysate preparation and western blot analy-
ses were done as described previously (Benderro 
and Lamanna, 2011). Briefly, proteins from the 
whole cell lysates were separated by using SDS 
gel electrophoresis and transferred to nitrocellu-
lose membranes (Bio-Rad, Hercules, CA). The 
membranes were blocked in 5% skimmed milk in 
tris-buffered saline with 0.1% tween (TBS-T), 
and incubated in the same blocking solution with 
the primary antibodies. The specific primary anti-
bodies of interest were: VEGF-A (1:1000; Santa 
Cruz Biotechnology, Santa Cruz, CA) and β-actin 
(1:2000; Santa Cruz, CA). The membranes were 
washed three times with TBS-T, followed by 
incubation with the appropriate horseradish 
peroxidase- conjugated secondary antibodies 
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(Millipore Co., Billerica, MA). After a series of 
three washes with TBS-T, immunoreactive pro-
tein bands were visualised using an enhanced 
chemiluminescence detection system 
(SuperSignal ECL Kit, Thermo Scientific, IL) 
and subsequent exposure of the membrane to 
Hyperfilm (Thermo Scientific, IL).

2.4  Statistical Analysis

Data are expressed as mean  ±  SD.  Statistical 
analyses were performed using SPSS V19.0 for 
Windows. The comparison between any two 
groups was analyzed with one-sided t-test, and 
significance was considered at the level of 
p < 0.05.

3  Results

In adult mice that were preconditioned with 
hypoxia at P2, cortical capillary density was 
determined and compared to controls. Capillary 
density was significantly increased in the 
P2-hypoxia preconditioned mice (554  ±  29, 
n  =  6), when compared to P2-control mice 
(424 ± 17, n = 12) (Fig. 1).

VEGF levels in P2-hypoxia mice declined 
with age similarly to P2-control mice. In mice 
that were preconditioned with hypoxia at P2, 
VEGF expression was determined at 2, 10, 23, 
and 60 days after birth and compared to control 
littermates. VEGF expression was elevated in the 
P2-hypoxia mice when compared to the 
P2-control mice at all time points (Fig.2).

4  Discussion

In this study, we have shown that brief postnatal 
(P2) exposure to hypoxia resulted in a significant 
increase in baseline capillary density. This obser-
vation is consistent with previous studies which 
have shown that hypoxic insults in the perinatal 
period can have long-lasting effects on the central 
nervous system [12, 13] including effects on the 
cerebral vasculature [14]. Additionally, we 

observed an increase in VEGF expression in 
hypoxia preconditioned mice when compared to 
their control littermates at all time points. 
Previous studies also reported that the exosomes 
of cells in hypoxic environments have higher lev-
els of VEGF than cells in normoxic environments 
[15–17]. These results suggest that the increase 
in adult baseline capillary density following tran-
sient hypoxic preconditioning in the early post-
natal period could be caused by an increase in 
VEGF expression and subsequent exocytosis. 
These findings may be explained by preliminary 
results which demonstrate epigenetic changes in 
methylation of vascular endothelial growth factor 
genes (Vegf-A and Vegf-B) in P23 rodents after 
2  h of hypoxic exposure at P10 (D.  Zhou and 
G.G. Hadaad, personal communication) as well 
as a previous study which demonstrated that 
nuclear microRNA-466c regulates Vegf-A expres-
sion in response to hypoxia [18].

Additionally, we show that VEGF expression 
decreases postnatally as expected, with the most 
dramatic decrease occurring between 2 and 10 days 
after birth. This result is consistent with the fact 
that the majority of angiogenesis occurs during the 
first few days after birth, after which vascular prun-
ing occurs [19]. Therefore, it is possible that rather 
than stimulating angiogenesis, hypoxic precondi-
tioning is diminishing vascular pruning.

Fig. 1 Adult baseline capillary density (mean ± SD) in 
controls and mice with hypoxic P2 preconditioning. 
Number of animals indicated on each bar. *Significance 
(p < 0.05) vs. control group

Postnatal Exposure to Brief Hypoxia Alters Brain VEGF Expression and Capillary Density in Adult Mice
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Fig. 2 VEGF expression via western blot normalised against β-Tubulin in controls and mice with hypoxic P2 precon-
ditioning at 2, 10, 23, and 60 days after birth

In conclusion, exposure to brief hypoxia in the 
early postnatal period increases adult baseline 
capillary density, possibly explained by a 
methylation- mediated increase in VEGF expres-
sion, that persists into the adult.
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Impaired Cognitive Performance 
in Mice Exposed to Prolonged 
Hyperoxia

Geisa Ortet, Lei Ma, J. Sebastian Garcia-Medina, 
Joseph LaManna, and Kui Xu

Abstract

Supplementation of oxygen at concentrations 
significantly above environmental level for 
prolonged periods may lead to hyperoxia and 
tissue toxicity. The mammalian brain under-
goes structural and functional changes during 
adaptation to hypoxia and hyperoxia. In this 
study we investigated the effect of prolonged 
hyperoxic exposure on cognitive and motor 
performance in mice. Two-month-old male 
mice were placed in either hyperoxic (50% 
O2) or normoxic conditions for 3  weeks. 
Cognitive function was measured using the 
Y-maze test. High alteration rate between the 
three arms of the maze is indicative of sus-
tained memory and cognitive function. Motor 
function was measured using the grip strength 
and rotarod tests. In the rotarod test high 
speed and long latency are indicative of coor-
dination and resistance. After 3  weeks of 
exposure, hematocrit levels were significantly 
decreased in the hyperoxia group compared 

to normoxic control littermates (%, 
mean ± SD, 37.8 ± 1.3, n = 15 vs. 49.9 ± 5.1, 
n = 15, p < 0.05). In the Y-maze test, chronic 
hyperoxic exposure resulted in a statistically 
significant decrease in alteration rate com-
pared to normoxic control (%, mean  ±  SD, 
53.4  ±  9.9, n  =  30 vs. 61.2  ±  9.5, n  =  15, 
p < 0.05). The rotarod and grip strength tests 
did not show statistically significant changes 
between the two groups. Our data suggest that 
chronic hyperoxia may lead to decreased cog-
nitive performance in adult mice, which may 
be secondary to structural and functional 
changes in the brain.

Keywords

Oxygen supplementation · Spontaneous 
alternating performance · Cognitive function · 
Oxidative damage

1  Introduction

Supplemental oxygenation is a pivotal compo-
nent of clinical medicine. Optimal organ func-
tion as well as recovery after injury requires 
adequate oxygen delivery to tissues. Oxygen is 
one of the primary components of cellular res-
piration. In aerobic respiration, oxygen is 
reduced to water and energy released from this 
redox reaction is used to generate ATP, the pri-
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mary energy source of all cells. Oxygen ther-
apy is administered to patients in the hospital 
for supplemental oxygenation in both acute 
and chronic settings. It can be a lifesaving or 
temporising measure in the management of 
acute respiratory failure secondary to pulmo-
nary embolism, stokes or many other aetiolo-
gies. It is also used in chronic settings for 
long-term management of patients with chronic 
conditions such as cystic fibrosis and obstruc-
tive sleep apnoea (OSA). However, there are 
adverse effects associated with prolonged 
hyperoxia.

Hyperoxia is known to lead to formation reac-
tive oxygen species (ROS). These ROS can cause 
oxidative damage to nucleic acids and proteins, 
leading to cellular injury and inflammation. 
Prolonged O2 therapy used in the management of 
premature newborns with respiratory distress 
syndrome in the setting of insufficient surfactant 
production can result in lung tissue injury seen in 
bronchopulmonary dysplasia (BPD) [1]. These 
adverse effects extend beyond the lung tissue and 
can also cause injury to brain tissue. The mam-
malian brain undergoes structural and functional 
changes during adaptation to both hypoxia and 
hyperoxia. Hypoxia in newborn mice has been 
demonstrated to stimulate an increase in cerebral 
capillary density and reduce myelination in the 
corpus callosum [2]. Chronic hyperoxic exposure 
in neonates has also been shown to be associated 
with non-cystic periventricular white matter 
injury (PWMI) [3].

In this study, we investigated the effect of pro-
longed hyperoxia on cognitive and motor perfor-
mance of adult mice.

2  Methods

Male two-month-old C56BL/6  J mice used in 
this study were purchased from Jackson 
Laboratories (Bar Harbor, ME, USA) and main-
tained at the Case Western reserve university 
Animal Care Facility. The experimental protocol 
was approved by Institutional Animal Care and 
Use Committee.

2.1  Exposure to Chronic 
Hyperoxia

Mice were divided in two groups: the hyperoxia 
group and the normoxic littermate control group. 
The hyperoxic mice were exposed to 50% O2 bal-
anced with N2 for 3  weeks in a chamber 
(Oxycycler model A44XO, Biospherix, Redfield, 
NY) where the inflow of gases was automatically 
controlled. The normoxic control mice were 
housed in the same room adjacent to the chamber 
to match ambient conditions for the same length 
of time. Body weights were monitored through-
out the 3 weeks of exposure. Blood samples for 
measurement of hematocrit were obtained under 
anesthesia, just prior to the animals being sacri-
ficed at the end of the study.

2.2  Measurement of Cognitive 
and Motor Functions

A 3-arm Y-maze was used as measure of cogni-
tive function. The test is based on the innate ten-
dency of rodents to explore a new environment. 
Mice were placed in the centre of the maze and 
allowed to freely explore the three arms for 6 min 
during which the sequencing and total number of 
arm entries were recorded. Spatial working mem-
ory function was measured by scoring spontane-
ous alternation performance (SAP). A score of 1 
SAP is given to each triplet of successive differ-
ent arm visits (1 SAP  =  x-y-z, where x≠y≠z). 
SAP rate (%) is calculated as total number of 
SAP divided by (total number entries – 2) x 100. 
High SAP rate is associated with sustained spa-
tial working memory, hence sustained cognitive 
performance.

Motor function was evaluated using the 
rotarod and grip strength tests. Rotarod apparatus 
unit (Panlab/Harvard Apparatus, Barcelona, 
Spain) was used, which allows for assessment of 
motor coordination or fatigue in rodents. Mice 
were placed on a Rotarod, which has a rotating 
bar that increases 1 RPM every 3 s, maxing at 40 
RPM.  A lever plate at the bottom allows for 
mechanical detection of fall and recording of 
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maximum speed and latency. Longer latency and 
higher speed as measures of motor coordination 
and resistance. Mice were allowed one round to 
familiarise themselves with the instrument prior 
to recording results. A grip strength meter 
(Harvard Apparatus) was used to evaluate neuro-
muscular function. The mice were allowed to 
grasp the metal grid or triangular pull bar (using 
either forepaws or all paws) and are then pulled 
backwards in the horizontal plane. The maximum 
force (grams) displayed by an animal just before 
losing grip was recorded.

2.3  Statistical Analysis

Data are expressed as mean  ±  SD.  Statistical 
analysis was performed using SPSS V19.0 for 
Windows. Between group comparisons were 
conducted using the two-sample t-test. 
Differences were considered significant at 
p < 0.05.

3  Results

3.1  Physiologic Variables

There was a 100% survival rate in both control 
and hyperoxic exposure groups. Prior to expo-
sure both groups had a mean body weight of 
31.0  g. At the end of the 3-week exposure the 
body weight in the hyperoxia group and nor-
moxic control group was 31.2  g and 32.0  g, 
respectively. There was no significant difference 
between the two groups. Hematocrit was signifi-
cantly lower in hyperoxic mice at the end of the 
3-week exposure when compared to the nor-
moxic littermate (%, mean  ±  SD, 37.8  ±  1.3, 
n = 15 vs. 49.9 ± 5.1, n = 15, p < 0.05).

3.2  Y-Maze Test

The hyperoxia group showed a statistically sig-
nificant decrease in SAP rate compared to the 
control group (%, mean ± SD, 53.4 ± 9.9, n = 30 
vs. 61.2 ± 9.5, n = 15, p < 0.05), as seen in Fig. 1. 

Additionally, there was a statistically significant 
increase in the total number of arm entries seen in 
the hyperoxia group compared to the normoxic 
control group (mean ± SD, 53.4 ± 9.9, n = 30 vs. 
61.2 ± 9.5, n = 15, p < 0.05).

3.3  Rotarod and Grip Strength 
Tests

In the rotarod test, no significant difference in 
either latency or speed was observed between the 
hyperoxia and the control groups. In the grip 
strength test, no significant difference in strength 
was observed in either forepaws or all paws 
between the two groups (Fig. 2).

4  Discussion

The primary finding in this study was that expo-
sure to chronic hyperoxia leads to impaired cog-
nitive performance as seen in the Y-maze test. It 
additionally showed an increased activity level in 
the hyperoxia group (Fig.  1a). However, this 
increase in activity may be non-purposeful. The 
motor function tests (rotarod and grip strength) 
did not show significant difference between the 
hyperoxia and control groups. Our results also 
demonstrated a decrease in hematocrit following 
chronic hyperoxia. This is in line with previous 
studies [4] and is the expected physiological 
response to elevated oxygen content in blood. 
This adaptive response ensures optimal oxygen 
delivery to tissues.

It has been demonstrated that exposure of 
newborn mice to chronic hyperoxia leads to defi-
cits in spatial and recognition memory [5]. Our 
studies demonstrated similar findings in adult 
mice. The nature of the association between 
hyperoxia and cognitive impairment is unclear. 
In addition to decrease capillary density, white 
matter damage has also been shown to be associ-
ated with prolonged exposure to hyperoxia. 
Neonatal exposure to hyperoxia has been shown 
to cause myelination abnormalities primarily 
associated with the nodes of Ranvier, leading to 
impairment of action potential conduction [6]. 

Impaired Cognitive Performance in Mice Exposed to Prolonged Hyperoxia



72

Fig. 1 The Y-maze test in the hyperoxic mice and nor-
moxic controls. (a) The number of entries (mean ± SD). 
(b) The SAP rate (%, mean ± SD). Number of animals of 

each group is indicated on the bar. * = statistical signifi-
cance compared to the normoxic control group (p < 0.05)

Fig. 2 Measurement of motor function in the normoxic 
controls and hyperoxic mice. (a) Measurement of latency 
(s) and maximum speed (m/s) in the Rotarod tests. (b): 
Muscle strength (g) of all paws and forepaws. Data are 

mean ± SD. There were no significant differences in any 
of the comparisons between the hyperoxia group and con-
trol group
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Neonatal hyperoxia during the first week of life 
has also been shown to reduce brain myelination 
and to be associated with deficits in social inter-
action and motor coordination in adolescent mice 
[7]. These findings suggest that the impaired cog-
nitive performance observed in this study may be 
associated with the underlying white matter 
changes. The association between neonatal 
hyperoxia and impairment in cognitive function 
seen in these animal studies have also been dem-
onstrated in the clinical setting. In very preterm 
neonates, exposure to prolonged mechanical ven-
tilation has been shown to be associated with 
impaired brainstem development, abnormal 
white matter maturation and lower motor scores 
at preschool age [8].

In conclusion, our main finding was that 
chronic hyperoxia resulted in impaired cognitive 
function in adult mice. In future studies we will 
further explore the roles of capillary density and 
white matter injury in the mechanism of cogni-
tive impairment seen in chronic hyperoxia.
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Chronic Ketosis Modulates 
HIF1α- Mediated Inflammatory 
Response in Rat Brain

Aarti Sethuraman, Prahlad Rao, Atul Pranay, 
Kui Xu, Joseph LaManna, 
and Michelle A. Puchowicz

Abstract

Hypoxia inducible factor alpha (HIF1α) is 
associated with neuroprotection conferred by 
diet-induced ketosis but the underlying mech-
anism remains unclear. In this study we use a 
ketogenic diet in rodents to induce a metabolic 
state of chronic ketosis, as measured by ele-
vated blood ketone bodies. Chronic ketosis 
correlates with neuroprotection in both aged 
and following focal cerebral ischaemia and 
reperfusion (via middle cerebral artery occlu-
sion, MCAO) in mouse and rat models. Ketone 
bodies are known to be used efficiently by the 
brain and metabolism of ketone bodies is 
associated with increased cytosolic succinate 
levels that inhibits prolyl hydroxylases allow-
ing HIF1α to accumulate. Ketosis also regu-
lates inflammatory pathways, and HIF1α is 
reported to be essential for gene expression of 

interleukin10 (IL10). Therefore we hypothe-
sised that ketosis-stabilised HIF1α modulates 
the expression of inflammatory cytokines 
orchestrating neuroprotection. To test changes 
in cytokine levels in rodent brain, eight-week- 
old rats were fed either the standard chow diet 
(SD) or the ketogenic (KG) diet for 4 weeks 
before ischaemia experiments (MCAO) were 
performed and the brain tissues were col-
lected. Consistent with our hypothesis, immu-
noblotting analysis shows IL10 levels were 
significantly higher in KG diet rat brain com-
pared to SD, whereas the TNFα and IL6 levels 
were significantly lower in the brains of KG 
diet fed group.

Keywords

Ketogenic diet · Succinate · Neuroprotection · 
Beta-hydroxybutyrate · Acetoacetate · IL10

1  Introduction

The mechanism through which diet-induced 
ketosis confers neuroprotection remains unclear 
despite its clinical applications for over seven 
decades [1]. Studies have implicated ketosis in 
modulating metabolic profiles and inflammatory 
pathways [1–3]. The ketogenic diet (KG) is a 
high-fat, very low-carbohydrate diet which 
results in hepatic production of ketone bodies due 
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to elevated beta-oxidation of fats by the liver. 
Ketosis results in elevated blood ketone bodies 
(beta-hydroxybutyrate and acetoacetate; BHB, 
AcAc) which are alternate energy substrates to 
glucose and are known to be well utilised by 
brain, especially during glucose sparing condi-
tions [3]. Ketones are beneficial substrates during 
metabolic derangements of glucose metabolism 
such as with ischaemia reperfusion injury induced 
oxidative stress. The KG diet is a well-established 
non-pharmacological approach to treat drug- 
resistant epilepsy in children and has shown 
promise in treating other neurological conditions 
such as Alzheimer’s disease and stroke [4, 5].

We have consistently reported that ketosis 
induced by KG diet or by local intraventricular 
infusions of BHB correlates with neuroprotection 
following focal cerebral ischaemia and reperfu-
sion (via middle cerebral artery occlusion, 
MCAO) in rats, (Fig. 1 (modified [2])) and mice 
(data not shown), respectively [1, 2]. The meta-
bolic adaptation to chronic ketosis, as well as the 
mechanistic actions of ketosis in brain (globally 
and cellular) are multifactorial but not well 
understood. Prolyl dehydrogenases (PHDs) 
mediated oxygen sensing and regulation of 
hypoxia inducible factors have been well studied, 
but normoxic regulation of this pathway warrants 
further study. This study focused on investigating 

the potential mechanisms associated with nor-
moxic accumulation of hypoxia inducible factor-
 1 alpha (HIF1α) in diet-induced ketotic rats [1]. 
Specifically, we investigated the role of KG diet 
on inflammatory responses as associated with 
HIF1α stabilisation in preconditioned ketotic rat 
brain. We targeted markers of pro- vs anti- 
inflammatory cytokines (TNFα and IL6 vs IL10) 
in cortical brain of ketotic rat to determine poten-
tial neuroprotective mechanisms mediated by 
HIF1α.

2  Methods

Animals: Experimental protocols were approved 
by the Institutional Animal Care and Use 
Committee (IACUC) at Case Western Reserve 
University (CWRU). Male Wistar rats (8 weeks 
old) were fed either KG (high fat, carbohydrate 
restricted; n  =  4) or standard lab-chow (STD; 
n = 4) diets for 4 weeks before tissue collections 
(brain and blood), as previously described [1]. 
Rats were maintained on a 12:12 light-dark cycle 
with their diets and water available ad libitum. 
Diet protocols: Ketogenic (KG; 89.5 fat %, 10.4 
protein %, 0.1 CHO %, n6:n3 ratio 43.2; research 
diets, New Brunswick, NJ diet) and standard 
(STD; 27.5 fat %, 20.0 protein%, 52.6, provided 

Fig. 1 (a) Infarct volumes in rat brains following MCAO 
were significantly lower in KG vs SD diet fed rats (modi-
fied from [2]). (b) Blood ketones (BHB) in rats fed with 
the ketogenic diet was measured with Precision Xtra® 
hand held keto-monitor. The blood ketone levels in KG 
fed rats spiked the first week and stabilised in the follow-

ing weeks. (c) Absolute glucose levels measured in blood 
plasma using GC-MS analysis show that, glucose levels 
were elevated in the SD as compared to the KG diet fed 
rats. The values presented are the mean ± S.E.M (n = 4). * 
Denotes statistical significance (p < 0.05)
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by the CWRU animal facility). Weekly BHB con-
centrations were analysed using a keto-meter 
(Precision Xtra, Abbott, Alameda California) 
from a small blood sample taken from the tail. 
Metabolic panels (GCMS-based analysis): Gas 
chromatography mass spectrometry (GC-MS): 
Absolute glucose concentration (mM) was mea-
sured from blood plasma collected. The metabo-
lite derivatives were assayed on an Agilent 
5973 N-MSD equipped with an Agilent 6890 GC 
system coupled to a DB-17MS capillary column 
(30  m  ×  0.25  mm  ×  0.25 μm) and operated in 
electron impact ionisation mode [3]. Western 
blot analysis: Nuclear protein extracts prepared 
from cortical brain were immunoblotted using 
anti-HIF1α and anti-HIF2α antibodies and nor-
malised to TBP; while the cytosolic protein 
extract was immunoblotted with anti-IL10, anti-
 IL6 and anti-TNFα and normalised to GAPDH, 
as previously described [6, 7]. Proteins were 
detected by chemiluminescence, and densitomet-
ric quantification was performed using ImageJ 
software. Statistical analysis: All values were 
presented as mean  ±  SEM.  Statistical analyses 
were performed using GraphPad Prism 7 ®. The 
comparison between any two groups was anal-
ysed with a t-test for paired sample, two-tailed. 

Significance was considered at the level of 
p < 0.05.

3  Results

Blood metabolites in KG and SD diet-fed rats: 
Blood ketone levels in KG-fed rats spiked in first 
week of diet to 6.2 mM and stabilised throughout 
the remaining weeks to an average of 3.9  mM 
(Fig. 1b). Absolute concentrations of plasma glu-
cose were determined using GC-MS, Fig.  1c. 
Plasma glucose concentrations trended lower 
(but not statistically significant) in KG compared 
to SD diet group. Diet-induced ketosis on 
HIF1α-mediated inflammatory response: 
Immunoblotting results (Fig. 2) show  significantly 
higher protein levels of HIF1α in cortical brain of 
KG rats compared to SD group while HIF2α lev-
els remained unchanged between groups. 
Consistent with our hypothesis, IL10 levels were 
significantly higher in KG rat cortical brain com-
pared to SD; while the TNFα and IL6 levels were 
significantly lower in KG group (Fig. 2b).

Fig. 2 (a) Western blot analysis of HIF1α, HIF2α and 
cytokines IL10, TNFα and IL6. HIF1α and HIF2α protein 
levels were normalised to TATA-box binding protein 
(TBP) loading control, while IL10, TNFα and IL6 were 
normalised to GAPDH (b) HIF2α protein levels remain 
unchanged, but HIF1α was significantly higher in KG rat 

brain. Expression of anti-inflammatory cytokine IL10 was 
significantly higher in KG brain while no expression of 
pro-inflammatory cytokines IL6 and TNFα were observed. 
The values presented are the mean  ±  S.E.M. (n  =  4). * 
Denotes statistical significance (p < 0.05)
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4  Discussion

In this study we show that normoxic stabilisation 
of HIF1α in cortical ketotic rat brain is associated 
with modification of inflammatory cytokines 
which could confer neuroprotection following 
ischaemic injury.

Diet-induced stabilisation of HIF1α in rodent 
brain under normoxic ketotic conditions has been 
previously shown by Puchowicz, et  al. [1–3]. 
HIF1α can transcriptionally regulate IL10 levels 
by direct binding to hypoxia responsive elements 
(HRE’s) on the IL10 promoter [8]. Further, over-
expression of IL10 in mice has been associated 
with a resistance to ischaemic injury (MCAO) 
[9]. Our study brings together ketosis-mediated 
stabilisation of HIF1α and a potential neuropro-
tective phenotype in rats via IL10-mediated regu-
lation of inflammatory cytokines. The inverse 
relationship we observe with HIF1α and IL6 lev-

els has also been observed in a study by Schaefer 
et  al. They reported HIF1α protein levels were 
higher under sustained hypoxia with a significant 
reduction in both mRNA and protein levels of 
IL6 [10].

IL10 meditated inflammatory pathways have 
been extensively studied for its implications in 
the design of targeted approaches aiming at con-
trolling deleterious inflammation in the brain 
[11]. Our study connects to IL10-mediated 
immune regulation through downregulation of 
pro-inflammatory cytokines. One potential 
mechanism for this downregulation is via attenu-
ation of the NLRP3 inflammasome as reported 
by Kanneganti et  al. [12], thereby suspending 
activation of downstream pro-inflammatory cyto-
kines like IL6 and TNFα. Secondly, IL10 recep-
tor activation has been shown to specifically 
activate the JAK1-STAT3-mediated downregula-
tion of pro-inflammatory cytokines [13]. Further, 

Fig. 3 Schematic model of our conclusion and future 
direction. Utilisation of ketone bodies generated by 
metabolism of ketogenic diet as energy source causes 
accumulation of succinate on a cellular level in rat brains, 
which in turn inhibits prolyl hydroxylases resulting in 
accumulation of HIF1α. IL10, in turn, causes a downregu-

lation of pro-inflammatory cytokines- TNFα and IL6, 
leading to a neuroprotective phenotype. Further studies 
are needed to delineate the pathways involved in this 
downregulation. (Abbreviations used: AcAc Acetoacetate, 
BHB β-hydroxybutyrate, CoA CoenzymeA, PHD Prolyl 
Dehydrogenase, and Succ-CoA Succinyl-CoA)
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IL10-JAK1-STAT3 pathway has been described 
as the negative regulator of inflammation that 
controls both the degree and duration of inflam-
mation [14].

Figure 3 is a scheme of our model system, it 
depicts the mechanism for HIF1α stabilisation by 
KG diet is through cellular metabolic redox sig-
nalling within the mitochondria. Specifically, 
succinate is an intermediate of ketone body 
catabolism which is generated at the level of cit-
ric acid cycle following activation of AcAc to 
AcAc-CoA as coupled to the conversion of 
succinyl- CoA to succinate via CoA transferase 
(OAT). To maintain metabolic redox, succinate is 
transported out of the mitochondria into cytosol 
where it acts to inhibit prolyl hydroxylases 
(PHD), and thus resulting in HIF1α accumula-
tion. Lastly, molecular pathway involved in 
HIF1α-mediated down regulation of pro- 
inflammatory cytokines (IL6 and TNFα) is via 
IL10-mediated attenuation of NLRP3 inflamma-
some or via IL10/JAK1/STAT3-mediated tran-
scriptional attenuation. Thus, neuroprotection by 
ketosis involves modulation of inflammatory 
response in rat brain. Our study highlights the 
potential role of interleukins in neurodegenera-
tive disease. Future studies should include further 
exploring the potential beneficial effects of keto-
genic diets for the treatment of neurological dis-
orders such as autism (autism spectrum disorder) 
and multiple sclerosis [15, 16].
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Motor Imagery and Frontal Head 
Oxygenation: An fNIRS Study

Wataru Tsuchiya, Kunihiko Nagao, 
and Masamichi Moriya

Abstract

Motor imagery (MI) is a manifestation of 
mental movements, but it cannot be identified 
visually. Therefore, to a large extent, MI 
assessment has not yet been established. The 
present study aimed to investigate whether 
frontal oxy-Hb changes and cardiac auto-
nomic nervous system activity during MI are 
associated with the psychometric scale assess-
ment of MI and clarify the utility of each index 
in MI assessment. Thirty-one healthy men and 
women were included in this study, and Pocket 
NIRS Duo was used to assess frontal oxygen-
ated hemoglobin levels during walking 
MI.  Simultaneously, heart rate and sympa-
thetic index (low and high frequency (LF/HF) 
during MI were evaluated using Chiryou 
Meijin, a heart rate frequency analyser. In 
addition, a psychometric scale evaluation was 

carried out in MC and VAS, and its correlation 
with oxy-Hb levels, heart rate (HR), and LF/
HF was investigated. HRs and LF/HF during 
MI were significantly increased compared 
with those at rest. However, oxy-Hb levels 
during MI were not increased. There was a 
significant correlation between right oxy-Hb 
levels and mental chronometry (MC) during 
MI (r = −0.3, p < 0.05). HR and LF/HF were 
not correlated with MC. VAS was not corre-
lated with oxy-Hb levels, HR, or LF/HF. The 
results of this study confirm an association 
between MI performance and frontal oxy-Hb 
changes and that brain activity is not necessar-
ily elevated during MI. HR were significantly 
increased but did not show any association 
with MC.

Keyword

Sympathetic index · Prefrontal cortex activity 
· Oxyhaemoglobin · Timed up and go (TUG) 
test

1  Introduction

Motor imagery (MI) has been used in a variety of 
settings, including rehabilitation and sports. 
Recently, MI training has been positioned as a 
treatment with a high level of evidence in a sys-
tematic review [1], and MI-based training is 
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becoming established. However, MI is consid-
ered to be a conscious activation of brain activity 
similar to the preparation and execution of exer-
cise [2, 3], and cannot be visually confirmed. 
According to previous studies, brain activity dur-
ing MI includes regions corresponding to motor- 
related areas such as primary motor cortex, 
supplementary motor cortex, and premotor cor-
tex [4]. In the case of third-person MI, activity in 
the visual cortex and other areas has also been 
observed [5]. In addition, the pre-frontal cortex 
(PFC) has been found to be activated during MI, 
and it has been reported that the PFC activity 
changes depending on the difficulty of MI [6, 7]. 
Thus, it has been suggested that PFC activity 
reflects MI activity, and it was hypothesised that 
MI could be evaluated by PFC activity. In addi-
tion, cardiac autonomic nervous system indica-
tors such as heart rate (HR) and low frequency 
and high frequency (LF/HF) have been reported 
to increase during MI [8, 9]. In this study, we 
investigate whether frontal oxy-Hb changes and 
cardiac autonomic nervous system activity dur-
ing MI are associated with the psychometric 
scale assessment of MI and clarify the utility of 
each index in MI assessment.

2  Methods

2.1  Subjects and Protocol 
and Imagery Task

Thirty-one healthy male and female subjects (23 
males and 8 females, mean age 25.8 ± 8.1 years) 
were included in the study.

The protocol for this study consisted of three 
tasks, starting with an imagery task, followed by 
a real motion task, and finally an imagery task. 
The resting time before the imagery task was 
5 min, and the resting time before the real  exercise 
task was 2 min (Fig. 1a). The imagery task used 
in this study was the “timed up and go” test 
(TUG), which is used in gait function assess-
ment. The TUG is a gait function evaluation that 
measures the time it takes to start from sit-to- 
stand, forward gait, mid-turn, return gait, and 
turn-stand-to-sit. We adopted imaged-TUG 

(hereinafter referred to as iTUG), in which TUG 
is performed only by imagery without physical 
movement, referring to previous studies [10, 11] 
(Fig.1b). The TUG and iTUG tasks in this study 
consisted of three consecutive circumambula-
tions of a forward marker. After a resting period, 
the examiner asked the participants to perform 
the imaginary TUG and the actual TUG at their 
own timing with the verbal instruction “Please 
perform the imaginary TUG at your own timing” 
and “Please perform the actual TUG at your own 
timing”. The students were asked to perform 
each task at their own timing. The time required 
for the TUG and iTUG tasks in this study is mea-
sured by the subjects themselves. After the above 
verbal instruction, the subject presses the stop-
watch at the moment when his back leaves the 
chair, and stops the stopwatch when his or her 
back touches the chair again to measure the time. 
This study was conducted with the eyes open.

2.2  Motor Imagery Rating Scale

In this study, (1) mental chronometry (MC) [12] 
and (2) visual analogue scale (VAS) [13] will be 
used as psychometric scales. (1) MC is an evalu-
ation method that calculates the time difference 
between the real motion and its imagery task. The 
smaller the time difference, the better the imag-
ery. In this study, we use the difference between 
the time required for the TUG and iTUG tasks 
(calculated by the formula MC  =  TUG-iTUG). 
(2) In the VAS, the left end of the 100 mm line is 
marked “not at all clear” and the right end is 
marked “perfectly clear”, and a check mark is 
placed at the place that is subjectively close to the 
clarity of the image you have made. For objective 
evaluation, (3) frontal oxy-Hb changes (oxy-Hb) 
concentration during MI was measured using a 
pocket NIRS duo (Dynasense, Hamamatsu, 
Japan), and (4) cardiac autonomic nerve activity 
during MI was measured using a heart rate fre-
quency analyser. (3) Evaluation using Pocket 
NIRS Duo was based on the oxy-Hb value 5  s 
before the start of the MI task, and the rate of 
change of the oxy-Hb value in the image was cal-
culated and used (percentage change in oxy-
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Fig. 1 (a) Experimental protocol. (b) Imaged TUG

 Hb  =  (oxy-Hb during MI  – oxy-Hb at rest)/
oxy-Hb at rest x 100). The evaluation using the 
heart rate frequency analyzer was also performed 
by measuring the rate of change of HR and LF/
HF during MI, using the 5  seconds before the 
start of MI as a reference. For statistical analysis, 
we conducted correlation analysis of (1) and (2) 
using psychometric scales and (3) and (4) using 
objective evaluations, respectively, to investigate 
whether each objective evaluation index was 
related to the psychometric scales.

3  Result

In this study, measurements were performed on 
31 healthy male and female subjects. First, a rep-
resentative example of the waveforms of changes 
in oxy-Hb, deoxy-Hb, and total-Hb during MI is 
shown (Fig. 2a). As shown by the representative 
example waveforms, changes in oxy-Hb concen-
tration reflecting neural activity were observed in 
all subjects, with an overall decreasing trend 
(Fig. 2b). On the other hand, there was a signifi-
cant correlation between right frontal oxy-Hb 
and MC during MI (r = −0.3, p < 0.05) (Fig. 2c). 
However, there was no correlation between left 
frontal oxy-Hb and MC during MI.  There was 
also no correlation between left and right frontal 
oxy-Hb and VAS during MI.HR during MI was 
significantly increased to 74.6 ± 11.8 compared 
to the resting mean of 72.5 ± 11.1 bpm (p < 0.05), 
and LF/HF showed an increasing trend of 
127.3 ± 78.4% during MI compared to 100% at 

rest (Fig. 2d). LF/HF was not correlated with MC 
or VAS. Analysis of frontal oxy-Hb changes and 
cardiac autonomic activity showed no correlation 
between left and right frontal oxy-Hb and deoxy-
 Hb changes and LF/HF.

4  Discussion

The present study investigated the relationship 
between frontal oxy-Hb changes and cardiac 
autonomic activity during MI and psychometric 
measures in MI. All subjects showed changes in 
oxy-Hb concentration reflecting neural activity, 
and there was a significant negative correlation 
between right frontal oxy-Hb changes and MC 
(p < 0.05). It has been reported that PFC activity 
decreases when the difficulty level of the MI task 
is high [7]. The MI task in this study comprised 
three consecutive rounds of TUGs consisting of 
various movements such as standing, walking, 
changing direction, sitting, etc. Since TUGs are 
whole-body movements and consist of various 
movements, we considered that the localisation 
of attention and perception was difficult. As a 
result, we thought that the difficulty of the MI 
task was increased and the frontal oxy-Hb 
changes was decreased. It has also been reported 
that the form of PFC activity during MI varies 
depending on the difficulty of the MI task and the 
age of the participants. In young healthy subjects, 
PFC activity increases when the difficulty of the 
MI task is high and the MC deviation is large [6], 
while in contrast, PFC activity decreases in 
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Fig. 2 (a) Waveforms of change in oxy-Hb and deoxy-Hb. (b) Rate of change in oxy-Hb and deoxy-Hb. (c) Scatterplot 
of oxy-Hb and MC. (d) Changes in HR and LF/HF during MI

elderly healthy subjects [7]. The right frontal 
oxy-Hb changes and MC in this study show a 
negative correlation. In other words, the greater 
the MC deviation, the more likely it is that the 
right frontal oxy-Hb changes is decreasing. The 
subjects of this study were young healthy people, 
and the results were different from those of previ-
ous studies. This may be due to the difference in 
difficulty and conditions between the MI task in 
the previous study and the MI task employed in 
this study. As mentioned above, this study is an 
MI task that combines various actions, making it 
difficult to localise attention and perception. 
Thus, even in young healthy subjects, frontal 
oxy-Hb changes did not necessarily increase with 
MC deviation, suggesting that it may be influ-
enced by the difficulty, conditions, and content of 
the MI task. It was therefore suggested that fron-
tal oxy-Hb changes may be reduced in MI tasks 
in which attention and perception are difficult to 
localise, even in young healthy subjects. In addi-
tion, in MI, only the right frontal oxy-Hb was 
correlated with MC. This is thought to be related 
to the MI task with open eyes in this study. 

Previous studies have reported that right PFC 
acts on spatial working memory and is activated 
during sustained intentional attention to space 
[14]. Therefore, we considered that the correla-
tion was observed only in the right frontal.

Next, HR during MI in this study showed a 
significant increase (p < 0.05). Previous studies 
have reported an increase in cardiac autonomic 
activity during MI [9]. However, there was no 
correlation with MC or VAS, suggesting that 
there may be different mechanisms between fron-
tal oxy-Hb changes and cardiac autonomic 
activity.

5  Conclusion

It was confirmed that MI ability and frontal oxy-
 Hb changes are related and do not necessarily 
increase during MI. In addition, HR and LF/HF 
increased, but there was no association with MI 
ability. Therefore, it was suggested that the evalu-
ation of cardiac autonomic nerve activity alone 
may not be enough to evaluate MI, but that fron-
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tal oxy-Hb changes may be useful in MI 
evaluation.

6  Limitations of the Study

The NIRS used in this study is applied to the 
skin. Therefore, it is possible that artefacts such 
as skin blood flow may affect the results. In addi-
tion, the analysis method ignores head structure, 
skull, cerebrospinal fluid, white matter and grey 
matter, so the results are easily influenced by fac-
tors other than cerebral blood flow. Therefore, the 
present study is limited in that it is only a frontal 
oxy-Hb study, and cannot be determined as a 
cerebral blood flow study.
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Non-invasive Detection 
of Persistent Cortical Hypoxia 
in Multiple Sclerosis Using 
Frequency Domain Near-Infrared 
Spectroscopy (fdNIRS)

Damilola D. Adingupu, T. Evans, A. Soroush, 
S. Jarvis, L. Brown, and J. F. Dunn

Abstract

There may be a relationship between 
hypoxia and inflammation, which is impor-
tant in the outcomes of a wide array of 
human diseases. Multiple sclerosis (MS) is 
one such disease. There is evidence that 
hypoxia may influence inflammation in 
MS. We showed previously that about 40% 
of participants with MS had hypoxia in the 
cortical grey matter using frequency- domain 
near-infrared spectroscopy (fdNIRS). In 

this study, we aimed to determine if hypoxia 
in MS persists chronically (for a year or 
more) by measuring at baseline and 
≥12  months later. We found that hypoxia 
persists for at least a year in 80% of partici-
pants with MS.  As more individuals 
remained hypoxic than returned to nor-
moxia, the development of hypoxia may 
relate to disease progression.

Keywords

Inflammation · Neurodegenerative disease · 
Demyelination · White matter disease

1  Introduction

Continuous delivery of oxygen is required for the 
brain to maintain cellular homeostasis and energy 
metabolism. In conditions where there are insuf-
ficient delivery and/or uptake of oxygen by cells, 
hypoxia is the result. In normal physiology, there 
are adaptation processes that takes place in the 
face of moderate acute, intermittent hypoxia. 
These include increased capillary surface area 
which will enhance oxygen delivery, decreased 
energy demand and changes in metabolic 
responses, all working together to stabilise oxy-
gen to the tissue [1]. In neurodegenerative dis-
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eases, chronic hypoxia may be present which 
does not benefit from the same physiological 
adaptations as moderate acute hypoxia [2]. 
Furthermore, inflammation is also a potent mod-
ulator of the adaptive response to hypoxia [2], 
therefore in conditions where inflammation is 
present, all the above-mentioned adaptive bene-
fits is not present.

In neurodegenerative diseases, the relation-
ship between hypoxia and inflammation may be 
an important outcome measure. One such disease 
is multiple sclerosis (MS), which is characterised 
by inflammation, demyelination and axonal dam-
age within the central nervous system (CNS) [3]. 
There is evidence from human studies that in 
multiple sclerosis hypoxia is present [4–6], and 
this hypoxia may influence inflammation [7]. In 
the experimental autoimmune encephalomyelitis 
(EAE) animal model of MS, hypoxia has been 
studied and has been associated with white and 
grey matter autoimmune demyelination [8, 9]. 
Hypoxia in the context of human disease MS is 
defined as a significant reduction in the CNS tis-
sue oxygenation compared to that of healthy 
controls.

Using frequency-domain near-infrared spec-
troscopy (fdNIRS), we showed previously that 
about 40% of participants with MS had hypoxia 
in the cortical grey matter [4]. fdNIRS uses 
intensity- modulated light to measure the attenua-
tion and phase shift of NIR light when it returns 
to the detector after passing through prefrontal 
cortical tissue [10, 11]. For the calculation of 
absolute haemoglobin (Hb) concentrations, 
fdNIRS uses multiple light sources that are situ-
ated at varying distances from a single detector. 
Changes in attenuation and phase as a function of 
source-detector distance allow for the quantifica-
tion of absorption and scattering coefficients 
[12]. These coefficients can then be used to cal-
culate absolute oxyhaemoglobin (HbO) and Hb 
concentrations, when multiple wavelengths of 
NIR light are used to distinguish tissue elements 
from one another [13, 14]. The ratio of HbO to 
total haemoglobin (tHb) provides a measure of 
the absolute cortical microvasculature haemoglo-
bin saturation (StO2), which is a value that is used 
as an indicator of the brain oxygenation status 

[4]. Although there are significant partial volume 
effects, in that light has to pass through non-brain 
tissue, we control for that by showing that arterial 
saturation does not change. Given the relation-
ship between hypoxia and inflammation, it is 
possible that fdNIRS-measures of hypoxia reflect 
ongoing inflammation in the brain.

We believe that fdNIRS has the potential to 
become a method for use in the detection of grey 
matter hypoxia in individuals with MS.  In this 
project, we aim to determine if hypoxia in MS is 
acute or if it persists chronically (for a year or 
more) using fdNIRS to measure cortical oxygen-
ation at baseline and ≥12 months.

2  Methods

Participants with confirmed diagnosis of multiple 
sclerosis (relapsing-remitting MS (RRMS), sec-
ondary progressive MS (SPMS) and primary pro-
gressive MS (PPMS)) were recruited. The 
inclusion criteria were (i) age 18–65  years; (ii) 
men and women; (iii) clinical diagnosis of MS 
and (iv) non-smoker (nicotine or marijuana). 
Thirty-nine participants with MS (RRMS = 35, 
SPMS = 4) were enrolled into the study and mea-
sured at baseline and at ≥12  months. Healthy 
controls aged 18–65 years (n = 55) who are non- 
smokers (nicotine or marijuana), with no recent 
systemic infection, and no history of cardiovas-
cular/vascular disease were recruited. All indi-
viduals provided written informed consent prior 
to commencement of their participation. This 
study complied with the Declaration of Helsinki. 
Ethics approval was obtained from the Conjoint 
Health and Research Board at the University of 
Calgary.

Age, sex, StO2, arterial saturation of oxygen 
(SaO2), and heart rate (HR) were recorded. SaO2 
and HR were measured using a pulse oximeter. 
Physical disability of participants with MS was 
assessed using the patient-determined disease 
steps (PDDS). The 9-hole peg test (9-HPT) was 
measured to evaluate dexterity. The Beck’s 
depression inventory-II (BDI-II) was used to 
assess depression, and for fatigue the modified 
fatigue impact scale (MFIS) was completed. The 
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paced auditory serial addition test (PASAT) was 
administered  to test auditory processing speed 
and working memory. All measurements were 
administered by trained researchers. StO2 was 
evaluated using fdNIRS (Fig. 1).

At baseline, comparison of StO2, age, sex, 
SaO2 and HR was made between groups using 
independent samples t-test. Hypoxic values were 
defined as StO2 values that are 2 standard devia-
tions below the healthy control group mean. 
Baseline StO2 values were compared with 1-year 
follow-up (1YrFU) values for the participants 
with MS using a paired t-test.

3  Results

Table 1 summarises the baseline data for the 
comparison of healthy controls to participants 
with MS. Participants with MS were older, with a 
lower StO2, and higher HR compared with healthy 
controls. StO2 data was further grouped into nor-
moxic (StO2≥55.1%) and hypoxic groups 
(StO2<55.1%). At baseline, of the 39 participants 
with MS, 24 were characterised as normoxic and 
15 as hypoxic.

Table 2 summarises oxygen saturation param-
eters, measures of dexterity, depression and phys-

ical disability measured at baseline and at 
one-year follow-up (1YrFU) in participants with 
MS. There was no statistically significant differ-
ence in StO2, SaO2, and HR measured at baseline 
and at 1YrFU. There was a trend for longer com-
pletion time for 9-HPT at 1YrFU compared with 
baseline.

In a separate analysis, data for participants 
with MS were separated into hypoxic and nor-
moxic groups as determined at baseline. This was 
to elucidate if participants remained in their StO2 
groups at 1YrFU (Fig.  2). The median StO2 in 
normoxic and hypoxic groups for the baseline vs. 
1YrFU was 61.9% vs. 57.6% and 52.48% vs. 
51.2%, respectively. In the hypoxic group at 
baseline, 12 of 15 remained hypoxic at 1 YrFU 
and in the MS participants grouped as normoxic 
at baseline, 5 of 24 became hypoxic by 1 year.

4  Conclusion

We confirm the previous observation that approx-
imately 40% of participants with MS have sig-
nificant hypoxia in the brain [4]. Furthermore, we 
show that hypoxia is chronic and persists for at 
least a year in 80% of participants with MS. It is 
however clear from our data that some individu-

Fig. 1 Frequency-
domain near-infrared 
spectroscopy (ISS 
OxiplexTS, model 
96,208, ISS Inc., 
Champaign, IL) used in 
the measurement of 
frontal cortical 
microvascular 
oxygenation (StO2)
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Fig. 2 Box plot showing StO2 for participants with MS at baseline and at one-year follow-up, grouped into normoxic 
(a) or hypoxic (b) at baseline

Table 1 Demographic and oxygen saturation parameters measured in healthy controls and participants with MS 
(mean ± SD)

Healthy controls (n = 55) Participants with MS (n = 39) p value
Age (year) 47.7 ± 13.3 52.8 ± 7.8 0.022
Sex Male, n = 17

Female, n = 38
Male, n = 7
Female, n = 32

Ns

StO2 (%) 62.3 ± 3.6 57.2 ± 7.4 <0.001
SaO2 (%) 96.9 ± 1.6 96.4 ± 1.7 Ns
HR (BPM) 69.2 ± 6.5 75.6 ± 11.7 0.003

Table 2 Repeated measure in individuals with MS at baseline and one-year follow-up. Data presented as mean ± SD

Baseline 1 YrFU p value
StO2 (%) 57.2 ± 7.4 55.9 ± 6.7 0.250
SaO2 (%) 96.4 ± 1.7 96.5 ± 2.0 0.862
HR (BPM) 75.6 ± 11.7 75.5 ± 10.0 0.893
PDDS 1.8 ± 2.0 1.8 ± 2.0 0.720
BDI 9.7 ± 7.6 9.0 ± 7.5 0.534
MFIS 34.5 ± 16.9 33.2 ± 18.5 0.603
9-HPT Dom hand Z score (seconds) 25.9 ± 24.6 28.9 ± 34.6 0.078
9-HPT Non-Dom hand Z score 
(seconds)

32.4 ± 52.6 34.4 ± 54.5 0.066

PASAT Z score 0.014 ± 0.168 0.168 ± 0.175 0.201
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als can either return to normoxia or become 
hypoxic. We found that more individuals became 
hypoxic than returned to normoxia. This suggests 
that the development of hypoxia may relate to 
disease progression. Our data does not indicate a 
decline in cognitive function, as measured by 
PASAT, however the result for 9-HPT shows a 
trend towards decline in upper-extremity func-
tion. It has been shown that individuals with early 
RRMS with moderately preserved clinical and 
cognitive functions have reduced cerebral blood 
volume [15]. Furthermore, it has also been shown 
that MS patients exhibit reductions in cerebral 
blood flow and that there was a negative correla-
tion between expanded disability status scale 
score and blood flow in the frontal cortex [16]. 
Taken together, reduced cerebral blood volume 
and blood flow could lead to tissue hypoxia.

We propose that chronic hypoxia may exacer-
bate inflammatory response, which can in turn 
further result in hypoxia (a hypoxia- inflammation 
cycle) [7]. These data indicate that fdNIRS mea-
sures of hypoxia in the brain of participants with 
MS could provide novel indices of disease pro-
gression and inflammatory response.
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Evaluation of Intraoperative 
End- Tidal Carbon Dioxide Change 
Relates to Length Hospitalisation 
in Peridiaphragmatic Surgery: 
A Pilot Study

Christel Cariddi, L. Andresciani, C. Calabrò, 
M. Laforgia, M. Ronchi, S. De Summa, R. Boccuzzi, 
A. De Rosa, E. Rizzo, G. Losito, G. Bradascio, 
G. Napoli, M. Simone, G. Carravetta, 
and G. Mastrandrea

Abstract

Intraoperative evaluation is deeply changed 
using many new tools, both invasive and non- 
invasive. Peripheral oxygen saturation per-
centage (SpO2) is the more reliable method for 
a non-invasive monitoring of patient’s blood 
oxygen concentration. Capnography (using 
end-tidal CO2 (EtCO2)) evaluation is an imme-
diate and continuous non-invasive monitoring 
of carbon dioxide (CO2) in the breathing that 
provides important information on circulatory 
status and ventilation.

Aim of this study is to perform a prelimi-
nary analysis of oxygen change during sur-
gery exploring its possible influence on 
post-operative evolution.

Methods and results: Intraoperative eval-
uation of SpO2 and EtCO2 was performed. 
Change in each parameter was categorised as 
1 point for each five-point variation from 
baseline value (∆SpO2 as 1 point for each 5%, 
∆EtCO2 as 1 point for each 5  mmHg). For 
each patient, the length of stay (LOS) in the 
intensive care unit (ICU), total hospitalisation, 
duration of intervention, surgical risk and 
complications were recorded.

Results: We analysed 93 consecutive 
patients (43 males and 40 females, aged 
66.35  ±  9.79  years) that underwent peridia-
phragmatic surgery. Forty patients (48.19%) 
presented complications after surgery. There 
was no statistically significant difference in 
age, duration of intervention and length of 
stay in ICU between complicated and non- 
complicated patients. As expected, patients 
with complications present an increased hos-
pitalisation time compared to uncomplicated 
cases (14.69 ± 11.41 days vs 10.70 ± 6.28 days; 
p < 0.05). ∆EtCO2 was significantly increased 
(p  <  0.05) in complicated compared to non- 
complicated. No differences were found in 
∆SpO2 between the two groups. Considering 
the whole population, ∆EtCO2 presents a sig-
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nificant direct correlation to surgical risk, hos-
pitalisation and duration of intervention.

Conclusion: ∆EtCO2 may be related to 
possible complications after surgery and hos-
pitalisation. An important comparison 
between SpO2 and EtCO2 and strict monitor-
ing with an intraoperative arterial blood gas 
(ABG) sample during the main steps of sur-
gery could bring some essential information to 
understand oxygen changes in intra- and post- 
operative evolution. However, a further vali-
dation analysis is needed before the approach 
can be used extensively in daily clinical 
settings.

Keywords

Capnography · Tumor surgery · Hypoxemia · 
Hypoxia · Peripheral oxygen saturation 
percentage (SpO2)

1  Introduction

Hypoxia in the tumour microenvironment is typi-
cally characterised by impaired oxygen delivery 
and consumption. The restriction of oxygen dif-
fusion in avascular primary tumours along with 
the higher oxygen consumption due to hyperpro-
liferation of cancer cells, induces the rise of 
hypoxia. [1] Cellular responses to hypoxia are 
essential for tumour progression in many aspects, 
such as cancer cell survival, proliferation, 
epithelial- to-mesenchymal transition (EMT), 
invasion, angiogenesis, drug resistance and 
metastasis. While the association between tumour 
hypoxia and poor prognosis in primary carcino-
mas is well known, understanding hypoxia- 
promoting factors is important to ensure better 
treatment for cancer patients.

A simple way to evaluate oxygen blood level 
is arterial oxyhaemoglobin saturation (SaO2): it is 
either measured directly on arterial blood or esti-
mated from pulse oximetry (SpO2). Several 
patients undergo surgery in order to remove or 
reduce tumour mass. During surgical interven-
tion, many factors could worsen tissue hypoxia 
such as circulatory and respiratory variations. 

SpO2 is the more reliable method for a non- 
invasive monitoring of a patient’s blood oxygen 
concentration in the intraoperative setting.

Increases in arterial blood pO2 and pCO2 could 
determine a systemic blood vessel vasoconstric-
tion and vasodilation, respectively, but also 
dynamic vascular changes in tumour mass [4], 
linked with cancer dissemination and metastasis.

Another kind of intraoperative evaluation is 
capnometry (using end-tidal CO2 (EtCO2)), an 
immediate and continuous non-invasive monitor-
ing of carbon dioxide (CO2) of respiratory gases 
that provides important information on circula-
tory status and ventilation.

The aim of this study is to perform a prelimi-
nary analysis of oxygen changes during surgery 
and explore the possible influence of these on 
post-operative evolution.

2  Materials and Methods

Intraoperative evaluation of SpO2 and EtCO2 was 
performed in 83 patients that underwent cancer 
surgery. Changes in each parameter were evalu-
ated from baseline value (∆SpO2, ∆EtCO2).

To obtain an easy step grade evaluation, the 
delta-change for these two parameters was cate-
gorised as 1 point for each five-point variation 
from baseline value (∆SpO2 as 1 point for each 
5%, ∆EtCO2 as 1 point for each 5 mmHg).

For each patient, the length of stay (LOS) in 
an intensive care unit (ICU), total hospitalisation, 
duration of intervention, perioperative risk based 
on physical status examination assessed by ASA 
(American Society of Anaesthesiologists) score 
[6], and complications were recorded.

Statistical analysis was performed with 
GraphPad Prism® 6 considering a p-value <0.05 
as significant. Data are presented as mean and 
standard deviation. After a normality distribution 
test, values were classified as parametric or not. 
Parametric values were analysed using Student’s 
t-test comparison and Pearson correlation. Non- 
parametrics were compared using Mann-Whitney 
and Spearman correlation. Distribution was eval-
uated using Chi-squared test.
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3  Results

We analysed 83 consecutive patients (43 males 
and 40 females, aged 66.35  ±  9.79  years) that 
underwent to peridiaphragmatic surgery. Forty 
patients (48.19%) presented complications after 
surgery (24 males and 16 females, aged 
68.75 ± 8.03 years). The remaining 43 patients 
(51.78%, 19 males and 24 females, aged 
65.10 ± 8.79 years) did not present any complica-
tion after surgery. There was no difference in age 
and sex distribution between the two groups 
(Table 1).

There was no statistically significant differ-
ence in duration of intervention and length of 
stay in ICU between complicated and non- 
complicated patients (Table 1).

As predictable, patients with complications 
presented an increased hospitalisation time 
 compared to no complicated (14.69 ± 11.41 days 
vs 10.70 ± 6.28 days; p < 0.05) (Table 1). ∆EtCO2 
was significantly increased (p < 0.05) in compli-
cated compared to non-complicated (Table  1). 
No differences were found in ∆SpO2 between the 
two groups.

Considering the whole population, ∆EtCO2 
presents a significant direct correlation to hospi-
talisation and duration of intervention (Table 2). 
Moreover, ∆EtCO2 results increased according to 
the increase in perioperative risk (ANOVA 
p = 0.03 for trend; Fig. 1).

4  Discussion

Several factors during surgery could impair oxy-
gen blood level, especially in cancer patients, 
such as variations in mean arterial blood pres-
sure, cardiac frequency, haemorrhages and types 
of surgery that could acutely overlap a preopera-
tive hypoxic condition in oncological patients. 
Vaupel et al. added another relevant pathogenetic 
factor for the development of tumour hypoxia, 
i.e., hypoxemic hypoxia, which may be either 
chronic (e.g., in tumour-associated or therapy- 
induced anaemia) or acute (e.g., during plasma 
flow only in the tumour microvasculature) [2]. 
The relationship between hypoxia and tumour 
growth and metastasis is also observed in patients 
with obstructive sleep apnoea (OSA): in this dis-
ease, systemic intermittent hypoxia can alter 
tumour cell behaviour and the tumour microenvi-
ronment independent of the other effects of OSA 
[3]. Most of our knowledge of physiological 
“intermittent hypoxia” experienced during OSA 
is based on measurements of arterial oxyhaemo-
globin saturation. In the intraoperative setting, 
SpO2 and arterial blood gas analysis help clini-
cians understand oxygen level impairment. Given 
that hypoxia detection in cancer assumes a prog-
nostic significance in the pre-therapeutic 
approach, as demonstrated in 15 tumour entities 
(accessible SCCHNs, breast cancers, cervix can-
cers, soft tissue sarcomas and primary brain 
tumours) [2], intraoperative blood oxygen evalu-
ation is important to ensure a stable and continu-

Table 1 Clinical and laboratory findings

Complicated Uncomplicated p
Age (years) 68.75 ± 8.03 65.10 ± 8.79 Ns
Sex (M/F) 24/16 29/24 Ns*
Duration of intervention (h) 4.71 ± 2.02 3.99 ± 1.86 Ns #
Length of ICU stay (days) 2.32 ± 1.93 1.72 ± 1.36 Ns #
Hospitalisation (days) 14.69 ± 11.41 10.70 ± 6.28 <0.05 #

∆EtCO2 (mmHg) 3.95 ± 6.07 1.98 ± 3.91 <0.05

∆EtCO2 score 0.50 ± 1.20 0.12 ± 0.77 <0.05

∆SpO2 (%) 7.00 ± 8.13 5.50 ± 6.10 Ns

∆SpO2 score 1.07 ± 1.54 0.73 ± 1.22 Ns

Surgical risk 2.25 ± 0.44 2.26 ± 0.44 Ns #

Values are show as mean ± SD or median for non-parameters variables. P values are from t-test and Mann-Whitney 
indicated with #. Distribution was evaluated by Chi-squared test indicated as *; Ns non significant
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Table 2 Spearman correlation between ∆EtCO2 score 
and clinical management in all population studied

R P
Duration of intervention 0.17 0.03
Hospitalisation 0.22 0.005
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Fig. 1 ∆EtCO2 (mean ± SD) evaluation according to the 
different increase in perioperative risk (ASA Score)

ous oxygen level for a better postoperative 
outcome. Therefore, during cancer surgery, it is 
necessary to determine and monitor both ventila-
tion and circulation.

Monitoring respiratory status using EtCO2, 
which reliably reflects arterial PaCO2 in intu-
bated patients under general anaesthesia, is a cor-
nerstone of intraoperative patient assessment. 
Peridiaphragmatic surgery requires management 
of the high-risk surgical patient throughout the 
perioperative period using a set of parameters, 
protocols and user interfaces that facilitate assess-
ment and optimisation of anaesthesia, fluids and 
drugs. EtCO2 has a variety of uses and has been 
well documented to be reduced in volume-related 
hypotensive states where the cardiac output is 
reduced, meaning that EtCO2 should be able to 
reflect any systemic hypoperfusion non- 
invasively and almost immediately [5]. In this 

view, dynamic vascular changes and related 
hypoperfusion of different tissues during cancer 
surgery should influence post-operative compli-
cations and tumour cell behaviour.

∆EtCO2 may be related to possible complica-
tions after surgery and hospitalisation. An impor-
tant comparison between SpO2, EtCO2 and strict 
monitoring using an intraoperative arterial blood 
gas (ABG) sample during the main steps of sur-
gery could bring some essential information to 
understand oxygen changes in intra- and post- 
operative evolution. However, a further valida-
tion analysis is needed before the approach can 
be used extensively in daily clinical settings.
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Pulmonary Embolism in COVID-19 
Patients Is Not Related 
to a Deterioration of Tissue 
Oxygenation

Sebastiano Cicco, F. Albanese, R. Didonna, 
A. Magistro, A. Vacca, C. Cariddi, G. Lauletta, 
F. Pappagallo, A. G. Solimando, and R. Ria

Abstract

Background: COVID-19 induces robust sys-
temic inflammation. One of the main compli-
cations is the increased coagulation due to 
endotheliitis. There is an increased incidence 
of pulmonary embolism (PE) in COVID-19 
patients. However, clinical characteristics for a 
strict analysis are yet to be determined. Aim: 
We evaluated oxygenation and characteristics 
in patients with COVID-19 PE (CPE). Material 
and methods: We evaluated 215 COVID-19 
patients from 1 January to 30 April 2021. We 
found 18 patients affected by PE (CPE, 50.0% 
males, aged 67.00 ± 10.86 years). As controls, 
we used data from patients affected by PE 
evaluated in our ward between 1 January 2015 

and 31 December 2019 (64 patients, 53.1% 
males, aged 70.88 ± 16.44 years). All patients 
underwent a complete physical examination, 
pulmonary computerised tomography, labora-
tory tests, D-dimers and blood gas analysis at 
the time of diagnosis. Results: There were no 
differences in laboratory tests nor in D-dimers 
between the two groups. In the CPE group 
we found a significantly increased pO2 
(92.83  ±  42.52 vs. 76.11  ±  32.58  mmHg; 
p < 0.05), difference of oxygen between alve-
oli and arteries (A-aDO2; 169.3  ±  171.9 vs. 
52.97 ± 39.65 mmHg; p < 0.05), and oxygen 
saturation % (97.06 ± 2.59 vs. 93.77 ± 5.53%; 
p < 0.05) compared to controls. No difference 
was found in pCO2 and the ratio between pO2 
and percentage of inspired oxygen (P/F). 
Finally, a significantly decreased urate 
(3.67  ±  1.49 vs. 5.60  ±  2.10; p  <  0.05) was 
found in CPE compared to controls. In CPE, 
platelets count presents an inverse correlation 
to P/F (r = −0.389, p = 0.02) but a direct cor-
relation to A-aDO2 (r = 0.699, p = 0.001). No 
similar findings were present in controls. 
Discussion: COVID- 19 PE appears to have a 
different clinical setting. Reduced oxygenation 
described in PE may not to be considered as a 
sign of disease. The increased A-aDO2 may 
indicate that COVID-19 PE involved smaller 
vessels compared to classical PE. A possible 
diffuse capillary thrombosis could explain 
these results.
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1  Introduction

In 2020, health care systems worldwide faced the 
challenge of the pandemic triggered by the new 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). The novel disease caused by the 
virus was called Coronavirus Disease 2019 
(COVID-19). Infection induces robust systemic 
inflammation [1]. The reduced pulmonary capac-
ity could be a consequence of many different 
conditions. Cardiovascular involvement is one of 
the leading factors in clinical deterioration [2–4]. 
The increase in thrombosis is one of the main 
complications in COVID-19 as a result of sys-
temic inflammation and endotheliitis [1, 2]. The 
immune cell activation may induce a release of 
multiple cytokines and mediators that may induce 
a possible local thrombosis [1, 5]. There is an 
increased incidence of pulmonary embolism (PE) 
in COVID-19 patients [6]. Data on the difference 
between COVID-19 PE and non-COVID-19 
patients are needed. Clinical characteristics for a 
strict analysis are far to be determined between 
the two populations. The aim of this study was to 
evaluate oxygenation and characteristics in 
COVID-19 PE compared to PE not affected by 
SARS-CoV-2 infection.

2  Materials and Methods

We evaluated 215 COVID-19 patients admitted to 
the Internal Medicine department from 1 January 
to 30 April 2021. We found 18 patients (8.37%) 
were affected by PE (CPE, 50.0% males, aged 
67.00 ± 10.86 years). All of those were dyspneic 
and received oxygen treatment and antibiotic 
therapy with Azithromycin after admission. As 
controls, we used data from patients affected by 
PE evaluated in our ward between 1 January 2015 
and 31 December 2019 (64 patients, 53.1% males, 

aged 70.88  ±  16.44  years). Both patients from 
CPE and controls underwent a complete physical 
examination, chest imaging, laboratory tests, 
D-dimers and blood gas analysis (BGA) at the 
time of diagnosis. All patients were evaluated also 
according to PaO2/FiO2 (P/F) ratio. All patients 
were screened for a deep vein thrombosis (DVT) 
at admission in our ward using compressive ultra-
sound. To have a comprehensive and comparable 
clinical evaluation we calculated the National 
Early Warning Score (NEWS) including heart 
rate, respiratory rate, body temperature, systolic 
blood pressure, Glasgow coma scale, oxygen sat-
uration percentage, and oxygen given.

SARS-CoV-2 infection was diagnosed after a 
positive nasal-throat swab test.

Both CPE and controls had a good haemody-
namic status, thus low molecular weight heparin 
was given, as indicated in the 2019 European 
Society of Cardiology (ESC) guidelines for PE 
[7]. As standard treatment we used enoxaparin 
100 U/kg twice a day for PLT count more than 
50,000 cells/mm3 and glomerular filtration 
rate > 30 ml/min.

Statistical analysis was performed with 
GraphPad Prism® 6 considering a p-value <0.05 as 
significant. After a normality distribution test, 
value were classified as parametric or not. 
Parametric values were presented as mean and 
standard deviation and they were analysed using 
Student t-test comparison and Pearson correlation. 
Non-parametric values were compared using 
Mann-Whitney and Spearman correlation and 
were presented as median and interquartile range.

3  Results

No DVT was found in CPE patients while it was 
described in 30 (47.62%) controls. In the CPE 
group, 5 (27.78%) were hypertensives, 3 
(16.67%) diabetes, and 2 (11.11%) presented 
with an active tumour.

There was no difference in the NEWS score 
(median 2 [2, 3] vs. 2 [2–4]; p = ns). No differ-
ences were found in laboratory tests nor in 
D-dimers between the two groups (Table 1).
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Table 1 Laboratory findings

CPE Controls P value
Hb (gr/dl) 12.40 ± 1.55 11.72 ± 2.04 Ns
WBC (×10^3 cells/ml) 9.74 ± 3.29 9.14 ± 4.90 Ns
PLT (cells/ml) 249.6 ± 85.9 242.1 ± 138.0 Ns
N% 79.99 ± 11.92 73.31 ± 13.82 Ns
L% 13.96 ± 8.85 18.08 ± 9.77 Ns
NLR 8.82 ± 6.22 7.09 ± 7.78 Ns
PLT 250.5 ± 131.3 219.5 ± 148.1 Ns
D-dimer 6663 ± 9459 6445 ± 11,354 Ns
C-reactive protein 91.15 ± 69.39 68.99 ± 73.77 Ns
Uric acid (mg/dl) 3.67 ± 1.49 5.59 ± 2.10 <0.05

Values are show as mean ± SD or median for non-parameters variables. P values are from t test

In the CPE group we found a significantly 
increased pO2 (92.83  ±  42.52 vs. 
76.11 ± 32.58 mmHg; p < 0.05), a difference in 
oxygen between alveoli and arteries (A-aDO2; 
169.3 ± 171.9 vs. 52.97 ± 39.65 mmHg; p < 0.05), 
and oxygen saturation percentage at BGA 
(97.06 ± 2.59 vs. 93.77 ± 5.53%; p < 0.05) com-
pared to controls. There was no difference in 
pCO2 and the ratio between pO2 and percentage 
of inspired oxygen (P/F) (Table 2). Finally a sig-
nificantly decreased urate (3.67  ±  1.49 vs. 
5.60 ± 2.10; p < 0.05) was found in CPE com-
pared to controls.

In CPE, platelets count presents an inverse 
correlation to P/F (r  = −0.389, p  =  0.02) but a 
direct correlation to A-aDO2 (r = 0.699, p = 0.001) 
(Fig.  1a). No similar findings were present in 
controls (Fig. 1b).

4  Discussion

Pulmonary embolism can be a real life-threating 
condition [7]. In SARS-CoV-2 infection endothe-
liitis may induce an activation of thrombosis [8]. 
Vascular endothelium is one of the main targets 
of the virus [2] due its entry properties via angio-
tensin converting enzyme 2 (ACE2). This activa-
tion is mostly a consequence of immune cell 
infiltration and cytokine release [1]. The conse-
quent inflammation induces the activation of the 
coagulative cascade [8]. In recent large study, it 
has been demonstrated that PE in COVID-19 dis-

ease is mostly described in smaller vessel com-
pared to non-COVID-19 PE [9].

The increase in pO2 of our CPE should be a 
consequence of the patients evaluated. In fact, 
due to the health organization in Apulia, more 
severe patients were hospitalized in intensive 
care units. Our patients presented a less severe 
phenotype and both CPE patients and controls 
underwent oxygen treatment. However, P/F was 
not different between the two groups despite pre-
senting a statistical tendency toward 
significance.

In our patients we found that the increase in 
PLT value correlates to two respiratory parame-
ters evaluated in CPE.  The increase in PLT is 
mostly a consequence of the systemic inflamma-
tory state. The cytokine release induces an acute 
increase in PLT. The direct correlation to the 
increase in alveolar-capillary interface and the 
inverse correlation to P/F ratio may be all part of 
the same inflammatory mechanism. Therefore, 
the key role of inflammation is still the master-
piece of this disease. This is supported by the 
increased CRP value in CPE, despite the value 
results not being significantly different to con-
trols, perhaps due to the large deviation we found.

The main limitation of this study is that a sin-
gle centre collected data.

In conclusion, COVID-19 PE appears to have 
a different clinical setting. Reduced oxygenation 
described in PE may not to be considered as a 
sign of disease. The increased A-aDO2 may indi-
cate that COVID PE involved smaller vessels 
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Table 2 Blood gas analysis results between the two groups

CPE Controls p
pO2 (mmHg) 92.83 ± 42.52 76.11 ± 32.58 <0.05
pCO2 (mmHg) 37.44 ± 11.23 35.33 ± 7.38 Ns
SO2 (%) 97.06 ± 2.59 93.77 ± 5.53 <0.05
A-aDO2 (mmHg) 169.3 ± 171.9 52.97 ± 39.65 <0.05
P/F 268.5 ± 151.8 331.0 ± 128.2 0.10
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Fig. 1 Correlation between platelet count (PLT) value and P/F and alveolar-artery oxygen difference in patients 
affected by COVID-19 (panel A) and non-COVID-19 (panel B) pulmonary embolism

compared to classical PE. A possible diffuse cap-
illary thrombosis could explain these results.

References

1. Cicco S, Cicco G, Racanelli V et al (2020) Neutrophil 
Extracellular Traps (NETs) and Damage-Associated 
Molecular Patterns (DAMPs): two potential targets 
for COVID-19 treatment. Mediat Inflamm 2020:1–25. 
https://doi.org/10.1155/2020/7527953

2. Cicco S, Vacca A, Cariddi C et al (2021) Imaging eval-
uation of pulmonary and non-ischaemic cardiovascu-
lar manifestations of COVID-19. Diagnostics 11:1271. 
https://doi.org/10.3390/diagnostics11071271

3. Mozzini C, Cicco S, Setti A et  al (2021) Spotlight 
on cardiovascular scoring systems in Covid-19: 
severity correlations in real-world setting. Curr 
Probl Cardiol 46:100819. https://doi.org/10.1016/j.
cpcardiol.2021.100819

4. Cicco S, Vacca A, Cittadini A et  al (2020) Long- 
term follow-up may be useful in coronavirus disease 
2019 survivors to prevent chronic complications. 
Infect Chemother 52:407. https://doi.org/10.3947/
ic.2020.52.3.407

5. Mozzini C, Girelli D (2020) The role of neutrophil 
extracellular traps in Covid-19: only an hypothesis or 
a potential new field of research? Thromb Res 191:26–
27. https://doi.org/10.1016/j.thromres.2020.04.031

6. Grillet F, Behr J, Calame P et  al (2020) Acute pul-
monary embolism associated with COVID-19 pneu-
monia detected with pulmonary CT angiography. 

S. Cicco et al.

https://doi.org/10.1155/2020/7527953
https://doi.org/10.3390/diagnostics11071271
https://doi.org/10.1016/j.cpcardiol.2021.100819
https://doi.org/10.1016/j.cpcardiol.2021.100819
https://doi.org/10.3947/ic.2020.52.3.407
https://doi.org/10.3947/ic.2020.52.3.407
https://doi.org/10.1016/j.thromres.2020.04.031


103

Radiology 296:E186–E188. https://doi.org/10.1148/
radiol.2020201544

7. Konstantinides SV, Meyer G, Becattini C et al (2019) 
ESC guidelines for the diagnosis and management of 
acute pulmonary embolism developed in collaboration 
with the European Respiratory Society (ERS). Eur 
Heart J 2019:1–61. https://doi.org/10.1093/eurheartj/
ehz405

8. Bonaventura A, Vecchié A, Dagna L et al Endothelial 
dysfunction and immunothrombosis as key patho-

genic mechanisms in COVID-19. Nat Rev Immunol. 
Published Online First: 6 Apr 2021. https://doi.
org/10.1038/s41577- 021- 00536- 9

9. Miró Ò, Jiménez S et  al (2021) Pulmonary embo-
lism in patients with COVID-19: incidence, risk fac-
tors, clinical characteristics, and outcome. Eur Heart 
J 42:3127–3142. https://doi.org/10.1093/eurheartj/
ehab314

Pulmonary Embolism in COVID-19 Patients Is Not Related to a Deterioration of Tissue Oxygenation

https://doi.org/10.1148/radiol.2020201544
https://doi.org/10.1148/radiol.2020201544
https://doi.org/10.1093/eurheartj/ehz405
https://doi.org/10.1093/eurheartj/ehz405
https://doi.org/10.1038/s41577-021-00536-9
https://doi.org/10.1038/s41577-021-00536-9
https://doi.org/10.1093/eurheartj/ehab314
https://doi.org/10.1093/eurheartj/ehab314


105

Cardiovascular Risk Score 
and Pulmonary Gas Exchange 
in COVID-19 Patients Show No 
Correlation

Sebastiano Cicco, C. Mozzini, R. Carella, G. De 
Fazio, A. Vacca, C. Cariddi, A. Setti, F. Pappagallo, 
A. G. Solimando, and R. Ria

Abstract

Background: COVID-19 induces robust sys-
temic inflammation. Patients with cardiovas-
cular disease (CVD) are at an increased risk of 
death. However, much effort is being spent to 
identify possible predictors of negative out-
comes in order to have a more specific clinical 
setting. CVD scores are a useful tool in evalu-
ating risk of cardiovascular events. Aim: We 
evaluated oxygenation and characteristics in 
COVID-19 patients according to cardiovascu-
lar risk stratification performed using the 
Framingham risk score (FRS) for cardiovas-
cular disease. Materials and methods: We 
evaluated 155 COVID-19 patients (110 males 

and 45 females, aged 67.43 ± 14.72 years). All 
patients underwent a complete physical exam-
ination, chest imaging, laboratory tests and 
blood gas analysis at the time of diagnosis. 
Seventeen patients died (10 males and 7 
females, aged 74.71  ±  7.23  years) while the 
remaining 138 patients (100 males and 38 
females, aged 66.07 ± 15.16 years) were alive 
at discharge. Results: Deceased patients have 
an increased FRS compared to those that sur-
vived (27.37 ± 5.03 vs. 21.33 ± 9.49, p < 0.05). 
Compared to survivors, the deceased group 
presents with a significant increase in white 
blood cells (p < 0.05) and D-dimers (p < 0.05). 
There was no difference in pCO2, SO2, and in 
alveolar arteriolar oxygen difference 
(A-aDO2). On the contrary, in deceased 
patients there was an increased pO2 (p < 0.05) 
and a decreased ratio between oxygen inspired 
and pO2 (P/F; p < 0.05). FRS shows a negative 
correlation to P/F (r = 0.42, p < 0.05) in the 
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deceased while no correlation was found in 
the survivors. No other correlation has been 
found with blood gas parameters or in the 
inflammation parameters evaluated in the two 
groups. Discussion: CVD may be considered 
as a major risk factor for death in COVID-19 
patients. The increased risk relates to a reduced 
lung capacity but it is not related to blood gas 
values. Similarly, CV risk score results are 
independent from the inflammatory status of 
the patients.

Keywords

Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV2) · Systemic inflammation 
· Framingham risk score · Cardiovascular 
disease · Endothelial damage

1  Introduction

In 2020, health care systems worldwide faced the 
challenge of the pandemic triggered by the new 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2). The novel disease caused by the 
virus was called Coronavirus Disease 2019 
(COVID-19). Infection induces robust systemic 
inflammation [1, 2]. The reduced pulmonary 
capacity is a consequence of many different con-
ditions. Cardiovascular involvement is one of the 
leading factors for clinical deterioration and car-
diovascular disease (CVD) patients are at an 
increased death risk [3–5]. This complication in 
COVID is mostly induced by systemic inflamma-
tion and endotheliitis [1, 3]. Much effort is being 
spent to identify possible predictors of negative 
outcomes in order to have a more specific clinical 
setting. CVD scores are a useful tool in evaluat-
ing the risk of cardiovascular events [6]. First 
reports showed clinical derioration according to 
the increase in CVD risk score [4]. A first report 
on the use of the Framingham risk score (FRS) in 
COVID patients confirmed that highest scores 
were more at risk of a fatal CV event [7].

The aim of this study was to evaluate oxygen-
ation and characteristics in COVID-19 patients 
according to cardiovascular risk stratification 

performed using FRS for cardiovascular disease 
comparing patients who died and who were alive 
at discharge.

2  Materials and Methods

Out of 530 COVID-19 patients, we evaluated 155 
(110 males and 45 females, aged 67.43 ± 14.72 years) 
admitted to the Internal Medicine department from 
1 January to 30 April 2021.

All of them were dyspneic, received oxygen 
treatment and antibiotic therapy with 
Azithromycin after admission. All patients 
underwent a complete physical examination, 
chest imaging, laboratory tests, D-dimers and 
blood gas analysis (BGA) at the time of diagno-
sis. Patients with suspected pulmonary embolism 
were evaluated by a chest angiographic study 
using computerised tomography and were 
excluded from this study. Similarly, we excluded 
patients with known history of ischemic CVD or 
stroke. All patients were evaluated also according 
to PaO2/FiO2 (P/F) ratio. FRS was evaluated at 
admission.

SARS-CoV-2 infection was diagnosed after a 
positive nasal-throat swab test.

As standard treatment we used Dexametasone 
20 mg/day iv and enoxaparin 4000 UI once a day 
for PLT counts of more than 50,000 cells/mm3 
and glomerular filtration rate > 30 ml/min in pri-
mary prevention.

Seventeen patients died (10 males and 7 
females, aged 74.71  ±  7.23  years) while the 
remaining 138 patients (100 males and 38 
females, aged 66.07 ± 15.16 years) were alive at 
discharge.

Statistical analysis was performed with 
GraphPad Prism® 6 considering a p-value <0.05 
as significant. After a normality distribution test, 
values were classified as parametric or not. 
Parametric values were presented as mean and 
standard deviation and were analysed using 
Student t-test comparison and Pearson correla-
tion. Non-parametric values were compared 
using Mann-Whitney and Spearman correlation 
and were presented as median and interquartile 
range.
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3  Results

Deceased patients had increased FRS compared 
to survivors (27.37  ±  5.03 vs. 21.33  ±  9.49, 
p < 0.05) (Fig. 1). No differences were found in 
Hb, NLR, and C-reactive protein (CRP) (Table 1).

Compared to survivors, the deceased group 
presents with a significant increase in white blood 
cells (p < 0.05) and D-dimers (p < 0.05) (Table 1). 
There was no difference in pCO2, SO2, and in 
alveolar arteriolar oxygen difference (A-aDO2). 
On the contrary, in deceased patients there is an 
increased pO2 (p  <  0.05) and a decreased ratio 
between inspired oxygen and pO2 (P/F; p < 0.05) 
(Table 1).

FRS presents a negative correlation to P/F 
(r-0.42, p < 0.05) in dead patients while no cor-
relation was found in survivors (Fig. 2). No other 
correlations have been found with blood gas 
parameters or in the inflammation parameters 
evaluated in the two groups.

4  Discussion

CVD is the main comorbidity in COVID patients 
[8]. Moreover, CVD represents one of the leading 
causes of death [9] and patients with CV involve-
ment are more prone to a fatal outcome [10]. In 
this view, the identification of a simple tool to 
stratify patients according to CVD may be useful 
as an early evaluation of patients that may have a 
fatal outcome.

Endothelial damage is a cornerstone of CVD. 
In fact, there is a direct correlation between endo-
thelial dysfunction and cardiovascular damage as 
well as between endothelial damage and CVD 
risk evaluated with FRS [11]. Moreover, tissue 
oxygenation is particularly challenging in 
COVID-19 and may induce cardiovascular dam-
age, both acute [12] and chronic [3].

The endothelium is involved in disease in 
SARS-CoV-2 infection [3]. In COVID-19 
patients diffuse vascular damage occurs in paral-
lel to lung disease [13]. It has been also demon-
strated that there is an endothelial senescence in 
these patients [14] as a consequence of reactive 
oxygen species and inflammation [1, 15, 16]. 
Therefore, a possible use of FRS in predicting 
clinical deterioration may be related to the change 
in blood gases.

The increase in cardiovascular involvement by 
SARS-CoV-2 virus is related to inflammation 
evaluated by CRP in first Chinese reports [10]. 
However, we found that there was no difference 
between deceased and survivors’ CRP and no 
correlation to FRS. On the contrary, NLR results 
dramatically increased in those who died com-
pared to those who survived, indicating huge 
inflammation. This inflammatory burst also 
explains the increase in D-dimers without a pul-
monary embolism.

We also found an inverse correlation between 
FRS and P/F.  This is an impressive result. To 
date, no previous research described this correla-
tion. We can speculate about a possible role of 
CVD inducing a reduction of lung capacity. In 
fact, in the deceased group there was an increase 
in FRS as well as a reduced P/F.  However, the 
correlation between the two parameters stressed 
how the lung-cardiovascular connection may 
result as a cornerstone in understanding the 
SARS-CoV-2 effects on the host.

We found an increase in pO2 at admission in 
patients who died. This is related most to oxygen 
treatment performed. Despite these were not 
intensive care patients, severe COVID need high 
flow oxygen. Therefore, P/F is an accurate evalu-
ation of lung function more than pO2. Moreover, 
the normal arterial pO2 value may not be suffi-
cient to reduce the tissue hypoxia. The lack in 
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Fig. 1 Differences in Framingham Risk Score values in 
the two groups. Analysis: Student t-test
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Table 1 Clinical and laboratory findings

Dead Alive p value
WBC (cells/ml) 10.7 ± 3.9 7.32 ± 4.9 <0.05
Hb (gr/dl) 12.6 ± 2.3 12.9 ± 2.5 Ns
NLR 18.9 ± 17.8 8.2 ± 7.6 <0.0001
D-dimers (mg/dl) 6122 ± 14,312 2547 ± 7528 <0.05
CRP (mg/dl) 137.1 ± 115.2 162.0 ± 185.8 Ns
pCO2 (mmHg) 35.2 ± 5.3 35.2 ± 4.7 Ns
pO2 (mmHg) 114.3 ± 89.5 87.5 ± 35.1 <0.05
SaO2 (%) 95.8 ± 2.2 96.9 ± 2.9 Ns
A-aDO2 (mmHg) 118.0 ± 117.2 182.3 ± 142.9 Ns
P/F 153.6 ± 94.0 248.4 ± 112.2 <0.05

Values are show as mean ± SD. P values are from t test

Fig. 2 Correlation between Framingham Risk Score 2008 and P/F values in deceased (panel A) and surviving (panel 
B) patients

correlation between FRS and admission evalua-
tion of pO2 or A-aDO2 may indicates that not 
only hypoxic burden may influence the CVD 
worsening in COVID-19.

Further studies are needed to understand how 
to reduce the ischemia/hypoxic burden effect on 
cardiovascular system. COVID-19 has served as 
a great teacher in helping us to understand this 
regulation.

In conclusion, CVD may be considered as a 
major risk factor for death in COVID-19 patients. 
The increased risk relates to a reduced lung 
capacity but it is not related to alterations in blood 
gas values. Similarly, CV risk score results are 
independent of the inflammatory status of the 
patients.
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Heme Oxygenase-1/High Mobility 
Group Box 1 Pathway May Have 
a Possible Role in COVID-19 ARDS 
(Acute Respiratory Distress 
Syndrome): A Pilot Histological 
Study

G. Cicco, S. Sablone, G. Cazzato, S. Cicco, 
G. Ingravallo, F. Introna, and A. Cossarizza

Abstract

COVID-19 is a pandemic disease caused by 
the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2). The persistent and 
excessive inflammatory response can build up 
a clinical picture that is difficult to manage 
and potentially fatal. Potent activators of 
inflammatory phenomena are damage- 

associated molecular patterns (DAMPs) and, 
in particular, the high-mobility group box 1 
(HMGB1). HMGB1 is an intranuclear protein 
that is either passively released during 
hypoxia-related necrosis or actively released 
by macrophages. Heme oxygenase (HO-1) 
has an anti-inflammatory effect by inhibiting 
HMGB1, which could be a therapeutic target 
to reduce COVID-19 inflammation. In our 
study, we evaluated CD3, CD4, CD8, HMGB1 
and HO-1  in the COVID-19 lung and corre-
lated it to clinical data.

Keywords

Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV2) · Damage-associated 
molecular patterns (DAMPs) · Respiratory 
failure · Inflammation · Cytokine storm

1  Introduction

COVID-19 is a pandemic challenge caused by 
the severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) [1] that is currently impos-
ing heavy stress on many health systems 
worldwide. SARS-CoV-2 belongs to the corona-
virus family that includes the Severe Acute 
Respiratory Syndrome Coronavirus type 1 
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(SARS-CoV) and Middle East Respiratory 
Syndrome (MERS-CoV) viruses. Coronaviruses 
have a preferential tropism for lung cells [2]. 
SARS-CoV-2 is known to use the same receptor 
as SARS-CoV to enter the host cell, namely, 
angiotensin-converting enzyme II (ACE2) [2]. 
Acute SARS-CoV-2 patients present with a wide 
range of clinical manifestations, ranging from 
asymptomatic or mildly symptomatic (common 
cold) up to severe, often fatal disease. The latter 
form usually presents with bilateral interstitial 
pneumonia and moderate to severe oxygen desat-
uration and hypoxia. Many patients develop 
respiratory failure (RF) and acute respiratory dis-
tress syndrome (ARDS) [3], requiring prompt 
admission to the intensive care unit (ICU). Unlike 
the usual ARDS, these patients show a normal or 
slightly increased lung compliance and mostly 
need high-flow oxygen or continuous positive 
airway pressure (CPAP) ventilation [4]. The ven-
tilation outcome of SARS-CoV-2 pneumonia is 
similar to the one described in the respiratory 
failure in interstitial lung disease [5]. Damaged 
tissues and neutrophils themselves both produce 
cytokines that enhance neutrophil activity. In 
fact, cytokines are produced after SARS-CoV-2 
infection. Their action will play a role in the che-
motactic recruitment of neutrophils, enhancing 
formation of reactive oxygen species and neutro-
phil extracellular traps (NET). The induction of 
NETosis is also due to other molecules secreted 
by damaged tissues such as damage-associated 
molecular patterns (DAMPs) [6].

These endogenous self-antigens, such as 
HMGB1 and heat shock proteins (HSPs), acti-
vate signalling of mitogen-activated protein 
kinases (MAPKs) and nuclear factor of kappa 
light polypeptide gene enhancer in B-cells (NF- 
κB), which trigger the inflammatory response [7, 
8]. HMGB1 is a chromatin-associated protein 
formed by two domains connected by a nine- 
amino acid loop and a highly disordered nega-
tively charged C-terminal tail [9, 10]. It performs 
different functions depending on its cellular 
localisation. As a nuclear protein, it is involved in 
DNA repair, transcription, and genome stability 
[11, 12], while during cellular death or inflamma-
tion, it is released into the extracellular space 

where it is classified as an alarmin [13, 14]. It 
induces the release of inflammatory cytokines 
such as tumour necrosis factor (TNF), interleu-
kin- (IL-) 1β, and IL-12 that aggravate acute tis-
sue damage. In acute lung diseases, HMGB1 acts 
as an activator of innate immunity, leading to the 
production of IL-1β, IL-6, and TNF-α. Heme 
oxygenase-1 (HO-1) is an inducible microsomial 
enzyme that catalyses the degradation of heme. 
This produces biliverdin, ferrous iron, and carbon 
monoxide [15, 16]; scientific evidence high-
lighted an inverse relation between HO-1 and 
HMGB1 level [17]. The expression of heme oxy-
genase seems to have a defence activity against 
pulmonary viruses [18, 19]. Additionally, the 
COVID-19-related heme reduction may contrib-
ute to even lower HO-1. Low-grade inflammation 
associated with these risk factors contributes to 
triggering a cytokine storm that spreads to multi- 
organ failure and near death. The high mortality 
of those treated with ventilator assistance may 
partially be explained by ventilator-induced 
inflammation [20].

2  Methods

A retrospective study was made on 13 consecu-
tive cases. Seven cases of lung tissue from autop-
sies of deceased COVID-19 patients (group 1) 
were compared with 6 consecutive cases of lung 
specimen from patients died from pulmonary 
emphysema (group 2). In the first group, clinical 
parameters were collected at the time of demise: 
Age, Sex, SpO2, D-Dimers, complete blood cell 
count, LDH and NLR (Ratio between peripheral 
neutrophil count and lymphocytes) (Table figure 
1). Excisional biopsy samples were obtained for 
histological examination, fixed in neutral 10% 
buffered formalin, dehydrated, and included in 
paraffin. From the paraffinated blocks, 5  μm 
slices were taken, deparaffinated, rehydrated and 
routinely stained with hematoxylin-eosin. 
Immunohistochemistry was then performed 
using antibodies for the following markers: anti-
 CD3 mouse monoclonal Ab (mAb), code NCL- 
L- CD3- 565, (Novocastra Laboratories Ltd. 
Leica Biosystems, Buffalo Grove, IL, USA), 
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diluted 1:200 anti-CD4: mouse monoclonal Ab 
(mAb), code M7310, (DAKO, Carpinteria, CA, 
USA), diluted 1:50; anti-CD8: mouse monoclo-
nal Ab (mAb), code NCLCD8-295, (Novacastra 
Laboratories Ltd.), diluted 1:50, anti-HMGB1: 
Rabbit polyclonal Ab, Ab18256, (Abcam), 
diluted 1:1000, Anti-Heme oxygenase-1 (HO- 
1): Rabbit Polyclonal Ab, GeneTex, GTX101147, 
diluted 1:500. The blocks had been pretreated 
using the PT-LINK (DAKO) device, with EDTA 
[EnVision Flex, target retrieval solution, High Ph 
(50×), DAKO] for antibodies for CD3,CD4, 
CD8, and Citrate [EnVision Flex, target retrieval 
solution, Low Ph (50×), DAKO] for the HMGB1, 
OH1 antibodies. The immunohistochemical reac-
tions were read, investigating the cell density for 
the CD3,CD4 and CD8 markers by counting pos-
itive cells in 10 fields (HPF) for each clinical 
case. A Reichert Polyvar 2 microscope was 
employed with a JTV digital telecamera and 
Trinitron monitor, Sony. Each field was exam-
ined at 400× magnification; the size of each field 
was 140 μm in length by 110 μm in width, the 
total amplitude of the field being 15,400  μm2. 
Assessment of the expression of HMGB1 and 
HO-1 was done by highlighting the chromogen 
signal on the plasma membrane, in the nucleus, 
cytoplasm or extracellular medium of the sam-
ples analysed. For HMGB1, HO-1, a score given 
by the sum of the score for the different degrees 
of staining intensity (grade 0 = no staining; grade 
1 = weak staining; grade 2 = moderate staining; 
grade 3 = intense staining) plus the score for the 
percentage of extension of the mass (score 0: 
<1%; score 1: 1–25%; score 2: 26–50%; score 3: 
51–74%; score 4: ≥75%). The final score (sum of 
the 2 previous scores) was considered high if >3, 
and low if ≤3. The peritumoral cellular infiltrate 
was assessed in the same way.

Statistical analysis was carried out using the 
Prism 6 program, GraphPad software, La Jolla 
(USA). The mean and standard deviation values 
for the 10 fields were taken for each patient. The 
distribution of dichotomous values was analysed 
using Chi-squared test. The Kolmogorov- 
Smirnov test was applied to assess normal distri-
bution. Nonparametric statistics were used for 

non-normally distributed data (the Mann- 
Whitney test for comparisons and Spearman dis-
tribution for correlation). Parametric statistics 
were used for normally distributed data: unpaired 
t test was used for comparison between groups 
and Pearson distribution for correlation. P-values 
are shown only for statistically significant com-
parisons. Survival comparison was made with the 
log-rank method (presented as Kaplan–Meier 
curves). P-values <0.05 were considered 
significant.

3  Results

Clinical characteristics of Group 1-2 were 
reported in Table in figure 1

CD3+ lymphocyte expression values were 
significantly increased in Group 1 (First Group 
2.57  ±  0.79 cells/mm2 vs. Second 
Group1.71  ±  0.49 cells/mm2; P  =  0.03). This 
result is mostly related to the significantly 
increased CD8+ lymphocyte expression in Group 
1 (First Group 2.86 ± 0.69 cells/mm2 vs. Second 
Group 1.83 ± 0.75 cells/mm2; P = 0.04), but not 
in CD4+ (First Group 2.71 ± 0.95 cells/mm2 vs. 
Second Group 2.80 ± 0.45 cells/mm2; P = ns).

In group 1 we found a significant decrease of 
HO-1 (First Group 2.71 ± 0.76 signals/mm2 vs. 
Second Group 4.80  ±  0.45 signals/mm2; 
P = 0.0025) (Fig. 1-2A) and an increased expres-
sion of HMGB1 (First Group 4.83  ±  0.75 sig-
nals/mm2 vs. Second Group 2.80 ± 0.45 signals/
mm2; P  =  0.0022) (Fig.  1-2B). In Group 1 we 
found that HMGB1 showed an inverse correla-
tion with HO-1 (r  =  −0.433; p  =  0.0075). 
Furthermore, in group 1 there was a direct corre-
lation between HMGB1 and SpO2 (r  =  0.689; 
P = 0.018) while there was an inverse correlation 
between HMGB1 and NLR (r  =  −0.775, 
P  =  0.0001). Moreover, HO-1 presented an 
inverse correlation with age (r  =  −0.759; 
P = 0.0022) but not to SpO2 and NLR. Finally, 
HO-1 but not HMGB1 showed a weak inverse 
correlation (r = −0.289; p = 0.049) to CD3+ T 
lymphocyte count in group 1. No correlation was 
found in Group 2.

Heme Oxygenase-1/High Mobility Group Box 1 Pathway May Have a Possible Role in COVID-19 ARDS…



114

HO1

tis
su

e 
ex

pr
es

si
on

tis
su

e 
ex

pr
es

si
on

Gro
up 1

Gro
up 2

Gro
up 1

Gro
up 2

0

2

4

6
p=0.0025

HMGB1

0

2

4

6
p=0.0022

Fig. 1 Correlation between HMGB1 and HO1 in the two studied groups

Fig. 2 Immunohistochemistry of excisional biopsy samples
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4  Discussion

HO-1 is an inducible microsomial enzyme that 
catalyses the degradation of heme. This produces 
biliverdin, ferrous iron, and carbon monoxide 
[15, 16].

The reduction of HO-1 in COVID-19 patients 
is associated with a worse clinical trend. Our data 
with a low infiltration of HO-1 therefore find 
confirmation in the bibliography [21–23]. Our 
data shows an inverse correlation between HO-1 
and HMGB1 in the lung infiltration. HMGB1 is 
an intranuclear protein that is either passively 
released during hypoxia-related necrosis or 
actively released by macrophages in inflamma-
tion [6, 7].

It has been described that HMGB1 occurs 
through an AMP-Kinase and Heme Oxygenase 1 
dependent pathway [17, 24]. In the bibliography 
this pathway has also been described in the lung, 
both in vitro [25] and in vivo [26, 27]. Our stud-
ies therefore showed that there is a greater infil-
tration of HMGB1  in the COVID-19 lung, and 
this would correlate to a worst clinical outcome.

In a recent study, the peak serum level of 
HMGB1 seems to anticipate the serum peak of 
interleukin 6 (IL-6) by 5  h in patients affected 
CAR-T-related toxicities (CARTOX), in a situa-
tion like the cytokine storm of COVID-19 [28]. 
Our results about neutrophil-to-lymphocyte ratio 
(NLR) shows an increase of its value according 
to the bibliography [29], but presents an indirect 
correlation with HMGB1. This data could have 
an explanation with the migration of neutrophils 
to the lung which induces a large NET infiltra-
tion. The SpO2 and HMGB1 in our study have a 
direct correlation and this data could be explained 
by the use of mechanical ventilation in all of 
these patients, which induces slight damage of 
the bronchial epithelium of lung, leading to an 
increase in HMGB1.

The low level of HO-1, that it has a direct cor-
relation between the low number of T reg lym-
phocytes (Foxp3) and CD163 Macrophages. This 
evidence could explain the inflammatory envi-
ronment in ARDS COVID-19. The high expres-
sion of extracellular HMGB1 then binds TLR4 
on macrophages surfaces which would cause the 

shedding of macrophages CD163 into sCD163 
[30] which is increased in serum COVID-19 
patients [31].

COVID-19 results to be far worse in elderly 
patients. The inverse correlation between HO-1 
and patients’ age which could be a possible 
explanation.

These results were obtained from a small sam-
ple size, and may require further investigations to 
be confirmed.

5  Conclusion

The low HO-1 infiltrate and high HMGB1 infil-
trate in the COVID-19 patient’s lung can there-
fore correlate the clinical features to the biological 
mechanism that is established, thus opening up 
new therapeutic strategies that reduce inflamma-
tion and the cytokine storm in COVID-19. The 
pathway HO-1/HMGB1 also opens up avenues 
of investigation on the connection between oxy-
gen, mitochondria and inflammation that will be 
investigated in the future.
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Silent Hypoxemia in COVID-19 
Pneumonia

Akinori Ebihara, Asako Kitahara, 
Tokuzen Iwamoto, and Ichiro Kuwahira

Abstract

In patients suffering from Coronavirus Disease 
2019 (COVID-19), dyspnoea is less likely to 
occur despite hypoxemia. Even if the patient 
develops severe hypoxemia, it cannot be 
detected from subjective symptoms. In other 
words, it becomes more serious without the 
person or the surroundings noticing it. Initially 
less talked about, hypoxemia without dys-
pnoea (silent hypoxemia or happy hypoxia: 
hypoxemia that does not coincide with dys-
pnoea) is now experienced in many institu-
tions. Dyspnoea is defined as “the unpleasant 
sensation that accompanies breathing.” 
Dyspnoea occurs when afferent information is 
transmitted to the sensory area. Receptors 
involved in the development of dyspnoea 
include central and peripheral chemorecep-
tors, chest wall receptors, lung receptors, 
upper respiratory tract receptors and corollary 
discharge receptors. In the present study, we 
considered mechanisms mediating the silent 
hypoxemia through three cases experienced at 
our hospital as a dedicated coronavirus treat-
ment hospital. We have treated about 600 peo-
ple infected with COVID-19, of which about 

10% were severe cases. In the present study, 
the patients’ condition was retrospectively 
extracted and analysed. We investigated three 
typical cases of COVID-19 pneumonia admit-
ted to our hospital (men and women between 
the ages of 58 and 86 with hypoxemia and 
tachypnoea). Silent hypoxemia is not entirely 
without dyspnoea, but hypoxemia does not 
cause dyspnoea commensurate with its sever-
ity. The virus may have specific effects on the 
respiratory control system. In our cases, respi-
ratory rate significantly increased with hypox-
emia, and hyperventilation occurred. 
Therefore, information about hypoxemia is 
transmitted from the carotid body. Since 
hyperventilation occurs, it is suggested that 
information is transmitted to effectors such as 
respiratory muscles. The fact that these 
patients did not feel the unpleasant sensation 
indicates that information is not accurately 
transmitted to the sensory area of the cerebral 
cortex. These cases suggest that there may be 
a problem somewhere in the path from the 
respiratory centre to the sensory area.
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1  Introduction

Currently, many people are infected due to the 
pandemic of the novel coronavirus infection 
which can lead to Coronavirus Disease 2019 
(COVID-19). In Japan as well, the number is 
steadily increasing, and the number of home care 
recipients has exceeded 17,000 (as of 2021.8.11). 
Under such circumstances, there are many cases 
in which the symptoms are poor and there is a 
delay before aggravation is noticed. In 
COVID- 19, dyspnoea is less likely to occur 
despite hypoxemia. Even if the patient develops 
severe hypoxemia, it cannot be detected from 
subjective symptoms. In other words, it becomes 
more serious without the person or the surround-
ings noticing it. Initially less talked about hypox-
emia without dyspnoea (silent hypoxemia or 
happy hypoxia: hypoxemia that does not coincide 
with dyspnoea) is now experienced in many insti-
tutions. If we cannot understand the concept of 
silent hypoxemia, patients in home care may not 
receive hospital care unless they become seri-
ously ill.

Dyspnoea is defined as “the unpleasant sensa-
tion that accompanies breathing.” Dyspnoea 
occurs when afferent information is transmitted 
to the sensory area. Receptors involved in the 
development of dyspnoea include central and 
peripheral chemoreceptors, chest wall receptors, 
lung receptors, upper respiratory tract receptors, 
and corollary discharge receptors [1–8]. In the 
present study, we considered mechanisms medi-
ating the silent hypoxemia by reviewing the cases 
experienced at our hospital as a dedicated coro-
navirus treatment hospital.

2  Methods

We have treated about 600 people infected with 
COVID-19, of which about 10% were severe 
cases. Because patients with severe pneumonia 
were not in a good condition, informed consent 
and the following data were obtained from only 
three patients (men and women between the ages 
of 58 and 86 with hypoxemia and tachypnoea). 
We do not believe that these three cases reflect all 

COVID-19 patients, possible causes of silent 
hypoxemia could be retrospectively analysed. 
Clinical symptoms, vital signs, arterial blood gas 
data and the modified Borg scale values for dys-
pnoea (range 0–10) were analysed. As shown in 
Table 1, this is a measure to assess the difficulty 
of breathing. It starts at number 0, where the 
patient’s dyspnoea does not cause any difficulty, 
and progresses to number 10, where the patient’s 
dyspnoea is maximum [9]. The institutional 
review board approved this study.

3  Results

Case 1 (Fig. 1).
A 58-year-old man had a BMI of 28.2 (mildly 

obese). The underlying disease was dyslipi-
daemia. He had a temperature of 39.1 °C. At 
the time of admission, his SpO2 was 93% 
(room air) and the modified Borg scale was 2 
(slight). As shown in Fig.  1, his chest CT 
images showed ground glass opacities in the 
bilateral lung fields. Arterial blood gas data on 
the third day of hospitalisation showed mild 
hypoxemia and A-aDO2 was increased.

Table 1 Modified Borg scale [9]
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Fig. 1 Chest CT 3 days after hospitalization in case 1

Case 2 (Fig. 2).
A 58-year-old man had a BMI of 30.1 (obese). 

Underlying diseases included diabetes and 
hypertension. Body temperature was 
38.7 °C. Although his SpO2 was 87% (room 
air) at the time of admission, which indicates 
his PaO2 was less than 60 mmHg, the modi-
fied Borg scale was only 4 (somewhat severe). 
As shown in Fig.  2, his chest CT images 
showed diffuse pneumonic shadows in the 
bilateral lung fields, indicating moderate to 
severe COVID-19 pneumonia. Arterial blood 
gas data on the second day of hospitalisation 
showed acute respiratory alkalosis. His PaO2 
was 72.0 mmHg under high flow of oxygen 
7 L/min. His respiratory rate increased to 34/
min and hyperventilation was observed, but 
the modified Borg scale remained unchanged 
and no strong dyspnoea was observed.

Case 3 (Fig. 3).
An 86-year-old female had a BMI of 23.5. The 

underlying diseases were diabetes, hyper-

tension and angina. She had a temperature 
of 37.8  °C.  Although her SpO2 was 88% 
(room air) at the time of admission, which 
indicates her PaO2 was less than 60 mmHg, 
the modified Borg scale was 4 (somewhat 
severe). As shown in Fig.  3, her chest CT 
images showed diffuse pneumonic shadows 
in the bilateral lung fields, indicating mod-
erate to severe COVID-19 pneumonia. 
Arterial blood gas data on the second day of 
hospitalisation showed that her PaO2 was 
kept at 68.3 mmHg under high flow of oxy-
gen 5 L/min. Her respiratory rate increased 
to 36/min and hyperventilation was 
observed, but the modified Borg scale 
remained unchanged and no strong dys-
pnoea was observed.

Despite hypoxemia, increased respiratory rate and 
hyperventilation in these cases, the modified 
Borg scale values were only 2–4. In particular, 
two cases (cases 2 and 3) developed severe respi-
ratory failure, but the modified Borg scale values 
indicated “somewhat severe”.

Silent Hypoxemia in COVID-19 Pneumonia
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Fig. 2 Chest CT 2 days after hospitalization in case 2

Fig. 3 Chest CT 2 days after hospitalization in case 3

A. Ebihara et al.
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Fig. 4 Dysnonea and respiratory control system. (Modified from Ref. [10])

4  Discussion

In the present study, only three cases were 
reviewed. Although these cases do not reflect 
clinical features of all COVID-19 patients, we 
think possible causes of silent hypoxemia could 
be analysed by reviewing these cases.

Severe acute respiratory syndrome coronavi-
rus 2 (SARS-CoV-2) mainly invades alveolar 
type-2 epithelial cells and spreads throughout 
the body through systemic circulation, neuro-
transmission and attachment to ACE2-
expressing cells. The virus can spread directly 
to the central nervous system by the olfactory 
epithelium.

Silent hypoxemia would be defined as fol-
lows: Despite the intensity of hypoxemia, the 
intensity of dyspnoea is inappropriate to the 
degree of arterial hypoxemia. The clinical pre-
sentation of silent hypoxemia in patients with 
COVID-19 might be (1) impairment of periph-
eral oxygen-sensing and/or (2) impairment of 
central processing of hypoxia-stimulated afferent 
inputs within higher-order somatosensory brain 
regions that manifest perceptions of dyspnea 

[10]. The virus could bind to the ACE2 receptors 
on the glomus cells of the carotid body, resulting 
in damage of the mitochondrial electron transport 
chain in O2-sensing cells. This damage would 
reduce afferent information to the brain despite 
hypoxemia and may reduce dyspnoea sensation 
[11]. However, as shown in the results and Fig. 4, 
the fact that these patients developed tachypnoea 
and hyperventilation in the present study sug-
gests that some afferent information, even if 
reduced, is processed centrally enough to pro-
duce an efferent ventilatory response. In addition 
to this, although it is possible that olfactory 
abnormalities may affect dyspnoea, olfactory 
dysfunction was not present in any cases through-
out the course in the present study. From these 
data, it would be suggested that the virus may 
interfere with central processing of sensory affer-
ent neural inputs in patients with silent hypox-
emia. Since correlations between neurological 
symptoms and the brain pathology findings in 
COVID-19 patients remain largely unknown 
[12], future prospective studies with control and 
COVID-19 groups will be necessary to determine 
the mechanisms of silent hypoxemia.

Silent Hypoxemia in COVID-19 Pneumonia
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Low Flow and Microvascular 
Shunts: A Final Common Pathway 
to Cerebrovascular Disease: 
A Working Hypothesis

Edwin M. Nemoto and Denis Bragin

Abstract

Low flow and microvascular shunts (MVS) is 
the final common pathway in cerebrovascular 
disease. Low flow in brain capillaries (diam. 
3–8 μm) decreases endothelial wall shear rate 
sensed by the glycocalyx regulating endothe-
lial function: water permeability; nitric oxide 
synthesis via nitric oxide synthase; leucocyte 
adhesion to the endothelial wall and penetra-
tion into the tissue; activation of cytokines and 
chemokines initiating inflammation in tissue. 
Tissue edema combined with pericyte and 
astrocyte capillary constriction increases cap-
illary resistance. Increased capillary resistance 
diverts flow through MVS (diam. 10–25 μm) 
that are non-nutritive, without gas exchange, 
waste or metabolite clearance and cerebral 
blood flow (CBF) regulation. MVS predomi-
nate in subcortical and periventricular white 
matter. The shift in flow from capillaries to 
MVS is a pathological, maladaptive process. 
Low perfusion in the injured tissue exacer-
bates brain edema. Low blood flow and MVS 
alone can lead to all of the processes involved 
in tissue injury including inflammation and 
microglial activation.

Keywords

Cerebral blood flow · Cerebral capillary flow 
autoregulation · Intracranial pressure · 
Capillary shear rate

1  Introduction

We recently showed the transition from brain 
capillary (CAP) to MVS flow with increased 
intracranial pressure (ICP), it’s role in the loss of 
cerebral blood flow (CBF) autoregulation and the 
circulatory isolation of injured brain tissue by 
perfusion through microvascular shunts (MVS) 
[5]. Our investigations into MVS were initiated 
by the study by Miller et al. in 1972 [1] reporting 
an unexplained decrease in the critical cerebral 
perfusion pressure (CPP) threshold of CBF auto-
regulation from 50 to 30 mmHg when CPP was 
decreased by increasing ICP instead of decreas-
ing arterial pressure as conventionally done in 
studies [2, 3]. We hypothesized that the decrease 
in critical CPP when ICP rather than mean arte-
rial pressure (MAP) was used to decrease CPP, 
was due to MVS flow resulting in a falsely ele-
vated CBF and apparently maintained CBF at a 
lower critical CPP of 30 mmHg. We then showed 
brain MVS in our studies using two photon laser 
scanning microscopy (2PLSM) [4, 5].E. M. Nemoto (*) · D. Bragin 
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2  Evidence on Microvascular 
Shunts

Shunt Flow in Traumatic Brain Injury A dra-
matic example of non-nutritive shunt flow after 
traumatic brain injury was observed in a 7-year- 
old female who suffered severe left hemispheric 
infarction and at 7 days after injury was placed 
under barbiturate coma for treatment of intracra-
nial hypertension (Fig.  1). CBF measured by 
stable xenon-CT showed that the infarcted left 
hemisphere was extremely hyperemic whereas 
the right hemisphere was hypoperfused due to 
barbiturate suppression of metabolism and 
depressed CBF. This remarkable demonstration 
of MVS triggered our search to prove the occur-
rence of brain MVS.

MVS in Human Cerebrum Histological sec-
tions of human cerebrum suggest bridges of ves-
sels without intervening capillary beds in the 
microvasculature [6]. These MVS 10–25  μm 
diameter are larger than capillaries which were 
measured at about 3–8 μm in outer diameter and 
arterio-venous and veno-venous anastomoses in 
the range of 25 μm.

Cerebral Capillary Flow 
Autoregulation Hudetz et  al. [7] reported two 
populations of microvessel flow velocities; one 
above and one below one mm/sec. High flow 
velocity microvessels showed no autoregulation 
whereas low flow velocity vessels showed con-
stant flow velocity until the lower limit of auto-
regulation was reached.

Microvascular Shunts with Increased 
ICP Our first definitive evidence of MVS in the 
healthy rat brain was by increasing ICP with a 
reservoir of mock CSF with a catheter into the 
cisterna magna using two photon laser scanning 
microscopy (2PLSM) [4, 5]. Increased ICP 
showed increased flow velocity in vessel diame-
ters >10 μm which was not observed when CPP 
was decreased by decreasing mean arterial pres-
sure (MAP) (Fig. 2).

Consistent with the effect of MVS as non- 
nutritive and without clearance of metabolic 
waste products or gas exchange, tissue hypoxia 
develops as indicated by the increase in NADH, 
i.e. a reflection of tissue hypoxia or low oxygen, 
with increasing ICP which was partially miti-
gated by increasing CPP. The effect of increasing 
ICP which also increased brain edema (water 

Fig. 1 CT scan (top) and stable xenon CBF maps (bot-
tom) a 7 year old female 7 days after severe brain trauma 
under barbiturate coma for high ICP. The left hemisphere 
is completely infarcted and the right hemisphere normal. 

CBF in the normal hemisphere is depressed by barbiturate 
indicating flow-metabolism coupling. The left hemisphere 
shows marked hyperemia and “nonnutritive flow” loss off 
CBF autoregulation

E. M. Nemoto and D. Bragin
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Fig. 2 (a) normal CPP (70 mmHg) and by (b) decreased CPP to 30 mmHg by increasing ICP. (c) Decreased MAP to 
reduce the CPP to 30 mmHg [5]. (Reproduced with the permission of the Editor of J Neurotrauma [4])

content) was partly mitigated by increasing CPP. 
Increasing ICP caused a progressive decrease in 
CAP/MVS ratio and shunting with increasing 
hypoxia and Doppler flux.

3  Low Blood Flow and Shear 
Rate on Endothelial Function

There are multiple shear stress related controls 
for blood vessels in the circulation in large arter-
ies, small arteries to arterioles, capillaries, 
venules and veins [8]. For each of these vessels of 
different calibers, there are processes related to: 
blood vessel growth, angiogenesis, re thromboly-
sis and inflammatory processes such as sepsis all 
controlled by shear stresses in the blood ves-
sels [9, 11].

The shear rate on the endothelium of capillar-
ies is highest as it is inversely proportional to the 
third power of the vessel diameter [8, 11]. 
Endothelial shear rate plays an important role in 
endothelial function through the glycocalyx, a 
carbohydrate-rich layer 0.2–0.5 μm thick gel-like 
layer lining the luminal membrane of the endo-
thelium (8, 10, 12). It connects to the endothe-
lium by core molecules containing proteoglycans 
and glycoproteins [12] triggered by the shear rate 
and torque applied to endothelial cells (Fig. 3). It 
consists of proteoglycans 50–90% of which is 
heparin sulfate and glycoproteins anchored to the 
endothelium by glycosaminoglycans. It main-

tains the colloid osmotic gradient of the vascular 
barrier; regulates vascular exchange of water and 
solutes and leucocyte adhesion; provides binding 
sites for several molecules antithrombin III, lipo-
protein lipase vascular endothelial growth factor; 
and acts as a shear stress sensor and regulator 
[12]. The glycocalyx controls capillary endothe-
lial function as the interface between the tissue 
and the circulation.

4  Low Blood Flow and MVS 
in the Final Common 
Pathway in Cerebrovascular 
Disease

The role of low blood flow in cerebrovascular 
disease is increasingly recognized in the patho-
genesis of all cerebrovascular diseases including 
vascular dementia, Alzheimer’s Disease [13]. 
MVS occur primarily in the deep cortical white 
matter and in the periventricular white matter 
where white matter hyperintensities (WMH) are 
most frequently observed. The role of MVS in 
the pathophysiology of cerebrovascular disease 
may be a means of isolating injured tissue from 
further perfusion shunting blood around dead and 
edematous tissue inducing further edema in 
injured tissue. MVS do not conduct nutrient nor 
gas exchange with tissue which would reduce 
further brain edema development in injured 
tissue.
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Fig. 3 Schematic representation of the endothelial glyco-
calyx, showing its main components. Left: The endothe-
lial glycocalyx observed in  vivo as a red blood cell 
exclusion zone, located on the luminal side of the vascular 

endothelium. It consists of membrane bound and soluble 
molecules. Right: Components of the endothelial glycoca-
lyx [10]. (Reproduced Springer Verlag)
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A Case of Intracranial Vertebral 
Artery Stenosis Treated 
with Percutaneous Transluminal 
Angioplasty and Stenting Guided 
by Brain Oximetry

Yu Okuma, Nobuyuki Hirotsune, Umair Ahmed, 
Santiago J. Miyara, Shigeru Daido, 
and Yukihide Kagawa

Abstract

Surgical treatment should be considered for 
patients with severe vertebrobasilar artery 
(VBA) stenosis or progressive symptoms, but 
there is currently no clear treatment algorithm. 
We report a case of symptomatic intracranial 
vertebral artery stenosis with repeated cere-
bral infarction treated by percutaneous trans-
luminal angioplasty (PTA) and stenting and 
monitoring of oxygen saturation by a brain 

oximeter. The patient was a 76-year-old man 
referred to our hospital due to infarction in the 
right cerebellum. Angiography showed 60% 
stenosis in the right vertebral artery and 90% 
stenosis in the left vertebral artery with pro-
gressive stenosis in the left. The patient was 
treated with intravenous and oral triple anti-
platelet therapy but had dizziness again with 
new cerebral infarctions in the left cerebellum 
and right pontine. We shaved the patient’s hair 
up to the superior nuchal line and placed left 
and right oximeter probes on each cerebellar 
hemisphere (2  cm lateral and 2  cm caudal 
from the external occipital protuberance). 
Under evaluation of blood flow in the poste-
rior circulation with INVOS Cerebral/Somatic 
Oximeter, PTA and stent placement were per-
formed for left vertebral artery stenosis. 
Postoperatively, the dizziness disappeared, 
and the patient was discharged on his own 
with good outcome. He has not had a recurrent 
stroke in over 6 years. Although medical treat-
ment is generally considered the first choice 
for VBA stenosis, recurrent cerebral infarction 
occurs at a high rate in symptomatic lesions, 
and the prognosis is poor. In addition, the peri-
operative complication rate is not low, and 
there is no established method for evaluating 
perfusion of posterior circulation. The brain 
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oximeter is already known to be useful in 
carotid artery (CA) revascularisation. In this 
report, we were able to perform a minimally 
invasive evaluation of blood flow in the poste-
rior circulation using the brain oximeter which 
might be useful for surgical revascularisation 
not only in CA but also in VBA.

Keywords

Cerebral infarction · Surgical treatment · 
Cerebral hyperperfusion syndrome · Regional 
cerebral oxygen saturation

1  Introduction

In the treatment of vertebrobasilar artery (VBA) 
stenosis, a high perioperative complication rate 
is reported for surgical revascularisation, and 
drug treatment has often been chosen according 
to guidelines. However, the recurrence rate of 
cerebral infarction is high in patients with symp-
tomatic VBA stenotic lesions even with ade-
quate medical therapy [1]. Balloon angioplasty 
and stenting have been reported to be effective, 
but the results have not been enough to revise 
the guidelines yet [2, 3]. In recent years, our 
institute reported that using brain oximeter 
monitoring might make the carotid artery (CA) 
revascularisation safer [4]. In this article, we 
report the result of a case of intracranial verte-
bral artery stenosis treated with percutaneous 
transluminal angioplasty and stenting with a 
brain oximeter.

2  Methods

2.1  Case Presentation

The patient was a 76-year-old man. Dizziness 
and dysarthria suddenly appeared without any 
trigger and the patient was transferred to our hos-
pital due to infarction in the right cerebellum 
from a community hospital. Angiography showed 
60% stenosis in the right vertebral artery and 
90% stenosis in the left vertebral artery with pro-

gressive stenosis in the left. He was treated with 
intravenous antiplatelet therapy by 160  mg/day 
of ozagrel sodium and oral dual antiplatelet ther-
apy by 100  mg/day of aspirin and 75  mg/day 
clopidogrel. The patient was also treated with 
rosuvastatin, ethyl icosapentate and edaravone, 
which was a free radical scavenger. But 12 days 
after treatment started, the patient experienced 
dizziness again and magnetic resonance imaging 
(MRI) showed new cerebral infarctions in the left 
cerebellum and right pontine (Fig. 1). The poste-
rior traffic arteries were hypoplastic bilaterally, 
and collateral blood flow to the vertebrobasilar 
artery region was poor. Antiplatelet therapy was 
added with cilostazol 200  mg/day, but this 
repeated infarctional mechanism was considered 
due to atherosclerotic progressive occlusion of 
the left vertebral artery which was intractable to 
drugs. Surgical treatment was unavoidable to pre-
vent progressive infarctions of the posterior cir-
culation. In order to make it as safe as possible, 
we planned to monitor the blood flow in the pos-
terior circulation with INVOS Cerebral/Somatic 
Oximeter.

2.2  Surgical Treatment Using 
the Brain Oximeter

We shaved the patient’s hair up to the superior 
nuchal line the day before surgery. We placed the 
left and right probe, on 2  cm lateral and 2  cm 
caudal from the external occipital protuberance 
and checked whether it could monitor both cer-
ebellar hemispheres (Fig. 1). Under local anaes-
thesia, a 6-F guiding catheter was placed from 
the right femoral artery to the left vertebral artery 
(VA) enough not to wedge the left VA. A 0.014-
inch microwire was inserted distally to the nar-
rowest section of VA and up to the union of 
basilar artery followed by a micro balloon 
2.5  ×  20  mm for percutaneous transluminal 
angioplasty (PTA) delivered to the narrowest 
section. During the PTA balloon inflation, the 
regional cerebral oxygen saturation (rSO2) by 
the left probe decreased down to an undetectable 
low value, and the patient had dizziness symp-
toms. Immediately after PTA, good dilatation of 
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Fig. 1 Magnetic resonance imaging of first onset (A) 
showing an infarction in the right cerebellum. Three- 
dimensional digital subtraction angiography of first 
onset (B) showing 60% stenosis in the right vertebral 
artery and 90% stenosis in the left vertebral artery. 

Magnetic resonance imaging 12  days after treatment 
started (C) showing new cerebral infarctions in the left 
cerebellum and right pontine. Shaving the patient’s hair 
up to the superior nuchal line (D) and placing the left and 
right probe (E)

the stenosis was observed and the blood flow 
delay disappeared, but the trend of recoiling was 
observed at 5 min after PTA. The 2.5 × 12 mm 
bare metal stent was placed, and post-stent 
dilated with an attached micro balloon. At the 
same time as the post-stent balloon was inflated, 
the rSO2 by the left probe decreased down to an 
undetectable low value again and the patient had 
similar dizziness symptoms but both rSO2 and 
symptoms recovered immediately after the bal-
loon was deflated. The stenosis was successfully 
dilated, and the blood flow delay disappeared 
absolutely (Fig. 2).

3  Result

No new neurological symptoms appeared after 
surgery, and the patient’s dizziness disappeared 
postoperatively. After confirming rSO2 was sta-
ble overnight, INVOS Cerebral/Somatic 
Oximeter monitoring was finished before the 
MRI examination. Head MRI on postoperative 
day 1 showed that there was no new infarction, 
fortunately. The patient’s antiplatelet therapy was 
reduced and maintained with aspirin 100 mg/day 
and cilostazol 200 mg/day. He was discharged on 
his own with a good outcome. Follow-up MRI 
showed that the patient had no recurrent stroke 
and following computed tomography angiogra-
phy showed the well-dilated stenting was main-
tained in over 6 years (Fig. 2).

4  Discussion

Intracranial artery stenosis including BBA steno-
sis is one of the most common mechanisms of 
cerebral infarction and is more common in 
Asians. Symptomatic intracranial artery stenosis 
is associated with a high probability of cerebral 
infarction in the same region that is intractable to 
drugs. The Warfarin-Aspirin Symptomatic 
Intracranial Disease (WASID) study reported a 
recurrence of cerebral infarction of 23% over 
1 year in lesions with greater than 70% intracra-
nial artery stenosis [2]. Since the limitations of 
drugs for intracranial artery stenosis were indi-
cated, various clinical trials were conducted to 
evaluate the efficacy of surgical treatments 
including angioplasty and/or stenting. However, 
the Stenting and Aggressive Medical Management 
for Preventing Recurrent Stroke in Intracranial 
Stenosis (SAMMPRIS) [3] and Vitesse 
Intracranial Stent Study for Ischemic Stroke 
Therapy (VISSIT) trials [5] suggested that drug 
treatment was the better option for symptomatic 
stenosis. The results of the SAMMPRIS and 
VISSIT trials determined the Japanese guideline 
that drug treatment is the first choice for symp-
tomatic stenosis. So we focused on drug treat-
ment in this case initially.

If the patient is intractable to drugs, our insti-
tute first examines whether there is insufficient 
haemodynamic status. In this case, we did not 
find sufficient collateral circulation, so we con-
sidered surgical treatment. Surgical treatment 
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Fig. 2 Anteroposterior view of digital subtraction 
angiography (DSA) and the regional cerebral oxygen 
saturation before surgery(A), at percutaneous translu-
minal angioplasty (PTA) balloon inflated (B), immedi-
ately after PTA (C), at 5  min after PTA (D), after 
bare-metal stent placed (E). Postoperative magnetic 

resonance imaging (MRI) (F) showing no additional 
infarction. MRI (G) and computed tomography angiog-
raphy (H) 6  years after surgery showing no recurrent 
stroke and well-dilated stenting continuously. POD1 
postoperative day 1, Con contralateral side, Ips 
Ipsilateral side

includes direct bypass surgery and endovascular 
surgery. Recently, some reports including the 
China Angioplasty and Stenting for Symptomatic 
Intra-cranial Severe Stenosis (CASSISS) trial 
showed the acceptable results of endovascular 
surgery [6], so we performed angioplasty and 
stenting.

Recently, in order to have the new surgical 
option preventing immediate cerebral hyper-
perfusion syndrome, we devised the outlet gate 
technique for CA revascularisation, in which 
the embolic balloon was deflated step by step 
in accordance with the ratio of ipsilateral rSO2 
to contralateral rSO2, measured by a brain 
oximeter [2]. We applied this concept to the 
BBA revascularisation. Referring to the neuro-
navigational simulation by MRI and CT, and 
the midline suboccipital approach for cerebel-
lar regional neurosurgery [7], we determined 
the cutline of hair and placement of the probe.

MRI, CT perfusion, and single-photon emis-
sion computed tomography are considered as 

gold standard diagnostic tests to assess the hae-
modynamic status, but these tests are not able to 
perform dynamically during surgery [2, 8]. 
Transcranial doppler is well known as a useful 
screening method in patients with insufficient 
haemodynamic status but is easily affected by 
motion artefacts and moreover requires expert 
skill [9, 10].

This report had several limitations. First, the 
criteria for using the evaluation of regional cere-
bral oxygen saturation remain unclear. Further 
study is necessary to establish appropriate crite-
ria for using BBA stenosis. Second, there was not 
a healthy control group. Third, INVOS Cerebral/
Somatic Oximeter is versatile but intrinsically 
not good at showing rSO2 values, especially 
below 15%, and the principle of analysis is not 
disclosed (Table 1) [11]. Further cases are needed 
to confirm the efficiency of the brain oximeter for 
BBA stenosis, to verify its potential for prevent-
ing perioperative complications, and to overcome 
these limitations.
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Table 1 List of near-infrared spectroscopy available in Japan

Product name INVOS NIRO
O3 regional 
oximetry

TOS/HAND 
ai TOS ForeSight SenSmart

Principles of 
analysis

Not 
disclosed

Spatially
Resolved
Spectroscopy

Modified 
Beer–Lambert

Modified 
Beer–
Lambert

Modified 
Beer–
Lambert

Modified 
Beer–Lambert

Wavelength 
(nm)

730, 810 735, 810, 850 Not disclosed 770, 805, 
870

690, 730, 
770, 810, 
870

730, 760, 810, 
880

Applicable 
scope

Adults 
and 
infants

Adults and infants Body 
weight ≥ 40 kg

Adults and 
infants

Adults 
and 
infants

Body 
weight ≥ 40 kg

Unique 
characteristics

Able to detect 
Oxy-Hb, and 
Deoxy-Hb 
concentrations 
approximatively

Able to 
integrate 
seamlessly 
(EEG etc.)

Able to 
withstand 
sunlight 
and a long 
period

Able to measure 
the 
transcutaneous 
oxygen 
saturation

Oxy-Hb oxyhemoglobin, Deoxy-Hb deoxyhemoglobin

5  Conclusion

Using the brain oximeter, which performs a min-
imally invasive evaluation of regional cerebral 
oxygen saturation, might be useful for surgical 
revascularisation not only in CA but also in 
BBA.
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Assessment of Optimal Arterial 
Pressure with Near-Infrared 
Spectroscopy in Traumatic Brain 
Injury Patients

Andrey Oshorov, I. Savin, E. Alexandrova, 
and D. Bragin

Abstract

In patients with severe traumatic brain injury 
(TBI), simultaneous measurement of intracra-
nial and arterial blood pressure (ICP and ABP, 
respectively) allows monitoring of cerebral 
perfusion pressure (CPP) and the assessment 
of cerebral autoregulation (CA). CPP, a differ-
ence between ICP and ABP, is the pressure 
gradient that drives oxygen delivery to cere-
bral tissue. CA is the ability of cerebral vascu-
lature to maintain stable blood flow despite 
changes in CPP and thus, is an important 
homeostatic mechanism. Pressure reactivity 
index (PRx), a moving Pearson’s correlation 
between slow waves in ICP and ABP, has been 
most frequently cited in literature over the past 
two decades as a tool for CA evaluation. 
However, in some clinical situations, ICP 
monitoring may be unavailable or contraindi-
cated. In such cases, simultaneous mean arte-
rial pressure (MAP) monitoring and 
near-infrared spectroscopy (NIRS) can be 

used for CA assessment by cerebral oximetry 
index (COx), allowing calculation of the opti-
mal blood pressure (MAPOPT). The purpose 
of this study was to compare regional oxygen 
saturation (rSO2)-based CA (COx) with ICP/
ABP-based CA (PRx) in TBI patients and to 
compare MAPOPT derived from both tech-
nologies. Three TBI patients were monitored 
at the bedside to measure CA using both PRx 
and COx. Patients were monitored daily for up 
to 3 days from TBI. Averaged PRx and COx-, 
and PRx and COx-based MAPOPT were com-
pared using Pearson’s correlation. Bias analy-
sis was performed between these same CA 
metrics. Correlation between averaged values 
of COx and PRx was R  =  0.35, p  =  0.15. 
Correlation between optimal MAP calculated 
for COx and PRx was R  =  0.49, p  <  0.038. 
Bland–Altman analysis showed moderate 
agreement with a bias of 0.16 ± 0.23 for COx 
versus PRx and good agreement with a bias of 
0.39 ± 7.89 for optimal MAP determined by 
COx versus PRx. Non-invasive measurement 
of CA by NIRS (COx) is not correlated with 
invasive ICP/ABP-based CA (PRx). However, 
the determination of MAPOPT using COx is 
correlated with MAPOPT derived from PRx. 
Obtained results demonstrate that COx is not 
an acceptable substitute for PRx in TBI 
patients. However, in some TBI cases, NIRS 
may be useful in determining MAP 
determination.
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1  Introduction

In patients with severe traumatic brain injury 
(TBI), simultaneous measurement of intracranial 
and arterial blood pressure (ICP and ABP, respec-
tively) allows monitoring cerebral perfusion 
pressure (CPP) and the assessment of cerebral 
autoregulation (CA) [1]. CPP, a difference 
between ICP and ABP, is the net pressure gradi-
ent that drives oxygen delivery to cerebral tissue 
[2]. Cerebral autoregulation (CA) is a crucial 
mechanism for maintaining stable cerebral blood 
flow (CBF) [3]. Compromised cerebral autoregu-
lation is the main reason for hypo- or hyper- per-
fusion and a key element of secondary brain 
damage in patients with traumatic brain injury 
(TBI) [1–3]. Currently, clinicians have access to 
various methods for assessing the status of auto-
regulation [4]. The current consensus (expert 
opinion) is that none of the existing techniques 
can be considered a standard for autoregulation 
assessment [5]. Nevertheless, the most 
 straightforward and accessible method of surro-
gate evaluation of cerebral autoregulation in 
patients with acute cerebral injury remains the 
pressure reactivity index (PRx) [5, 6]. PRx is cal-
culated as a moving correlation coefficient 
between intracranial pressure (ICP) and arterial 
blood pressure (ABP) signals [7]. However, in 
some clinical situations, ICP monitoring may be 
unavailable or contraindicated. In such cases, 
simultaneous ABP monitoring and near-infrared 
spectroscopy (NIRS) can be used for CA assess-
ment by cerebral oximetry index (COx), allowing 
calculation of the optimal blood pressure 
(MAPOPT) [8, 9]. The purpose of this study was 
to compare the regional oxygen saturation 
(rSO2)-based CA (COx) with ICP/ABP-based 
CA (PRx) in TBI patients and to compare the 
MAPOPT derived from both technologies.

2  Methods

In this work, we present retrospective data of 
multimodal neuromonitoring of 3 patients with 
severe TBI (Tables 1 and 2). The study con-
formed to the Declaration of Helsinki standards 
and was approved by the Burdenko Institute 
Ethics Committee. At the time of hospitalisation, 
two out of three patients were in a coma, Glasgow 
Coma Scale (GCS) 7, one patient was confused 
(GCS 12), but then worsened to coma. All 
patients required mechanical ventilation and had 
direct arterial blood pressure (ABP) monitoring 
using a catheter in the radial artery. All patients 
were treated according to international guidelines 
[10]. Codman ICP probes (Codman & Shurtleff 
Inc., Raynham, MA) were installed at the Kocher 
point to a depth of 2 cm and connected to ‘ICP 
Express Codman’ and bedside ‘Philips IntelliVue 
MP60’ (Philips Medical Systems, Best, The 
Netherlands) monitors.

The patients were connected to ‘NIRS INVOS 
5100 (Covidien, Boulder, CO)’ using self- 
adhesive sensors attached to each side of the fore-
head. COx coefficient was carried out in a time 
window of 6 h, with a successive repetition of 6 
times (Table  3). After excluding artifacts, we 
compared six 6-h epochs (36 h in total) of ABP, 
ICP, rSO2 simultaneous recordings for each 
patient. All raw and calculated signals were anal-
ysed using ICM+ software (Cambridge, UK) 
[11]. The COx was calculated as a moving cor-
relation between the slow waves of rSO2 and 
MAP [8]. The PRx was calculated as a coefficient 
between slow waves of ICP and MAP [7]. The 
COx and PRx measurements from the monitor-
ing onset were binned into 5-mmHg increments 
of MAP for analysis. Optimal MAP for each 

Table 1 Clinical characteristics of the patients

Pts no. Age(years) Sex CT Marshall GCS GOS
1 16 M DI II 7 4
2 27 M DI I 7 5
3 28 M DI II 12a 1

CT Marshall classification of TBI pts. based on computer-
ised tomography, DI diffuse injury
aPatient № 3 was GCS 12 at the time of hospitalisation, 
but later deteriorated to GCS 6
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Table 2 Physiologic variables (mean ± SD) for all periods of monitoring

Pts no. MAP(mmHg) ICP(mmHg) COx-R COx-L PRx
1 92 ± 8 14 + 3 0.02 + 0.32 0.04 + 0.32 −0.32 + 0.33
2 89 ± 7 9.8 + 3 0.08 + 0.25 0.09 + 0.25 0.11 + 0.29
3 86 ± 8 9.5 + 5 0.02 + 0.24 0.03 + 0.28 0.27 + 0.35

MAP mean arterial pressure, ICP mean intracranial pressure, COx-R, and COx-L cerebral oximetry index on the right 
and left side, PRx pressure reactivity index

Table 3 Data from six sequential 6-h periods of monitoring

Pts no. 6 h-period COx PRx MAPopt_COx MAPopt_PR
1 1 −0.19 −0.52 94 102

2 −0.03 −0.55 107 100

3 −0.07 −0.6 91 90

4 −0.07 −0.57 103 97

5 0.07 −0.32 98 77

6 0.05 −0.28 92 86

2 1 0.07 0.03 84 91
2 0.02 0.01 88 90
3 0.14 0.06 99 86
4 0.05 −0.07 82 86

5 0.1 0.01 82 85
6 0.08 0.09 87 88

3 1 −0.12 0.02 102 102

2 −0.38 −0.24 90 98

3 −0.07 −0.23 89 89

4 −0.05 −0.24 71 83

5 −0.12 −0.13 90 93

6 −0.09 0.12 92 91

Cox averaged cerebral oximetry index, PRx averaged pressure reactivity index, MAPopt_COx and MAPopt_PRx optimal 
blood pressure estimated by COx and PRx

patient was defined as the MAP with the best 
autoregulation [7, 8]. Statistical analyses were 
performed using Statistica10.0 (StatSoft, USA). 
The Blunt-Altman method was used to compare 
PRx and COx. Correlations between COx and 
PRx values were determined using Pearson’s cor-
relation coefficient. All data are presented as 
mean ± standard deviation.

3  Results

All patients were male, 23.6 +/− 6.6  years old 
(Table 1). According to the Marshall CT classifi-
cation, two patients had diffuse brain injury DI II, 

and one patient1 had DI I [18]. Data for all peri-
ods of monitoring are presented in Table 2. MAP 
was 89 +/− 7.6  mmHg, ICP was 12 +/− 
7.7 mmHg, CPP was 78 +/− 8.9 mmHg, rSO2-R 
was 74+/− 4.3%, rSO-L was 68.3 +/− 3.8%. 
Correlation between the averaged values of COx 
and PRx was not significant R = 0.35, p = 0.15 
(Fig. 1a). Correlation between optimal MAP cal-
culated for COx and PRx was R = 0.49, p < 0.038 
(Fig. 1c). Bland–Altman analysis showed moder-
ate agreement with a bias of 0.16 ± 0.23 for COx 
versus PRx (Fig.  1b). There was a good agree-
ment with a bias of 0.39 ± 7.89 for optimal MAP 
determined by COx versus optimal MAP deter-
mined by PRx (Fig. 1d).
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Fig. 1 (a, b) – correlation and Bland-Altman plot COx and PRx; (c, d) – correlation and Bland-Altman plot MAPopt_
PRx and MAPopt_ORx

4  Discussion

In the presented clinical observations, we com-
pared invasive (PRx) and non-invasive (Cox) 
methods for autoregulation evaluation. We spe-
cifically selected similar patients with severe TBI 
and diffuse brain injury (DI I and DI II) [12] with 
unclear or questionable indications of ICP moni-
toring [13]. Nevertheless, in the absence of indi-
cations for invasive ICP monitoring, blood 
pressure control remains an essential option in 
the management of such patients; thus, the pres-
ence of target optimal blood pressure is probably 
beneficial. A number of studies have shown that 
high deviation from optimal blood pressure is 
associated with worse outcomes in patients with 
traumatic brain injury [14, 15]. At the same time, 
in patients after cardiac arrest, maintaining perfu-
sion close to optimal blood pressure improved 

brain oxygenation [16]. We await the final results 
of the COGiTATE Study [17] and hope that the 
protocol for optimising ABP/CPP will take an 
important place in the management of patients 
with acute brain damage. We hope that wavelet 
analysis and controlled generation of slow waves 
will improve the quality of autoregulation moni-
toring by reducing signal noise and expanding 
the possibilities of non-invasive assessment of 
autoregulation [18, 19].

5  Conclusions

The obtained results demonstrate that NIRS- 
derived COx is not an acceptable substitute for 
ICP/ABP-derived PRx monitoring in TBI 
patients. However, in some TBI cases, NIRS may 
be useful for optimal MAP determination.
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Effects of Exercise-Diet Therapy 
on Cognitive Function in Healthy 
Elderly People Evaluated by Deep 
Learning Based on Basic Blood 
Test Data

K. Sakatani, K. Oyama, L. Hu, S. Warisawa, 
and T. Yamashita

Abstract

Background: Recent studies reported that vas-
cular cognitive impairment in the elderly 
caused by arteriosclerosis plays an important 
role in cognitive disorders in both vascular 
dementia and Alzheimer’s disease. In addi-
tion, systemic metabolic disorders such as 
oxygen metabolism dysfunction could be risk 
of dementia. Based on these findings, we have 
developed a deep neural network-based 
screening test (DNN-based test) of cognitive 
function using basic blood test data, which 
allowed prediction of cognitive function 
expressed by Mini Mental State Examination 
(MMSE) scores. Aim: Here, we investigated 
whether the DNN-based test could be appli-
cable to assessment of the effects of exercise- 
diet on cognitive function. Methods: We 
studied the following two groups: (1) seven 
subjects of the local fitness gym 

(68.6 ± 3.2 years old). We evaluated cognitive 
function by the DNN-based test using blood 
data before and after the intervention (for 
3 months). These results were compared with 
the measured MMSE score. (2) we studied a 
total of 230 subjects (67.9  ±  7.4  years old) 
who were members of the Tsuminory health 
class (Apple classroom). We assessed cogni-
tive function by the DNN-based test before 
and after the intervention (for 2 months). We 
compared the predicted MMSE scores by the 
DNN-based test before and after the 2-month 
intervention. Results: In the first group, the 
MMSE score predicted by the DNN-based test 
increased from 27.1 ± 0.8 to 27.6 ± 0.7 after 
the intervention period (p = 0.024). The mea-
sured MMSE score also increased after exer-
cise, but not significant (P  =  0.28). In the 
second group, the exercise-diet therapy 
increased the predicted MMSE scores in 189 
cases (p < 0.001). In contrast, the therapy sig-
nificantly reduced the mean MMSE score 
(p  <  0.001). Discussion: The MMSE score 
predicted by the DNN-based test were 
increased by exercise-diet therapy in most 
subjects. The DNN-based test may be useful 
to monitor the effect of exercise-diet therapy 
on cognitive function aged people.
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1  Introduction

As the world’s population ages rapidly, dementia 
is becoming a major global health problem. Early 
detection of mild cognitive impairment (MCI) is 
important for the effective treatment and preven-
tion of dementia. Therefore, screening tests for 
cognitive function are critical. Currently, the 
Mini Mental State Examination (MMSE) are 
commonly used to screen for cognitive impair-
ment [1]. However, it is impractical to screen a 
large number of subjects over a short time period, 
given that it is subjective in nature and conducted 
on a one-to-one basis between the inspector and 
subject.

To resolve this problem, based on the findings 
that systemic metabolic disorders, including 
lifestyle- related diseases and anemia, affect cog-
nitive function [2, 3], we have developed a deep 
neural network (DNN) model that can estimate 
cognitive function using basic blood test data that 
do not contain dementia-specific biomarkers; the 
estimated cognitive function was expressed by 
the MMSE score [4].

In the present study, we evaluated the use-
fulness of the DNN-based model in monitor-
ing the effect of exercise-diet therapy on 
cognitive function in the elderly; exercise-
diet therapy has been reported to be effective 
in improving cognitive function and prevent-
ing dementia onset [5]. We estimated cogni-
tive function by the DNN model using data 
from blood tests performed before and after 
the exercise-diet therapy. In a pilot study, we 
compared the effect of the exercise-diet ther-
apy on the MMSE score estimated by the 
DNN model and the MMSE score actually 
measured.

2  Methods

2.1  Subjects and Study Protocol

We studied the following two groups: (i) members 
of the local fitness gym (Fukushima, Japan); seven 
subjects (two males and five females, average age 
68.6  ±  3.2  years old). Exercise was freely per-
formed by each person using exercise equipment in 
the fitness gym. Approximately 1 h of exercise was 
performed 2–3 times a week. The blood sampling 
and MMSE were performed before and after the 
intervention period (for 3 months). (ii) members of 
the Tsuminory health education class “Apple class” 
(Kagoshima, Japan); 230 subjects (31 males and 
199 females, average age 67.9  ±  7.4  years old). 
Subjects were divided into four classes according 
to the MMSE score evaluated by the DNN-based 
test of cognitive function: Class A (28≦, ≦30, 
n = 183), B (24≦, ˂28, n = 44), C (20≦, ˂24, n = 2), 
D (˂20, n  =  1). We compared the MMSE scores 
assessed by the DNN-based test before and after 
the exercise- diet therapy performed in Apple class 
(2 months).

2.2  Blood Test

We performed a blood test in all the subjects, 
including a complete blood count and basic met-
abolic panel before and after the exercise-diet 
therapy. The blood test items are shown in 
Table 1.

2.3  Deep Learning-Based 
Assessment of Cognitive 
Function

We employed the DNN-based screening test that 
predicts cognitive impairment expressed by MMSE 
score based on basic blood test data and subject age 
[4]. Briefly, we used the H2O open source machine 
learning library to implement the DNN [6]. Input to 
the DNN in this study consists of 24 variables 
including the subject’s age and 23 blood test items 
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Table 1 Blood test items to be input into the DL-based 
test of cognitive function

Complete blood count
General biochemical 
examination

WBC count Total protein BUN
RBC count Albumin Creatinine
Hemoglobin A/G ratio Uric acid
Hematocrit AST (GOT) Glucose
MCV ALT (GPT) Na
MCH r-GTP K
MCHC Total cholesterol CI
Platelet count Triglyceride

MCV mean corpuscular volume, MCH mean corpuscular 
hemoglobin, MCHC mean corpuscular hemoglobin con-
centration, BUN blood urea nitrogen

Fig. 1 Comparison of 
measured and predicted 
MMSE scores before 
and after exercise-diet 
therapy. Grey bars 
indicate MMSE scores 
predicted by the 
DNN-based test of 
cognitive function while 
white bars indicate 
measured MMSE scores. 
The error bars indicate 
SD

(Table 1) in the input layer. The DNN has two hid-
den layers with 400 neurons each.

3  Results

In the first group, the MMSE score predicted by 
the DNN-based test increased from 27.1 ± 0.8 to 
27.6  ±  0.7 after the intervention period 
(p  =  0.024). The measured MMSE score also 
increased from 28.4 ± 2.2 to 29.0 ± 1.9 after the 
intervention period, but there was no significant 
difference (p = 0.28) (Fig. 1).

In the second group, the exercise-diet therapy 
increased the predicted MMSE scores in 189 
cases: the mean MMSE score increased from 
28.0  ±  1.7 to 28.4  ±  1.2 significantly after the 
exercise-diet therapy (p < 0.001). In 26 cases, the 
cognitive class was elevated after the therapy; 

Class B →  A (23 cases), C →  B (two cases), 
D → C (one case). In Class A (n = 163), mean 
MMSE scores increased from 28.4  ±  1.1 to 
28.6 ± 1.2 (p < 0.05). In contrast, the therapy sig-
nificantly reduced the mean MMSE score from 
27.7 ± 0.7 to 26.1 ± 0.8 in Class A (20 subjects) 
and B (one subject) (p < 0.001). In the remaining 
20 subjects, the predicted MMSE scored did not 
change significantly (p > 0.05) (Table 2).

4  Discussion

This is the first study to apply AI technology (i.e., 

deep learning) to interventions to prevent demen-
tia. In our previous studies, we developed the 
DNN-based test of cognitive function based on 
the relation between cognitive function and sys-
temic metabolic disorders including lifestyle dis-
eases and other metabolic disorders (Fig. 2). In 
contrast to the previous study that estimated cog-
nitive function from blood test data at a given 
point in time [4], this study estimated cognitive 
function from blood test data before and after the 
period of the exercise-diet therapy and evaluated 
the effect of the therapy.

What is important is that although it is diffi-
cult to treat neurodegeneration, it is possible to 
treat and prevent systemic metabolic diseases 
such as lifestyle-related diseases and prevent the 
onset of dementia. For example, the exercise-diet 
therapy is well known to be effective for cogni-
tive impairment [5].

Effects of Exercise-Diet Therapy on Cognitive Function in Healthy Elderly People Evaluated by Deep…
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Table 2 Change of MMSE scores after exercise-diet therapy in Apple class

Changes of MMSE scores Before After p value
Increases
(n = 189)

With increases of Class (n = 26) 25.4 ± 2.6 27.4 ± 1.3 p < 0.001
Class A (n = 163) 28.4 ± 1.1 28.6 ± 1.2 p < 0.05

Decreases (n = 21) 27.7 ± 0.7 26.1 ± 0.8 p < 0.001
No change (n = 20) 26.0 ± 0.8 25.7 ± 0.8 p > 0.05

Fig. 2 Relations 
between cognitive 
dysfunction and 
systemic metabolic 
disorders. Mechanisms 
of cognitive dysfunction 
in the elderly with 
systemic metabolic 
disorders and 
arteriosclerosis induced 
by lifestyle diseases. 
The systemic disorders 
can be prevented and 
treated, which leads to 
the prevention and 
improvement of 
cognitive impairment in 
elderly people

In the first group, although the number of sub-
jects was small (n = 7), a statistically significant 
increase was observed in predicted MMSE scores 
after a 3-month exercise-diet therapy (p = 0.024). 
The average value of measured MMSE scores 
increased after the therapy, however, there was no 
statistical significance. In the second group, the 
DNN-based test showed significant increases of 
predicted MMSE scores in 163 subjects. In addi-
tion, the cognitive class was elevated in 46 sub-
jects. The DNN-based test predicts cognitive 
function based on general blood test data which 
reflect systemic metabolic function. Therefore, 
the present results suggest that the mechanism of 
the effect of exercise-diet therapy on cognitive 
function involves the systemic metabolic changes 
induced by the exercise-diet therapy.

Finally, we discuss the advantages and limi-
tations of the DNN-based test of cognitive 
impairment. First, the DNN-based test, unlike 
the MMSE, is an objective assessment of cogni-
tive function. This is an inexpensive and non-
invasive test because it uses blood test data 
rather than dementia-specific biomarkers such 

as amyloid beta. In addition, this test may con-
tribute to personalised care for the prevention of 
dementia, because the blood test data reflect 
systemic metabolic abnormalities which could 
affect cognitive function. Such abnormalities 
include anemia [3], malnutrition [7], renal func-
tion impairment [8] and liver dysfunction [9]. 
Importantly, these systemic disorders can be 
detected via basic blood tests of health examina-
tion. However, it should be noted that this test 
may overlook changes in cognitive function 
induced by direct brain stimulation such as 
computer games [10], since it does not measure 
the brain function directly. In addition, it should 
be noted that the number of women was 2.5–6 
times higher than that of men. The effects of the 
exercise-diet therapy in this study need to be 
carefully evaluated because there are differ-
ences in cognitive function and degree of cere-
bral atrophy between men and women [11]. 
Further research, including a prospective cohort 
study of large numbers of subjects, should be 
conducted to scientifically validate the DNN-
based test of cognitive function.
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In summary, this study suggests that DNN- 
based test of cognitive function may help objec-
tively assess the effect of exercise-diet therapy on 
cognitive function in the elderly. The combina-
tion of the DNN-based test and exercise-diet 
interventions may be useful to prevent the onset 
of dementia.
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NIRS Studies Show Reduced 
Interhemispheric Functional 
Connectivity in Individuals 
with Multiple Sclerosis That 
Exhibit Cortical Hypoxia

Ateyeh Soroush, Damilola D. Adingupu, 
Taelor Evans, Scott Jarvis, Lenora Brown, 
and Jeff F. Dunn

Abstract

Many with multiple sclerosis (MS) have low 
cortical microvascular oxygen levels 
(hypoxia), which have been previously pro-
posed to exacerbate inflammation in MS. We 
do not know if hypoxia impacts or relates to 
brain function. We hypothesise that within the 

MS population, those who have hypoxia may 
show reduced brain functional connectivity 
(FC). We recruited 20 MS participants and 
grouped them into normoxic and hypoxic 
groups (n = 10 in each group) using frequency- 
domain near-infrared spectroscopy (fdNIRS). 
Functional coherence of the haemodynamic 
signal, quantified with functional near- infrared 
spectroscopy (fNIRS) was used as a marker of 
brain function and was carried out during 
resting- state, finger-tapping, and while com-
pleting two neurocognitive tasks. Reduced FC 
was detected in the hypoxic MS group. fNIRS 
measures of haemodynamic coherence in MS 
could be a biomarker of functional impair-
ment and/or disease progression.

Keywords

Cortical microvascular tissue haemoglobin 
saturation · StO2 · fNIRS · Controlled oral 
word association test (COWAT) · Paced 
auditory serial addition test (PASAT)

1  Introduction

Multiple sclerosis (MS) is a chronic neurological 
disease characterised by inflammation and 
degeneration within the central nervous system 
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(CNS) [1]. According to the most extensive 
global study to date, there are 2.8 million people 
worldwide who have MS [2]. The demyelination 
and lesions associated with MS can affect how 
brain regions communicate with each other and 
the damage can alter the brain functional connec-
tivity (FC). However, controlling for factors that 
may affect inflammation, such as cortical micro-
vascular oxygen levels, in MS is extremely 
important for the assessment of FC.

Hypoxia, which is defined as low cortical 
microvascular oxygenation [3], has been associ-
ated with MS [4]. Previous studies have shown 
that lesion formation occurs most commonly in 
brain regions that have poor blood flow, or perfu-
sion, and are thus susceptible to hypoxia [5]. 
Frequency-domain near-infrared spectroscopy 
(fdNIRS), a type of non-invasive optical imaging, 
has previously shown that about 40% of the MS 
population have hypoxia [6]. Hypoxic individu-
als with MS are those with significantly lower 
cortical microvascular tissue haemoglobin satu-
ration (StO2), measured by fdNIRS, when com-
pared to a healthy control group. We have 
proposed that hypoxia in MS may contribute to 
inflammation [4] and reduced brain function.

We utilised functional near-infrared spectros-
copy (fNIRS) to obtain changes in oxygenated 
haemoglobin (ΔHbO) and used this measure to 
compute the continuous wavelet coherence to 
quantify FC as a marker of brain function. FC is 
the statistical association between time series of 
physiological signals from different parts of the 
brain. The concept of FC, using wavelet coher-
ence [7], is based on the assumption that brain 
regions exhibiting a similar temporal and fre-
quency evolution of activity, share information 
and are thereby connected in a functional manner 
[8].

Previous studies have assessed brain FC using 
functional magnetic resonance imaging (fMRI) 
and fNIRS, and reported reductions in brain net-
work connectivity in MS population during rest 
and non-rest activity states [9, 10]. However, very 
little is known about the effects of hypoxia on FC 
in MS.  We studied the FC in different brain 
regions during resting-state and non-rest tasks. 
We hypothesise that hypoxia in MS is associated 

with reduced brain functional communication, as 
measured by quantifying coherence of frequen-
cies of regional haemodynamic response.

2  Methods

2.1  Participants

We recruited 20 individuals with MS 
(51.6  ±  8.7  years). Based on the methodology 
used in a previous literature [6], we grouped the 
participants into hypoxic and normoxic groups 
(n = 10/group). The method used for grouping is 
explained in detail in Sect. 2.2. Ethics approval 
for the investigation was given by the University 
of Calgary Conjoint Health Research Ethics 
Board (REB19-1105).

2.2  Protocol and Devices

An fdNIRS device, OxiplexTS (model 96208, 
ISS Inc., Champaign, IL), was used to quantify 
the cortical microvascular StO2 and for grouping 
participants into hypoxic and normoxic. An 
fdNIRS probe, with 4 sources and 1 detector, was 
placed on each participant’s forehead (~1.5  cm 
above the eyebrows, ~1 min each side) to mea-
sure the StO2. We used a NIRScout fNIRS device 
(NIRX, California, US) with 16 sources and 16 
detectors, distributed over frontal and sensorimo-
tor areas. The distance between each pair of 
source and detector was between 28 and 30 mm. 
Participants underwent an 8-min resting-state in 
which they were sat in a chair, looking at a plus 
sign displayed on a monitor. A 4-min finger- 
tapping period (with frequency of 1 Hz, 10 s on, 
30 s off, 6 trials) was followed by two neurocog-
nitive tasks (i.e., the controlled oral word associa-
tion test (COWAT), and paced auditory serial 
addition test (PASAT)).

The COWAT [11] is a verbal fluency test 
wherein participants were asked to list as many 
words as they could that began with a specific let-
ter of the alphabet (i.e., F, A, and S) in three 
1-min trials. In the fourth trial, participants were 
asked to list as many animals as they could that 
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began with any letter of the alphabet. The PASAT 
[12] is a test designed to assess attention, concen-
tration, and auditory processing speed. In this 
test, a recorded series of 61 integer numbers 
(between 1 and 9) were played aloud at the rate of 
one number every 3  s. The participants were 
asked to add each spoken number to the number 
that was presented previously.

2.3  Data Processing

Processing was done using MATLAB (version 
2020b, MathWorks, Natick, MA, USA) and 
Homer3 packages. Raw fNIRS time series data 
were converted to optical density (OD) using the 
modified Beer-Lambert law. The OD was con-
verted to ΔHbO using the differential pathlength 
factor (DPF), which is an age-dependent value. A 
Savitzky-Golay filter with window length of 
11 ms and order of 5 was used for motion detec-
tion and correction. Individual channels with a 
signal-to-noise ratio (SNR) below 5 were dis-
carded. A bandpass filter (0.015–0.25  Hz) was 
utilised to remove cardiac and respiratory fre-
quencies. Channels were grouped into two main 
regions of frontal and sensorimotor cortices (left 
and right areas) with two pairs channels in each 
area. Square wavelet coherence was used as a 
measure of FC between hemispheres in each 
region. Results were split into two frequency 
windows to investigate the effect of frequency on 
results and control for the task frequency of acti-
vation: a low frequency window (LFW) = 0.015–
0.075  Hz and a high frequency window 
(HFW) = 0.075–0.25 Hz. The values were then 
averaged across time and frequency. Therefore, 
for each participant we had 16 values (during 4 
tasks, in 2 brain regions, and within 2 frequency 
windows).

2.4  Statistical Processing

Statistical analyses were done in Rstudio (ver-
sion 1.3.1056) (R Core Team, 2020). An 
independent- samples t-test was conducted to 
determine the effect of interhemispheric coher-

ence on groups. Data were statistically analysed 
separately within each frequency window, during 
each task and for each brain region.

3  Results

The StO2 values for controls are reported in an 
accompanying ISOTT paper [13]. In the MS 
group, those with StO2 values that were less than 
2 SDs below the control mean were classified as 
hypoxic (<=55.1%) and the rest were in the nor-
moxic group. There were 10 hypoxic individuals 
with MS in the 20 volunteers.

Figure 1 shows the reduction in FC in the 
hypoxic MS group compared with the normoxic 
MS group. It is shown that during finger-tapping, 
using LFW, there was a significant reduction in 
the hypoxic MS group in the coherence between 
left and right sensorimotor cortex (nor-
moxic  =  0.65  ±  0.11, mean  ±  SD; 
hypoxic = 0.52 ± 0.14, p = 0.048).

The FC obtained during the COWAT, using 
the HFW, was reduced between left and right 
sensorimotor areas in the hypoxic MS group 
(normoxic  =  0.61  ±  0.17, mean  ±  SD; 
hypoxic = 0.43 ± 0.14, p = 0.020).

FC was also reduced during the PASAT, 
between left and right sensorimotor areas, using 
the HFW (normoxic = 0.67 ± 0.19, mean ± SD; 
hypoxic = 0.49 ± 0.14, p = 0.028).

4  Discussion

This study shows that the presence of hypoxia 
relates to the interhemispheric FC in individuals 
with MS, during task execution. Our data also 
suggest that the frequency activation of a task 
could impact the FC results when the task activa-
tion frequency is within the frequency window in 
which FC reduction was observed. Moreover, we 
show that lower interhemispheric FC in the 
hypoxic MS group is significant in brain regions 
associated with the performed task.

Jimenez et  al. [10] previously reported 
decreased interhemispheric FC during finger- 
tapping in individuals with MS. They hypothe-
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Fig. 1 Interhemispheric 
coherence values, 
between left and right 
sensorimotor regions, 
for normoxic MS and 
hypoxic MS groups. 
Results are shown 
during finger-tapping 
using the low frequency 
window (LFW), 
COWAT using the high 
frequency window 
(HFW), and PASAT 
using the high frequency 
window (HFW)

sised that impaired communication following 
white matter degeneration and axonal loss is the 
main factor leading to the lower coherence in 
the MS population. In our case, using the same 
finger- tapping task, we show that the presence 
of hypoxia relates to the reduced FC though we 
do not report the difference with healthy 
controls.

There was also a reduction in FC in the 
hypoxic MS group, between the left and right 
sensorimotor areas, during the COWAT task. 
Having a change in the sensorimotor area during 
a cognitive task is possible, as there is a reported 
relationship between the sensorimotor cortex and 
cognitive function in the human cerebellum [14]. 
During the PASAT the hypoxic group showed 
reduced FC. The auditory cortex as well as brain 
regions associated with cognition are involved 
during the PASAT. Based on the montage used in 
this study, the closest pairs of channels to the pri-
mary and secondary auditory cortices are in the 
sensorimotor area and so we may be detecting 
some auditory activation.

When studying FC, one also must take into 
account whether the task is presented at a similar 
frequency to the analysis. In the PASAT, the par-
ticipant computed the sum of two numbers every 
6 s. This a possible task frequency of activation 
~0.17 Hz which falls within the HFW. We do not 
know if the brain activates continuously during 
the PASAT or if there would be such frequency 
associated with the oscillation.

When interpreting the reduced FC in hypoxic 
MS compared to the normoxic MS group, there 
are several complications. As a result, it is not yet 
clear whether hypoxia is causing the reduction of 
FC or whether both changes are associated with a 
common pathophysiology—such as inflamma-
tion. Therefore, future work on the underlying 
mechanism driving FC changes in MS and 
hypoxia is warranted. Moreover, in terms of 
treatments, the efficacy of hyperoxygenation 
while controlling for hypoxia is still unknown 
and requires further assessments.

5  Conclusions

This study provides strong evidence that hypoxia 
in MS, as measured with fdNIRS, is associated 
with reduced brain function (as measured with 
FC). The group classified as having hypoxia may 
have impairments that are either caused by the 
hypoxia, made more severe by the hypoxia or 
correlate with the hypoxia-meaning that they 
may have a similar cause, but the hypoxia may 
not actually be the cause of the reduced 
FC.  Taking the proposed relationship between 
tissue hypoxia and inflammation [4] into account, 
we have hypothesised that hypoxia may contrib-
ute to reduced FC. Future research on inflamma-
tory biomarkers should be conducted to 
investigate if microvascular hypoxia, and conse-
quently reduced brain FC, is a result of inflam-
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mation in MS. fNIRS measures of haemodynamic 
coherence in MS could provide novel informa-
tion on brain function and be a biomarker of 
functional impairment and/or disease 
progression.
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Eye Tracking Parameters Correlate 
with the Level of Cerebral Oxygen 
Saturation in Mild Traumatic Brain 
Injury: A Preliminary Study
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Abstract

Aim: The aim of this study was to assess the 
relationship between oculomotor synergies 
and brain oxygen status at mild traumatic 
brain injury (mTBI) using simultaneous com-
parison of eye-tracking (ET) parameters and 
cerebral oxygen saturation.

Material and methods: This non- 
randomised single-centre prospective study 
included 77 patients with mTBI (mean age 
was 36.3  ±  4.8  years, 48 men, 29 women, 
median GCS 13.7  ±  0.7). Cerebral oximetry 

was used to detect oxygen saturation level 
(SctO2) in the frontal lobe pole (FLP) region. 
Eye movements were measured simultane-
ously using the EyeTracker. Calculated 
parameters were: vertical and horizontal angu-
lar eyeball velocity (AV); left vertical speed 
(LVS); right vertical speed (RVS); left hori-
zontal speed (LHS); and right horizontal speed 
(RHS). The indices of vertical and horizontal 
eye version (version index, Vx) were calcu-
lated as the Pearson correlation coefficient 
between the corresponding AV of the right and 
left eyes. Significance was pre-set to p < 0.05.

Results: SctO2 in the FLP varied from 62% 
to 79%. The average SctO2 values were 
69.26  ±  6.96% over the left FLP and 
70.25 ± 7.58% over the right FLP (p = 0.40). 
The total analysis of the eye-tracking data 
revealed the following values of gaze param-
eters: LVS  – 0.327  ±  0.263  rad/sec; LHS  – 
0.201 ± 0.164 rad/sec; RVS – 0.361 ± 0.269 rad/
sec; and RHS  – 0.197  ±  0.124  rad/sec. The 
calculated vertical version index (VVx) was 
0.80 ± 0.12. The calculated horizontal version 
index (HVx) was 0.82 ± 0.11. The VVx and 
HVx were correlated with SctO2 levels in the 
FLP (p = 0.038; r = 0.235; p = 0.048; r = 0.218, 
respectively p = 0.035; r = 0.241; p = 0.039; 
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r  =  0.235, respectively). Conclusions: VVx 
and HVx correlate with the SctO2 level in the 
FLP (p < 0.01) in mTBI. No significant cor-
relation was detected between the level of the 
SctO2 level and vertical and horizontal AV of 
the eyeballs. Eye tracking can help quantify 
the severity of ocular conjugation impair-
ments after mTBI, as well as explore the con-
tribution that cerebral oxygen status disorders 
make to this process.

Keywords

Oculomotor synergies · Cerebral oximetry · 
Oculography · Near-infrared spectroscopy 
(NIRS) · Brain oxygen status

1  Introduction

Achievements in neuroscience have signifi-
cantly reduced morbidity in mild traumatic 
brain injury (mTBI). However, mTBI is still 
accompanied by an increase in the frequency of 
posttraumatic encephalopathies. In recent 
years, mTBI treatment perspectives have been 
related to the non- invasive study of white mat-
ter fibre pathways impairments [1]. Among 
these techniques, the least studied is oculogra-
phy or eye tracking (ET) [2]. Eye tracking is a 
promising technology for assessing conjugated 
eye movements and oculomotor synergies [3]. 
Considering that the oculomotor analyser tracts 
anatomically coincide with other brain fibre 
tracts, ET allows to assess their condition in 
several brain pathologies, including in TBI [4]. 
It has been previously shown that brain oxygen-
ation in traumatic brain injury (TBI) depends 
on the perfusion parameters [5]. However, the 
significance of cerebral oxygenation disorders 
in the development of dysfunction of the fibre 
pathways, especially at mild traumatic brain 
injury, remains unclear.

The aim of our study was to assess the rela-
tionship between oculomotor synergies and brain 
oxygen status at mTBI using simultaneous com-
parison of ET parameters and cerebral oxygen 
saturation.

2  Materials and Methods

2.1  Study Design and Population

This non-randomised single-centre prospective 
study was approved by the Ethics Committee of 
Privolzhsky Research Medical University and 
conformed to the standards of the Declaration 
of Helsinki. Informed consent was obtained 
from each patient and their family.

The study involved 77 patients (48 men, 29 
women, all right-handed) with diffuse (i.e., 
absence of any CT and/or MRI parenchymal 
lesions), blunt, mild TBI at 1–2 days after head 
injury. The diagnosis of mTBI was based on the 
presence and duration of acute symptoms 
observed after the trauma: a loss or change in 
consciousness, post-traumatic amnesia, vestibu-
lar and oculomotor disorders.

In all patients, the injury resulted from a fall 
on the back of the head or the frontal region. The 
nature of the injury omitted any lateralisation of 
the lesions.

All patients were treated in the emergency 
department from January 2018 to April 2021. 
The mean age was 36.3  ±  4.8  years (range 
18–61 years). The median Glasgow Coma Score 
(GCS) was 14.3 ± 0.7, height 172.3 ± 8.5 cm and 
weight 78.6 ± 7.2 kg. All patients were free of 
any known ophthalmological diseases or injury 
and were not taking ocular medications.

2.2  Eye Tracking Configuration

Binocular eyes movement (saccades and smooth 
pursuits) were recorded continuously at 20 Hz as 
a series of visual cues configured in mobile eye- 
tracking system software and were presented on a 
tablet screen (EyeTracker, BVG Software group 
LLC, the Netherlands).

The room lights and electronic devices were 
switched off during eye-tracking follow-ups.

The protocol included a calibration procedure 
when the tablet screen was black for 10 s to allow 
the participant an opportunity to adapt their eyes.

The circle marker (diameter 0.3 cm) was pre-
sented on the monitor for 20 s. The marker moved 
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across the screen randomly at different speeds, 
making it possible to track the saccades and the 
smooth pursuits. The circle colour changed from 
white to red every 2 s so the patient could main-
tain the attention on the circle centre [6].

The low-quality frames (i.e., unrecognised 
pupils, incorrect initial frames and blinking 
frames) were excluded manually using the net-
work refinement function. A 300 best consecutive 
eye tracking was analysed before the tablet screen 
was switched off. The total procedure duration 
was 30 s.

The calculated parameters were: the vertical 
and horizontal angular velocity (AV); left vertical 
speed (LVS); right vertical speed (RVS); left hor-
izontal speed (LHS); and right horizontal speed 
(RHS).

The indices of vertical and horizontal eye ver-
sion (version index, Vx) were calculated as the 
Pearson correlation coefficient between the cor-
responding AV of the right and left eyes.

2.3  Near-Infrared Spectroscopy

Near-infrared spectroscopy was simultaneously 
performed by a space-resolved absolute cerebral 
oximeter Fore-Sight 2030 (CAS Medical Systems 

Inc., Branford, USA). It included the detection of 
brain oxygen saturation values (SctO2) in the 
region of the frontal lobe pole (FLP) by transcu-
taneous optode. Data were obtained using a mul-
timodality monitoring system providing 
1-sec-by-1-sec average values.

2.4  Statistical Analysis

Data were evaluated for normality using the 
Shapiro-Wilk criterion. Continuous variables 
are expressed as mean ± standard deviation. The 
statistical analysis was performed using non-
parametric statistics and regression analysis 
methods. The level of significance was set at 
0.05. All analyses were performed using the 
software package Statistica 7.0 (Statsoft Inc., 
USA).

3  Results

Oxygen saturation in the FLP varied within the 
range from 61% to 89%. The average SctO2 val-
ues were 69.26  ±  6.96% over the left FLP, and 
70.25  ±  7.58% over the right FLP (p  =  0.40) 
(Fig.  1). Values below the ischemic threshold 
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(SctO2 less than 60%) were not detected. The total 
analysis of the eye tracking data revealed the fol-
lowing values of gaze parameters: LVS  – 
0.327 ± 0.263 rad/sec; LHS – 0.201 ± 0.164 rad/
sec; RVS  – 0.361  ±  0.269  rad/sec; and RHS  – 
0.197 ± 0.124 rad/sec. The calculated vertical ver-
sion index (VVx) was 0.80 ± 0.12. The calculated 
Horizontal version index (HVx) was 0.82 ± 0.11.

Quantitative analysis of vertical and horizon-
tal eye version indices showed that HVx and 
VVx were correlated with the cerebral saturation 
levels in the both FLP (p  =  0.038; r  =  0.235; 
p  =  0.048; r  =  0.218, respectively p  =  0.035; 
r  =  0.241; p  =  0.039; r  =  0.235, respectively) 
(Figs. 2 and 3).
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4  Discussion

As noted earlier, ET allows the detection and 
quantification of oculomotor synergies impair-
ments and, consequently, neural network func-
tioning, making ET a promising tool for screening 
diagnosis of mTBI [6, 7].

Previous studies have shown that the SCAT-5 
test is a very useful tool for diagnosing concus-
sion because it includes a physical examination, 
an assessment of consciousness using the GCS, 
and a range of cognitive and sensorimotor tests. 
However, SCAT-5 test is rather cumbersome and 
complex. In addition, it cannot be used to assess 
visual impairments thoroughly [8].

The aim of our study was to evaluate the rela-
tionship between oculomotor synergies and brain 
oxygen status at mTBI using simultaneous com-
parison of ET parameters and cerebral oxygen 
saturation.

We have shown that in mTBI patients without 
lateralisation brain lesions vertical and horizontal 
eye version indices were significant correlated 
with cerebral saturation levels in both frontal 
lobe poles.

In our opinion, one of the possible reasons 
for identified oculomotor synergies impair-
ments at mTBI is the development of relative 
brain hypoxia due to impaired cerebral auto-
regulation, which is confirmed by early studies 
[9]. At the same time, the mechanisms underly-
ing autoregulatory dysfunction remain poorly 
understood.

As shown earlier, the autoregulation impair-
ments at mTBI are significantly less than in 
severe TBI. Perhaps this is why despite the cor-
relations between VRx and SctO2 being statisti-
cally significant, the power of the correlation is 
relatively weak (p less than 0.3) [10].

To confirm our assumption, it is necessary to 
evaluate the significance and power of the corre-
lation between VRx and cerebral saturation at 
severe TBI, which requires further research.

It should be noted that the statistical outliers 
are detected in the left-lower and right-upper 
quadrants at Figs. 2 and 3.

Their appearance has several explanations. On 
the one hand, they can be associated with the sac-
cade period. On the other hand, this may be a 
consequence of convergence disorders character-
istic of the acute period of TBI.

Also, a third possible explanation is that the 
best oculomotor synergies are as-associated with 
the best saturation, and vice versa, a drop in cere-
bral oxygenation leads to disturbances in eye ver-
gence. It should be also noted that similar changes 
in ET values were recently observed in patients 
with COVID-19, which confirms our  assumptions 
about the direct relationship between oculomotor 
dysfunction and cerebral hypoxia [11]. In addi-
tion, recent research on ET in aviation has shown 
that this tool can be used to diagnose cerebral 
hypoxia, which opens up promising prospects for 
its use in brain injuries [12].

Further research is needed for the understand-
ing of these phenomena.

However, our study had several limitations. 
First, the serious limitation of our study is the 
relatively small group (77 patients). Second, we 
did not measure oxygenation in both brain 
lobes. Accordingly, we cannot say how ET 
parameters and oxygen saturation in these lobes 
correlated with each other. Third, we did not 
have ET and SctO2 longitudinal assessments in 
mTBI patients to see the pattern of oculomotor 
impairment at different time points and how 
these dysfunctions evolved. Thus, further stud-
ies are required to delineate the brain oxygen 
status role in the oculomotor synergies impair-
ments at mild TBI.

5  Conclusion

The eye tracking allows us to quantify the sever-
ity of convergence disorders after mTBI and 
study the contribution that disturbances in brain 
oxygen status make to this process. The version 
indices of the eye movement (VVx and HVx) sig-
nificantly correlate with the SctO2 level in the 
FLP (p < 0.01) in mTBI. No significant correla-
tion was detected between the level of the SctO2 
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level and vertical and horizontal AV of the 
eyeballs.
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Alex O. Trofimov, Cyrill Lidji-Goryaev, 
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Andrew Y. Abashkin, and Denis E. Bragin

Abstract

Background: Critical closing pressure (CrCP) 
is the pressure below which local pial blood 
pressure is inadequate to prevent blood flow 
cessation. The state of cerebral CrCP in 
patients with concomitant moderate-to-severe 
traumatic brain injury (cTBI) after brain 
lesions surgery remains poorly understood. 

Aim: The aim of our study was to establish the 
dynamics of CrCP after intracranial surgery in 
traumatic brain injury (TBI) patients with 
polytrauma. Material and methods: Results of 
the treatment of 70 patients with moderate-to- 
severe сTBI were studied (Male: Female  – 
39:31, mean age –33.2  ±  12.2  years). 
Depending on intracranial surgery, patients 
were divided into 2 groups. All patients were 
subjected to transcranial Doppler of both mid-
dle cerebral arteries, and evaluation of mean 
arterial pressure (MAP). Based on the data 
obtained, CrCPs were calculated. Significance 
was preset to P < 0.05. Results: Mean CrCP 
values in each group were significantly higher 
than a reference range (р < 0.01). There was 
no significant difference in CrCP values 
between the left and right hemispheres in the 
group 1 (p  =  0.789). In the group 2, mean 
CrCP values on the unoperated side remained 
significantly lower than on the operated side 
(p = 0.000011) even after intracranial surgery. 
In group 1, mean CrCP values were signifi-
cantly lower than on the surgery side in the 
group 1 (Z  =  3,4; р  =  0.043). Conclusion: 
CrCP values in concomitant moderate-to- 
severe TBI after removing brain lesions and 
without surgery were significantly higher than 
referral data. Even after removal of brain 
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lesions volumes in patients with concomitant 
moderate-to-severe TBI, CrCP values on the 
surgery side remained markedly higher than 
on the side opposite to the removed lesion 
volumes.

Keywords

Intracranial hematoma · Intracranial pressure 
(ICP) · Cerebral perfusion pressure (CPP) · 
Microvascular perfusion

1  Introduction

According to current guidelines, based on a large 
body of research, adequate microvasculature per-
fusion maintenance is an essential component of 
intensive therapy of head injury. However, cere-
bral perfusion pressure (CPP) stabilisation at 
severe multiple trauma and shock, as caused by 
road traffic accidents, often resembles a 
Sisyphean task.

CPP can be calculated as a difference between 
mean arterial pressure (MAP) and brain paren-
chymal pressure, which is usually considered 
equal to intracranial pressure (ICP) [1].

Furthermore, ICP gradients development in 
the injured brain can seriously complicate the 
calculation of local CPP, which was confirmed by 
Sun et al. [2].

According to Kaczmarska et  al., cerebral 
microvascular perfusion might be more accu-
rately described by the closure margin, or ‘effec-
tive’ perfusion pressure, defined as the difference 
between MAP and the pressure below which 
arterial and arteriolar vessels collapse and local 
blood flow ceases [3].

This parameter has been defined as zero flow 
pressure or critical closing pressure (CrCP) [4]. It 
is believed that when arterial blood pressure 
reaches the CrCP value, the pulse fluctuations 
smooth out, followed by an avalanche-like col-
lapse of the microvascular bed [5]. Previously, 
Richards et al. showed that CrCP is highly cor-
related with invasively established CPP and ICP 
values [6].

Therefore, the measurement of CrCP is of 
practical importance, since it allows a non- 
invasive assessment of the cerebral perfusion 
state when invasive monitoring of ICP is difficult 
or impossible [7].

It should be noted that the state of cerebral 
CrCP in patients with concomitant moderate-to- 
severe TBI (cTBI) after brain lesions volume sur-
gery remains poorly understood.

The aim of our study was to establish the 
dynamics of CrCP after intracranial surgery in 
TBI patients with polytrauma.

2  Methods

This non-randomised single-centre study com-
plies with the Declaration of Helsinki. The proto-
col was approved by the local Ethics Committee 
of Nizhny Novgorod Clinical Hospital named 
after N.A. Semashko. All patients and their fami-
lies provided written informed consent. The 
inclusion and exclusion criteria are in Table 1.

2.1  Population

The study involved 39 men and 31 women with 
concomitant moderate-to-severe TBI; mean age of 
33.2  ±  12.2  years treated at Nizhny Novgorod 
Regional Trauma Centre Level I of Regional 
Clinical Hospital named after N.A.  Semashko. 

Table 1 Inclusion and exclusion criteria

Inclusion criteria Exclusion criteria
1. Between 16 and 
70 years old

1. Less than 16 and more than 
70 years old

2. Polytrauma with 
moderate-to-severe 
TBI within 3–5 days 
after a brain injury

2. CT Marshall grade III, VI 
(any non-evacuated 
intracranial hematoma, 
parenchymal volume lesions, 
etc.)

3. GCS less than 12 
on admission

3. Injury severity score less 
than 9 and more than 36

4. Injury severity 
score between 9 and 
36

4. Any cardiovascular injury/
diseases history

5. CT Marshall 
grades I, II, V

K. A. Trofimova et al.
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The recruitment period was from January 2013 to 
December 2020. All patients were polytrauma-
tised. They all received therapy according to the 
Guideline of TBI treatment and Advanced Trauma 
Life Support [8]. The patients were divided into 
two groups. The first group included 37 TBI 
patients without volume lesions. The second group 
comprised 33 TBI patients after intracranial sur-
gery within the first 3 days of the injury. Glasgow 
Coma Scale (GCS) severity was 10.4  ±  1.5 and 
9.7  ±  1.7  in the first and second group, respec-
tively. The injury severity scores (ISS) were 31 ± 9 
and 32 ± 8 in the first and second group, respec-
tively. Among 33 patients that underwent menin-
geal hematomas surgery, the epidural hematomas 
were removed in 7 patients, subdural hematomas 
in 32, and multiple hematomas in 4 patients.

2.2  Critical Closing Pressure 
Calculation

Cerebral circulation CrCP was calculated using 
Eq. 1 proposed by Ogoh [9]:

 
CrCP ABPs

ABPs ABPd

Vs Vd
Vs= −

−
−

×
 (1)

where ABPd – diastolic arterial pressure (mmHg), 
ABPs  – systolic arterial pressure (mmHg), 
CrCP – critical closing pressure (mmHg), Vd – 
diastolic cerebral blood flow velocity (cm/s), 
Vs – systolic cerebral blood flow velocity (cm/s).

Reference range CrCP was chosen according 
to Ogoh S. as 33 ± 2 mmHg.

Diastolic and systolic arterial blood pressure 
was monitored noninvasively (IntelliView MP5, 
Philips Medizin Systeme, Germany). Cerebral 
blood flow velocity (CBFV) in both middle cere-
bral arteries (MCA) was bilaterally measured 
using ultrasound Doppler with a 2-Mhz probe for 
20  minutes (Sonomed 300  M, Spectromed, 
Russia) [9]. We used the intensive care monitor 
‘Сentaurus-CrCP’ (Ver. 3.0, Privolzhsky 
Research Medical University, Russia). PaO2, 
PaCO2, and core temperature were within normal 
ranges. All patients did not require sedation or 
pharmacological support of blood pressure and 
were normotensive.

2.3  Statistical Analysis

Continuous variables are expressed as median 
[interquartile range]. The data were evaluated for 
normality distribution using the Shapiro-Wilk 
test. The differences in CrCP values were 
assessed using a nonparametric Sign test. The 
significance level was set at 0.05. All analyses 
were performed using the software package 
Statistica 7.0 (Statsoft Inc., USA).

3  Results

Mean CrCP values in each group were signifi-
cantly higher than a reference range (р < 0.01).

We did not find a significant difference in 
CrCP values between the left and right hemi-
spheres in the first group (94 [86;107] mmHg vs. 
94 [87;108] mmHg, respectively, Z  =  −0.267; 
p = 0.789).

In the second group, mean CrCP values on 
the unoperated side (‘non-surgery’ side) 
remained significantly lower than on the oper-
ated side (‘surgery’ side) (91 [85;110] mmHg vs. 
87 [78;110] mmHg, respectively, Z  =  4.4; 
p = 0.000011) even after intracranial surgery.

There was no statistically significant differ-
ence between mean CrCP on the ‘non-surgery’ 
side compared to mean CrCP values in the first 
group (Z = 0.182; p = 0.855).

In addition, in the first group, mean CrCP 
values were significantly lower than on the sur-
gery side in the second group (Z  =  3,4; 
р = 0.043).

CrCP values in the ‘surgery’ side at various 
types of removed intracranial volume lesions 
showed no significant differences (р > 0.05).

Also, we did not find significant effects of 
patient age on CrCP value (р > 0.05).

4  Discussion

For the first time, a theoretical model that 
describes the collapse of small vessels with a 
regional arterial fall was proposed by Burton in 
1951 [4].

Critical Closing Pressure of Cerebral Circulation at Concomitant Moderate-to-Severe Traumatic Brain Injury
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It has been noted that a drop in CrCP by half 
leads to perfusion collapse in half of the total 
number of capillaries proportionally. Thus, the 
importance of CrCP is evident [10–12].

The aim of our study was to establish the 
dynamics of CrCP after intracranial surgery in 
TBI patients with polytrauma.

We have shown that CrCP values were signifi-
cantly higher than normal in all concomitant 
moderate-to-severe TBI patients.

We assume that one of the possible reasons 
may be a decrease in the catecholamines concen-
tration due to shock relief in the subacute stage of 
polytrauma, which leads to cerebral vasodilation. 
This CrCP rise is confirmed by previous studies 
[7].

Another possible reason might be related to 
the increase of pleural cavities pressure due to the 
lung contusion, haemo- or pneumothorax, which 
was found in our study in all patients, and is con-
sistent with previous research [13].

We have shown that CrCP significantly differs 
in TBI patients after intracranial surgery.

Significant CrCP increase (р  =  0.00032) on 
the side of surgical intervention apparently has 
several reasons. We suggest that cerebral micro-
vascular vasospasm or microthrombosis in the 
craniectomy area is the most possible reason [5]. 
Although evident signs of ‘dopplerographic’ 
vasospasm were found in only 27 patients 
(81.2%), the putative CBF turbulence caused by 
proximal vasospasm may lead to an underestima-
tion of its frequency [14].

Postoperative CT scans did not reveal any vol-
ume brain lesion, which reflects the ICP con-
stancy as well the absence of any ICP gradients 
[2, 15]. Therefore, CrCP increase probably 
relates to vascular wall tone increase, which was 
reported in previous research [13, 15].

5  Conclusion

CrCP values in concomitant moderate-to-severe 
TBI after removal volume lesions and without 
surgery were significantly higher than referral 
data.

Even after removing volume brain lesions in 
the patients with concomitant moderate-to-severe 
TBI, CrCP values on the surgery side remained 
significantly higher than the side opposite to 
where volume lesions were removed.
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Hybrid Convolutional Neural 
Network (hCNN) for Image 
Reconstruction in Near-Infrared 
Optical Tomography

Meret Ackermann, Jingjing Jiang, 
Emanuele Russomanno, Martin Wolf, 
and Alexander Kalyanov

Abstract

Near-infrared optical tomography (NIROT), a 
promising imaging modality for early detec-
tion of oxygenation in the brain of preterm 
infants, requires data acquisition at the tissue 
surface and thus an image reconstruction 
adaptable to cephalometric variations and sur-
face topologies. Widely used model-based 
reconstruction methods come with the draw-
back of huge computational cost. Neural net-
works move this computational load to an 
offline training phase, allowing much faster 
reconstruction. Our aim is a data-driven volu-
metric image reconstruction that generalises 
well to different surfaces, increases recon-
struction speed, localisation accuracy and 
image quality. We propose a hybrid convolu-
tional neural network (hCNN) based on the 
well-known V-net architecture to learn inclu-
sion localisation and absorption coefficients 
of heterogenous arbitrary shapes via a joint 
cost function. We achieved an average recon-
struction time of 30.45 s, a time reduction of 
89% and inclusion detection with an average 
Dice score of 0.61. The CNN is flexible to sur-

face topologies and compares well in quantita-
tive metrics with the traditional model-based 
(MB) approach and state-of-the-art neuronal 
networks for NIROT.  The proposed hCNN 
was successfully trained, validated and tested 
on in-silico data, excels MB methods in local-
isation accuracy and provides a remarkable 
increase in reconstruction speed.

Keywords

Image reconstruction · V-net architecture · 
NIROT · Preterm infant brain oxygenation

1  Introduction

Near-infrared optical tomography (NIROT) is 
sensitive to tissue oxygenation and enables 3D 
reconstructions to localise hypoxic regions in the 
brain based on a spatial arrangement of light 
emitters and detectors on the head’s surface. 
Non-invasive and independent from extrinsic 
agents, it is an apt imaging modality for preterm 
infants. Their delicate brains require targeted 
imaging technologies to instantly detect even 
small hypoxic volumes, enabling early interven-
tion to prevent permanent disabilities and severe 
neurodevelopmental disorders [1–3].

For this purpose, NIROT needs to be appli-
cable at the bedside and the images need to be 
provided in real-time. NIROT image reconstruc-
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tions (IR) are commonly approached using 
model- based (MB) numerical optimisation 
based on the radiative transfer equation [4, 5]. 
Yet these approaches are too slow for real-time 
imaging and a significant increase in speed is 
unrealistic due to the high computational efforts 
after data acquisition. A key advantage of neural 
networks (NN) is that they shift the computa-
tional load to offline training and are thus much 
faster at processing high-dimensional data of the 
NIROT setups. We propose a hybrid CNN 
(hCNN) that learns IR from the inherent pattern 
of 2-iteration rough numerical IRs. The strength 
of a deep CNN is its attention to both local pat-
terns in small receptive fields (RF) and global 
information in deep layers, which is known to be 
important for NIROT IRs [6]. With this in mind, 
we extended the V-net of Milletari et  al. [7] to 
simultaneously learn a segmentation and regres-
sion task by minimising a joint cost function to 
obtain inclusion localisations and absorption 
coefficients (μa). We aimed for major gains in IR 
speed as well as high quality IRs in diverse 
geometries in a fraction of the time required 
today.

2  Methods

The diffusion approximation-based finite ele-
ment algorithm and open-source software 
NIRFASTer for parallel computing on GPU and 
CPU were used to create synthetic input and 
ground truth (GT) data [8–10]. Head geometries 
with observed cephalometric variations of neo-
nates at a gestational age of 31–32 weeks were 
implemented [11, 12]. 55 unique surfaces of 23 
geometries with altered source-detector positions 
were considered. The 3D meshes had a diameter 
of 60  mm and maximal depths of 41.08–
38.87 mm. Within a geometry, the depth varied 
by 4.19–13.3 mm (mean: 7.09 mm) as a result of 
the different head curvatures. The field of view, a 
circle of 25 mm diameter with 437 detectors at 
the centre of 8 circular arranged sources (~44 mm 
diameter) was placed on the surface of the 55 fine 
meshes (65,370–70,214 nodes) for measure-

ments in reflection mode (Fig. 1a). Up to 5 spher-
ical inclusions (4–10  mm in diameter) were 
placed within the sensitive region for the setup 
between 2  mm from the tissue boundary to 
31.2 mm below the detector plane, and within a 
radius of 12 mm from the field of view’s centre. 
Overlapping of inclusions was allowed. 
Intersecting regions had the optical properties 
(OP) of one of the inclusions. μa for bulk tissue 
was set from 0.005 to 0.01  mm−1 and for each 
inclusion from 1.2 to 5 times higher. The reduced 
scattering coefficient (μ’s) was homogenous from 
0.8 to 0.9 mm−1. All OP lie in ranges observed in 
preterm head tissues and contrasts due to hypoxia 
[13, 14]. Localisation, size and OP were set at 
random within the defined boundaries.

For accurate forward simulation the sources 
were placed inside the mesh ~1/μ’s from the sur-
face. The modulation frequency was 100  MHz 
and Gaussian noise of 2% was added to ampli-
tude and phase. As input, rough IRs of 2 itera-
tions were generated with the bulk OPs as initial 
guess, a coarser mesh (factor ~ 4.35 lower node 
density), and a Tikhonov regularisation parame-
ter (λT) of 1e-3 derived from 5 geometries 
(L-curve method). The input and GT meshes 
were mapped and cropped to 3D images of 
32 × 32 × 32 voxels at a resolution of 1 mm. The 
μas to be predicted were taken as a single channel 
of 8-bit prediction depth with a sensitive range 
(0.0025–0.0529  mm−1) set at unequally distrib-
uted precision levels, where 0 denotes pixels out-
side the model boundaries. The values were 
scaled to range from 0 to 1. Segmentation was 
derived by thresholding specific to the μas of each 
GT image to label background, bulk, and inclu-
sions. The input data was normalised over the 
training data, the observed μas range was scaled 
to be between 0.001 and 1. The outside of tissue 
was set to 0.

A deep CNN was devised to learn reconstruc-
tion of the modelled tissue μas. As inclusions 
occupy only a small region of the total volume, it 
is required to correct for the contribution of each 
label during training. Thus the Dice coefficient- 
based loss function Eq.  1, ideal for unbalanced 
segmentation tasks, was used [7].
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Fig. 1 (a) Mesh of modelled preterm infant head surface illustrating the source-detector placement. (b) Schematic 
illustration of the hCNN (c) Magnification of the last hCNN layers
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Here θ are the network weights, xi is a single 
training input, Si the related labelled and Y the 
predicted segmented volume. The loss function 
over K classes and M voxels, is balanced by wk, 
the inverse of the region size of the respective 
label.

 wk =1  
(2)

To localise not only changes in tissue μas but also 
predict absolute values, the loss function was 
joined with the half mean squared error of voxel 
wise predicted absorption coefficients yi, versus 
the respective true values ti.
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The joint loss function was minimised to find 
optimal weights θ* over a batch of N datapoints. 
λL2 and β are hyperparameters, the former for L2 
regularisation, the latter introduced to weight the 
two objective functions and consider the scale 
difference.
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The implemented hCNN (Fig.  1b) enlarges the 
RF over 5 stages, then deconvolves the input over 
4 stages to the original image size, each stage 
mirroring the layers of the resolution decreasing 
stage. Skip connections pass the input of each 
stage to the related last convolution to learn a 
residual function. In addition, the feature map of 
the convolution preceding downscaling, and the 
input of the corresponding mirroring stage are 
concatenated along the channel dimension. The 
output of the last mirroring stage is passed to two 
strands (Fig. 1c). The first convolves the feature 
map for dimensionality reduction, followed by a 
softmax function to extract the probabilistic seg-
mentation. The second passes the feature map to 
a last convolution, batch normalisation and non-
linear activation, then the segmentation probabil-
ities are multiplied elementwise, and a dense 
extraction predicts the μas.

23,000 image pairs (rough IR, GT and labelled 
output) were split in training, validation and test 
data (17,200, 3300 and 2500) of 42, 8 and 5 sur-
faces. The hCNN was implemented in MATLAB 
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drawn on MathWork’s DL toolbox and trained on 
a workstation with a 12-Core AMD Ryzen 
93,900X CPU (3.80 GHz 2 × 32 GB RAM) and 
NVIDIA RTX 3090 GPU (24 GB RAM)). θ were 
initialised by independent sampling from a nor-
mal distribution with 0 mean and a standard devi-
ation of 0.01. Convolutional layers were 
zero-padded, λL2 was 1e-3, and the optimiser was 
stochastic gradient descent with momentum. A 
mini batch size of 8, a momentum of 0.99 and 
initial learning rate of 1e-4 decreased by one 
magnitude after 4 epochs was selected. Training 
was done for 8 epochs and took 4 h.

The performance in quantitative metrics and 
IR speed was compared to IRs in NIRFASTer. 
250 simulated measurements and the associated 
coarse meshes were used to run both IRs, ini-
tialised at the respective bulk OP. λT for the MB 
and hCNN IRs was set to 100 and 1e-3 respec-
tively and evaluated just as prior for the 
hCNN.  The stopping criterium for the MB IR 
was an improvement of less than 2% compared to 
the previous iteration. The common peak signal- 
to- noise ratio (PSNR), structural similarity index 
(SSIM), and root mean square error (RMSE) 
were used as evaluation metrics to compare the 
IR performances. The test data set was further 
evaluated for localisation accuracy using the 
Dice coefficient.

3  Results

The proposed hCNN was successful in 247 of 
250 volumetric IRs. We achieved a mean ± SD IR 
time of 30.45 ± 4.88 s corresponding to an aver-
age reduction of 89% compared to the conven-
tional IR. The time varied depending on the 
measurement surface but showed little variance 
for different tissue OP of the same surface and 
mean and variance values for different curvatures 
remained in a small range (Fig.  2a). The MB 
approach converged only for 206 of 250 IRs. For 
3 tissue models, the MB IR failed within 2 itera-
tions and thus did not provide input for the 
hCNN. We reached a RMSE of 1.71e-3 ± 4.9e-4, 
PSNR of 55.75 ± 2.69 and SSIM of 0.99 ± 4.9e-3 
(Fig.  2b). The evaluation of the larger sample 

shows the representativeness of the 247 samples 
(Fig. 2c). The hCNN attains an inclusion locali-
sation with an average Dice score of 0.62 ± 0.16. 
The wide range is probably due to either unde-
tected inclusions (Fig.  3c) or deep inclusions 
reconstructed, but not properly located (Fig. 3b, 
d). For MB IR, conversely, deep inclusions are 
not detected at all in scenarios with inclusions at 
different depths (Fig. 3d) or they can only be sus-
pected as a slight, unbounded shadow (Fig. 3c). 
Reported Dice scores for MB IRs for simpler 
cases and the same noise level range from 0.1 to 
0.48 [15].

4  Discussion and Conclusion

Representativeness and data abundance are criti-
cal for deep learning. The current lack of patient 
data in neonatology and a clinically reliable IR 
will remain a challenge. In-vivo application will 
add complexity due to tissue heterogeneities, 
artefacts, and more intricate noise patterns. Yet, 
NNs often rise to just such challenges, capturing 
intrinsic patterns inherently difficult to model. 
We anticipate that the proposed architecture, 
trained, validated, and tested on in-silico data, 
will demonstrate its performance in real mea-
surements. When establishing deep learning 
methods, the application on different surfaces, 
the remarkable reduction of IR time and a sound 
validation will be crucial for clinical acceptance.

To the best of our knowledge, we are the first 
to present a data-driven 3D NIROT IR adaptable 
to varying geometries. We have shown that the 
proposed hCNN, significantly improves the IR 
time. Together with reduced speed variance and 
increased IR robustness, key requirements for 
clinical monitoring are met. Inclusion detection 
and spatial confinement are remarkably solid. 
The accuracy of the reconstructed absolute μas 
compares well with the traditional method. Visual 
evaluations reveal sound IRs in challenging tasks 
such as overlapping scenarios (Fig. 3b) superim-
posed and low contrast inclusions (Fig. 3e).
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Fig. 2 (a) MB and hCNN reconstruction times starting at the first NIRFASTer iter-ation (b) Evaluation of the MB and 
hCNN IR. (c) Assessment of 2’500 hCNN IRs

Fig. 3 Selection of IRs and GTs of 4 different surfaces (a 
and b) shown in cross sections through point XYZ (a–i) 
and 3-dimensional GT to be predicted (j) and hCNN IR 
(k) of size 32 mm × 32 mm × 32 mm. (a) X = 29, Y = 19, 

Z = 4, (b) X = 21, Y = 14, Z = 5, (c) X = 16, Y = 19, Z = 4, 
(d) X = 16, Y = 20, Z = 3. Units are in mm−1 for colour 
bars and in mm for axes and coordinates
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Cross-Frequency Coupling 
Between Brain and Body 
Biosignals: A Systemic Physiology 
Augmented Functional 
Near- Infrared Spectroscopy 
Hyperscanning Study

S. Guglielmini, G. Bopp, V. L. Marcar, 
Felix Scholkmann, and M. Wolf

Abstract

Background: Understanding the brain and 
body processes during interaction or coopera-
tion between two or more subjects is an impor-
tant topic in current neuroscientific research. 
In a previous study, we introduced a novel 
approach that enables investigation of the cou-
pling of biosignals (brain and systemic physi-
ology, SP) from two subjects: systemic 
physiology augmented functional near- infrared 
spectroscopy (SPA-fNIRS) hyperscanning.

Aim: The aim was to extend our signal 
analysis approach by the cross-frequency 
time-dependent wavelet transform coherence 
(WTC) of the fNIRS and SP biosignals to gain 
new insights into the nature and cause of func-
tional hyperconnectivity.

Subjects and methods: 24 pairs of adults 
took part in a closed-eye versus prolonged eye-
contact task of 10 min each. Brain and body 
activity was measured continuously by SPA-
fNIRS hyperscanning. We calculated the time-
dependent WTC of the biosignals for four 
different frequency bands: very low- frequency 
band (VLF, 0.002–0.08  Hz), low- frequency 
band 1 (LF1, 0.015–0.15 Hz), low-frequency 
band 2 (LF2, 0.08–0.15  Hz) and heart rate 
band (HR, 1–2  Hz). We then performed the 
cross-frequency correlated- coherence cou-
pling analysis.

Results: A stronger cross-frequency cou-
pling during the eye-contact condition 
(between 99 pairs of biosignals) was found 
than during the eye-closed condition (between 
50 pairs of biosignals). Prolonged eye contact 
led to entrainment of the brain and body 
between different frequency bands and two 
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subjects. The strongest hyperconnectivity was 
between the LF1-VLF frequency band.

Discussion and Conclusion: With this 
exploratory study, we reveal further benefits 
of the SPA-fNIRS approach for future hyper-
scanning studies.

Keywords

SPA-fNIRS hyperscanning · Cross-frequency 
time-dependent wavelet transform coherence  
· Social interactions · Eye contact

1  Introduction

Social interactions are a key factor in establishing 
and maintaining interpersonal relationships and 
are indispensable for human development [1]. 
Through such interactions it is possible to under-
stand our counterpart in order to comprehend his 
or her views, goals and motivations [2]. Social 
interaction is based on the extraordinary ability 
of humans to empathise with each other [3]. To 
gain a more advanced understanding of social 
interactions, it is crucial to understand the indi-
vidual underlying signal transduction pathways. 
Signals sent by one person may be perceived by 
the senses of another person and then transmitted 
via the body to the brain, where they are pro-
cessed [4]. The neural and physiological pro-
cesses associated with social interaction are 
increasingly investigated. Since an interpersonal 
interaction involves two or more individuals, it 
should ideally be studied by collecting data from 
all participants [5], requiring a complex measure-
ment setup and data analysis framework. The 
setup of capturing brain-to-brain coupling is 
termed ‘hyperscanning’ which can be efficiently 
realised, for example with optical neuroimaging 
employing functional near-infrared spectroscopy 
(fNIRS) [6]. Systemic physiology augmented 
fNIRS (SPA-fNIRS) hyperscanning is an exten-
sion of this approach enabling brain-to-brain, 
brain-to-body and body-to-body coupling 
between subjects to be investigated [7]. The data 
analysis framework normally includes methods 
to determine the similarity between two time 

series at each frequency depending on time. 
Wavelet transform coherence (WTC) is a suitable 
choice for this. Furthermore, the interactions 
between signals in different frequency bands can 
be determined to quantify the cross-frequency 
coupling [6].

In our previous study, brain-physiology cou-
pling analyses were performed by correlating the 
time-dependent WTC of the fNIRS and systemic 
physiology (SP) signals in the same frequency 
bands. We found significant changes in the cor-
relation of coupling between several brain and 
body signals. In the present study, the aim was to 
propose and test a new framework based on the 
cross-frequency time-dependent WTC to deter-
mine the cross-frequency coupling of fNIRS and 
SP signals to help better understand interpersonal 
functional hyperconnectivity.

2  Material and Methods

Twenty-four pairs of subjects participated in the 
study (age: 32.8  ±  13.7  years, age range: 
18–65  years, 21 males, 27 females). Written 
informed consent was obtained from all the par-
ticipants and the study protocol was approved by 
the Ethics Committee of the Canton of Zurich 
(KEK-ZH-Nr. E50/2002).

The two subjects from each pair sat one in 
front of the other and the experimental paradigm 
consisted of a first phase in which each pair kept 
their eyes closed for 10 min and a second phase 
in which they made eye contact.

Several SP and fNIRS signals were concur-
rently measured (Fig. 1a): heart rate (HR), mean 
arterial blood pressure (MAP), pulse pressure 
(PP), systolic blood pressure (SBP), diastolic 
blood pressure (DBP), arterial oxygenation 
(SpO2) by a non-invasive continuous blood pres-
sure device (SOMNOtouchTM NIBP, SOMNO 
Medics, Germany), electrodermal activity and 
skin temperature at the left and right wrist (EDA 
(left), temp (left), EDA (right), temp (right)) by 
two wristbands (Empatica, Boston, USA) and 
PETCO2 by a capnograph (Nonin Life Sense; 
Nonin Medical, USA). Furthermore, changes in 
[O2Hb], [HHb] and [tHb] were measured on the 
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Fig. 1 Cross-frequency coupling analysis pipeline. (a) 
Two biosignals pairs acquired for subject #1 and #2. 
(b) The two respective scalograms obtained perform-
ing the WTC. (c and d) A time-dependent WTC of the 
first biosignal in one of the 4 frequency bands is 

selected and correlated with those of the other three 
frequency bands. (e) The cross-correlation distribution 
of each type of time- series over the two conditions is 
tested with Kolmogorov- Smirnov test

prefrontal cortex with fNIRS (NIRSport, NIRX, 
Berlin, Germany) and grouped according three 
regions of interest (left, right and entire prefron-
tal region). Nine fNIRS signals were considered: 
[O2Hb] (left), [HHb] (left), [tHb] (left), [O2Hb] 
(right), [HHb] (right), [tHb] (right), [O2Hb] 
(left+right), [HHb] (left  +  right) and [tHb] 
(left + right).

The WTC of each biosignal measured on sub-
ject 1 and subject 2 was applied (Fig.  1b). 
Afterwards the average of the WTC in four fre-
quency bands was calculated: very low-frequency 
band (VLF, 0.002–0.08 Hz), low-frequency band 
1 (LF1, 0.015–0.15  Hz), low-frequency band 2 
(LF2, 0.08–0.15  Hz) and heart rate band (HR, 
1–2  Hz) (Fig.  1c). The Spearman correlation 
between each time-dependent WTC signal was 
calculated (Fig.  1d). Additionally, the signifi-
cance level (p-value) was determined, generating 

a 59 × 59 matrix of WTC time-series correlation 
coefficients for each individual pair and each 
condition (eyes-closed, eye contact). In the anal-
ysis, we considered only the correlation of pairs 
of biosignals belonging to different frequency 
bands, i.e., a cross-frequency correlation was 
investigated. A group average was performed by 
calculating the median of all the individual cor-
relation matrices, obtaining a single correlation 
matrix for each condition (Fig. 2). For the group 
average, only correlation coefficients were used 
that were statistically significantly different from 
0 (p < 0.05) to ensure that the group average was 
based only on meaningful physiological changes 
from the individual measurements. To investigate 
whether the correlation distribution of each pair 
of time-series during the eye-contact condition 
was statistically different from the one during the 
eyes-closed condition, a  Kolmogorov-Smirnov 
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Fig. 2 Median correlation matrices for both the eyes- 
closed condition (top right) and the eye-contact condition 
(bottom left). Biosignal pairs showing a significant dif-
ference in correlation were marked in the matrix corre-

sponding to the condition in which a higher correlation 
was found. Biosignal pairs showing higher correlation 
after performing FDR correction were marked with an 
asterisk
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test was performed (Fig. 1e). Finally, a false dis-
covery rate correction (FDR) was applied to the 
p-values to correct the multiple comparison situ-
ation. This analysis was conducted in MATLAB 
(The MathWorks, Inc., Natick, MA, USA).

3  Results

The results are visualised in Fig. 2, separated into 
three groups: fNIRS, physiological and fNIRS- 
physiological data. A marked matrix value index 
indicates a statistically significant difference and a 
higher distribution media than the other condition. 
Moreover, while the results during the eye- contact 
condition are clustered between LF1-VLF and 
LF1-HR, during the eye-closed condition they are 
scattered between the various frequency pairs. 
Significant results were obtained after performing 
FDR correction were marked with an asterisk. We 
found a statistically significant (p  < 0.05) cross-
frequency coupling between temp (right, LF1) and 
PETCO2(VLF), [O2Hb] (left  +  right, VLF) and 
EDA (left, HR), [HHb] (right, VLF) and EDA 
(left, HR), [tHb] (left + right, VLF) and EDA (left, 
HR), [tHb] (left, VLF) and EDA (left, HR). All 
these biosignals showed a higher correlation dur-
ing the eye- contact condition compared to the eye-
closed condition.

4  Discussion

The aim was to propose a new framework to 
investigate the influence of the visual channel in 
a prolonged eye-contact versus eye-closed task 
by assessing the cross-frequency coupling 
between different biosignals (brain and systemic 
physiology).

Our results showed a stronger cross-frequency 
coupling during the eye-contact condition com-
pared to the eye-closed condition. The findings 
suggest that an increased stress level during the 
eye-contact condition led to an activation of the 
sympathetic autonomic nervous system and thus 

to a simultaneous change of the respective sig-
nals in an identical direction in both subjects, 
resulting in a higher number of more highly cor-
related biosignal pairs in the eye-contact 
condition.

Several cross-frequency coupling clusters 
were identified in the eye-contact condition, 
 specifically between the fNIRS signals in the 
LF1/VLF band and SP signals in the VLF/LF1 
frequency band. An additional cross-frequency 
coupling cluster was detected between the 
fNIRS signals in LF1/VLF and SP signals in 
the HR band. Finally, a cluster between SP sig-
nals in VLF and LF1 was found. A statistically 
significant correlation emerged between EDA 
(left) in the HR band and fNIRS signals in the 
VLF band in the eye-contact compared to eyes 
closed condition. These results are in line with 
the observations of Holper et al. [7], who found 
a coherence between fNIRS and EDA within 
the HR band.

A possible improvement of the analysis is the 
evaluation of the WTC in random pairs that will 
be investigated in future studies to control spuri-
ous correlations in the signals. In addition, the 
use of an eye-tracking device would be useful in 
the future for similar studies enabling to deter-
mine the duration of eye contact between the 
pairs and when it occurs.

Our study is the first to investigate cross- 
frequency coupling using SPA-fNIRS hyper-
scanning data and shows the applicability of 
this approach for SPA-fNIRS studies. The find-
ings of this study indicate that prolonged eye 
contact is followed by entrainment of brain and 
body activities occurring at different frequen-
cies, in addition to the coupling in identical fre-
quency bands as reported in our previous work. 
The strongest hyperconnectivity was found 
between the LF1- VLF frequency band. This 
should be considered in future hyperscanning 
research.
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Machine Learning Distinguishes 
Familiar from Unfamiliar Pairs 
of Subjects Performing an Eye 
Contact Task: A Systemic 
Physiology Augmented Functional 
Near-Infrared Spectroscopy 
Hyperscanning Study

S. Guglielmini, G. Bopp, V. L. Marcar, 
Felix Scholkmann, and M. Wolf

Abstract

Background: Eye contact is an important 
aspect of human communication and social 
interactions. Changes in brain and systemic 
physiological activity associated with interac-
tions between humans can be measured with 
systemic physiology augmented functional 
near-infrared spectroscopy (SPA-fNIRS) 
hyperscanning, enabling inter-brain and inter- 

body synchronisation to be determined. In a 
previous study, we found that pairs of subjects 
that are socially connected show higher brain 
and body synchrony. Aim: To enable a deeper 
understanding, our aim was to build and auto-
matically detect the best set of features to dis-
tinguish between two different groups 
(familiar and unfamiliar pairs). Material and 
methods: We defined several features based on 
the Spearman correlation and wavelet trans-
form coherence (WTC) of biosignals mea-
sured on 23 pairs of subjects (13 familiar and 
10 unfamiliar pairs) during eye contact for 
10 min. Additional custom features that iden-
tify the maximum brain-to-body coupling 
instants between pairs were generated. 
Results: After testing on combinations of dif-
ferent feature extraction methods, four subsets 
of features with the strongest discrimination 
power were taken into account to train a deci-
sion tree (DT) machine learning (ML) algo-
rithm. We have obtained 95.65% classification 
accuracy using a leave-one-out cross- 
validation. The coupling features which repre-
sent the two maximum mean values resulting 
from the sum of 7 time-dependent WTC sig-
nals (oxyhaemoglobin concentration of the 
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right prefrontal region, total haemoglobin 
concentration of the left and right prefrontal 
region, heart rate, electrodermal activity on 
the left and right wrist, and skin temperature 
on the right wrist) played an essential role in 
the classification accuracy. Conclusion: 
Training the DT-ML algorithm with combined 
brain and systemic physiology data provided 
higher accuracy than training it only with 
brain or systemic data alone. The results dem-
onstrate the power of the SPA-fNIRS hyper-
scanning approach and the potential in 
applying ML to investigate the strength of 
social bonds in a wide range of social interac-
tion contexts.

Keywords

SPA-fNIRS hyperscanning · Cross-frequency 
time-dependent wavelet transform coherence  
· Social interactions · Eye contact

1  Introduction

Social interactions play a key role in our daily 
life.  Forms of social interaction are very broad 
and involve different aspects including coopera-
tion, competition and emulation [1]. Humans 
exchange thoughts and ideas through verbal com-
munication, but also through nonverbal commu-
nication such as gestures and facial expressions, 
which can provide us with additional information 
for social interactions [2]. Eye contact is an 
essential aspect of human nonverbal communica-
tion representing one of the main channels by 
which we communicate interest, attention and 
engagement [3]. The length of gaze, the fre-
quency, the degree of pupil dilation and the speed 
of blinking are all important aspects of nonverbal 
communication [4]. Associated with social inter-
actions is a coupling of brain activity of the inter-
acting subjects which can be measured by 
neuroimaging with the hyperscanning approach. 
Recently there has been an increase in research 
on functional near-infrared spectroscopy 
(fNIRS)-based hyperscanning of social interac-
tions [5, 6]. A challenge with the traditional 

fNIRS hyperscanning approach is that there is a 
change in systemic physiology (SP), e.g., blood 
pressure, [7–9], also occurs, which possibly 
affects fNIRS signals. The solution is to measure 
brain activity (with fNIRS) and SP activity in 
parallel. For the case of hyperscanning, we 
termed this approach “systemic physiology aug-
mented fNIRS (SPA-fNIRS) hyperscanning” 
[10].

In our previous SPA-fNIRS hyperscanning 
study [10], we found that pairs of subjects that 
are socially connected (i.e., familiar pairs) show 
stronger brain-to-brain and body-to-body cou-
pling during eye contact. Identifying the set of 
biosignals that determines functional hypercon-
nectivity is a challenge in which machine learn-
ing (ML) can play a key role. To enable a deeper 
understanding, our aim was to build and auto-
matically detect the best set of features able to 
distinguish between familiar and unfamiliar pairs 
using SPA-fNIRS hyperscanning data. 
Furthermore, we investigated whether ML with a 
DT leads to higher discrimination accuracy of the 
two groups when a combination of SP and brain 
signals was employed compared to only brain or 
SP signals.

2  Material and Methods

A group of 13 healthy familiar pairs (boyfriends/
girlfriends, spouses, siblings) and a group of 10 
healthy unfamiliar pairs (colleagues and strang-
ers) took part in the study (age: 33.3 ± 13.7 years, 
20 males, 26 females). Written informed consent 
was obtained from all of the participants and the 
study protocol was approved by the Ethics 
Committee of the Canton of Zurich (KEK- 
ZH- Nr. E50/2002).

The following SP and fNIRS signals mea-
sured during 10 min of eye contact and analysed 
in our previous study [10] were considered: the 
heart rate (HR) measured by a non-invasive con-
tinuous blood pressure device (SOMNOtouchTM 
NIBP, SOMNO Medics, Germany), electroder-
mal activity and skin temperature of the left/right 
wrist (electrodermal activity (EDA) (left/right) 
and temp (left/right) by two wristbands 
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(Empatica, Boston, USA)). Furthermore, changes 
in [O2Hb], [HHb] and [tHb] were measured on 
the prefrontal cortex by optical neuroimaging 
with fNIRS (NIRSport, Berlin, Germany) and 
grouped according three regions of interest (left, 
right and entire prefrontal region). Nine fNIRS 
signals were considered: [O2Hb] (left), [HHb] 
(left), [tHb] (left), [O2Hb] (right), [HHb] (right), 
[tHb] (right), [O2Hb] (left+right), [HHb] 
(left  +  right) and [tHb] (left  +  right). For the 
fNIRS signals, the short channel regression was 
performed.

Seventy-two features were calculated for each 
pair based on the Spearman correlation coeffi-
cients and wavelet transform coherence (WTC) 
of the 14 mentioned biosignals. The WTC for 
each biosignal was averaged over four frequency 
bands (very low-frequency band (VLF, 0.002–
0.08  Hz), low-frequency band 1 (LF1, 0.015–
0.15  Hz), low-frequency band 2 (LF2, 
0.08–0.15 Hz), and heart rate band (HR, 1–2 Hz)) 
obtaining 20 SP and 50 fNIRS features. Two 
additional custom features have been built. First, 
the sum of three time-dependent WTC fNIRS in 
the LF1 band ([O2Hb] (right), [tHb] (left), [tHb] 
(right)) and four SP signals (HR (0.003–0.4 Hz), 
EDA (left), EDA (right), Temp (right) (0.045–
0.25  Hz) was performed. The resulting time- 
dependent WTC was divided into 30-s blocks 
and the two blocks with the maximum coherence 
were extracted. Then, the average of each block 
was calculated separately, obtaining two addi-
tional features (Fig. 1b). The purpose of the two 
coupling features (CF) was to detect the instants 
of strongest brain-to-body coupling during the 
10 min of eye contact.

Four groups of subset features were considered 
in the analysis. The first subset was composed of 
the two CF. The dimensionality of the SP, fNIRS, 
and SPA-fNIRS sets of features was reduced 
applying a hybrid approach [11] obtaining the 
other three subsets: SP, fNIRS, and SPA- 
fNIRS+CF.  In a first step, Fisher’s discriminant 
ratio (FDR) [12] was chosen as a selection method 
with the aim of eliminating some features that are 
considered irrelevant for the classification of the 
two groups and obtain a better classification accu-
racy. Thereafter, the sequential backward selec-

tion (SBS) algorithm [13] was adopted. SBS 
belongs to the class of wrapper methods, which 
are iterative algorithms that evaluate all possible 
reduced feature subset candidates obtained after 
the first step and provide significant and relevant 
feature sets. The subset of the strongest discrimi-
nation power was selected for further analysis. 
Therefore, two additional subsets of features were 
obtained  consisting of two SP features and four 
fNIRS features, respectively. The last subset con-
sisted of three features and was obtained by add-
ing to the two CF the feature with greater 
discriminative power among the subset of SPA-
fNIRS features (Fig.  1c). To classify the two 
groups of pairs, we applied a state-of-the-art clas-
sifier: DT. DT is a non-parametric supervised ML 
algorithm that builds a predictive model by learn-
ing simple decision-making rules derived from 
the data features [14]. The classifier was trained 
and evaluated with the MATLAB Statistics and 
Machine Learning Toolbox (The MathWorks, 
Inc., Natick, MA, USA). DT was tested by the 
leave-one-out cross-validation: Training includes 
all data except those of one pair and is tested on 
the data of this left out pair. This procedure is 
repeated until all pairs have been left out. The 
accuracy is obtained by dividing the number of 
correctly classified test data points by the total 
number of test data (Fig. 1d).

3  Results

The classification performance of the respective 
four subsets as well as the features automati-
cally selected are summarised in Table  1. The 
results show that the most accurate classifica-
tion was achieved when the two CF and the 
coherence of [O2Hb] (left, LF1) were fed as 
inputs to the classifier (95.65%), i.e., both brain 
and SP features were included. DT was there-
fore able to correctly classify 22 pairs out of 23. 
Limited to only brain or SP, the accuracy of the 
DT was much lower. Only fNIRS features pro-
vided slightly higher accuracy than only SP fea-
tures. High performance was obtained when 
only CF was used, achieving an accuracy of 
86.96%.
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Fig. 1 Group detection pipeline. (a) Input data acquired 
in 23 pairs (13 familiar and 10 unfamiliar pairs); (b) 
Feature construction: 72 features were built based on 
Spearman correlation coefficients, WTC and CF; (c) 

Feature selection: Four subsets of feature were generated; 
(d) Classification: the DT accuracy was performed using 
leave-one-out cross-validation on each subset
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Table 1 Four cases with the respective features used to 
build a DT model and its average accuracy: SP, fNIRS, 
CF, SP-FNIRS+CF

Case Selected features
Accuracy 
(%)

SP EDA (left, LF2), EDA (right, 
LF2)

52.17

fNIRS [HHb] (left, LF1), [HHb] 
(left, VLF), [O2Hb] (left, 
LF1), [O2Hb] (right, LF1)

65.22

CF The two CF 86.96
SP-fNIRS 
+ CF

The two CF, [O2Hb] (left, 
LF1)

95.65

4  Discussion, Conclusions 
and Outlook

To the best of our knowledge, this is the first SPA-
fNIRS hyperscanning study exploring whether the 
social bonding state of pairs determined the brain-
to-brain, brain-to-body and body-to-body cou-
pling during a prolonged eye contact interaction 
task. In concordance with other studies [15, 16], 
we found a stronger functional hyperconnectivity 
in familiar pairs compared to unfamiliar pairs, 
which enabled us to distinguish the two groups 
with high accuracy (95.65%). This result was 
achieved using the two CF features and the coher-
ence of [O2Hb] in the LF1 frequency band, i.e., 
0.015–0.15  Hz. The Mayer wave frequency 
(0.1 Hz) – due to a spontaneous oscillation of the 
cardiovascular system [17, 18] – falls within this 
frequency band. The new signal-processing 
approach we proposed is based on brain, body and 
brain-body features. We found that by applying 
SPA-fNIRS hyperscanning data, it is possible to 
automatically identify a global coupling involving 
SP and fNIRS signals. In fact, the two maximum 
30 s mean values of the sum of seven time-depen-
dent WTC signals ([O2Hb] of the right prefrontal 
region, [tHb] of the left and right prefrontal region, 
HR, EDA (left), EDA (right), and temp (right)) 
representing the instants of strongest brain-to-
body coupling during the 10 min task within pairs 
have played an essential role in the classification 
accuracy. We conclude that with the combination 
of brain and SP features, DT achieved higher accu-
racy compared to training with only brain or sys-
temic features alone. The next step in our research 

will be to increase the sample size and further 
extend our approach to consider behavioural data 
(e.g., facial expressions, eye movements) as well. 
The results demonstrate the power of the SPA-
fNIRS hyperscanning approach and the potential 
in applying ML to investigate the strength of social 
bonds in a wide range of social interaction 
contexts.
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Assessing Neurovascular Coupling 
Using Wavelet Coherence 
in Neonates with Asphyxia

Tim Hermans, Katherine Carkeek, 
Anneleen Dereymaeker, Katrien Jansen, 
Gunnar Naulaers, Sabine Van Huffel, 
and Maarten De Vos

Abstract

Brain monitoring is important in neonates with 
asphyxia in order to assess the severity of 
hypoxic ischaemic encephalopathy (HIE) and 
identify neonates at risk of adverse neurodevel-
opmental outcome. Previous studies suggest 
that neurovascular coupling (NVC), quantified 
as the interaction between electroencephalog-
raphy (EEG) and near-infrared spectroscopy 
(NIRS)-derived regional cerebral oxygen satu-
ration (rSO2) is a promising biomarker for HIE 
severity and outcome. In this study, we explore 
how wavelet coherence can be used to assess 
NVC. Wavelet coherence was computed in 18 
neonates undergoing therapeutic hypothermia 
in the first 3  days of life, with varying HIE 

severities (mild, moderate, severe). We com-
pared two pre-processing methods of the EEG 
prior to wavelet computation: amplitude inte-
grated EEG (aEEG) and EEG bandpower. 
Furthermore, we proposed average real coher-
ence as a biomarker for NVC. Our results indi-
cate that NVC as assessed by wavelet coherence 
between EEG bandpower and rSO2 can be a 
valuable biomarker for HIE severity in neo-
nates with peripartal asphyxia. More specifi-
cally, average real coherence in a very low 
frequency range (0.21–0.83 mHz) tends to be 
high (positive) in neonates with mild HIE, low 
(positive) in neonates with moderate HIE, and 
negative in neonates with severe HIE. Further 
investigation in a larger patient cohort is needed 
to validate our findings.
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1  Introduction

Neonatal hypoxic ischaemic encephalopathy 
(HIE) is the most frequent and important compli-
cation of peripartal asphyxia, a phenomenon 
occurring when the neonatal brain shows signs of 
hypoxia during labour and delivery due to a lack 
of cerebral blood flow and oxygen supply. In 
these patients, it is important to monitor the neo-
natal brain as soon as possible after birth to assess 
the severity of HIE and to continue monitoring 
over the first days of life to identify neonates at 
risk of adverse neurodevelopmental outcome.

The two techniques most frequently used for 
continuous brain monitoring in neonates are elec-
troencephalography (EEG) and near-infrared 
spectroscopy (NIRS), measuring cerebral activ-
ity and cerebral oxygenation, respectively. The 
interaction between EEG and NIRS can be inter-
preted as a measure for neurovascular coupling 
(NVC). NVC is a regulatory mechanism that 
maintains a balance between cerebral oxygen 
demand and supply by managing cerebral blood 
flow [1]. Recent studies have shown the potential 
of quantifying NVC using EEG and NIRS in neo-
nates, showing that NVC is impaired in neonates 
with non-favourable outcome [1–3].

In this study, we reviewed and expanded on 
the work of Chalak et al., who proposed the use 
of wavelet coherence to quantify NVC [3]. 
Wavelet coherence is a signal processing method 
to detect transient linear relationships between 
two signals as a function of frequency and time. 
In other words, wavelet coherence identifies the 
frequencies and time points at which two signals 
strongly co-vary. There are two important chal-
lenges in this wavelet approach that will be 
explored in this paper. Firstly, because EEG 
dynamics are much faster than NIRS, the raw 
EEG data needs to be compressed to an EEG fea-
ture with similar dynamics as the NIRS signal. 
Secondly, wavelet coherence analysis yields a 
large amount of information, which in turn needs 
to be condensed to an interpretable biomarker.

In this paper, wavelet coherence will be 
applied to EEG and NIRS signals measured in 
neonates with HIE of varying severity. Two dif-
ferent methods for EEG pre-processing will be 

compared and an interpretable biomarker for 
NVC derived from the wavelet result will be 
proposed.

2  Methods

Clinical data were retrospectively collected from 
UZ Leuven neonatal intensive care unit (NICU) 
between 2010 and 2020. Eighteen patients were 
included that had a gestational age >36  weeks, 
were treated with therapeutic hypothermia for 
HIE, and had had one cerebral magnetic reso-
nance imaging (MRI) scan taken between 
3–9 days of life. The MRI scans were scored by 
four neonatologists using the scoring system pro-
posed by Weeke et  al. [4]. Based on the total 
Weeke scores, the patients were divided into 
three groups: mild (score is 0), moderate (score is 
1 or 2) and severe (score is greater than 2). This 
study was conducted with the approval of the 
hospital Ethical Review Board for a retrospec-
tive, anonymous data analysis.

Bipolar EEG (C3-C4, taken from a multichan-
nel EEG) and single-channel NIRS (regional 
oxygen saturation, rSO2 [%]) were simultane-
ously recorded during hypothermia treatment in 
the first 3 days of life. Sampling frequencies of 
the raw EEG and NIRS data were 250  Hz and 
1 Hz, respectively. The data recorded between 6 
and 66  h after start hypothermia were used for 
further analysis.

rSO2 was pre-processed in two steps. First, flat 
lines were removed, and artefacts were automati-
cally detected based on anomaly detection and 
physiological thresholds (<15% and >100%). For 
anomaly detection, the running line length (run-
ning average of the absolute first time-derivative) 
was computed in a moving window of 10 s, and 
samples were marked as artefacts where the line 
length exceeded its median plus 4 ∙ 1.482 ∙ MAD 
computed in windows of 1 h, where MAD is the 
median absolute deviation. Second, the rSO2 sig-
nal was down-sampled to 1/3 Hz since the signal 
contained no significant spectral content above 
1/6 Hz.

Two different EEG features were computed 
for coupling with rSO2: amplitude integrated 
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EEG (aEEG) and EEG bandpower. aEEG was 
emulated with a sampling frequency of 1/3  Hz 
and the bandwidth of the aEEG was used as input 
for wavelet coherence, as in previous studies [3, 
5]. EEG bandpower was computed in four steps. 
First, the raw EEG was filtered with a bandpass 
filter (1–40 Hz), and subsequently down-sampled 
to 80 Hz. Second, amplitudes <0.5 μV or >200 μV 
were marked as artefacts. Third, the time-varying 
signal power was computed using the continuous 
wavelet transform and the wavelet power was 
averaged in the frequency band 2–16 Hz, analo-
gous to the 2–16  Hz bandpass filter which is 
applied in the aEEG emulation algorithm. Finally, 
the power was averaged in non-overlapping win-
dows of 3  s to obtain a sampling frequency of 
1/3 Hz and then log-transformed.

Wavelet coherence was computed between the 
pre-processed EEG and rSO2 signals using a 
complex Morlet wavelet with a centre frequency 
of 6 rad/s [6]. The complex wavelet makes it pos-
sible to not only compute the amount and strength 
of coupling, but also the phase of the coupling, 
e.g., in-phase (positive relationship) or anti-phase 
(inverse relationship).

For computational purposes, all missing val-
ues in EEG and rSO2 were replaced by linear 
interpolation. Ultimately, coherence values that 
significantly overlapped with missing values 
were removed and not considered in any further 
calculations. Prior to wavelet coherence, second 
order polynomial trends were removed followed 
by z-score normalisation. A Monte Carlo analysis 
using 100 surrogates was done to detect signifi-
cant magnitude squared coherence values 
(p < 0.05) [6].

Wavelet coherence yields time-frequency 
maps, i.e., coherence values as function of time 
and frequency. These time-frequency maps were 
summarised over time in two different ways, 
yielding two ‘frequency profiles’. The first fre-
quency profile (% significant coherence) 
describes the amount of coupling detected for 
each frequency. It is computed per frequency as 
the percentage of time in which the (magnitude 
squared) coherence was significant. The second 
frequency profile (real coherence) describes the 
dominant phase of the coherence (in-phase, anti- 

phase) and its consistency. It is computed per fre-
quency as the real part of the time-averaged 
complex coherence, excluding non-significant 
coherence values from the average.

The latter frequency profile (real coherence) 
was further condensed to a single biomarker for 
NVC by averaging the real coherence over fre-
quencies 0.21–0.83 mHz. This mean real coher-
ence was compared between the three patient 
groups. This frequency band was selected using 
the real coherence frequency profile, as largest 
differences were seen between the patient groups 
in these frequencies.

3  Results

The amount of detected coupling with each EEG 
feature for each patient group is depicted in 
Fig. 1. In all cases, coupling is primarily detected 
in lower frequencies (<10 mHz) and for higher 
frequencies, the percentage of detected coupling 
is close to 5%, which is the expected value for 
noise (since we used p < 0.05 in the Monte Carlo 
analysis). In general, the results for aEEG and 
bandpower are similar, but slightly more  coupling 
is detected using the bandpower compared to the 
aEEG. Visually, no clear distinction can be seen 
between the patient groups.

Figure 2 shows the time-averaged real coher-
ence for both EEG features and for each patient 
group. The curves differ between the aEEG and 
bandpower feature. Furthermore, between 0.21 
and 0.83 mHz (grey shaded background), the real 
coherence computed using bandpower differs 
between patient groups, being highest (positive) 
in the mild group and lowest (negative) in the 
severe group. This is emphasised in Fig. 3, where 
the average real coherence between 0.21–
0.83  mHz obtained using EEG bandpower is 
shown for each patient group.

4  Discussion and Conclusions

This study investigated the use of wavelet coher-
ence to assess NVC and HIE severity in neonates 
with peripartal asphyxia and led to four main 
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Fig. 1 The percentage of time with significant coherence 
(p < 0.05) as function of frequency for each patient group, 
computed from aEEG (top) or EEG bandpower (bottom). 

The black line is the median, and the shaded area is the 
interquartile range

Fig. 2 The average real coherence as function of fre-
quency for each patient group, computed from aEEG (top) 
or EEG bandpower (bottom). The black line is the median, 

and the shaded area is the interquartile range. The grey 
shading in the bottom plot indicates the 0.21–0.83 mHz 
band

findings. Firstly, coupling was detected primarily 
in low frequencies (<10  mHz), with little cou-
pling detected in higher frequencies (Fig.  1). 
Secondly, the ‘phase’ of the coupling appears to 
be more important than the ‘amount’ of coupling, 
as real coherence (Fig.  2) showed a more pro-
nounced difference between patient groups than 
the percentage of significant coherence (Fig. 1). 
Thirdly, extraction of EEG bandpower seemed to 
be a more suitable EEG feature than aEEG for 
coupling with rSO2. This is illustrated in Figs. 1 

and 2, showing that slightly more coupling is 
detected, and real coherence differs more between 
patient groups when using EEG bandpower com-
pared to aEEG. Finally, real coherence computed 
using EEG bandpower averaged over 0.21–
0.83 mHz is a potential biomarker for HIE sever-
ity, where real coherence is highest (positive) for 
mild HIE and lowest (negative) for severe HIE 
(Fig. 3).

Positive real coherence relates to an in-phase 
coupling, meaning that there is a positive correla-
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Fig. 3 Average real coherence between 0.21 and 
0.83 mHz for each patient group, computed using EEG 
bandpower. The box represents the median and interquar-
tile range

tion between EEG activity and rSO2. In contrast, 
negative real coherence relates to an anti-phase 
coupling, meaning that there is a negative corre-
lation. Under static conditions (constant cerebral 
blood flow (CBF) and constant arterial oxygen 
saturation (SaO2)), rSO2 is expected to decrease 
when EEG activity increases. This is because 
rSO2 primarily represents venous oxygenation, 
which would drop in response to increased cere-
bral activity due to increased O2 uptake.

In a healthy brain, conditions are not static, 
however, and CBF is regulated in response to 
EEG activity via NVC to maintain sufficient 
cerebral oxygen supply. Therefore, we hypothe-
sise that a simultaneous increase of rSO2 and 
EEG activity reflects an increase in CBF (assum-
ing constant SaO2). Following this reasoning, 
average real coherence can be interpreted as a 
biomarker for NVC, where positive values repre-
sent active regulation of CBF in response to 
changes in cerebral activity and negative values 
represent insufficient or a lack of such 
regulation.

Several limitations of this study need to be 
considered. Firstly, the patient group was small 
and heterogenous, which complicates (statistical) 
comparisons between patient groups. 
Furthermore, factors such as seizure activity, 
medication, sleep-wake cycling and variations in 
SaO2 were not taken into account. These limita-

tions should be tackled in future research to fur-
ther validate this methodology.

The results in this study support previous find-
ings by Chalak at el. who also found an increased 
amount of in-phase coherence between aEEG 
bandwidth and rSO2 in neonates with normal 
 outcome compared to neonates with abnormal 
outcome [3]. Additionally, the low frequency 
range (<1  mHz) in which we found most cou-
pling was in the same frequency range identified 
by Chalak et al. (0.25–1 mHz).

Furthermore, a recent study by Das et al. com-
pared the use of aEEG bandwidth with pre- 
processed EEG for wavelet coherence [5]. They 
showed that both methods yield similar results in 
terms of the magnitude squared coherence. Our 
results are in keeping with these findings (Fig. 1), 
but additionally show that the real coherence can 
differ between aEEG and EEG bandpower 
(Fig. 2), indicating that the phase information can 
depend on the EEG feature that is used.
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Basic Examination of Haemoglobin 
Phase of Oxygenation 
and Deoxygenation in Resting 
State and Task Periods in Adults 
Using fNIRS

Nursyarizah Amirah Jasni and Hiroki Sato

Abstract

Functional near-infrared spectroscopy 
(fNIRS) is a neuroimaging technique used to 
measure the relative changes in concentrations 
of oxygenated haemoglobin (oxy-Hb) and 
deoxygenated haemoglobin (deoxy-Hb) in the 
cerebral cortex. While most previous studies 
using fNIRS have relied only on a single oxy-
 Hb or deoxy-Hb parameter to infer about neu-
ral activation, the phase difference between 
the oxy- and deoxy-Hb signals (haemoglobin 
phase of oxygenation and deoxygenation: 
hPod) has been reported to be an important 
biomarker for analysing haemodynamic char-
acteristics of the brain in infants. In this study, 
we examined the basic characteristics of adult 
hPod to develop a new analysis method to 
detect more sensitive signals that reflect neu-
ral activation in adults using fNIRS. We mea-
sured the hPod of 12 healthy adults in the 
frontal and occipital cortex during rest and 
upon exposure to visual stimuli and the verbal 
working memory (WM) task. We found that 
the average hPod values during the entire 
measurement period ranged between π and 
1.5π rad in all conditions. This result indicates 

that the phase differences in adults were gen-
erally close to a stable antiphase pattern (hPod 
values around π), regardless of the presence or 
absence of tasks and stimuli. However, when 
dynamic changes in hPod values were anal-
ysed, significant differences between the rest-
ing state and WM tasks were observed during 
activation period in the frontal and occipital 
regions. These results suggest that the analysis 
of dynamic hPod change is useful for detect-
ing a subtle activation for cognitive tasks.

Keywords

Optical brain imaging · hPod · Verbal WM 
task · Dynamic hPod · Neurovascular 
coupling

1  Introduction

Functional near-infrared spectroscopy (fNIRS) is 
an optical brain imaging tool that can be used to 
measure the relative changes in the concentration 
of the oxy-Hb and deoxy-Hb in the cerebral tis-
sue [1, 2]. In most conventional studies that used 
fNIRS, oxy-Hb and deoxy-Hb signals were stud-
ied individually as a single parameter to infer 
about neural activation. However, the phase dif-
ference between the spontaneous low-frequency 
oscillations of the cerebral oxy- and deoxy-Hb 
concentrations is related to the cerebral blood 
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volume, blood oxygenation and flow velocity 
[3–6].

Previous studies have shown that both oxy-Hb 
and deoxy-Hb signals are crucial in evaluating 
the neural activity by monitoring changes occur-
ring in the oxy- and deoxy-Hb concentrations, 
which represent the haemodynamic changes 
based on neuronal activation through neurovas-
cular coupling.

For both the preterm and term infants, 
Watanabe et  al. [7] suggested that the time- 
averaged haemoglobin phase of oxygenation and 
deoxygenation (hPod), which reflects the phase 
difference between oxy-Hb and deoxy-Hb sig-
nals, is sensitive to the developmental status of 
the haemodynamic and metabolic processes of 
the brain. The hPod values are defined as the 
phase values obtained by time-averaging the 
instantaneous phase difference of spontaneous 
low-frequency oscillatory changes in oxy- and 
deoxy-Hb signals. The hPod contains integrated 
information regarding the interplay between neu-
ral activity, blood flow, and metabolism [6, 8]. A 
previous study also showed that the hPod is an 
important biomarker for analysing haemody-
namic characteristics of the brain and reflects the 
early brain development in infants [9, 10]. 
However, most hPod studies have been used to 
evaluate brain development in infants, and little 
work has been done thus far to understand the 
hPod in adults.

The task-induced brain activity can be better 
detected using the phase information between 
changes in oxy- and deoxy-Hb [11, 12]. 
Therefore, it is important to clarify how the 
stimulus- induced activity and the spontaneous 
activity produce differentiated values of hPod in 
functionally different regions of the cortex.

Here, we studied the general pattern of hPod 
occurring in adults during the resting and active 
states. We further attempted to explain the statis-
tical differences in the hPod values between the 
resting state and the presence of tasks and stimuli 
in the frontal and occipital regions of the cortex.

From the data obtained, the hPod values were 
analysed using two different methods. First, we 
calculated the hPod values by taking average of 
the entire measurement duration and called it 

‘main hPod’. We hypothesised that the main 
hPod values of adults are in an antiphase pattern, 
as reported previously.

Second, we proposed a new approach that 
measured the dynamic changes in the hPod val-
ues based on the dynamic features of the haemo-
dynamic changes during rest, visual stimuli, and 
WM tasks and called it ‘dynamic hPod’. Pierro 
et al. [13] in a preliminary study revealed that the 
brain activation during task performance or 
stimuli- induced phase lag differed in the oxy-Hb 
signals (from 0 to π). Therefore, we hypothesised 
that the dynamic hPod pattern changes according 
to the haemodynamic response curves induced 
by tasks or stimuli.

2  Methods

2.1  Participants

Twelve healthy adults consisting of six females 
and six males (age: 22.2  ±  1.04 years) partici-
pated in the experiment. Two males were left- 
handed, as determined by the Edinburgh 
Handedness Inventory [14], while the other 10 
participants were right-handed. All data were 
included in the analysis as the inclusion or exclu-
sion of the left-handed participants did not affect 
our primary findings in the hPod study.

The study was approved by the Ethics 
Committee of Shibaura Institute of Technology, 
and consent was obtained from all participants 
prior to the initiation of the experiment.

2.2  fNIRS Device and Data 
Acquisition

An fNIRS system (ETG-4000, Hitachi Medical 
Corporation, Japan) was used to measure the rel-
ative concentrations of the oxy-Hb and deoxy-Hb 
signals [mM∙mm] during the resting state and 
during the presence of visual stimuli and verbal 
WM tasks.

The fNIRS system was equipped with 18 
near-infrared light sources and 15 detectors. The 
light source consisted of near-infrared laser 
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diodes with wavelengths of 695 and 830 nm. The 
transmitted signal was detected by photodiodes 
located 30 mm from the sources.

The optodes, sources, and detectors were 
arrayed in a 3 × 3 lattice pattern (each right and 
left frontal area) and embedded in a soft silicone 
holder that was placed on the participant’s fore-
head, while 3 × 5 arrays of eight source and seven 
detection fibres were set on a probe and placed on 
the occipital area of the participants’ head.

The probabilistic registration method was 
used to estimate the locations of measurement 
channels in the stereotaxic brain coordinate sys-
tem or the Montreal Neurological Institute (MNI) 
space. In addition, a probabilistic registration 
method was used to generate 3-D topographical 
maps [15].

We estimated 24 measurement channels for 
the frontal area of the cortex, with 12 channels 
for each hemisphere (Fig. 1a), and 22 channels 
for covering the occipital area of the cortex 
(Fig. 1b).

2.3  Experimental Paradigm

The tasks were organised into three sessions: 
resting state, presence of visual stimuli, and ver-
bal WM task. During the resting state, the partici-
pants were seated on a comfortable chair in a 

dim, quiet room and instructed to focus on the 
fixation cross displayed on the monitor. 
Subsequently, the participants received computer- 
automated instructions that were followed by a 
brief practice session to familiarise them with the 
WM task (Fig. 2a). The measurements were con-
ducted while the participants performed the WM 
task [16]. Thereafter, visual stimuli consisting of 
black-and-white checkerboards with 4-Hz pat-
tern reversals were displayed for 8500 ms 
(Fig.  2b) [17]. Each task consisted of 10 trials, 
and the tasks were separated by a short break 
(approximately 1 min). The duration of the mea-
surement for each task was approximately 5 min; 
the entire experiment took approximately 45 min.

For the resting state, the participants were 
asked to focus on a fixation point, and the mea-
surement periods were similar with the visual 
stimuli (target measurement: 8500 ms). In the 
verbal WM task (refer to Fig.  2a), each trial 
started with a 1500 ms presentation of the target 
stimuli, followed by a delay of 7000 ms. A probe 
stimulus was presented for 2000 ms or until the 
participant responded. The intervals between the 
target and probe stimuli onsets were randomised 
from 14000 to 16000 ms. Fixation cross was pre-
sented during the interval and delay period. A 
visual cue (changing the colour of fixation) was 
presented at the beginning of the trial onset. 
Auditory cues, 1000 and 800 Hz tones of 100-ms 

Fig. 1 Schematic arrangements of fNIRS channels. (a) Frontal area of the cortex: 1–24 measurement channels; 12 
channels for each hemisphere. (b) Occipital area of the cortex: 22 measurement channels (25–46 channels)

Basic Examination of Haemoglobin Phase of Oxygenation and Deoxygenation in Resting State and Task…



192

Fig. 2 Schematic of (a) verbal WM task trial, wherein 
four Japanese characters in hiragana are presented as tar-
get stimuli, and a Japanese character in katakana is pre-

sented as probe stimuli. (b) Visual stimuli trial, comprising 
black-and-white checker-boards with 4  Hz pattern 
reversals

duration, were presented at the onset of the target 
stimuli and probe stimulus, respectively. For the 
visual stimuli, the checkerboard pattern was dis-
played for 8500 ms after the interval and fixation 
cross displayed for 500 ms (Fig. 2b).

2.4  Data Analysis

A plug-in-based analysis software, Plat-form for 
Optical Topography Analysis Tools (POTATo, 
run on MATLAB, The MathWorks) [18], was 
used for performing the analyses.

First, a high-pass filter (0.02 Hz) and low-pass 
filter (0.8 Hz) were applied to the Hb-signals to 
remove low-frequency drift/oscillation and high- 
frequency noise components.

Next, the time-continuous data of the 
Hb-signals for each channel were separated into 
10 task blocks, which were defined as a 24.7  s 
period starting from 2.0 s before the onset of the 
target stimuli and ending at 14.0  s after probe 
stimuli containing the verbal WM task trials 
(Fig. 2a). In addition, even for the visual stimuli, 
the time-continuous data of the Hb-signals were 
separated into 10 task blocks, which were defined 
as a 24.7 s period starting from 2.0 s before the 
checker-board pattern was displayed and 14.0 s 
after visual stimuli were presented (Fig. 2b). Time 
continuous data of the Hb-signals during resting 
state were also processed according to task 
sequence in the WM tasks and the visual stimuli.

The value of the hPod was calculated accord-
ing to the method reported by Watanabe et al. [7]. 

A Hilbert transformation was applied to the time 
series of the oxy-Hb and deoxy-Hb for each 
channel to obtain the instantaneous phases of 
each Hb-signal. Then, the phase difference 
between the instantaneous phases of the oxy- and 
deoxy-Hb signals for each block was calculated 
and represented by a vector with a phase value 
and length of 1. These calculations were per-
formed to obtain both the main and dynamic 
hPods.

To calculate the ‘main hPod’, the time series 
of the vectors were averaged over the measure-
ment time of the resting state and tasks. In our 
analysis, the data obtained during the resting 
state were considered as the control condition. To 
assess the statistical significance of the main 
hPod values between resting state and tasks, we 
first averaged the hPod values of the participants 
for each measurement channel. Then, the hPod 
values in frontal (24 measurement channels) and 
occipital regions (12 measurements) were aver-
aged. Then, the statistical significance of the 
hPod values (averaged hPod values of 12 partici-
pants) was examined using a group-level t-test 
(significance level was set to p  <  0.05, 
one-tailed).

However, for the ‘dynamic hPod’, the time 
series of the vectors were averaged over each 2 s 
of the measurement time to obtain the dynamic 
changes in the hPod. Similar to the main hPod 
calculation, the data obtained during the resting 
state were considered as the control condition. To 
assess the statistical significance of the dynamic 
hPod values between resting state and tasks, we 
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first averaged the hPod values of the task-related 
duration (refer to Figs.  4 and 5: grey vertical 
areas indicate the onset of the target and probe) 
within participants. Then, the statistical signifi-
cance of the dynamic hPod values during the task 
periods was examined by a group-level t-test 
(significance level was set to p < 0.05, one-tailed) 
across participants. All the statistical analyses 
were performed for each channel.

3  Results

3.1  hPod Vector Representation 
(Main hPod)

The time series of the vectors were averaged over 
the measurement time. The π values and a value 
smaller than 1.5π indicate an antiphase pattern, 

while the values of 0 and 2π and angular values 
larger than 1.5π indicate a pattern close to an in- 
phase pattern.

The main hPod phase values during rest and 
tasks ranged between π and 1.5π rad (Fig. 3). The 
phase values of hPod in the frontal and occipital 
regions were 1.14π rad and 0.993π rad (during 
the resting state), 1.26π rad and 1.07π rad (during 
the application of visual stimuli), and 1.17π rad 
and 1.047π rad (while performing the verbal WM 
task).

A group-level t-test showed no significant dif-
ferences in either region between the resting and 
WM tasks (frontal: t (11) = 1.79, p = 0.31, occipi-
tal: t (11) = 1.79, p = 0.086) or between the rest 
and visual stimuli (frontal: t (11) = 1.79, p = 0.23; 
occipital: t (11) = 1.79, p = 0.127).

Fig. 4 Dynamic hPod in adults in the frontal area
Vector representations averaged hPod values during the 
resting state, during the verbal working memory task, and 
the visual stimuli across participants (black, blue, and 

magenta lines, respectively) are shown. The grey vertical 
areas indicate the onset of the target and the probe, 
respectively
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Fig. 3 Main hPod of adults in the resting state and during tasks. Black and red arrows denote the vector representations 
of individual and averaged hPod values, respectively

3.2  Dynamic Changes in hPod 
(Dynamic hPod)

The dynamic changes in the hPod followed a 
stable antiphase pattern, and no significant dif-
ference was found between the hPod values dur-
ing the resting and active states in most regions 
of the cortex (Figs. 4 and 5). However, a group-
level t-test showed a significant difference 
between the resting state and the WM tasks in 
the frontal (ch9, uncorrected t (8)  =  2.13, 
p  =  0.023) and occipital regions (ch37, uncor-
rected t (2) = 3.92, p = 0.031) (Fig. 6). No sig-
nificant difference was found in any of the 
channels between the resting state and upon 
exposure to visual stimuli in both the frontal and 
occipital regions (uncorrected p > 0.05).

4  Discussion

Our results showed that the ‘main hPod’ values in 
adults were in an antiphase pattern, and no sig-
nificant difference was observed between the 
hPod values during the resting state and while 
performing tasks in both regions of the cortex. 
These results conform with those of previous 

studies that focus on healthy adults. Previous 
studies have reported a similar antiphase relation-
ship between the oxy- and deoxy-Hb oscillations 
in many regions of the brain in both resting and 
task experiments [7, 19, 20]. Our findings show 
that the phase differences in adults were close to 
an antiphase pattern (hPod values around π), 
regardless of the presence or absence of tasks and 
stimuli.

The dynamic changes in the hPod followed a 
stable antiphase pattern, and no significant differ-
ence was observed between the hPod values in 
both resting and task experiments in most regions 
of the cortex. However, the hPod values between 
the resting state and WM tasks during the ‘activa-
tion period’ were statistically different in the two 
measurement channels (ch 9 and ch 37), while 
multiple comparisons were not corrected. 
Previous studies report activation of the prefron-
tal cortex (PFC), a cortical region related to the 
cognitive function, during WM tasks [16, 21]. In 
functional studies, brain activation during task 
performance or upon exposure to stimuli induced 
phase lag differences in the deoxy-Hb signal 
(from 0 to π) [22, 23]. The phase lag of Hb sig-
nals during the cortical activation could affect the 
hPod values during the WM tasks and lead to 
larger hPod values.
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Fig. 5 Dynamic hPod in the occipital area
Black, blue, and magenta lines indicate the vector repre-
sentations of averaged hPod values during the resting 

state, verbal working memory task, and visual stimuli 
across participants, respectively. The grey vertical areas 
indicate the onset of the target and probe, respectively

However, there are some limitations that 
should be addressed. First, in this study, the num-
ber of datasets was relatively small, which might 
have resulted in statistical insignificance after 
multiple comparison corrections. In future stud-
ies, more subjects from a wider age range and 
health conditions, healthy elderly subjects, and 
participants with psychiatric disorders should be 
recruited. This is because the hPod index has the 
potential to be used as an indicator to detect brain 
aging processes in older adults and early detec-

tion of higher brain dysfunction in unhealthy 
subjects [24].

In addition, to determine hPod, the NIRS data 
were band pass filtered (0.02–0.8 Hz). Hence, the 
resulting signal might contain sources of sponta-
neous low-frequency oscillations, including the 
Mayer wave (0.1  Hz). The Mayer waves can 
mask the cortical haemodynamic responses asso-
ciated with the neural activity of interest and 
should be removed in normal functional studies 
[25]. However, [26] showed systemic low-fre-
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Fig. 6 (a, b, d, e) Time courses for the Hb-signal changes. 
(c, f) Dynamic hPod values between the resting state and 
WM tasks for the representative channels with statistical 
significance ch 9 and ch 37, uncorrected p < 0.05). These 

time courses represent the grand average with shadow 
areas showing standard errors across participants. The two 
grey vertical areas indicate the onsets of the Target and the 
Probe, respectively

quency oscillation effects on resting state net-
works of the brain without clarifying the 
relationship between the Mayer wave and low-
frequency component of haemoglobin signals. In 
a previous study on haemoglobin phase of oxy-
genation and deoxygenation (hPod), Mayer wave 
components were included in the data analysis 
[10]. Therefore, we did not remove the Mayer 
wave component in this study. For the future per-
spective, it will be necessary to separate the 
Mayer wave component and examine the effects 
of the Mayer wave on the hPod.

As reported previously, the phase differences 
between haemoglobin signals in the cerebral cor-
tex reflect the neurovascular coupling mecha-
nism, which is related to cerebral blood flow and 
blood oxygenation [27, 28]. Thus, factors that 
contribute to the antiphase pattern of the hPod in 
adults related to physiological changes should be 
investigated thoroughly using a haemodynamic 
model [29].

5  Conclusion

We examined the basic characteristics of adult 
hPod during rest and upon exposure to visual 
stimuli and WM task to develop a new analysis 
approach using fNIRS to detect more sensitive 
signals that reflect neural activation. Our results 
showed that the ‘main hPod’ (i.e., average hPod 
values during the entire measurement period) 
ranged between π and 1.5π rad in all conditions, 
which were generally close to a stable antiphase 
pattern (i.e., hPod values of approximately π), 
regardless of the presence or absence of tasks and 
stimuli. However, ‘dynamic hPod’ showed sig-
nificant changes during the activation period of 
the WM task, compared to the resting state in the 
frontal and occipital regions. These results sug-
gest that the analysis of dynamic hPod changes is 
useful to detect subtle neural activation during 
cognitive tasks.
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Development and Validation 
of Robust and Cost-Effective 
Liquid Heterogeneous Phantom 
for Time Domain Near-Infrared 
Optical Tomography

A. Kalyanov, J. Jiang, E. Russomanno, 
M. Ackermann, A. Di Costanzo Mata, R. Mindel, 
L. Miller, and M. Wolf

Abstract

Diffused light imaging techniques, such as 
near-infrared optical tomography (NIROT), 
require a stable platform for testing and vali-
dation that imitates tissue optical properties. 
The aim of this work was to build a robust, but 
flexible liquid phantom for BORL time- 
domain NIROT system Pioneer. The phantom 
was designed to assess penetration depth and 
resolution of the system, and to provide a het-
erogeneous inner structure that can be changed 
in controllable manner with adjustable optical 
properties. We used only in-house produced 
3D-printed elements and mechanics of a bud-
get 3D-printer to build the phantom, and man-
aged to keep the overall costs below $500. We 
achieved stable and repeatable movement of 
an arbitrary structure in 3+1 degree of free-
dom inside the phantom and demonstrated its 
performance in a series of tests. Thus, we pre-

sented a universal and cost-effective solution 
for testing NIROT, that can be easily custom-
ised to various systems or testing paradigms.

Keywords

NIROT · Diffused light imaging · NIRS · 
Optical properties

1  Introduction

Developing an imaging technique based on dif-
fused light, i.e., near-infrared optical tomography 
(NIROT), requires a robust setup for testing and 
validation. Before clinical application in vivo, the 
optical imaging techniques need to be tested and 
validated in tissue phantoms that imitate tissue 
properties, e.g., optical properties and structure. 
Several technologies were used to build such 
phantoms, which can be roughly categorised as 
solid [1] and liquid phantom [2, 3].

One of the strongest advantages of solid phan-
toms is the temporal stability and arbitrary shape. 
They also enable complex internal structures. 
These phantoms can be built from gelatin or agar 
[4], resin [5–7], or silicone [8]. At the same time, 
the temporal stability is the drawback when a 
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specific dynamic is required. Therefore, several 
liquid phantoms were constructed to simulate 
changes in optical properties [2, 3], or to create 
dynamic internal structure [5].

The aim of this work was to build a robust but 
flexible liquid phantom for our time domain 
NIROT Pioneer [9, 10]. The phantom was 
designed to serve for system validation and char-
acterisation, including penetration depth and res-
olution. It provided a heterogeneous inner 
structure that can be changed in a controllable 
manner with adjustable optical properties and to 
achieve high stability in time.

2  Method

We based our design on a previously presented 
liquid phantom developed in our laboratory [2, 
3]. The design included a rectangular liquid con-
tainer with silicone windows on two sides for 
optical sensors. The container was placed on a 
heat plate with a magnetic stirrer to keep the liq-
uid homogeneous. Internal heterogeneities, i.e., 
inclusions of arbitrary shape were inserted and 
moved to defined locations by means of 3+1D 
movement mechanism, adopted from a 3D 
printer. The inclusion holder enters the container 
from the top. This design enables the use of vari-
ous liquids with added inks as a bulk, and inclu-
sion of any water resistant material as 
heterogeneous objects. Silicone windows may 
have various optical properties. Very thin win-
dows have no influence on the readings; con-
versely thick windows act as a layer of tissue.

We produced the container in-house using the 
3D printer Ultimaker 2 (Ultimaker, Denmark). 
The size of the container was 22 × 22 cm2 in area 
and 25 cm in height. The inner volume was ~3 l. 
We printed the container with polyethylene tere-
phthalate glycol (PETG) black filament, 100% 
infill, 0.8  mm nozzle size. This material was 
shown to be water resistant with excellent layer 
to layer adhesion. In contrast to acrylonitrile 
butadiene styrene (ABS), PETG prints have very 
few holes between layers, and the 100% infill 
ensured water tightness. The CAD model and a 
photo of the actual container are shown in Fig. 1. 

We used two windows of different geometry. Up 
to four windows of any shape could be imple-
mented. Here, we employed one rectangular win-
dow fit for a frequency domain (FD) near-infrared 
spectroscopy (NIRS) device (Imagent, ISS, USA, 
self-calibrating probe), which served as refer-
ence. The circular window was used to access the 
phantom with the TD NIROT Pioneer.

We produced silicone windows with specified 
optical properties according to a previously 
developed recipe [8]. We used Elastosil Vario40 
(Wacker, Germany) instead of Silpuran 2420 
(Wacker, Germany), because the latter is too soft 
for this task. Otherwise the same inks (White 
9010 and carbon black powder) were applied. We 
produced a set of circular and rectangular win-
dows and a complete bulk reference phantom 
from one mixture of silicone. The reference 
phantom was measured to obtain the achieved 
optical properties. The spectrum of the window 
employed in this study is shown in Fig.  2. The 
CAD of the mold for the circular window, and the 
window itself are shown in Fig.  1c, d. We 
achieved 1.5 mm thickness of the window. The 
geometry of the mold enabled us to align the win-
dow surface with the inner surface of the 
container.

The moving stage for inclusions inside the 
liquid phantom was based on an affordable 3D 
printer (Creality Ender 3, China). The printer had 
a metal frame, with moving parts riding along 
rails. We modified the frame to be able to move 
the whole inclusion holder in XYZ-axis, while 
the liquid phantom container stayed motionless. 
We achieved this by attaching the printing head 
frame to the building plate. We placed the liquid 
container in front of the moving mechanism. We 
attached the inclusion holder to the printing head 
(Fig. 3a). It was located over the container and 
enabled inclusion positioning in a range [–15, 
15] mm in XY-axis, and [1.5 70] mm in depth. 
The XYZ movement was implemented with ded-
icated motors of the 3D printer and controlled 
through the printer logic. These axes required 
minimum modification in the firmware, since 
their coordinates were in millimeters. We imple-
mented software stops to prevent the holder 
crashing into container walls.
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Fig. 1 Liquid phantom container: CAD (a) and photo (b) of phantom. CAD of the mold (c) and a photo of the circular 
window (d)

Fig. 2 Optical properties of the silicone window used in this study (blue), and liquid phantom right after preparing the 
mixture in the phantom container (red) and the same mixture after 4 h at a room temperature (yellow)

We also implemented two inclusion holders 
with adjustable distance between them (Fig. 3b). 
An extruder motor controlled the distance. We 
also used an additional threaded rod in pair with 
the motor. This movement required us to imple-
ment conversion and scaling of the target coordi-
nates (in mm) to the units that the extruder motor 
channel of the firmware needs. The inclusion 
holder was made as a half-frame (Fig.  3c). We 
placed inclusions on a fishing line in the center of 
the frame’s height, and as close to the front as 
possible. We used a sewing needle to put the rope 
through a silicone inclusion. The friction was 
high enough to hold the inclusion in place with-
out additional fixation. The rope was attached to 
the top and the bottom part of the frame and 
tightened.

We tested precision and repeatability of an 
inclusion’s movement in dry conditions, outside of 
the container. We placed a graph paper with 1 mm 
grid behind the inclusion holder, and made marks 
on the ropes to indicate the position. We used a 
digital camera to capture the actual position of the 
holder during movement and compared it to the 
graph paper. The XY- and YZ- axis movements 
were performed in random pattern and repeated 3 
times. The E-axis (distance between 2 inclusions) 
movement was performed in monotonic manner, 
but in both directions: i.e., inclusions moving away 
from each other, and moving closer to each other. 
We repeated this cycle 3 times.

The liquid phantom included 3  l distilled 
water, 90  ml Intralipid® to achieve the desired 
scattering (μs′) and ~4 ml of diluted Indian Ink 
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Fig. 3 Moving stage without inclusion holder seen from the side (a), the same stage with the holder and 2 inclusions, 
front view (b), and the CAD of the left and right holders (c)

(1:20 Indian Ink to water) to reach a certain 
absorption (μa). We controlled the optical proper-
ties of the liquid in real time by means of the ref-
erence NIRS measurement. The mixture was 
constantly mixed by a magnetic stirrer. The opti-
cal properties are shown in Fig. 2. Here we aimed 
at matching the optical properties of the liquid to 
the ones of the silicone window at 725 nm: μa = 
0.048 cm–1, μs

′ = 5.9 cm–1. However, the water 
absorption feature became prominent at long 
wavelengths and must be taken into account.

We were able to keep both scattering and 
absorption stable over time and to change them 
over a wide range. Additionally, it is possible to 
add blood to the liquid phase of the phantom, 
which enables oxygenation-deoxygenation 
cycles to be performed.

3  Results

We measured the precision and repeatability of the 
movement of the inclusion. The results are shown 
in Fig. 4a, b. We discovered only little offset in XY 
positioning, less then 0.5 mm. In YZ positions the 
offset was higher, but still within 1  mm. We 
expected this high precision in these 3 axes, 
because the original 3D-printer design was very 
little modified. The offset of the E-axis reached 
2 mm. However, it was repeatable (Fig. 4c). Thus, 
a simple linear correction can be applied.

We performed a NIROT measurement of a 
single inclusion. The inclusion had 10 mm diam-
eter, 7× absorption contrast. It was placed 15 mm 
deep, in the center of the field of view. We suc-
cessfully reconstructed this inclusion in the 
expected location (Fig. 5).

4  Discussion and Conclusion

We presented a liquid phantom with movable 
internal heterogeneity. We believe that this phan-
tom cannot only be used as a universal platform 
for testing NIROT systems, but also for func-
tional NIRS devices. It enables a wide range of 
inclusion locations, placement of multiple inclu-
sions, as well as changeable distance between 
two inclusions. We confirmed its stability in time 
thanks to constant mixing of the liquid by means 
of the magnetic stirrer. The setup was also 
equipped with a heat plate to keep the liquid at a 
specified temperature.

The overall concept of the phantom is intui-
tive and simple. We consider our solution as 
only one of many options. However, we found 
it nontrivial to find affordable components to 
build such system. We managed to stay within a 
$500 budget (without the price of 3D printed 
components and the heater with magnetic stir-
rer). We believe the affordability makes our 
concept very attractive.
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Fig. 4 Comparison of target and actual position of inclusion in cross (a) and longitudinal section (b). Average distance 
between two inclusions (c)

Fig. 5 NIROT imaging of a single inclusion inside the 
liquid phantom. Expected location of the inclusion (a) 
shown as distribution of absorption coefficient, and the 

reconstructed tomogramm cross sections (b) and 1D dis-
tribution (c). All axes are in mm, absorption coefficients 
are in mm–1

We highlight that the most problematic ele-
ment of the movement stage is the E-axis, since 
the donor 3D printer lacks the 4th axis mechan-
ics. We 3D-printed several plastic elements to fix 
the motor and the gear, and to enable the move-
ment of the inclusion holders (see Fig. 3b, c), but 
we report a lack of precision in manufacturing, 
and also a lack of stability of plastic elements. We 
expect that the precision and stability of E-axis 
movement can be significantly increased by pro-
ducing these parts out of metal in an appropriate 
workshop. We propose to use the phantom with 
human blood to mimic tissue oxygenation. It is 
equipped with a temperature control and a mix-
ing unit that are definitely required for the blood/
water solution. One drawback of the current 
design is that we cannot introduce a lid, thus we 
expect significant heat loss, which may limit the 
functionality. In addition, for deoxygenation 

experiments, there may be a problem that oxygen 
diffuses into the phantom.

To conclude, in this work we presented a robust 
and cost-effective solution for a flexible liquid 
phantom, that can be used for testing diffuse opti-
cal imaging systems, such as NIROT. The demon-
strated design can easily be customised in a lab 
equipped with a workshop and a 3D-printer. We 
demonstrated performance of the phantom in a 
series of experiments. We confirmed that the sys-
tem is applicable for a wide range of tasks. We 
hope that our experience will be useful for many 
research groups all around the globe.
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Effect of Exercise Therapy 
on Stress Response Evaluated 
by IoMT Monitoring System

Masamichi Moriya, L. Hu, Shin’ichi Warisawa, 
and Kaoru Sakatani

Abstract

The Internet of Medical Things (IoMT) sys-
tem plays a role in various areas of social 
activity, including healthcare. Telemetry of 
cardiovascular function, such as blood pres-
sure and pulse, in daily life is useful in the 
treatment of cardiovascular disease and stress 
management. However, until now, brain func-
tion monitoring technology has not been 
installed in the IoMT system.

In this study, we used near-infrared spec-
troscopy (NIRS) installed in the IoMT system 
to evaluate whether consumers who are not 
medical experts can measure their own brain 
function correctly. In addition, the IoMT sys-
tem was used to assess the long-term effects of 
physical exercise on physical and mental 
health.

We studied a total of 119 healthy adults 
recruited from a fitness gym in Koriyama, 
Japan. After receiving instruction in the usage 
of the IoMT monitoring system including 
NIRS, the subjects monitored their physical 
and mental conditions by themselves when 
they visited the gym. We evaluated the rela-
tions between blood pressure (BP), pulse rate 
(PR), body weight (BW) and age. In addition, 
we evaluated the left/right asymmetry of the 
prefrontal cortex (PFC) at rest and BP. We cal-
culated the laterality index at rest (LIR) for 
assessment of left/right asymmetry of PFC 
activity; a positive LIR (>0) indicates right- 
dominant PFC activity associated with higher 
stress responses, while a negative LIR (<0) 
indicates left-dominant PFC activity associ-
ated with lower stress responses. We studied 
47 out of 119 cases who monitored their phys-
iological conditions before and after physical 
exercise for 6 months for this study.

The results showed that the systolic blood 
pressure and mean blood pressure (p < 0.05) 
were significantly reduced after the physical 
exercise for 6 months; body weight did not 
change significantly (p  >  0.05). In addition, 
NIRS demonstrated that LIR changed to plus 
values from minus values after exercise 
(p < 0.01).

These results show that (1) consumers who 
are not-medical experts can measure their own 
brain function correctly using NIRS; (2) after 
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long-term physical exercise, systemic blood 
pressure decreased, associated with modula-
tion of PFC activity (i.e., from right-dominant 
PFC activity to left-dominant activity), indi-
cating that long-term physical exercises 
caused relaxation in the brain and the auto-
nomic nervous system.

Keywords

Internet of Medical Things system · 
Telemetry · NIRS · Brain function

1  Introduction

The Internet of Medical Things (IoMT) system is 
believed to be the next revolutionary technology 
and bring great benefits to various domains of 
society including healthcare [1]. The IoMT sys-
tem has gained increasing attention due to the 
development of solutions for tele-monitoring [2] 
and tele-treatment [3]; support older adults to 
work on their functional status by exercising 
independently but remotely supervised by pro-
fessionals when needed. Furthermore, the need 
for IoT is increasing due to the COVID-19 pan-
demic, and many reports have been made in a 
short period of time [4–6]. There is a possibility 
that advanced information technologies, includ-
ing the Internet of Things (IoT), will be applied 
to healthcare.

In our previous study, we developed the IoT- 
based health monitoring system, which allows 
for the long-term measurement of blood pressure 
(BP), pulse rate (PR), body weight (BW), and 
even mental stress measured from prefrontal cor-
tex (PFC) activity using a wearable near-infrared 
spectroscopy (NIRS) device [7]. In the pilot 
study, we observed that the IoT monitoring sys-
tem, which was set up in a local fitness gym, 
allowed non-medical persons (members of the 
gym) to measure physical and mental health con-
ditions by themselves. In IoMT studies, stress 
evaluations using electrocardiogram (ECG) 
 signals have been reported [8], but there are no 

studies in which non-medical personnel measure 
brain activity and check stress on their own.

Here, we report on the large longitudinal 
cohort study employing the IoMT monitoring 
system. The purpose of this study is to investigate 
the effect of IoMT introduction on the physical 
and mental health conditions of exercise.

2  Methods

2.1  Subjects and Study Protocol

We studied 119 volunteers (average age 
69.0  ±  7.5  years old); the mean BW was 
56.3 ± 9.2 kg, while BMI was 22.9 ± 3.1. All sub-
jects were recruited from the local fitness gym, 
which is attached to the Koriyama Health 
Promotion Foundation. Subjects were non- 
medical persons. The subjects provided written 
informed consent as required by the Human 
Subjects Committee in the gym.

The IoMT health monitoring system was set 
up in the fitness gym. The protocol is that, after 
instruction on how to use the IoMT system, the 
subjects were asked to monitor their physiologi-
cal conditions by themselves when they visited 
the fitness gym. The participants were requested 
to sit in front of a tablet PC placed on a table 
where the on-screen instructions and measure-
ment items are presented. Following the instruc-
tions displayed on the screen, the subjects were 
firstly asked to scan their membership card with 
identification barcode, and then to measure PFC 
activity at rest using a NIRS device for 1 min, fol-
lowed by measurements of their BP, PR, and BW.

2.2  System Design

We employed the IoMT-based healthcare mon-
itoring system, which allows long-term mea-
surements of BP, PR and BW, as well as NIRS 
measurements of PFC activity [7]. Briefly, the 
system is composed of a tablet-based data 
receiver collecting physical and mental data 
using several kinds of medical instruments and 
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a remote control system used to store and 
analyse the data collected from the tablet. The 
objective health measurements include BP and 
PR using a sphygmomanometer (TM-2657, 
A&D Corp., Japan), and BW using an elec-
tronic scale (AD-6209PBT-C, A&D Corp., 
Japan). In addition, we measured PFC activity 
using a wearable NIRS (HOT-1000, Hitachi 
High-Technologies Corporation, Japan). The 
HOT-1000 is a two- channel NIRS, which uses 
a single LED (800  nm) for measurements of 
total haemoglobin (t-Hb) concentration 
changes [9]. These devices have a Bluetooth 
communication function so that the measured 
data can be transported to the tablet receiver 
automatically. After being collected in the 
receiver, the data can be sent to the remote 
Amazon’s AWS Cloud system at the end of 
each measurement session. We analysed the 
collected data at a remote University of Tokyo 
graduate school.

2.3  Data Processing

We compared 47 out of 119 cases who monitored 
their BP (systolic blood pressure; SBP, diastolic 
blood pressure; DBP, mean blood pressure; 
MBP), PR, BW, and LIR before and after physi-
cal exercise for 6 months. In addition, we evalu-
ated the relation between BP and the left/right 
asymmetry of the PFC activity at rest; the left/
right asymmetry was assessed by calculating the 
LIR as follows:
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The index defined by the above equation provides 
values in the range of [−1, +1]. LIR>0 indicates 
the right dominant activity, while LIR<0 indi-
cates the left dominant activity. Previous studies 
demonstrated that LIR>0 is associated with high- 
stress responses, while LIR<0 is associated with 
low-stress responses [10, 11].

3  Results

We studied 47 out of 119 non-medical individu-
als who were able to monitor the physiological 
status of exercise for 6 months (Table 1). Other 
subjects (72 cases) are still measuring. We found 
that the systolic blood pressure, mean blood pres-
sure (p  <  0.05) and diastolic blood pressure 
(p  <  0.01) were significantly reduced after the 
physical exercise for 6 months; body weight did 
not change significantly (p > 0.05). In addition, 
NIRS demonstrated that LIR changed to minus 
values (left-dominant with low-stress responses) 
from plus values (right-dominant with high-stress 
responses) after exercise (p < 0.01).

There was a statistically significant positive 
correlation but weak between LIR and SBP 
(r  =  0.1, p  <  0.01), LIR and MBP (r  =  0.1, 
p < 0.05) (Fig. 1). It is shown that the more right- 
dominant the PFC activity at rest is, the higher 
the BP is.

4  Discussion

The present study is an implementation research 
evaluating the usefulness of the IoT-based health 
monitoring system. We observed that the subjects 
could monitor their physiological and mental 
conditions by themselves for long periods using 
the IoT monitoring system. By analysis of the 
data, we found that the SBP, MBP (p  <  0.05), 
DBP and PR (p < 0.01) were significantly reduced 
after physical exercise for 6 months. In our previ-
ous study, we observed gradual decreases in BP 
in a number of subjects, suggesting positive 
effects of fitness on health conditions. It suggests 
that the physical activities on the gym affect posi-
tively on the reduction of their BP and on 
 promoting their health; this is consistent with the 
reported study on the effect of exercise on hyper-
tension [12]. In addition, LIR turned into minus 
values after 6  months, suggesting that exercise 
reduces stress. A meta-analysis of previous data 
suggest that exercise is effective in improving 
anxiety symptoms in people with a current diag-
nosis of anxiety and/or stress-related disorders 
[13].

Effect of Exercise Therapy on Stress Response Evaluated by IoMT Monitoring System
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Table 1 Comparison before and after physical exercise

Before After 6 months p-value
SBP (mmHg) 118.7 ± 14.4 114.7 ± 16.14. p<0.05
DBP (mmHg) 70.2 ± 8.8 67.2 ± 9.0 p<0.01
MBP (mmHg) 92.2 ± 10.1 88.7 ± 12.8 p<0.05
PR (bpm) 80.1 ± 13.3 78.7 ± 12.6 p<0.01
BW (kg) 55.1 ± 9.6 55.0 ± 9.7 n.s.
LIR 0.07 ± 0.3 -0.13 ± 0.3 n.s.

Fig. 1 Correlation between LIR and SBP, LIR and MBP

Interestingly, SBP and MBP positively corre-
lated with LIR.  This is consistent with the 
reported NIRS studies; the right PFC activity pre-
dominantly modulates sympathetic activities 
while the left PFC activity predominantly modu-
lates parasympathetic activities [14–17]. This 
result should be emphasised given that the pres-
ent study is the first research into laypersons’ 
implementation of brain functional monitoring 
by NIRS. The subjects put the NIRS probes on 
the forehead by themselves according to the 
instruction on the PC screen. Nevertheless, there 
was a significant positive correlation between 
LIR and BP.  These observations suggest that 
non-medical personnel can use NIRS to monitor 
brain function and manage brain health by them-
selves. However, the present study did not inves-
tigate whether non-medical personnel were able 
to wear NIRS correctly, and this may be one of 
the reasons for the weak correlation. Because we 
evaluated long-term effects of physical exercise 

on the physical and mental health conditions, it 
remains to be addressed: (1) What exercises are 
more effective, and (2) Does exercise time and 
frequency affect outcomes. These questions are 
beyond the scope of this study and it is expected 
that these questions would be addressed as the 
IoMT system is continued.

The present study suggests that the IoT-based 
health monitoring system is useful for healthcare 
outside the medical facility, and resolves the 
shortage of medical staff in developed and devel-
oping countries. Furthermore, various efforts are 
underway to reduce contact due to the influence 
of COVID-19 [18, 19]. This IoMT system also 
has significant implications from the perspective 
of reducing contact opportunities.

Finally, this study includes data measurement 
by the subject her/himself and remote analysis. 
We are preparing to build a system that feeds 
back the analysed data to the subject.

M. Moriya et al.
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Improved Optical Tissue Model 
for Tissue Oximetry Imaging 
Applications

Gennadi Saiko

Abstract

Introduction: Chronic, non-healing wounds 
are a growing concern in healthcare delivery. 
Tissue oxygenation is recognised as critical to 
successful wound healing. However, the qual-
ity and quantity of the information extracted 
by hyperspectral imaging depend on the opti-
cal tissue model. This article aims to develop a 
simplified and computationally efficient 
approach comparable in quality with the two- 
layer model. Methods: We have considered 
the epidermal layer as a ‘thin-film’ within the 
dermal layer. By considering the mismatched 
boundary and developing a four-flux model 
for light transport within the tissue, we have 
obtained a quasi two-layer model with a 
closed-form solution similar to the single- 
layer model. Results: We have compared the 
developed model with the two-layer model 
(reference) and the single-layer model for the 
broad range of physiologically relevant 
parameters. The thickness of the epithelium: 
50, 80, and 120 μm. Melanin concentration: 1, 
2, 4, 8, 16, and 32%. Blood concentration: 
0.2%, 1%, and 7%. Oxygen saturation: 60%, 
80%, and 99%. Our initial results show that 
the accuracy of the proposed quasi two-layer 

model significantly (by a factor of 10) outper-
forms the single-layer model and is in close 
agreement with the two-layer model. 
Conclusions: The proposed quasi two-layer 
model significantly (by the factor of 10) out-
performs the single-layer model and is closely 
aligned with the two-layer model.

Keywords

Quasi two-layer model · Tissue optics · 
Turbid tissues · Skin layers · Hyperspectral 
imaging

1  Introduction

Chronic, non-healing wounds are a growing con-
cern in healthcare delivery. Chronic low extrem-
ity wounds, including leg ulcers (venous and 
arterial), diabetic foot ulcers (DFUs), and pres-
sure injuries (PIs), can be debilitating for the 
affected individual and place a massive financial 
burden on healthcare systems [1, 2]. Early diag-
nosis is an essential step in the cost-effective 
management of non-healing wounds. Early 
detection of barriers to effective wound healing 
permits timely interventions and changes to treat-
ment algorithms. There are no early indicators 
that can predict successful wound healing despite 
the recognised need and focused research. Tissue 
oxygenation is recognised as critical to success-
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ful wound healing. However, at present, only sur-
rogate measures of wound oxygenation are 
available clinically and include arterial duplex 
studies, dye-based imaging modalities (angiogra-
phy and fluorescence angiography), laser Doppler 
and transcutaneous oximetry. None of these 
methodologies directly measures the wound base 
but instead measures the oxygenation of the sur-
rounding or distant non-wounded skin. Moreover, 
none of these technologies are available within 
the confines of the wound healing clinic, and thus 
access to these studies becomes a barrier in and 
of itself. Direct measurement of wound oxygen-
ation and perfusion (total haemoglobin) with an 
affordable hand-held device would be a valuable 
adjunct in managing complicated chronic 
wounds.

Near-Infrared Spectroscopy (NIRS) and imag-
ing are promising clinical modalities that may 
measure wound oxygenation and perfusion in the 
wound bed and peri-wound remotely and non- 
invasively. In particular, hyperspectral imaging 
can be used to assess DFU development risk [3] 
and the severity of peripheral arterial disease [4].

In hyperspectral/multispectral imaging, a 
camera captures a series of images and recon-
structs the reflectance spectrum (hyperspectral 
imaging) or its proxy (multispectral imaging) for 
each pixel. Some inference about tissue chromo-
phore concentrations can be derived from the 
reflectance spectrum using a particular light 
transport model, e.g., modified Beer-Lambert or 
Single Backward Scattering [5].

The quality and quantity of the extracted 
information depend on the optical tissue model. 
However, popular Beer-Lambert and modified 
Beer-Lambert models are empirical models. 
There are several shortcomings with these simple 
models. Firstly, they do not consider the mis-
matched boundary, which significantly changes 
light distribution in the tissue. Secondly, they do 
not account for the complex multi-layer mor-
phology of the tissue. Therefore, the more accu-
rate data, the more realistic models are required, 
which emulate optical tissue properties.

To overcome these deficiencies, several more 
realistic modes have been proposed. In [6], the 
authors proposed a two-layer model to estimate 

blood saturation, melanin content, and epidermis 
thickness from spectral diffuse reflectance mea-
surements. However, due to computational com-
plexity, the method is suitable for a single-point 
assessment and cannot be extended to imaging 
geometry. The purpose of this article is to develop 
a simplified approach comparable with the two- 
layer model, which can be used in real-time 
imaging.

2  Methods

The skin is a multi-layer structure. Typically, it is 
subdivided into three primary layers: epidermis, 
dermis, and subcutaneous tissue. In addition, 
though, each of these layers can be split into sev-
eral respective sub-layers.

However, if we consider the spectrum’s visi-
ble range, the light penetration depth does not 
exceed 2 mm, and subcutaneous tissue does not 
contribute much to the reflectance. In this case, 
we can consider the skin as a two-layer structure: 
the bloodless epidermis and underlying, blood- 
containing tissue, which has optical properties of 
the dermis.

2.1  One-Layer Model

In healthy skin, the epidermis is not more than 
100–120 μm thick. The dermis is around 2 mm 
thick. Since light does not penetrate more than 
2 mm into it, we can approximate the dermis as a 
semi-infinite layer. If we ignore the surface layer 
(epidermis), we can consider tissue semi-space 
with the optical parameters of the dermis. The 
reflectance of the semi space with mismatches 
boundary can be written as [7].
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Here r01 is the specular reflectance for the light 
coming from air to the tissue, r10 is the specular 
reflectance of the light coming from the tissue 
into the air, Rd is the diffuse reflectance of the 
bulk tissue.
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The simplest tissue model beyond Beer- 
Lambert and modified Beer-Lambert models is 
the Kubelka-Munk (K-M) approach. The diffuse 
reflectance of the semi space with absorption and 
scattering coefficients, K and S in the K-M model

 R a ad � � �2 1  (2)

where a
S K

S
�

�
. In [8], the authors expressed 

K-M absorption and scattering coefficients K and 
S through tissue scattering and absorption coeffi-
cients μa and μ’s.

The advantage of the K-M model is that it is 
pretty simple. In particular, we can measure R, 
find Rd by inverting Eq. 1, and find K/S by solving 
Eq. 2.

However, the optical properties of the epider-
mis are very different from those of the dermis, 
especially for dark skin tones. In general, the skin 
contains melanin located in the bottom, basal 
layer of the epidermis. Its concentration there 
varies from 1% to 43% [9]. Thus, the predictions 
from the one-layer model can significantly devi-
ate from the two-layer model.

2.2  Quasi Two-Layer Model

In general, the two-layer models (see, for exam-
ple, [6]) present technical challenges with regard 
to extracting the tissue’s optical parameters in 
imaging mode. Therefore, some simplifications 
of this model tailored to computational efficiency 
would be helpful for imaging scenarios.

The thickness of the healthy epidermis ranges 
from 50 to 130 μm [10]. If we consider the opti-
cal properties of the epidermis, one can see that 
its optical density in the normal epidermis case 
does not exceed 1, but typically it is smaller.

It gives us some hints on how we can sim-
plify the two-layer geometry. For example, we 
can consider a semi space (dermal layer) with a 
‘thin- film’ of epidermis located just below the 
boundary, which is characterised by two param-
eters: absorption ρ and scattering χ, which 
depends on absorption μa and reduced scatter-
ing μ’s of the epidermal layer (denoted by sub-
index 1):
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Here we have integration over the epidermis 
layer with the thickness L1. In the sequence of 
scattering events in the dermis, the photon will 
ultimately forget about the initial direction, and 
we can expect that χ photons will be reflected, ρ 
absorbed, and 1-ρ- χ will pass through the film.

In this case, we can extend the two-flux K-M 
model to a four-flux model, illustrated by the fol-
lowing diagram (see Fig.  1). In particular, we 
have four fluxes inside the tissue (two inbound, 
I1, I3, and two outbound, I2 and I4) and can write 
balance equations for them:
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This system can be solved, and the reflectance of 
the tissue will be
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Fig. 1 Four fluxes in a quasi two-layer model
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This equation is the generalisation of Eq.  1 for 
the quasi two-layer model. In the case of ρ = 0, 
χ = 0, Eq. 5 is reduced to Eq. 1.

3  Results

To assess the quasi two-layer model’s accuracy, 
we have performed its comparison with a refer-
ence (two-layer) model described in [6]. The 
deviations of reflectance predicted by the quasi 
two-layer model and single layer model from the 
reference model at 532 nm (difference in reflec-
tance) are presented in Fig.  2a and Fig.  2b, 
respectively.

Our model has four variable parameters: 
thickness of the epithelium, L1 (50–120 μm), 
melanin concentration, cmel (1–41% of the 
basal layer), blood concentration in the der-
mis, c (0.2–7%), and blood oxygen saturation, 
SO2 (60–99%). We have selected the follow-
ing values to compare models. The thickness 
of the epithelium: 50, 80, and 120 μm. Melanin 
concentration: we selected 1, 2, 4, 8, 16, and 
32% to emulate six Fitzpatrick skin types (I–
VI). Blood concentration: 0.2%, 1%, and 7%. 
Oxygen saturation: 80%.

4  Discussion and Conclusions

Our initial results show that the proposed quasi 
two-layer model significantly (by a factor of 10) 
outperforms the single-layer model in accuracy 
and is in close agreement with the two-layer 
model. It emulates tissue reflectance typically 
within 1% of the values derived from the two- 
layer model. In many imaging scenarios, it is 
within an experimental error. So, we can set a 1% 
discrepancy (in absolute values) as a threshold 
for the model’s applicability.

In the 80–100 μm thickness range, the model 
provides tissue reflectance within 1% of the ref-
erence model for the whole range of other param-
eters (melanin, blood concentration, and oxygen 
saturation, SO2). Compared with the reference 
model, the quasi two-layer model provides 
slightly lower values for small thicknesses 
(50 μm) and slightly higher values for large thick-
nesses (120 μm).

We found that SO2 barely impacts results. Any 
increase in the dermis’ blood content signifies the 
impact of the dermis and decreases the 
discrepancy.

For the thin epithelium (50  μm) for small 
blood concentrations (0.2%), the model is beyond 
1% discrepancy only for darkly pigmented skin 

Fig. 2 The difference between reflectance of the two- 
layer (reference) model and quasi two-layer model (Panel 
a) and single layer model (Panel b) as a function of the 
melanin concentration: ◊ (50um, 0.2%), □ (50um, 1%), 
Δ (50um, 7%), x (80um, 0.2%), * (80um, 1%), ○ (80um, 

7%),| (120um, 0.2%), + (120um, 1%), − (120um, 7%), 
where the first and second values are epidermis thickness 
and dermal blood content. SO2 was set to 80%. Dotted red 
lines indicate the ±1% deviation from the two-layer model 
predictions
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(16–32%). For high blood concentrations (7%), 
the model is beyond 1% discrepancy only for the 
very dark skin (32%).

For the mid-range thickness of the epithe-
lium (80 μm), the model is within a 1% discrep-
ancy for all skin tones and blood 
concentrations.

For the thick epithelium (120 μm) for small 
blood concentrations (0.2%), the model is within 
a 1% discrepancy only for lightly pigmented skin 
(1–2%). For high blood concentrations (7%), the 
model is beyond a 1% discrepancy only for 
darkly pigmented skin (16–32%).

The proposed method’s advantage is that its 
expression for tissue reflectance has the same 
form as the single-layer model. Thus, it can be 
reversed. Moreover, it contains just several alge-
braic operations; it can be easily applied on a per- 
pixel basis in imaging scenarios.

In summary, the proposed quasi two-layer 
model significantly outperforms the single-layer 
model and is closely aligned with the two-layer 
model. Moreover, due to its computational sim-
plicity, it can be easily adapted to image process-
ing algorithms. However, the algorithm 
performance optimisation is beyond the scope of 
the current article.
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In Vitro Validation of a New Tissue 
Oximeter Using Visible Light

Nassim Nasseri, Stefan Kleiser, Ursula Wolf, 
and Martin Wolf

Abstract

There is a clinical need to measure local tissue 
oxygen saturation (StO2), oxy-, deoxy- and 
total haemoglobin concentration ([O2Hb], 
[HHb], [tHb]) in human tissue. The aim was to 
validate an oximeter called OxyVLS applying 
visible light spectroscopy (VLS) to determine 
these parameters without needing to assume a 
reduced scattering coefficient (μ′s). This prob-
lem is solved by appropriate calibrations. 
Compared to near-infrared spectroscopy 
(NIRS), OxyVLS determines the oxygenation 
in a much smaller more superficial volume of 
tissue, which is useful in many clinical cases. 
OxyVLS was validated in liquid phantoms 
with known StO2, [tHb], and μ′s and compared 
to frequency domain NIRS as a reliable refer-

ence. OxyVLS showed a high accuracy for all 
the mentioned parameters and was even able 
to measure μ′s. Thus, OxyVLS was success-
fully tested in vitro.

Keywords

Local tissue oxygen saturation · Visible light 
spectroscopy · StO2 · Liquid phantom

1  Introduction

There is a clinical need to determine the local tis-
sue O2 saturation (StO2). For example, in bone 
surgery StO2 affects fracture repair [1] and low 
StO2 leads to osteonecrosis [1]. Identifying this 
during surgery enables preventive measures. But 
the currently used microsphere technique [1] is 
expensive and radioactive [2]. In reconstructive 
surgery, local measurement of flap StO2 may 
increase the rate of flap salvage [3]. Currently 
flap viability is tested by clinical observation, 
capillary refilling, temperature and pinprick [4–
6], which depend on the surgeon’s expertise. 
Thus, a quantitative method for local oximetry 
(1 cm3) is needed.

Visible light spectroscopy (VLS) is mostly 
sensitive to capillaries [7] and suitable for local 
oximetry of such small volumes, due to its pene-
tration depth of a few mm. VLS-oximetry based 
on least squares fitting of spectra (500–630 nm) 
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has determined the StO2 [8–14]. Although VLS is 
a promising tool for oximetry, it had limited 
clinical use, because the unknown scattering 
coefficient (μ′s) impedes the absolute measure-
ment of chromophore concentrations. Wodick 
and Lübbers have described how StO2 and chro-
mophore concentrations can be measured inde-
pendently of μ′s [15–17]. This should enable a 
clinically applicable VLS oximeter.

The aim was to implement this and extend the 
method in an oximeter called OxyVLS to locally 
measure StO2, [O2Hb] and [HHb]. We also pro-
pose a method to estimate μ′s.

2  Methods

The OxyVLS consists of a Maya2000 Pro spec-
trometer (500–930  nm spectral range, 0.2  nm 
resolution) with a tungsten halogen source (7 W) 
and a 400  μm reflection probe (all by Ocean 
Optics, Dunedin, FL, USA). The probe has an 
outer diameter of 6.4 mm and a length of 76.2 cm.

OxyVLS was validated in a liquid phantom 
developed for testing oximeters in-vitro under 
realistic conditions as described in [18]. In short 
it consisted of 2500  mL phosphate-buffered 
saline (0.9% NaCl), initially 20 mL human blood 
(haemoglobin content  =  220  g/L, htc  =  67%), 
74  mL Intralipid® 20% solution (IL), sodium 
bicarbonate buffer (8.4%) and glucose. The blood 
concentration was increased twice simulating 
different reasonable values for tissue [19–21]. 
The average μ′s was 6.8 at 692  nm and 5.4 at 
834  nm as measured by OxiplexTS (ISS). The 
liquid was oxygenated by streaming O2 and 
deoxygenated by adding yeast.

To analyse the spectra we applied the interval 
analysis [15, 16]. The attenuation spectrum of 
tissue containing haemoglobin (A) is different 
from the spectrum of pure haemoglobin in a 
cuvette (G). This difference is due to inhomoge-
neous haemoglobin distribution in tissue, other 
absorbers, and μ′s [22]. According to [15, 16], the 
transfer function (H) is one to one. An example of 
such a transfer function is shown in Fig. 1a. The 

small deviation from a one-to-one function is due 
to the wavelength dependency of μ′s [17]. The 
interval between wavelength pairs of the same 
attenuation stays unchanged even if the shape of 
the spectrum changes due to the transfer function 
(H). This enabled us to calculate the StO2 by min-
imising the residual sum of squares between the 
interval signal and the interval signal obtained 
from haemoglobin in a cuvette with known StO2 
(data from [23]). The only assumption we made 
is that H is a one-to-one function.

To calculate [O2Hb], [HHb] and [tHb] in 
phantom, we employed the spectra from the 
[tHb] = 26.3 μM as reference. Based on this ref-
erence, we calculated [tHb] after increasing the 
[tHb]. Figure  1b shows the linear regression of 
the attenuation in the reference and the attenua-
tion in phantom. The same linear relationships 
were found at all StO2. The slope of a linear fit 
represents the proportion of [tHb] to the refer-
ence [tHb]. From [tHb] we obtained [O2Hb] and 
[HHb] by the StO2.

Our recorded spectra showed that the change 
in μ′s alters the y-intercept of the transfer func-
tion. By calculating the y-intercept of the nor-
malised regression line, we obtained a measure 
of μ′s. Here, the fits were normalised by dividing 
the y-values of each line by its corresponding 
slope. Data were processed by re-sampling the 
data to 1  Hz. Obvious artefacts were removed. 
The blood bags were analysed by the ABL 800 
(Radiometer, Copenhagen, Denmark) to deter-
mine the [tHb] in the phantom.

3  Results

As shown in Fig.  2a there is good agreement 
between StO2 of OxyVLS and of OxiplexTS. The 
effect of changes in [tHb] on this relationship is 
marginal. The [tHb] was measured to be 26.3, 
43.9 and 69.5 μM from the injected haemoglobin 
concentration, 22.6, 35.4 and 53.8 by OxiplexTS 
and 26.0, 36.8 and 48.7 by OxyVLS in the phan-
tom. Figure  2b shows [tHb] and [O2Hb] mea-
sured by the two instruments. Figure 3 shows the 
trend of μ′s at 692 nm and at 834 nm in relation 
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Fig. 1 (a) Transfer function between HHb measured in 
the phantom (StO2  =  0.1%) and the pure spectrum at 
StO2 = 0.1%. (b) Linear regression of the attenuation of 
haemoglobin in the reference dataset (x-axis) from 520 to 

600 nm and the attenuation of the phantom at 3 different 
[tHb] (y-axis) at StO2 = 0.1%. Grey represents the mea-
sured spectra and the linear fit is in colour

Fig. 2 (a) StO2 measured by OxyVLS (y-axis) and 
OxiplexTS (x-axis) agree well irrespective of the [tHb]. 
(b) [O2Hb], and [tHb] measured by OxyVLS in com- pari-

son to OxiplexTS. The shading indicates [tHb] = 26.3 μM, 
43.9 μM, 69.5 μM. From 75 to 90 min the OxiplexTS data 
is missing due to a technical problem

to the y-intercept of the linear fits after normali-
sation. The mean μ′s increased in the phantom 
from 6.6 to 6.9 to 7.5 cm−1 at 692 nm and from 
5.5 to 5.6 to 5.8  cm−1 at 834  nm measured by 
OxyiplexTS.  The corresponding values of 
OxyVLS were increases from 6.6 to 6.9 to 
7.6 cm−1 at 692 nm and from 5.5 to 5.6 to 5.8 cm−1 
at 834 nm.

4  Discussion and Conclusion

OxyVLS and OxiplexTS showed reasonable 
agreement for changes in StO2, [tHb], [O2Hb] 
and [HHb]. Both oximeters underestimated [tHb] 
at higher concentrations. This may be due to the 
blood bag not having been homogenised before 
taking blood samples. As we later discovered, the 
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Fig. 3 Y-axis: Trend of 
μ′s measured by 
OxiplexTS at 692 nm 
and 834 nm. X-axis: the 
y-axis intercept shown 
in Fig. 1

distribution of erythrocytes in the bag is not suf-
ficiently homogeneous without homogenising. 
Thus, the explanation may be that the haemoglo-
bin reference we obtained from the ABL 800 may 
not have been accurate. OxyVLS slightly under-
estimated [O2Hb] at high StO2, probably due to 
the high μa of haemoglobin for visible light caus-
ing low signal-to-noise ratio. The reason for 
OxyVLS slightly underestimating StO2 and 
hence [O2Hb] and [HHb] is that the distance 
between the two peaks at 542 nm and 576 nm is 
due to a difference of only 1  nm between the 
measured and the reference spectrum taken from 
the literature [23]. This issue could be solved by 
proper calibration.

In conclusion, visible light spectroscopy 
(OxyVLS) measured absolute values of [O2Hb], 
[HHb], [tHb], StO2 and μ′s in a liquid phantom 
simulating human tissue and the results agreed 
well with frequency domain NIRS oximeters. It 
was not necessary to assume the μ′s for these 
calculations. Visible light spectroscopy is 
expected be a valuable tool for clinical applica-
tion in flap and bone tissue oximetry and many 
other applications.
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Photon and Proton Dose Painting 
Based on Oxygen Distribution – 
Feasibility Study and Tumour 
Control Probability Assessment

Ana Ureba, Jakob Ödén, Iuliana Toma-Dasu, 
and Marta Lazzeroni

Abstract

Solid tumours may present hypoxic sub- 
regions of increased radioresistance. Hypoxia 
quantification requires of clinically imple-
mentable, non-invasive and reproducible tech-
niques as positron emission tomography 
(PET). PET-based dose painting strategies 
aiming at targeting those sub-regions may be 
limited by the resolution gap between the PET 
imaging resolution and the smaller scale at 
which hypoxia occurs. The ultimate benefit of 
the usage of dose painting may be reached if 
the planned dose distribution can be per-
formed and delivered consistently. This study 
aimed at assessing the feasibility of two PET- 
based dose painting strategies using two beam 
qualities (photon or proton beams) in terms of 
tumour control probability (TCP), accounting 

for underlying oxygen distribution at sub- 
millimetre scale.

A tumour oxygenation model at submilli-
metre scale was created consisting of three 
regions with different oxygen partial pressure 
distributions, being hypoxia decreasing from 
core to periphery. A published relationship 
between uptake and oxygen partial pressure 
was used and a PET image of the tumour was 
simulated. The fundamental effects that limit 
the PET camera resolution were considered by 
processing the uptake distribution with a 
Gaussian 3D filter and re-binning to a PET 
image voxel size of 2 mm. Prescription doses 
to overcome tumour hypoxia were calculated 
based on the processed images, and planned 
using robust optimisation.

Normal tissue complication probabilities 
and TCPs after the delivery of the planned 
doses were calculated for the nominal plan 
and the lowest bounds of the dose volume his-
tograms resulting from the robust scenarios 
planned, taking into account the underlying 
oxygenation at submillimetre scale. Results 
were presented for the two beam qualities and 
the two dose painting strategies: by contours 
(DPBC) and by using a voxel grouping-based 
approach (DPBOX).

In the studied case, DPBOX outperforms 
DPBC with respect to TCP regardless the 
beam quality, although both dose painting 
strategy plans demonstrated robust target 
coverage.
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1  Introduction

Radiotherapy planning is a multi-step process, 
which starts with the decision of irradiation of a 
malignant tumour and ends with the delivery of a 
planned dose distribution to treat the lesion. A 
frequent feature of solid tumours is the presence 
of the hypoxic microenvironment, mainly due to 
the imbalance between blood supply and oxygen 
consumption rate of the tumour cells. Hypoxia is 
known as a negative prognostic factor inducing 
chemo- and radio-resistance. A desirable strategy 
in a radiotherapy treatment may be overcoming 
hypoxia by spatially modulating the radiation 
dose distribution to scale the dose in those intra- 
tumour radioresistant areas while maintaining, or 
possibly deescalating, the dose in the remaining 
tumour and normal tissues [1–4].

Imaging techniques routinely used in the 
clinic such as functional magnetic resonance or 
positron emission tomography (PET) with 
hypoxia-specific tracers, are non-invasive and 
may be used for identifying spatial differences in 
physiological features as hypoxia. Still, there is 
no clinical protocol to adapt to routine clinical 
practice these image modalities as techniques 
that provide surrogate values for quantifying 
oxygen level in the tumour [1, 5]. PET imaging 
has been extensively used to delineate biological 
targets aiming to boost more aggressive regions 
[6]. Despites having been shown that PET imag-
ing by means of dedicated tracers (i.e. FMISO, 
Cu-ATSM, HX4 or FAZA) provides information 
on the chronic hypoxic areas, there is no consen-
sus on the translation of the PET uptake informa-
tion to oxygen concentration [2, 7]. One of the 
main issues is the resolution gap between the mil-
limetre scale of the PET images and the typical 
micrometre scale at which hypoxia manifests. 
Hence, the limitations of the PET image acquisi-
tion process compromise the ability of PET 
images to represent the tumour microenviron-
ment heterogeneity [8, 9]. However, improved 

quantification capability may be foreseen in the 
advent of new PET scanners and reconstruction 
algorithms, which promise enhanced spatial res-
olution and signal-to-noise ratio [10].

The beam quality plays a fundamental role in 
counteracting hypoxia in terms of the structure of 
the particle track, more specifically, the particle 
energy deposition in the medium and the particle 
interaction density tracks through the medium. In 
particular, the ability of light and heavy ions to 
sharply deposit their energy at the end of their 
range may be required for dose sculpting. 
Therefore, given the physical characteristics of 
their energy deposition, the use of proton beams 
may be advantageous when aiming at sculpting 
the dose distribution to overcome radioresistance 
in the tumour sub-regions [2, 3].

This study aimed to determine the clinical feasi-
bility of two different dose prescription strategies 
based on hypoxia PET imaging for both photons 
and protons and at assessing the treatment outcome 
prediction in terms of tumour control probability 
(TCP) by taking into account the underlying oxy-
gen distribution at sub-millimetre scale.

2  Methods

A 3D in-silico tumour model with heterogeneous 
oxygen partial pressure (pO2) distribution at sub-
millimetre scale (0.2 mm) was located in the head 
and neck region of a clinical patient PET-CT 
image. The simulated radiotherapy target con-
sisted of three self-contained regions: the clinical 
target volume (CTV), the gross tumour volume 
(GTV) and the hypoxic core (HC). A pO2 distri-
bution having a hypoxic fraction (HF) of 9% 
CTV-GTV (CTV rim excluding GTV), 24% for 
GTV-HC (GTV rim excluding HC) and 58% for 
HC was assigned to each region. Temporal 
changes due to fast re-oxygenation were consid-
ered, after each fraction of treatment and simu-
lated by resampling the pO2 values within each 
volume as described in previous studies [11].

The uptake distribution of the PET tracer 
FMISO was calculated from the pO2 values by 
applying a non-linear conversion function (Ƒ), 
which describes the relationship between the 
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tracer uptake and the pO2 distribution based on 
the inhibition of a chemical reaction [7]. In order 
to mimic the fundamental limits of the PET imag-
ing system, a Gaussian 3D filter (Full Width Half 
Maximum of 11 mm) was applied on the result-
ing uptake distribution at 0.2  mm voxel side 
length and re-binned increasing the voxel side 
length to 2  mm. Then, to identify the hypoxic 
volume and to calculate the dose required to 
overcome radioresistance from the PET image, 
the following steps were taken: the inverse of the 
non-linear conversion function (Ƒ−1) was used to 
convert the FMISO uptake into a new pO2 map at 
2 mm scale and the hypoxic target volume (HTV) 
was contoured at 10 mmHg threshold.

Assuming that the unique factor which affects 
radioresistance is the hypoxia level [7], the pre-
scription doses needed to overcome tumour 
radioresistance for a 10 fraction treatment were 
voxel wise calculated aiming at 95% TCP on the 
CTV.

Two different dose prescription strategies 
were adopted: Dose Painting by Contour (DPBC) 
with three levels of uniform dose, in HTV, in the 
GTV-HTV and in the CTV-GTV using the 
expression derived by Toma-Dasu et al. [7, 11]; 
and Dose Painting by BOXes (DPBOX) consist-
ing of dividing the volumes in 10 mm side length 
cubic sub-volumes and assigning the maximum 
dose within each box [8].

Treatment plans with two different beam qual-
ities, photons and protons, were made in a 
research version of the treatment planning sys-
tem RayStation (v10B, RaySearch Laboratories 
AB). A TrueBeam STx from Varian (Varian, Palo 
Alto, CA, USA) was used to optimise volumetric 
modulated arc therapy 6 MV photon plans using 
two full arcs. The intensity modulated proton 
therapy plans were optimised using a typical pen-
cil beam scanning dedicated nozzle from IBA 
(Ion Beam Applications S.A., Louvain-la-Neuve, 
Belgium) using a 4-field configuration (60°, 
120°, 240°, 300°) with energy range of 
70–230 MeV. The proton dose was weighted by 
its relative biological effectiveness (RBE) with a 
constant RBE of 1.1, whereas RBE  =  1.0 was 
used for photons, both in accordance with clini-
cal practise. To account for setup and density 

uncertainties, robust minimax optimisation was 
used for the targets by considering ±3 mm setup 
errors for all plans and 0% and ± 3.5% density 
change for proton plans, which resulted in 27 dif-
ferent scenarios for the photon plans and 81 dif-
ferent scenarios for the proton plans. Based on 
dose distribution scenarios from robust optimisa-
tion, upper and lower bound limits with one 
sigma error from average dose distribution were 
calculated for each plan and plotted in their cor-
responding dose volume histogram.

The plans aimed at fulfilling the dose con-
straints for the following organs at risk: 
Dmax ≤ 33 Gy (RBE) for spinal cord, Dmax ≤ 34 Gy 
(RBE) for brainstem, Dmean ≤ 15 Gy (RBE) uni-
lateral or Dmean  ≤  18  Gy (RBE) bilateral for 
parotid glands, and D2%  <  43  Gy (RBE) for 
mandible.

For each plan and dose prescription strategies 
described above, the TCPs of the nominal and the 
lower bound limit were evaluated using the 
underlying pO2 distributions at submillimetre 
scale (0.2 mm voxel size) using the LQ-Poisson 
model [12]. The following values for the model 
parameters were used: α  =  0.035  Gy−1; 
α/β = 10 Gy and ρ0 = 3.5 106 cm−3 for the radio-
biological parameters and initial clonogenic cell 
density [12, 13]. For each nominal plan, normal 
tissue complication probabilities (NTCPs) for the 
organs at risk were calculated with the Lyman- 
Kutcher- Burman model considering the follow-
ing end points: myelopathy, necrosis, xerostomia 
and osteoradionecrosis for spinal cord, brain-
stem, parotid glands and mandible, respectively 
[14]. A crossed comparison between beam qual-
ity and dose prescription strategies were evalu-
ated in terms of NTCP changes (ΔNTCP) and a 
possible clinical benefit for each organ at risk 
was considered if ΔNTCP was higher than 10 pp 
(percentage point).

3  Results and Discussion

After simulating the main limitations of the PET 
imaging system, the average pO2 value for the 
three volumes (HTV, GTV and CTV) was 8, 15, 
20 mmHg. HF was zero for the CTV-HTV and 
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100% for the HTV. The HTV was 15 cm3, 16% 
smaller than the original HC.

The dose distribution required to overcome 
tumour hypoxia was physically feasible and the 
plans were robust in terms of target coverage 

(Fig. 1). However, the mandible and both parot-
ids did not satisfy the organs at risk constraints 
since they partially overlapped the CTV and the 
target coverage was prioritised during plan opti-
misation. This resulted in NTCP values for the 

Fig. 1 Dose-volume histograms of the robust plans with 
photon and proton beams based on the two dose painting 
strategies studied. Solid lines show the nominal plan 

(0 mm/0%), while dashed lines show the confidence inter-
val as one sigma of the average dose distribution of robust 
scenarios
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Fig. 2 Normal tissue complication probability change (ΔNTCP) (pp: percentage point)

mandible being 6 and 8% for DPBC and 10 and 
13% for DPBOX, for photons and protons, 
respectively. DPBOX plans had small volumes 
with higher doses (Fig. 1).

ΔNTCP showed therapeutic gain in terms of 
beam quality in favour of protons while it resulted 
in no clinical gain in terms of dose painting strat-
egies (Fig. 2). Proton plans showed the ability of 
better sparing the parotid glands regarding dose- 
volume distribution and NTCP (Figs. 1 and 2).

TCP accounting for the underlying heteroge-
neity in tumour radiosensitivity due to cell oxy-
genation at sub-millimetre scale was >95% for 
DPBC and > 97% for the DPBOX in the GTV for 
both beam qualities and lowest bound. These 
results seem promising and pointing to that 
dedicated- PET-based dose painting approaches 
aiming at targeting chronic hypoxia, may be suc-
cessfully implemented in a clinical workflow. 
Furthermore, presented results show that the res-
olution gap between the hypoxia in tissue and 
dedicated-PET image may be bridged by pre-
scription doses derived from quantifying PET 
images. Nevertheless, for the clinical usage of the 
PET image for dose prescription, well-defined 
protocols for image acquisition, reconstruction 
and segmentation are still required for PET image 
quantification.

4  Conclusions

The robust optimisation strategies utilised in this 
study resulted in clinically acceptable plans for 
both the photon and the proton beams. In the 
studied patient case, DPBOX outperforms the 
DPBC with respect to TCP regardless the beam 
quality. In terms of NTCP proton plans demon-
strated to spare better the parotids compared to 
photon plans.
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Effect of Acidosis-Induced 
Signalling Pathways 
on Mitochondrial O2 Consumption 
of Tumour Cells

C. Degitz, S. Reime, and O. Thews

Abstract

Signalling pathways such as ERK1/2, p38 or 
PI3K are activated in tumour cells by extracel-
lular acidosis, which is a common phenome-
non in human tumours. These signalling 
pathways can modulate the mitochondrial 
function and activity. The aim of the study was 
to evaluate the impact of extracellular acidosis 
on the mitochondrial O2 consumption and, in 
consequence, the potential role of ERK1/2, 
p38 and PI3K cascades on modulating the 
respiratory function. The O2 consumption rate 
(OCR) was measured at pH 7.4 and extracel-
lular acidosis (pH  6.6) in combination with 
inhibition of the respective signalling path-
way. The activity of the pathways was deter-
mined by phosphorylation-specific western 
blot using the cytosolic and mitochondrial 
fraction of cell lysates. The experiments were 
performed on a rat tumour cell line (subline 
AT1 of the rat R-3327 prostate carcinoma) and 
normal cells (NRK-49F fibroblasts). Acidosis 
increased the OCR of AT1 cells, especially the 
basal OCR and the O2 consumption, which is 
related to ATP production. In normal NRKF 
cells OCR was unaffected by low 
pH.  Inhibition of ERK1/2 and PI3K, but not 

p38, reduced the acidosis-induced increase of 
the OCR significantly in AT1 tumour cells. In 
this cell line acidosis also led to an ERK1/2 
and PI3K activation, predominantly in the 
mitochondrial fraction. These results indicate 
that extracellular acidosis activates cellular 
respiration in tumour cells, presumably by 
activating the ERK1/2 and/or the PI3K signal-
ling cascade. This activation of ERK1/2 and 
PI3K is located primarily in the mitochondrial 
compartment of the cells.

Keywords

ERK1/2 · p38 · PI3K · MAP kinases · AT1 
cells · NRKF cells

1  Introduction

The metabolism of solid tumours differs to that 
of physiological healthy tissue. Whereas normal 
cells use glycolysis primarily in times of hypoxia, 
cancer cells utilise this metabolic pathway even 
under normoxia [1]. This so called “Warburg 
effect” together with a chaotically structured and 
uncontrolled angiogenesis resulting from fast 
tumour growth, lead to two main characteristics 
of the microenvironment in solid tumours: acido-
sis and hypoxia [2]. Earlier studies have shown 
that extracellular acidosis activates certain sig-
nalling pathways in different tumour cell lines, 
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including the MAP kinases ERK1/2 and p38 as 
well as PI3K [3, 4]. Preliminary results also indi-
cated that the extracellular pH could affect mito-
chondrial function [5]. In this study, the overall 
oxygen consumption rate of AT-1 and NRKF 
cells during extracellular acidosis (pH 6.6) was 
measured, including closer analysis of the impact 
on different sub-processes of mitochondrial and 
non-mitochondrial O2 consumption. In a second 
step, the effect of the signalling pathways p38, 
ERK1/2 and PI3K on cellular respiration under 
acidic and control conditions was analysed. Since 
these signalling pathways can act directly at 
mitochondria [6–8], the localisation of p38, 
ERK1/2 and PI3K activation in the cytosolic or 
the mitochondrial compartment was analysed. 
All results of AT1 tumour cells were compared to 
the normal NRKF fibroblast cell line.

2  Methods

2.1  Cell Line

The subline AT1 of the rat R-3327 Dunning pros-
tate carcinoma was grown in RPMI medium sup-
plemented with 10% foetal calf serum (FCS). 
The rat normal kidney fibroblast cell line NRK- 
49F (NRKF) was grown in DMEM medium sup-
plemented with 5% FCS.  Cells were grown at 
37 °C under humidified 5% CO2 atmosphere and 
were split twice a week.

2.2  Experimental Settings

For the experiments, cells were cultivated in Petri 
dishes for 24  h. Then media was changed to 
HEPES- and MES-buffered media without FCS 
adjusted to pH 7.4 (control) or 6.6 (acidosis) for 
another 3 h after which the measurements were 
performed. In addition, cells were incubated with 
or without the according inhibitors of the differ-
ent signalling pathways.

Western blotting was performed according to 
standard protocols. In brief, cells were lysed 
(0.5  M Tris-HCl pH  6.8; 10% SDS; 10% 
2- mercaptoethanol; 20% glycerol; 0.01% bromo-

phenol blue), separated by sodium dodecyl sul-
phate polyacrylamide gel electrophoresis, and 
transferred to a nitrocellulose membrane. 
Subsequently, membranes were incubated with 
antibodies specific for ERK1/2, pERK1/2, Akt, 
pAkt, vDAC and HSP90. The bound primary 
antibody was visualised by IRDye secondary 
antibodies (Licor Biosciences, Lincoln, NE, 
USA) with the imaging system Odyssey (Licor 
Biosciences, Lincoln, NE, USA). Quantitative 
analyses were performed with Image Studio Lite 
software (Licor Biosciences, Lincoln, NE, USA).

To isolate the mitochondrial protein fraction, 
standard protocols were used according to 
Monick at al [9]. In brief, cells were suspended in 
homogenising buffer containing protease inhibi-
tors (0.25  M sucrose, 0.2  mM EDTA, 10  mM 
Tris-HCL, 1 μl protein inhibitor cocktail (Sigma- 
Aldrich, Munich, Germany)) and homogenised 
in a Dounce homogeniser 20–40 times. After a 
short centrifugation (3000  rpm) to remove 
unlysed cells and nuclei, the supernatant was 
centrifuged for 10 min at 12000 rpm. The super-
natant from this step equals the cytosolic frac-
tion. The pellet was re-suspended in protein lysis 
buffer (0,05 M Tris (pH = 7.4), 0,15 M NaCl, 1% 
Nonidet P40 with 1:500 protease inhibitor cock-
tail, 1 mM sodium orthovanadate, 15 mM NaF) 
and sonicated. After centrifugation (5  min at 
14000  rpm), the supernatant equals the mito-
chondrial fraction.

The oxygen consumption rate (OCR) was 
measured using the Agilent Seahorse XFe96 
Analyzer (Agilent Technologies, Santa Clara, 
USA). To differentiate mitochondrial O2 metabo-
lism and its components from non-mitochondrial 
O2 consumption, inhibitors of different com-
plexes of the respiratory chain were added (XF 
Cell Mito Stress Test Kit, Agilent Technologies, 
Santa Clara, USA). The basal O2 consumption 
was defined by the OCR under control conditions 
minus the non-mitochondrial consumption (after 
adding rotenone and antimycin A). The oxygen 
consumption linked to ATP synthesis was 
 calculated from the difference of the basal OCR 
and OCR after oligomycin treatment, whereas 
the proton leak resulted from OCR with oligomy-
cin minus non-mitochondrial consumption.
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3  Results

Exposing AT-1 cells to extracellular acidosis 
(pH 6.6) led to a marked ERK1/2 phosphoryla-
tion (Fig. 1), indicating an activation of this sig-
nalling pathway. In NRKF cells acidosis had no 
stimulating effect on ERK1/2.

Analyses of cellular respiration showed that in 
the AT-1 cell line the basal O2 consumption rate 
(OCR) was approximately three times higher 
than in the normal NRKF cells under control con-
ditions. While O2 consumption in AT-1 cells was 
more than doubled under acidic conditions, in 
NRKF cells OCR was not influenced by lowering 
the extracellular pH (Fig.  2). Besides the basal 
OCR, especially oxygen consumption for ATP 
synthesis was increased by acidosis in the tumour 
cell line (pH 7.4: 2.85 ± 0.22, pH 6.6: 4.56 ± 0.38 
fmol/min/cell). In comparison, non- mitochondrial 
oxygen consumption and proton leak increased 
only slightly (data not shown). The gain in OCR 
therefore seems to be mainly due to an enhanced 
mitochondrial metabolism.

The inhibition of the p38 MAPK pathway (by 
SB203580) had practically no effect on OCR of 
NRKF cells and AT-1 cells, neither under control 
conditions nor under acidosis (Fig. 2). Inhibiting 
PI3K signalling by LY294002 did not influence 
the OCR under control conditions (pH  7.4) in 
both cell lines. However, under acidosis a signifi-

cant decrease was observed in AT1 tumour cells 
but not in NRKF cells (Fig. 2). Both basal mito-
chondrial and O2 consumption for ATP produc-
tion decreased by around 20%, but did not reach 
the control level at pH 7.4. A similar effect was 
observed in AT1 cells by inhibition of ERK1/2 
using U0126. At control pH, U0126 did not influ-
ence OCR of AT-1 cells, whereas during acidosis 
it led to a significant decrease by 25% (Fig.  2, 
both basal OCR and O2 consumption for ATP 
production).

To analyse whether these signalling factors act 
directly at the mitochondria, the activation of the 
pathways by acidosis was measured in the cyto-
solic and the mitochondrial fraction in AT1 
tumour cells separately. As quality control for 
successful isolation of the cell compartments, the 
amount of the mitochondria-specific protein 
vDAC-1 was measured (Fig. 3). Acidosis per se 
led to a strong activation of ERK1/2 and PI3K 
(the later assessed by Akt phosphorylation) pre-
dominantly in the mitochondrial fraction, 
whereas in the cytosolic fraction almost no 
change in either signalling pathway was seen 
(Fig. 4). Phosphorylation of ERK1/2 in the mito-
chondrial fraction increased by about 49% and 
by 77% for Akt. Inhibition of ERK1/2 by U0126 
significantly reduced ERK phosphorylation pref-
erentially in the mitochondrial fraction at both 
pH values. Inhibition of PI3K (by LY294002) 

Fig. 1 Relative activation of ERK1/2 in (a) AT-1 and (b) NRKF cells in the whole cell protein fraction after 3 h under 
acidic and control conditions. (**) p < 0.01, n = 6–8
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Fig. 2 Impact of inhibition of the p38-, ERK1/2- and 
PI3K-pathways on basal mitochondrial O2 consumption 
rate under acidosis (pH 6.6) and control pH (pH 7.4) for 

3  h in (a) AT-1 tumour cells and (b) NRKF cells. (**) 
p < 0.01, (*) p < 0.05 vs. pH 7.4; (#) p < 0.05 vs. respec-
tive control, n = 4–6

Fig. 3 Relative expression of vDAC in isolated protein 
fraction of cytosol and mitochondria in AT-1 cells. (**) 
p < 0.01, n = 4

reduced Akt phosphorylation in both cell frac-
tions similarly at control pH, as well as under 
acidic conditions (Fig. 4).

4  Conclusion

MAP kinase signalling pathways are important 
for the malignant behaviour of tumour cells, 
tumour growth and metastasis [10, 11]. It has 
been shown that acidosis activates those path-
ways in different cell lines [3]. Whereas in AT-1 
tumour cells ERK1/2 activation by acidosis was 
found in the present study, in NRKF fibroblasts 
ERK phosphorylation did not increase at low 
pH. A closer look into this activation in AT1 cells 

by analysing the cytosolic and mitochondrial 
protein fractions separately, showed that acidosis 
seems to activate ERK1/2 predominately in the 
mitochondrial fraction, whereas in the cytosol 
pERK/ERK was not altered by acidosis. 
Additionally, the inhibition of ERK1/2 at pH 7.4 
was much stronger in the mitochondrial fraction. 
Inhibition of the PI3K pathway occurred in both 
fractions. These results indicate that in tumour 
cells the acidosis-induced activation of ERK1/2 
(and maybe partially also PI3K) is mainly located 
at the mitochondria. Looking at the oxygen con-
sumption rate of NRKF and AT1 cells, these two 
cell lines are influenced differently by acidosis. 
Whereas low pH enhanced the OCR in AT-1 
tumour cells (especially basal and ATP 
production- related OCR), NRKF cells were not 
affected by lowering the pH.  Presently further 
experiments are necessary to analyse whether 
this is a fundamental difference between tumour 
and normal cells, or rather a specific property of 
the cell lines used.

Combining these two findings in AT1 cells, 
it becomes obvious that acidosis activates 
ERK1/2 and Akt predominately at the mito-
chondria and enhances the mitochondrial O2 
consumption. When inhibiting ERK1/2 and 
PI3K at low pH, the enhancing effect of acido-
sis on the OCR was reduced. These results indi-
cate that acidosis induced ERK1/2 or PI3K 
activation mediated the increase in O2 con-
sumption directly at the mitochondrial site.
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Fig. 4 Impact of inhibition of the p38-, ERK1/2- and 
PI3K-pathways on relative activation of (a) ERK1/2 and 
(b) PI3K during acidosis (pH 6.6) and control pH (pH 7.4) 

for 3 h in AT-1 tumour cells. (**) p < 0.01, (*) p < 0.05 vs. 
pH 7.4; (##) p < 0.01 cytosol vs. mitochondria, n = 6

A direct link between ERK1/2 and mitochondria 
has also been discussed by others. For instance in 
brain mitochondria, ERK1/2 was located in the outer 
membrane and intermembrane space [6]. 
Additionally, it has been demonstrated that ERK1/2 
is involved in the process of mitochondria fission 
[12]. However, further studies are needed to analyse 
whether these processes play a role in the increased 
OCR during acidosis in AT1 tumour cells. For Akt it 
is already known that this signalling factor is translo-
cated to mitochondria and stimulates ATP produc-
tion via oxidative phosphorylation [8]. Therefore, it 
seems probable that acidosis-induced PI3K-Akt 
activation mediates OCR at least in AT-1 cells. 
Finally, the present study demonstrates that p38 sig-
nalling seem to play only a minor/neglectable role 
for the pH-dependent modulation of oxygen 
consumption.
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Feasibility of Non-invasive 
Measurement of Tumour NAD(H) 
by In Vivo Phosphorus-31 
Magnetic Resonance Spectroscopy

Kavindra Nath, Fernando Arias-Mendoza, 
He N. Xu, Pradeep K. Gupta, and Lin Z. Li

Abstract

Importance of the redox status of nicotinamide 
adenine dinucleotide (NAD), including its 
oxidized (NAD+) and reduced (NADH) forms, 
has been shown in many biological processes. 
However, NAD(H) redox status assessment is 
traditionally limited to biochemical assays in 
vitro or optical redox imaging (ORI) for super-
ficial tissues in vivo and for deep tissues ex 
vivo. In recent years, phosphorous-31 mag-
netic resonance spectroscopy (31P-MRS) was 
utilized to quantify NAD+, NADH, and the 
redox ratio NAD+/NADH in normal tissues in 
vivo. The quantification is based on the spec-
tral fitting of the upfield shoulder of the αATP 
peak that contains signals of NAD+ (a quartet) 
and NADH (a singlet), assuming pH- 
independence of peak positions. To evaluate 
the feasibility of measuring tumour NAD(H) 
redox status in vivo, we fitted single voxel 31P- 
MR spectra of subcutaneous mouse xeno-
grafts of human breast cancer cell lines 
acquired on a 9.4-T horizontal bore preclinical 
MR scanner. We found larger variations in the 

chemical shift offsets of NAD+ and NADH 
from αATP in these tumours than the literature 
values of normal tissues. Furthermore, our 
31P-MR spectra of αATP, NAD+

, and NADH 
solution phantoms indicated that the chemical 
shift of αATP and thus the offsets between 
NAD(H) and αATP were pH dependent. 
Therefore, whether tumour pH should be 
incorporated into the spectral fitting model 
should be further evaluated. Additionally, 
spectral resolution and signal-to-noise ratio 
should be improved by optimising 31P-MRS 
protocols, increasing data acquisition time, 
and using a more sensitive coil for signal 
detection.

Keywords

Optical redox ratio · xenograft 
of MAD-MB-231 breast cancer cell line · 
xenografts of MCF-7 and BT474 breast 
cancer cell line · Solution phantoms

1  Introduction

According to the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database, there are over 
2400 unique biochemical reactions containing 
over 2200 compounds, among which oxygen is 
involved in ~320 reactions, ATP in ~260 reac-
tions, H+ in ~540 reactions, and the cohort of 
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NAD+, NADH, NADP+ and NADPH in ~490 
reactions [1]. This testifies to the importance of 
these molecules in biological activities. 
Furthermore, the NAD(P) redox statuses are 
closely coupled with oxygen consumption, bio-
energetics, and signalling activities and play 
essential roles in biology [2]. Thus, methods for 
detecting tissue NAD(P)(H) are much needed 
and valuable for biomedical research.

In the 1950s and 60s, Britton Chance and his 
co-workers established that mitochondrial NADH 
and oxidised flavoproteins (Fp) containing flavin 
adenine dinucleotide (FAD) emit fluorescence 
that can be used to study metabolism and redox 
state [3]. FAD is a cofactor coupled with NAD(H) 
redox status. The optical redox ratio Fp/
(NADH+Fp) has been shown to correlate linearly 
with the redox ratio NAD+/(NAD++NADH) mea-
sured in tissue by liquid chromatography mass 
spectrometry [4]. Therefore, our group and sev-
eral others have been investigating the potential of 
using the optical redox status as a disease bio-
marker, e.g., for tumour diagnosis and treatment 
response [3, 5]. Traditionally, tissue NADH redox 
status can be optically imaged by the Chance 
redox scanner [5], which is invasive and limited to 
frozen tissues.

In 2014, Lu et  al. published a non-invasive 
measurement of the NAD(H) redox status using 
phosphorus-31 magnetic resonance spectroscopy 
(31P-MRS) in vivo [6]. Their approach is to fit the 
upfield shoulder of the αATP peak with the 
known spectral patterns of NAD+ and NADH in 
normal tissues. With a neutral nitrogen atom 
within the nicotinamide ring in NADH, the 
nuclear spins of two 31P atoms have identical 
chemical shifts showing a single peak in the 
spectrum. For the NAD+, the nitrogen atom has a 
positive charge that breaks the symmetry of the 
magnetic field causing a chemical shift difference 
(δ) between the two 31P spins, which are also 
J-coupled. As a two spin AB system, the 31P-MR 
spectrum of NAD+ can be modelled as a quartet 
with a formula based on δ and the coupling con-
stant J, which can be measured in solutions. 
Utilizing this information and showing that the 
chemical shifts of the αATP and NAD(H) peaks 
are insensitive to pH and magnesium ion concen-

tration, Lu et al. quantified NAD+ and NADH and 
the redox ratio NAD+/NADH in normal cat 
brains. Similar approaches have been used to 
measure the in vivo NAD+ and NADH in the 
human brain and muscle [7–9].

Motivated by our previous findings using ORI, 
we sought to measure NAD+ and NADH in 
tumours using the 31P-MRS in vivo. In a separate 
manuscript published in this volume, we investi-
gated the feasibility of NAD(H) quantification in 
human cancers using 31P-MR spectra obtained at 
1.5 Tesla (T) [10]. Here we examined 31P-MR 
spectra obtained from human breast cancer xeno-
grafts at a 9.4 T horizontal bore preclinical MR 
scanner and fitted the αATP spectral region to 
extract NAD+ and NADH. Since the NAD(H) 
chemical shift offsets from the αATP peak appear 
to vary beyond the range given in the literature, 
we also investigated the pH dependence of the 
chemical shifts of αATP and NAD(H) peaks in 
solution phantoms.

2  Methods

All animal protocols were approved by the 
Institutional Animal Care and Use Committee at 
the University of Pennsylvania. Human breast 
cancer cell lines, MAD-MB-231 and MCF-7, 
were grown and passaged in RPMI 1640 culture 
medium. Inoculations of ~107 cells in 100 μL cul-
ture medium were subcutaneously implanted into 
the flanks of female athymic nude mice [11]. 
HCC1806 and BT474 were passaged in DMEM 
culture medium and each inoculation consisted 
of ~106 cells. Before inoculation of BT-474 and 
MCF-7 cells, a 60-day release oestrogen pellet 
(0.72 mg) was implanted subcutaneously around 
the chest or neck region [11]. When tumour size 
was in the range of 150–500  mm3, in vivo 31P- 
MRS was acquired from subcutaneous tumour 
xenografts using a 9.4 T/31 cm horizontal bore 
Varian system with a home-built dual-frequency 
(1H/31P) slotted-tube resonator (13 mm in diame-
ter) [12, 13]. In vivo localized 31P-MR spectra 
were acquired from a single voxel using the 
Image Selected In vivo Spectroscopy (ISIS) 
method with the time of repetition (TR) 4 s, num-
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ber of spectral points (NP) 512, sweep width 
(SW) 10,000–12,000 Hz, number of acquisitions 
(NA) 256. The voxel contained most of the 
tumour while minimising contamination from 
surrounding tissues.

For the phantom studies, ATP solution was 
made by dissolving ATP powder in phosphate 
buffered saline (PBS with Ca2+/Mg2+). The stock 
solutions of NAD+ and NADH were made at their 
maximum solubility by dissolving the powder 
forms in deionized water (MiliQ) and Tris-HCl 
buffer (10 mM pH 8.5), respectively. The NAD+ 
and NADH stock solutions were further diluted 
to the desired concentrations with PBS (with 
Ca2+/Mg2+). The solutions’ pH was adjusted from 
6 to 8. A 2 ml Eppendorf tube containing such 
solutions was positioned in the slotted-tube reso-
nator perpendicularly to the main magnetic field. 
Sometimes, a long-stem spherical microcell (vol-
ume 18  μL) containing 85% phosphoric acid 
(H3PO4) was inserted axially inside the 2 ml tube 
as an external reference with stable chemical 
shift. Phantoms were scanned by the ISIS proto-
col (TR 4 s, NP 2048, SW 7978.7 Hz, NA = 32) 
in the same 9.4 T/31 cm horizontal magnet but 
interfaced with a Bruker system due to upgrade.

For the spectra of tumour xenografts, the raw 
data were zero filled to 4096 and Fourier trans-
formed with a Lorentzian filter of 30 Hz followed 
by baseline correction with the custom-made 
3DiCSI program. The chemical shift of αATP 
was set at −10.07 ppm (parts per million). The 
resulting 31P-MR spectra were further analysed 
with a MATLAB algorithm by fitting the spec-
trum of the αATP region with multiple Lorentzian 
functions, using chemical shift position, ampli-
tude, and half line width (HLW) as independent 
variables. αATP was fit as a doublet with a J cou-
pling constant 15.5 Hz, NADH as a singlet and 
NAD+ as a quartet as previously described [6]. 
NAD and NADH were assumed to have identical 
HLWs and allowed to vary independently with 
chemical shifts. The chemical shift offsets of the 
central positions of NAD+ and NADH from the 
αATP peak were limited within ±0.2 ppm of the 
literature values [6]. A zero-order baseline shift 
was also included in the model. Peak areas were 
obtained to represent the signal intensity of 

NAD+, NADH and αATP. For the phantom spec-
tra, raw data was zero filled to 4096, but no filter-
ing was used with Fourier transform, and the 
chemical shifts of the centroid of NAD+ quartet 
and the NADH and αATP peaks were obtained.

3  Results and Discussion

We fitted the αATP regions of spectra from 13 
breast cancer xenografts with the models of 
αATP, NAD+, and NADH peaks. Five spectra 
have a signal-to-noise ratio (SNR) of the αATP 
signal below 8, making the fitting results less reli-
able (data not shown). The spectral fitting of the 
αATP region of the remaining eight xenografts 
with SNR  ~  8.5–19 were shown in Fig.  1a–h. 
Sometimes our fitting indicated the presence of a 
singlet peak about 1 ppm upfield (i.e., to the right 
side) of the αATP peak (Fig. 1g, h). This could 
correspond to the mitochondrial NADH 
(mNADH) peak previously suggested by Conley 
et  al. in their in vivo human muscle study [8]. 
Adding to the model an extra Lorentzian function 
representing this single peak, we improved the 
overall spectral fitting in Fig. 1i, j compared to 
Fig.  1g, h. This was found necessary for an 
HCC1806 and a BT-474 tumour. Whether 
mNADH should be included for other tumours 
will be investigated further in the future.

We summarised in Table 1 the mean values, 
standard deviations (SD), and ranges of the 
chemical shift offsets in the eight tumours shown 
in Fig. 1 in comparison to the reported literature 
values. The δATP-NADH and δATP-NAD are the relative 
chemical shift offsets of NAD+ (centroid) and 
NADH to the αATP peak, respectively, and the 
δNADH-NAD is the chemical shift difference between 
NADH and NAD+. Thus, while the mean values 
of chemical shift offsets in breast tumours are 
close to those in the literature reported for phan-
toms and normal tissues, there are large varia-
tions among individual tumours, particularly for 
δATP-NADH and δNADH-NAD. We acknowledge that the 
large fitting variations can be attributed to insuf-
ficient SNR and spectral resolutions.

The significant chemical shift variations 
observed in tumours led us to investigate whether 
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Table 1 Chemical shift offsets between NAD+ (cen-
troid), NADH and αATP in eight xenografts

Chemical shift offsets 
(ppm) δATP-NAD δATP-NADH δNADH-NAD

Mean 0.82 0.56 0.26
SD 0.10 0.13 0.18
Range (min-max) 0.66–

0.94
0.32–
0.72

0.02–
0.62

Literature reference [6, 
9]

0.74 0.56 0.18

Fig. 1 Spectral fitting of the αATP region of the 31P-MRS 
spectra from breast cancer mouse xenografts. (a–j) 
Spectral fitting of eight tumors with the names of cancer 
cell lines and the SNRs displayed on individual spectra. 
Each spectrum shows the raw data in arbitrary units (A.U.) 
in light grey, global fit in black, αATP in grey, NAD+ in 

red, NADH in blue, and residues in dashed lines. Panel (i) 
and (j) show the fitting for spectra in (g) and (h), respec-
tively, when the mitochondrial NADH (mNADH) is 
included in cyan. The x axes are in the range between –8 
and –13 parts per million (ppm)

the chemical shifts of NAD(H) and αATP are pH- 
dependent since tumours have pH variations and 
are commonly acidic [13]. Using solution phan-
toms with pH values ranging from 6 to 8, we cor-
roborated that the NAD+ and NADH chemical 
shifts are insensitive to pH (Fig.  2a). However, 
we found that the αATP peak position can vary 
up to 0.3 ppm from pH 6–8, thus δATP-NADH and 
δATP-NAD are pH dependent and decrease signifi-
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Fig. 2 31P-MRS studies of ATP, NAD+ and NADH phan-
toms. (a) pH dependence of chemical shifts in ppm; each 
point representing a separate phantom using external 85% 
H3PO4 as 0 ppm reference; (b) spectral fit for a mixture of 
NAD+ (10 mM) and NADH (10 mM) at pH 6.2, δNADH- 

NAD  =  0.22  ppm; (c) spectral fit for a mixture of ATP 

(3 mM), NAD+(1 mM) and NADH (1 mM) in PBS buffer 
without Ca2+/Mg2+ at pH 6.4, δATP-NAD = 0.35 ppm, δATP- 

NADH = 0.12 ppm. The studies in panel (b) and (c) did not 
use external H3PO4 reference and thus the chemical shifts 
are relative

cantly under acidic pH.  Our results show that 
under the neutral and basic range (pH 7–8), the 
mean δATP-NADH 0.37  ±  0.04  ppm and the mean 
δATP-NAD 0.52  ±  0.04  ppm are significantly less 
than that given by literature, whereas the mean 
δNADH-NAD 0.16 ± 0.02 ppm is consistent with pre-
vious reports (Table 1) [6]. Figure 2b exemplifies 
the fitting of the spectra from NAD+-NADH mix-
tures using the MATLAB algorithm, with δNADH-

NAD 0.22  ppm. Figure  2c demonstrated the 
separation of ATP, NAD+, and NADH peaks in a 
mixture at pH  6.4, with δATP-NAD 0.35  ppm and 
δATP-NADH 0.12 ppm.

Lu et al. reported δATP-NAD = 0.74 ppm, δNADH- 

ATP = 0.56 ppm, and no pH (~6–8) dependency of 
the chemical shifts of αATP, NAD+, and NADH 
in solutions [6]. In this study, the solvent was 
pH- adjusted deionised water and phosphocre-
atine was added as an internal chemical shift ref-
erence, which might be pH dependent. 
Conversely, in our study, the solvent was pH-
adjusted PBS to mimic physiological conditions, 
and an independent 85% H3PO4 phantom was 
included in the measurement as an external 
chemical shift reference (Fig. 2a). Another study 
reported that under low magnetic field 
(40.5 MHz) using 1.0 M H3PO4 as external refer-
ence but specifying no solvent conditions, δATP-

NAD was found to increase from 0.19  ppm to 
0.35 ppm when pH varied from strong acidic to 
strong basic [14]. Thus, it is crucial to address 
these discrepancies and investigate whether 
chemical shifts alter significantly with pH of sol-

vents used and in the presence of other biologi-
cal molecules to determine NAD+ and NADH 
properly. In this regard, we acknowledge the 
potential experimental errors in the delicate 
measurement of chemical shifts in phantoms by 
a preclinical scanner. Therefore, we should 
repeat our measurements with a high-resolution 
NMR system.

In summary, based on this explorative study of 
breast cancer xenografts supported by the phan-
tom study, we found that the chemical shift off-
sets between NAD(H) and αATP are pH 
dependent and can vary significantly beyond the 
range reported in the literature. Despite the pos-
sibility of quantifying NAD(H) in tumours in 
vivo, more investigations are needed to address 
several essential questions. For example, it 
remains unknown whether the chemical shifts of 
NAD(H) are dependent on tissue microenviron-
ment such as extracellular and intracellular pH in 
vivo and the extent of this dependency. It is also 
known that other phosphorus-containing species 
(e.g., uridine diphosphate glucose) could reso-
nate near the spectral region of αATP but their 
contributions to the 31P MR spectra in tumours 
remain unclear [9]. To answer these questions 
and obtain a more reliable spectral fitting of 
NAD(H), we need to achieve higher SNR and 
spectral resolution for in vivo 31P-MRS, which 
could be attained using reduced spectral band-
width, longer data acquisition time, and more 
sensitive detection coils among other 
improvements.
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Acidosis-Induced Regulation 
of Egr1 and Ccn1 In Vitro 
and in Experimental Tumours In 
Vivo

M. Rauschner, S. Reime, A. Riemann, and O. Thews

Abstract

Extracellular acidosis is a characteristic of 
solid tumours, resulting from hypoxia-induced 
glycolytic metabolism as well as from the 
“Warburg effect” (aerobic glycolysis). The 
acidic environment has shown to affect func-
tional tumour properties (proliferation, migra-
tion, invasion) and thus the aim of the study 
was to identify signalling mechanisms, medi-
ating these pH-dependent effects. Therefore, 
the serum response factor (Srf) and the activa-
tion of the serum response element (SRE) by 
acidosis were analysed in AT-1 prostate carci-
noma cells. Furthermore, the expression of 
downstream targets of this cascade, namely 
the early growth response 1 (Egr1), which 
seems to be involved in tumour proliferation, 
and the cellular communication network fac-
tor 1 (Ccn1), which both contain SRE in their 
promotor region were examined in two tumour 
cell lines. Extracellular acidification led to an 
upregulation of Srf and a functional activation 
of the SRE. Egr1 expression was increased by 
acidosis in AT-1 cells whereas hypoxia had a 
suppressive effect. In experimental tumours, 

in vivo Egr1 and Ccn1 were also found to be 
acidosis-dependent. Also, it turned out that pH 
regulated expression of Egr1 was followed by 
comparable changes of p21, which is an 
important regulator of the cell cycle.

This study identifies the Srf-SRE signalling 
cascade and downstream Egr1 and Ccn1 to be 
acidosis-regulated in vitro and in vivo, poten-
tially affecting tumour progression. Especially 
linked expression changes of Egr1 and p21 
may mediate acidosis-induced effects on cell 
proliferation.

Keywords

Tumor proliferation · Serum response factor 
(Srf) · Cyr61 · AT-1 cells

1  Introduction

Due to rapid growth, solid tumours exhibit an 
insufficient vascular network, causing hypoxia- 
induced glycolytic metabolism. This change in 
metabolism and the “Warburg effect” cause an 
acidification of extracellular tumour pH [1], 
which can affect amongst others cell prolifera-
tion, invasiveness and metastasis [2, 3], but the 
mechanism of how acidosis leads to these func-
tional effects is still under investigation. In this 
study, we analysed the impact of the extracellu-
lar pH on the serum response factor (Srf) cas-
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cade which plays an important role in tumour 
progression. This transcription factor binds to 
serum response elements in the promotor 
regions of genes and is involved in the regula-
tion of immediate early genes [4]. Furthermore, 
Srf is described to modulate gene expression in 
cancer [5], effecting either adhesion and migra-
tion with myocardin-related transcription fac-
tors as coactivators [6] or proliferation in 
association with ternary complex factors (TCFs) 
[7]. To further analyse potential downstream 
signalling cascades the early growth response 1 
(Egr1) and cell communication network factor 1 
(Ccn1), also known as Cyr61, were analysed 

since these genes contain Srf binding sites [8, 9] 
and their role in tumour progression has been 
described in multiple studies [10, 11]. A first 
link of immediate early genes and low pH was 
shown by an acidosis- induced activation of 
Egr1  in normal renal epithelial cells [12]. 
However, Egr1 as well as Ccn1 have not been 
studied in relation to extracellular acidosis in 
tumours. Hence, the aim of the study was to 
investigate, whether Egr1 and Ccn1 are also 
acidosis-regulated in cancer cell lines in vitro 
and in vivo, and thereby developing a deeper 
insight in the mechanism from tumour acidosis 
to malignant progression (Fig. 1a).

Fig. 1 (a) Possible mechanism how acidosis may lead to 
tumour progression via activation of serum response fac-
tor (Srf) and serum response element (SRE). Impact of 
acidosis on (b) serum response factor (Srf) protein expres-
sion and (c) SRE activity measured by secreted alkaline 

phosphatase (SEAP) in AT-1 cells. Cells were incubated 
24 h at pH 6.6 (acidosis Srf expression) or 24 at pH 6.6 
followed by 6 h at pH 7.4 (acidic priming SRE activity). 
Mean ± SEM, n = 4. (*) p < 0.05
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2  Methods

2.1  Cell Culture and In Vivo 
Tumour Models

The subline AT-1 of the rat R-3327 Dunning pros-
tate carcinoma was cultured in RPMI supple-
mented with 10% foetal calf serum (FCS) and the 
rat mammary carcinoma cell line Walker-256 
which was grown with additional 
10 mM L-glutamine, 20 mM HEPES and 0.15% 
NaHCO3. Solid tumours were induced by subcu-
taneous implantation of tumour cells (6 × 106 cells 
in 0.5 mL isotonic saline) on the hind foot dorsum 
of male Copenhagen or Wistar rats. Tumour vol-
ume was determined with a caliper and tumours 
were analysed at a volume of 0.5–1.0  mL.  To 
induce a more pronounced tumour acidosis in 
vivo, animals were treated with a combination of 
respiratory hypoxia (10% O2) and a single injec-
tion of meta-iodobenzylguanidine (MIBG), an 
inhibitor of the respiratory chain at complex I 
[13]. The combination of hypoxia + inhibition of 
mitochondrial respiration forces the glycolytic 
metabolism of the tumour cells which leads to a 
lower pH in both tumour lines in vivo by about 0.5 
(AT-1: from 7.02  ±  0.04 to 6.48  ±  0.08, 
Walker-256: from 7.16 ± 0.03 to 6.65 ± 0.07 [14]). 
After 24 h animals were sacrificed and tumours 
surgically removed. All experiments had previ-
ously been approved by the regional animal ethics 
committee and were conducted in accordance 
with German law on animal protection and the 
UKCCCR Guidelines [15]. After excision, 
tumours were minced and lysed with the TRIzol 
reagent (Thermo Fisher Scientific, Waltham, MA, 
USA) for RNA extraction.

2.2  Experimental Settings

Treatment of cells included incubation in serum- 
free media at pH 7.4 (control) or pH 6.6 (acido-
sis) under normoxic or hypoxic (pO2 ≈ 1.5 mmHg) 
conditions for 24  h. Serum response element 
activity was determined with secreted alkaline 
phosphate (SEAP) reporter gene assay. In brief, 
AT-1 cells were transfected with reporter plas-

mids and lacZ using the Mercury Pathway 
Profiling System (Clontech, CA, USA) and 
Lipofectamine 2000 Reagent (Thermo Fisher 
Scientific, Waltham, MA, USA). Secreted alka-
line phosphate activity was measured with the 
AttoPhos AP Fluorescent Substrate System 
(Promega, Madison, WI, USA) and 
ß- galactosidase activity was determined for nor-
malisation. The expression of Egr1, Ccn1 or p21 
was assessed under control or acidotic conditions 
by quantitative PCR. In brief, 1 μg RNA was sub-
jected to reverse transcription with SuperScript II 
reverse transcriptase (Invitrogen, Carlsbad, CA, 
USA) and expression changes were studied by 
qPCR using the Platinum SYBR Green qPCR 
Supermix (Invitrogen, Carlsbad, CA, USA) with 
hypoxanthine-guanine phosphoribosyltransfer-
ase (HPRT) as housekeeping gene. The acidosis- 
induced change of mRNA expression was 
described by the threshold cylce (Ct) determined 
by PCR which was then normalised to the expres-
sion of the housekeeper gene and the expression 
under control conditions at normal pH (ΔΔCt). 
An increase of the ΔΔCt value by “1” corre-
sponds to a doubling of the mRNA level. 
Acidosis-induced regulation of Egr1 on the pro-
tein level was determined by western blot analy-
sis. Protein lysates were separated by 12% 
SDS-PAGE and transferred to nitrocellulose 
membranes. Incubation was performed with 
respective primary antibodies for Egr1, Srf and 
β-Actin (Cell Signaling Technology, Danvers, 
MA, USA) as housekeeping gene. Samples were 
detected by the Odyssey Imaging System 
(LI-COR Biosciences, Lincoln, NE USA). All 
experiments were performed at least in triplicates 
and results are presented as mean ± SEM.

3  Results

To identify which transcription factors were acti-
vated under acidosis, a reporter gene assay mea-
suring secreted alkaline phosphatase activity 
(SEAP) was used. Figure 1 shows that the protein 
level of the associated transcription factor Srf 
was increased under acidic conditions by about 
73% (Fig.  1b). As a result, the serum response 
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element (SRE) was strongly (+133%) activated 
after acidic priming in AT1 prostate carcinoma 
cells (Fig. 1c). Since Egr1 and Ccn1 genes con-
tain serum response elements [8, 9], an effect of 
acidosis on the expression of these genes was 
expected. Ccn1 was significantly upregulated by 
low pH in both cell lines (Fig. 2a). However, for 
Egr-1 the effect was cell line-dependent. Although 
in AT-1 cells expression was up-regulated, the 
expression in Walker-256 cells was markedly 
reduced (Fig. 2a). On protein level in AT-1 cells, 
acidosis increased Egr1 expression, whereas 
hypoxia led to a reduction to 50% (Fig.  2b). 

Surprisingly, in AT-1 tumours in vivo Egr1 and 
Ccn1 were significantly downregulated in more 
acidic tumours (Fig.  3a). Since it has been 
described that Egr-1 can affect cell proliferation 
and survival via the p21 signalling pathway, the 
impact of acidosis on this factor was measured. It 
was found that in both cell lines the expression of 
Egr-1 and p21 was changed by acidosis in the 
same direction (Fig.  3b). p21 was significantly 
increased in AT-1 but downregulated in Walker 
cells by acidosis. Again surprisingly, the expres-
sion in experimental tumours was changed in the 
opposite direction.

Fig. 2 (a) Impact of 
acidosis on Egr1 and 
Ccn1 mRNA expression 
in AT-1 and Walker-256 
cells. (b) Impact of 
acidosis and/or hypoxia 
on Egr1 protein 
expression in AT-1 cells. 
Treatments for 24 h; 
values normalised to 
control conditions 
(pH 7.4 normoxia). 
Mean ± SEM, n = 5–10. 
(*) p < 0.05

Fig. 3 Impact of acidosis (24 h) on (a) Egr1 and Ccn1 
mRNA expression in AT-1 tumours and (b) Egr1 and p21 
mRNA expression in AT-1 and Walker cells (in vitro) and 

tumours (in vivo).Values normalised to control conditions. 
Mean ± SEM, n = 5–10. (*) p < 0.05
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4  Conclusion

Our study showed that acidosis increased the 
expression of Srf in tumour cells and by this 
induced the activation of SRE (AT-1, Fig.  1). 
Since Srf is an important transcription factor 
mediating tumour progression, it might be 
involved in mechanisms from tumour acidosis to 
malignant progression. Egr1 and Ccn1, which 
are genes downstream Srf/SRE, were upregu-
lated by acidosis in AT-1 cells (Fig. 2a) whereas 
hypoxia had an opposing effect (Fig.  2b). 
Therefore, the upregulation seems to be acido-
sis-specific. The pH-dependent induction of 
Egr1 and Ccn1 was described by others [12, 16], 
however the present study shows that the effect 
on Egr1 seems to be cell line-dependent. Since 
Egr1 and Ccn1 genes contain serum response 
elements [8, 9], acidosis could at least in AT-1 
cells regulate the expression via the Srf/SRE 
pathway. Because Egr1 has been described to 
modulate tumour growth and survival especially 
in prostate cancers [10], this mechanism can 
contribute to the impact of acidosis on the malig-
nant progression of tumours. Although Egr1 is 
described to be increased in prostate cancers 
[10], studies for mammary cancer cells showed 
reduced levels of Egr1 [17], which might explain 
the acidosis-induced downregulation in 
Walker-256 cells (Fig.  2a). Ccn1 as a matrix 
associated protein was shown to be involved in 
prostate cancer development and found to be 
elevated in patient samples [11], also emphasis-
ing its potential role in the mediation of acidosis-
induced tumour progression.

Figure 3a illustrates that Egr1 and Ccn1 
expression was regulated in the opposite direc-
tion in tumours in vivo than in cell culture. One 
possible explanation for this opposing behaviour 
might be the method used to acidify the tumours 
in vivo. For this, stronger hypoxia in the tumour 
tissue was induced by inspiratory hypoxia (in 
addition to the inhibition of the respiratory chain 
by MIBG). However, hypoxia per se was found 
to decrease the expression of Egr1 also in vitro 
(Fig. 2b). Another possible explanation of the dif-
ferences in vitro and in vivo might be that Srf is 
regulated by the cytoskeleton dynamics (e.g., G- 

or F-actin) but also by cytokines or TNF-α. Since 
these factors are present in vivo but not in vitro it 
is conceivable that Srf is regulated by acidosis, 
but this effect is overwritten by other activation 
mechanisms. In addition, it is known that Egr1 
expression is also regulated by other signalling 
cascades (e.g., Erk1/2). The present results also 
indicate that the cyclin-dependent kinase inhibi-
tor p21 is upregulated by acidosis via 
upregulation.

In conclusion, this study identifies the Srf- 
SRE signalling cascade and downstream Egr1 
and Ccn1 to be acidosis-regulated in vitro and in 
vivo, potentially affecting tumour progression. 
Especially a linked expression of Egr1 and p21 
might mediate acidosis-induced effects on cell 
proliferation.
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Perfusion-Limited Hypoxia 
Determines the Outcome 
of Radiation Therapy of Hypoxic 
Tumours

Filippo Schiavo, Iuliana Toma-Dasu, 
and Emely Kjellsson Lindblom

Abstract

Despite advancements in functional imaging, 
the resolution of modern techniques is still 
limited with respect to the tumour microenvi-
ronment. Radiotherapy strategies to counter-
act e.g., tumour hypoxia based on functional 
imaging therefore carry an inherent uncer-
tainty that could compromise the outcome of 
the treatment. It was the aim of this study to 
investigate the impact of variations in the 
radiosensitivity of hypoxic tumours in small 
regions in comparison to the resolution of cur-
rent imaging techniques on the probability of 
obtaining tumour control. A novel in silico 
model of three-dimensional tumour vascula-
ture and oxygenation was used to model three 
tumours with different combinations of 
diffusion- limited, perfusion-limited and anae-
mic hypoxia. Specifically, cells in the transi-
tion region from a tumour core with 
diffusion-limited hypoxia to the well- 
oxygenated tumour rim were considered with 
respect to their differential radiosensitivity 
depending on the character of the hypoxia. 
The results showed that if the cells in the tran-

sition region were under perfusion-limited 
hypoxia, the tumour control probability was 
substantially lower in comparison to the case 
when the cells were anaemic (or under 
diffusion- limited hypoxia). This study there-
fore demonstrates the importance of differen-
tiating between different forms of hypoxia on 
a scale currently unattainable to functional 
imaging techniques, lending support to the use 
and importance of radiobiological modelling 
of the cellular radiosensitivity and response at 
microscale.

Keywords

Radiotherapy · Radioresistance · Oxygen 
enhancement ratio (OER) · In silico model

1  Introduction

Solid tumours often contain cells in hypoxic con-
ditions [1]. This is a result of the underdeveloped 
vasculature characteristic of neoplasms, as they 
rapidly outgrow their own capillary network and 
thus prevent the formation of an adequate blood 
supply [2]. As hypoxic cells may require up to 
three times the radiation dose for isoeffect in 
comparison to oxic conditions, tumour hypoxia 
has long been considered a major threat to the 
success of radiotherapy [3]. However, the direct 
effect from an increased radioresistance as typi-
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cally quantified by the oxygen enhancement ratio 
(OER) [4] is likely not enough to characterise the 
radioresistance in vivo. There are several patho-
physiological mechanisms that cause hypoxia 
[5], and, depending on the origin, cells radiosen-
sitivity could differ substantially: a chronic depri-
vation of oxygen due to its limited diffusion 
distance may lead to higher sensitivity because of 
a diminished viability, while cells acutely 
hypoxic as a result of a cyclic loss of perfusion 
inside vessels could represent the most resistant 
type, indicating the importance of accounting for 
the type of hypoxia when assessing the level of 
radioresistance [6].

While this distinction could be crucial in the 
outcome prediction for a given treatment and 
hence for selecting the best treatment approach, 
the resolution of modern functional imaging 
techniques is still generally rather limited, con-
sidering the microscopic scale on which critical 
variations in the radiosensitivity occur [7].

To bridge this gap between imaging and 
response prediction, in silico modelling of key 
physiological features such as the oxygenation 
offers a unique opportunity to study the micro-
scopic effects on the outcome. A novel and com-
plex model of tissue oxygenation has therefore 
been recently developed [8] and applied to simu-
late tumours with combinations of diffusion- 
limited, perfusion-limited and anaemic hypoxia 
(the latter resulting from limitations either in dif-
fusion from the vessels or perfusion through the 
vessels), with the specific aim of assessing the 
impact on the outcome of the transition region 
between a chronically hypoxic subvolume and its 
better oxygenated surroundings.

2  Methods

A 3D model of tissue vasculature and oxygen-
ation was used to simulate tumours with different 
kinds of hypoxia. A complex network of realistic 
vessels is constructed inside a cubic geometrical 
structure enclosing a spherical tumour. By means 
of fractal theory, vessels are “grown” evenly from 
around the tumour towards its centre. Inside a 
spherical central subregion with a specified 

radius, diffusion-limited hypoxia was simulated 
by reducing the density of vessels, reflecting the 
in vivo increased intervascular distance [5]. The 
oxygen transport equation was then solved at 
voxel level with a finite difference method assum-
ing stationary blood flow from the vessels as 
sources of oxygen diffusion with no convection 
and assuming an isotropic tumour tissue. Two 
tumour models containing either perfusion- 
limited or anaemic hypoxia were also created by 
randomly closing a fraction of vessels or halving 
their original oxygen partial pressure of 
40  mmHg, respectively. Anaemic hypoxia was 
hence assumed to produce the same effect (a fur-
ther reduction in the oxygen diffusion distance) 
independently on its cause, while the cell viabil-
ity was accounted for in the TCP calculations. 
The radius of the simulated tumours was 3 mm, 
and the resolution was 10 μm (Fig.  1). Single- 
fraction radiotherapy with doses of 18–30 Gy, as 
representative of the fractional doses typically 
delivered in hypofractionated stereotactic body 
radiotherapy (SBRT) treatments [9–12], was sim-
ulated assuming a homogeneous dose distribu-
tion in the modelled tumours. The impact from 
the different kinds of hypoxia on the treatment 
outcome was then evaluated by calculating the 
tumour control probability (TCP). The response 
of the different forms of hypoxia was accounted 
for in the voxel-wise calculation of the surviving 
fraction by using the linear-quadratic model with 
inducible repair [13]. For all three tumour 
 models, a core volume with a radius of 1.0 mm 
was considered as under diffusion-limited 
hypoxia, and the surviving fraction in this region 
was hence calculated by Eq. 1:
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where αS and β are the radiosensitivity parame-
ters, OMF is the oxygen-modifying factor depen-
dent on the local oxygen tension [14], and D is 
the radiation dose. For the tumours also contain-
ing anaemic hypoxia or perfusion-limited 
hypoxia, a transition region between the tumour 
core under diffusion-limited hypoxia and the 
well-oxygenated rim of the tumour was consid-
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Fig. 1 Cross-sections of the tumour models showing the pO2 maps (upper panel) and the regions in which the different 
expressions for calculating the cell survival were used (lower panel)
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ered explicitly. In this region, with a radius 
extending from 1.0 mm to 1.4 mm, the surviving 
fraction was calculated depending on the nature 
of the hypoxia (i.e. perfusion-limited or anae-
mic). Thus, for the tumour under perfusion- 
limited hypoxia:
where the parameters αR and DC describe the 
inducible repair as originally defined by 

Denekamp and Dasu [13]. For the tumour con-
taining diffusion-limited and anaemic hypoxia, 
survival in the transition region was calculated by 
assuming that voxels with an oxygen partial pres-
sure below 20 mmHg were supplied mainly by 
the anaemic vessels and thus chronically hypoxic, 
and others being acutely hypoxic, i.e., under 
perfusion- limited hypoxia:
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Cell survival in the well-oxygenated external rim 
was calculated by Eq. 4:
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Assuming a homogeneously distributed popu-
lation of cells N0 = 5·105 before irradiation, the 
total TCP was calculated using an LQ-Poisson- 
based model as in previous studies [6].

The impact on the TCP from the size of the 
transition region was also studied by varying the 
size of the tumour core under diffusion-limited 
hypoxia between 0 and 1.4 mm. The numerical 
values of the modelling parameters used in the 
simulations were αR = 0.33 Gy−1, αS = 0.66 Gy−1, 
β = 0.033 Gy−2, DC = 0.27 Gy, and OMFmax = 3.

3  Results and Discussion

The hypoxic fraction defined based on a 
10 mmHg threshold in the hypoxic volume was 
12.4%, 16.5% and 21.2% for the tumour with 
diffusion-limited, diffusion-limited + anaemic 
and diffusion-  +  perfusion-limited hypoxia, 
respectively. In the transition region (the area 
between the grey and black circles in Fig. 1), the 
hypoxic fraction was about 3% for both the 
tumours with diffusion-limited + anaemic 
hypoxia and diffusion-  +  perfusion-limited 
hypoxia. The highest TCP was consistently found 
in the tumour with diffusion-limited hypoxia 
only (Table 1). For the tumours with anaemic or 
perfusion-limited hypoxia in the transition 
region, the TCP was lower for 18-22 Gy. For the 
tumour with perfusion-limited hypoxia, the TCP 

was substantially lower than for the other two 
cases except for the highest dose.

For all tumours there was a marked decrease 
in TCP when reducing the dose from 22 Gy to 
18 Gy, which was even steeper when going from 
20  Gy to 18  Gy, a reduction by only 2  Gy. 
Furthermore, the relative decrease is biggest for 
the tumour with perfusion-limited hypoxia in the 
transition region, indicating a higher sensitivity 
to dose heterogeneities. The impact of perfusion- 
limited hypoxia is dependent on the viability of 
the cells whether the duration of the loss of perfu-
sion is specifically accounted for or not. However, 
given the lack of experimental data available in 
the literature the distinction was limited to 
chronic and acute terms for characterising the 
cells’ viability and hence radiosensitivity. In light 
of the sharp dose gradients in SBRT, the oxygen-
ation in the transition region could be crucial 
with respect to the outcome of the treatment. This 
is further demonstrated in Fig. 2, which displays 
the change in TCP as the transition region 
becomes progressively larger, corresponding to a 
decrease of the more radiosensitive tumour core 
under diffusion-limited hypoxia. While the 
tumours with diffusion-limited and diffusion- 
limited + anaemic hypoxia are minimally affected 
by this change, the TCP for the tumour with dif-
fusion- + perfusion-limited hypoxia drops to zero 
as the proportion of perfusion-limited hypoxic 
cells increases. Depending on the position and 
size of the transition region, the outcome of an 
SBRT treatment could therefore be highly 
affected by where the sharp dose gradients are 
located within the target.

The vasculature and oxygenation model here 
adopted could represent a further step in the per-
sonalisation of radiotherapy given the opportu-
nity to consider different oxygenation scenarios 
in the treatment planning process. An example of 
this could be related to the choice of the steep 
dose gradient localisation, which is characteristic 
of stereotactic approaches, where the hypothesis 
of even a small fraction of radioresistant cells 
may favour the choice of plans that minimise the 
presence of cold spots close to the periphery of 
the target.

Table 1 Tumour control probability in the three mod-
elled tumours after single doses of 18–30 Gy. The relative 
size of the transition region is 29% with respect to the to 
the maximal radius of 1.4 mm

TCP (%)
Dose (Gy) 18 20 22 30
DL 57.8 78.0 84.5 86.8
DL + Anaemic 48.0 74.2 83.4 86.8
DL + PL 25.8 62.3 79.7 86.8

DL Diffusion-limited, PL Perfusion-limited
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Fig. 2 The TCP for the three modelled tumours after exposure to a dose of 18 Gy, as a function of the radius of the 
transition region relative to the maximal radius of 1.4 mm

4  Conclusions

The ability to differentiate between different 
forms of hypoxia could have a crucial impact on 
the outcome of radiotherapy. Even a very limited 
tumour compartment of resistant cells, too small 
to identify by modern imaging techniques, could 
substantially reduce the probability of obtaining 
tumour control in radiotherapy. Radiobiological 
modelling of cellular response depending on 
oxygen supply on the microscale enables the 
studying of mechanisms and effects invisible to 
current imaging techniques, and therefore repre-
sents a powerful tool in bridging the gap between 
imaging and reality in radiotherapy.
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Improved Oxygenation of Human 
Skin, Subcutis and Superficial 
Cancers Upon Mild Hyperthermia 
Delivered by WIRA-Irradiation

Andreas R. Thomsen, Michael R. Saalmann, 
Nils H. Nicolay, Anca-L Grosu, and Peter Vaupel

Abstract

Clinical trials have shown that mild hyper-
thermia (HT) serves as an adjunct to cancer 
treatments such as chemo- and radiotherapy. 
Recently, a high efficacy of mild HT imme-
diately followed by hypofractionated radio-
therapy (RT) in treatment of recurrent breast 
cancer has been documented if temperatures 
of 39–43 °C are achieved for 40–60 min. In 
the present study, temperature and oxygen-
ation profiles were measured in superficial 
tissues of healthy volunteers exposed to 
water-filtered infrared-A- (wIRA)- irradia-
tion, to verify that adequate thermal doses 
together with the improved tumor oxygen-
ation necessary for radiosensitisation are 
obtained. Experiments were performed 
using a wIRA- system equipped with two 
wIRA-radiators, each with a thermography 

camera for real- time monitoring of the skin 
surface temperature. Temperatures within 
the abdominal wall were measured with 
fibre optic sensors at defined tissue depths 
(subepidermal, and 1–20 mm inside the tis-
sue). The corresponding tissue pO2 values 
were assessed with fluorometric microsen-
sors. In selected situations, hyperspectral 
tissue imaging was used to visualise the 
oxygenation status of normal skin and 
superficial tumours in patients. Pre- 
treatment skin surface temperature was 
34.6 °C. Upon wIRA exposure, average skin 
surface temperatures reached 41.6 °C within 
5–12 min. Maximum tissue temperatures of 
41.8  °C were found at a tissue depth of 
1 mm, with a steady decline in deeper tissue 
layers (41.6 °C @ 5 mm, 40.8 °C @ 10 mm, 
40.6 °C @ 15 mm, and 40.1 °C @ 20 mm). 
Effective HT levels ≥39 °C were established 
in tissue depths up to 25 mm. Tissue heating 
was accompanied by a significant increase 
in tissue pO2 values [e.g., at a tissue depth of 
13  mm mean pO2 rose from 46  mmHg to 
81  mmHg (@ T  =  40.5  °C). In the post- 
heating phase (+ 5 min), pO2 was 79 mmHg 
(@ T = 38 °C) and 15 min post-heat pO2 was 
72  mmHg (@ T  =  36.8  °C)]. pO2 values 
remained elevated for 30–60 min post-heat. 
Non-invasive monitoring of normal skin and 
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of recurrent breast cancers confirmed the 
improved O2 status by wIRA-HT. In conclu-
sion, wIRA-irradiation enables effective tis-
sue heating (T = 39–43 °C) associated with 
distinct increases in blood flow and pO2. 
These adjustments unequivocally meet the 
requirement for effective radiosensitisation.

Keywords

Hypofractionated radiotherapy · Water- 
filtered infrared-A-(wIRA) irradiation · 
Radiosensitizatiom · Thermography

1  Introduction

Clinical trials have shown that mild hyperther-
mia (HT) (HT-level: 39–43 °C) –inter alia- pro-
motes healing of acute and chronic wounds [1], 
prevents postoperative wound infection [2], can 
be beneficial in patients with fibromyalgia or 
circumscript cutaneous scleroderma [3], and 
can improve skin graft transplantation. In addi-
tion, mild HT can reduce the infectious burden 
of thermosensitive bacteria (e.g., M. ulcerans, 
C. trachomatis) [4]. Furthermore, mild HT is 
increasingly used as an adjunct to established 
cancer treatments as chemotherapy [5–7] and 
radiotherapy [8, 9]. In the treatment of recur-
rent breast cancer, mild HT, immediately fol-
lowed by hypofractionated radiotherapy (RT), 
was recently shown to allow for reduced radia-
tion doses (20 Gy at single doses of 4 Gy once 
per week, instead of 50–60  Gy at 2  Gy five 
times per week). The mentioned protocol, 
which resulted in temperatures of 39–43 °C for 
40–60 min, was associated with a high efficacy 
and low toxicity [10, 11]. In the present study, 
systematic measurements were performed to 
assess temperature and oxygenation profiles in 
superficial tissues exposed to water-filtered 
infrared-A- (wIRA)- irradiation, to verify that 
adequate thermal doses together with improved 
tumour oxygenation necessary for radiosensiti-
sation are obtained.

2  Methods

2.1  Delivery 
of wIRA-Hyperthermia

Superficial hyperthermia was applied using the 
TWH 1500 wIRA-hyperthermia system (hydro-
sun®, Müllheim, Germany) with two irradiators, 
controlled independently by two thermographic 
cameras and safety pyrometers. Irradiators were 
positioned at a distance of 34 cm between irradia-
tor exit and skin surface, which results in an 
approximate irradiance of 200 mW/cm2.

For application of hyperthermia, the lower 
abdominal wall (10 treatment sessions) and the 
lumbar region (2 treatment sessions) of healthy 
volunteers (1 female, and 2 males, age: 
35–49 years) were exposed to wIRA-irradiation 
for approximately 60  min. Measurements were 
performed in 3 healthy individuals during 12 dif-
ferent sessions, using 7 pre-selected locations per 
session. Time interval between measurements in 
each individual was >1 week. A second series of 
investigations was performed in 2 tumour 
patients. Here, wIRA therapy was accompanied 
by hyperspectral imaging. Participation in this 
procedure has been found to be ethically sound 
by the local ethics authority, and volunteers gave 
their informed consent.

2.2  Non-invasive Monitoring 
of Skin Surface Temperatures 
(Thermography)

Using this therapeutic approach, maximum skin 
surface temperature is continuously regulated by 
a control circuit for each of the two irradiators, 
which is a key element of the TWH 1500 system: 
When thermography assesses a hot spot, i.e., a 
temperature above a defined maximum (switch- 
off temperature: 43 °C), the power supply to the 
respective irradiator is instantly switched off via 
a relay. As soon as the temperature of the hot spot 
drops (to switch-on temperature: 42.5  °C), the 
irradiator is turned back on [12]. In steady state 
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conditions, between 1 and 4 on-off cycles take 
place per minute. The resulting peaks in tempera-
ture traces are visible in thermography records, 
but also in superficial skin layers, measured inva-
sively as described below.

A typical example of serially assessed thermo-
graphic images during the onset (0–10  min) of 
wIRA-HT of the skin surface and in situ position-
ing of the temperature probes is shown in Fig. 1.

2.3  Minimally Invasive 
Measurement of Tissue 
Temperatures (Thermometry) 
and Tissue Oxygenation

Tissue temperatures within skin and subcutis of 
the abdominal wall were measured using fibre- 
optic sensors (OTG-M600, Opsens, Quebec, 
Canada). Corresponding tissue oxygen partial 
pressures (pO2) were assessed with the OxyLite- 
Pro system (Oxford Optronix, Abington, UK). 

Characteristic traces of subcutaneous tempera-
tures and pO2 before, during and after wIRA-HT 
are shown in Fig. 2.

Fibre-optic temperature probes (diameter: 
0.7 mm) and oxygen sensors (diameter: 0.4 mm) 
were transepidermally inserted via 1.1  mm i.v. 
catheters (Vasofix™ Safety, Braun, Melsungen, 
Germany) down to defined tissue depths of 
1–20 mm, so that dermis and subcutis are addressed. 
Position of invasive catheters and probes is visible 
on thermography images, e.g. in Fig. 1.

In selected situations, hyperspectral tissue 
imaging (TIVITA™, Diaspective Vision, Am 
Salzhaff, Germany) was used to visualise the 
HbO2 saturation (stO2) in the microcirculation of 
the sub-papillary/upper dermis layers [13] of 
healthy volunteers (n = 3 sessions) and in super-
ficial chest wall tumours (2 patients).

Registration of pre-heating and post-heating 
temperature and oxygen levels completed the 
data collection upon wIRA-exposure.

Fig. 1 Thermography images from the first 10  min of 
wIRA-hyperthermia of the abdominal wall of a healthy 
volunteer. Cables from invasive probes are visible. 

Respective mean region of interest (ROI, depicted with a 
circle) temperatures are presented in the upper right 
corners
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Fig. 2 Tissue temperature (red trace) and pO2 (blue trace) 
during a representative treatment of a healthy volunteer 
(depth 8 mm). The temperature range of mild hyperther-

mia (39–43 °C) is marked in light red. Start and termina-
tion of wIRA-irradiation are marked by arrows

3  Results

Heating of skin and deeper tissue layers by 
wIRA-irradiation resulted in temperatures 
>39  °C within 2  min (surface and ≤  5  mm) to 
12 min (17–20 mm). Maximum temperatures of 
about 42 °C were found in subepidermal regions, 
with a steady decline in deeper layers reaching 
40.1 °C at a depth of 20 mm. Upon the start of 
heating, increases in tissue temperatures were 
steepest close to the body surface, where 
T  >  40  °C were achieved within 4  ±  2  min, 
whereas up to 30  min of wIRA-heating were 
required to reach this temperature at a depth of 
20 ± 1 mm. Temperature distribution pre-heating 
and during steady state hyperthermia in different 
tissue layers are shown in Fig. 3.

In all tissue depths addressed (subepidermal, 
8–10 mm, and 17–20 mm), wIRA-HT caused a 
marked, highly significant increase in oxygen-
ation. Mean tissue oxygen tensions in the subcu-
tis rose from 43 to 81 mmHg at tissue depths of 
8–10  mm, and from 46 to 77  mmHg at tissue 
depths of 17–20 mm (Figs. 3 and 4). Oxygenation 
reached a maximum within 25–30 min of wIRA-

 HT and remained at this significantly higher level 
in the further course of treatment. Upon cessation 
of wIRA-irradiation, oxygenation only slowly 
decreased, and remained at significantly elevated 
levels within the typical time frame of subse-
quent radiotherapy protocols (Fig. 4).

Non-invasive monitoring of HbO2 saturation 
(stO2) in the subepidermal microvasculature 
assessed a baseline value of 41 sat.%. Upon 
steady-state hyperthermia, HbO2 saturation was 
significantly elevated to a mean of 74 sat.%. in 
the abdominal wall of healthy volunteers (Fig. 3 
and 5a). This effect was equally visible in the 
skin affected by locally invasive recurrent breast 
cancer (Fig. 5b). When wIRA-irradiation was ter-
minated, stO2 values decreased slowly and 
remained distinctly elevated, even after skin tem-
peratures had dropped to baseline.

4  Conclusions

wIRA-irradiation enables effective tissue heating 
(T = 39–43 °C) associated with distinct increases 
in blood flow and pO2 values. As mentioned 
above, tissue oxygenation status before, during 
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Fig. 3 Presentation of temperatures (T), oxygen tension 
(pO2) in different tissue depths, and superficial HbO2 satu-
ration (stO2) in healthy volunteers prior to wIRA-HT 
(open symbols) and in the steady state phase (closed sym-

bols). Mean values ±SD obtained from n = 12 sessions (T, 
pO2) and n = 3 sessions (stO2) are shown. The temperature 
range of mild hyperthermia (39–43 °C) is marked in light 
red

Fig. 4 stO2 values (sub-epidermal) and pO2 values (in tis-
sue depths of 8–10 mm and 17–20 mm) during and post 
wIRA-hyperthermia in healthy volunteers. Post-heating 
pO2 and stO2 remained at significantly elevated levels 
within the time frame of subsequent radiotherapy. 

Subepidermal stO2 was assessed using hyperspectral skin 
imaging (n = 3), pO2 in the subcutis with invasive probes 
(n = 6 for 8–10 mm, n = 4 for 17–20 mm tissue depths). 
Boxes show medians with first and third quartiles, whis-
kers show ranges

and after wIRA-hyperthermia was assessed by 
two different approaches in our experiments:

 (A) By an indirect, non-invasive approach, using 
hyperspectral analysis of oxygen saturation 

(stO2) of haemoglobin present in subepider-
mal microvasculature (Fig.  5). While mea-
surement in deeper tissue layers is technically 
not possible, this method offers the advantage 
of non-invasive imaging of larger skin areas.
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Fig. 5 Imaging of HbO2 saturations in the upper dermis 
of the abdominal wall of a healthy volunteer (a), and in 
the outer tissue layer (≈ 1 mm) of a large-size, inflamma-
tory recurrent breast cancer (b). Topographic aspect of the 
treatment area (left panels), stO2 imaging before (central 
panels) and at the end of wIRA-hyperthermia (right pan-

els). The malignant inflammatory condition in a patient 
treated evidently causes higher stO2 baseline values. The 
second patient presented with a large, ulcerated tumour 
covered with fibrin exudate, which partially prevented an 
adequate stO2 reading

 (B) By direct, minimally invasive micro-sensor 
measurements of tissue oxygen pressures 
(pO2, Figs. 2, 3 and 4). In principle, invasive 
measurements are not restricted to a certain 
tissue depth.

The combined use of these two methods con-
firmed that wIRA-hyperthermia not only 
improves tissue oxygenation in the upper dermis, 
but also in deeper tissue layers. With both meth-
ods used, the assessed data reflect integral values 
from small tissue subvolumes, i.e., distinctions 
between extracellular and intracellular space are 
not possible.

Hyperspectral skin imaging was found to be a 
versatile, non-invasive method to assess HbO2 
saturations in the subpapillary microvasculature 
of the upper dermis, so that it represents a useful 
supplement to invasive pO2 measurements in the 
lower dermis and subcutis.

Compared to pre-heating values, wIRA-HT 
causes a significant improvement of the tissue O2 

status. Both hyperspectral imaging of stO2 and 
direct measurement of tissue pO2 show that this 
effect covers the period needed for subsequent 
radiotherapy.

These findings unequivocally meet the 
requirement for effective radiosensitisation [14]. 
In addition, HT- levels ≥39 °C increase vascular 
permeability, and thus intratumor delivery of 
anticancer agents, and can stimulate antitumor 
immunity. To inhibit repair of RT-induced DNA 
damage, HT levels ≥41 °C are necessary [5, 15].

It is concluded that wIRA-HT is a reliable 
treatment modality for efficiently heating skin 
and subcutaneous tissue up to a depth of approx. 
25 mm. In the set temperature range (mild hyper-
thermia, 39–43  °C), tissue oxygenation is sus-
tainably improved in all tissue depths examined 
(~0.5–20  mm), so that oxygen-mediated radio-
sensitisation can be exploited.
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Blood Supply and Oxygenation 
Status of the Liver: 
From Physiology to Malignancy

Peter Vaupel and Gabriele Multhoff

Abstract

To maintain a multitude of vital functions, 
blood flow to the normal liver and the hepatic 
oxygenation status has to be kept on a high 
level (1.0–1.2  mL/g/min and 30–40  mmHg, 
respectively). There is a longitudinal oxygen 
partial pressure (pO2) gradient within the liver 
sinusoids between periportal inflow and out-
flow into the central vein leading to a zonation 
of the O2 status, which is associated with a 
zoning of liver functions. Oxygenation of met-
astatic lesions of colorectal cancers in the 
liver is poor due to a dysfunctional vascularity 
and inadequate blood supply. Hepatocellular 
carcinomas (HCCs) are highly vascularised 
(arterialised), metabolically very active and 
present with a predominantly arterial blood 
supply. HCCs are generally believed to be 
very hypoxic. However,  confirmation of 
severe hypoxia based on reliable, direct pO2 
measurements in HCCs is still missing.

Keywords

Hepatocellular carcinoma · Hepatic blood 
flow · Hepatic arterial buffer response · 
Hepatic pO2 distribution

1  Introduction

The liver is the largest parenchymal organ in the 
human body. It performs hundreds of vital func-
tions, some of which are rather complex. These 
include (a) multiple roles in the metabolism of 
carbohydrates, amino acids and proteins, and lip-
ids, (b) synthesis of most plasma proteins and 
clotting factors, (c) production, activation and 
inactivation of hormones, (d) production of 
growth factors, (e) storage functions for fat- 
soluble vitamins, vitamin B12 and folate, copper, 
iron and glycogen, (f) immune functions (von 
Kupffer cells are part of the macrophage lineage 
supporting natural killer (NK) cells with IL-15), 
(g) foetal erythropoiesis, postnatal decomposi-
tion of aged red blood cells, (h) drug metabolism, 
biotransformation, (i) conversion of toxic ammo-
nia into urea, (j) deactivation of toxins, filtration 
and elimination of xenobiotic macromolecules, 
(k) bile production, secretion of bile acids and 
excretion of bilirubin, and (l) production of 
essential enzymes.

To maintain this plethora of vital functions, 
liver blood flow must be kept at a physiologically 
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high level, has to undergo temporary regulations 
(e.g., in fasting vs. postprandial phases), and has 
to guarantee an adequate oxygen (O2) supply.

This chapter presents principles of hepatic 
blood flow, the delivery of O2 to the normal liver, 
the parenchymal O2 status, and functional, zonal 
distributions of oxygenation. In addition, these 
parameters are discussed in the context of meta-
static lesions within the liver, and highly contro-
versial data described for hepatocellular 
carcinomas (HCCs) are critically questioned. 
The incidence of HCC is rising constantly, mostly 
due to an increase in HCCs due to metabolic liver 
disease [1]. Worldwide, HCC was the sixth most 
common cancer, and the third most common 
cause of cancer-related deaths in 2020 [2]. The 
incidence is highest in East Asia, followed by 
Micronesia, Northern Africa and Southeast Asia. 
HCC is characterised by severe therapy resis-
tance and/or escape from anti-tumour immune 
responses, very often believed/claimed to be 
caused by severe/extreme hypoxia [e.g., 3–7].

2  Hepatic Blood Flow 
and Oxygen Supply

The liver receives ≈27% of the cardiac output 
(i.e., 1.0–1.2  mL/g/min) and consumes 20% of 
the total oxygen used by the body at rest 
(≈0.06 mL O2/g/min).

The liver has a dual blood supply. About 75% 
of the blood is received via the (hepatic) portal 
vein which drains nutrient-rich, partially deoxy-
genated blood from the gastro-intestinal tract, 
pancreas and the spleen. In portal-venous blood, 
the oxygen partial pressure (pO2) is 50 mmHg, 
HbO2 saturation (sO2) is up to 85%, and O2 con-
tent (cO2) is 17.5 mL O2/dL blood (i.e., 50–60% 
of total hepatic O2 supply). Approximately 25% 
of the blood supply is received via the hepatic 
artery (pO2  =  90  mmHg, sO2  =  95%, 
cO2 = 19.5 mL O2/dL blood (i.e., 40–50% of the 
total hepatic O2 supply). The mean pO2 of the 
blood exiting the liver via the hepatic vein is 
37 mmHg, sO2 = 65% and cO2 = 13.0 mL O2/dL 
blood. In the fasting state, the hepatic O2 extrac-
tion rate is 25–30%.

Knowing the pO2 values for the source vessels 
at the portal triad, the inflow pO2 of the liver sinu-
soids (i.e., large calibre liver capillaries with dis-
continuous endothelium) is about 60–65 mmHg, 
and the outflow pO2 is ≈30–35 mmHg around the 
central vein. Accordingly, the longitudinal pO2 
gradient within the sinusoids is ≈30  mmHg. 
Note: Direct arterio-venous anastomoses between 
the branches of the hepatic arterioles and the cen-
tral vein are common in the normal liver.

The proportion of blood flow supplied to the 
liver by the portal vein may increase to almost 
90% after a meal.

The valve-free portal vein system is a low- 
pressure (8–10  mmHg), low resistance circuit 
with blood pressures in the sinusoids of 
6–8 mmHg [8], i.e., the mean ‘driving’ perfusion 
pressure is relatively low (≈3 mmHg).

Liver blood flow is intrinsically regulated by 
the intimate Hepatic Arterial Buffer Response 
(HABR): When portal venous flow is reduced 
(such as in liver fibrosis, cirrhosis), arterial flow 
rapidly increases almost linearly [9] and thus 
allows for ‘buffering’ of up to 60% of the 
decreased portal flow, i.e., blood flows in the por-
tal venous and hepatic arterial systems vary 
reciprocally, without inducing full compensation. 
Complete compensation can be achieved via an 
appropriate increase in O2 extraction. Currently, 
it is postulated that adenosine is the key mediator 
in this regulation [10]. The main physiological 
role of this response is to maintain the O2 supply 
to the liver, and thereby also the liver functions 
and metabolic homeostasis.

3  Hepatic pO2 Distribution

Direct pO2 measurement in the liver of animals 
using pO2 microsensors dates back to the late 
1960s and early 1970s [11, 12]: Mean pO2 values 
were 30–35 mmHg (range: 6–50 mmHg) in dogs, 
and ≈30 mmHg (range: 3–65 mmHg) in rats. The 
first reliable, direct pO2 measurements in the 
human liver were reported in 1995 [13]. In spo-
radic measurements, the median pO2 ranged from 
35 to 40 mmHg with no values below 2.5 mmHg. 
In the mid-2000s, mean pO2 values of 
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30–40  mmHg confirmed the well-adapted oxy-
genation status of the normal liver (for recent, 
comprehensive reviews see [14, 15]).

The longitudinal pO2 gradient between the 
portal triad and central vein, as described above, 
creates a functional zonation of the underlying 
hepatocytes: In the periportal zone (zone 1), the 
tissue pO2 values are 45–50 mmHg. Oxphos, glu-
coneogenesis, β-oxidation, cholesterol biosyn-
thesis, ammonia detoxication, and protein 
secretion are localised in this zone. The midlobu-
lar/intermediate zone (zone 2), which is charac-
terised by tissue pO2 values of 25–40  mmHg, 
controls xenobiotic metabolism and iron homeo-
stasis. In the perivenous/pericentral zone (zone 
3) pO2 values are 15–20  mmHg, fostering bile 
acid production, glutamine synthesis, glycolysis, 
cytochrome p-450 activity, and HIF-expression 
[16, 17].

Wnt ligands produced by sinusoidal endothe-
lial cells and Wnt/β-catenin signalling are neces-
sary for preserving the metabolic zonation in the 
adult liver [18].

4  Oxygenation of Metastatic 
Lesions in the Liver

Hepatic metastases of colorectal cancers are 
characterised by dysfunctional vascularity and 
inadequate blood flow [19]. Macroscopic metas-
tases receive their primary blood supply from the 
hepatic artery, with the portal venous contribu-
tion being of minor importance [20]. As a conse-
quence of inadequate blood supply, severe 
hypoxia and hypoxia-induced activation of HIF 
are common features. Using pO2 microsensors, 
direct pO2 measurements in 4 metastatic lesions 
revealed the following data: Weighted mean: 
6 mmHg, hypoxic fraction pO2 ≤ 5 mmHg: 45%, 
and hypoxic fraction pO2  ≤  10  mmHg: 75%. 
These data clearly show that metastatic lesions 
from colorectal cancers in the liver have a sub-
stantially poorer oxygenation than the primary 
tumours (weighted median pO2 values: 6 vs. 
25 mmHg; for a review see [21]).

Note: Due to an incorrect citation by McKeown 
[22], the mean pO2 in metastatic rectal cancers in 

the liver has erroneously been assigned to human 
hepatocellular carcinomas, leading to fatal misin-
terpretations and conclusions concerning the 
oxygenation status of the latter tumour type (see 
below). Unfortunately, several other flaws in this 
review [22] must be mentioned in this context: 
(a) correct units for pO2 are missing, (b) incorrect 
unit is used for pO2 (%), (c) Henry’s law and 
Dalton’s law are used inappropriately (both are 
only valid for gas mixtures or gases dissolved in 
homogeneous solutions, and (d) an assumption is 
made that Bunsen’s solubility coefficient α is 
valid for heterogeneous tissues. The coefficient α 
greatly depends on the water content of the tis-
sue, on the lipid content, and on the volume of the 
extravascular space [15].

5  Oxygenation of HCCs

Tumorigenesis of HCCs is associated with arte-
rial hyper-vascularisation (i.e., arterial inflow 
becomes dominant, arterial fraction ≈58%, ‘arte-
rialisation’ of HCCs is correlated with IL-6 and 
IL-8 levels), highly active metabolism (‘hyper- 
metabolism’), and a strongly enhanced and accel-
erated aerobic glycolysis (Warburg effect) 
[23–26].

Two studies involved direct pO2 measure-
ments in rodent HCC models and provided con-
flicting results: Hypoxia was detected in a rat 
hepatoma heterotopically transplanted into skel-
etal muscle [27], while chemically induced HCC 
nodules in mice failed to demonstrate reduced 
pO2 values compared to the normal liver (mean 
pO2 was ≈30 mmHg in normal liver and in HCCs 
[28]).

Non-invasive blood oxygenation level- 
dependent (BOLD)-MRI and tissue oxygenation 
level-dependent (TOLD)-MRI were used in the 
late 2010s to characterise the oxygenation status 
of HCCs in humans [29–32]. These studies are 
indicative of pronounced heterogeneities within 
and between HCCs. Declining T2* values were 
assessed in liver haemangiomas > HCCs > meta-
static liver tumours > cholangiocarcinomas, i.e., 
the oxygenation status deteriorates in this order. 
None of these articles report ‘severe hypoxia’ in 
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HCCs. Results described by Park et al. [32] con-
firm severe hypoxia in cholangiocarcinomas 
using directly assessed pO2 data [33].

Direct, reliable measurements of the oxygen-
ation status in human HCCs in situ to prove that 
HCCs are typically severely hypoxic tumours 
have not yet been published.

6  Severe Hypoxia in HCCs: Fact 
or Myth?

As mentioned before, highly aggressive growth 
patterns, therapeutic resistances and/or escape 
from anti-tumour immune responses of HCCs are 
claimed to be the result of severe/extreme tissue 
hypoxia. So far, the latter, detrimental condition 
has not been evidenced in HCCs by directly mea-
suring pO2 values. Instead, it relies on the detec-
tion of hypoxia-related factors in the cancer 
tissue (e.g., mostly HIF and HIF-related proteins 
or HIF-related mechanisms). Unfortunately, the 
notion of severe hypoxia as a well-established 
characteristic of HCC was greatly supported by 
an incorrect citation in the review by McKeown 
[22]. Due to overinterpretation of in vitro data, 
insufficient discussion of non-hypoxic HIF 
expression as a driving force for hyper- 
vascularisation, metabolic reprogramming, spec-
ulation, inappropriate translation and continuous 
perseverations of unproven pO2 data, HCCs are 
still believed to be very hypoxic. Because direct 
evidence of severe hypoxia in human HCCs is 
sparse, its role remains elusive [34, 35] and reli-
able data are not available [34, 36].
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Optical Redox Imaging Is 
Responsive to TGFβ Receptor 
Signalling in Triple-Negative 
Breast Cancer Cells

He N. Xu, Annemarie Jacob, and Lin Z. Li

Abstract

Co-enzyme nicotinamide adenine dinucleotide 
NAD(H) regulates hundreds of biochemical 
reactions within the cell. We previously 
reported that NAD(H) redox status may have 
prognostic value for predicting breast cancer 
metastasis. However, the mechanisms of 
NAD(H) involvement in metastasis remain elu-
sive. Given the important roles of TGFβ signal-
ling in metastatic processes, such as promoting 
the epithelial-to-mesenchymal transition, we 
aimed to investigate the involvement of the 
mitochondrial NAD(H) redox status in TGFβ 
receptor signalling. Here we present the initial 
evidence that NAD(H) redox status is respon-
sive to TGFβ receptor signalling in triple-nega-
tive breast cancer cells in culture. The 
mitochondrial NAD(H) redox status was deter-
mined by the optical redox imaging (ORI) tech-
nique. Cultured HCC1806 (less aggressive) 
and MDA-MB-231 (more aggressive) cells 
were subjected to ORI after treatment with 
exogenous TGFβ1 or LY2109761, which stim-
ulates or inhibits TGFβ receptor signalling, 
respectively. Cell migration was determined 
with the transwell migration assay. Global 

averaging quantification of the ORI images 
showed that 1) TGFβ1 stimulation resulted in 
differential responses between HCC1806 and 
MDA-MB-231 lines, with HCC1806 cells hav-
ing a significant change in the mitochondrial 
redox status, corresponding to a larger increase 
in cell migration; 2) HCC1806 cells acutely 
treated with LY2109761 yielded immediate 
increases in ORI signals. These preliminary 
data are the first evidence that suggests the exis-
tence of a cell line-dependent shift of the mito-
chondrial NAD(H) redox status in the TGFβ 
receptor signalling induced migratory process 
of breast cancer cells. Further research should 
be conducted to confirm these results as 
improved understanding of the underlying 
mechanisms of metastatic process may contrib-
ute to the identification of prognostic biomark-
ers and therapeutic targets.

Keywords

NAD(H) and Flavoproteins (Fp) · HCC1608 
and MDA-MB-231 cells · Cell migration 
assay · The redox ratio

1  Introduction

Metastasis causes approximately 90% of cancer 
deaths. Metastatic cells differ from non- 
metastatic ones in numerous dimensions, e.g., 
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genetic mutations, gene expression profile, meta-
bolic profile, signalling pathway activities. 
Nicotinamide adenine dinucleotide (NAD includ-
ing the oxidised NAD+ and reduced NADH 
forms) is an essential co-enzyme that acts as the 
electron acceptor or donor for hundreds of reac-
tions within the cell [1]. A change in the 
NAD+/NADH ratio (redox shift) can profoundly 
affect metabolism, including reactions of glycol-
ysis and the TCA cycle [2] and breast cancer pro-
gression to metastasis [3]. In our previous work, 
we also found that the NAD(H) redox status of 
breast cancer cells is associated with their inva-
sive potential, e.g., the more invasive/metastatic 
breast cancer cells were in a more oxidised state 
[4, 5] and less responsive to treatment [6].

Transforming growth factor-β (TGFβ) recep-
tors signal through the canonical SMAD pathway 
and several non-canonical pathways [7] and has 
been implicated in the metastatic processes and 
dramatically impact cancer progression [8]. It 
acts as a tumour promoter in later stage of breast 
cancer, in part by enhancing tumour cell motility 
and invasiveness and the capacity to form metas-
tases [9]. A retrospective study including 180 
women with non-metastatic invasive triple- 
negative breast cancer (TNBC) found that high 
expression of cytoplasmic TGF-β1 was associ-
ated with higher histologic tumour grade and 
lymph node status, more axillary lymph node dis-
section, as well as reduced disease-free survival 
[10]. TGFβ signalling stimulates both glycolysis 
and mitochondrial respiration, drives the 
epithelial- to-mesenchymal transition (EMT) and 
promotes cancer stem cell maintenance [11].

To better understand the role of NAD(H) 
redox status in tumour metastatic risk, we aimed 
to investigate its involvement in TGFβ signalling. 
NAD and its redox status regulate reactive oxy-
gen species (ROS) in mitochondria and critically 
support cell metabolism. Stimulated mitochon-
drial ROS is essential for TGFβ signalling- 
induced EMT [11]. As such, our working 
hypothesis is that metabolic reprograming 
induced by TGFβ signalling to promote cancer 
metastasis associates with a shift in the mito-
chondrial NAD(H) redox status. As the first step, 
we employed the optical redox imaging (ORI) 

technique to image the NAD(H) redox status 
while modulating the TGFβ receptor signalling 
using exogeneous TGFβ1 or TGFβ receptor 
inhibitor LY2109761. ORI detects the intrinsic 
fluorescence of NADH and Fp (oxidised flavo-
proteins containing flavin adenine dinucleotide 
FAD) and has been widely applied to study the 
mitochondrial redox status, cellular metabolism, 
or treatment response [6, 12]. The optically- 
determined redox ratio Fp/(NADH+Fp) was 
found to linearly correlate with NAD+/
(NADH+NAD+) determined by liquid 
chromatography- mass spectrometer in precan-
cerous epithelial tissues [13].

2  Methods

Human recombinant TGFβ1 (GenScript Inc., 
Z03411-10) and LY2109761 (Cayman Chemical 
Company) were reconstituted with deionised 
H2O containing 0.1% bovine serum albumin 
(BSA) or ethanol, respectively, aliquoted, then 
stored in −80  °C  freezer. HCC1806 and 
MDA-MB-231 cell lines purchased from ATCC 
were routinely cultured in RPMI1640 supple-
mented with 10% fetal bovine serum (FBS) in a 
5% CO2 incubator at 37  °C.  For TGFβ1 treat-
ment, ~30,000 cells/dish in 0.5 mL RPMI 1640 
containing 10% FBS (complete medium) were 
seeded in the glass bottom dishes (Cellvis, D35- 
20- 1.5-N) and allowed to attach for 4  h, then 
0.5 mL RPMI1640 containing 0.1% BSA (star-
vation medium) were added to the dishes. Cells 
administered with TGFβ1 (10 ng/mL) or nothing 
(control) were incubated for 72 h. To avoid high 
fluorescence background in the completed RPMI 
1640, approximately 45 min before imaging, the 
culture medium was switched to LCIS+ (Live 
Cell Imaging Solution, Life Technologies spiked 
with 11 mM D-glucose and 2 mM L-glutamine). 
During imaging, no TGFβ1 was present in the 
LCIS.  For TGFβ signalling inhibition experi-
ments, ~50,000 cells/dish in RPMI1640 with 
10% FBS were seeded in the glass bottom dishes 
and incubated for 24  h. LY2109761 (14.5  μM 
final) or ethanol (0.3%, control) was adminis-
tered to LCIS+ and immediately imaged.
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ORI was performed using a Zeiss Axio 
Observer 7 fluorescence microscope and data 
were processed to extract global averaging means 
and standard deviations (SD) according to the 
same protocol we reported previously [6]. To 
assess single cell parameters, 25 cells/dish were 
selected to obtain the mean values for a specific 
dish and the region of interest (ROI) was drawn 
on cell periphery and nuclear area. A clearly dis-
cernible presence of nucleus was the criterion for 
cell selection.

For the migration assay, cells were first serum- 
starved in the starvation medium for 24  h. The 
cells were then resuspended in the starvation 
medium and 300 μL suspension of ~75,000 cells 
were transferred to the Transwell® insert (Sigma- 
Aldrich, CLS3422,). RPMI 1640 containing 10% 
FBS was added to the bottom chamber. After 
24  h incubation, the cells that did not transmi-
grate across the insert’s membrane were com-
pletely removed using cotton swabs. The 
migrated cells were then fixed in chilled 70% 
ethanol (10 min) and stained with 300 nM DAPI 
(5  min). The membrane was then carefully 
removed from the insert with a surgical knife and 
placed in a glass-bottom dish and covered with a 
round cover-glass for imaging. The membrane 
side that has DAPI-stained cells was facing the 
lens and the whole area of membrane was tile- 
imaged with a wide-field microscope (EVOS FL 
Auto Imager). DAPI-stained nuclei were then 
counted using ImageJ. The number of migrated 
cells were normalised to the total seeded cells to 
obtain the percentage of cell migration.

To compare the group means, Student’s t-tests 
were performed (two-tailed unequal variance). 
P < 0.05 was considered statistically significant.

3  Results and Discussion

TGFβ1 binds with a type II receptor (TGFβRII) 
which then activates type I receptor (TGFβRI) on 
the cell surface to initiate the intracellular signal-
ling that promotes downstream cell migration. In 
comparison with HCC1806 control cells (Fig. 1a, 
upper panel), many TGFβ1-stimulated 
HCC1806 cells (Fig. 1a, lower panel) showed a 

distinct morphology, more spread and flower- 
like, and large Fp aggregates (pointed by the yel-
low arrows) whereas the same localised NADH 
signal change was less prominent. Analysis based 
on single cells found that compared to control 
cells, both nuclear and whole cell areas were 
larger (p  =  0.010 and 0.035, respectively) in 
TGFβ1-stimulated cells and so was the nuclear to 
whole cell area ratio (p = 0.031) with the nuclear 
to cytoplasmic area ratio having an upward trend 
(p = 0.1) (Fig. 1b). The nucleus as the largest and 
stiffest organelle of the cell dominates the biome-
chanical process of migration with increased size 
and contour irregularity, and often shifted posi-
tion [14–17]. In future we can confirm whether 
the morphological changes (nuclear and whole 
cell) we observed were directly associated with 
the migratory process by staining the EMT mark-
ers such as Snail, E-Cadherin, and Vimentin. We 
did not observe pronounced morphological con-
trasts between stimulated and control 
MDA-MB-231 cells.

Figure 2a is the global averaging result of exo-
geneous TGFβ1 effects on both TNBC lines. 
TGFβ1 led to a 20% (p  =  0.027) and a 9% 
(p = 0.0099) decrease in Fp and the redox ratio, 
respectively in HCC1806 cells. In MDA-MB-231 
cells, there was no significant change in Fp signal 
but there was a 17% increase in NADH 
(p = 0.033) and a downward trend of the redox 
ratio (p = 0.060).

Our transwell migration assay showed that 
TGFβ1 stimulation significantly increased cell 
migration of both TNBC lines (Fig. 2b, c), with a 
more prominent effect on the less aggressive 
HCC1806 cells (160% increase) compared to 
that on MDA-MB-231 cells (~50% increase).

We also examined the effects of acutely inhib-
iting TGFβ receptor signalling on the mitochon-
drial redox status. LY2109761 is a selective 
TGFβ receptor type I/II dual inhibitor. Figure 3 
shows the typical images (Fig.  3a) acquired 
immediately after LY2109761 was administered 
and the quantitative analysis (Fig.  3b) for 
HCC1806 cells. From Fig. 3a, we can see the dis-
tinct large aggregates of intense NADH and Fp 
signals. Global averaging quantification yielded a 
67% increase in Fp (p  =  0.00058), a 124% 
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Fig. 1 Exogeneous TGFβ1 effects on HCC1608 cells. (a) 
Representative white light, Fp, NADH images; (b) Single 
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Fig. 2 TGFβ1 stimulation affects the mitochon-
drial  redox status and promotes cell migration. (a) 
Differential redox responses to TGFβ1-induced signal-
ling between HCC1806 (N = 4 dishes) and MDA-MB-231 
(N  =  3 dishes) lines; (b) differential increase in cell 

migration (N = 6 and 3 for HCC1806 and MDA-MB-231 
lines, respectively); (c) Representative DAPI images of 
migrated cells on the entire migration chamber  mem-
branes (6.5  mm diameter). (Mean  ±  SD, *p  <  0.05, 
**p < 0.01)

increase in NADH (p = 0.0018), and no signifi-
cant change in the redox ratio Fp/
(NADH+Fp) despite a downward trend. In future, 
we can quantify the redox ratios for the same 
individual cells before and immediately after 
LY2109761 inhibition to confirm whether the 
NAD(H) redox state is affected significantly. As 
the cell migratory process is a long-term process, 
we can also examine whether long-term 
LY2109761 inhibition (e.g., 24 h treatment) may 
affect the redox ratio.

NADH and Fp signals detected by ORI are 
mainly originated from mitochondria and both 
Fp and NADH increased simultaneously and 
formed large aggregates. It would be interesting 
to investigate whether such changes may reflect 
an emergent property of mitochondrial network 
dynamics. Since TGFβ signalling regulates mito-

chondrial dynamics [18] and cell metabolism 
[11], the immediate and dramatic ORI responses 
to LY2109761 inhibition could indicate that these 
cells are highly dependent on the constitutive 
TGFβ receptor signalling  activity for their 
metabolism.

We can also measure cell migration under the 
inhibition of LY2109761  in future. It has been 
reported by others that 10 μM LY2109761 treat-
ment for 24 h dramatically reduced cell migra-
tion and invasion for several breast cancer lines 
(including TNBC lines MDA-MB-231 and 
Hs578T) in a cell-line dependent manner [19]. It 
would be interesting to investigate (e.g. by using 
the same passage cells) how the ORI measures 
correlate with LY2109761’s inhibitory effects on 
cell migration of breast cancer lines with various 
aggressiveness.

H. N. Xu et al.
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N = 3 dishes/group, ****p < 0.0001)

In our previous work, we have demonstrated 
that the basal level of mitochondrial redox ratio 
of breast cancer cells positively correlate with 
cell invasiveness, with MDA-MB-231 cells hav-
ing the largest redox ratio and highest invasive-
ness and HCC1806 cells having significantly 
smaller redox ratio and lower invasion [4, 5]. In 
this report, we showed that the mitochondrial 
redox status of HCC1806 cells responded to the 
stimulation of TGFβ receptor signalling that pro-
motes cell migration/invasion and became more 
reduced, whereas there was no significant change 
in the redox ratio in the more aggressive 
MDA-MB-231 cells under the same stimulation.

This study provides new evidence supporting 
the notion that the mitochondrial redox status is 
involved in the regulation of breast cancer pro-
gression [3–5]. TGFβ signalling drives EMT, a 
critical step for cancer progression. EMT involves 
extensive metabolic changes [20]. Targeting 
TGFβ-induced metabolic changes during EMT 
has been proposed for novel cancer treatments 
[11]. Further research in this direction may 
improve our understanding of cancer progression 
and identify potential metabolic targets for can-
cer therapeutics.
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Evaluation of Betulinic Acid 
Derivatives as PET Tracers 
for Hypoxia-Induced Carbonic 
Anhydrase IX (CA IX) Expression

V. Haupt, D. Gündel, E. Prell, M. Kahnt, 
S. Sommerwerk, A. Riemann, R. Paschke, R. Csuk, 
A. Odparlik, and O. Thews

Abstract

Non-invasive visualisation of the expression 
of hypoxia-related proteins, such as carbonic 
anhydrase IX (CA IX), by positron emission 
tomography (PET) could provide important 
information on the oxygenation status of 
tumours. Since betulinic acid derivatives 
bind specifically to CA IX the aim of the 
study was the development betulinic acid-
based 68Ga-labelled PET tracers and to evalu-
ate the hypoxia detecting properties in vitro 
and in vivo. The binding of betulinic acid 
(B-DOTA) and betulinyl-3-sulfamate 

(BS-DOTA) was assessed in two rat tumour 
cell lines (AT1 prostate and Walker-256 
mammary carcinomas). AT1 cells express 
CA IX in a hypoxia- dependent manner 
whereas Walker-256 cells, expressing almost 
no CA IX in wildtype, were transfected with 
the rat Car9 gene. In vivo measurements were 
carried out in a small animal PET/CT in AT1 
tumours in rats breathing room air, 8% or 
100% O2. In AT1 cells hypoxia-induced over-
expression of CA IX led to a stronger binding 
of BS-DOTA but not of B-DOTA.  The 
BS-DOTA binding correlated linearly with 
the CA IX protein expression and could be 
blocked by an excess of unlabelled tracer. In 
the transfected Walker-256 cells no specific 
binding of either of the tracers was seen. In 
vivo the intratumoral accumulation of 
BS-DOTA was increased in animals kept 
under inspiratory hypoxia and reduced by 
hyperoxia. Therefore, betulinyl-3-sulfamate 
could be used as a PET tracer of CA IX 
expression in tumours and to provide infor-
mation about the oxygenation status. 
However, accumulation data indicated that 
binding not only depends on hypoxia-induce 
CA IX expression but also on the tumour-
line- specific basal expression and on the ini-
tial oxygenation status of the tumour.
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1  Introduction

Tumours show pronounced hypoxia resulting in 
heterogeneously distributed pO2 with well- 
oxygenated regions adjacent to hypoxic areas [1]. 
Assessing the pre-therapeutic oxygenation could 
be helpful to identify patients with more hypoxic 
tumours and adapt treatment accordingly. Several 
attempts have been suggested to measure the 
oxygenation status of the tissue by positron emis-
sion tomography (PET). Therefore, direct 
hypoxia markers such as 2-nitroimidalzole deriv-
atives which bind to cells in the absence of oxy-
gen labelled with suitable isotopes were used (for 
instance 18F-fluoromisonidazole (FMISO) [2]). 
An alternative strategy is the indirect detection of 
O2-deficiency by assessing the expression of 
hypoxia-dependent cellular proteins which may 
provide additional information on pathophysio-
logical processes such as glucose metabolism or 
acid-base-regulation. One of the genes regulated 
by the transcription factor HIF-1α is the carbonic 
anhydrase IX (CA IX) which is highly upregu-
lated in many tumours and which expression is 
correlated with the O2 status [3]. For specific 
binding anti-CA IX antibody or fragments have 
been used which were labelled with different iso-
topes [4, 5]. Also, small peptides specifically 
binding to CA IX and labelled with 18F were 
tested probes [6]. Recently, it was shown that 
betulinic acid derivatives bind specifically to CA 
IX with high affinity and can inhibit the enzy-
matic activity [7]. The question arises whether 
these compounds could be used as a basis for 
PET tracers of the CA IX. The aim of the present 
study was to label betulinic acid and betulinyl- 3- 
sulfamate with 68Ga after linking the compound 
to the chelator DOTA.  These tracers were then 
evaluated in two different tumour cell lines under 
different conditions in vitro. Preliminary in vivo 
experiments were performed to demonstrate the 

tracer binding in experimental rat tumours. 
Different levels of CA IX expression were 
obtained in these tumours by housing the animals 
in a hypoxic or hyperoxic atmosphere.

2  Methods

2.1  Cell Line

The subline AT1 of the rat R-3327 Dunning pros-
tate carcinoma and the Walker-256 mammary 
carcinoma cells were grown in RPMI medium 
supplemented with 10% foetal calf serum (FCS) 
at 37 °C under humidified 5% CO2 atmosphere. 
For hypoxia experiments cells were transferred to 
a hypoxia chamber (HypoxyLab, Oxford 
Optronix, Oxford, UK) at an O2 fraction of 0.2% 
(pO2  ≈  1.5  mmHg). Animal experiments were 
performed in male rats (body weight 194–277 g) 
in accordance with the German Law for Animal 
Protection (approved by the regional animal eth-
ics committee). AT1 tumours were induced by 
subcutaneous injection of cells (4  ×  107 
cells/0.4  ml isotonic saline) into the dorsum of 
the hind foot. Tumours were investigated when 
they reached a volume of 0.3–1.5  ml. AT1 
tumours with this volume are strongly hypoxic 
(mean pO2 1.1 ± 2.1 mmHg) [8]. For modulation 
of the tumour oxygenation in vivo animals were 
kept at room air (21% O2), hypoxic (8% O2) or 
hyperoxic (100% O2) conditions.

2.2  Tracer Synthesis

Betulinic (B) acid and betulinyl-3-sulfamate 
(BS) were synthesised and linked to the chelator 
DOTA (for details of the chemical synthesis see 
Supplementary Material). For labelling, 68Ga was 
eluted from a 68Ge/68Ga generator (Eckert & 
Ziegler Eurotope, Berlin, Germany) into a 
sodium acetate-buffered solution containing 
B-DOTA (50  μg) or BS-DOTA (50  μg) (for 
details see Supplementary Material). After sterile 
filtration, the tracer was used for the in vitro and 
in vivo experiments.
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2.3  Experimental Settings

With AT1 cells the following experimental 
groups were analysed: (1) control cells kept at 
room air (normoxia), (2) cells kept under 
hypoxia (pO2 ≈ 1.5 mmHg) for 24 h (hypoxia), 
(3) cells kept under hypoxic conditions and 
additionally treated with unlabelled tracer 
(10 μg/ml final concentration) 30  min prior to 
adding the labelled tracer. For Walker-256 the 
experimental groups were as followed: (1) wild 
type cells, (2) CA IX-transfected cells (for 
details of transfection see Supplementary 
Material), (3) CA IX-transfected cells addition-
ally treated with unlabelled tracer. For binding 
studies cells were incubated with the labelled 
tracer for 30 min, centrifugated, the supernatant 
decanted, the cell pellet resuspended in PBS and 
the activity of the cell pellet and the supernatant 
was determined in a γ-counter. Additionally, the 
CA IX expression was measured by qPCR and 
Western blot.

For PET imaging the rats were anaesthetised 
with pentobarbital and placed in supine position 
in the scanner. PET imaging was performed on a 
nanoScan PET/CT (Mediso GmbH, Münster, 
Germany). The radiotracer BS-DOTA with an 
activity of 19.7–22.9 MBq was administered as a 
bolus injection (volume 300 μl) via the tail vein 
catheter and the PET measurements were per-
formed 50  min after injection in 3D mode for 
10  min (spatial resolution ~1.0–1.5  mm). 
Afterwards the PET data were reconstructed 
using 3D-OSEM algorithm. The calculated SUV 

values were then normalised to control for ani-
mals breathing room air.

3  Results

3.1  Cellular Metabolism CA IX 
Expression

Both cell lines produced substantial amount of 
lactic acid by glycolytic metabolism even under 
normoxic conditions. The glucose consumption 
as well as the lactate formation increased under 
hypoxic conditions (pO2 ≈ 1.5 mmHg) leading to 
an extracellular acidification (Supplementary 
Fig. S2). H+ intracellularly generated by glycoly-
sis was exported by the HIF-1 regulated CA 
IX.  As shown in Fig.  1, mRNA and protein 
expression of CA IX increased significantly by 
hypoxia in AT1 cells in vitro and in vivo. In 
 contrast, Walker-256 expressed CA IX at a very 
low level (only 10% of AT1) and could not be 
induced substantially by hypoxia (Fig.  1). 
Therefore Walker-256 cells were transfected with 
a Car 9 containing plasmid leading to an increase 
of the CA IX protein expression by about 500% 
(data not shown).

3.2  Tracer Binding on Tumour 
Cells In Vitro and In Vivo

The tracer binding to cells was quantified by the 
fraction of the cell-bound 68Ga activity to the 

Fig. 1 CA IX expression on mRNA (A + B) and protein (C + D) level in AT1 and Walker-256 cells (A + C) and tumours 
(B + D) under control (normoxia) and hypoxic conditions. n = 4–12; (*) p < 0.05, (**) p < 0.01 normoxia vs. hypoxia
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Fig. 2 (A  +  B) Binding of B-DOTA and BS-DOTA to 
AT1 cells kept at room air (control) or hypoxia 
(pO2 ≈ 1.5 mmHg) for 24 h. In the “blocked” experiments 

cells were additionally incubated with an excess of unla-
belled tracer. (C) Correlation between BS-DOTA binding 
and CA IX expression in AT1 cells. 4–12; (**) p < 0.01

total activity in the sample. Compared to control 
conditions (room air) the binding of the B-DOTA 
tracer was unaffected by incubating the cells in 
strong hypoxia (Fig.  2a). However, binding of 
BS-DOTA to AT1 cells was significantly higher if 
the cells were kept at pO2 ≈ 1.5 mmHg for 24 h 
(hypoxia) (Fig.  2b) which could be blocked by 
unlabelled tracers. The binding correlated lin-
early with the CA IX expression (Fig.  2c). 
Walker-256 cells showed no specific binding of 
either tracer (Supplementary Fig. S3).

For in vivo testing 68Ga-BS-DOTA 
(21.5 ± 0.5 MBq) was injected i.v. and PET imag-
ing was performed. The analysis of the accumu-
lation (SUV) revealed that the binding of the 
tracer to the tumour tissue was low (Fig. 3a). The 
uptake varied when animals were kept under 
hypoxic or hyperoxic conditions. The hypoxia 
group showed a SUV 8% higher than controls 
whereas the hyperoxia group had 5% lower 
 values (Fig. 3b). A correlation with pO2 measure-
ments of a previous study [8] showed an inverse 
correlation between tumour pO2 and tracer accu-
mulation (Fig. 3c).

4  Conclusion

Betulinic acid derivatives bind specifically to the 
carbonic anhydrase IX [9] which offers the pos-
sibility to use this moiety for designing PET trac-
ers of CA IX expression. Since CA IX expression 

is under the control of the transcription factor 
HIF-1α this tracer could be used as a marker for 
imaging the oxygenation status of tumours. In the 
present study the pure betulinic acid (coupled to 
DOTA chelator) was compared to betulinyl- 3- 
sulfamate. From the binding studies of the tracers 
in two cell models it became obvious that in AT1 
cells only the tracer with the sulfamate group 
(BS-DOTA) showed hypoxia-dependent binding 
resulting in a linear relation between CA IX 
expression and BS-DOTA binding. However, the 
increase in tracer binding in the hypoxia group 
was much lower than the increase in CA IX pro-
tein expression indicating that either not all CA 
IX molecules have been marked with tracer mol-
ecules or that not all CA IX molecules are incor-
porated into the outer cell membrane but stay in 
intracellular compartments. The functionality of 
the BS-DOTA tracer was shown by the fact that 
the increase of binding at low pO2 could be 
blocked completely by an excess of unlabelled 
tracer. The tracer based upon pure betulinic acid 
(B-DOTA) showed no specific binding in both 
cell lines. In AT1 tumours in vivo the BS-DOTA 
accumulation showed differences (but not statis-
tically significant) if animals were kept under dif-
ferent oxygen conditions. A reason for these 
insignificant results could be the fact that AT1 
tumours are poorly oxygenated even under con-
trol conditions (pO2 = 1.2 ± 0.7 mmHg) [8]. Even 
with pure O2 breathing the pO2 increased only to 
3.4  ±  1.0  mmHg. For this reason, it can be 
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Fig. 3 (a) Examples of PET images of BS-DOTA bind-
ing in AT1 tumours. (b) Accumulation of BS-DOTA in 
AT1 tumours in vivo in animals kept at room air (control), 
hypoxia (8% O2) or hyperoxia (100% O2) for 24 h (n = 4). 

(c) Correlation between intratumoral pO2 and BS-DOTA 
accumulation (pO2 measurements from a previous study 
[8])

expected that the CA IX expression is strongly 
stimulated under control but even under hyper-
oxic conditions so that no marked differences of 
the tracer accumulation between the three groups 
could be expected.

Betulinyl-3-sulfamate linked with DOTA and 
labelled with 68Ga might be used as a PET tracer 
of CA IX expression in tumours and to provide 
information about the oxygenation status. Since 
pure betulinic acid showed no specific binding it 
could be an indication that a sulfamate group is 
essential for the specific binding. However, 
although BS-DOTA binding was O2-dependent in 
vitro and in vivo, some limitations of this 
approach for hypoxia imaging must be discussed. 
Firstly, the overall uptake of the tracer in tumours 
was rather low which might be due to the DOTA 
sidechain. Secondly, the binding depended not 

only on the hypoxia-induced CA IX expression 
but also on the tumour-line-specific basal CA IX 
expression and on the initial oxygenation status 
of the tumour. Therefore, betulinic acid com-
pounds seem to be of only limited use for visuali-
sation of the tumour oxygenation status.
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Role of the mTOR Signalling 
Pathway During Extracellular 
Acidosis in Tumour Cells

M. Wolff, M. Rauschner, S. Reime, A. Riemann, 
and O. Thews

Abstract

The metabolic microenvironment of solid 
tumours is often dominated by extracellular 
acidosis which results from glycolytic metab-
olism. Acidosis can modulate gene expression 
and foster the malignant progression. The aim 
of the study was to analyse the effects of extra-
cellular acidosis on the mTOR signalling 
pathway, an important regulator of anabolic 
and catabolic processes like cell proliferation 
and autophagy. The study was performed in 
two tumour cell lines, AT-1 prostate and 
Walker-256 mammary carcinoma cells. Cells 
were incubated at pH 7.4 or 6.6 for 3 h and 
24  h. Then RNA and protein were extracted 
and analysed by qPCR and western blot. 
mTOR and P70-S6 kinase (P70-S6K), an 
important downstream target of mTOR, as 
well as the autophagic flux were studied. The 
effect of acidosis on P70S6K phosphorylation 
was compared to pharmacological mTOR 
inhibition with LY294002 and rapamycin. In 
both cell lines the total mTOR expression was 
not altered by acidosis, however, the mTOR 
phosphorylation was reduced after 3 h but not 
after 24 h. The P70S6K phosphorylation was 

reduced at both time points comparable to 
changes by pharmacological mTOR inhibi-
tors. The autophagic flux, also a target of 
mTOR and measured by LC3-II expression, 
was increased in both cell lines after 24 h of 
acidosis. The results of this study indicate that 
mTOR signalling is inhibited by extracellular 
acidosis which then lead to a reduced activity 
of the P70-S6 kinase (modulating gene expres-
sion) and increased autophagy possibly medi-
ated by ULK1/2 activity. These finding may 
offer new perspectives for therapeutic inter-
ventions in acidic tumours.

Keywords

AT1 cells · Walker-256 cells · Warburg effect 
· Malignant progression

1  Introduction

Many solid tumours show an adverse tumour 
microenvironment with hypoxia and extracel-
lular acidosis [1]. Hypoxia results from chaotic 
structured and dysfunctional tumour vasculari-
sation leading to glycolytic metabolism [2]. 
However, even in many well oxygenated 
tumours glycolytic metabolism is found 
(“Warburg effect“) [3]. Glycolysis leads to lac-
tic acid production with H+ accumulation in the 
extracellular space leading to pH even below 
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6.0 [4]. Tumour acidosis has been described to 
contribute to the malignant progression (e.g., 
invasion, metastasis) but the underlying molec-
ular mechanisms are still not fully understood. 
One interesting signalling pathway is mTOR. 
mTOR is a serin- threonine kinase, involved in 
the regulation of anabolic processes, like cell 
growth and proliferation, but also in the regula-
tion of catabolic processes like autophagy [5]. 
There is indication that mTOR activity is 
affected by the extracellular pH [6]. The mTOR 
complex 1 (mTORC1) is activated by the small 
G-Protein Rheb, which is under the control of 
PI3K/Akt and ERK1/2 signalling pathways 
which has been shown to be regulated by the 
extracellular pH [7]. Activated mTORC1 has 
multiple downstream targets. One of them is 
the P70-S6 kinase, which promotes mRNA bio-
genesis, translation and synthesis of ribosomal 
proteins [5]. mTORC1 also suppresses autoph-
agy by inhibition of ULK1/2 [8]. The aim of the 
study was to analyse whether extracellular aci-
dosis leads to alterations of the mTOR expres-
sion or activation in two different tumour lines. 
The study should also test whether these 
changes affect downstream targets of mTOR 
such as the P70-S6 kinase (proliferation) or the 
ULK1/2 pathways leading to autophagy.

2  Methods

2.1  Cell Line

The subline AT-1 of the rat R-3327 Dunning 
prostate carcinoma and the rat mammary carci-
noma cell line Walker-256 were grown in RPMI 
medium supplemented with 10% foetal calf 
serum (FCS). For Walker-256 cells the medium 
contained additionally 20 mM HEPES and 0.15% 
NaHCO3. Cells were grown at 37  °C under 
humidified atmosphere containing 5% CO2. To 
study the changes in expression cells were incu-
bated in FCS lacking medium buffered with 
10 mM HEPES/10 mM MES adjusted to pH 7.4 
or 6.6 for 3 h and 24 h. For measuring the P70-S6 
kinase and mTOR on protein level experiments 
were performed in FCS containing media.

2.2  Experimental Settings

After the incubation at different pH levels for either 
3 h or 24 h the protein expression of mTOR, phos-
phor-mTOR, P70-S6 kinase,  phosphor- P70- S6K, 
and LC3 were measured. Western blot analyses 
were performed according to standard protocols 
using an Odyssey scanner (LI-COR Biosciences, 
Bad Homburg, Germany). Primary antibodies were 
obtained from Cell Signalling (Danvers, USA), 
secondary antibodies also obtained from 
LI-COR. For mTOR inhibition LY294002 (50 μM) 
and rapamycin (500 nM) were used. The autopha-
gic flux was calculated from the changes in the 
LC3-II expression in the presence and absence of 
the protease inhibitors aloxistatin and pepstatin A 
(10 μg/ml each) according to the literature [9]. The 
autophagic flux was calculated from the LC3-II 
expression with inhibitors minus control expres-
sion with DMSO.

3  Results

The expression of total mTOR protein in AT-1 
as well as in Walker-256 cells was almost unaf-
fected by extracellular acidosis after 3 h as well 
as after 24 h (grey bars in Fig. 1). At pH 7.4 the 
absolute mTOR expression was not different 
between 3  h and 24  h. Measuring the mTOR 
expression on mRNA level confirmed this find-
ing showing no relevant differences in mRNA 
expression (data not shown). However, expos-
ing the cells to an acidic environment affected 
mTOR phosphorylation. After 3  h at pH  6.6 
mTOR phosphorylation of AT-1 cells was 
reduced by 31% which was comparable to the 
finding in Walker-256 cells (black bars in 
Fig. 1). After 24 h this effect disappeared in both 
cell lines, indicating a time dependent impact of 
pH on mTOR inhibition. The direct downstream 
target of mTOR, the P70-S6 kinase (P70-S6K), 
also showed in both cell lines no relevant 
changes in total protein expression, but a 
reduced phosphorylation after 3 h and after 24 h 
(Fig.  2). In AT-1 cells phosphorylation was 
reduced by 71% after 3 h (p < 0.01) and by 52% 
after 24  h. Similar results were found in the 
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Fig. 1 Impact of extracellular pH (7.4 and 6.6) for 24 or 3 h on mTOR expression and phosphorylation of (a) AT-1 and 
(b) Walker-256 cells. Normalised to respective value at pH 7.4. (*) p < 0.05; n = 4–6

Fig. 2 Impact of extracellular pH (7.4 and 6.6) for 24 or 3 h on P70-S6 kinase (P70S6K) expression and phosphoryla-
tion of (a) AT-1 and (b) Walker-256 cells. Normalised to respective value at pH 7.4. (*) p < 0.05, (**) p < 0.01; n = 4

Walker-256 cells, in which phosphorylation was 
reduced by 20% after 24  h (p  <  0.05). These 
result fit well to the observed decreased mTOR 
activation. In order to analyse whether the 
decrease of mTOR activation leads to a compa-
rable reduction in P70-S6K phosphorylation, 
the acidosis effect was compared with the 
impact of known pharmacological mTOR-
inhibitors (LY294002, rapamycin) (Fig.  3). In 

both cells lines the inhibitory effect of acidosis 
on P70-S6 kinase was in the same range (≈50%) 
as with both mTOR inhibitors. LC3B-II protein 
levels were measured to study the effects of aci-
dosis on autophagy. The LC3B-II measurement 
showed an increase in LC3B-II protein level 
expression in both cell lines but only after 24 h 
acidosis, indicating an increase in autophagic 
activity (Fig. 4). In AT-1 cells the increase was 
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Fig. 3 Relative phosphorylation of the P70-S6 kinase of (a) AT-1 and (b) Walker-256 cells after 24 h at pH 7.4 or 6.6 
and impact of mTOR inhibition by LY294002 and rapamycin. (*) p < 0.05, (**) p < 0.01 n = 5–7, n = 6

Fig. 4 Impact of extracellular pH (7.4 and 6.6) for 24 or 3 h on the autophagic flux measured by the autophagy marker 
LC3-II of (a) AT-1 and (b) Walker-256 cells. (*) p < 0.05; n = 4-5

up to 88% and in Walker-256 cells 23%. After 
3 h acidosis the results were non-uniform, show-
ing a marked variability between the replicates. 
In AT-1 cells on average a decrease in autopha-
gic flux 50% (n.s.) was observed, whereas in 
Walker-256 cells the flux increased by 60% 
(n.s.)

4  Conclusion

Acute extracellular acidosis (3 h) inhibits mTOR 
activation in AT-1 prostate carcinoma cells as 
well as in Walker-256 mammary carcinoma cells. 
However, these effects disappear after 24  h. In 
parallel to mTOR inhibition a reduction of the 

M. Wolff et al.



285

phosphorylation of the downstream P70-S6 
kinase was found. The degree of inhibition was 
comparable to that obtained with pharmacologi-
cal mTOR inhibitors. The inhibition of the P70- 
S6 kinase was detectable after 3  h and 24  h, 
therefore lasting longer than the initial mTOR 
inhibition. An acidosis dependent inhibition of 
the P70-S6 kinase has also been described by 
Balgi et  al. [6]. However, these authors did not 
analyse the direct impact on mTOR phosphoryla-
tion and they took only much shorter time inter-
vals into account (5–30  min). Especially the 
differences between 3  h and 24  h could be of 
interest since the extracellular tumour acidosis 
outlasts longer periods (hours to days). pH- 
dependent inhibition of mTOR activity and there-
fore decreased protein synthesis may contribute 
to explain acidosis-mediated decrease in cell pro-
liferation. In addition, the present results indicate 
that that acidosis activates autophagic processes. 
Further studies will need to prove that this mech-
anism is mediated by decreased mTOR activation 
which may lead to increased ULK1/2 activation, 
in turn a strong activator of autophagy. The role 
of increased autophagy in tumour biology has 
been discussed controversially as it can act as a 
tumour suppressor but also as a promotor [10]. 
Therefore, it is important to further analyse the 
role of extracellular acidosis in this process 
which may lead to new therapeutic targets.
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Feasibility Study of Remote 
Contactless Perfusion Imaging 
with Consumer-Grade Mobile 
Camera

Timothy Burton, Gennadi Saiko, 
and Alexandre Douplik

Abstract

A non-invasive, contactless, inexpensive and 
easy-to-operate perfusion imaging method 
using a consumer-grade mobile camera 
(iPhone 8) developed in our group can visual-
ise blood flow in tissue. Methods: Ischemia 
was induced in one hand using a blood pres-
sure cuff inflated over the systolic blood pres-
sure to stop the blood flow. Using an iPhone, 
data was collected from 5 subjects, beginning 
with no occlusion (a baseline), followed by 
one hand occluded, and then release of the 
occlusion to restore blood circulation. This 
protocol was repeated for each hand for a total 
of 10 videos. The data were analysed to extract 
the oscillating and quasi-constant components 
of the photoplethysmogram signal represent-
ing blood flow. In addition, we introduced a 
scoring parameter to reflect perfusion (i.e., 
perfusion score). Results: The proposed perfu-
sion score was used to create a pseudo colour 
map of perfusion across the protocol, demon-
strating the ability to detect ischemia caused 
by occlusion. The difference in perfusion 

score was statistically significant between 
ischemia and baseline/recovery. Conclusions: 
Pilot results on healthy volunteers demon-
strate the feasibility of perfusion imaging 
using a consumer-grade camera. A further 
developed method can be used to assess the 
viability of transplanted tissue.

Keywords

Flap viability · Vascular imaging · PPG 
imaging · Photoplethysmogram

1  Introduction

Perfusion imaging is the visualisation of blood 
flow in tissue. The ideal perfusion imaging 
approach is non-invasive and contactless, inex-
pensive, and does not require a skilled technician 
to operate. In particular, the contactless property 
enables use in sterile and telehealth environments 
and when tissue is sensitive to contact. Our pres-
ent work focuses on demonstrating the feasibility 
of perfusion imaging using an affordable 
consumer- grade camera.

A primary application of perfusion imaging is 
assessing transplanted tissue viability, such as the 
flaps grafted during a mastectomy operation. 
Mastectomy flap necrosis currently occurs at sig-
nificant rates (10–30% [1]), indicating the need 
for a perfusion imaging approach to identify tis-
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sue at risk to enable rapid intervention. The cur-
rent standard of care is clinical bedside monitoring 
(assessment of tissue colour, capillary refill, and 
dermal edge bleeding) [1], limited by subjectiv-
ity. A comprehensive review of available objec-
tive flap monitoring techniques is presented in 
[2]. It includes fluorimetry, the Cook-Swartz 
implantable Doppler probe, microdialysis, 
implanted oximetry probes, CO2 monitoring, glu-
cose and lactate measurements, among others. 
The shortcomings of these techniques are their 
complexity and invasiveness. So, minimally inva-
sive or non-invasive alternatives that can be oper-
ated with minimal training are of value. For 
example, fluorimetry is a minimally invasive 
technique initially based on fluorescein dye and 
is typically performed as an indocyanine green 
angiography [3]. The indocyanine green dye is 
injected into the venous system and excited with 
a laser, which causes fluorescence to identify per-
fusion. While indocyanine green angiography is 
minimally invasive, it requires highly qualified 
personnel and relies on costly, complex 
instrumentation.

Alternatively, perfusion can be detected 
strictly non-invasively by observing the peri-
odic pulse wave in blood vessels caused by car-
diac contraction. The pulse wave distends 
vessels due to increased local arterial pressure. 
Therefore, it affects the local light absorption 
along the vessel, where haemoglobins are the 
primary light absorbers (chromophores) in the 
visible spectrum range. Vessel distension is 
maximal at the peak of the pulse wave ampli-
tude and minimal at the pulse wave trough. 
When localised vessel distension is maximal, 
light absorption increases in this vessel compo-
nent due to the larger fraction of the blood. 
Correspondingly, light reflection from the tis-
sue decreases due to that increased absorption. 
The opposite effect occurs at the trough of the 
pulse wave; minimal vessel distension results 
in lower light absorption and increased light 
reflection within the local portion of the vessel. 
Hence, the light reflection is modulated by 
pulse wave and, consequently, can be linked to 
blood perfusion. Photoplethysmographic (PPG) 
methods can measure such a periodic light 

reflection pattern. PPG-based methods are typi-
cally skin contact- based and single-point mea-
surements [4]. With advancements in imaging 
technologies, PPG methods can be extended 
into imaging modalities [5]. For example, PPG 
imaging has been shown to be effective for per-
fusion mapping using a system composed of 
two polarisers and an LED at a specific wave-
length, with data captured with a scientific-
grade camera [6]. The authors [7] used a 
high-speed camera to detect pulse wave 
propagation.

In contrast, we used an iPhone 8 containing a 
consumer-grade camera and an LED with an 
uncontrolled emission spectrum. Compared to 
scientific-grade equipment, such mobile con-
sumer devices are both low-cost and widely 
available. In addition, while consumer mobile 
devices, and the iPhone in particular [8, 9], have 
been previously used for single-point PPG mea-
surement, we are unaware of their use for 
imaging.

2  Methods

We used an occlusion model of ischemia in 
hands, where one hand was occluded with a 
blood pressure cuff on the upper arm and the 
other was left unoccluded as a control. The 
hands were placed side by side and recorded 
using an iPhone 8 at 60 frames per second. 
The iPhone was placed about 10 cm above the 
hands. Hands were illuminated with the 
onboard LED. The hands were rotated by 180° 
with respect to the camera. The collection pro-
tocol began with a 10-s baseline section. In the 
occlusion section, the cuff was then inflated 
above the systolic pressure and maintained for 
30  s. The cuff was rapidly deflated for the 
recovery section and then held for 30  s. The 
resultant data was approximately 85-s 
1920 × 1080 pixel RGB before cropping to the 
interest region. The study was approved by the 
Ryerson REB, and pilot data was captured 
from five healthy subjects with various skin 
tones, with each hand occluded once for a total 
of 10 videos.
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First, the video data was processed to extract 
the local PPG signals by Gaussian blurring the 
spatial averaging over 5  ×  5 pixel regions. 
Next, local signals were averaged to generate 
signals for each hand. Signals from the 
occluded hand and the non-occluded hand of a 
subject were compared, and signals differed in 
both the  oscillating (AC) and quasi-constant 
(DC) components during the occlusion section 
of the protocol, as shown in Fig.  1. The DC 
component was similar across hands during 
baseline and recovery sections, but the ampli-
tude dropped during occlusion. Wavelets were 
used to analyse the AC components of the sig-
nals, which is an appropriate tool given the 
non-stationary characteristic of the data [10]. 
A wavelet coherence map, which compares the 
local wavelet power of each signal over time 
and frequency, visualised the time- frequency 
similarity of the signals. The coherence in the 
1.2-3  Hz frequency band present during both 

baseline and recovery sections reduced during 
occlusion, as shown in Fig. 2, which captures 
the dissimilarity in the AC component caused 
by occlusion.

The PPG signal was post-processed using 
these meaningful components. A continuous 
wavelet transform band-pass filtered the signal 
from 1.2-3 Hz to capture the AC information. 
The signal mean (normalised by dividing by 
255, given that the iPhone camera ADC was 
8-bit) was added back to capture the DC infor-
mation. The perfusion score was the summation 
of the interquartile signal range and mean. Note 
that the range of these statistics is similar, 
meaning that a more complex compression pro-
cess was not required. The perfusion score was 
calculated for each 5 × 5 non-overlapping block 
and overlaid as a transparent pseudo-colour 
map on the first video frame. In addition, for 
statistical comparison, the average perfusion 
score was generated from each hand.
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Fig. 1 The effect of the protocol on the signal, with the first triangle denoting the boundary between the baseline and 
ischemia sections and the second triangle denoting the boundary between the ischemia and recovery sections
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Fig. 2 Wavelet coherence analysis of the signals from the two hands

3  Results

Figure 3 shows the first video frame (left) and 
resultant perfusion map (right) for the same video 
used in Figs. 1 and 2. The colouring by perfusion 
score of the occluded right hand is less intense 
than the non-occluded left hand, representing the 
reduced perfusion caused by the occlusion. The 
average perfusion score was calculated for both 
hands during each protocol section. Then, the 
score of the occluded hand was subtracted from 
the non-occluded hand for a quantitative assess-
ment. Figure  3 shows a difference between the 
scores of 0.0008 during the baseline section, 
0.0925 during the occlusion section (a 115.6-fold 
increase from baseline), and 0.0263 during the 
recovery section (3.5-fold decrease from occlu-
sion). The score differences were calculated across 
all 10 videos for the colour channel with the high-
est contrast. Paired t-tests were used to test for dif-
ferences between the means of the scores during 
each pair of the protocol sections across the 10 
videos since each video was collected using the 
same protocol. Both the baseline and occlusion 
sections (p  <  0.01) and occlusion and recovery 
sections (p < 0.01) were found to be significantly 
different, whereas the baseline and recovery sec-
tions were not significantly different (p = 0.34).

4  Discussion

The perfusion score and mapping described here 
is effective in identifying ischemia in hands 
occluded with a blood pressure cuff in pilot data 
from five subjects. The contrast between the 
hands during the occlusion section of the proto-
col was statistically significantly different from 
the non-ischemic sections (baseline and recov-
ery). Further, the lack of significant difference 
between the baseline and recovery sections is 
likely representative of the normal health status 
of the subjects, given that the occluded hand re- 
perfused quickly to normalise the perfusion 
scores. In future work, the protocol will be modi-
fied to induce ischemia more effectively before 
collecting a larger dataset to explore the variabil-
ity across subjects. The iPhone 8, as used in the 
present work, acquires data at 8-bit depth. Thus, 
older and newer models with similar bit depth 
and resolution are expected to provide similar 
results. However, upgrading to the most recently 
released model (iPhone 13) offers 12-bit depth at 
the same spatial and temporal resolutions, which 
has the potential to increase the acquisition qual-
ity dramatically. Finally, perfusion score and 
mapping will be improved to enhance detection 
and visualisation of ischemia.
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Fig. 3 Left pane: an image of the hands (the right hand is occluded). Right pane: a perfusion map of the hands gener-
ated by localised perfusion scores. The colour scale shows the range of perfusion scores

5  Conclusion

In this pilot study, the iPhone video acquisition 
paired with the data processing described was 
effective in identifying occlusion-induced isch-
emia. However, further work will be performed 
to both improve and stabilise the detection and 
generate a more robust assessment of the per-
formance using a larger number of subjects.
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Stability of a Novel PEGylation Site 
on a Putative Haemoglobin-Based 
Oxygen Carrier

C. E. Cooper, M. Bird, X. Sheng, M. Simons, 
L. Ronda, A. Mozzarelli, and B. J. Reeder

Abstract

PEGylation of protein sulfhydryl residues is a 
common method used to create a stable drug 
conjugate to enhance vascular retention times. 
We recently created a putative haemoglobin- 
based oxygen carrier using maleimide-PEG to 
selectively modify a single engineered cyste-
ine residue in the α subunit (αAla19Cys). 
However, maleimide-PEG adducts are subject 
to deconjugation via retro-Michael reactions, 
with consequent cross-conjugation to endog-
enous plasma thiols such as those found on 
human serum albumin or glutathione. In pre-
vious studies mono-sulfone-PEG adducts 
have been shown to be less susceptible to 
deconjugation. We therefore compared the 
stability of our maleimide-PEG Hb adduct 
with one created using a mono-sulfone 
PEG.  The corresponding mono-sulfone-PEG 
adduct was significantly more stable when 
incubated at 37 °C for 7 days in the presence 

of 1  mM reduced glutathione, 20  mg/mL 
human serum albumin, or human serum. In all 
cases haemoglobin treated with mono- 
sulfone- PEG retained >90% of its conjugation 
whereas maleimide-PEG showed significant 
deconjugation, especially in the presence of 
1 mM reduced glutathione where <70% of the 
maleimide-PEG conjugate remained intact. 
Although maleimide-PEGylation of Hb seems 
adequate for an oxygen therapeutic intended 
for acute use, if longer vascular retention is 
required reagents such as mono-sulfone-PEG 
may be more appropriate.

Keywords

Vascular retention time · Recombinant human 
hemoglobin · Mono-sulfone-PEG adduct · 
Maleimide-PEG adduct

1  Introduction

In order to use a haemoglobin-based oxygen car-
rier (HBOC) as an oxygen therapeutic, it is nec-
essary to increase the size of the haemoglobin 
(Hb) molecule to prevent renal clearance [1]. 
This can be achieved by PEGylation. However, 
whilst previously used non-specific PEGylation 
methods can create stable HBOC, these HBOC 
are heterogeneous mixtures with significantly 
altered protein function [1]. We therefore recently 
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engineered a HBOC with homogenous 
PEGylation at a single site, by removing the 
existing reactive sulfhydryl on the β subunit 
(βCys93) and introducing a new surface cysteine 
sulfhydryl on the α subunit. The novel PEGylation 
site chosen (αAla19Cys) was on the surface of 
the protein, distant from the heme binding site 
and the α/β dimer/dimer interface. The resultant 
mutant Hb (βCys93Ala/αAla19Cys) had unal-
tered functional oxygen-binding properties to 
wild type Hb and no increase in the autoxidation 
or heme loss that has prevented the use of previ-
ous recombinant Hb as viable oxygen therapeu-
tics [2]. Our PEGylation method used 
maleimide-PEG to conjugate to a surface sulfhy-
dryl. However, maleimide-PEG adducts are sub-
ject to deconjugation via retro-Michael reactions 
and cross-conjugation to endogenous thiol spe-
cies in vivo, such as human serum albumin (HSA) 
or reduced glutathione (GSH). We therefore com-
pared our maleimide-PEG adduct with one cre-
ated using a mono-sulfone-PEG less susceptible 
to deconjugation [3]. In the presence of high 
(1  mM) GSH, Hb treated with mono-sulfone- 
PEG retained >90% of its conjugation whereas 
maleimide-PEG showed significant deconjuga-
tion, with <70% of the maleimide-PEG conju-
gate remaining intact following 7 days incubation 
at 37 °C [4]. In this paper we compare the stabil-
ity data in the presence of GSH with more physi-
ological levels of competing thiols species such 
as HSA and IgG-depleted serum.

2  Methods

Recombinant human Hb with the βCys93Ala/
αAla19Cys mutations was expressed in a pET-
Duet system in an E. coli BL21 host and purified 
by ion exchange chromatography and gel filtration 
as described previously [2]. The purified Hb was 
then PEGylated at αAla19Cys with a 20  kDa 
maleimide-PEG or mono-sulfone-PEG [4]. 
Hb-PEG solutions were prepared at 2 mg/mL in 
CO purged PBS buffer containing 20 mg/mL HSA 
or 50% v/v IgG depleted human serum. Blank 
samples consisting of HSA, serum or HbCO in 
PBS were prepared as controls. Each sample was 

supplemented with 0.05% w/v sodium azide. 
Aliquots (60 μL) of the samples were then pre-
pared. One aliquot per sample was directly frozen 
at −80  °C (t  =  0  days). The remaining aliquots 
were incubated at 37 °C. At t = 1, 3 and 7 days 
samples were removed from storage at 37 °C and 
frozen at −80 °C. Once all timepoint samples had 
been acquired, the samples were thawed and anal-
ysed by size exclusion chromatography (SEC). 
Analytical SEC used TOSOH TSKgel Super SW 
3000 analytical (4.6  mm  ×  15  cm) and guard 
(4.6 mm × 3.5 cm) columns. Hb-PEG and control 
samples were isocratically eluted with PBS. For 
each analysis 30 μg (15 μL) of sample was injected 
and elution was performed over 10 min at 30 °C 
with visible detection at 538 nm. The stabilities of 
maleimide- and mono-sulfone PEG Hb conjugate 
linkages were assessed by evaluating the levels of 
the Hb-PEG and free Hb peaks in isolation (i.e., 
ignoring all other species present). Chromatograms 
were baseline subtracted using HSA and serum 
blanks to account for the absorbance of interfering 
matrix related peaks. For normalisation and to aid 
comparison, the percentage of Hb-PEG was 
expressed as a relative percentage compared to the 
t = 0 days value. Each SEC sample was run in trip-
licate. The figures show a representative example.

3  Results

Human serum albumin (HSA) contains a free 
reactive cysteine with the potential to participate 
in cross-conjugation reactions with a Hb-PEG 
bond in vivo. As HSA runs at a similar weight to 
Hb-PEG on SDS-PAGE, size exclusion chroma-
tography (SEC) was used to monitor the stability 
of the Hb-PEG bond by monitoring the heme 
absorbance at 538 nm. As shown previously [2], 
SEC of Hb-PEG solutions separates free unPE-
Gylated protein from Hb-PEG (Fig. 1).

The intensity of the Hb-PEG heme peak, mea-
sured by SEC, showed that the fraction of 
Hb-PEG following incubation in PBS for 7 days 
remained at 95% of the Day 0 value, consistent 
with the SDS-PAGE data shown previously [2]. 
Figure 2 compares the stability of PEG:Hb con-
jugates in the presence of HSA.  Compared to 
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Fig. 1 SEC of Hb-PEG conjugates in PBS. Comparison 
with SEC standards reveals Hb peaks at 5.5 min comprise 
unPEGylated Hb dimer and peaks at 4  min Hb-PEG 
peaks. A small fraction of unidentified higher molecular 

weight species elutes at 3.5 min panel). Arrows identify 
peak of Hb species indicated. % values reflect the contri-
bution of that species to the overall intensity

Fig. 2 SEC of Hb-PEG conjugates in HSA. SEC of Hb 
mutants following incubation in HSA at 37 °C immedi-
ately (a) and after 7 days incubation (b). Arrows identify 

peak of Hb species indicated. % values reflect contribu-
tion of that species to the overall intensity
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Fig. 3 SEC of Hb-PEG conjugates in human serum. 
SEC of Hb mutants following incubation in human serum 
at 37 °C immediately (a) and after 3 days incubation (b). 

Arrows identify peak of Hb species indicated. % values 
reflect the contribution of that species to the overall 
intensity

PBS, the extent of Hb-PEGylation following 
incubation in HSA is lower, suggesting cleavage 
of the Hb-PEG bond. Figure 3 shows the effect of 
a 37  °C incubation in human serum on the 
Hb-PEG bond. Distinct Hb-PEG and unPE-
Gylated peaks can be seen, again allowing for 
quantification of the Hb-PEG/Hb ratio with time. 
However, unlike for HSA, it was not possible to 
analyse a sample on day 7 due to significant pro-
tein precipitation.

Figure 4 shows a side-by-side comparison of 
the stability of Hb-maleimide-PEG and 
Hb-mono-sulfone-PEG following incubation 
with PBS, GSH, HSA and serum. The mono- 
sulfone- PEG is stable in all conditions over a 
7-day period. In contrast, in the presence of spe-
cies containing competing thiols, the 

Hb-maleimide-PEG conjugation is labile. 
However, even in the most competitive condi-
tions (1 mM GSH), 70% of the Hb-maleimide- 
PEG conjugation is retained after 7 days.

4  Discussion

The creation of a new cysteine residue in Hb 
(βCys93Ala/αAla19Cys) enables efficient 
PEGylation with no detectable effect on protein 
function or stability [2]. Although maleimide 
PEGylation is efficient and relatively stable, the 
use of alternative PEG reagents such as 
 mono- sulfones [4] leads to a product with 
enhanced stability, with minimal deconjugation 
detectable in the presence of plasma reducing 
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Fig. 4 Kinetics of stability of Hb-PEG conjugates. 
Graphs show the % drop in Hb PEGylation for maleimide- 
PEG Hb (a) and mono-sulfone-PEG Hb (b), assuming 
100% PEGylation at t = 0 analysed by either SDS-PAGE 
(PBS, GSH; [4]) or SEC (HSA, serum; this paper). Curve 
fits are mono exponential decay; for mono-sulfone PEG, 

only the fit to the HSA data is shown for clarity as the fits 
superimpose. Note for the SEC data, the contribution of 
the higher molecular weight species was ignored, due to 
the uncertainty as to the PEGylation status of this species. 
This had minimal effect for the HSA calculation but did 
lead to greater uncertainty for the serum data

agents and free sulfhydryl residues, even after a 
week of incubation at 37 °C. This enhanced sta-
bility may not be relevant for current HBOC, 
which are targeted as acute therapeutics with cir-
culatory half-lives of at most 2–3  days [1]. In 
these cases, HBOCs are likely cleared primarily 
by phagocytosis rather than by filtration in the 
kidney following loss of conjugation. However, if 
a longer lived HBOC with half-lives of weeks 
rather than days is required, this paper shows 
more stable PEG linkages such as mono-sulfone 
are likely to prove more suited than maleimide 
PEG.
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Oxygen Storage in Stacked 
Phospholipid Membranes Under 
an Oxygen Gradient as a Model 
for Myelin Sheaths

Wouter Vervust and An Ghysels

Abstract

Axons in the brain and peripheral nervous sys-
tem are enveloped by myelin sheaths, which 
are composed of stacked membrane bilayers 
containing large fractions of cholesterol, 
phospholipids, and glycolipids. The oxygen 
availability to the nearby oxygen consuming 
cytochrome c oxidase in the mitochondria is 
essential for the well-functioning of a cell. By 
constructing a rate network model based on 
molecular dynamics simulations, and solving 
it for steady-state conditions, this work calcu-
lates the oxygen storage in stacked mem-
branes under an oxygen gradient. It is found 
that stacking membranes increases the oxygen 
storage capacity, indicating that myelin can 
function as an oxygen reservoir. However, it is 
found that the storage enhancement levels out 
for stacks with a large number of bilayers, 
suggesting why myelin sheaths consist of only 
10–300 membranes rather than thousands. 
The presence of additional water between the 
stacked bilayers, as seen in cancer cells, is 
shown to diminish myelin oxygen storage 
enhancement.

Keywords

Oxygen storage capacity · Oxygen reservoir · 
Oxygen transport · Smoluchowski transport 
equation

1  Introduction

The transport of molecular oxygen throughout the 
body is primarily realised by blood cells in the 
cardiovascular system [1]. The final destination of 
oxygen is the cytochrome c oxidase (COX), a pro-
tein embedded in the inner mitochondrial mem-
brane, where oxygen is consumed in the energy 
conversion cycle. The binding site for oxygen is 
located at the center of the inner mitochondrial 
membrane [2]. Passive diffusive transport through 
several membranes, including the plasma mem-
brane, is responsible for the last steps of oxygen 
from blood cells to the COX binding site. Cancer 
cells are known to show hypoxia which can fluc-
tuate across the tumour cell, and tumour oxygen-
ation can enhance radiation therapy of cancer 
cells [3]. Interestingly, nerve cell axons are sur-
rounded by myelin, which is composed of stacked 
membrane bilayers containing large fractions of 
cholesterol, phospholipids, and glycolipids [4, 5]. 
Understanding the mechanisms of oxygen path-
ways from capillaries to tissue mitochondria is 
thus important for completely unraveling the 
physiological role of oxygen [6].
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In this paper, a bottom-up approach will be 
used to study the role of membranes starting from 
the molecular scale. Phospholipid membranes 
form a barrier for oxygen, but the oxygen solubil-
ity in the phospholipid tail region is higher than 
in water, such that a high concentration of oxy-
gen is found in the hydrophobic matrix [7, 8]. 
This high partitioning toward the membrane sug-
gests that the omnipresence of phospholipid 
membranes provides the cell with an oxygen res-
ervoir. Therefore, this paper wants to establish 
the view that a phospholipid membrane has a 
dual function: slowing oxygen transport, while 
also storing oxygen. Moreover, the inhomogene-
ity and anisotropy of the membrane facilitate 
oxygen transport in the interleaflet region of a 
lipid bilayer, compared to the transport orthogo-
nal to the membrane surface [9]. The interleaflet 
space of bilayers can thus form a connected net-
work of efficient diffusive pathways throughout 
the cell. The timely delivery of oxygen is espe-
cially important in the brain and the peripheral 
nervous system. This paper will in addition inves-
tigate how stacked membranes can serve as an 
oxygen reservoir in the nervous system, given a 
certain partial oxygen pressure.

In the methods section, kinetic modelling 
based on the Smoluchowski equation is intro-
duced. It is explained how kinetic parameters 
were extracted from previous molecular dynam-
ics (MD) simulations. The kinetic parameters 
will be used to predict the steady-state oxygen 
distribution given an oxygen gradient. In the 
results and discussion section, the enhancement 
in oxygen storage due to the stacking will be 
computed, where the number of stacked bilayers 
is varied. The conclusion section summarises our 
findings.

2  Methodology

Smoluchowski Equation for Transport Due to 
the membrane’s inhomogeneity along the mem-
brane’s normal (z-coordinate, Fig. 1), the oxygen 
concentration c is z-dependent. It relates to the 
free energy profile F(z) =  − kBTlnc(z), with kB the 
Boltzmann constant and T the temperature. 

Diffusive transport through an inhomogeneous 
medium is governed by the Smoluchowski equa-
tion, which is determined by the free energy F(z) 
and diffusion D(z) profiles [10]. Discretisation in 
N bins  along z transforms the Smoluchowski 
equation into a set of linearly coupled equations, 
which can be summarised by a rate model with 
rate matrix R

 

∂ ( )
∂

= ∑ ( )
=c t

t
R c ti

N

j

ij j

1

,
 (1)

where ci(t) is the concentration in bin i at time t, 
and where the kinetic parameters in the rate 
matrix R are uniquely determined by the F(z) and 
D(z) profiles [10]. In this work, we will solve the 
rate equations with different profiles, represent-
ing different stacked bilayers.

Construction of the Rate Model from 
Molecular Simulations Bayesian analysis (BA) 
of MD trajectories at the atomic scale can be used 
to obtain the F and D profiles – and thus the rate 
matrix R – of a membrane [9–11]. In practice, the 
transitions observed in conventional MD trajec-
tories are compared to the transitions expected by 
the rate model with a proposed rate matrix R. A 
Monte Carlo procedure is then used to extract the 
rate matrix with the highest likelihood of produc-
ing the observed MD trajectories.

Previously published MD simulations and their 
F and D profiles are used in this work to investigate 
the storage capacity of stacked bilayers. The consid-
ered membranes are a homogeneous 1-palmitoyl-2-
oleoyl-sn-glycero-3- phosphocholine (POPC) 
bilayer (see Fig. 1) and a model system for inner 
mitochondrial membrane (labeled MITO) from 
Ref. [9]. MD simulations were run with the 
CHARMM36 force field at 310 K with a simulation 
box containing 72 lipid molecules, as depicted in 
Fig. 1a [12, 13]. The z-axis was discretised into 100 
bins ( z ¯⊕0 68. ), and BA was performed on the 
oxygen trajectories, resulting in the F and D profiles 
shown in Fig. 1b, c.

In a next step, the single-membrane profiles 
are extended to artificially construct the F and D 
profiles of n stacked membranes by concatenat-
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Fig. 1 MD simulations of the (POPC) membrane. (a) 
Simulation box with indication of the z-axis. For clarity, 
water and phospholipid molecules are shaded in the right 
part of the box with one high-lighted POPC molecule 

(ball-and-stick) and red oxygen molecules (van der Waals 
spheres). (b) Free energy F(z) in units kBT. (c) Diffusivity 
D(z). F(z) and D(z) were obtained from Bayesian analysis 
of the MD trajectories

ing the membrane part of the profiles n times, to 
imitate myelin sheaths (Fig. 2a). The following 
three configurations are compared (Fig. 2b):

 1. A water layer without any membrane (Fig. 2b 
top), representing oxygen diffusion to the 
mitochondria without shielding of 
membranes.

 2. A single bilayer and water (Fig. 2b centre).
 3. A series of n stacked bilayers (Fig.  2b bot-

tom), representing myelin sheaths.

The oxygen storage S is measured under an oxy-
gen gradient (see below), which gives S(0), S(1) 
and S(n) for the setups with zero, one, and n 
bilayers, respectively. The amount of water is 
varied in setup 1 and setup 2 to match the size of 
setup 3, as is depicted in Figs. 2b. This allows for 
comparison between equally sized configurations 
in the results and discussion section. The stack-
ing periodicity d can be increased to simulate a 
more disorganised structure with a larger aque-
ous phase between the membrane layers.

Steady-State Solution Under Oxygen 
Gradient The oxygen storage S in the mem-
branes is measured under an oxygen gradient, 
where one side (to the left in Fig. 2) has a partial 

oxygen pressure and the other side (to the right of 
Fig. 2) has zero partial oxygen pressure, referring 
to full depletion of oxygen by COX. The concen-
tration profile is assumed to have reached the 
steady-state regime, where the concentration no 
longer changes over time, but a net oxygen flux 
might still occur.

We solve the rate model (Eq. 1) for the steady- 
state solution, i.e., the right hand side of Eq.  1 
vanishes, with bin 1 (to the left) at fixed concen-
tration c1 = c* and bin N (to the right) at fixed 
concentration cN = 0, for all times t. This is done 
by constructing the vector v of length N  −  2, 
which has all elements equal to zero except for its 
first element v1  =    −  R2, 1. The rate matrix is 
stripped of its first and Nth rows and columns, to 
form the cropped rate matrix R' [14]. The steady- 
state concentration ci

SS  in each bin i is then 
obtained by matrix multiplication of R' and the 
vector v, and scaling with the concentration c*,

 c
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Fig. 2 (a) Myelin sheaths wrapped around a neural cell 
consist of stacked membranes [5]. (b) Considered config-
urations with steady-state boundary conditions: c = c* to 
the left and c = 0 to the right. Setup 1 is pure water, setup 
2 has one bilayer, setup 3 has n bilayers (depicted is 
n = 5). Stacking periodicity d is indicated with arrow

where R’−1 is the matrix inverse of R'. Finally, the 
storage capacity S corresponding to a concentra-
tion profile c(z) is computed by integrating over 
the concentration profile and multiplying with 
the membrane surface area A,

 S A c z dz A c z
i

i= ∫ ( ) ≈ ∑  (3)

where in the second equation, the integral was 
approximated by the discretisation with bin width 
Δz.

3  Results and Discussion

First, we calculated the concentration profile 
under an oxygen gradient (Eq.  2) in the setups 
without bilayer, with one bilayer, and with n 
stacked bilayers. The steady-state profiles for the 
POPC membrane are shown for n = 5 in Fig. 3a. 
The setup of pure water gives a simple linear 
slope (black line), while the presence of a mem-
brane clearly introduces a high peak in oxygen 
concentration (blue dashed line). Increasing the 
number of stacked membranes creates additional 
peaks (green line), whose height drops linearly 
with each additional peak.

The stacking enhancement of adding bilayers 
is quantified by E(n)  =  S(n)/S(1), which is the 
ratio between storage in n stacked bilayers versus 
storage in 1 bilayer (setup 2 and setup 3 in Fig. 2). 
The membrane area A (Eq. 3) drops out of this 
ratio, and E(n) has no unit. Fig.  3b depicts the 
stacking enhancement E(n) for the POPC and 
MITO membranes, which shows that the stack-
ing enhancement increases with the number n of 
stacked membranes. This indeed suggests that 
myelin sheaths may function as a reservoir for 
oxygen storage in the nervous system, making 
oxygen readily available to COX in the nearby 
mitochondria.

Interestingly, stacked bilayers not only have 
more peaks in Fig.  3a, but the first peak of the 
stacked bilayers (green) is also higher compared 
to the case of a single bilayer (blue dashed). This 
again favours the enhancement in stacked mem-
branes compared to a single bilayer. The higher 
peak is explained by the fact that the nearby sec-
ond peak also provides a source of oxygen.

Moreover, the slope of the curve in Fig.  3b 
becomes less steep with increasing n, meaning 
that stacking an additional membrane onto a 
thick layer of stacked membranes has less impact. 
In other words, stacking a 51st membrane on top 
of 50 stacked membranes has less impact on the 
stacking enhancement than stacking an 11th 
membrane on top of 10 stacked membranes. 
Therefore, it seems plausible that, for a certain 
stacking number, a trade-off may be reached 
between stacking enhancement and the extent of 
the physical space occupied by the membranes. 
Indeed, in electron microscopy images, myelin 
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Fig. 3 (a) Steady-state concentration profile under oxy-
gen gradient (in units c*) with c = c* to the left and c = 0 
to the right, for n = 5. Setup 1 with only water (black), 
setup 2 with 1 POPC membrane (blue dashed) and setup 3 
with n = 5 stacked POPC membranes (green), as shown in 

Fig. 2b. (b) Stacking enhancement E(n) = S(n)/S(1) is the 
ratio of storage capacity between n stacked bilayers and 
one bilayer, under a steady-state oxygen gradient over the 
membrane(s). S(1) and S(n) correspond to setup 2 and 
setup 3 in Fig. 2, respectively

sheaths often consist of about 10–300 bilayers 
but not thousands [5].

The storage efficiency also depends on the 
intrinsic storage capacity of a single bilayer. The 
ratio S(1)/S(0) is a measure for the content in a 
single bilayer compared to a slab of pure water 
with the same dimension. For POPC, this ratio 
amounts to S(1)/S(0)  ≈  8  in the steady-state 
regime using a membrane thickness of approxi-
mately 5.2  nm. Because of the linearity of the 
rate model and the symmetry of the considered 
setups, we can conclude that the latter ratio is 
equivalent to the ratio of storage in a membrane 
versus storage in the water phase in equilibrium. 
This is also known as the membrane partitioning 
constant Km, of which the study was initiated over 
a century ago with Overton’s rule. In short, 
S(1)/S(0) = Km = cmem/cwat, with cmem and cwat the 
equilibrium oxygen concentration in the mem-
brane and water phase, respectively.

Concretely, the POPC membrane stores about 
8 times more oxygen molecules than can be 
stored in pure water. For example, let us assume 
a partial oxygen pressure of ~10 mmHg, which 
lies in the reported 10–34 mmHg range for brain 
tissue [15]. At atmospheric pressure and body 
temperature, the partial oxygen pressure is 
159 mmHg, and the solubility of oxygen in water 
is approximately 7.187 mg/L [16]. Therefore, the 

10 mmHg partial oxygen pressure corresponds to 
an oxygen concentration of (10/159)  ·  7.187 
mg/L = 0.45 mg/L. Next, the steady-state profile 
over 10 stacked POPC membranes under this 
oxygen gradient (c* = 0.45 mg/L to the left of the 
stack, while c = 0 to the right of the stack) is com-
puted with Eq.  2, and similarly for pure water. 
Finally, the storage per area (S/A) follows from 
Eq. 3, resulting in about 1791/μm2 oxygen mole-
cules available in the membrane stack, compared 
to 226/μm2 oxygen molecules in a similarly sized 
slab of water.

Next, it is tested how the bilayer spacing 
influences the enhancement provided by the 
stacked membranes. The pathophysiology of 
cancer cells may show abnormal microvascula-
ture and defective microcirculatory function, 
such as an increase in interstitial fluid [17, 18]. 
Moreover, abnormal myelination can also occur 
following trauma to a central nervous system 
tract, where myelin sheath swelling and decom-
paction have been observed, even in myelin that 
is spatially separated from the primary injury 
[19, 20]. Here, structural loss in the membrane 
stacking is modeled by increasing the thickness 
of the aqueous phase between the stacked bilay-
ers. These  additional water layers will decrease 
the total permeability [21], but they might also 
affect the storage capacity. Fig.  4 shows the 
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Fig. 4 Enhancement 
S(n)/S(0) in stacked 
membranes for n = 10, 
as a function of stacking 
periodicity d

enhancement S(n)/S(0) for n = 10 stacked bilay-
ers, comparing the storage in 10 bilayers with 
the storage in pure water, while the stacking 
periodicity d (indicated in Fig. 2b) is gradually 
increased. At the left of the figure, the periodic-
ity d = 5.2 nm corresponds to 10 stacked POPC 
membranes without additional water, as was 
simulated in Fig. 3b. Figure 4 clearly shows that 
an increase in stacking periodicity d can cause a 
strong decrease in the storage enhancement by 
the stacked bilayers, indicating that additional 
water between the myelin layers affects the stor-
age efficiency in a negative way. This can be 
understood by comparing the contributions to 
the total storage by the membrane and by the 
interstitial water. The oxygen storage in water 
becomes larger for increasing d, simply because 
there is more interstitial water. In contrast, the 
oxygen storage in the membranes is fairly inde-
pendent of d. Thus, for increasing periodicity d, 
the relative contribution of the bilayers to the 
total oxygen storage becomes smaller, and con-
sequently a highly distorted membrane stack 
will gradually lose its function as a compact 
oxygen reservoir.

4  Conclusion

A phospholipid membrane has a higher solubility 
for molecular oxygen compared to pure water. 
By calculating the steady-state concentration 

over a membrane under an oxygen gradient, we 
have shown that the oxygen storage capacity S 
can be even more enhanced by stacking multiple 
bilayers, as is the case in myelin sheaths of axons 
in the nervous system. The stacking enhancement 
levels out when many membranes are stacked, 
meaning that beyond a certain number of stacked 
membranes, stacking even more would have lim-
ited efficiency. This could explain why myelin 
sheaths appear to consist of 10–300 stacked 
bilayers but not thousands. Finally, the enhance-
ment is negatively affected by an increase of the 
aqueous phase between the bilayers, which can 
for instance occur in cancer cells with more dis-
ordered stacking geometry.
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Abstract

Connexin 43 (Cx43) is a multifunction protein 
that forms gap junction channels and hemi-
channels and is suggested to play an essential 
role in oxygen-glucose deprivation, induced via 
neuroinflammation during astrocytoma expan-
sion into healthy tissue. To prove this assump-
tion we studied connexin 43 localisation and 
ultrastructure of gap junctions in samples of 
malignant brain tumour (anaplastic astrocyto-
mas grade III). For confocal laser microscopy, 
vibratome sections of tumour fragments were 

incubated in a mixture of primary antibodies to 
connexin 43 and glial fibrillary acidic protein 
(GFAP), then in a mixture of secondary anti-
bodies conjugated with a fluorescent label. 
After the immunofluorescence study, sections 
were washed in phosphate buffer, additionally 
postfixed with 1% OsO4 solution, dehydrated 
and embedded in epoxy resin by a plane-paral-
lel method. Ultra- thin sections obtained from 
these samples were contrasted with uranyl ace-
tate and lead citrate and viewed under a Jem 
1011 electron microscope. Confocal laser 
examination detected a positive reaction to 
Cx43 in the form of point fluorescence. These 
points were of various sizes. Most of them were 
localised around or at the intersection of small 
processes containing GFAP. Electron micros-
copy of the tumour samples containing the 
most significant number of Cx43 revealed sin-
gle and closely spaced gap junctions with a 
typical ultrastructure on the processes and bod-
ies of tumour cells. Sequential analysis in the 
fields of view revealed 62 gap junctions in the 
area of 100 μm2. Numerous gap junctions in 
anaplastic astrocytomas revealed in our study 
may indicate electrotonic and metabolic trans-
mission between glioma cells, possibly pro-
moting its progression.
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1  Introduction

Anaplastic astrocytoma is a malignant brain 
tumour that arises from astrocytes. Gap junctions 
(GJ) and connexins (Cx) are considered crucial 
pathogenetic mechanisms of malignant tumour 
growth and promising targets for targeted therapy 
[1]. Cx43 is a multifunction protein that forms 
gap junction channels and hemichannels and thus 
is suggested to play a key role in oxygen-glucose 
deprivation, induced by neuroinflammation dur-
ing the process of astrocytoma expansion into 
healthy tissue. On the one hand, it has been 
shown that interaction of intracellular C-domain 
Cx43 with the pro-oncogenic kinase Src leads to 
a decrease in the proliferative activity of tumour 
cells, and the restoration of intercellular interac-
tions through GJ promotes the spread of apopto-
sis signals in tumour cell population and 
suppression of tumour growth [2]. On the other 
hand, the interaction of Cx43 extracellular 
domains with extracellular matrix and proteins of 
neighbour cells, as well as intercellular exchange 
through the GJ, enhance the ability of tumour 
cells to migrate and promote the transformation 
of surrounding non-malignant tissue into tumour 
tissue [3, 4]. However, there is still no clear 
understanding of the association between astro-
cytoma and Cx43 along with gap junctions. It is 
uncertain whether the positive expression of con-
nexins is associated with the formation of func-
tional GJ (nexuses) or the accumulation of protein 
in the cytosol in astrocytic tumours of various 
degrees of malignancy.

In previous studies, we demonstrated the pres-
ence of GJs in samples of pleomorphic xanthoas-
trocytoma grade II [5], hemistocytic astrocytoma 
grade II and glioblastoma grade IV but did not 
find these contacts in oligodendroglioma grade II 
[6]. However, the information regarding cell-cell 
interactions in malignant anaplastic astrocytomas, 
i.e., diffusely infiltrating grade III astrocytomas 
that tend to transform into grade IV glioblasto-
mas, is absent in the available literature.

The aim of this work was to study connexin 43 
expression, localisation, and ultrastructure of gap 
junctions in samples of anaplastic astrocytoma 
grade III.

2  Methods

The studies were carried out after obtaining writ-
ten informed consent of patients and their rela-
tives. Fragments of surgically resected human 
brain glial tumours with a confirmed histological 
diagnosis of anaplastic astrocytoma grade III 
were used as material for research. Tumour sam-
ples (n = 8) were fixed in 4% paraformaldehyde. 
Vibratome (VT 1000E, Leica, Germany) was 
used to cut 40  μm sections from the samples. 
Sections were cryoprotected and instantly frozen 
over liquid nitrogen vapor. For immunohisto-
chemistry, sections were thawed in a phosphate 
buffer at room temperature. After that, sections of 
tumour fragments were incubated in a mixture of 
rabbit polyclonal antibodies to Cx43 (Spring 
Bioscience, USA) and mouse monoclonal anti-
bodies to glial fibrillar acidic protein (GFAP, 
Dako, Denmark) with the addition of 0.1% 
sodium azide for 7 days at 10 °C. Sections were 
washed in phosphate buffer and incubated for 
24 h at 10 °C in a mixture of secondary antibod-
ies conjugated with a fluorescent label: goat anti- 
Rabbit CF488A antibodies (Sigma-Aldrich, 
USA) and goat anti-mouse CF555 antibodies 
(Sigma -Aldrich, USA). After incubation, sec-
tions were washed in phosphate buffer, mounted 
on glass slides in the anti-fading medium 
Fluorescence Mounting Medium (Dako, 
Denmark), covered with a cover glass, and exam-
ined using a laser scanning confocal microscope 
(Zeiss LSM880, Germany). After fluorescence 
study, the cover glass was carefully removed 
from a part of tumour sections (n = 6). They were 
washed in phosphate buffer and additionally 
postfixed in 1% OsO4, dehydrated and embedded 
in epoxy resin by a plane-parallel method. After 
polymerisation, 1  mm tissue fragments were 
excised and polymerised to the top of the epoxy 
resin block of. Single and serial ultra-thin sec-
tions obtained from the tumour sections were cut 
using EM UC 7 ultramicrotome (Leica, Germany) 
and an ultra 45° diamond knife (Diatome, 
Switzerland), contrasted with uranyl acetate and 
lead citrate. Images were taken under an electron 
microscope Jem 1011 (Jeol, Japan) with an accel-
erating voltage of 80 kV.
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3  Results and Discussion

Confocal microscopy of fluorescently-labeled 
40  μm tumour sections showed that GFAP is 
present in the cytoplasm, as well as in large and 
small chaotically branching processes of malig-
nant cells (Fig. 1a). A fluorescence study of Cx43 
in astrocytoma tissue showed a reaction pattern 
of expression: positive signals have the form of 
fluorescent points of various sizes (Fig.  1b). A 
double fluorescence study made it possible to 
demonstrate that the majority of Cx43 points are 
localised around or at the intersection of small 
processes containing GFAP (Fig.  1c, arrows). 
Serial optical imaging (0.2 μm step size along the 
z-direction) revealed that some of the Cx43+ sig-
nals could be detected in deeper sections than 
others, reflecting the heterogeneous size of 
Cx43+ along the z-axis. Such positive Cx43 + 
extended areas in the studied volume were also 
associated with GFAP-positive structures of 
astrocytomas. Tumour regions containing the 
most significant number of positive labels for 
Cx43 were further examined by electron 
microscopy.

Sequential examination of ultra-thin sections, 
selected from anaplastic astrocytoma samples 
revealed numerous single and closely spaced 
GJ. Figure 1d shows two tumour cells, the cyto-
plasm, and processes filled with gliofibrils. The 
process of cell 1 is larger than the process of cell 
2. These processes are adjacent to each other and 
are in contact at several points through extended 
GJ.  Ultrastructural details of the detected GJ 
were visualised at high magnifications and rota-
tion of the sample using a goniometer (Fig. 1d, 
d*). Electron microscopic examination showed 
that GJ of anaplastic astrocytomas did not have 
visible perforations. In cases where the GJ nex-
uses were in the cut plane, they were seen as 
“stuck together” bilipid membranes with an 
osmiophilic gap between them, which 
 corresponds to a classic seven-layer structure of 
the GJ.  Higher magnification revealed thin 
electron- transparent bridges between the two 
membranes crossing the osmiophilic dark contact 
gap. These structures are, apparently, intercellu-
lar pores, providing the transition of ions and 

micromolecules from the process of one tumour 
cell to the process of another (Fig. 1g). In addi-
tion, we found areas where networks of GJ were 
formed both between thin processes and between 
processes of a large area. Moreover, most of the 
GJ junctions were located in the immediate vicin-
ity of tumour cell bodies. With magnification of 
40,000 in one field of view, up to 6 GJs can be 
detected. They predominantly have an even or 
slightly curved shape, short and elongated nex-
uses, connecting along or across the cut processes 
of different cells. Besides GJ formation between 
processes of various diameters, we found numer-
ous GJs on the soma of tumour cells. Such con-
tacts can be conditionally divided into two types: 
GJ between the soma and the process of another 
cell and GJ between the own compartments of 
the cell. Figure 1e shows 3 GJs formed on three 
sides of one process (Fig.  1e). The first GJ is 
formed between the tumour cell soma and the 
thinnest process. That process has two more GJs 
located on opposite sides: one extended and 
curved, another one with extended elongated 
nexus. Another type of the GJ location is shown 
in Fig. 1f. An electronogram shows a vacuolated 
tumour cell with an eccentrically located nucleus. 
A curved intracytoplasmic GJ was revealed at 
higher magnification in the peripheral part of its 
cytoplasm (Fig.  1f, f*). In order to analyse the 
total number of gap junctions in areas of astrocy-
tomas selected for the study, we performed the 
morphometric analysis. Sequential imaging of 
the visual fields revealed 62 GJs in an area of 
100 μm2, which significantly exceeds the number 
of GJs in other previously studied tumours of 
glial origin.

The obtained results show that positive fluo-
rescence signals of connexin 43 correspond to the 
formation of GJs with a typical ultrastructure in 
anaplastic astrocytomas grade III.  Identification 
of the significant number of GJs in gliomas sup-
ports the hypothetical tumour glial cells’ ability 
to integrate into the surrounding neuronal and 
neuroglial networks of the brain. This hypothesis 
was based on the discovery of glutamatergic syn-
apses between glioma cells and the presynaptic 
terminals of neurons [7, 8]. The existence of such 
synapses promotes tumour proliferation, growth, 
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Fig. 1 Immunofluorescence and electron microscopic 
examination of GJs in grade III anaplastic astrocytomas. 
(a) expression of GFAP, (b) GJ protein of astroglia Cx43 
(arrows) is located in the form of points in the tumour 
tissue, (c) a combination of GFAP and Cx43. Scale bar 
20 microns. (d) GJs between the processes of tumour 
cells, d* – typical ultrastructure of GJ, (e) GJ connecting 
the tumour cell soma and processes: GJ between the 
soma and the process and another two GJ, formed on the 

same process from opposite sides, (f) ultrastructure of 
GJ, white arrows indicate bridges penetrating two bilipid 
membranes, (g) GJ formed inside the tumour cell, g* – 
curved GJ inside the cell soma. Legend: Gf gliofibrils, V 
vesicles, N nucleus, GFAP expression of glial fibrillary 
acidic protein, Cx43 expression of connexin 43, arrow 
indicate gap junction (GJ). Magnification: d  – 40,000, 
d*  – 200,000, e  – 50,000, f  – 400,000, g  – 40,000, 
g* – 200,000
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and stability. Presumably, an excitatory signal in 
the synapse between a glutamatergic neuron and 
glial tumour cell is transmitted to other tumour 
cells through GJs. This phenomenon was found 
not only in glioma cells but also in some types of 
breast cancer that metastasise to the brain [9].

The numerous gap junctions in anaplastic 
astrocytoma shown in our study may indicate 
electrotonic and metabolic transmission between 
glioma cells, promoting its progression. GJs can 
promote the diffuse transfer of lactate and bicar-
bonate (end-product of glycolytic metabolism) 
from more hypoxic tumour cells to normoxic 
ones by providing metabolic cooperation with 
low resistance. One possible method to block the 
glycolysis products release by tumour cells is to 
inhibit massive intercellular transmission via gap 
junctions identified in this study.

4  Conclusions

In this work, we have demonstrated for the first 
time a significant number of GJs in anaplastic 
astrocytomas. These numerous containing con-
nexin 43 contacts are formed both between pro-
cesses of different cells and between the soma of 
one cell and the process of another cell, as well as 
between the soma and the process of the same cell.
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Abstract

The delivery of radiation at an ultra-high dose 
rate (FLASH) is an important new approach to 
radiotherapy (RT) that appears to be able to 
improve the therapeutic ratio by diminishing 
damage to normal tissues. While the mecha-
nisms by which FLASH improves outcomes 
have not been established, a role involving 

molecular oxygen (O2) is frequently men-
tioned. In order to effectively determine if the 
protective effect of FLASH RT occurs via a 
differential direct depletion of O2 (compared 
to conventional radiation), it is essential to 
consider the known role of O2 in modifying 
the response of cells and tissues to ionising 
radiation (known as ‘the oxygen effect’). 
Considerations include: (1) The pertinent 
reaction involves an unstable intermediate of 
radiation-damaged DNA, which either under-
goes chemical repair to restore the DNA or 
reacts with O2, resulting in an unrepairable 
lesion in the DNA, (2) These reactions occur 
in the nuclear DNA, which can be used to esti-
mate the distance needed for O2 to diffuse 
through the cell to reach the intermediates, (3) 
The longest lifetime that the reactive site of 
the DNA is available to react with O2 is 1–10 
μsec, (4) Using these lifetime estimates and 
known diffusion rates in different cell media, 
the maximal distance that O2 could travel in 
the cytosol to reach the site of the DNA (i.e., 
the nucleus) in time to react are 60–185 nm. 
This calculation defines the volume of oxygen 
that is pertinent for the direct oxygen effect, 
(5) Therefore, direct measurements of oxygen 
to determine if FLASH RT operates through 
differential radiochemical depletion of oxy-
gen will require the ability to measure oxygen 
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selectively in a sphere of <200 nm, with a time 
resolution of the duration of the delivery of 
FLASH, (6) It also is possible that alterations 
of oxygen levels by FLASH could occur more 
indirectly by affecting oxygen-dependent cell 
signalling and/or cellular repair.

Keywords

Radiotherapy · Oxygen depletion · Hypoxia · 
Radiation resistance

1  Introduction 
and Background

Significant improvement in the effectiveness of 
radiation therapy (RT) now seems possible due 
to the observation that delivering radiation doses 
at extremely high dose rates (FLASH RT) can 
increase the therapeutic ratio for RT. When 
compared to conventional rates, at the same 
total dose, FLASH RT has been shown to reduce 
normal tissue damage in a variety of tissues in 
animal models including brain, colon, lung, and 
skin [1] as well as in an initial human applica-
tion [2]. Increased normal tissue tolerance may 
be as high as 1.3–2.0 X compared to conven-
tional dose rates. Importantly, tumour dose-
response is not significantly altered with 
FLASH.  In contemplating the possible mecha-
nisms for the FLASH effect, it is useful to keep 
in mind that FLASH differs from conventional 
irradiation in at least three ways: the rate of 
delivery of the radiation (40 Gy/sec vs 0.1 Gy/
sec), the time over which each fraction is deliv-
ered (0.5 secs. vs. 200 secs1), and the number of 
fractions.

Because of the importance of oxygen on the 
response of cells and tissues to ionising radiation, 
many of the leading explanations for the mecha-
nism of the normal tissue-sparing effect of FLASH 
relate to modification of the oxygen effect [4]. But 
to date, no definitive evidence has been produced 
to show if and how oxygen is an important part of 

1 Numbers are for a 20Gy dose FLASH versus 600 mu/
min linear accelerator [3].

the mechanism for the sparing of normal tissue by 
FLASH.  There have been a number of experi-
ments carried out to measure directly the impact of 
FLASH vs. conventionally delivered irradiation 
on oxygen depletion using phantoms and preclini-
cal models [5] as well as theoretical analyses and 
discussions about possible mechanism leading to 
differential depletion of oxygen [6, 7].

Experimental approaches have usually measured 
the rate of depletion of oxygen with FLASH versus 
conventionally delivered radiation They use global 
measurements of oxygen, based on the expectation 
that the apparently protective effect of FLASH for 
normal tissues compared to conventional delivery is 
because it causes a reduction of oxygen in the nor-
mal tissues sufficient to drop the oxygen to a tempo-
rary hypoxic level, making these cells more resistant 
to permanent radiation damage. Based on the usual 
level of oxygen in normal tissues (about 40 mm Hg), 
this would require a substantial depletion of oxygen 
to start to have radiobiologically significant levels of 
hypoxia (<20  mm Hg) (Fig.  1). Also, in order to 
explain why there is no similar adverse effect on the 
relative efficacy of irradiation on tumours, it would 
appear to require that FLASH does not cause a 
radiobiologically significant reduction of the direct 
oxygen effect in tumour tissue even though most 
tumours have some regions that are already quite 
hypoxic so that even small changes of oxygen in 
deep hypoxia would be expected to increase radia-
tion resistance. Therefore, it is not clear that the 
experiments and calculations that have focused on 
global depletion of oxygen have focused sufficiently 
on what needs to be measured or calculated.

Our approach in this paper is to consider the 
potential role of oxygen as the basis of the FLASH 
phenomenon starting with the established under-
standing of the role of oxygen in radiation bio-
physics and radiation biology [8]. We then use this 
information to consider what types of measure-
ments and or/calculations of FLASH on oxygen 
levels are likely to provide the data needed to test 
rigorously theories that oxygen effects are a prin-
cipal component of the sparing of normal tissue by 
FLASH, and have little impact on the response of 
tumours. We also briefly consider whether it also 
is possible that there could be an oxygen-depen-
dent mechanism for the FLASH effect that is more 
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Fig. 1 Classical oxygen 
effect: There is a very 
steep rise in 
radiosensitivity of cells 
from a minimum at very 
low (hypoxic) levels of 
oxygen, quickly 
levelling off before 
reaching a plateau at 
levels of oxygen that are 
less than usual global 
average levels. (Adapted 
from [10])

indirect, mediated by changes in oxygen levels 
impacting cell signalling and/or repair.

2  The Biological Impact 
of Oxygen on the Radiation 
Response of Cells 
and Tissues

Radiation-induced cell death occurs a significant 
time interval after irradiation, usually when the 
cells attempt to divide. Strong historical evidence 
leads to the widely accepted conclusion that the 
principal cytotoxic radiation target is unrepaired 
or misrepaired DNA damage [9].

Similarly, radiobiological knowledge about 
the classical oxygen effect is well-established 
with relatively few controversies [10]. As shown 
in Fig.  1, the response of cells to radiation 
increases by a factor of about 3 when oxygen-
ated cells are compared to severely hypoxic 
cells.

Oxygen is by far the largest known modifier of 
ionising radiation-induced cytotoxicity. It also can 
impact other types of therapy often used in combi-
nation with radiation including immunotherapy, 
chemotherapy and surgery. Reoxygenation of via-
ble hypoxic cells during radiation therapy is one of 
the primary motivations for fractionation [11]. 
Despite the importance of oxygen, quantitative 
measurement in the clinical setting has been chal-
lenging [12, 13]. Therefore, when using radiation 

to control malignant tumours, maximisation of the 
therapeutic ratio based on the tumour hypoxia and 
normal tissue oxygenation status situation is 
appealing, but has been an ongoing challenge. 
Tumours are often hypoxic and therefore relatively 
resistant to ionising radiation, while normal tissues 
typically have oxygen levels that are well above 
those needed for full damage by ionising radiation. 
This situation has had very important impacts on 
how various types of ionising radiation delivery 
are used in the treatment of cancer [9, 10]. Many 
aspects of clinical radiation oncology reflect the 
need to get a maximum dose to the tumour while 
avoiding unacceptable levels of damage to normal 
tissues adjacent to the tumour. Some of this is 
accomplished by delivering the radiation stereo-
tactically from multiple directions and using tech-
niques that achieve highly conformal dose 
distributions so that the tumour receives much 
more dose than the surrounding normal tissues. As 
tumour cells die more oxygen is available for the 
remaining cells in the tumour.

3  The Chemical Basis 
of Oxygen Impacting 
the Radiation Response 
of Cells and Tissues

Key reactions leading to the generation of free 
radical products of DNA can be schematically 
represented as 6 equations:
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 (6)
where R is the rest of the DNA molecule and H is 
a site on the DNA where a pair of electrons forms 
a bond which the high energy of ionising radiation 
can break into two products, each with an unpaired 
electron and hence a free radical. The most impor-
tant impacts of oxygen on radiation damage occur 
well after the initial absorption of the radiation 
(which occurs in 10−16  sec), starting at about 
10−10  sec after the initial energy absorption. At 
this time, it becomes possible for chemical reac-
tions to occur via diffusion, including free radical 
products of DNA generated either ‘directly’ as in 
Eq. (1), or ‘indirectly’ from reactive radical inter-
mediates of water, especially the hydroxyl radical 
(Eq. 2). Equation (3) indicates how rapid chemi-
cal repair can occur via reaction of a “protective 
molecule” (such as glutathione) restoring the 
integrity of the DNA. Equations (4) and (5) indi-
cate how the reactive free radicals in DNA can 
undergo damaging chemical reactions, rather than 
the immediate chemical repair. It is possible for 
some of the damaging reactions as Eqs. (4) and 
(5) to later be reversed by repair enzymes that are 
normally present to correct mistakes in the repli-
cation of DNA. But the presence of oxygen can 
shift the reactions in a more damaging direction 
as described by Eq. (6). O2, with its two unpaired 
electrons, reacts rapidly with other free radicals 
that by definition also have unpaired electrons, 
effectively competing with reaction in Eq. (3), 
increasing the amount of damage. This is widely 
agreed to be the primary radiation chemical basis 
for the oxygen effect [9, 10].

4  Key Variables to Investigate 
Whether Impact of FLASH 
on Outcomes Is Related 
to Oxygen

Based on these known mechanisms of the direct 
effect of oxygen as described above, the key vari-
ables to study to evaluate the evidence of differ-
ential impacts by FLASH and conventional 
irradiation are the reactants described in Eqs. (3) 
and (6): [1] The amount of DNA radicals avail-
able for interaction with oxygen; [2] The oxygen 
levels pertinent to the reactions; and [3] The elec-
tron donating species. In this analysis we assume 
that the electron donating species is constant, but 
note that this could be modified differently by 
FLASH vs. conventional delivery.

The oxygen level in Eq. (6) must reflect oxy-
gen molecules that are available to react with the 
reactive intermediates of DNA. The DNA is too 
large to diffuse, so therefore this amount is the 
oxygen level already present at the nucleus, plus 
any oxygen that can diffuse to the nucleus during 
the lifetime of the reactive intermediate of DNA.

4.1  Amount of DNA Radical 
Available for Interaction 
with Oxygen

Assuming that the amount of DNA radicals pro-
duced are the same for both types of tissue, the 
key variable is the lifetime of the radical. The 
best available data on the lifetime of the DNA 
intermediate that can react with oxygen are from 
a series of studies by Epp and colleagues (see 
[14] and references therein). They used two dif-
ferent approaches to determine the lifetime of the 
DNA radical. In one set of experiments a double 
pulse of radiation system was used, in which the 
first pulse was sufficient to completely deplete O2 
and then by varying the time interval before the 
second pulse, could determine the apparent life-
time of the species that reacted with O2 (as indi-
cated by the longest interval that resulted in an 
oxygen effect on cell death). In the second set of 
experiments they irradiated isolated cells in the 
absence of O2 and then, as precisely as possible, 
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allowed oxygen to enter the system. Their data 
indicated that the reactive intermediate has a life-
time of 1–10 μsec.

4.2  Amount of Oxygen Available 
to React with the DNA Radical

The oxygen level in Eq. (6) must reflect oxygen 
molecules that are available to react with the 
reactive intermediates of DNA. The DNA is too 
large to diffuse, so therefore this amount is the 
oxygen level already present at the nucleus, plus 
any oxygen that can diffuse to the nucleus during 
the lifetime of the reactive intermediate of 
DNA. Knowing the lifetime of the intermediate 
that could react with oxygen (from the data of 
Epp and colleagues) and the rate of diffusion of 
oxygen we then can calculate the size of the peri-
nuclear volume in which oxygen could diffuse to 
the nucleus within the lifetime of the reactive 
intermediate of DNA. Using the data on the life-
time of the intermediate of DNA that can react 
with oxygen we estimate that the diffusion dis-
tance in the cell is about 60–185 nm. The diffu-
sion rates are based on Einstein’s diffusion 
equation [15], the mean water content of the 
cytosol, i.e., 70% [16], and applying the appro-
priate O2 diffusion coefficients [17]. Thus the 
volume in the cell whose oxygen concentration is 
germane to the oxygen effect is a sphere with a 
diameter of 60–185 nm. All other oxygen in the 
cell is irrelevant for oxygen-dependent damage 
due to FLASH.

5  Discussion

The above descriptions/discussions principally 
recapitulate well-known and non-controversial 
facts about the oxygen effect in ionising radia-
tion. In order to measure directly the impact of 
different radiation delivery schemes on the 
 pertinent oxygen concentrations, we conclude 
that the following aspects must be addressed:

 1. Measurements need to be made in vivo to be 
able to take into account the effects of biologi-

cal structures and functions as well as micro-
environment that would impact oxygen levels 
and its transport.

 2. There is a need to measure oxygen selectively 
in or around the nucleus. Note that this is a 
very important specification because there is 
no true homogeneous ‘oxygen level’ in either 
tumours or normal tissues; both types of tis-
sues have very significant variations among 
(and within) their different compartments. 
Therefore, making measurements in other 
compartments (e.g., extracellular) will not 
provide direct data on oxygen levels in the 
nucleus [12, 13]. Instead, it needs to be 
assessed within a sphere of about 60–185 nm 
in diameter around the nucleus. This is the 
oxygen that is potentially available to diffuse 
to the reactive DNA within its lifetime after 
induction by ionising radiation.

 3. There is a need to follow the dynamics of oxy-
gen change with respect to temporal actions of 
interest, which is less than 10 μsec and may 
well be shorter (it is technically difficult to 
completely eliminate oxygen from experi-
mental apparatus on such a short timescale 
which may result in incorrect measurements 
of radiobiological effect of oxygen).

 4. It is important to measure the dynamics of 
oxygen change during each pulse for FLASH 
and throughout the irradiation period of each 
radiation fraction.

Currently, there appear to be no oxygen measur-
ing techniques that have the desired properties to 
accomplish all these goals. Perhaps the clarifica-
tion of what is needed will stimulate the develop-
ments of the necessary capabilities. Optical 
reporter methods may provide the greatest poten-
tial with studies in tumours within the depth of 
resolution, sensitivity and time of these methods. 
In particular, there are several plausible oxygen 
sensing probe types that could be conjugated to 
targeting molecules [18, 19], and through the 
combination of targeted delivery with retaining 
pO2 sensing, they might be deployed. 
Alternatively, implicitly produced molecules can 
be used for O2 sensing, such as Protoporphyrin 
IX [20], albeit to measure pO2 in the mitochon-
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dria rather than the nucleus. For in vivo measure-
ment, the signal always will decay exponentially 
with depth, making sensing below 1–2 cm ulti-
mately unlikely. However, this may be sufficient 
for the whole body mouse imaging, and with 
localised probes, the signal may be selectively 
amplified relative to the background interference 
[21]. Temporally, optical probes offer the advan-
tage of fast acquisition, however ultimately most 
are limited by the time of collisional interaction 
with oxygen, and so the diffusion coefficient 
determines the maximum speed of useful sam-
pling. This is likely to be in the μs range at the 
fastest, and so ultrafast pO2 measurements with 
sub-μs FLASH events could not likely be effec-
tively performed. Still another major limitation is 
the contribution of the FLASH radiolumines-
cence itself, which can render most optical mea-
surements useless during a pulse. Thus, even 
optical measurements are likely limited to mea-
suring oxygen only before and after any pulses of 
radiation [22].

As noted in the introduction, most experimen-
tal studies and theoretical calculations in preclin-
ical FLASH studies have focused on measuring/
calculating global pO2 changes rather than at the 
sites that are really pertinent, the nucleus and 
immediate region around it. While these data are 
interesting and may well be useful, they do not 
provide what is needed for direct pO2 measure-
ments at the sites and time resolution needed to 
directly investigate the differential impact of 
FLASH on oxygen levels.

It also is important to consider how differen-
tial O2 depletion by FLASH versus conventional 
irradiation could cause an ‘indirect oxygen 
effect’. There are many signalling pathways that 
are affected by oxygen level. It is likely that these 
are impacted not only by the absolute level at the 
sites where the oxygen signalling is activated 
(such as HIF-1α), but also by the rate and length 
of the change. These considerations open up a 
wide range of possibilities for a differential 
impact of FLASH mediated through transient 
oxygen level changes that impact cell signalling 
and gene activation.

Finally, it is important to remember that the 
dose from FLASH is delivered over a much 

shorter time than by conventional radiation. It 
seems possible that this could have a role in the 
normal tissue sparing seen with FLASH.  For 
example, the potentially greater volume of blood 
that would circulate through the radiation field 
with the longer time for conventional radiation, 
combined with high sensitivity of small lympho-
cytes to ionising radiation, could impact immune 
responses and some of those responses are 
oxygen- dependent [23].

6  Conclusions

There are at least two plausible radiobiological 
mechanisms for the oxygen effect in FLASH: [1] 
Directly via depletion of oxygen at the critical 
molecular site (DNA), which therefore reduces 
the amount of initial oxygen-dependent radiation 
damage; [2] Indirectly via depletion of oxygen at 
critical sites that leads to alterations in repair and/
or cell signaling, that lead to physiologically 
mediated changes in the response to radiation 
damage. Not only differences in dose rate 
(FLASH vs conventional) are important but also 
the different lengths of time over which radiation 
is delivered.

Accurate measurements of the direct oxygen 
depletion within 1–10 microseconds after radia-
tion absorption should be performed in/around 
the nucleus within 60–185 nm of DNA location. 
There is no currently available method to make 
this assessment directly, however optical meth-
ods may eventually fill this gap. Very useful stud-
ies to test the direct oxygen depletion hypotheses 
may also be feasible through more indirect 
approaches such as altering the overall or local 
oxygen levels and analysing the impact in place 
of their direct measurement. Testing for the 
effects of alterations of oxygen on indirect mech-
anisms is feasible but will be very complex, and 
here we only describe the broad parameters that 
need to be considered to tackle this problem. 
Much more work needs to be done to test these 
possibilities, but this could be a very productive 
area of research.

Overall, the above considerations may be use-
ful in developing more definitive tests of the 
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hypotheses to better understand whether and how 
differential impacts on oxygen levels are a major 
part of the mechanisms for the phenomenon of 
FLASH.
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Abstract

As a phosphorus-containing molecule, nicotin-
amide adenine dinucleotide is visible by phos-
phorus magnetic resonance spectroscopy 
(31P-MRS). However, the relatively low cellular 
levels of its oxidised (NAD+) and reduced 
(NADH) forms and a significant peak overlap 
hinder their evaluation in live tissues. This 
problem is critical when using 31P-MR spectro-
scopic imaging, where signals are localised 
from limited tissue volumes. We have reported 
improvements in spectral resolution of 
31P-MRSI of human tissues in situ using a strict 
optimisation of the static magnetic field (B0 
shimming) and 1H-irradiation during 31P acqui-
sition. Given this, we aimed to demonstrate if 
these improvements allowed us to measure the 
in vivo intracellular levels of NAD+ and NADH 
at the relatively low magnetic field of 1.5 
tesla (T). Our results show the feasibility of the 
in vivo determination of NAD+ and NADH 

from relatively small volumes of human tissues 
studied at 1.5 T. These results are clinically rel-
evant as the currently available systems for 
human use mainly operate at 1.5 or 3.0.

Keywords

31P-MR spectroscopic imaging · Breast 
cancer · Nicotinamide Adenine Dinucleotide+ 

1  Introduction

Nicotinamide adenine dinucleotide (NAD) is an 
essential oxidoreduction coenzyme in the inter-
mediary metabolism [1]. As a redox pair, NAD+ 
and NADH are closely related to cellular oxygen 
consumption, bioenergetics, and signalling activ-
ities [2]. Traditionally, the NAD(H) redox status 
assessment was limited to indirect measure-
ments using biochemical assays in vitro [3, 4] 
or direct assessment by optical redox imaging 
[5, 6]. However, recent reports have shown the 
non- invasive quantification of NAD+ and NADH 
in live tissues in situ using phosphorous-31 mag-
netic resonance spectroscopy (31P-MRS) [7–10].

To our knowledge, previous reports [7–9] 
except the one from Conley et al., [10] describe 
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the feasibility of determining NAD+ and NADH 
by in vivo 31P-MRS using magnetic fields higher 
than 1.5 T. Higher field strengths improve spec-
tral sensitivity. However, they are seldom avail-
able for clinical use. Moreover, in these previous 
studies including Conley’s, spectra were obtained 
from large volumes to improve spectral sensitiv-
ity further. Here, we report the feasibility of 
determining NAD+ and NADH in vivo from rela-
tively small, more clinically relevant volumes 
(i.e., voxels) of human tissues in situ using a 1.5 
T clinical scanner. We acquired these data using 
multivoxel localisation (i.e., 31P-MR spectro-
scopic imaging [31P-MRSI]) and applied 
1H-irradiation and optimal B0 shimming for sig-
nal improvement. Although we focused on the 
determination of NAD+ and NADH in brain and 
breast cancer in this report, we have obtained 
31P-MRSI at 1.5 Tof many other human tissues in 
situ, with similar or better spectral qualities, 
which allows to postulate that the determination 
of NAD+ and NADH by 31P-MRSI at 1.5 T can be 
attained in most human tissues in situ.

2  Methods

Under the approval of the Institutional Review 
Board of the Fox Chase Cancer Center (USA), 
we acquired non-invasive 31P-MRSI data from in 
situ tissues of human subjects using a 1.5 T clini-
cal magnetic resonance (MR) system (Siemens, 
Germany) [11–13]. In brief, after acquiring MR 
images and optimising the static magnetic field 
(B0 shimming) [14], 31P signals were localised 
and acquired using the 3D-chemical shift imag-
ing (3D-CSI) algorithm [15, 16] with eight 
phase-encoding steps per orthogonal axis, a 45° 
excitation pulse at the location of the tumour, 512 
data points, a spectral width of ±1000 Hz, repeti-
tion time of one second, constant amplitude 
phase-modulated 1H decoupling during the 
acquisition time, low-level 1H excitation during 
the rest of the time for nuclear Overhauser effect, 
and four averages per encoding step. The 3D-CSI 
field-of-view was 180 or 240 mm per side, giving 
nominal voxel volumes of 11.4 and 27  mL, 
respectively.

We use our proprietary custom-made 3DiCSI 
program for spectral processing. In summary, 
data sets were Fourier-transformed in the spatial 
domain. In the time domain, data were zero-filled 
to 1024 points and an apodization filter with a 
Lorentzian function of 5–7 Hz was used to reduce 
noise despite signal broadening before Fourier 
transform and phase-correction. The chemical 
shift (δ) of αATP was set at −10.07 parts per mil-
lion (ppm). When needed, we use the 3DiCSI 
program to anatomically localise the spectra 
overlaying the results over the MR images and 
the voxel-shifting subroutine to center voxels of 
interest in targeted tissues or anatomical 
structures.

We used the commercially available OriginPro 
for subsequent signal analysis and curve fitting of 
the αATP-NAD(H) spectral region. In brief, we 
applied a Lorentzian function to each signal vary-
ing the amplitude and half-line width (HLW) 
manually. However, we kept each peak’s chemi-
cal shift position as close to its theoretical value 
as possible until the residual spectrum showed 
minimal amounts of remaining signals. The 
αATP signal was modelled as a doublet, NADH 
as a singlet, and NAD+ as a quartet considering 
the constraints of scalar couplings and magnetic 
field strength on chemical shifts [7].

3  Results and Discussion

Figure 1 shows non-localised spectra of the head 
of a healthy subject. The red spectrum in panel A 
was acquired without 1H irradiation, while the 
black spectrum shows the effect of this  irradia-
tion. The inset in panel A expands the αNTP- 
NAD(H) region of both spectra. The αNTP 
signal is a doublet due to J-coupling with the 
neighbouring β-phosphate (J  =  15.5  Hz). Each 
peak in the doublet of αNTP is further split into a 
triplet due to the J-coupling with the ribose’s -CH2- 
residue to which the α-phosphate is attached 
(J = 6.0 Hz). 1H-irradiation collapses the triplets 
into a single resonance resulting in a sharper, 
more prominent, and clearer αNTP doublet. 
As shown in the panel, 1H-irradiation also 
improves spectral resolution resolving the over-
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Fig. 1 Non-localised 31P-MRSI of the head of a healthy 
human subject. Panel A. Effect of 1H irradiation on the 31P 
signals (black) vs. no irradiation (red). The inset expands 
the αNTP-NAD(H) region. Assignments PC phosphocho-
line, PE phosphoethanolamine, Pi inorganic phosphate, 
GPE glycero-phosphoethanolamine, GPC glycero- 
phosphocholine, PL phospholipids, PCr phosphocreatine; 

γ-, α-, β-NTP, the three 31P signals from nucleoside tri-
phosphates. Panel B. Effect of B0 shimming on non- 
localised 1H MRS. The spectrum in yellow was acquired 
before optimisation. Spectra in green, red, and black show 
the progressive reduction of inhomogeneities of the B0 
field during B0 shimming, and thus sharper and 
more clearly defined signals were progressively acquired

lapping signals upfield of the αNTP doublet, 
including NAD+ and NADH.

Panel B of Fig. 1 depicts non-localised 1H MR 
spectra. In these spectra, a sizeable 1H resonance 
from water and a shorter, more diffuse resonance 
from the -CH2- units in fatty acids are present. 
This panel shows how the non-localised water 
and fatty acid signals become sharper, symmet-
ric, and more precise with B0 shimming. We 
repeated three times our automated procedure to 
improve the B0 static field of our clinical scanner. 
The yellow spectrum in panel B was acquired 
immediately after collecting MR images but 
before the 31P-MRSI exam. This spectrum shows 
a broad and asymmetric water signal, and the 
fatty acids signal is not visible. After each itera-
tion (green, red, and black spectra, respectively), 
the water signal became more symmetric and 
narrower, and the fatty acid signal was increas-
ingly apparent. These improvements translated 
into the subsequent 31P-MRSI exams, as shown in 
panel A and in the rest of the figures [14].

Regarding NADH, the similarity of the atoms 
surrounding both phosphates made them resonate 
as a single peak. In NAD+, however, the presence 

of the positive charge in the nitrogen atom of the 
nicotinamide causes a chemical shift difference 
(δ = 0.3211 ppm) between the two spins, which 
are also J-coupled (J = 20.03 Hz). The resulting 
quartet of NAD+ has central resonances (s2 and 
s3) of the same intensity (Is) and are more promi-
nent than the external resonances (s1 and s4) that 
also match in intensity (Iw). The theoretical ppm 
position of the centroid of the NAD+ quartet is 
constant in a range of field strengths. However, 
while the central resonances separate, the exter-
nal resonances get closer when increasing the 
magnetic field. Conversely, the intensity ratio 
Is/Iw decreases when the magnetic field increases. 
We have also demonstrated that variations in pH 
modify the spectral positions of NAD+ and 
NADH relative to αNTP in a related study also 
published in this volume [17]. Therefore, scalar 
couplings and pH (and maybe other factors) must 
be considered for the proper peak fitting of NAD+ 
and NADH by 31P-MRSI.

Panel A of Fig.  2 shows the projection of a 
180  mm cubic 3D matrix grid used to acquire 
31P-MRSI of a healthy human brain. The matrix 
had eight phase-encoding steps per side. Thus, 
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Fig. 2 NAD+ and NADH assessment in brain tissue of a 
healthy human subject. Panel A. Axial (main) and sagittal 
(inset) MR images overlaid with the 3D matrix grid of the 
31P-MRSI (orange) and the spectra of each voxel (green). 
Panel B. Summed brain spectra from the 28 voxels shown 
in panel A. Peak assignments as in Fig. 1. Panel C. Curve 
fitting steps to determine NAD+ and NADH.  First row, 
original αNTP+NAD(H) region (grey), and the baseline 
correction (dashed red). Second row, baseline-corrected 
spectrum (grey), global curve fitting (black), and residuals 
(dashed red). Following rows, the doublet of αNTP (yel-

low), the singlet of NADH (blue), and the quartet of NAD+ 
(red; centre resonances are not resolved). The last row 
shows UDPG (green), where the signal ca. -12.30  ppm 
was visible while the signal ca. -10.75 ppm was calculated 
from the value of the visible signal. Panels D and E. 
Analysis of an individual spectrum from the dataset in A 
centered in the right hippocampus. Panel D. Transverse 
(main), and coronal and sagittal (insets) MR images to 
guide the voxel positioning (yellow squares). Panel E. 
Similar analysis as in Panel C for the single 
voxel spectrum

the 1H-irradiated brain-localised 31P spectra were 
acquired from nominal voxel volumes of 
11.4  mL.  To improve the signal-to-noise ratio 
(SNR) for the initial analyses of NAD+ and 
NADH, we summed the 28 31P spectra shown in 
Panel A and the result depicted in Panel B (total 
volume, 319.2 mL).

The αNTP-NAD(H) region of the summed 
spectrum in panel A was further analyzed to 
determine the integral of each signal. Panel C 
shows the main steps of the integration analysis 
to determine αNTP (yellow), NADH (blue), and 
NAD+ (red). Uridine diphosphate glucose 
(UDPG; green) was also present, demonstrated 
by a clear signal around −12.30 ppm. This signal 
must match with an identical signal around 
−10.75 ppm, which was obscured by peak over-
lap. To prevent overestimating NAD+ or NADH, 
we modeled the signal at −10.75  ppm and 
included it in the analysis. In the peak fitting 
shown in panel C, the s2 and s3 signals of NAD+ 
were not resolved, and the s1 signal of NAD+ was 
obscured by peak overlap. Like in the procedure 
for UDPG, we modelled s1 of NAD+ from the 
value of s4. Panels D and E of Fig. 2 show the 
analysis of a single voxel from the dataset in pan-
els A to C. As shown in panel E, we placed the 
voxel to include the hippocampus employing the 
voxel shifting property of 3D-CSI.  Despite the 

expected lower spectral resolution due to the 
small voxel volume (11.4 mL), the peak analysis 
depicted in panel E demonstrates the feasibility 
of determining αNTP, NAD+, NADH and 
UDPG at this resolution.

Figure 3 shows an example of the in vivo 
31P-MRSI determination of NAD+ and NADH in 
a cancer mass of a patient with invasive ductal 
carcinoma (IDC) before treatment. Panel A 
shows a spectrum from a 30 mL voxel centered in 
the tumour mass located in the right breast. The 
inset depicts an MR image of the breast overlaid 
with the projection of the 3D grid of the 31P-MRSI 
(grey) and the selected voxel (orange square). 
Panel B shows the curve fitting procedure of the 
α-NTP-NAD(H) region of the spectrum shown in 
panel A following the steps described in Fig. 2. 
The additional signal ca. –11.0 ppm (purple) has 
been suggested by Conley et al. [10] to be mito-
chondrial NAD(P)H.

Table 1 summarises the NAD(H) results from 
three breast cancer exams. One exam is from a 
patient with a ductal carcinoma in situ (DCIS) 
before treatment. The other two exams are from a 
patient with IDC; one before treatment (shown in 
Fig. 3) and one during treatment. Table 1 shows 
larger values of the NAD+/NADH ratio in the 
more advanced and metastatic IDC, both before 
and during treatment, compared to the non- 
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Table 1 NAD(H) Redox Values in breast cancer patients

Diagnosis DCIS IDC
Relation to 
treatment

Before Before During

NAD+/NADH 0.99 3.73 2.30
(NAD+ + 
NADH)/αNTP

0.55 0.19 0.65

Fig. 3 Localised 31P-MRSI of a patient with breast cancer. 
Panel A. Spectrum from a voxel centered in the tumor of a 
patient with invasive ductal carcinoma (IDC). The MR 

image (inset) shows the lesion and the position of the voxel. 
Assignment as in Fig. 1. Panel B. Curve fitting of the αNTP-
NAD(H) region as described in panels C and E of Fig. 2

metastatic and mostly curable DCIS. Furthermore, 
the value of the NAD+/NADH ratio in the IDC 
patient is almost 50% lower during the treatment 
when compared to the pre-treatment value. 
Conversely, the (NAD++NADH)/αNTP ratio 
value is almost three times lower in the IDC 
patient before treatment compared to the pre- 
treatment value of the DCIS patient or the value 
of the IDC patient during treatment. Although 
these observations are few, they suggest possible 
NAD(H) differences between metastatic and 
non-metastatic breast cancer and possible modifi-

cations during treatment. These preliminary 
breast cancer results relate to our study of NAD+ 
and NADH in preclinical models of human breast 
cancer, also reported in this volume [17]. Our 
interest is to translate our preclinical results into 
the clinic.

The NAD+ and NADH determination by 
31P-MRSI, however, still requires refinement. 
Currently, 31P-MRSI measures the total cellular 
pool of both NAD+ and NADH and cannot yet 
distinguish between NAD(H) or NADP(H). It is 
also well known that the cytoplasmic and mito-
chondrial compartments maintain their NAD+ 
and NADH pools at different redox levels and 
that the flux of redox equivalents between the two 
compartments is strictly controlled [1–3]. 
Furthermore, although both are redox coen-
zymes, the NAD(H) and NADP(H) systems have 
different cellular functions and need to be distin-
guished from each other, which is not yet possi-
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ble with the present level of technical development 
of 31P-MRSI [2, 10].

Summarising, the present study demonstrates 
the feasibility of determining NAD+ and NADH 
in examples of human tissues in situ (brain and 
breast cancer) using 31P-MRSI in a clinical scan-
ner at 1.5. In this study, we preliminarily assessed 
the differences in the cellular content of NAD+ 
and NADH in breast cancer patients suggesting a 
correlation with invasive potential and treatment 
response. Furthermore, the preliminary results 
suggest that the in vivo measurement of NAD+ 
and NADH could be of clinical value in the fol-
low- up of patients with breast cancer and proba-
bly in patients with other types of tumours.
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Drag-Reducing Polymers Improve 
Vascular Hemodynamics 
and Tissue Oxygen Supply 
in Mouse Model of Diabetes 
Mellitus

Denis E. Bragin, O. A. Bragina, F. Monickaraj, 
A. Noghero, A. O. Trofimov, E. M. Nemoto, 
and M. V. Kameneva

Abstract

Diabetes mellitus (DM) is a chronic metabolic 
disease characterised by hyperglycaemia and 
glucose intolerance caused by impaired insu-

lin action and/or defective insulin secretion. 
Long-term hyperglycaemia leads to various 
structural and functional microvascular 
changes within multiple tissues, including the 
brain, which involves blood-brain barrier 
alteration, inflammation and neuronal dys-
function. We have shown previously that drag- 
reducing polymers (DRP) improve 
microcirculation and tissue oxygen supply, 
thereby reducing neurologic impairment in 
different rat models of brain injury. We 
hypothesised that DRP could improve cere-
bral and skin microcirculation in the situation 
of progressive microangiopathies associated 
with diabetes using a mouse model of diabetes 
mellitus. Diabetes was induced in C57BL/6 J 
mice with five daily consecutive intraperito-
neal injections of streptozotocin (50  mg/kg/
day). Animals with plasma glucose concentra-
tions greater than 250 mg/dL were considered 
diabetic and were used in the study following 
four months of diabetes. DRP (2  ppm) was 
injected biweekly during the last two weeks of 
the experiment. Cortical and skin (ear) micro-
vascular cerebral blood flow (mCBF) and tis-
sue oxygen supply (NADH) were measured 
by two-photon laser scanning microscopy 
(2PLSM). Cerebrovascular reactivity (CVR) 
was evaluated by measuring changes in arte-
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riolar diameters and NADH (tissue oxygen 
supply) during the hypercapnia test. Transient 
hypercapnia was induced by a 60-second 
increase of CO2 concentration in the inhala-
tion mixture from 0% to 10%. Compared to 
non-diabetic animals, diabetic mice had a sig-
nificant reduction in the density of functioning 
capillaries per mm3 (787 ± 52 vs. 449 ± 25), 
the linear velocity of blood flow (1.2 ± 0.31 
vs. 0.54 ± 0.21 mm/sec), and the tissue oxy-
gen supply (p < 0.05) in both brain and skin. 
DRP treatment was associated with a 50% 
increase in all three parameters (p  <  0.05). 
According to the hypercapnia test, CVR was 
impaired in both diabetic groups but more pre-
served in DRP mice (p < 0.05). Our study in a 
diabetic mouse model has demonstrated the 
efficacy of hemorheological modulation of 
blood flow by DRP to achieve increased 
microcirculatory flows and tissue oxygen 
supply.

Keywords

Hyperglycemia · Glucose intolerance · 
Cerebrovascular reactivity · Hypoxia · 
Capillary perfusion

1  Introduction

Diabetes mellitus (DM) is a chronic metabolic 
disease characterised by hyperglycaemia and 
glucose intolerance caused by impaired insulin 
action and/or defective insulin secretion. Long- 
term hyperglycaemia leads to various structural 
and functional microvascular changes within 
multiple tissues, including the brain, which 
involves blood-brain barrier alteration, inflam-
mation, and neuronal dysfunction [1]. Functional 
cerebral and peripheral microcirculation, such as 
decreased baseline regional cerebral blood flow 
(CBF) and impaired vasoreactivity to CO2, have 
been shown in diabetic patients [2, 3]. We have 
demonstrated previously that drag-reducing 
polymers (DRP) improve microcirculation and 
tissue oxygen supply, thereby reducing neuro-
logic impairment in different rat models of brain 

injury [4, 5]. We hypothesised that DRP could 
improve cerebral and skin microcirculation and 
tissue oxygen supply in the situation of progres-
sive microangiopathies associated with diabetes 
using a mouse model of diabetes mellitus.

2  Materials and Methods

Animal procedures were approved by the 
Institutional Animal Care and Use Committee of 
the Lovelace Biomedical Research Institute 
under the Animal Protocol #FY20-067. Diabetes 
was induced in C57BL/6  J mice (The Jackson 
Laboratory, Bar Harbor, ME, USA) with five 
daily consecutive intraperitoneal injections of 
streptozotocin (50 mg/kg) as previously described 
[6]. Animals with plasma glucose concentrations 
greater than 250 mg/dL were considered diabetic 
and were used in the study following four months 
of diabetes. DRP (2 ppm) or saline was injected 
biweekly during the last two weeks of the experi-
ment. A biweekly injection regimen was chosen 
as it has been shown previously that DRP con-
centration in the blood falls to 50% within 48 h 
[7]. Cortical and skin (ear) microvascular cere-
bral blood flow (mCBF) and tissue oxygen sup-
ply (NADH) were measured by two-photon laser 
scanning microscopy (2PLSM). Cerebrovascular 
reactivity (CVR) was evaluated by measuring 
changes in arteriolar diameters and NADH (tis-
sue oxygen supply) during the hypercapnia test. 
Transient hypercapnia was induced by a 
60- second increase of CO2 concentration in the 
inhalation mixture from 0% to 10%.

DRP Preparation Polyethylene oxide (PEO, 
MW ~4000 kDa) was dissolved in saline to 0.1% 
(1000  ppm), dialysed against saline using a 50 
kD cutoff membrane, diluted in saline to 50 ppm, 
slow rocked for ~2 h, and then sterilised using a 
0.22 μm filter [4].

Two-Photon Laser Scanning Microscopy For 
long-term in-vivo imaging of the mouse cortex, 
we used an optical clearing skull window using 
two clearing solutions without performing a cra-
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niotomy [8]. For skin imaging, the ear was shaved 
and treated with a skin-clearing solution [9] 
before each imaging. The number of perfused 
capillaries, microcirculation, and tissue oxygen 
supply were visualised using Olympus BX 51WI 
upright microscope and water-immersion 
XLUMPlan FI 20x/0.95  W objective as previ-
ously described [4]. Excitation was provided by a 
Prairie View Ultima multiphoton laser scan unit 
powered by a Millennia Prime 10 W diode laser 
source pumping a Tsunami Ti: sapphire laser 
(Spectra-Physics, Mountain View, CA). Red 
blood cell flow velocity was measured in 
microvessels ranging from 3–50 μm diameter up 
to 500 μm below the surface of the parietal cortex 
and ear skin. NADH autofluorescence measure-
ment was used to evaluate mitochondrial activity 
(metabolic status) and tissue oxygenation [10]. In 
offline analyses using NIH ImageJ software, 
three-dimensional anatomy of the vasculature in 
areas of interest was reconstructed from two- 
dimensional (planar) scans of the fluorescence 
intensity obtained at successive focal depths in 
the cortex (XYZ stack).

Optical Clearing For skull optical clearing, 
solution 1 (saturated supernatant solution of 75% 
(ethanol and urea) was applied to the exposed 
skull for about 10 min to allow the skull to turn 
transparent [8]. Then, solution 1 was removed, 
and solution 2 (sodium dodecylbenzenesulfo-
nate) was added to the same area for further 
clearing within 5 min. For skin imaging, the ear 
was shaved and treated with skin clearing solu-
tion (PEG-400 + thiazone + sucrose) before each 
imaging [9].

Cerebrovascular Reactivity Testing by 
Hypercapnia Challenge Changes in arteriolar 
diameters and NADH were measured during the 
hypercapnia test as previously described [11]. 
Transient hypercapnia was induced by a 
60- second increase in CO2 concentration to 10% 
in the inhalation mixture through the face mask. 
Each trial consisted of 3  min of baseline data 
acquisition, followed by 1 min of the hypercap-

nia challenge, and 3 min of the post-hypercapnic 
surveillance period.

Statistical analyses were done using GraphPad 
Prism software (La Jolla, CA, USA) by indepen-
dent Student’s t-test or Kolmogorov–Smirnov 
tests where appropriate. Differences between 
groups and time were determined using a two- 
way repeated measures ANOVA analysis for 
multiple comparisons and post hoc testing using 
the Mann-Whitney U test. Variables are expressed 
as mean  ±  standard error. The level of signifi-
cance was set at 0.05.

3  Results

At the baseline, the number of functioning capil-
laries per mm3 was 1020 ± 98 in the brain cortex 
and 954 ± 76 in the ear skin (Fig. 1). Just before 
the treatment (14 weeks of diabetes), the number 
of functioning capillaries fell to 524 ± 69 in the 
brain cortex and 520 ± 58 in the ear skin without 
difference between groups (Fig. 1).

Two-week DRP treatment led to a significant 
increase in the density of functioning capillaries 
per mm3 (787 ± 52), compared to vehicle-treated 
449 ± 25 (Fig. 1, p < 0.05). Similarly, the linear 
capillary blood flow velocity dropped from 
1.38 ± 0.18 mm/s in the brain and 1.2 ± 0.19 mm/s 
in the skin to 0.71 ± 0.21 and 0.76 ± 0.2 in the 
brain and skin, respectively (Fig. 2). After DRP 
treatment, capillary blood flow velocity re-stored 
to 1.2 ± 0.31 mm/sec and 1.0 ± 0.21 in the brain 
and ear, respectively, compared to 0.54  ±  0.21 
and 0.62 ± 0.2 in the saline-treated mice (Fig. 2, 
p < 0.05).

Microvascular flow impairment led to tissue 
hypoxia as reflected by increased NADH auto-
fluorescence in both brain cortex and skin 
(Fig.  3). Capillary perfusion improvement in 
DRP-treated mice led to enhancement of tissue 
oxygen supply 1.05 ± 0.04 and 1.04 ± 0.03 in the 
brain cortex and skin, respectively, comparing to 
1.32 ± 0.06 and 1.22 ± 0.04 in the saline group 
(Fig. 3, p < 005).

Baseline hypercapnia test showed that cere-
bral arterioles dilated during inhalation of 10% 
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Fig. 1 Number of functional capillaries per mm3 of tissue. Left: Brain; Right: Ear skin. N  =  10 mice per group, 
(*p < 0.05)

Fig. 2 Capillary flow velocity (mm/s) Left: Brain; Right: Ear skin. N = 10 mice per group, (*P < 0.05)

Fig. 3 NADH autofluorescence (inversely reflecting tissue oxygen supply). Left: Brain; Right: Ear skin. N = 10 mice 
per group, (*P < 0.05)

CO2 (by 44.0 ± 3.5%) and constricted to the pre- 
hypercapnia diameter after hypercapnia termina-
tion reflecting intact CVR (Fig. 4). Diabetes led 
to the impairment of CVR that was improved by 
DRP (Fig.  4, p  <  0.05). Simultaneous NADH 
autofluorescence imaging did not show any sig-

nificant changes in tissue oxygen supply during 
hypercapnia at a baseline due to arteriolar dilata-
tion and increased RBC traffic, reflecting intact 
microvascular CBF regulation. In diabetic ani-
mals, NADH autofluorescence during hypercap-
nia increased, reflecting decreased tissue oxygen 
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Fig. 4 DRP improves cerebrovascular reactivity as 
reflected by the change in the diameter of the arterioles 
during hypercapnia test (left); and NADH autofluores-

cence dynamics during the hypercapnia test. N = 10 mice 
per group, (*P < 0.05)

supply due to impaired CVR (Fig. 4). DRP miti-
gated the reduction in tissue oxygen supply dur-
ing hypercapnia by improving CVR (Fig.  4, 
p < 0.05).

4  Conclusions

Hemorheological modulation of blood flow by 
DRP increases the number of functioning capil-
laries, restores capillary perfusion and improves 
tissue oxygen supply in the brain and skin in a 
mouse model of diabetes mellitus and can be 
potentially used as a supportive therapy.
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Haemorheologic Enhancement 
of Cerebral Perfusion Improves 
Oxygen Supply and Reduces Aβ 
Plaques Deposition in a Mouse 
Model of Alzheimer’s Disease

O. A. Bragina, L. O. Sillerud, M. V. Kameneva, 
E. M. Nemoto, and D. E. Bragin

Abstract

Alzheimer’s disease (AD) is a consequence of 
complex interactions of age-related neurode-
generation and vascular-associated patholo-
gies, affecting more than 44 million people 
worldwide. For the last decade, it has been 
suggested that chronic brain hypoperfusion 
and consequent hypoxia play a direct role in 
the pathogenesis of AD.  However, current 
treatments of AD have not focused on restor-
ing or improving microvascular perfusion. In 
a previous study, we showed that drag reducing 
polymers (DRP) enhance cerebral blood flow 

and tissue oxygenation. We hypothesised that 
haemorheologic enhancement of cerebral per-
fusion by DRP would be useful for treating 
Alzheimer’s disease. We used double trans-
genic B6C3-Tg(APPswe, PSEN1dE9) 85Dbo/
Mmjax AD mice. DRP or vehicle (saline) was 
i.v. injected every week starting at four months 
of age till 12 months of age (10 mice/group). 
In-vivo 2-photon laser scanning microscopy 
was used to evaluate amyloid plaques devel-
opment, cerebral microcirculation, and tissue 
oxygen supply/metabolic status (NADH auto-
fluorescence). The imaging sessions were 
repeated once a month till 12 months of age. 
Statistical analyses were done by independent 
Student’s t-test or Kolmogorov–Smirnov tests 
where appropriate. Differences between groups 
and time were determined using a two- way 
repeated measures ANOVA analysis for multi-
ple comparisons and post hoc testing using the 
Mann-Whitney U test. In the vehicle group, 
numerous plaques completely formed in the 
cortex by nine months of age. The development 
of plaques accumulation was accompanied by 
cerebral microcirculation disturbances, reduc-
tion in tissue oxygen supply and metabolic 
impairment (NADH increase). DRP mitigated 
microcirculation and tissue oxygen supply 
reduction  – microvascular perfusion was 
29.5  ±  5%, and tissue oxygen supply was 
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22  ±  4% higher than in the vehicle group 
(p < 0.05). In the DRP group, amyloid plaques 
deposition was substantially less than in the 
vehicle group (p  <  0.05). Thus, rheological 
enhancement of blood flow by DRP is associ-
ated with reduced rate of beta amyloid plaques 
deposition in AD mice.

Keywords

Neurodegeneration · Hypoperfusion · NADH 
autofluorescence · 2-photon laser scanning

1  Introduction

Alzheimer’s disease (AD) dementia is a conse-
quence of complex interactions of age-related 
neurodegeneration and vascular-associated 
pathologies that presently affect more than five 
million Americans and are projected to increase 
to 16 million by 2050 [1]. Therapeutic interven-
tions that can prevent, delay the onset, or slow 
the progression of this form of dementia are 
urgently needed. The quantitative neuropatho-
logic criteria for AD diagnostics, as well as the 
main target of treatment, are the degree of depo-
sition of amyloid plaques and Tau protein neu-
rofibrillary tangles [2]. However, treatments 
aimed to prevent or remove amyloid plaques 
have not succeeded in preventing/reducing 
dementia [3, 4]. For the last decade, it has been 
suggested that chronic brain hypoperfusion and 
consequent hypoxia could play a direct role in 
the pathogenesis of AD or promote its develop-
ment [5–7]. Individuals with low brain perfu-
sion showed significantly larger white matter 
lesion volumes [8]; atherosclerosis was signifi-
cantly more extensive in the AD population and 
was associated with impaired cognitive function 
[9–11]. However, current treatments of AD have 
not focused on restoring or improving microvas-
cular perfusion. We propose a new treatment 
approach using modulation of haemorheology 
by drag reducing polymers (DRP). DRP are lin-
ear, soluble macromolecules that reduce flow 
separations at blood vessel bifurcations leading 

to a reduction of pressure gradients across the 
arterial system and an increase in the precapil-
lary blood pressure enhancing capillary perfu-
sion [12]. In a previous study, we showed that 
DRP enhance cerebral blood flow and tissue 
oxygenation [13]. Here we tested the efficacy of 
haemorheologic enhancement of cerebral perfu-
sion by drag-reducing polymers for the treat-
ment of Alzheimer’s disease.

2  Materials and Methods

Animal procedures were approved by the 
Institutional Animal Care and Use Committee of 
the University of New Mexico under the Animal 
Protocol #200640. As an AD model, we used six- 
week- old male double transgenic AD mice 
(B6C3-Tg(APPswe, PSEN1dE9) 85Dbo/
Mmjax), obtained from Jackson Laboratory (Bar 
Harbor, ME, USA). One transgene encoded a 
mouse/human chimeric amyloid-β (A4) precur-
sor protein containing the double Swedish muta-
tions (APPswe; K595 N/M596  L). The second 
transgene for human PS1 contained a deletion of 
exon 9 (dE9), corresponding to an early-onset 
form of AD.  In this model, numerous plaques 
completely form in the hippocampus and cortex 
by nine months of age.

The Overall Design of the Study DRP or vehi-
cle (saline) were i.v. injected every week starting 
four months of age till 12  months of age (10 
mice/group). In-vivo 2-photon laser scanning 
microscopy was used to evaluate amyloid plaques 
development, cerebral microcirculation, and tis-
sue oxygen supply/metabolic state. The imaging 
sessions were repeated once a month till 
12 months of age.

DRP Preparation Polyethylene oxide (PEO, 
MW ~4000 kDa) was dissolved in saline to 0.1% 
(1000  ppm), dialysed against saline using a 50 
kD cutoff membrane, diluted in saline to 50 ppm, 
slow rocked for ~2  hours, and then sterilised 
using a 0.22 μm filter [13].
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Two-Photon Laser Scanning Microscopy For 
long-term in-vivo imaging of mouse cortex, we 
used a polished and reinforced thinned-skull win-
dow, avoiding skin re-incision/stitching and pre-
venting bone re-grow [14]. Plaques, 
microcirculation, and tissue oxygen supply were 
visualised using Olympus BX 51WI upright 
microscope and water-immersion XLUMPlan FI 
20x/0.95  W objective as previously described 
[13]. Excitation was provided by a Prairie View 
Ultima multiphoton laser scan unit powered by a 
Millennia Prime 10 W diode laser source pump-
ing a Tsunami Ti: sapphire laser, centred at 
774 nm (Spectra-Physics, Mountain View, CA). 
Band-pass-filtered epifluorescence (560–660 nm) 
for fluorescent serum (tetramethylrhodamine iso-
thiocyanate (dextran, 500  kDa in physiological 
saline, 5% wt/vol) and (425–475) nm for NADH 
was collected by photomultiplier tubes of the 
Prairie View Ultima system. Red blood cell flow 
velocity was measured in microvessels ranging 
from 3–50 μm diameter up to 500 μm below the 
surface of the parietal cortex, as described previ-
ously [13]. NADH autofluorescence measure-
ment was used to evaluate mitochondrial activity 
(metabolic status) and tissue oxygenation [13]. 
The amyloid plaques were evaluated on a sepa-
rate day from TAMRA and NADH by second 
harmonic generation (387 nm emission peak) and 
i.v. labelling with 0.001% of thioflavin S (450 nm 
emission peak) [15]. In offline analyses using 
NIH ImageJ software, three-dimensional anat-
omy of the vasculature in areas of interest was 
reconstructed from two-dimensional (planar) 
scans of the fluorescence intensity obtained at 
successive focal depths in the cortex (XYZ 
stack). Beta amyloid plaques were counted in an 
imaging volume of 0.075  mm3. The data were 
combined, averaged and normalised from both 
thioflavin S staining and SHG to four months of 
age (start of the treatment).

Statistical analyses were done using GraphPad 
Prism software (La Jolla, CA, USA by indepen-
dent Student’s t-test or Kolmogorov–Smirnov 
tests where appropriate. Differences between 
groups and time were determined using a two- 
way repeated measures ANOVA analysis for 

multiple comparisons and post hoc testing using 
the Mann-Whitney U test. Variables are expressed 
as mean  ±  standard error. The level of signifi-
cance was set at 0.05.

3  Results and Discussion

In the vehicle group, numerous plaques com-
pletely formed in the cortex by nine months of 
age. The development of plaques accumulation 
was accompanied by cerebral microcirculation 
disturbances, reduction in tissue oxygen supply 
and metabolic impairment (NADH increase), 
(Figs. 1, 2). DRP mitigated impairment of micro-
circulation and tissue oxygen supply – microvas-
cular perfusion was 29.5 ± 5%, and tissue oxygen 
supply was 22 ± 4% higher than in the vehicle 
group by the end of the monitoring period (Fig. 1, 
p  <  0.05 from the saline group). In the DRP 
group, amyloid plaques deposition was substan-
tially less than in the vehicle group (Fig.  2, 
p < 0.05 from the saline group).

Our work demonstrated that rheological 
enhancement of cerebral blood flow and tissue 
oxygen supply by DRP is associated with a 
decrease in beta amyloid plaques deposition in 
the cortex of AD double transgenic B6C3- 
Tg(APPswe, PSEN1dE9) 85Dbo/Mmjax mice. 
The mechanisms of this decrease in beta amyloid 
plaques deposition might include improvement 
of cerebral microvascular circulation, improved 
tissue oxygen supply, blood brain barrier preser-
vation, and related reduction in inflammation.

DRPs increase the arteriolar blood volume 
flow via the increase of flow velocity by reducing 
flow separations and vortices at vessel bifurca-
tions and decreasing pressure loss across the arte-
rial network due to the viscoelastic properties of 
DRP [12]. This leads to a rise in pre-capillary 
blood pressure, thus enhancing capillary perfu-
sion, countering capillary stasis, increasing the 
density of functioning capillaries and the number 
of red blood cells passing through capillaries to 
improve tissue oxygenation [12].

We have also previously shown that DRP 
attenuates blood brain barrier (BBB) degrada-
tion in traumatic brain injury (TBI) [13]. In this 
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Fig. 1 Weekly treatment with drag reducing polymers 
(DRP) mitigate microcirculation reduction and improve 
tissue oxygen supply during Alzheimer’s Disease (AD) 
development. (a) Representative micrograph of a region 
from which microvascular flow was recorded (maximum 
intensity projection of five planar scans acquired with 
10  mm steps, starting at 50  mm from brain surface). 
Right: Line-scan data for blood flow velocities in the out-

lined capillary (black line) in the left panel indicating the 
baseline RBC flow velocity (top scan) and its increase 
after DRP injection (bottom scan). The slope of the stripes 
inversely reflects RBC flow velocity. (b) Cerebral micro-
vascular perfusion dynamics. (c) Representative micro-
graph of NADH autofluorescence in mouse cortex. (d) 
NADH autofluorescence dynamics. (Data presented as a 
mean ± SEM, N = 10 per group, *p < 0.05)

work, we have also observed better preserved 
BBB. It is known that the interaction between 
Aβ and the BBB affects the progression of AD 
[16]. Beta amyloid deposition leads to the 
destruction of the integrity and function of the 
BBB. BBB dysfunction, in turn, promotes beta 
amyloid production and accelerates its deposit 
in the brain [16]. Thus, better preserved BBB 
and reduced inflammation also could be involved 
in the mitigation of beta amyloid deposition, 
which could be another mechanism of DRP in 
delaying AD.

Another recently discussed possible mecha-
nism is the ability of DRP to reduce the near-wall 
cell-free layer [12], which increases wall shear 
stress, promoting the release of nitric oxide and 
vasodilation. Increased near-wall shear stress and 
occupation of the near-wall space by RBC, due to 
the presence of DRP in the blood, may explain 
the significant reduction in the inflammatory 
reaction potentially due to reduction of the near- 
wall rolling leukocytes, their attachment to vessel 
walls, and extravasation that may also add to the 
reduction of plaques deposition.
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Fig. 2 Weekly treatment with drag reducing polymers 
(DRP) ameliorates β amyloid plaques deposition forma-
tion during Alzheimer’s Disease (AD) development. (a) 
Micrograph of thioflavin S stained saline-treated mouse 
cortex showing no fluorescence at four months and (b) 
Bright β-amyloid plaques fluorescence (thioflavin S) at 
12 months of AD development. (c) Magnified views of the 
areas outlined in (a) and (b). (d) Micrographs with no 

β-amyloid plaques visible from the second harmonic gen-
eration (SHG) signal at 4 months in DRP-treated mouse 
brain and (e) Bright β-amyloid plaques (SHG) signal at 
12 months of AD development. (f) Graph showing attenu-
ation of β-amyloid plaques deposition in DRP group. Data 
presented as mean ± SEM, N = 10 per group, *p < 0.05, 
white arrows point to plaques depositions

4  Conclusions

Rheological enhancement of cerebral blood flow 
and tissue oxygen supply by DRP is associated 
with a decrease in beta amyloid plaques deposi-
tion in the cortex of AD double transgenic B6C3- 
Tg(APPswe, PSEN1dE9) 85Dbo/Mmjax mice. 
The mechanisms of this decrease in beta amyloid 
plaques deposition might include improvement 
of cerebral microvascular circulation, improved 
tissue oxygen supply, blood brain barrier preser-
vation, and related reduction in inflammation.
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Calorimetric Characterisation 
of the Binding Reaction Between 
Human Ferric Haemoglobins 
and Haptoglobin to Develop 
a Drug for Removal of Cell-Free 
Haemoglobin

Khuanpiroon Ratanasopa and Leif Bulow

Abstract

High levels of cell-free haemoglobin (Hb) 
may occur in plasma as a consequence of e.g., 
pathological haemolysis or blood transfusion. 
These Hb molecules can be removed from 
blood circulation by forming a complex with 
the acute-phase protein haptoglobin (Hp) and 
thereby can also the intrinsic toxicity of free 
Hb be limited. In this study it is shown that 
ferric HbA, HbF, HbE and HbS, respectively, 
all bind firmly to Hp at 25 °C. By using iso-
thermal titration calorimetry (ITC), it is dem-
onstrated that ferric HbF has higher affinity to 
Hp (Ka  =  2.79  ±  0.29 ×109 M−1) compared 
with HbA and HbS (1.91 ± 0.24 ×109 M−1) and 
1.41  ±  0.34 ×109  M−1 for HbA and HbS, 
respectively. In addition, the affinity constant 
for HbE is slightly lower than the other hae-
moglobins (0.47 ± 0.40 ×109 M−1). Since Hp 
shows a general and high affinity to all Hb 
variants tested, it can be concluded that Hp 
may be useful as a therapeutic agent for sev-
eral different haemolytic conditions by intra-
venous injection.

Keywords

Pathological haemolysis · Sickle cell anemia · 
Isothermal titration calorimetry · Hb variants

1  Introduction

Haemoglobin (Hb) is an abundant intracellular 
protein. Its main function is to carry oxygen from 
the lungs and transfer it to respiring cells and tis-
sues. The structure of Hb is well known, and the 
most common form of Hb, adult Hb or HbA, is 
mainly a tetramer composed of two α and two β 
subunits [1]. Inside the red blood cells, the iron- 
containing haemoglobins are protected from oxi-
dation by a powerful enzymatic system embracing 
inter alia methaemoglobin reductase, catalase, 
and superoxide dismutase [2]. Upon haemolysis, 
cell-free Hb is released into plasma and the regu-
lar intracellular oxidative protection is not avail-
able. Hb is then prone to auto-oxidation and, 
additionally, can interact with various oxidative 
agents including NO and hydrogen peroxide. In 
the first phase, this may generate a non-functional 
form of Hb called ferric haemoglobin or methae-
moglobin (metHb). In addition, metHb can react 
further with hydrogen peroxide, yielding a highly 
unstable intermediate species called ferryl Hb, 
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which is involved in several pathological condi-
tions [1].

Sickle cell anaemia (SCA) or sickle cell dis-
ease (SCD) is a haematologic condition caused 
by a single mutation on the β chain of haemoglo-
bin at position 6, at which glutamine is substi-
tuted by valine (E6V). This Hb molecule is 
referred to as HbS and SCA patients often suffer 
from plasma hyperviscosity, vascular occlusion 
and chronic haemolysis [3, 4]. Another common 
variant is HbE (E26K), which in contrast to SCD 
is linked to a milder form of haemoglobinopathy. 
However, when it is inherited together with 
β-thalassemia, the clinical status often becomes 
more severe [5]. Blood transfusion is frequently 
used in clinical management of these patients; 
however, such treatment may cause complicated 
side effects [6]. A valuable alternative could be to 
increase the internal level of foetal Hb, HbF, in 
these patients. HbF is normally present only in 
newborns until the age of six months, but its 
expression can be pharmaceutically re-induced in 
adults [7]. The deleterious effects of the β-chains 
can thereby be avoided and many studies focus 
on exploring intrinsic HbF expression as a simple 
and beneficial therapy for these conditions [8, 9].

Haptoglobin (Hp) is an abundant acute-phase 
glycoprotein in human circulation. By forming a 
complex with cell-free Hb, Hb can be clarified 
from blood circulation via engulfment of the 
Hb-Hp complex by CD163 present on macro-
phages and Kupffer cells in the liver [10]. The 
uptake of the Hp-Hb complex is followed by 
lysosomal degradation and haem oxygenase-1 
catalyses the conversion of haem into carbon 
monoxide, biliverdin and iron. It has been dem-
onstrated that Hp is able to attenuate the toxicity 
of HbA released from red blood cells after intra-
vascular haemolysis [11, 12]. Due to this ability, 
Hp has a therapeutic potential to treat SCA, 
β-thalassemia, and other haemolytic disorders 
[13]. However, the interaction between Hp and 
Hb has to date only been studied for 
HbA.  Thermodynamic characterisations of the 
complex formation process are needed to provide 
a deeper understanding of the molecular events 
involved in the interaction also with other Hb 
variants. It is thus important to evaluate the influ-

ence of the structural variations of the Hb moiety, 
which can be instrumental for realising the com-
plete therapeutic potential of Hp. Such thermody-
namic data provide essential insights into the 
clinical aspects, which determine the effective-
ness of Hp as a therapeutic drug to remove cell- 
free Hb. In this report, we have determined the 
energetics of the complex formation between Hp 
and HbA, HbS, HbE and HbF, respectively. This 
study focuses on characterising the complex for-
mation between the ferric forms of these Hbs, 
which is the most common oxidative state of 
extracellular Hb, and the most simple and well 
defined form of Hp, i.e., Hp 1-1 [14].

2  Methods

Samples of adult haemoglobin (HbA) and fetal 
haemoglobin (HbF) prepared from whole blood 
and umbilical cord blood, respectively, were sup-
plied by the Biomedical Center of Lund 
University (Prof. B. Akerstrom, approved by the 
Ethics Committee Board of Malmö/Lund). Sickle 
cell haemoglobin (HbS) and haemoglobin E 
(HbE) were kindly provided by the Food and 
Drug Administration, USA (Dr. A.I.  Alayash). 
The oxyhaemoglobins were converted to the fer-
ric form just before the ITC measurements by 
adding a slight excess of potassium ferricyanide 
(K3[Fe(CN)6]). The mixture was left for 5 min at 
room temperature and the cyanide salts were sub-
sequently removed by gel filtration on Sephadex 
G-25. The presence of ferric haemoglobins and 
methaemoglobins was verified by spectroscopic 
scanning between 350 nm to 700 nm. The con-
centration of ferric haemoglobins was also deter-
mined spectrophotometrically after reduction to 
the deoxy form using sodium dithionite and the 
extinction coefficient of 133  mM−1  cm−1 at 
430 nm [15].

Haptoglobin 1-1 (Hp) with a purity of 
98–100% was purchased from Sigma. The Hp 
concentration was determined spectrophotomet-
rically using the absorption extinction coefficient 
E280

1% = 12 and the molar mass 85,000. All solu-
tions were prepared and all measurements were 
made in 20 mM sodium phosphate buffer pH 7.2 
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containing no extra salt. Hb and Hp solutions 
were dialysed against the same buffer overnight 
at 4 °C before use.

The titration complex formation experiments 
between Hp and the different Hb samples were 
performed using a MicroCal VP-ITC titration 
microcalorimeter (GE Healthcare Life Sciences). 
The experiments consisted of a series of 15 injec-
tions of 10 μl 10 μM Hp solution into the 1.463 ml 
reaction cell containing initially 0.5 μM ferric Hb 
solution. The injection time was 20  s and with 
300  s or 400  s between each injection. Stirring 
speeds of 394 or 589  rpm were used and the 
experiments were performed at 25  °C.  Blank 
experiments were performed by injecting buffer 
into buffer and protein dilution experiments were 
performed in the same way. The heat effects 
obtained are small and in order to reduce influ-
ences of baseline instability, the peaks were inte-
grated one by one with individual baselines. The 
titration data were analysed using the Microcal 
Origin (version 7.0) software to obtain the ther-
modynamic quantities.

3  Results

Isothermal titration calorimetry (ITC) is one of 
the most powerful methods for determining the 
thermodynamics of a binding reaction between 
two molecules. Figure  1 showing the thermal 
power plotted against time, illustrates a typical 
calorimetric titration curve generated by adding 
Hp 1-1 to ferric HbA. The first six peaks are exo-
thermic and have about the same size. Peak eight 
has reduced size and the heat evolved from the 
remaining injections is small. The concentrations 
of Hp and HbA reach the molar ratio 1:1 during 
the eighth injection. The peaks are well defined 
and reach baseline within 1.5  min shortly after 
the end of injections, clearly demonstrating that 
the complex forming reaction is fast. Integration 
of the peaks gives the amount of heat evolved. 
This was calculated to −2.608 ± 0.044 μcal for 
the first six injections and −0.088 ± 0.027 μcal 
for the last seven. The obtained calorimetric data 
are independent of the injection order between 
Hp and HbA. Blank experiments from 15 injec-

tions of buffer into buffer generated a heat effect 
of −0.150 ± 0.27 μcal. Similarly, titration experi-
ments of injections of Hp solution into buffer and 
buffer into Hb solutions gave the same results as 
the blank buffer-buffer experiments. The heat 
effects from these control experiments are close 
to the detection limit of the instrument. Thus, the 
heat effect for the last seven injections in the 
binding experiment did not differ significantly 
from the blank experiments showing that there 
are no side reactions. The difference in the heat 
effect before and after mole ratio 1 therefore cor-
responds to the heat effect from the binding pro-
cess between Hp and Hb in the buffer solution 
used. The enthalpy change calculated per mole of 
added Hp is plotted against mole ratio in the 
lower part of Fig. 1. The shape of the curve also 
contains information about the binding constant 
(K) for the binding of one molecule of HbA to 
one molecule of Hp:

 Hp HbA Hp HbA+ −  (1)

The overall stoichiometry of the binding process 
between Hp and HbA is thus 1:1, but the actual 
complex formation involves the binding of two 
αβ dimers of HbA to each of the two Hb binding 
sites on Hp:

 
Hp Hp Hp+ ( ) + −αβ αβ αβ

2
2 2 

 
(2)

The binding constants were calculated assuming 
a single set of identical binding sites and the full 
drawn line in the figure was calculated using val-
ues of K and ∆H. Three independent titration 
experiments were carried out for HbA, HbF, HbS 
and HbE, respectively, and average values of ∆H 
and K from the three series are summarised in 
Table 1. For all four systems, the fittings resulted 
in values of binding stoichiometry close to 1. 
Calculated values of the free energy change, ∆G, 
and the entropy change, ∆S, using the relation 
∆G = -RTlnK = ∆H-T∆S are included in Table 1. 
The enthalpy change for Hp binding to HbA and 
HbF, are within error of measurements, the same 
but the binding of HbF is 46% stronger as evi-
denced by the larger binding constant. The bind-
ing of HbS is less exothermic (16%) and the 
binding constant 26% lower and this is even more 
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Fig. 1 Isothermal 
titration calorimetry 
measurements of the 
Hp-HbA binding 
reaction. The upper part 
shows the thermal power 
as a function of time for 
sequential 10 μl 
injections of 10 μM Hp 
1–1 into 0.5 μM ferric 
HbA and the lower part 
the observed enthalpy 
change calculated per 
mole of added Hp as a 
function of mole ratio 
Hp/Hb

Table 1 Values of thermodynamic parameters for the binding of Hp 1–1 to various ferric hemoglobins at 25 °C

Ferric hemoglobin

∆H Ka ∆G ∆S

kcal mol−1 109 M−1 kcal mol−1 cal mol−1 K−1

HbA −24.88 ± 1.79 1.91 ± 0.24 −12.65 −41.0
HbF −25.37 ± 0.03 2.79 ± 0.29 −12.87 −41.9
HbS −20.90 ± 0.09 1.41 ± 0.34 −12.47 −28.3
HbE −17.46 ± 1.87 0.47 ± 0.40 −11.8 −19.0

pronounced for HbE.  The strong exothermic 
enthalpies generated in all cases indicate substan-
tial changes in hydrophobic hydration upon 
binding.

The equilibrium constant for the dissociation 
reaction of Hb tetramers into dimers, can under 

the experimental conditions be estimated to be in 
the order of 10−5 M. This means that the 0.5 μM 
Hb solution used at the start of the injection series 
contains a mixture of Hb tetramers and dimers 
that will react with the added Hp. The concentra-
tion of Hb will decrease further during the titra-
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tion series and the dissociation equilibrium will 
be shifted even further towards dimer formation. 
However, since we do not observe any significant 
variation with injection number before molar 
ratio 1 between Hp and Hb is reached, the poten-
tial enthalpy contributions from tetramer disso-
ciation do not significantly contribute to the 
measured enthalpies under the experimental con-
ditions used.

4  Conclusions

Cell-free Hb easily undergoes various autooxida-
tion reactions, which may be detrimental to many 
tissues. Particularly if the endogenous protection 
system is overwhelmed, Hb molecules often 
accumulate in the kidneys causing tissue damage. 
Hp is the most well investigated Hb-clearing 
molecule. The binding process between Hb and 
Hp has been examined earlier using HbA [14], 
but due to the extensive numbers of haematologi-
cal disorders directly related to different Hb vari-
ants, it is essential to examine possible differences 
in the complex formation also for these. Hb vari-
ants exhibit small differences in folding and sta-
bility, which can influence their binding reaction 
to Hp. However, the character of the Hb-Hp com-
plex for all Hb variants tested are close to being 
irreversible. The obtained binding constants, 
108–109  M−1, derived from the ITC measure-
ments are close to the technical limitation of this 
method. However, the binding constants obtained 
in this study, are very close to dissociation con-
stants, Kd, generated by a previously described 
H/D exchange and mass spectrometry based pro-
tocol. Taken together, there is a great potential for 
exploring Hp as an intravenously injectable drug 
for Hb plasma removal in several different hae-
matological conditions.
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Feasibility to Measure Tissue 
Oxygen Saturation Using 
Textile- Integrated Polymer Optical 
Fibers

Tarcisi Cantieni, O. da Silva-Kress, M. González, 
M. Michler, T. Rastija, R. Grabher, G. Piai, N. Ansari, 
K. Sharma, E. Morlec, M. Camenzind, L. Boesel, 
and U. Wolf

Abstract

Tissue oxygen saturation (StO2) is a crucial 
factor in the aetiology of pressure injury (PI), 
since hypoxia leads to necrotization. Pressure 
on the tissue occludes blood circulation and 
reduces the StO2, resulting in hypoxia. PI 
causes severe suffering, heals slowly and is 
expensive to treat. Hence it is important to 
prevent PI by detecting hypoxia, e.g., by near- 
infrared spectroscopy (NIRS) monitoring of 
StO2. For this, the NIRS device has to be 

wearable for a long time and it is crucial that it 
provokes no pressure itself. An integration of 
optical fibres into a textile achieves this. The 
aim was to investigate the feasibility of such a 
textile NIRS device.

Knots and loops were tested as textile light 
emitters (LEs) or detectors (LDs) on a phan-
tom. The light coupling efficiency of the LEs 
and LDs was investigated.

Results show that knots perform similarly 
to loops. More loops per fibre increase effi-
ciency both in LEs and in LDs. The best 
trade- off is at 3 loops. LEs are slightly more 
efficient than LDs, with an average attenua-
tion from baseline of about −2 dB for loops 
of 0.5 mm diameter. Adding fibres multiplies 
the signal by the number of fibres. Inclusions 
mimicking hypoxia in phantoms were suc-
cessfully identified. In-vivo arm occlusion 
tests showed the expected decrease in StO2. 
This shows feasibility of optical fibres in a 
textile to prevent PI.
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1  Introduction

Tissue oxygen saturation (StO2) is a crucial factor 
in pressure injury (PI) development [1], since 
hypoxia may lead to tissue necrotization. Such 
hypoxia is often caused by pressure on the tissue, 
which occludes blood circulation and reduces the 
StO2. PI cause severe suffering, heal slowly, and 
are expensive to treat [2]. Hence it is important to 
prevent them by a device that detects a dangerous 
situation [3], e.g. by measuring StO2 using near- 
infrared spectroscopy (NIRS). For this device to 
be wearable for a long time, it is crucial that it 
contains no pressure points itself. Integrating 
optical fibres into a textile to guide light to and 
from the tissue achieves this. The aim was to 
investigate the feasibility of such a textile NIRS 
device in phantoms and in vivo.

2  Materials and Methods

To investigate the efficiency to couple light, 
light from an LED (700 nm; M700F3 Thorlabs) 
was guided to our light emitters (LEs) based on 
polymer optical fibres (POF) to a silicone phan-
tom with optical properties similar to tissue. At a 
specific source-detector distance (SDD) the 
detector, a commercial fibre bundle (Thorlabs 
BFY600LS02) connected to an avalanche photo-
diode (C12703-01, Hamamatsu, Japan) was per-
pendicularly placed. In a second step, we also 
tested the POFs as detectors and the commercial 
fibre as source. As reference, we applied two 
commercial fibres, one as an LE, and one as a 
light detector (LD). In a second experiment the 
remaining light in a POF as LE was measured, as 
a measure of outcoupling efficiency.

We investigated loops and knots as LE or 
LD. The loops were produced by looping a POF 
(diameter 175 μm, DB-175, Asahi Kasei, Japan) 
1–5 times around rods of 0.5 or 1 mm diameter. 
Simple knots of the same POF were formed 
tightly together.

Multiple fibres can be bundled: how much 
does this increase the light intensity? Between 1 
and 6 fibres with 3 loops each were stitched into 
a thin soft patch of tissue and arranged in two 

concentric circles (radii 1.5 and 3.5  cm). The 
commercial fibre was placed in the centre as 
source. The light intensity was measured again 
on the phantom.

To investigate the feasibility to detect 
hypoxic volumes, we built two two-layered 
phantoms with optical properties of adipose tis-
sue and muscle [4]. These two phantoms were 
identical except that one had inclusions that 
 simulated hypoxic volumes at different depths 
within the muscle. To investigate the detectability 
of these hypoxic volumes, the patch was applied 
on both at the same location. The difference in 
optical density was determined. Two phantom 
configurations were measured: P1 with an adi-
pose tissue thickness (ATT) of 0.3  cm and a 
hypoxic volume of 1.2 cm3 at a depth of 1 cm and 
P2 with an ATT of 0.7 cm and a hypoxic volume 
of 2 cm3 at a depth of 1.5 cm.

Due to the arrangement of stitching points on 
two concentric rings of the hand-made patch of 
the previous subsection, the following source- 
detector distances could be used when utilising 
the stitching points as either source or detector: 
1.5 cm, 2.0 cm, 3.0 cm, 3.5 cm and 4.0 cm. Light 
source and detecting unit were identical as in the 
previous subsection.

In order to study detectability, the above- 
described configurations were simulated using 
finite element method (Comsol Multiphysics 
v5.5, Sweden) and compared to the 
measurements.

To investigate the feasibility of measuring 
StO2 in-vivo, we taped two POFs with 3 loops of 
0.5 mm diameter to a subject’s forearm at 0.5 cm, 
1.0  cm and 1.5  cm SDD.  An arterial occlusion 
was produced by a pneumatic cuff inflated to 
300 mmHg for 200 s.

3  Results and Discussion

Concerning the efficiency to couple light: loops 
performed almost as well as the reference mea-
surement (Fig. 1a). 0.25 mm bending radius was 
more efficient than 0.5 mm. Taping of the fibre to 
the phantom may result in slight variation in the 
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Fig. 1 (a) Different numbers of loops and diameters show different attenuation compared to baseline measurements. 
(b) Outcoupling percentage as a function of the number of loops and loop diameter

positioning. Loops and knots have similar effi-
ciency, but loops are easier to produce.

The outcoupling percentage is depicted in 
Fig. 1b as a function of loop numbers and diam-
eters: the outcoupling becomes more efficient the 
tighter the diameters and the higher the number 
of loops. Due to the space needed for a higher 
number of loops while remaining within the bor-
ders of a point source, we consider 3 loops as 
optimal trade-off.

Figure 2a shows the linear increase in inten-
sity as a function of the number of fibres for 
both circles. Although more fibers again need 
more space, this is a valid option to increase the 
intensity.

We found a reasonable contrast caused by a 
hypoxic inclusion, very close to our expecta-
tions, based on the simulations.

Figure 2b shows the expected decrease [5] in 
StO2 during an arterial occlusion in vivo. This 
shows that it is possible to measure StO2 by a 
single three-loop-fibre as LE and as LD.  We 
achieved a similar result for an SDD of 0.5 cm. 
At 1.5 cm, however, the signal-to-noise ratio was 
too low to calculate StO2. The sensitivity can eas-

ily be increased by adding more fibres to achieve 
longer SDDs.

4  Conclusion

In conclusion, knots perform similarly to loops. 
More loops per fibre increase efficiency in both 
LEs and LDs. The best trade-off is at 3 loops. 
LEs are slightly more efficient than LDs, with an 
average attenuation from baseline of about −2 dB 
for loops of 0.25  mm bending radius. Adding 
more fibres multiplies the signal by the number 
of fibres. Inclusions mimicking hypoxia in phan-
toms were successfully detected with signals as 
expected by simulations. In-vivo arm occlusion 
tests showed the expected decrease in StO2 even 
using only one fibre for LE and LD at 1 cm dis-
tance. We conclude that it is feasible to imple-
ment optical fibres in a textile to detect hypoxia 
and thus to prevent PI.
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Fig. 2 (a) Linearly increasing signal strength for increasing amount of fibres on concentric circles. (b) Calculated tis-
sue oxygenation during arterial occlusion based on measurements of a single fibre to a single fibre

References

1. Berg G, Nyberg S, Harrison et al (2010) Near-infrared 
spectroscopy measurement of sacral tissue oxygen 
saturation in healthy volunteers immobilized on rigid 
spine boards. Prehosp Emerg Care 14:419–424

2. Mortenson WB, Miller WC (2008) A review of scales 
for assessing the risk of developing a pressure ulcer in 
individuals with SCI. Spinal Cord 46:168–175

3. Damert H-G, Meyer F, Altmann S (2015) 
Therapieoptionen bei Dekubitalulzera. Zentralblatt 
für Chirurgie  - Zeitschrift für Allgemeine, Viszeral-, 
Thorax- und Gefäßchirurgie 140:193–200

4. Doornbos RMP, Lang R, Aalders MC et al (1999) The 
determination of in vivo human tissue optical proper-
ties and absolute chromophore concentrations using 
spatially resolved steady-state diffuse reflectance 
spectroscopy. Phys Med Biol 44:967–981

5. Rosenberry R, Munson M, Chung S et al (2018) Age- 
related microvascular dysfunction: novel insight from 
near-infrared spectroscopy. Exp Physiol 103:190–200

T. Cantieni et al.



351

Effect of Atorvastatin 
on Microcirculation Evaluated 
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with Peripheral Near-Infrared 
Spectroscopy
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Abstract

The vascular occlusion test (VOT) with 
peripheral near-infrared spectroscopy (NIRS) 
is a non-invasive method to evaluate periph-
eral microcirculation. Statin therapy is widely 
used for patients with dyslipidaemia and con-
tributes to reducing low-density lipoprotein 

cholesterol (LDL-C) levels and adverse car-
diovascular events. However, it is not yet clear 
whether statin treatment improves peripheral 
microcirculation  assessed by VOT with 
NIRS.  In the present study, using VOT with 
NIRS, we evaluated the effect of statin therapy 
on peripheral microcirculation in patients with 
dyslipidaemia before and after statin therapy. 
Methods: A total of six consecutive patients 
with dyslipidaemia who had not received 
statin therapy (6 males, mean age 
71.8 ± 7.4 years) were enrolled. All patients 
were administered atorvastatin and their 
peripheral microcirculation assessed using 
VOT with NIRS (NIRO-200NX, Hamamatsu 
Photonics K.K., Japan) before and after statin 
therapy. The NIRS probe was attached to the 
right thenar eminence and brachial artery 
blood flow was blocked for 3 min at 50 mmHg 
above the resting systolic blood pressure. 
Maximum and minimum values of NIRS 
parameters after the VOT were used to deter-
mine concentration changes for total haemo-
globin (ΔcHb), oxyhaemoglobin (ΔO2Hb), 
deoxyhaemoglobin (ΔHHb), and tissue oxy-
genation index (ΔTOI). Results: During the 
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follow-up period (mean 30.3  ±  6.5  days), 
LDL-C level decreased from 129.7 ± 26.3 to 
67.5 ± 20.2 mg/dL (p-value = 0.031), ΔTOI 
increased from 24.0  ±  5.3 to 33.7  ±  6.3% 
(p-value = 0.023), and ΔO2Hb increased from 
16.4  ±  5.3 to 20.0  ±  6.6  μmol/L 
(p-value = 0.007). ΔcHb and ΔHHb did not 
change significantly. Conclusion: ΔO2Hb and 
ΔTOI were significantly increased during the 
follow-up period. These findings suggest that 
ΔO2Hb and ΔTOI could assess the improve-
ment of peripheral microcirculation by statin 
therapy. Compared to ΔTOI, ΔO2Hb seems to 
be a more useful parameter to evaluate periph-
eral microcirculation.

Keywords

NIRS · Statin therapy · Peripheral microcircu-
lation · Dyslipidemia · Ischemic heart disease

1  Introduction

The vascular occlusion test (VOT) with near- 
infrared spectroscopy (NIRS) is a non-invasive 
method to evaluate peripheral microcirculation 
[1]. Statin therapy is widely used for patients 
with dyslipidaemia or a history of ischemic heart 
disease and contributes to reducing low-density 
lipoprotein cholesterol (LDL-C) levels and 
adverse cardiovascular events [2]. We previously 
reported a significant inverse correlation between 
the body mass index and the changes of periph-
eral NIRS parameter during a VOT; the correla-
tion was stronger in patients without statin 
therapy and weaker in patients with statin therapy 
[3]. Since statin therapy could improve the 
peripheral endothelial function assessed by flow- 
mediated dilation (FMD) [4], forearm plethys-
mography [5], and reactive hyperaemia peripheral 
arterial tonometry (RH-PAT) [6], we discussed 
that statin therapy improves peripheral microcir-
culation and attenuates the correlation between 
BMI and peripheral microcirculation in our pre-
vious study [3]. However, the improvement of 

peripheral microcirculation by statin treatment 
has not been shown using VOT with NIRS. In 
order to address this issue, we evaluated the effect 
of statin therapy on peripheral microcirculation 
in the patient with dyslipidaemia before and after 
statin therapy using VOT with NIRS.

2  Methods

2.1  Subjects

Patients with dyslipidaemia or a history of isch-
emic heart disease which is recommended 
 intensive statin therapy by the guideline [1] who 
had never received statin therapy were enrolled 
between December 2019 to January 2020. The 
Ethical Committee of Kawaguchi Municipal 
Medical Center approved this study and 
protocol.

2.2  Material and Methods

We used NIRO-200NX (Hamamatsu Photonics 
K.K., Japan) as the NIRS system. The details of 
VOT were previously described [3]. Briefly, the 
patient was lying in the supine position during 
NIRS measurements. The NIRS probe was 
attached to the right thenar eminence. Then, a 
pneumatic pressure cuff was placed on the right 
upper arm, and brachial artery blood flow was 
blocked for 3 min at 50 mmHg above the resting 
systolic blood pressure by the cuff. The cuff was 
deflated rapidly after 3  min of vascular occlu-
sion, to observe reperfusion. Maximum and 
minimum values after the vascular occlusion 
were used to determine concentration changes 
for total haemoglobin (ΔcHb), oxyhaemoglobin 
(ΔO2Hb), deoxyhaemoglobin (ΔHHb), and tis-
sue oxygenation index (ΔTOI). All patients 
were administered 10 or 20 mg of atorvastatin 
and peripheral microcirculation was assessed 
using VOT with NIRS before and after statin 
therapy. The dosage of atorvastatin was at the 
physician’s discretion. The baseline VOT with 
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NIRS measurements were performed the day 
before the first statin administration, and fol-
low-up measurements were taken at intervals of 
approximately 4 weeks.

2.3  Statistical Analysis

Numeric variables are expressed as mean ± stan-
dard deviation (SD). Normality was tested using 
the Shapiro-Wilk test. Differences in continuous 
variables were analysed with the unpaired, paired 
Student’s t-test, or Wilcoxon’s signed-rank test, 
appropriately. A two-sided p-value of <0.05 was 
considered statistically significant. All statistical 
analyses were performed with R version 3.5.3 (R 
Foundation for Statistical Computing, Vienna, 
Austria).

3  Results

A total of 6 consecutive patients (6 males, mean 
age 71.8 ± 7.4 years) were enrolled. All patients, 
except for one, were administrated 20 mg of ator-
vastatin. All patients’ clinical and examination 
characteristics are shown in Table 1. The mean 
follow-up period was 30.3  ±  6.5  days. Paired 
sample tests showed significant decrease in mean 
LDL-C level (129.7 ± 26.3 vs. 67.5 ± 20.2 mg/
dL, p  =  0.031), significant increase in mean 
ΔO2Hb and ΔTOI (mean ΔO2Hb, 16.4 ± 5.3 vs. 
20.0 ± 6.6 μmol/L, p-value =0.007; mean ΔTOI, 
24.0 ± 5.3 vs. 33.7 ± 6.3 μmol/L, p-value =0.023) 
(Fig. 1a, b), and no significant difference in ΔcHb 
and ΔHHb (mean ΔcHb, 9.2  ±  2.3 vs. 
7.9  ±  3.2  μmol/L, p  =  0.174; mean ΔHHb, 
21.1 ± 6.5 vs. 24.4 ± 7.6 μmol/L, p = 0.092). The 
patients with diabetes mellitus (DM) showed sig-
nificantly lower ΔO2Hb compared to those with-
out DM at baseline and after statin treatment 
(mean ΔO2Hb, 10.2 ± 3.2 vs. 19.5 ± 2.5 μmol/L, 
p = 0.016 at baseline; mean ΔO2Hb = 11.7 ± 1.3 
vs. 24.1 ± 2.1 μmol/L, p = 0.002 at follow-up) but 
ΔTOI was comparable between the patients with 
and without DM (mean ΔTOI, 24.3  ±  5.5 vs. 

23.9 ± 6.1 μmol/L, p = 0.942 at baseline; mean 
ΔTOI, 34.6 ± 6.3 vs. 33.3 ± 6.1 μmol/L, p = 0.850 
at follow-up).

4  Discussion

The major finding of the present study was that 
ΔTOI and ΔO2Hb, but not ΔcHb and ΔHHb, 
increased significantly  before and after statin 
therapy. The findings suggest that ΔTOI and 
ΔO2Hb derived by VOT could assess the improve-
ment of peripheral microcirculation by statin 
therapy.

There are several methods using VOT to eval-
uate peripheral endothelial function such as bra-
chial artery FMD, forearm plethysmography, and 
RH-PAT [7, 8]. Those modalities are utilised in 
clinical settings and previous studies showed that 
patients with impaired endothelial function are 
associated with a high risk of adverse cardiovas-
cular events [7, 8]. The VOT with NIRS tech-
nique is a similar idea to those modalities 
assessing a reaction from internal nitrogen oxide 
provoked by VOT, but the objects to be measured 
are different in those modalities. Briefly, brachial 
artery FMD evaluates the difference of brachial 
arterial diameter measured by ultrasound before 
and after VOT.  Forearm plethysmography mea-
sures forearm volume and blood flow, and 
RH-PAT measures the volume of the index finger 
using plethysmographic technique before and 
after VOT [7, 8]. While VOT with peripheral 
NIRS measures peripheral tissue oxygen satura-
tion before and after VOT. VOT with peripheral 
NIRS demonstrated a coherent directional change 
with simultaneously performed forearm plethys-
mography with excellent reproducibility [9]. 
Takayama et  al. showed an improvement of 
endothelial function by statin therapy with 
RH-PAT in a total of 50 patients with an interval 
of 24  weeks (RH-PAT indexes improved from 
1.6 ± 0.3 to 1.8 ± 0.6%, p = 0.04) [6]. In the pres-
ent study, we could show the significant improve-
ment of endothelial circulation by statin therapy 
with peripheral NIRS in a total of six patients 
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Fig. 1 Changes in oxyhaemoglobin and tissue oxygen index. O2Hb oxyhaemoglobin, TOI tissue oxygen index

with an interval of 4  weeks (ΔO2Hb improved 
from 16.4 ± 5.3 to 20.0 ± 6.6 μmol/L, p < 0.01). 
The results of the present study, which demon-
strated the improvement of endothelial function 
by statin therapy with a small number of patients, 
might show superiority of peripheral NIRS for 
representing an improvement of microvascular 
endothelial function by statin therapy compared 
to RH-PAT.

In the present study, two patients had DM, a 
major risk factor of endothelial dysfunction. 
Those patients showed the lowest and second- 
lowest ΔO2Hb and one of them showed no inter-
val change of ΔO2Hb between before and after 
statin therapy. The result is consistent with previ-
ous studies showed that patients with high 
HbA1c, an indication of poorly controlled DM, 
at baseline did not show an improvement in endo-
thelial function assessed by RH-PAT [6], and 
statin therapy showed no significant improve-
ment of endothelial function assessed by FMD in 
patients with DM [10]. Moreover, the value of 
ΔO2Hb in a patient with DM was lower than that 
without DM at the baseline and follow-up period, 
however, ΔTOI was comparable between the 
patient with and without DM. Our previous study 
showed that only ΔO2Hb was associated with 
BMI but not other NIRS parameters including 
ΔTOI [2]. Therefore, ΔO2Hb seems to be more 
useful parameter to evaluate peripheral microcir-
culation compared to ΔTOI.

In conclusion, ΔO2Hb and ΔTOI derived by 
VOT could assess the improvement of peripheral 
microcirculation by statin therapy. Compared to 
ΔTOI, ΔO2Hb might be more promising param-
eter to evaluate peripheral microcirculation. To 
confirm these findings, additional prospective 
studies with larger populations would be 
warranted.
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Flow Characteristics 
of the Conjugate of Anti-CD3 
Monoclonal Antibodies 
and Magnetic Nanoparticle in PBS 
and Blood Vessels

Sang-Suk Lee, Eun-Jae Kim, Mikyung Kang, 
Hasung Kang, Sang-Heon Choi, Dain Jeon, 
Jong-Gu Choi, Yukyoung Choi, Hyunsook Lee, 
and Mahbub Hasan

Abstract

Previously, anti-CD3 antibodies delivered 
intravenously have been known for their nega-
tive side effects. The experimental conditions 
for optimal liquid production are derived from 
the Fc-directed conjugation of anti-CD3 
foralumab antibodies and magnetic nanopar-
ticles (Ab-MNPs). The anti-CD3 antibodies 
are prepared for conjugation with MNPs using 
SiteClick antibody labelling kits. The success-
ful conjugation of the Ab-MNPs is confirmed 
using a transmission electron microscopy 
(TEM) image and an energy dispersive spec-

troscopy (EDS) analysis. The average values   
of the moving speed of MNPs and Ab-MNPs 
in phosphate buffer saline (PBS) were + 3.16 
pix/frame and + 6.70 pix/frame in the x-axis, 
respectively. This implies that MNPs with 
CD3 antibodies attached to the surface through 
biocompatible ligand functional groups has 
better fluidity in PBS.  Afterwards, a non- 
clinical animal testing for the flow characteris-
tics of Ab-MNPs inside a blood vessel is 
carried out to observe the effects of Ab-MNP 
delivery through intravenous injection.
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1  Introduction

In the current widespread pandemic situation, 
severe acute respiratory syndrome coronavirus 2 
(SARS-CoV-2) is the virus that causes 
Coronavirus disease 2019 (COVID-19). It is nec-
essary to develop an immunotherapeutic agent 
that suppresses the cytokine storm syndrome 
caused by this virus in the body by using an anti- 
cluster of differentiation 3 (CD3) monoclonal 
antibody (mAb) [1]. Cytokine is a substance 
secreted by the immune system in response to a 
virus and plays an important role in cell-to-cell 
communication. An oversecretion of cytokines 
leads to hyperinflammation [2]. A humanised 
monoclonal antibody therapy targeting CD3 is 
one of the important signalling molecules for 
T-cell receptor activation. Monoclonal antibody 
therapy suppresses T-cells through antibody- 
mediated complement activation and removal of 
immune conjugates [3].

Meanwhile, magnetic nanoparticles (MNPs) 
are receiving a lot of attention for a variety of 
applications in medical science such as cell sepa-
ration, gene cloning, biosensing and magnetic 
resonance imaging (MRI) [4]. MNPs the size of 
several tens of nanometers, having superpara-
magnetic properties, have been effectively used 
to isolate or purify DNA, proteins and peptides 
by conjugating biomolecules to their surface. 
When various ligands are introduced after stabi-
lising the surface of MNPs with lipids or poly-
mers, there is an advantage in that DNA/RNA, 
proteins, bacteria, viruses, cancer cells, etc. can 
be effectively separated with only a simple mag-
net [5].

To suppress the overactivation of T-cells, the 
technology of Ab-MNPs will be used. Ab-MNPs 
that enter the blood will be concentrated around 

the target using magnetic pads to increase their 
efficiency. This study will analyse the structure of 
the Ab-MNPs and investigate their flow charac-
teristics in phosphate buffer saline (PBS) and 
rabbit blood vessels.

2  Materials and Methods

Mouse monoclonal antibodies are very useful as 
diagnostic reagents and for basic research 
because they have a variety of target antigens and 
can be mass-produced. Since 1988, many coun-
tries have developed humanised antibody manu-
facturing technology that makes a mouse 
monoclonal antibody similar to a human anti-
body. The anti-CD3 monoclonal antibody used in 
this study has an antibody structure of anti-human 
CD3 epsilon therapeutic antibody-endotoxin < 
Endotoxin units (EU)/mg manufactured by cre-
ative Biolab, a British antibody development 
company, as shown in Fig. 1a. This antibody is a 
human monoclonal antibody (mAb) called 
“foralumab” that Tiziana LIFE SCIENCES 
(USA) has completed a clinical trial for nasal 
administration for the treatment of novel corona-
virus infection (COVID-19) [6].

The solution including the Ab-MNPs is pre-
pared by using a SiteClick antibody labelling kit 
(Thermo Fisher, USA), as shown in Fig. 1b [7]. 
In this case, since the anti-CD3 antibody conju-
gated to the MNPs binds to CD3 receptors pres-
ent in T-cells through the antibody’s antigen 
binding site (Fab), Fc-directed conjugation is 
used to bind the mAbs to the MNPs for increased 
efficiency. To make Fc-oriented MNPs, as shown 
in Fig.  1b, first, an azide is attached to the Fc 
region of the antibody. Then a dibenzocyclooc-
tyne (DIBO) attached to a sulfodicholorphenol 
(SDP) ester is attached to the azide through click 
chemistry. Next, biopure MNPs with an amine 
group diameter of less than 25 nm fabricated by 
nanoComposix (USA) are reacted with the modi-
fied antibodies so that that the SDP ester of the 
antibody will bind to the amine group of the 
MNP to create mAb-MNPs, as shown in Fig. 1c 
[8].
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Fig. 1 (a) The shape of anti-CD monoclonal foralumab antibody and (b) the schematic diagram of conjugation between 
monoclonal antibody-azide-DIBO and (c) amine-magnetic nanoparticles. Scale bar = 50 nm

Transmission electron microscope (TEM) and 
energy dispersive spectroscopy (EDS) measure-
ments transmit electrons with high energy 
through a thin sample with a size of nm and anal-
yse the shape structure and the characteristic 
x-ray energy spectrum emitted from the surface 
of the sample to confirm elemental components. 
In addition, in the case of NTA measurement, 
when a laser beam passes through a liquid sample 
chamber containing particles, the particles in the 
path of the beam scatter light and the drifting 
Brownian motion of the particles can be visual-
ised as an image. A TEM image analysis of the 
structure of Ab-MNPs are investigated using an 
EDS analysis. After preparing a humanised anti-
body from anti-CD3 monoclonal antibody, which 
is a humanised mouse monoclonal antibody, it is 
administered to rabbits to maintain the same 
affinity level so that animal experiments can be 
performed.

To see the effect of direct injection of 
Ab-MNPs into the blood vessels of a rabbit, non- 
clinical animal testing is applied after being 
approved by the Institution of Animal Care and 
Use Committees (IACUC) of Sangji University 
[9]. Ten-week-old New Zealand female rabbits 
(approximately 1.8  kg) were supplied from the 
DaeHan Biolink Company (Eumseong, 
Chungbuk, Republic of Korea). The rabbits used 
in the anatomical experiment were anaesthetised 
by injecting 3.0  mL of a mixture of Zoletil® 
(2.5  mL) and Rompun® (0.5  mL) into the leg 
muscle of each rabbit. Especially because the 
Zoletil reagent is classified as a controlled sub-
stance, we obtained approval from the Ministry 
of Food and Drug Safety, Republic of Korea. All 
anatomical procedures were performed in a gen-
eral anaesthetic environment.

3  Experimental Results 
and Discussion

A field emission TEM (JEM-F200, JEOL Ltd., 
Japan) was used to observe the bonding charac-
teristics between the foralumab antibody and 
magnetic nanoparticles. For multi-purpose analy-
sis, this device has improved spatial resolution 
and analysis performance and has a high resolu-
tion with a user-centred integrated control sys-
tem. The sample was well loaded on the TEM 
grid in an appropriate amount, and the TEM 
image showed no difference between the MNPs 
and the Ab-MNPs which included Fe, O, and S 
elements. TEM images for MNPs, Ab, and 
Ab-MNPs present in the sample were subjected 
to rapid EDS with high sensitivity. Intensity 
images for the main elements O, S, and Fe are 
shown in Fig. 2a. The EDS spectrum in Fig. 2b 
shows that the Ab-MNP blue peak has a lower 
counts value with an overlapped spectrum than 
the Ab pink peak, but the only MNP black peak 
has not consisted the Ab pink peak. Also, the S 
element counts value is higher for Ab-MNP than 
for MNP. We confirmed that the antibody was 
conjugated to the MNPs from the elemental 
analysis.

An NTA device that utilises both the proper-
ties of light scattering and Brownian motion was 
used to confirm the size distribution and number 
of nanoparticles of Ab-MNPs suspended in PBS 
[10]. When a laser beam was passed through the 
sample chamber, particles in the path of this 
beam scattered light, which can be visualised 
under a 20× microscope equipped with a camera 
as shown in Fig. 3.
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Fig. 2 (a) TEM image and atomic intensities of O, S, and 
Fe for Ab-MNP. (b) The EDS spectrum for MNP, Ab, and 
Ab-MNP and atomic stoichiometric analysis. Here, the S 
element is a major component constituting the framework 

of the foralumab antibody(Ab). Here characteristic ener-
gies for S and Fe elements are 2.307 keV and 6.398 keV, 
respectively. Scale bars = 50 nm, 100 nm

Fig. 3 Flow images with Brown motion of (a) MNPs and (b) Ab-MNPs in PBS by using the NTA

The mean concentration and size of the 
Ab-MNP conjugates contained in PBS measured 
with an NTA were 2.63 × 107 ± 1.18 × 106 parti-
cles/mL and 258.8 ± 14.2 nm. The average values   
of the moving speed (1 pix/frame = 2.5 mm/s) of 
MNPs in PBS were 7.9 and 1.9 in the x-axis and 
y-axis directions, as shown in Fig.  3a, respec-
tively. Figure 3b shows that the average values   of 
the moving speed of the antibody-attached 
Ab-MNPs were 16.7 mm/s and 4.9 mm/s in the 
x-axis and y-axis directions, respectively. As a 

result, it can be seen that Ab-MNPs, are moving 
more than twice as fast as MNPs without an anti-
body. This implies that the CD3 antibody having 
a biocompatible ligand functional group of 
Fc-directed foralumab attached to the surface of 
the MNPs has better fluidity in PBS than the 
amine-MNPs without mAbs.

To confirm the fluidity of the MNPs attached 
to the antibody, we performed a non-clinical ani-
mal experiment. An 8-week-old 1.8  kg New 
Zealand rabbit was anaesthetised and laid down 
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in a stable position, and 75 μl of Ab-MNPs solu-
tion, contained in PBS×1, was injected near the 
artery in the right ear where artery, vein, and cap-
illary were all observed, as shown in Fig. 4. At 
the time of injection, the arterial blood vessels 
were cut due to rejection as shown in Fig. 4a at 
first, but it recovered slowly and showed normal 
blood vessels as shown in Fig. 4b after 5 min of 
injection. In addition, it was confirmed that the 
black coloured MNPs flowed along the blood 
vessels and circulated blood in the normal colour 
of blood. The Ab-MNPs showed good movement 
in the circulatory system and a compatible 
 structure with the living body [11]. Thus, a liquid 
solution containing Ab-MNPs will not have any 
side effects when being used for a virus-related 
treatment. Furthermore, it is expected to induce 
long-term therapeutic efficacy by rapidly normal-

ising the patient’s immune system and treating 
excessive cytokine secretion.

4  Conclusions

The optimal Fc-directed conjugation of Ab-MNPs 
was performed using SiteClick antibody label-
ling kits consisting of antibody concentration, 
buffer exchange, modification of antibody carbo-
hydrate domain, attachment of azide, and purifi-
cation and concentration of azide-modified 
antibody. The successful conjugation of 
Ab-MNPs is observed by comparison of an EDS 
spectrum and a TEM image. The average values   
of the moving speed due to Brown motion of 
MNPs and Ab-MNPs in PBS were + 3.16/−0.28 
pix/frame and  +  6.70/+1.98 pix/frame in the 
x-axis/y-axis, respectively. This implies that 

Fig. 4 Appearance in arterial blood vessels of rabbit’s left ear at (a) immediately and (b) 5 min after injection of 75 ul 
of Ab-MNPs (foralumab-azide-DIBO-amine-MNPs) with recovery flow property
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Ab-MNPs have better fluidity in PBS than MNPs 
without antibodies attached. The Ab-MNPs 
showed good fluidity in blood circulation when 
injected into the artery of a rabbit’s ear, showing 
that it had a structure compatible with the living 
body. It is expected, with the additional use of a 
simple magnetic patch, that the therapeutic effect 
of Ab-MNPs will be optimised by reducing the 
burden on the patient and providing a sense of 
stability.
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Cerebrovascular Reserve (CVR) 
and Stages of Hemodynamic 
Compromise

Edwin M. Nemoto and Howard Yonas

Abstract

The concept of hemodynamic compromise 
(HC) is used to detect brain regions under 
ischemic stress by impaired ability to dilate in 
response to a vasodilatory challenge for cere-
brovascular reserve (CVR). The vasodilatory 
challenges are either inhaled CO2 or a car-
bonic anhydrase inhibitor acetazolamide 
(AZ) with measurements of cerebral blood 
flow (CBF) before and during the challenge. 
The rationale for CVR is that the brain under 
ischemic stress is vasodilated and the increase 
in CBF is attenuated. However, regional oxy-
gen extraction fraction (OEF) by positron 
emission tomography (PET) is the gold stan-
dard for measurement of HC.  We showed a 
strong correlation between CVR and OEF 
and the OEF response (OEFR) before and 
after vasodilation in patients with acute isch-
emic stroke. These observations suggest that 
CVR measurements alone identify brain 
regions under ischemic stress without the 
need for expensive, time consuming and dif-
ficult PET OEF.

Keywords

Cerebral blood flow · Regional oxygen 
extraction fraction · PET · Cerebral perfusion 
pressure

1  Introduction

The concept of HC is shown in Fig. 1 in the CVR 
response to a vasodilatory challenge and dis-
placement of the CBF autoregulation curve to 
higher cerebral perfusion pressure (CPP) to the 
right.

Objective: To evaluate the correlation 
between CVR, OEF and OEF response (OEFR) 
in the cerebral cortex of patients suffering large 
vessel occlusion stroke and thereby show that 
CVR without OEF will identify HC (Fig. 2).

2  Material and Methods

Patients suffering large vessel occlusive strokes 
within the past 6 months with occlusive vascular 
disease, 61 ± 5 years old (mean ± SD). In stroke 
patients, bilateral carotid occlusions, left middle 
carotid artery, right internal carotid artery, and 
left middle carotid artery occlusions were 
observed. Magnetic Resonance Imaging (MRI): 
MRI scans performed on either a 3.0 Tesla 
(Siemens Medical Solutions, Malvern, PA) or 1.5 
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Fig. 2 Phases of HC I–III.  Phase I normal. Phase II 
Ischemic stress. Phase III. Decompensation
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Fig. 1 Illustration of the cerebral blood flow (CBF) autoregulation curves for a normal brain and a compromised brain 
with a higher critical cerebral perfusion pressure (CPP) of CBF autoregulation

Tesla whole body MRI scanner (General Electric 
Medical Systems, Milwaukee, WI), with echo 
planar imaging (EPI) capabilities and operating 
under version VH3 of the scanning software. The 
imaging protocol consisted of standard imaging 
sequences. Positron emission tomography (PET): 
A Siemens/CTI HR+, high-resolution tomograph 
was performed with 15O-water to measure cere-
bral blood flow (CBF) and 15O-oxygen to mea-
sure cerebral metabolic rate of oxygen (CMRO2). 
The paradigm for the PET studies was: 
15O-oxygen/15O-water/acetazolamide 15  mg/kg 
i.v. /15O-water/15O-oxygen. 15O-oxygen measure-
ments began 25–30 min after acetazolamide (AZ) 
with 3 min of data acquisition and within 45 min 
maximal vasodilatory effect.

• Oxygen extraction fraction (OEF) was calcu-
lated after measurement before and after acet-
azolamide (Diamox) challenge given 15 mg/
kg, i.v. OEF threshold was set at 50% based 
on previous studies.

• CBF Measurement:
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• Calculation of CBF was done using a two- 
compartment model approach using the oper-
ational Eq. (30):

 
A T K C t e v C TW T

a
k W T t

a
∗

∫
∗ − ⋅ −( ) ∗( ) = ⋅ ( ) ⋅ ⋅ + ⋅ ( )1 0

2
0dt

 

where A*(T) is the radioactivity of the ROI at T, 
Ca*(t) the radioactivity in blood at the brain capil-
lary, K1W the unidirectional blood-brain clear-
ance rate constant of water (=CBF), k2W, the 
fractional brain-blood clearance rate constant of 
water, and v0 the correction constant for the intra-
vascular radioactivity. In order to obtain Ca*(t), 
the measured radioactivity in arterial blood was 
corrected for external dispersion and temporal 
displacement.

• CMRO2 measurements were initiated with 
arterial blood sampling as previously 
described.

• Calculation of CVR, OEF and OEFR.
• Oxygen extraction fraction (OEF) was calcu-

lated as the K1O-K1W ratio for individual 
regions. Calculation of CVR; CVR was calcu-
lated as the percentage increase in CBF after 
acetazolamide as defined by: CVR (%) = CBF
diamox − CBFbslnCBFbsln × 100

• OEFR = OEF on AZ/OEF Bsln.

Statistical Analysis

• Graphpad version 6.0 PRISM software (La 
Jolla, CA). Descriptive summary statistics 
were obtained using parametric analyses 
including linear regression analyses, one-way 
ANOVA and t-tests with a minimum signifi-
cant difference P value of 0.05.

3  Results

In Figs. 3 and 4 a substantial percentage of hemi-
spheres (37%) were found to be in hemodynamic 
compromise by CVR but with normal OEF which 
likely represents Stage III hemodynamic com-
promise. The results indicate that CVR alone 
with a vasodilatory challenge accurately indi-
cates hemodynamic compromise.

4  Discussion and Conclusions

CVR by definition reflects the vasodilatory 
capacity of cerebral blood vessels before and 
after Acetazolamide challenge and as such is 
superior in detecting hemodynamic compromise. 
OEF reflects the ratio of oxygen consumption to 
oxygen delivery and thereby the degree of isch-

Fig. 3 Illustrates the 
goodness of fit between 
the CVR by Xe/CT CBF 
with acetazolamide 
challenge and OEF

Cerebrovascular Reserve (CVR) and Stages of Hemodynamic Compromise
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Fig. 4 The fit between 
CVR and OEFR, the 
change in OEF before 
and after i.e. OEFR in 
response to AZ 
vasodilatation with 
P = 0.0016

emic stress in the resting state of the brain with-
out a vasodilatory challenge (Fig. 3). Addition of 
a vasodilatory challenge to OEF (OEFR) (Fig. 4) 
significantly improves the correlation with a 
highly significant P value of 0.0016. With calcu-
lation of the relationship between CVR and the 
OEF response to acetazolamide with OEFR 
(Fig.  3) further improved the correlation with 
CVR with a P value of 0.0001.
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On the Mechanism of Sustained 
Mitochondrial Membrane 
Potential Without Functioning 
Complex IV

Eiji Takahashi and Yoshihisa Yamaoka

Abstract

In intact mitochondria, the transport of elec-
trons, respiration and generation of proton 
gradients across the inner membrane (proton 
motive force) are mutually coupled, according 
to Peter Mitchell’s hypothesis on oxidative 
phosphorylation. Thus, the inhibition of elec-
tron transport at either respiratory complex III 
or IV in the electron transport chain leads to 
failure in producing proton motive force along 
with the abolition of respiration. Here, we 
determined the mitochondrial membrane 
potential (MMP), as a measure of proton 
motive force, and cellular respiration in vari-
ous cultured cells and demonstrated that inhi-
bition of complex IV by KCN abolished 
mitochondrial respiration while MMP was 
sustained. These results are unexpected and 
appear incompatible with Mitchell’s chemios-
motic hypothesis.

Keywords

Mitochondria · Electron transport · Mitchell’s 
chemiosmotic hypothesis · Proton motive 
force

1  Introduction

In eukaryotic cells, reduced nicotinamide ade-
nine dinucleotide (NADH) and reduced flavin 
adenine dinucleotide (FADH)/succinate pro-
duced in the citric acid cycle donate electrons via 
mitochondrial respiratory complex I and com-
plex II, respectively, to the electron transport 
chain in the mitochondrial inner membrane. 
Electrons (or reducing equivalents) are continu-
ously transferred to complex III and subsequently 
complex IV according to the redox potential of 
each respiratory complex. Finally, electrons are 
utilised for reduction of oxygen to water in com-
plex IV.  Thus, continuous electron transport is 
accompanied by the consumption of oxygen (res-
piration). In parallel, redox reactions in each 
respiratory complex (except for complex II) 
translocate protons from the matrix space to 
intermembrane space, producing concentration 
gradients of protons across the inner membrane, 
which serves electro-chemical energy (proton 
motive force, pmf) for the synthesis of ATP. Thus, 
Peter Mitchell’s chemiosmotic hypothesis for 
oxidative phosphorylation outlined above pre-
dicts tight coupling among the transport of elec-
trons, respiration, and generation of pmf in intact 
mitochondria. Consequently, pharmacological 
inhibition of either complex III or complex IV 
arrests electron transport, respiration, and proton 
translocation leading to failure in producing pmf 
and ATP in complex V (F1Fo).
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Here, we report that cultured cells treated with 
cyanide, a potent inhibitor of complex IV, per-
fectly sustained mitochondrial membrane poten-
tial (MMP), whereas mitochondrial respiration 
was completely abolished. This is incompatible 
with Mitchell’s chemiosmotic hypothesis.

2  Methods

Cells We used cancer cell lines, Hep3B, 
MDA-MB-231, and Panc-1, and non-cancer cell 
lines, COS-7 and HEK293. Cells except for 
Hep3B were cultured on 22 mm-diameter type I 
collagen coat cover slip (Corning, 354089). 
Hep3B was cultured on 25 mm-diameter culture 
cover glass (Matsunami). Cells except for 
MDA-MB-231 were cultured in DMEM in 5% 
CO2/air. MDA-MB-231 cells were cultured in the 
Leibovitz’s L-15 medium in air.

Mitochondrial Respiration Cellular oxygen 
consumption (respiration) was determined with-
out detaching cells from culture cover glass as 
described elsewhere [1]. Briefly, cells on culture 
cover glass were installed in an 8 μl-airtight mea-
suring cuvette and dynamic changes in O2 con-
centration in the surrounding medium was 
optically measured. The oxygen consumption 
rate was normalised to the number of cells. More 
than 3 individual experiments were conducted for 
each condition.

MMP We assessed MMP as a measure of pmf 
using a membrane-permeable cationic fluores-
cent dye, tetramethylrhodamine, methyl ester 
(TMRM, T-668, Sigma-Aldrich). Cells were 
incubated with 150  nM TMRM in the culture 
medium for 20  min. Then, cells were washed 
twice with hepes-Tyrode solution containing 
50 nM TMRM and further incubated for 1.5 h. 
Loading of TMRM was conducted at 37 °C in the 
dark. TMRM fluorescence in mitochondria was 
imaged using a 14-bit cooled CCD camera 
(CoolSNAP MYO, Photometrics) connected to 
fluorescence microscopy system (IX-71, 

Olympus) with 546  nm excitation and 605  nm 
emission wavelengths. More than 3 individual 
experiments were conducted for each condition 
in which >10 images were collected per 
experiment.

3  Results

Pharmacological Inhibition of Complex IV 
Abolished Respiration While Sustaining MMP 
in Various Cell Lines We first compared effects 
of respiratory inhibition in complex III (10 μM 
antimycin A, AMA) and complex IV (2  mM 
KCN) on MMP in Hep3B cells (a cancer cell 
line) and COS-7 (a non-cancer cell line). Figure 1 
demonstrates that both AMA and KCN almost 
completely abolished respiration. Mitochondrial 
TMRM fluorescence was imaged 30  min after 
administration of inhibitors. Antimycin A com-
pletely abolished TMRM fluorescence in these 
cells. In contrast, KCN did not affect TMRM 
fluorescence. In these cells, TMRM fluorescence 
was maintained even after 4-days exposure of 
cells with 2 mM KCN (Supplementary data S1, 
all Supplementary data are accessible from the 
public at https://doi.org/10.6084/m9.fig-
share.15175995.v1). We further tested other cell 
lines to determine if TMRM fluorescence is resis-
tant to KCN inhibition of respiration. 
MDA-MB-231, Panc-1, HEK293 cells almost 
perfectly sustained TMRM fluorescence after 
KCN (Fig. 2), whereas complex III inhibition by 
AMA abolished TMRM fluorescence in these 
cells. Another inhibitor of complex IV, sodium 
azide (NaN3) abolished respiration while MMP 
was maintained in the cell tested. (Supplementary 
data S2) Now, we have demonstrated that MMP 
was maintained without functioning complex IV 
in various cell lines such as Hep3B, COS-7, 
MDA-MB-231, HEK293, and Panc-1, and pro-
ceeded to test hypotheses for sustained MMP 
without respiration.

Hypothesis #1 When electron transport is com-
promised due to a lack of oxygen and MMP faces 
a crisis, reversal action of complex V (F1Fo- 
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a b

Fig. 1 Mitochondrial respiration (a) and representative 
TMRM fluorescence images (b) in Hep3B and COS-7 

cells. Number of OCR measurements for control, AMA, 
and KCN were 7, 4, and 4 in Hep3B cells and 12, 4, and 
5 in COS-7 cells, respectively

a b

Fig. 2 Representative data for mitochondrial respiration 
(a) and TMRM fluorescence (b) in KCN-treated cells. 
Panel a indicates dynamic changes in O2 concentration in 
an 8  μl-airtight measuring cuvette in which cells were 

placed. Mitochondrial respiration consumes O2 in the 
cuvette resulting in slow declines, whereas unchanged O2 
levels in KCN-treated cells indicate abolition of O2 
consumption

ATPase) may restore MMP. To test this possibil-
ity, oligomycin, an inhibitor of F1Fo, was 
administered in KCN-pretreated cells. In KCN- 
pretreated Hep3B cells, oligomycin did not affect 
TMRM fluorescence (Fig.  3). In contrast, in 
KCN-pretreated COS-7 cells, TMRM fluores-

cence particularly in perinuclear mitochondria 
was significantly attenuated (Fig. 3). Remarkably, 
TMRM fluorescence recovered within 60  min 
after oligomycin and the second oligomycin at 
this period no longer attenuated TMRM fluores-
cence (Fig. 4). These biphasic changes in TMRM 
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Fig. 4 Recovery of TMRM fluorescence in KCN-pretreated COS-7 cells after depressions caused by oligomycin

Fig. 3 Effect of oligomycin (olig) on TMRM fluores-
cence in KCN-pretreated cells. Right panels represent 
TMRM intensity histograms generated from left panels. 

Pixels corresponding to mitochondria were extracted by 
spatial filter and threshold, and intensity of these pixels 
was plotted

fluorescence were demonstrated also in KCN- 
pretreated MDA-MB-231 and Panc-1 cells 
(Supplementary data S3 and S4). Oligomycin did 
not affect TMRM fluorescence in KCN-pretreated 

HEK293 cells (Supplementary data S5). These 
results indicate that the reversal of F1Fo may not 
be included in sustained MMP in the steady state 
of KCN inhibition of respiration.
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Hypothesis #2 The magnitude of MMP is deter-
mined by the balance between proton transloca-
tions (from matrix to intermembrane space) in 
respiratory complexes and proton flux via F1Fo 
(from intermembrane space to matrix). Thus, it 
may be possible at least theoretically that MMP 
would be maintained with significantly reduced 
electron transport (and respiration) if forward 
F1Fo activity is simultaneously suppressed. We 
tested this possibility in Hep3B and COS-7 cells. 
We measured the rate of fall of mitochondrial 
TMRM fluorescence immediately after adminis-
tration of AMA. TMRM fluorescence dropped to 
87.8 ± 1.1% and 90.5 ± 2.5% in 20 s in Hep3B 
and COS-7 cells, respectively. Pretreatment with 
KCN for 30 min did not affect the rate of fall in 
TMRM fluorescence after AMA (Supplementary 
data S6 and S7). These results indicate that simul-
taneous reductions in forward F1Fo activity in 
KCN-pretreated cells were unlikely.

Hypothesis #3 Adenine nucleotide translocator 
(ANT) in the inner membrane exchanges ADP3− 
and ATP4− between the cytoplasm and matrix 
space and thus electrogenic. We considered the 
possibility that ANT might generate MMP in the 
absence of electron transport and conducted ANT 
inhibitions by bongkrekic acid in Hep3B and 
COS-7 cells. The overnight treatment of the cell 
with 10 μM bongkrekic acid substantially attenu-
ated respiration while TMRM fluorescence was 
comparable with the control cells. Further treat-
ment with KCN did not significantly affect 
TMRM fluorescence (Supplementary data S8), 
excluding contributions of ANTs in sustained 
MMP without respiration.

Hypothesis #4 Electrons are transferred from 
complex III to complex IV as a flux of reduced 
cytochrome c. Because cytochrome c is water 
soluble, we hypothesised that in complex IV 
inhibited cells substantial amount of cytochrome 
c might leak out from the electron transport chain 
to outside mitochondria instead of reaching at 
complex IV to reduce molecular oxygens. This 
mechanism, if exists, would allow proton translo-

cations in complex I and complex III to produce 
MMP without complex IV.  Based on these 
hypotheses, we monitored the generation of 
superoxide anions in mitochondria using 
MitoSox fluorescent probe (ThermoFisher 
Scientific) in Hep3B and COS-7 cells. In these 
cells, gradual increases in MitoSox fluorescence 
were demonstrated after treatment with 10 μM 
AMA indicating electron leakages from the elec-
tron transport chain. However, significant 
increases in MitoSox fluorescence were not 
observed upon KCN treatment. (Supplementary 
data S9 and S10).

Hypothesis #5 Our findings that pharmacologi-
cal inhibition of complex III certainly abolishes 
both respiration and MMP whereas MMP was 
still sustained in the case of complex IV inhibi-
tions may suggest presence of yet unknown elec-
tron transport system consisting of complex I, II, 
and III. To gain insight into this possibility, we 
tested KCN effects on complex I inhibition by 
rotenone and complex II inhibition by 
2-Thenoyltrifluoroacetone (TTFA) in Hep3B and 
COS-7 cells. Both 5 μM rotenone and 200 μM 
TTFA attenuated TMRM fluorescence where the 
effect depended on the cell type (Supplementary 
data S11 and S12). It may be noted that KCN did 
not induce further changes in TMRM fluores-
cence in rotenone/TTFA treated cells. These 
results appear to indicate that the magnitude of 
TMRM fluorescence was determined by electron 
transport among complex I, II, and III where 
complex III is indispensable.

4  Discussions

Although controversies on precise molecular 
mechanisms still exist [2], the chemiosmotic 
hypothesis for oxidative phosphorylation is a 
basis for ATP production in mitochondria. In 
intact mitochondria, electron transport, respira-
tion, and MMP are tightly coupled and, thus, 
inhibition of electron transport, either by pharma-
cological inhibition of respiratory complexes or 
by lack of oxygen, is expected to disrupt MMP 
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and eventually mitochondrial ATP production. 
We, however, demonstrated that MMP is main-
tained against pharmacological inhibitions of 
respiratory complex IV in a variety of cultured 
cells. The result is incompatible with the chemi-
osmotic hypothesis and suggests a possibility 
that cells in some circumstances might be able to 
survive without oxygen.

A few papers report changes in MMP during 
respiratory inhibitions. Picolli et  al. [3] demon-
strated that a 40% reduction of respiration by 
0.3 mM KCN did not affect MitoCapture fluores-
cence in oligomycin-treated HepG2 cells. Only a 
slight reduction of the fluorescence was observed 
with 1 mM KCN where respiration was inhibited 
by 70%. Hall et  al. [4] demonstrated in distal 
tubule cells that MMP was decreased by 25% in 
a combination of 1 mM NaCN and N2 bubbling, 
in which oligomycin disrupted MMP. In a cellu-
lar model of cyanide poisoning, Owiredu et  al. 
[5] showed that 50 μM NaCN resulted in 45–65% 
reductions in respiration whereas TMRM fluo-
rescence was unchanged. Zuo et al. [6] demon-
strated in PC12 cells that 10 mM NaN3 decreased 
MMP determined by JC-1 fluorescence only by 
7% (comparison with 40  mM NaN3). Kilbride 
et al. [7] demonstrated in rat synaptosomes that 
KCN (<100 μM) inhibition of complex IV enzy-
matic activity to <30% did not affect JC-1 ratio. 
At 1  mM KCN, complex IV activity was 
decreased to 95% with a reduction of JC-1 ratio 
to ~65% that was further reduced to ~35% by 
addition of oligomycin.

Cyanide has been used to induce ‘chemical 
anoxia’ in cells and organs. This study poses a 
question as to whether ‘chemical anoxia’ is 
equivalent to the lack of oxygen in mitochondria 
in the context of mitochondrial oxidative phos-
phorylation. Further study is needed to compare, 
with respect to MMP and oxidative ATP produc-
tion, ‘true’ anoxia and ‘chemical’ anoxia in vari-
ous cells.

Cancer cells are prone to rely on aerobic gly-
colysis for production of ATP (the Warburg 
effect), in which various signal transduction 
pathways have been identified, including 

hypoxia-HIF-1α axis [8]. The present study sug-
gests a possibility that MMP could be generated 
in oxygen depleted cells. Thus, it would be of 
special interest as to whether the present findings 
have implications in the Warburg effect in cancer 
cells.

Questions always arise as to how accurately 
TMRM fluorescence reports proton concentra-
tion gradients/MMP/pmf in intact cells. However, 
with comparisons with complex III inhibition by 
AMA (a positive control), the present study dem-
onstrated that complex IV may not be a prerequi-
site for MMP generation. We demonstrated a 
possibility that a combination of complex I, II, 
and III is sufficient to produce MMP in some cul-
tured cells. Accordingly, the mechanism for oxi-
dative phosphorylation, particularly the role of 
oxygen, might wait for further elucidation.
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Further Evidence that Gradients 
of Extracellular pH Direct 
Migration of MDA-MB-231 Cells 
In Vitro

Yuki Hada, Daisuke Yamaguchi, 
Yoshihisa Yamaoka, and Eiji Takahashi

Abstract

We hypothesised that concentration gradients 
of O2/H+ within tissue guide migration of pri-
mary cancer cells toward intra-tumour 
microvessels, thus promoting intravasation 
and eventual haematogenous metastasis of 
cancer cells. Previously, we demonstrated 
in vitro that MDA-MB-231 cells under pH and 
O2 gradients (0.2–0.3  units/mm and ~  6%/
mm, respectively) migrate toward higher pH/
O2 regions. The present study was designed to 
address questions yet unanswered in the previ-
ous one, i.e., (1) whether extracellular O2 gra-
dients could be a cue for directional cell 
migration in physiologically relevant O2 envi-
ronments, and (2) whether average pH level in 
the bulk extracellular medium affects direc-
tional cell migration. In the absence of pH gra-
dients, directional cell migration was not 
demonstrated at a physiological O2 level 
(<5%). We demonstrated that both the migra-
tion velocity and directionality are signifi-
cantly affected by the average extracellular pH 
level. This result is consistent with our model 
for directional cell migration that does not 
necessitate sensing of pH gradient at a single 

cell level. Thus, in this study, we demonstrated 
further evidence that gradients of extracellular 
pH direct migration of MDA-MB-231 cells 
in vitro.

Keywords

Primary cancer cells · Directional cell 
migration · Migration velocity · Gap cover 
glass

1  Introduction

By analogy with chemotaxis, where cell migra-
tion is directed by extracellular concentration 
gradients of chemoattractants, investigators have 
expected that molecules/ions associated with cel-
lular energy metabolism also direct cell migra-
tion. Such extracellular metabolic cues include 
among many others O2, CO2, H+, HCO3

−, lactate 
ion, glucose, and glutamine. This hypothesis is 
particularly relevant in haematogenous metasta-
sis of cancer cells because, in solid tumour tissue, 
steep concentration gradients, being perpendicu-
lar to microvessels, of metabolic substrate/
metabolite such as O2 and H+ have been demon-
strated in vivo with a μm spatial resolution [1]. If 
these molecules guide the cell toward nearby 
blood vessels according to their concentration 
gradients, primary cancer cells would more effi-
ciently reach the intra-tumour microvessel com-
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pared to the condition of directionally random 
cell migration. Thus, the directional cell migra-
tion may promote haematogenous metastasis.

In our previous study [2], we combined a 
novel microfluidic device (gap cover glass, GCG) 
with the wound-healing assay for cell migration 
to examine migratory behaviour of MDA-MB-231 
cells under the pH/O2 gradients up to 12 h. We 
clearly demonstrated directional migration of the 
cell toward higher pH/higher O2 regions. Because 
the addition of hepes (15 mM) in the extracellular 
medium abolished both extracellular pH gradi-
ents and directional cell migration, we concluded 
that the extracellular pH gradient is at least one of 
the important cues for the directional migration 
of MDA-MB-231 cells in vitro.

In addition to the pH gradient, extracellular O2 
concentration gradient is another candidate for 
the metabolic cue. In the previous study, to ignore 
the potential effect of O2 gradients, we intention-
ally conducted the assay at unphysiologically 
high O2 levels (15–21%). In this study, to clarify 
the possible role of extracellular O2 gradient as a 
cue for cell migration, we conducted the migra-
tion assay where the average O2 concentration 
was set at a physiologically relevant level, ~5%.

Cellular and molecular mechanisms for direc-
tional cell migration under extracellular pH gradi-
ents have not yet been determined. Our current 
hypothesis is that the modulation of cell migration 
velocity by extracellular pH may confer heteroge-
neities in cell migration directions. Specifically, 
we suppose that the bell-shaped dependence of 
migration velocity on pH [3] is essential for 
inducing directional migrations. Thus, we exam-
ined in this study whether extracellular pH in the 
bulk medium affects not only the velocity but also 
the directionality of cell migration.

2  Methods

Cells We used a metastatic breast cancer cell 
line MDA-MB-231. Cells were cultured on type I 
collagen-coated culture dishes (354456, Corning) 
in Leibovitz’s L-15 medium (11415064, Thermo 
Fisher Scientific) supplemented with 10% FCS 
(HyClone Laboratories) and antibiotics (A5955, 

Sigma-Aldrich) in humidified air at 
37  °C.  Experiments were usually conducted 
4  days after the passage at which cells were 
80–90% confluent.

GCG We fabricated a microfluidic device called 
GCG in which diffusional supply of O2 and wash-
out of metabolically produced H+ are physically 
restricted to the two open-ends (Fig.1a) [4]. Thus, 
for example, the balance between (restricted) dif-
fusional O2 supply to cells in the diffusion chan-
nel and consumption of O2 by mitochondrial 
respiration defines gradients of O2 concentration 
along the O2 diffusion path. At 4–5 × 106 cells/ml, 
spatial gradients of ~6% O2/mm and 0.2–
0.3 units/mm for O2 and pH, respectively, were 
consistently produced along the diffusion path 
(Figs. 1c and d). Details of the GCG and high 
spatial resolution measurements of O2 concentra-
tion and pH were reported elsewhere [2].

Assay for Cell Migration Under O2/pH 
Gradients As described in detail elsewhere [2], 
we arbitrarily picked 10 cells from the left and 
right boundaries of the wound space that did not 
undergo proliferations in the succeeding 12-hour 
period. We manually tracked, with a 1.5 μm spa-
tial resolution, the migration of individual cells 
every 2 h for 12 h. Definitions for the left and the 
right boundaries in relation to the extracellular O2 
and pH gradients are depicted in Fig.  1b. We 
counted the number of cells migrating to the 
wound space; the number of cells migrating to the 
wound space from the left and right boundary, 
respectively, was designated as NL and NR. If the 
cell migration direction is random, NL/NR should 
be ~1 while a tendency for unidirectional migra-
tion toward higher or lower pH/O2 regions gives 
NL/NR > 1 or NL/NR < 1, respectively. We also cal-
culated accumulated distance of cell migration.

Cell Migration at Physiological O2 
Concentrations Because the O2 level linearly 
decreases from the open-end to the centre in 
GCG, we recorded the migration of the cell 
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Fig. 1 (a). Gap cover glass (GCG). (b). Definition of the 
left (L) and right (R) boundaries in the wound space rela-
tive to extracellular O2/H+ gradients. (c). O2 concentration 

gradients in the diffusion channel. (d). pH gradients in the 
diffusion channel. See reference [2] for details

located at ~1500 μm inside the open-end of GCG 
where the O2 level dropped to <5% (Fig. 1c). We 
assessed cell migrations with 15 mM hepes in the 
extracellular medium to exclude the effect of pH 
gradients working as a cue for directional cell 
migration. Hepes in L-15 medium also prevented 
extracellular pH at these deep regions from being 
too acidotic; extracellular pH was dropped to <7 
without hepes (Fig. 1d). We conducted five mea-
surements at ~1500 μm regions. Additionally, we 
also conducted five measurements in regions at 
300–400 μm inside GCG. The O2 concentration in 
the bulk medium (outside GCG) was 21% (air).

Effect of Average pH in the Bulk Medium We 
tested whether pH levels in the extracellular 
medium affect directional cell migration in addi-
tion to the effect arising from its gradient. Similar 
to the previous experiment [2], the wound space 
was created at 300–400 μm inside the open-end of 
GCG, but in this study pH outside of GCG was set 
at 6.8, 7.2 or 7.6. The pH of the extracellular L-15/

hepes medium was adjusted by adding 
NaOH. Oxygen concentration in the bulk medium 
(outside GCG) was 21% (air). We conducted five 
experiments for each pH condition. Differences in 
cell migration among three bulk medium pH lev-
els were judged by analysis of variance followed 
by a post-hoc test, the Tukey-Kramer method.

3  Results

Cell Migration at Physiological O2 
Concentrations Average values for the cell 
migration activity at ~1500  μm and ~  400  μm 
inside the open-end of GCG are summarised in 
Table 1. In cells in the region ~400 μm inside the 
open-end of GCG (NEAR), NL/NR was signifi-
cantly larger than unity indicating a directional 
migration. In this region, both O2 and pH gradi-
ents should present in the extracellular medium 
(Figs. 1c and d), while the O2 level must be sub-
stantially higher than the physiological level 
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Table 1 Migration of MDA-MB-231 cells under GCG

GCG  
position Medium

Cell density  
(x106 cells/ml) Cell number in wound space

Accumulated  
distance (μm)

(μm) L R NL NR NL/NR L R

NEAR 423 ± 47 L-15 5.1 ± 0.3 4.9 ± 0.3 49.4 ± 9.9 32.2 ± 10.6 1.57 ± 0.17 175 ± 30 95 ± 16

FAR 1529 ± 51* L-15/hepes 5.1 ± 0.7 5.1 ± 0.7 33.4 ± 5.2* 35.2 ± 9.7 0.98 ± 0.13* 155 ± 21 193 ± 20*
* p < 0.05, comparisons between NEAR and FAR
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Fig. 2 Migration behaviors of MDA-MB-231 cells under 
GCG. (a). Accumulated distance of cells initially located 
at the left (L) and right (R) boundaries. Due to the bias for 
directing the cell to higher pH regions (right side) where 
the space was crowded with cells (R-side, see Fig.  1b), 
migrations were significantly hindered in the R-cells. Cell 

migration was most active in L-15 medium with pH = 7.2. 
(b). Directional migration represented by the number of 
cells migrating in the wound space from the left and right 
boundaries. (c). Number of cells migrating to the wound 
space at 12 h. NL/NR > 1 indicates a directional migration 
from the left to right, i.e., toward higher pH/O2. *, p < 0.05

(Fig. 1c). In contrast, cells located at ~1500 μm 
from the open-end of GCG (FAR), such hetero-
geneous migration was not demonstrated (NL/
NR ~ 1). In this region, pH gradients should be 
minimal (due to hepes, Fig. 1d), while O2 gradi-
ents should be present at a physiological extra-
cellular O2 (~5%, Fig.1c).

Effect of Average pH in the Bulk Medium We 
determined the migration of MDA-MB-231 cells 
located 415 ± 55 μm inside from the open-end of 
GCG. The pH gradients in this region were 0.22, 
0.32 and 0.29 units/mm for the bulk medium pH 
of 6.8, 7.2 and 7.6, respectively (data not shown). 

Without GCG, accumulated distances of cell 
migration in 12 h were 105 ± 4 μm, 148 ± 15 μm 
and 144 ± 21 μm for the medium pH 6.8, 7.2 and 
7.6, respectively. Upon introducing GCG, accu-
mulated distances in the L-cells significantly 
increased (p < 0.05, Fig.2a) where cell migration 
was significantly accelerated at pH  =  7.2 com-
pared to cells at pH = 6.8.

With regard to the directionality, cells initially 
located near the left boundary (L) more actively 
migrated to the wound space, compared to the 
cells initially located near the right boundary (R) 
for all bulk medium pH tested (Fig. 2b). These 
results indicate a directional cell migration 
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toward higher pH as shown in Fig.  2c (NL/
NR  >  1). Interestingly, the directionality of cell 
migration as assessed by NL/NR was least promi-
nent at pH = 7.2 (Figs.2c).

4  Discussions

In this study, we examined the influence of pH in 
the bulk extracellular medium to further elucidate 
our previous demonstrations of directional migra-
tion of MDA-MB-231 cells under extracellular 
pH/O2 gradients [2]. Directional cell migrations 
were consistently demonstrated (NL/NR  >  1) 
under GCG with the bulk medium pH of 6.8, 7.2 
and 7.6 indicating that pH gradients with a mag-
nitude of 0.2–0.3 units/mm (Fig.1d) were enough 
to direct cell migrations. In contrast, cell migra-
tion behaviors assessed by accumulated distance 
and NL/NR were significantly affected by the 
average level of extracellular pH (apart from its 
spatial gradient). In our previous study, we pro-
posed a hypothesis for directional cell migration 
under gradients of extracellular pH [2]. In that, 
the migration of individual cells is random in 
direction, whereas the speed of migration is 
affected by extracellular pH of individual cells as 
demonstrated by others [3, 5]. In fact, our cells 
demonstrated a pH dependence in accumulated 
distance upon the extracellular pH (Fig. 2a) that 
is consistent with the previous reports. In our 
model, under a linear pH gradient, cells migrated, 
by chance, to the pH region where cell migration 
is relatively suppressed (i.e., peripheries of the 
bell shape) might be virtually trapped within this 
region, eventually producing a macroscopic het-
erogeneity of cell distribution in a pH gradient. 
Accordingly, a bell-shaped dependence of migra-
tion velocity upon pH is essential. A distinct fea-
ture of this model is that cells should only respond 
to pH gradients spanning a few hundred μm space 
and detection of pH gradient corresponding to 
the cell size (longitudinal length ~ 70 μm) by an 
individual cell may not be a prerequisite. The 
present result appears to support this hypothesis, 
although our model is only qualitative and further 
elaboration, by computer simulations for 
instance, is obviously needed.

In the series of our study, an important ques-
tion to be answered is the role of extracellular 
gradients of O2 concentration. In fact, we dem-
onstrated directional cell migration under GCG, 
where gradients of both pH (0.2–0.3 units/mm) 
and O2 (6%/mm) were present. In the previous 
study [2], we demonstrated that cell migration 
under GCG was completely abolished in hepes- 
buffered medium, highlighting substantial 
effects of extracellular pH gradients. 
Furthermore, we thought that the effect of O2 
gradients was negligible in these experiments 
because the average O2 concentration at indi-
vidual cells (~15%) is substantially higher than 
those in in vivo tissues [6] and the O2 level at 
which intracellular signals such as HIF-1α, for 
example, operate [7]. However, this speculation 
has never been examined experimentally and 
the possibility of O2 gradient as a cue for direc-
tional migration in vivo is still open to discus-
sion. To answer this important question, we 
conducted in this study the migration assay at a 
physiological ~5% O2 with ~6%/mm O2 gradi-
ent (Fig. 1c) without pH gradients. We assumed 
that a 6% O2/mm gradient is physiologically and 
pathophysiologically relevant because 
Helmlinger et  al. [1] demonstrated in  vivo in 
tumour tissue approximately 9% O2/mm gradi-
ents. We did not demonstrate directional migra-
tion of MDA-MB-231 cells, where pH gradients 
were abolished, indicating that the extracellular 
O2 gradient was not a predominant cue in 
MDA-MB-231 cells under GCG.

From these results, we conclude that extracel-
lular pH gradient ranging 0.2–0.3 units/mm may 
direct migration of MDA-MB-231 cells in  vitro 
and extracellular gradient of O2 plays, if any, a 
minor role.
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Blood Flow and Respiratory Gas 
Exchange in the Human Placenta 
at Term: A Data Update

Peter Vaupel and Gabriele Multhoff

Abstract

Reliable measurements using modern tech-
niques and consensus in experimental design 
have enabled the assessment of novel data 
sets for normal maternal and foetal respira-
tory physiology at term. These data sets 
include (a) principal factors affecting placen-
tal gas transfer, e.g., maternal blood flow 
through the intervillous space (IVS) (500 mL/
min) and foeto-placental blood flow (480 mL/
min), and (b) O2, CO2 and pH levels in the 
materno- placental and foeto-placental circu-
lation. According to these data, the foetus is 
adapted to hypoxaemic hypoxia. Despite flat 
oxygen partial pressure (pO2) gradients 
between the blood of the IVS and the umbili-
cal arteries of the foetus, adequate O2 deliv-
ery to the foetus is maintained by the higher 
O2 affinity of the foetal blood, high foetal 
haemoglobin (HbF) concentrations, the Bohr 

effect, the double- Bohr effect, and high 
foeto-placental (=umbilical) blood flow. 
Again, despite flat gradients, adequate CO2 
removal from the foetus is maintained by a 
high diffusion capacity, high foeto-placental 
blood flow, the Haldane effect, and the dou-
ble-Haldane effect. Placental respiratory gas 
exchange is perfusion-limited, rather than 
diffusion-limited, i.e., O2 uptake depends on 
O2 delivery.

Keywords

Placental gas transfer · Foeto-placental blood 
flow · Foetal haemoglobin · Haemoglobin 
oxygen affinity

1  Introduction

The physiology of placental respiratory gas 
exchange was incompletely understood until a 
decade ago, since in vivo measurements of oxy-
gen (O2) and carbon dioxide (CO2) levels 
remained elusive for logistical and ethical rea-
sons. However, in the past two decades reliable 
measurements using advanced techniques and 
consensus in experimental design have enabled 
the assessment of novel data sets for the 
materno- placento- foetal gas transfer in the term 
foetus.
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2  Methods

Methods used for assessing blood flow data 
include advanced Doppler ultrasound techniques 
and phase-contrast magnetic resonance imaging 
(MRI). The blood gas data are derived from blood 
samples drawn immediately after delivery by 
early chordocentesis of double-clamped umbili-
cal cord segments (ideally before placenta- 
expulsion and before the baby’s first breath), by 
transcutaneous chordocentesis under real-time 
ultrasound guidance or by blood oxygen level 
derived (BOLD) measures.

Based on a recent literature research, reliable 
data describing normal blood flow and respira-
tory gas exchange in the placenta in term foetus 
have been evaluated. In general, weighted mean 
values of the various parameters assessed in 
>200 term foetuses are presented in this mini 
review.

3  Basic Morphology 
of the Mature Placenta

The maternal, O2-rich blood reaches the large 
intervillous space (IVS) of the placenta 
(IVS  ≈  200  mL) through approximately 120 
spiral arteries, the terminal branches of the uter-
ine arteries, which eject the maternal blood 
through orifices in the septated basal plate of the 
uterine wall into the IVS (‘open circulation’). 
The ‘arterialised’ IVS bathes the branched cho-
rionic villi which arise from the chorionic plate 
of the foetal part of the placenta. The villi con-
tain the foetal capillaries which are separated 
from the maternal blood in the IVS by a 2–3 μm 
thin endo-epithelial membrane (thus defining 
the diffusion distance for O2 and CO2). The 
maternal blood in the IVS drains through venous 
orifices in the basal plate, finally entering the 
uterine veins.

Foeto-placental blood supply originates from 
2 umbilical arteries (with deoxygenated blood). 
The oxygenated blood travels from the IVS of the 
placenta to the foetus via a single umbilical vein.

The mature placenta has a mean mass of 
≈640 g and a villous surface area of 12–13 m2, 
the effective exchange area being 1.8 m2.

4  Utero-placental and Foeto- 
placental Units: Blood Flow 
and Differential Oxygen 
Affinity of Haemoglobin

Key parameters determining the O2 transfer are 
as follows (all values are weighted means, see 
Fig. 1, e.g., [1–8]).

 (a) Total utero-placental blood flow (UP-BF): 
830 mL/min (=12–14% of maternal cardiac 
output). BF through combined utero- 
placental tissues: 330  mL/min (=40% of 
UP-BF), with evidence of substantial arterio- 
venous shunt flow (≈25–30%) in the sub- 
placental myometrium [8].

BF through the IVS: 500 mL/min (145 mL/min/
kg foetal mass, i.e., 60% of UP-BF). Renewal of 
blood within IVS ≈  2.5 times/min. BF through 
IVS is highly heterogeneous between different 
compartments [8, 9].

Note: Maternal supine position is associated 
with reduced UP-BF and decreased foeto- 
umbilical venous blood flow, and thus results in a 
relevant reduction in O2 delivery to the foetus 
[10].

 (b) Foeto-umbilical-placental blood flow (FP- 
BF): 480  mL/min (140  mL/min/kg foetal 
mass, i.e., ≈30% of combined ventricular 
output (CVO = 465 mL/min/kg foetal mass).

 (c) Mean haemoglobin concentration (cHb) in 
term maternal blood: 12 g/dL, and in foetal 
blood: 17 g/dL.

 (d) The acute O2-half saturation pressure of hae-
moglobin (p50) is 30 mmHg for the maternal 
blood (HbA, borderline alkalosis and anae-
mia), and 19  mmHg for the foetal blood 
(70% HbF with low binding of 
2,3- bisphosphoglycerate, 2,3-BPG).

5  Key Parameters of the O2 
Supply to the Term Foetus

In addition to the data listed in Figs. 1 and 2, the 
following parameters are mandatory to describe 
the O2 supply to the foetus (e.g., [13–30]): (a) 
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Vol. of intervillous space (IVS):    200 mL
BF in IVS: non uniformly distributed
Renewal of blood in IVS:    2.5 �mes/min 

͌ 

͌

Feto-placental BF: 480 mL/min
cHb: 17 g/100 mL blood
p50: 19 mmHg

Utero-placental BF: 830 mL/min
Intervillous space BF: 500 mL/min
cHb: 12 g/100 mL blood
p50: 30 mmHg
Ȍpen ̋ circula�on

Fig. 1 Blood flow and differential oxygen-haemoglobin binding in the utero-placental and foeto-placental units. BF: 
blood flow, cHb: haemoglobin concentration, p50: O2-half saturation pressure
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Maternal 
vessels
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Umbilical vein

Umbilical arteries

Fetal vessels

pO2  50 mmHg
pO2 = 98 mmHg
sO2 = 95 %
cO2 = 15.3 mL/dL

pO2  = 33 mmHg
sO2 = 59 %
cO2 = 10.1 mL/dL

pO2 = 19 mmHg
sO2 = 50 %
cO2 = 9.5 mL/dL

pO2 = 30 mmHg
sO2 = 75 %
cO2 = 14.9 mL/dL

͌

Fig. 2 Oxygenation 
status in the utero-
placental and foeto-
umbilical-placental units 
at term. pO2: oxygen 
partial pressure, sO2: 
HbO2 saturation, cO2: 
oxygen concentration. 
Due to spatial 
heterogeneities, IVS 
data are best estimates 
[11, 12]
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ΔcO2 between spiral arteries and uterine veins: 
5.2  mL/dL; (b) ΔcO2 in umbilical circulation; 
5.4  mL/dL; (c) O2 extraction (maternal blood): 
34%; (d) O2 delivered by maternal blood/taken 
up by the foetus: 26 mL/min (= 7.6 mL/min/kg 
foetal mass); (e) best estimates for the IVS: 
pO2 ≈ 50 mmHg, sO2 ≈ 80%, cO2 ≈ 13 mL/dL; 
(f) best estimates for foetal (villous) capillaries: 
pO2 ≈ 25 mmHg, sO2 ≈ 60%, cO2 ≈ 12 mL/dL; 
(g) mean ΔpO2 between IVS and foetal capillar-
ies: ≈25 mmHg, and (h) O2 diffusion capacity: 
≈1 mL/min/mmHg.

6  Facilitation of O2 Transfer 
to the Foetus

Despite flat gradients between the blood in the 
IVS and the foetal capillaries (ΔpO2 ≈ 25 mmHg), 
adequate O2 delivery is maintained by (a) high O2 
affinity of the foetal blood (HbF), (b) high hae-
moglobin concentrations, (c) high fractional feto- 
placental blood flow, (d) the ‘placental’ 
Bohr-effect, and (e) the ‘foetal’ double-Bohr- 
effect. The two latter mechanisms facilitate the 
O2 transfer from the maternal to the foetal blood. 
The ‘placental’ Bohr-effect involves the foetal 
unloading of H+ and CO2 into the maternal blood 
which, in turn, leads to a right-shift of the mater-
nal HbO2 dissociation curve, and thus to a release 
of O2, which is then available for the foetus. The 
‘foetal’ Bohr-effect describes the foeto-maternal 
CO2 and H+ transfer, which leads to a left shift of 
the foetal HbO2- dissociation curve, i.e., to an 
increase in the O2 affinity and thus O2 uptake by 
foetal blood. About 8% of the O2 exchange in the 
placenta is associated with the 
double-Bohr-effect.

7  Key Parameters Governing 
the CO2 Transfer 
from the Foeto-placental 
Compartment into 
the Maternal Blood

Beyond the data listed in Figs. 1 and 3, the fol-
lowing parameters additionally determine the 
CO2 transfer from the foetus into the maternal 

compartment (e.g., [14, 24–30]: (a) ΔcCO2 
between umbilical arteries and umbilical vein: 
6.0 mL/dL; (b) foetal CO2 release rate: 29 mL/
min (=8.5  mL/min/kg foetal weight); (c) mean 
ΔpCO2 between foetal capillaries in the chori-
onic villi and IVS: ≈6 mmHg, and (d) CO2 diffu-
sion capacity: 4 mL/min/mmHg.

8  Facilitation of CO2 Transfer 
from the Foetus into 
the Maternal Blood

Despite the very flat pCO2 gradient (≈ 6 mmHg) 
between the blood in the villous capillaries and 
the IVS, an adequate CO2 transfer is maintained 
by the following mechanisms: (a) high foeto- 
placental blood flow, (b) large Krogh’s diffusion 
coefficient, (c) the ‘placental’ Haldane-effect, 
and (d) the ‘foetal’ double-Haldane-effect. The 
‘placental’ Haldaneeffect involves the unload-
ing of oxygen from the maternal blood which 
increases the affinity of haemoglobin for CO2 and 
subsequent CO2 binding. The ‘foetal’ double- 
Haldane-effect includes the O2 uptake into the 
villous capillaries which decreases the affinity 
of haemoglobin for CO2 and accelerates foetal 
CO2 release into the maternal blood of the IVS. 
About 46% of the CO2 exchange in the placenta 
is associated with the double-Haldane-effect. 
Hyperventilation of the mother, an adaptation in 
pregnancy, also supports CO2 transfer from the 
foetal into the maternal blood in the placenta.

9  Foetal Respiratory Quotient

The foetal respiratory quotient (RQ  =  CO2 
release/O2 uptake) at term is 1.11 (indicating a 
preferential use of glucose for energy metabo-
lism and lipogenesis of the growing foetus [31]).

10  Key Conclusions

We conclude that (a) the foetus is confronted 
with a hypoxaemic environment (i.e., hypoxae-
mic IVS), (b) this condition is compensated by 
the foetus via mechanisms/adaptations that are 
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Fig. 3 Parameters 
determining the CO2 
exchange between foetal 
and maternal blood, and 
data reflecting the acute 
acid-base status in the 
term placenta. pCO2: 
CO2 partial pressure, 
cCO2: CO2 
concentration, aBE: 
acute base excess

Table 1 Respiratory gas parameters and pH values in unusual environments: Foetus at term versus acclimatization to 
high altitude

Parameters/conditions Fetus at term
High altitude adaptation (e.g., climbers at Mount 
Everest), see refs. [32, 33]

Oxygenation status Hypoxemic hypoxia Hypobaric hypoxia
Haemoglobin type HbF HbA
Arterial pO2 (mmhg) 30 (umbilical vein) 25
Arterial sO2 (%) 75 (umbilical vein) 54
cHb (g/dL) ≈17 ≈18
Arterial pCO2 (mmHg) 38 (umbilical vein) 13 (hyperventilation)
Arterial pH 7.36 (umbil. vein) 7.55 (alkalosis)
2,3 bisphosphoglycerate- (2,3 BPG-) 
level / binding

Decreased Increased

Hb-O2 affinity Increased (due to 
lower 2.3 BPG)

Increased (due to alkalosis)

different to those observed in high-altitude climb-
ers on Mount Everest (as described in Table 1), 
(c) placental respiratory gas exchange is 
perfusion- limited, rather than diffusion-limited, 
i.e., O2 uptake by the foetus is dependent on O2 
delivery.
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Oxyhaemoglobin Level Measured 
Using Near-Infrared Spectrometer 
Is Associated with Brain 
Mitochondrial Dysfunction After 
Cardiac Arrest in Rats

Yu Okuma, Koichiro Shinozaki, Tsukasa Yagi, 
Kei Hayashida, Tomoaki Aoki, Tai Yin, 
Takeyuki Kiguchi, Taku Iwami, and Lance B. Becker

Abstract

Cerebral blood oxygenation (CBO), measured 
using near-infrared spectroscopy (NIRS), can 
play an important role in post-cardiac arrest 
(CA) care as this emerging technology allows 
for noninvasive real-time monitoring of the 
dynamic changes of tissue oxygenation. We 
recently reported that oxyhaemoglobin (oxy-
 Hb), measured using NIRS, may be used to 
evaluate the quality of chest compressions by 
monitoring the brain tissue oxygenation, 
which is a critical component for successful 
resuscitation. Mitochondria are the key to 
understanding the pathophysiology of post-
 CA oxygen metabolism. In this study, we 
focused on mitochondrial dysfunction, aiming 

to explore its association with CBO parame-
ters such as oxy-Hb and deoxyhaemoglobin 
(deoxy-Hb) or tissue oxygenation index 
(TOI). Male Sprague-Dawley rats were used 
in the study. We applied NIRS between the 
nasion and the upper cervical spine. Following 
10 min of CA, the rats underwent cardiopul-
monary resuscitation (CPR) with a bolus 
injection of 20 μg/kg epinephrine. At 10 and 
20  min after CPR, brain, and kidney tissues 
were collected. We isolated mitochondria 
from these tissues and evaluated the associa-
tion between CBO and mitochondrial oxygen 
consumption ratios. There were no significant 
differences in the mitochondrial yields (10 vs. 
20 min after resuscitation: brain, 1.33 ± 0.68 
vs. 1.30 ± 0.75 mg/g; kidney, 19.5 ± 3.2 vs. 
16.9 ± 5.3 mg/g, respectively). State 3 mito-
chondrial oxygen consumption rates, known 
as ADP-stimulated respiration, demonstrated 
a significant difference at 10 vs. 20 min after 
CPR (brain, 170 ± 26 vs. 115 ± 17 nmol/min/
mg protein; kidney, 170 ± 20 vs. 130 ± 16 nmol/
min/mg protein, respectively), whereas there 
was no significant difference in ADP non- 
dependent state 4 oxygen consumption rates 
(brain, 34.0 ± 6.7 vs. 31.8 ± 10 nmol/min/mg 
protein; kidney, 29.8 ± 4.8 vs. 21.0 ± 2.6 nmol/
min/mg protein, respectively). Consequently, 
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the respiratory control ratio (RCR  =  state 3/
state 4) showed a significant difference over 
time, but this was only noted in the brain 
(brain, 5.0  ±  0.29 vs. 3.8  ±  0.64; kidney, 
5.8 ± 0.53 vs. 6.2 ± 0.25 nmol/min/mg pro-
tein, respectively). The oxy-Hb levels had a 
dynamic change after resuscitation, and they 
had a significant association with the RCR of 
the brain mitochondria (r  =  0.8311, 
p = 0.0102), whereas deoxy-Hb and TOI did 
not (r  =  −0.1252, p  =  0.7677; r  =  0.4186, 
p = 0.302, respectively). The RCRs of the kid-
ney mitochondria did not have a significant 
association with CBO (oxy-Hb, r = −0.1087, 
p = 0.7977; deoxy-Hb, r = 0.1565, p = 0.7113; 
TOI, r = −0.1687, p = 0.6896, respectively). 
The brain mitochondrial respiratory dysfunc-
tion occurred over time, and it was seen at the 
time points between 10 and 20  min after 
CPR.  The oxy-Hb level was associated with 
brain mitochondrial dysfunction during the 
early post-resuscitation period.

Keywords

NIRS · Cerebral blood oxygenation · 
Cardiopulmonary resuscitation · Tissue 
oxygenation index · Mitochondria

1  Introduction

Recent guidelines for cardiopulmonary resuscita-
tion (CPR) state that high-quality CPR plays a 
key role in improving patient survival from car-
diac arrest (CA) [1]. Previously, we introduced 
that the oxyhaemoglobin (oxy-Hb) levels 
between CA and during CPR have the potential 
to evaluate the quality of CPR in a rat CA model 
[2]. We also showed that near-infrared spectros-
copy (NIRS) identified a decrease in oxy-Hb 
after the return of spontaneous circulation 
(ROSC), and this result has the potential to aid 
understanding of the mechanism of how and why 
adrenaline interferes with the improvement of 
neurological outcomes post-CA [3]. In this study, 
we focused on the relationship between mito-
chondrial function and cerebral blood 

 oxygenation (CBO) parameters, including oxy-
Hb, after CA.

2  Methods

2.1  Animal Preparation

The Institutional Animal Care and Use 
Committees of the Feinstein Institutes for 
Medical Research approved the study protocol. 
The details of the methods for a rat asphyxia CA 
model have been described previously [4, 5]. 
Briefly, adult male Sprague-Dawley rats (450–
550 g, Charles River Laboratories) were anaes-
thetised with 4% isoflurane (Isosthesia, 
Butler-Schein AHS) and intubated with a 14-gage 
angio catheter (Surflo, Terumo Medical 
Corporation). Anaesthesia was maintained with 
isoflurane 2% at a fraction of inspired O2 (FiO2) 
of 0.3 under mechanical ventilation. The left 
femoral artery was cannulated (sterile polyethyl-
ene- 50 catheter inserted for 20 mm) for continu-
ous arterial pressure monitoring. The oesophageal 
temperature was maintained at 36.5 ± 1.0 °C dur-
ing the surgical procedure. The left femoral vein 
was cannulated with a polyethylene-50 catheter, 
which was advanced into the inferior vena cava 
for drug infusion. We attached a NIRS (NIRO- 
200NX, Hamamatsu Photonics, Japan) from the 
nasion to the upper cervical spine of the rats. The 
distance between the emission and the detection 
probes was 3 cm. We examined the mean arterial 
pressure (MAP) and oxy/deoxy-Hb and tissue 
oxygenation index (TOI). The NIRS device 
recorded the oxygen saturation level (TOI) and 
the changes in concentration of oxy-Hb and 
deoxy-Hb in real-time (100 Hz). Data averaged 
every 20  s were used. After instrumentation 
setup, the neuromuscular blockade was achieved 
by slow intravenous administration of 2 mg/kg of 
vecuronium bromide (Hospira, USA). Asphyxia 
was induced in the rats by switching off the ven-
tilator, and CA normally occurred 3–4 min after 
asphyxia started. We defined CA as a MAP below 
20  mmHg; CA was completely untreated for 
10  min after asphyxia. Mechanical ventilation 
was restarted at a FiO2 of 1.0, and manual CPR 
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was delivered to the CA animals. Chest compres-
sions were performed at a rate of 240–300 per 
min. At 30 s after the beginning of CPR, a 20 μg/
kg bolus of adrenaline was given to the animals 
through the venous catheter. Following ROSC, to 
evaluate the brain mitochondrial dysfunction in 
conjunction with the measurement of CBO, we 
sacrificed the rats and collected the tissues at 
two-time points: 10 min and 20 min after CPR. 
Concerning CBO, we calculated the delta, which 
was the difference between the current average 
and the average of the end of the asphyxia period 
regarded as a baseline.

2.2  Isolation of Mitochondria 
and Evaluation 
of Mitochondrial Respiratory 
Function

All operations were performed at 4 °C. Harvested 
tissues were immediately placed in a mitochon-
drial isolation buffer (MESH) composed (in mM) 
of 210 mannitol, 70 sucrose, 10 Hepes, and 0.2 
EGTA at pH 7.3 with 0.2% w/v fatty acid free- 
BSA (MESH-BSA). The tissue was blot-dried on 
filter paper, weighed, and placed in MESH- 
BSA.  Low-speed centrifugation was set at 
5600 × g for 1 min, and high-speed centrifuga-
tion was set at 12,000 × g for 6 min. Finally, the 
mitochondrial yields were expressed as mg mito-
chondrial protein/g tissue. For mitochondria iso-
lation, the tissues were diluted in MESH-BSA for 
homogenisation. The homogenate was centri-
fuged at low speed, and the supernatant was col-
lected. This supernatant was then centrifuged at 
high speed. The supernatant was gently decanted 
with pipettes without disturbing the mitochondria 
pellet. Finally, the pellet was resuspended in 
MESH without BSA and centrifuged at high 
speed. The mitochondria pellet was suspended, 
and the mitochondrial concentration was deter-
mined by the BCA assay using BSA as the stan-
dard. Concerning the method of measuring 
oxygen consumption rate (OCR), we used a 
Clark-type oxygen electrode (Strathkelvin, 
Motherwell, UK). Mitochondria were assayed in 
an assay buffer containing 80 mM KCl, 50 mM 

MOPS, 1 mM EGTA, 5 mM KH2PO4, and 1 mg 
defatted BSA/mL at pH  7.4. ADP-dependent 
(state 3), ADP-limited (state 4), and DNP- 
dependent (uncoupled) OCR were measured at 
30 °C in 150 μL of the mitochondrial suspension 
(0.5  mg/mL) using glutamate + malate as sub-
strates. Rates of substrate oxidation were 
expressed as nano-atoms oxygen consumed/ 
minute/mg mitochondrial protein [6, 7].

2.3  Statistical Analysis

Data are presented as mean and standard devia-
tion. The Mann–Whitney U test was used to com-
pare variables between two independent groups. 
Other values were compared between the groups 
using the one-way analysis of variance with post- 
hoc analysis using Tukey’s test. In the compari-
son of multiple parameters, correlation coefficient 
(r) values were collected. All statistical analyses 
were conducted using JMP (version 10.1 soft-
ware: SAS Institute, Cary, NC, USA). P-values 
less than 0.05 were considered statistically 
significant.

3  Results

ROSC was achieved in all animals. First, we 
determined the mitochondrial respiratory func-
tion by comparing the 10-min post-CPR group 
with the 20-min post-CPR group. Regarding the 
yield of isolated tissues, there was no significant 
difference between the two groups (brain, 
1.33  ±  0.68 and 1.30  ±  0.75  mg/g; kidney, 
19.5  ±  3.2 and 16.9  ±  5.3  mg/g, respectively). 
Regarding state 3 OCR, there were significant 
differences in both brain and kidney tissues 
between the two groups (brain, 170  ±  26 and 
115 ± 17 nmol/min/mg protein; kidney, 170 ± 20 
and 130 ± 16 nmol/min/mg protein, respectively). 
Regarding state 4 OCR, there was no significant 
difference among the groups (brain, 34.0  ±  6.7 
and 31.8  ±  10  nmol/min/mg protein; kidney, 
29.8 ± 4.8 and 21.0 ± 2.6 nmol/min/mg protein, 
respectively). Regarding the respiratory control 
ratio (RCR), there was a significant difference in 
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Fig. 1 The dynamic changes of the mean arterial pres-
sure and differences in cerebral blood oxygenation, 
including oxyhaemoglobin and deoxyhaemoglobin and 
tissue oxygenation index, during the three types of chest 

compression. The delta is the difference between the cur-
rent average and the average at the end of the asphyxia 
period, which is regarded as the baseline

Fig. 2 The evaluation of mitochondrial respiratory function isolated in the brains and kidneys of the animal models. 
10 min, 10-min-after-CPR; 20 min, 20-min-after-CPR. #P < 0.05 compared with the 20-min-after-CPR group

the brains between the two groups (brain, 
5.0 ± 0.29 and 3.8 ± 0.64; kidney, 5.8 ± 0.53 and 
6.2  ±  0.25  nmol/min/mg protein, respectively) 
(Fig. 1). We next evaluated the MAP and CBO by 
comparing the 10-min post-CPR group with the 
20-min post-CPR group, which did not reveal 
any significant differences between the groups 
among all parameters (MAP, 107  ±  35 and 
141  ±  21  mmHg, p  =  0.107; delta oxy-Hb, 
23.1 ± 4.0 and 19.1 ± 7.2 nmol/L, p = 0.552; delta 
deoxy-Hb, −25.4 ± 6.7 and −20.8 ± 9.0 nmol/L, 
p = 0.445; delta TOI, 35.8 ± 4.4 and 29.9 ± 7.3%, 
respectively) (Fig. 2). Finally, we examined the 

correlation between brain mitochondrial function 
and CBO. Concerning the brain mitochondria, 
only oxy-Hb showed a significant correlation 
with the RCR (r = 0.8311, p = 0.0102), whereas 
deoxy-Hb and TOI did not show a significant cor-
relation with the RCR (r = −0.1252, p = 0.7677; 
r = 0.4186, p = 0.302, respectively) Concerning 
the kidney mitochondria, none of the CBO 
parameters showed a significant correlation with 
the RCR (oxy-Hb, r  =  −0.1087, p  =  0.7977; 
deoxy-Hb, r  =  0.1565, p  =  0.7113; TOI, 
r = −0.1687, p = 0.6896, respectively) (Table 1).

Y. Okuma et al.



389

Ta
bl

e 
1 

R
el

at
io

ns
hi

p 
be

tw
ee

n 
ce

re
br

al
 b

lo
od

 o
xy

ge
na

tio
n 

(C
B

O
),

 in
cl

ud
in

g 
ox

yh
ae

m
og

lo
bi

n 
(O

xy
-H

b)
 a

nd
 d

eo
xy

ha
em

og
lo

bi
n 

(D
eo

xy
-H

b)
, t

is
su

e 
ox

yg
en

at
io

n 
in

de
x 

(T
O

I)
, 

an
d 

br
ai

n 
m

ito
ch

on
dr

ia
l f

un
ct

io
n 

or
 k

id
ne

y 
m

ito
ch

on
dr

ia
l f

un
ct

io
n,

 in
cl

ud
in

g 
st

at
e 

3,
 s

ta
te

 4
, a

nd
 r

es
pi

ra
to

ry
 c

on
tr

ol
 r

at
io

 (
R

C
R

)

C
B

O
B

ra
in

 m
ito

ch
on

dr
ia

l f
un

ct
io

n
K

id
ne

y 
m

ito
ch

on
dr

ia
l f

un
ct

io
n

D
eo

xy
-H

b 
(n

 =
 8

)
T

O
I 

(n
 =

 8
)

St
at

e3
 (

n 
=

 8
)

St
at

e4
 (

n 
=

 8
)

R
C

R
 (

n 
=

 8
)

St
at

e3
 (

n 
=

 8
)

St
at

e4
 (

n 
=

 8
)

R
C

R
 (

n 
=

 8
)

O
xy

-H
b

−
0.
06
9

0.
23

0.
42

−
0.
37

0.
83
*

0.
70

0.
59

−
0.
11

D
eo

xy
-H

b
−
0.
91
*

−
0.
49

−
0.
51

−
0.
13

−
0.
12

−
0.
17

0.
16

T
O

I
0.

53
0.

30
0.

42
0.

21
0.

22
−
0.
17

St
at

e3
0.

58
0.

55
0.
94
*

−
0.
41

St
at

e4
−
0.
35

−
0.
70

* P
 <

 0
.0

5

Oxyhaemoglobin Level Measured Using Near-Infrared Spectrometer Is Associated with Brain…



390

4  Discussion

This experiment reported here demonstrates that 
the dynamic change of oxy-Hb was associated 
with the RCR of the brain mitochondria but not 
that of the kidney. This is the first study of its 
kind that investigated the relationship between 
oxy-Hb and mitochondrial dysfunction after 
CPR. Our previous study has revealed that the 
values of oxy-Hb during the CPR phase could 
support the quality of CPR. Some studies have 
brought up the concept of evaluating brain mito-
chondrial dysfunction by using NIRS. One of the 
novel methods utilised CBO and brain 
cytochrome- c-oxidase [8], and NIRO was 
reported in a clinical study [9]. Utilising NIRS 
measurements is difficult due to the large vari-
ability of CBO between individuals. To adjust for 
differences between individuals, we standardised 
the values of CBO with itself during CA (asphyx-
iation). Previously, our study showed that the 
CBO, as detected by NIRS and MAP, had similar 
levels between 10 and 20 min after CPR. Thus, in 
this study, we determined whether NIRS could 
serve as a monitor for the ischemic-reperfusion 
acute phase 10 and 20 min after CPR. The pres-
ent study has several limitations. The CBO and 
mitochondrial dysfunction should be compared 
not only at two-time points but also at additional 
time points, which may be realised in future stud-
ies. The extent to which ischemic and reperfusion 
injuries are involved also needs to be evaluated. 
The evaluation of mitochondrial dysfunction 
other than that from oxygen consumption mea-
surements, or the evaluation of brain damage 
based on nonmitochondrial mechanisms, should 
also be conducted. For example, it might be help-
ful to measure mitochondrial enzyme activities 
such as citrate synthetase [10] to further evaluate 
the health status /quality of the isolated mito-
chondria at the two time points used in this study. 
Additionally, it is necessary to investigate 
whether the levels of oxy-Hb in other organs are 
correlated with the level of mitochondrial dys-
function in those organs.

5  Conclusion

Oxy-Hb has the potential to correlate with the 
brain mitochondrial dysfunction and Oxy-Hb 
may be a useful parameter of the post-CA 
syndrome.
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Changes in Oxygenation Levels 
During Moderate Altitude 
Simulation (Hypoxia-Induced): 
A Pilot Study Investigating 
the Impact of Skin Pigmentation 
in Pulse Oximetry

Victor Ochoa-Gutierrez, Selene Guerrero-Zuñiga, 
Julien Reboud, Mauro Pazmino-Betancourth, 
Andrew R. Harvey, and Jonathan M. Cooper

Abstract

The current COVID-19 pandemic has shown 
us that the pulse oximeter is a key medical 
device for monitoring blood-oxygen levels 
non-invasively in patients with chronic or 
acute illness. It has also emphasised limita-
tions in accuracy for individuals with darker 
skin pigmentation, calling for new methods 
to provide better measurements. The aim of 

our study is to identify the impact of skin 
pigmentation on pulse oximeter measure-
ments. We also explored the benefits of a 
multi- wavelength approach with an induced 
change of arterial oxygen saturation. A total 
of 20 healthy volunteers were recruited. We 
used time domain diffuse reflectance spec-
troscopy (TDDRS) from a broad band light 
source, collecting spectra from the index fin-
ger along with three different pulse oxime-
ters used simultaneously for monitoring 
purposes. Five acute hypoxic events were 
induced by administering 11% FiO2, pro-
duced by a Hypoxico altitude training sys-
tem, for 120 sec through a face mask with a 
one-way valve. Our multi- wavelength 
approach revealed a correlation between the 
signature of skin pigmentation and the 
dynamic range of oxygen saturation mea-
surements. Principal component analysis 
(PCA) showed separation between a range of 
different pigmented volunteers 
(PC1  =  56.00%) and oxygen saturation 
(PC2 = 22.99%). This emphasises the need to 
take into account skin pigmentation in oxim-
eter measurements. This preliminary study 
serves to validate the need to better under-
stand the impact of skin pigmentation absorp-
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tion on optical readings in pulse oximeters. 
Multi- wavelength approaches have the 
potential to enable robust and accurate mea-
surements across diverse populations.

Keywords

Time domain diffuse reflectance spectroscopy 
· Arterial oxygen saturation · Multiple 
wavelength spectrophotometer · Skin types

1  Introduction

Oxygen is required to sustain life and normal 
body function in humans; thus, an accurate mea-
surement of arterial oxygen saturation (SaO2) is 
an important physiological parameter to assess 
the health status of an individual [12]. Altitude 
response can vary widely among individuals due 
to differences in ventilatory response to hypoxia. 
Multiple techniques for non-invasive oxygen-
ation monitoring have been developed, including 
pulse oximetry. A number of blood properties can 
be measured non-invasively using optical tech-
niques through the skin. Devices developed for 
these measurements have proved invaluable in 
both emergency situations and long-term moni-
toring of patients in critical conditions. However, 
they are limited to a narrow oxygen range (80–
100%) and do not take skin pigmentation into 
consideration. Indeed, Sjoding [14], Dyer [7] and 
Feiner [8] found and Hidalgo [10] mentioned that 
pulse oximeters can overestimate the blood oxy-
gen level for people with pigmented skin and this 
is now recognised by The U.S.  Food and Drug 
Administration (FDA) [4]. Pulse oximeters have 
become particularly widely used to remotely 
monitor patients with COVID-19 at home where 
the higher bias on measurements of oxygen level 
can result in undiagnosed hypoxemia, which can 
be fatal especially in patients with severe acute 
disease as can be the case with COVID-19 infec-
tion  [13]. Therefore, the aim of our study is to 
identify the impact of skin pigmentation on pulse 
oximeter measurements and explore the benefits 
of a multi-wavelength approach during an 
induced acute change of SpO2 (defined as SaO2 

quantified with a pulse oximetry) in healthy 
volunteers.

2  Material and Methods

Our cross-sectional study comprised healthy 
non-smoking volunteers aged between 18 and 
40  years old at the University of Glasgow 
(located 27 meters above sea level [1]). All par-
ticipants provided written informed consent and 
subjects were excluded if they reported symp-
toms of influenza or respiratory infections up to 
10 days before the study, had a history of syn-
cope or could be pregnant. The study was carried 
out in January and February 2020. Twenty vol-
unteers were eligible, two were excluded for his-
tory of syncope, six were excluded due to 
unreadable data after the study, leaving 12 vol-
unteers for data analysis. Skin pigmentation 
index was taken from volunteers’ photographs 
(Figs. 1b and 2b) and classified in skin types I 
through VI according to the Fitzpatrick scale [9], 
in order to consider differences in the human 
skin optical properties due to melanin concentra-
tion [17]. Their height, weight, blood pressure, 
temperature, heart and respiratory rates were 
recorded. All study procedures were conducted 
in accordance with the Declaration of Helsinki 
and were approved by the Ethical Committee 
Review Board of the University of Glasgow 
(approval number: 300180273). Volunteers were 
seated throughout the study, their left forearm 
and hand were placed over a platform on a table 
and the index finger was placed over a custom-
ised 3D printed holder or optical sensor con-
nected to a multiple wavelength 
spectrophotometer Ocean Optics (Ocean Optics 
Inc., FL). A pulse oximeter Mightysat Rx® with 
Bluetooth LE (model P/N 9909, Masimo, Irvine, 
CA) was placed over the middle finger, a pulse 
oximeter GO2 Achieve® (NONIN Medical Inc., 
Plymouth, MN) over the ring finger and a generic 
brand pulse oximeter over the little finger 
(Figs.  1a and 2a). After 30  sec of recording in 
room air, five acute hypoxic events were induced 
by administration of 11% oxygen for 120 sec by 
the Hypoxico altitude training system (Hypoxico 
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Fig. 1 Volunteer No. 019, high skin pigmentation, type V. 
(a) left hand of volunteer, commercial pulse oximeters 
placed and reading, index finger optical set-up. (b) photo 
of the volunteer’s eye, which shows the presence of mela-

nin in iris colouration, (c) averaged spectra HbO2 (nor-
moxia, red) vs HbO2 (hypoxia, blue) and standard 
deviation (shaded over 5 measurements)

Inc., New  York, NY) which was previously 
warmed up for at least 20 min and was set using 
altitude pre-setting no. 12 (according to the man-
ufacturer recommendation) [11]. For our study 
the oxygen percentage of the mixture was veri-
fied by the oxygen sensorHandi® + (Maxtec, Salt 
Lake City, UT). The oxygen was administered 
via a face mask (Ambu®, Ultraseal) connected to 
a circuit with a one-way valve to allow exhala-
tion and prevent mixture with room air during 
inspiration. Administration lasted for 120  sec 
while breathing normally, after this time the sub-
jects could recover without the face mask for 
5 min. At the end of each session, the blood pres-
sure, heart rate, respiratory rate and modified 
Borg dyspnoea scale [5] were measured and 

recorded. The process was then repeated until 
five hypoxic events were recorded. Protocols to 
induce acute hypoxic events in healthy volun-
teers to assess accuracy of pulse oximeters are 
not standard [11, 15]; the components of oxygen 
inspiratory are PiO2 = (PB – 47) × FiO2; where 
PB is barometric pressure (756 mmHg in 
Glasgow), 47 mmHg is water vapor partial pres-
sure at 37 °C body temperature, and FiO2 is the 
dry-gas fraction of oxygen in breathing gas at 
room air 20.9% [6]. At room air, the inspiratory 
pressure of oxygen is 148 mmHg, the adminis-
tration of FiO2 of 11% created a sudden drop of 
inspiratory pressure to 78  mmHg; due to vari-
ability in lung clearance of the residual gas, 
acute hypoxic response [16] and cardiovascular 
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Fig. 2 Volunteer No. 006, low skin pigmentation, type I. 
(a) left hand of volunteer, commercial pulse oximeters 
placed and reading, index finger optical set-up. (b) photo 
of volunteer’s eye, which shows the presence of low mela-

nin in iris colouration, (c) averaged spectra HbO2 (nor-
moxia, red) vs HbO2 (hypoxia, blue) and standard 
deviation (shaded over 5 measurements)

response. Administration over 120  sec resulted 
in a drop to 72% SaO2 quantified with pulse 
oximetry. The room temperature was kept con-
stant at 24 °C. Data was processed and analysed 
with in house MATLAB and Python 3.6 scripts.

3  Results

A spectral profile for all volunteers from different 
backgrounds and ethnicity was obtained (Figs. 1c 
and 2c). Skin types according the Fitzpatrick 
scale were as follows: Type I (n  =  3), type II 
(n = 1), type III (n = 4), type IV (n = 1), type V 
(n = 1), type NA (Not defined n = 2). To explore 
the impact of skin pigmentation on SaO2, a prin-
cipal components analysis (PCA) was performed. 
The analysis showed clusters relating to skin pig-

mentation and oxygenation status. PC2 = 22.99% 
scores split into normoxia and hypoxia (Fig. 3a) 
and PC1  =  56.00% scores divided in skin pig-
mentation Type I-V according to Fitzpatrick 
(Fig. 3b). There is a difference between subjects 
with Type I, II and III, compared subjects Type 
IV and V, especially subject ID: 019 which 
diverged the most. Moreover, normoxia and 
hypoxia clusters are well defined between the 
samples.

4  Discussion and Conclusions

This preliminary study using PCA serves to vali-
date the need to better understand the impact of 
skin pigmentation absorption on optical readings 
in pulse oximeters. We saw differences in oxygen 
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Fig. 3 PCA scatter plots of hyper-spectral measurements 
(350–1000 nm; VIS-nIRS) from 12 volunteers. Every dot 
represents n spectral measurement. (a) Data coloured by 

oxygenation status. (b) Skin pigmentation according 
Fitzpatrick scale types from I–V

saturation  related to skin pigmentation, espe-
cially in the type V volunteer. Type III, IV and V 
spectral distance between normoxia and hypoxia 
were closer compared to type I, where it was 
larger. This phenomenon might impact the sensi-
tivity of SaO2 detection on commercial devices. 
Future work should use 1) melanin quantification 
expressed as a percentage to avoid possible skin 
colour misinterpretations (akin to the colour 
scales)  and 2)  a larger sample size to confirm 
these findings. Regulatory calibration (ISO) [2] 
and validation (FDA) [3] procedures mention the 
inclusion of people of colour. However, the per-
centage of inclusion (13% of darkly pigmented 
subjects) does not reflect the diversity of the pop-
ulation [13]. There is also a need to acknowledge 
the variability of skin pigmentation within eth-
nicities (i.e., type I skin pigmentation can change 
by sun exposure over time). Avoiding race bias in 
equipment accuracy would alleviate the subse-
quent health risks associated with the lack of 
detection of hypoxemia. In conclusion, our multi- 

wavelength approach was able to detect hypoxia 
events, but also emphasised the need to take into 
account skin pigmentation in oximeter 
measurements.
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The Intramuscular Circulation Is 
Affected by Neck and Shoulder 
Pain

Masaru Kanda, Takuya Kitamura, Yusuke Suzuki, 
Isamu Konishi, Kei Watanabe, and Naritoshi Sato

Abstract

The purpose of this study was to investigate the 
effects of neck and shoulder pain (NSP) and 
the position of the head and neck on the intra-
muscular circulation of the cervical muscles 
such as the trapezius and levator scapulae mus-
cles in young females. Ten NSP subjects (mean 
age: 20.9 ± 0.5 years) and ten non-NSP sub-
jects (mean age: 20.6  ±  0.7  years) were 
recruited to this study. Near-infrared spectros-
copy (NIRS) was used to non-invasively mea-
sure total haemoglobin (Total-Hb), oxygenated 
haemoglobin (Oxy-Hb), and deoxygenated 
haemoglobin (Deoxy-Hb) of the trapezius and 
levator scapulae muscles. The measurements 
of Total-Hb, Oxy-Hb, and Deoxy-Hb were 
taken in the neutral position, immediately after 
the maximally flexed (extended) position, and 

after 30 s in the maximally flexed (extended) 
position. In flexion, no significant main effect 
or interaction was observed with Total-Hb and 
Oxy-Hb. A significant interaction was observed 
with Deoxy-Hb (p < 0.01). There was no sig-
nificant difference in the changes over time in 
the NSP group (p = 0.91). However, in the non-
NSP group, a significant increase was noted at 
the neutral position to immediately after the 
maximally flexed position (p < 0.01) and at the 
end of maintaining the maximally flexed posi-
tion (p  <  0.01). In extension, no significant 
main effect or interaction was observed with 
Total-Hb and Oxy-Hb. A significant interac-
tion was observed with Deoxy-Hb (p < 0.01). 
In the NSP group, no significant difference 
was observed in the changes over time 
(p = 0.91). In the non-NSP group, however, a 
significant decrease was observed from the 
neutral position to immediately after the maxi-
mally extended position (p < 0.01). The results 
of this study indicate that maintaining either 
maximal cervical flexion or extension may 
affect venous blood flow on non-NSP group. 
However, no effect on NSP group was observed 
due to existing diminished intramuscular 
circulation.
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1  Introduction

Neck and shoulder pain (NSP), or “katakori” in 
Japanese, is a very common symptom with a high 
complaint rate among both males and females in 
Japan. An epidemiological survey of NSP in the 
general population indicated that NSP was most 
common among people in their thirties and 
younger, and the ratio of females was believed to 
be high among this group [1].

Regarding poor intramuscular circulation and 
oxygenation, which is considered to be one of the 
causes of NSP, it has been reported that compared 
to the deep tissues of the neck in healthy individu-
als, the deep tissues of the neck in NSP patients 
are in an ischaemic state [2]. It has also been sug-
gested that their aerobic capacity is decreased, 
and their haemodynamics are impaired [3]. 
According to Sasaki, poor muscular circulation is 
caused by maintaining the same posture for a long 
time in an unnatural position, a poor posture, 
kyphotic posture, and slouching shoulders [4]. 
However, most studies that measured the muscu-
lar blood flow in the cervical muscle group had 
performed the measurements in the sitting posi-
tion and analysed the tissue oxygenation rate after 
the application of an exercise load [2, 5].

Thus, the purpose of this study was to investi-
gate the effects of NSP and the position of the 
head and neck on the muscular haemodynamics 
of the cervical muscles such as the trapezius and 
levator scapulae muscles in young females.

2  Methods

2.1  Participants

Subjects with NSP for more than 1  year in the 
symptom site defined in the previous study [6] 
were determined as having NSP. Those that did 

not were categorised as having no symptoms 
(non-NSP). The exclusion criteria for both groups 
were a history of cervical surgery, immunologi-
cal diseases (rheumatism, etc.), and neurological 
symptoms of the upper extremities. As a result, 
there were 10 people in the NSP group (age 
20.9 ± 0.5 years, BMI 20.5 ± 1.2 kg/m2) and 10 in 
the non-NSP group (age 20.6 ± 0.7 years, BMI 
21.8 ± 3.2 kg/m2) (Table 1). Each participant pro-
vided written informed consent after receiving 
information regarding the potential risks, study 
objectives, measurement techniques, and benefits 
associated with the study. This study was 
approved by the Ethics Committee of Niigata 
University of Health and Welfare (Approval No. 
18446-200,708) and was conducted in accor-
dance with the ethical standards of the 1964 
Declaration of Helsinki and its later amendments 
or comparable ethical standards.

2.2  Experimental Procedure

A seat with a height of 45 cm without a backrest 
was used for the position during data collection. 
The starting sitting position was determined as 
the cervical neutral position. The task motions 
were to be performed in the following order: (1) 
neutral position to maximally flexed position and 
(2) neutral position to maximally extended posi-
tion. Each position was held for 30  s, with a 
1-min rest between measurements. For the neu-
tral position, the foot was opened slightly out-
wards, and the pelvis was positioned such that the 
line connecting the anterior superior iliac spine 
and the posterior superior iliac spine was parallel 
to the floor [7]. The upper extremity positions 
were at the side of trunk. For flexion and exten-
sion, a timer was used to orally count down 5 s in 
order to maintain a constant speed during cervi-
cal movements. In addition, it was carried out 

Table 1 Subjects characteristics

Participants (n) Age (year) Height (cm) Weight (kg) BMI
All participants 20 20.8 ± 0.6 160.0 ± 5.6 54.4 ± 7.6 21.2 ± 2.5
Non-NSP 10 20.6 ± 0.7 159.2 ± 4.5 55.5 ± 9.3 20.5 ± 1.2.
NSP 10 20.9 ± 0.6 160.8 ± 6.7 53.2 ± 5.7 21.8 ± 3.2
p value – n.s. n.s. n.s. n.s.
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after confirming that the movements could be 
performed properly. The measurements were 
taken in the neutral position, immediately after 
the flexed (extended) position, and after 30 s in 
those positions. The changes in these measure-
ments were compared.

2.3  NIRS Measurements

The measured items were oxygenated haemoglo-
bin (Oxy-Hb), deoxygenated haemoglobin 
(Deoxy-Hb), and total haemoglobin (Total-Hb) 
of the trapezius and levator scapulae muscles. A 
portable near-infrared tissue blood oxygen moni-
tor (Pocket NIRS: Dynasense Co., Ltd., 
Hamamatsu, Japan) was used. As for the mea-
surement method, the zero set was performed in 
the resting prone position as the measurement 
reference value, which measured the relative 
value in each posture measurement with respect 
to the reference value 0. Regarding the position 
of the probe, in an experiment conducted in 
advance, the muscle thickness and parts of the 
trapezius and levator scapulae muscles were con-
firmed in several female subjects using an ultra-
sonic diagnostic imaging system. In this study, it 
was set at 1.5 cm medial to the superior angle of 
the scapula. In addition, the measurements were 
taken on the side with severe symptoms in the 
NSP group and on the right side in the non-NSP 
group.

2.4  Statistical Analysis

For the statistical analysis, Mauchly’s sphericity 
test was performed in advance. If the sphericity 
could be assumed, the split plot design ANOVA 
was used. If the assumption could not be made, 
the degrees of freedom were corrected using the 
Greenhouse-Geisser epsilon. Using the two-way 
ANOVA, we analysed two factors: group (pres-
ence or absence of NSP) and time (neutral posi-
tion/immediately after the flexed or extended 
position/after 30 s in flexed or extended position) 
(2 × 3). For those with an interaction, the multi-
ple comparison method was used by dividing by 

the level of each factor. Regarding the standard of 
the repeated measures factor, a repeated mea-
sures analysis of variance or Friedman’s test was 
performed. For the post-hoc test, the correspond-
ing t-test or Wilcoxon’s test was performed, and 
the Bonferroni method was used for correction. 
The significance level of correction by the 
Bonferroni method was set at 0.017 (0.05/3). The 
two-sample t-test or Mann-Whitney test was per-
formed for each level comparison of uncorrelated 
factors. SPSS version 27.0 (IBM Japan) was used 
for the statistical processing, and the significance 
level in all tests was set to 5%.

3  Results

No significant difference was found in the basic 
attributes between the patients with and without 
NSP.

In flexion, no significant main effect or inter-
action was observed with Oxy-Hb and Total-Hb. 
A significant interaction was observed with 
Deoxy-Hb (p < 0.01). There was no significant 
difference in the changes over time in the NSP 
group (p  =  0.91). However, in the non-NSP 
group, a significant increase was noted at the 
neutral position to immediately after the flexed 
position (p < 0.01) and at the end of maintenance 
of the flexed position (p < 0.01). In the compari-
son between groups, no significant difference 
was observed in the neutral position (p = 0.68), 
immediately after the flexed position (p = 0.06), 
and at the end of maintenance of flexion 
(p = 0.35).

In extension, no significant main effect or 
interaction was observed with Oxy-Hb and 
Total-Hb. A significant interaction was observed 
with Deoxy-Hb (p < 0.01). In the NSP group, no 
significant difference was observed in the changes 
over time (p = 0.91). In the non-NSP group, how-
ever, a significant decrease was observed from 
the neutral position to immediately after the 
extended position (p < 0.01). In the comparison 
between the groups, no significant difference was 
observed in the neutral position (p = 0.97), imme-
diately after the extended position (p = 0.85), and 
at the end of extension position (p = 0.68).
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4  Discussion

Although no significant difference was observed, 
a decrease in Oxy-Hb was noted in flexion. 
Therefore, this indicates that oxygen was con-
sumed during flexion from the neutral position 
and during maintaining the flexion. The trapezius 
and levator scapulae muscles are the postural 
muscles of the cervical spine. When the scapula 
is fixed, it said to have an impact on head and 
neck extension [8, 9]. Previous studies reported 
that mild upper extremity work and maximum 
contraction led to a decrease in Oxy-Hb and 
Total-Hb and an increase in Deoxy-Hb in the tra-
pezius muscle [10, 11]. In the neck flexion task of 
this study, Deoxy-Hb was found to increase due 
to the muscle activity of the trapezius and levator 
scapulae muscles during movement. However, 
the muscle activity was not adequate to cause a 
significant change in Oxy-Hb and Total-Hb. In 
addition, maintaining flexed position indicates 
isometric contraction of the trapezius and levator 
scapulae muscles with stretched position. In 
other words, the increase in the internal pressure 
of the muscles [12, 13] caused a decrease in the 
haemodynamic responses, resulting in venous 
blood flow stasis and a significant increase in 
only the Deoxy-Hb. In the NSP, no significant 

change was observed in the Deoxy-Hb. In a pre-
vious study, not only were the haemodynamic 
responses of the periscapular muscles, the trape-
zius muscle, and the supraspinatus muscle low, 
but also the deep tissue circulatory dynamics in 
the NSP group had also decreased [2]. Therefore, 
the tissue haemodynamics did not change even 
when cervical flexion was maintained. In patients 
with NSP, the aerobic capacity of muscles 
declines, and the muscle haemodynamics are 
impaired [3]. In the case of the NSP in this study, 
the trapezius and levator scapulae muscles might 
be dysfunctional, and the normal oxygen con-
sumption did not occur during the muscle activ-
ity. Therefore, there was no significant change in 
the muscle haemodynamics in the NSP.

In extension, local compression occurs in the 
trapezius and levator scapulae muscles. It is 
likely that the venous blood circulation was pro-
moted by this compression, resulting in a signifi-
cant decrease in Deoxy-Hb.

In the NSP, there was no significant change in 
Deoxy-Hb immediately and after 30  s in the 
extended position. As mentioned above, the mus-
cle haemodynamics may have deteriorated [2] in 
the NSP. In a previous study, it was reported that 
degeneration of muscle fibers occurred on both 
the ventral and dorsal sides of the neck in patients 

Fig. 1 Effects of the muscular haemodynamics of the 
cervical muscles in flexion and extension with NSP and 
non-NSP are shown. G × T: group (presence or absence of 
NSP) and time (neutral position/immediately after the 
flexed or extended position/after 30 s in flexed or extended 
position); neutral, cervical neutral position in sitting; 0 s, 

immediately after the flexed or extended position; 30  s, 
after 30 s in flexed or extended position; NSP neck and 
shoulder patient, Oxy-Hb oxygenated haemoglobin, 
Deoxy-Hb deoxygenated haemoglobin, Total-Hb total 
haemoglobin
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with chronic neck pain [14]. Therefore, the exten-
sion did not affect the haemodynamics of these 
muscle groups in NSP.  We expect that under-
standing the role of oxygenation in NSP, may 
enable pathway to treat NSP (Table 1 and Fig. 1).
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Intramuscular Circulation 
of the Lumbar Multifidus 
in Different Trunk Positions 
on Standing

Masaru Kanda, Takuya Kitamura, Yusuke Suzuki, 
Isamu Konishi, Kei Watanabe, and Naritoshi Sato

Abstract

A deficiency in lumbar muscle blood circula-
tion is considered to be a major risk factor for 
non-specific low back pain. The aim of this 
study was to investigate changes in relative 
circulation over time in the lumbar multifidus 
in different positions on sitting.

Twelve healthy subjects (7 males, 5 
females, average age: 20.9 years) without low 
back pain for the past 12  months were 
recruited. Near-infrared spectroscopy (NIRS) 
was used to non-invasively measure total hae-
moglobin (Total-Hb) and oxygenated haemo-
globin (Oxy-Hb) in the lumbar multifidus at 
the L5-S1 segment. Subjects were asked to 
move into either 60-degree trunk-flexed or 

20-degree trunk-extended position from the 
starting (standing in neutral) position in 3  s, 
timed by a metronome, and to maintain these 
positions for 30  s. The measurements of 
Total-Hb and Oxy-Hb were compared at −3 
(neutral position), 0, 10, 20, and 30 s in each 
flexed and extended position on sitting.

In flexion, Total-Hb and Oxy-Hb of the 
lumbar multifidus were significantly decreased 
from a neutral (−3 s) to flexed (0 s) position 
(Total-Hb: p  =  0.002, Oxy-Hb: p  =  0.004); 
however, there were no significant differences 
in the flexed position. In extension, Total-Hb 
and Oxy-Hb of the lumbar multifidus were 
significantly increased from 0 to 10  s 
(Total-Hb: p  <  0.001, Oxy-Hb: p  <  0.001); 
however, there were no significant differences 
from the neutral (−3 s) to extended (0 s) posi-
tion, or from 10 to 30 s.

The results of this study indicate that the 
intramuscular circulation of the lumbar mul-
tifidus decreases immediately once the trunk 
starts moving into a flexed position on sitting. 
On the other hand, the intramuscular circula-
tion of the lumbar multifidus increases for up 
to 10  s once the trunk starts moving into an 
extended position.
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1  Introduction

Low back pain (LBP), a common symptom 
experienced by all age groups [1–3], was 
reported to be the current primary cause of dis-
ability worldwide [4]. It has been reported that 
occupational LBP, which is the most prevalent 
orthopaedic disorder, has become a heavy finan-
cial and social burden [5]. In addition, LBP has 
been reported to be the primary cause of disabil-
ity in the working- age group [4, 6]. In particu-
lar, those who are required to work in the 
trunk-flexed position for an extended period of 
time have a high probability of experiencing 
LBP, and the prevalence of LBP is high among 
caregivers and nurses as they work in the trunk-
flexed position for approximately 30% of their 
daily working hours [7].

The trunk-flexed position reduces muscle 
blood flow in the lumbar back muscles, which is 
thought to be a cause of LBP. In the flexed posi-
tion, the lumbar back muscles are stretched, 
likely affecting the multifidus, which occupies 
approximately 80% of the lower lumbar spine 
compartment [8]. It was reported that the intra-
muscular pressure of the lumbar back muscles 
was shown to change with different body posi-
tions and changes in the lumbar lordosis angle, 
and the decrease in muscle blood flow due to 
increased intramuscular pressure can be a cause 
of chronic LBP [9]. However, no studies have 
reported the time-dependent changes during 
maintaining different trunk positions. Elucidation 
of these is expected to allow us to implement 
appropriate interventions to improve LBP. 
Therefore, this study aimed to examine the time- 
dependent changes of the intramuscular circula-
tion of the lumbar multifidus of standing subjects 
in different trunk positions.

2  Methods

2.1  Participants

This was conducted as a cross-sectional study 
with 12 student volunteers from Niigata 
University of Health and Welfare (7 males and 5 
females with an average age of 20.8 ± 0.4 years) 
(Table 1). This study was approved by the Ethics 
Committee of Niigata University of Health and 
Welfare (18361–200,207) and was conducted in 
accordance with the ethical standards of the 1964 
Declaration of Helsinki and its later amendments 
or comparable ethical standards.

2.2  Experimental Procedure

The measurements were taken in three standing 
positions: the trunk-neutral position (hereinafter, 
neutral position), 60-degree trunk-flexed position 
(hereinafter, flexed position), and 20-degree trunk-
extended position (hereinafter, extended position). 
With regard to the pelvic position, the anterior 
superior iliac spine was positioned two fingers 
below the posterior superior iliac spine [10]. 
Trunk-flexed and extended angles were measured 
with a goniometer, in accordance with the method 
to measure the range of motion of joints. All posi-
tions were standardised with the upper extremities 
at the side of trunk and legs shoulder-width apart. 
The flexed position was set to 60 degrees, which 
were used as the standing angle in the previous 
study [11], and subjects were instructed to flex the 
trunk without moving the sacrum and to make up 
for less than 60 degrees with an anterior tilt of the 
pelvis, which minimised compensatory move-
ments due to hip flexion. In the extended position, 
maintaining the maximum range of motion (30 

Table 1 Subject characteristics

Participants (n) Age (year) Height (cm) Weight (kg) BMI
All participants 12 20.8 ± 0.4 165.7 ± 9.6 58.1 ± 8.8 21.2 ± 2.5
Male 7 20.9 ± 0.4 171.7 ± 7.8 63.4 ± 7.4 21.6 ± 2.6.
Female 5 20.8 ± 0.4 157.2 ± 2.6 50.6 ± 2.7 20.5 ± 1.5
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degrees) for 30  s was expected to be difficult. 
Thus, it was set to 20 degrees in this study, and 
subjects were instructed to extend the trunk with-
out moving the sacrum, as in the flexed position. 
Prior to measuring Oxy-Hb and Total-Hb, the 
measurements and movements in the measure-
ment positions were practiced using a standing 
rod. A metronome was used to keep the speed of 
movement constant, which confirmed that the 
movement could be made properly at the time of 
measurement, and subjects were instructed to 
maintain the position for 30 s. The measurements 
were taken immediately, 10, 20, and 30 s after the 
start of the neutral, flexed or extended position to 
examine the changes over time.

2.3  NIRS Measurements

This study measured oxyhaemoglobin (Oxy-Hb), 
which is oxygenated haemoglobin, and total hae-
moglobin (Total-Hb), which is the sum of Oxy-Hb 
and deoxyhaemoglobin (Deoxy-Hb), of the lum-
bar multifidus. For the measurements of Oxy-Hb 
and Total-Hb, we used a portable near- infrared tis-
sue blood oxygen monitoring device (Pocket 
NIRS: DynaSense Inc.), which was shown to con-
tinuously analyse the changes in oxygen consump-
tion-supply balance in skeletal muscle during 
various exercises [12]. In the measurements, the 
zero-setting of the measurement reference value 
was performed in the prone resting position (here-
inafter, prone position), and with respect to the 
reference value, the relative values in each mea-
surement position were measured. The measure-
ment probe was attached to the outside of the fifth 
lumbar vertebra and the spinous process of the first 
sacral vertebra, and the photodetector was attached 
so that it was positioned outside of the spinous 
process of the fifth lumbar vertebra.

2.4  Statistical Analysis

The normality was first tested using the Shapiro–
Wilk test. In normally distributed data with con-
tinuous variables, a repeated measures ANOVA 
was performed after Bartlett’s test. When a sig-
nificant difference was found, a multiple com-

parison test was performed with the Bonferroni 
correction using the Tukey-Kramer method. In 
non-normally distributed data, a nonparametric 
multiple comparison test was performed using 
the Steel-Dwass method after the Quade test. 
SPSS Statistics 27.0 (IBM Japan, Ltd.) was used 
for statistical processing, and the significance 
level in all tests was set to 5%.

3  Results

In the flexed position, Oxy-Hb of the lumbar mul-
tifidus decreased significantly from the neutral 
position (−3 s) to the start of the flexed position 
(0 s) (p = 0.008) and from 20 to 30 s after the start 
of the flexed position (p = 0.003). However, no sig-
nificant change was observed from 0 to 10 s and 
from 10 to 20 s after the start of the flexed position. 
Deoxy-Hb decreased significantly from the neu-
tral position (−3 s) to the start of the flexed posi-
tion (0  s) (p  =  0.002). However, no significant 
change was observed in other measurement points. 
Total-Hb decreased significantly from the neutral 
position (−3 s) to the start of the flexed position 
(0 s) (p = 0.002). However, no significant change 
was observed in other measurement points.

In the extended position, Oxy-Hb of the lum-
bar multifidus increased significantly during 10 s 
from the start (0  s) of the extended position 
(p = 0.002). However, no significant change was 
observed in other measurement points. Deoxy-Hb 
increased significantly from 20 to 30 s (p = 0.003). 
However, no significant change was observed in 
other measurement points. Total-Hb increased 
significantly from the neutral position (−3 s) to 
the start of the extended position (0 s) (p = 0.001) 
and during 10 s from the start (0 s) of the extended 
position (p  =  0.001). However, no significant 
change was observed from 10 to 20 s and from 20 
to 30 s after the start of the extended position.

4  Discussion

In the flexed position, Oxy-Hb, Deoxy-Hb and 
Total-Hb of the lumbar multifidus decreased sig-
nificantly from the neutral position (−3 s) to the 
start of the flexed position (0 s), and Oxy-Hb also 
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decreased significantly from 20 to 30 s after the 
start of the flexed position. A previous study 
showed that with decreasing lumbar lordosis 
angle, the intracompartmental pressure of the 
lumbar back muscles increases while muscle 
blood flow decreases [11]. In addition, it was 
reported that intramuscular pressure significantly 
increases in a squatting position or when maxi-
mally bending forward [13], and that Oxy-Hb of 
the multifidus is reduced at trunk flexion of 20 
degrees or more [14]. Furthermore, it was 
reported that a decrease in oxygen supply due to 
mechanical factors, such as a reduction in blood 
vessel diameter caused by the extension of capil-
laries running parallel to the muscles, reduces all 
of Total-Hb, Oxy-Hb, and Deoxy-Hb [15]. As 
mentioned above, the lumbar back muscles are 
stretched in the flexed position, likely affecting 
the multifidus, which occupies approximately 
80% of the lower lumbar spine compartment [8]. 
Therefore, it is likely that Oxy-Hb, Deoxy-Hb 
and Total-Hb of the lumbar multifidus decreased 
in the flexed position for these reasons.

In the extended position, Oxy-Hb and Total-Hb 
of the lumbar multifidus increased significantly 
during 10 s from the start (0 s) of the extended 
position, and Total-Hb also increased signifi-

cantly from the neutral position (−3 s) to the start 
of the extended position (0  s). Deoxy-Hb 
increased significantly from 20 to 30 s after the 
start of the extended position. A previous study 
showed that Oxy-Hb increased during extension 
while Deoxy-Hb remained unchanged, resulting 
in increasing Total-Hb [16]. In addition, it was 
reported that Total-Hb of the multifidus increases 
during trunk extension in the standing position 
[14]. Also, with regard to circulatory haemody-
namics, Oxy-Hb and Total-Hb were shown to 
increase in the extended position, and with regard 
to muscle activity, the muscle activity of the mul-
tifidus was significantly lower in the extended 
position than in the neutral position [17]. 
Therefore, as the extension of the lumbar back 
muscles was anatomically reduced, expanding 
the blood vessel diameter, muscle activity 
decreased, which presumably decreased intra-
muscular pressure and promoted an increase in 
haemodynamics. Because this study used the 
method used in the previous study, it is expected 
that similar haemodynamics occurred, resulting 
in an increase in Oxy-Hb and Total-Hb. We 
expect that understanding the role of oxygenation 
in lumbar multifidus may enable the pathway to 
treat LBP (Fig. 1).

Fig. 1 Changes of the intramuscular circulation of the 
lumbar multifidus in flexion and extension on standing are 
shown. −3  s, neutral position in standing; 0  s, immedi-
ately after the flexed or extended position; 10 s, after 10 s 

in flexed or extended position; 20 s, after 20 s in flexed or 
extended position; 30 s, after 30 s in flexed or extended 
position; Oxy-Hb, oxygenated haemoglobin; Total-Hb, 
total haemoglobin

M. Kanda et al.
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Numerical Optimisation of a NIRS 
Device for Monitoring Tissue 
Oxygen Saturation

Oliver da Silva-Kress, T. Cantieni, M. González, 
M. Michler, T. Rastija, R. Grabher, G. Piai, N. Ansari, 
K. Sharma, E. Morlec, M. Camenzind, L. Boesel, 
and U. Wolf

Abstract

The present work aims to develop a wearable, 
textile-integrated NIRS-based tissue oxygen 
saturation (StO2) monitor for alerting mobility- 
restricted individuals – such as paraplegics – 
of critical tissue oxygen de-saturation in the 
regions such as the sacrum and the ischial 
tuberosity; these regions are proven to be 
extremely susceptible to the development of 
pressure injuries (PI).

Using a combination of numerical methods 
including finite element analysis, image 
reconstruction, stochastic gradient descent 
with momentum (SGDm) and genetic algo-
rithms, a methodology was developed to 
define the optimal combination of wave-
lengths and source-detector geometry needed 
for measuring the StO2 in tissue up to depths 
of 3 cm. The sensor design was optimised to 
account for physiologically relevant adipose 
tissue thicknesses (ATT) between 1 mm and 
5  mm. The approach assumes only a priori 
knowledge of the optical properties of each of 
the three tissue layers used in the model (skin, 
fat, muscle) based on the absorption and scat-
tering coefficients of four chromophores 
(O2Hb, HHb, H2O and lipid).

The results show that the selected wave-
lengths as well as the source-detector geome-
tries and number of sources and detectors 
depend on ATT and the degree and volume of 
the hypoxic regions. As a result of a genetic 
algorithm used to combine the various opti-
mised designs into a single sensor layout, a 
group of four wavelengths was chosen, coin-
ciding with the four chromophores and agree-
ing very well with literature. The optimised 
number of source points and detector points 
and their geometry resulted in good recon-
struction of the StO2 across a wide range of 
layer geometries.
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1  Introduction

Pressure injuries (PI) are caused by hypoxia due 
to pressure exerted on the tissue, which occludes 
the blood flow. Such injuries could be prevented 
if tissue oxygen saturation (StO2) were monitored 
and the pressure removed, before irreversible 
damage occurs. One method to measure the StO2 
is near-infrared-spectroscopy. PI occur at pres-
sure points such as the sit bones and hypoxia is 
localised. This means that such a NIRS device 
needs to be able to detect local hypoxia. The 
design of NIRS devices for optimal penetration 
depth, spatial resolution and chromophore recon-
struction has been a focus ever since the technol-
ogy proved to be a valuable, non-invasive and 
safe method for investigating the oxygen 
exchange in living subjects in 1942 by G.  A. 
Millikan [1]. As the need for increased spatial 
resolution and tomographic methods increased, 
sensor geometries became more complex. 
Current devices have up to five wavelengths and 
up to 32 emitters and 32 detectors, most often not 
prioritising cost, size or mobility [2].

It is important to optimise the geometric 
arrangement of sources and detectors to be sensi-
tive to such a localised hypoxia. Proper wave-
length selection is another crucial step when 
designing a NIRS system [3, 4]. In combination 
with emitter and detector geometry optimisation, 
genetic algorithms are commonplace. However, 
this global optimiser can be very slow, especially 
in a multidimensional variable space and when 
the solution space becomes very large.

Since the present work aims to develop a 
wearable NIRS device with good spatial and 
depth resolution of StO2 in various tissue regions 
and compositions, the goal is to find a balance 
between hardware complexity and spatial resolu-
tion while ensuring that hypoxia can be safely 
detected.

2  Methods

A mesh based on the finite element method 
(FEM) was constructed using the Nirfast finite 
element analysis package for Matlab. Three 
 tissue layers (skin, fat and muscle), each with 
concentrations of four chromophores (HHb, 
O2Hb, H2O and lipid), were used as shown in 
Table 1. The mesh was a 100 × 100 mm rectangu-
lar slab with a total depth of 30  mm with a 
hypoxic sphere placed within the muscle layer at 
the fat-muscle boundary as shown in Fig.  1a. 
Nirfast was used to calculate the fluence rate of 
photons everywhere at the tissue surface due to 
various numbers and positions of point-sources 
of different monochromatic wavelengths for each 
tissue geometry and depth, volume and degree of 
hypoxia of a hypoxic sphere (the forward calcu-
lation) [5]. Nirfast was also used to then spatially 
reconstruct all chromophore concentrations in 
the entire tissue mesh, where the initial values 
were identical to the true values everywhere 
except for the hypoxic volume of interest. The 
error between the reconstructed and true [HHb] 
was calculated using the L2 norm at each node 
within the pre-defined hypoxic volume only.

The goal of the optimisation was to minimise 
this error by iteratively changing the number of 
sources, the number of detectors, their locations 
on the tissue surface, and the wavelengths of 
light. The values of these input variables for each 
following iteration were chosen according to sto-
chastic gradient descent with momentum 
(SGDm) to find a global minimum with as few 
iterations as possible in order to find the sensor 
configuration which allowed the most accurate 
reconstruction of the hypoxic volume.

2.1  Optimising a Sensor 
for a Specific Tissue 
Physiology

SGDm was used to seek the direction of each 
iteration in variable space. This approach takes 
the classic method of gradient descent and 
includes momentum; a way of keeping the 
upcoming variable changes from resulting in a 
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Table 1 Chromophore concentrations of the layered FEM mesh

O2Hb (μM) HHb (μM) H2O (%Vol) Lipid (%Vol)
Skin 0.045 0.015 0.5 0
Fat 0.0004 0.0001 0.2 0.78
Muscle 0.03 0.01 0.75 0

Fig. 1 (a) Representative geometry of the finite element tissue mesh and hypoxia placement. (b) Outline of the SGDm 
algorithm

solution which may be trapped in a local mini-
mum by forward projecting the probable effect of 
a variable change based on past variable changes 
with exponentially decreasing weight.

The stochastic element chooses the path in 
variable space based on those probabilities, help-
ing to further avoid local minima and to aid in 
rate of convergence by sampling a broad region 
of the solution space (Fig. 1b).

The algorithm also allows the physical con-
straints of the sensor to be built into the optimisa-
tion. These constraints include the number of 
wavelengths and the number of source and 
 detector points (based on desired hardware com-
plexity), the minimal distance and maximum 
source-detector separation (SDD) as a function 
of a limited dynamic range (based on hardware 
limits). The increase of these variables is coun-
tered by an offset sigmoid function which sto-
chastically weighs the benefits of increasing 
them against the practical cost of doing so. 
Formally, the objective of the optimisation is to
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where N is the number of nodes within the 
hypoxic volume, S is the number and position of 
the source points, D is the number and position of 
the detection points, λ is the wavelength array, 
and the superscripts C and T indicate calculated 
(reconstructed) and true chromophore concentra-
tions, respectively. The number of wavelengths 
was allowed to be chosen freely between 2 and 4, 
and the available wavelengths were between 
630 nm and 950 nm in 10 nm steps. PS D, ,�

�  is the 
probability that a new configuration can be 
accepted at each iteration, and is calculated based 
on the total forward-projected change to W which 
increases when the number of S or D increases 
based on an offset sigmoid function and E which 
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increases based on the increase of past similar L2 
changes of the same variable.

2.2  A Genetic Algorithm 
Approach to Finding 
a General Solution

Through the various combinations of tissue 
parameters, a total of 300 meshes were con-
structed and the optimum wavelength and source- 
detector geometries calculated using SGDm. The 
L2 of each iteration was encoded in the form of 
chromosomes, or binary strings. Counting for 
every iteration and its stored L2 value for each of 
the 300 optimisations, a total of over 16,000 
chromosomes could be populated for the genetic 
algorithm. The chromosomes were ranked 
according to fitness (normalised inverse of L2) 
and the top 15% were stochastically selected into 
the mating population to boost genetic diversity. 
After the selected population was combined to 
produce offspring with a P  =  1/L chance to 
mutate, where L is the length of the chromosome, 
forward calculations were done using 16 FEM 
meshes, each a combination of the extreme values 
of the mesh geometry and composition. For each 
reconstructed set, the mean of the L2 value was 
stored. These solutions, with their updated fitness 
values, were fed back into the general population 
and the process repeated. This process was 
allowed to run for 50 generations, or until domi-
nating groups of solutions emerged. In an ideal 
scenario with constant evolutionary pressure, the 
chromosomes of the breeding population would 
all converge. The evolution of the dominating 
chromosomes can be tracked during optimisa-
tion. To avoid degenerate solutions to the source- 
detector geometry, the hypoxic volume was offset 
from the centre of the mesh in the surface plane.

3  Results

3.1  SGDm

The algorithm was able to define sensor configu-
rations which could reconstruct hypoxic regions 
at a depth of up to 30 mm for large hypoxic vol-

umes and degrees of hypoxia. Reconstruction, 
within the wavelengths and source-detector 
geometry bounds set before optimisation, was 
limited by hypoxic volume and depth. Localised 
hypoxia at a mean depth of at least 2  cm with 
larger volume and with StO2 less than 60% of 
baseline can be reconstructed with less than 5% 
error in StO2 using up to 4 wavelengths and up to 
10 sources and detectors (Fig. 2).

3.2  Genetic Algorithm

The top two dominating chromosomes in the 
evolving population were tracked until conver-
gence became clear. Because the two dominant 
wavelength groups were nearly equal in preva-
lence, both were considered as suitable groups 
for the NIRS device (Table 2). Both groups match 
well with literature, have reasonable spacing 
between wavelengths and placement on both 
sides of the isosbestic point of both haemoglobin 
species [2].

There exists a wide group of source-detector 
configurations, likely due to small variations of 
the geometry near the global minimum having 
little influence on the reconstruction error. These 
configurations tend towards 4 sources, 8 detec-
tors and a rather unintuitive geometry cantered 
around the hypoxic volume.

4  Discussion

The hypoxic inclusion was embedded in the mus-
cle layer, meaning that increased ATT resulted in 
a deeper inclusion. The number of source and 
detector points resulting from SGDm therefore 
increased greatly with depth, often reaching the 
upper limit of the preset hardware bounds. 
Therefore, it may be possible to exceed the depth 
limit seen in these simulations by allowing for 
more sources and detectors.

Because the genetic algorithm used the mean 
L2 of tissue geometries with no ATT and high 
ATT to score fitness, each of the two dominating 
wavelength groups may correspond to low and 
high ATT, respectively. This is supported in that 
the second wavelength group includes 910  nm; 
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Fig. 2 Percent error in reconstructed StO2 for different 
minimum inclusion depths (top of hypoxic sphere) and 
hypoxic volumes, for three different inclusion StO2. The 

regions within the outlined portions show the space where 
StO2 could be resolved with less than 5% error

Table 2 The two dominating wavelength groups result-
ing from 50 generations of evolution

λ1 λ2 λ3 λ4

Group 1 (nm) 690 740 810 880
Group 2 (nm) 660 690 880 910

beyond the typical upper regime for NIRS 
devices, but within the regime where lipid absorp-
tion begins to dominate haemoglobin absorption. 
This effect should be further investigated by 
decoupling depth of the hypoxia from ATT, 
allowing the hypoxic region to be placed trans- 
regionally in the layer mesh.

Past methods have focused on the optimisa-
tion of either the wavelength group or the optode 
geometry. Corlu et al. presented in 2005 an algo-
rithm to analyse wavelength groups for accurate 
reconstruction of the same 4 chromophores 
which revealed a group of 5 wavelengths (650, 
710, 865, 912, 928 nm) for a fixed optode geom-
etry [6]. Conversely, Culver et al. used singular 
value decomposition to optimise the geometry of 
a fixed number of sources and detectors in 2001 
[7]. The wavelength groups calculated in the 
present work are consistent with good separabil-
ity and low crosstalk dual-wavelength groups 
found by Uludağ et al. in 2004 [8]. The present 
work is unique in that the number of sources and 
detectors, their arrangement, and the number of 
wavelengths are simultaneously optimised while 
the algorithm allows bounding parameters based 

on desired hardware complexity. In this sense, all 
specifications of the sensor are optimised in par-
allel. Using 4 wavelengths also allows an exact 
solution to the MBLL when four chromophores 
are considered; a large advantage for practical 
application.

In conclusion, simultaneously solving for all 
necessary parameters needed to design a NIRS 
sensor for StO2 recovery can be accomplished 
with relatively fast convergence. It also shows a 
correlation between the parameters of tissue layer 
geometry, number and locations of sources and 
detectors, and the wavelengths used, further sug-
gesting the importance of multivariate parallel 
optimisation.

One resulting sensor design using wavelength 
Group 1, 4 emitters and 8 detectors is now being 
used to manufacture the first wearable sensors for 
the prevention of pressure injuries. The optimisa-
tion approach also allows the flexibility to design 
NIRS sensors for further applications based on 
measurement area and costs.

As with many global search methods, the pro-
cess can be computationally expensive. However, 
the approach converges in relatively few itera-
tions. The most expensive step is the inverse cal-
culation, which can take up to 2 min per iteration 
or up to 12 h per configuration, or a week for a 
full solution on a CPU cluster. This can be 
avoided by evaluating the quality of the forward 
data differently.
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Upper Trapezius Muscle Tonicity, 
Assessed by Palpation, Relates 
to Change in Tissue Oxygenation 
and Structure as Measured 
by Time-Domain Near Infrared 
Spectroscopy

A. Buot, K. Brownhill, and F. Lange

Abstract

Palpation is a diagnostic tool widely used by 
manual therapists despite its disputed reliabil-
ity and validity. Previous studies have usually 
focused on the detection of myofascial trigger 
points (MTrPs), i.e., the points within muscles 
thought to have undergone molecular compo-
sition, oxygenation and structural changes, 
altering their tonicity. Time-domain near- 
infrared spectroscopy (TD-NIRS) could pro-
vide new insights into soft tissue oxygenation 
and structure, in order to objectively assess the 
validity and reliability of palpation. This pilot 
study aims at (1) assessing the ability of 
TD-NIRS to detect a difference between pal-
pably normal and hypertonic upper trapezius 
(UT) muscles, and (2) to estimate the repro-
ducibility of the TD-NIRS measurement on 
UT muscles. TD-NIRS measurements were 

performed on 4 points of the UT muscles in 18 
healthy participants (10F, mean age: 
27.6 years), after a physical examination by a 
student osteopath to locate these points and 
identify the most and least hypertonic. From 
TD-NIRS, the most hypertonic points had a 
higher concentration in deoxy- ([HHb]) 
(0.887 ± 0.253 μM, p < 0.001) and total hae-
moglobin ([HbT]) (1.447  ±  0.772  μM, 
p < 0.001), a lower tissue oxygen saturation 
(StO2) (−0.575 ± 0.286%, p < 0.001), and a 
greater scattering amplitude factor (AF) 
(0.2238  ±  0.1343  cm−1, p  =  0.001) than the 
least hypertonic points. Moreover, the intra-
class correlation coefficient one-way random- 
effects model (ICC (1,1)) calculated for each 
TD-NIRS parameter and for each point 
revealed an excellent reliability of the mea-
surement (Mean  ±  SD, 0.9253  ±  0.0678). 
These initial results, showing that changes in 
TD-NIRS parameters correlate with changes 
in muscle tonicity as assessed by palpation, 
are encouraging and show that TD-NIRS 
could help to further assess the validity of pal-
pation as a diagnostic tool in manual therapy.
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1  Introduction

Osteopaths are required to recognise the differ-
ence between the normal and abnormal function 
of a tissue [1]. Several techniques are available to 
determine these changes, among them the sense 
of touch combined with observation and motion 
evaluation [1]. Palpation is usually applied to 
assess tissue motion, soft tissue quality, to pro-
voke pain or tenderness, and to determine bony 
landmark position. It is a widespread tool to diag-
nose soft tissue dysfunctions. However, a prob-
lem is the continued use of palpation as a 
diagnostic tool in osteopathic practice, despite 
lack of robust evidence of validity or reliability.

Myofascial trigger points (MTrPs) are the 
characteristic features of myofascial pain syn-
drome (MPS) which is described as “…a regional 
pain syndrome characterized by myofascial trig-
ger points (MTrP) in palpable taut bands of skel-
etal muscle that refer pain to a distance, and that 
can cause distant motor and autonomic effects.” 
[2]. MPS is believed to be the underlying patho-
physiology in most patients with chronic non- 
specific neck pain [2] (when there is no 
recognisable pathology underlying the pain). 
There is evidence that chronic load on the muscle 
causes microtubule proliferation and a restriction 
of blood flow resulting in local ischemia/hypoxia 
[3].

Time-domain near-infrared spectroscopy 
(TD-NIRS) is a non-invasive optical tool that is 
able to monitor, non-invasively, physiological 
(i.e., haemodynamic) and structural tissue param-
eters. Notably, it can measure the concentration 
of different chromophores, such as oxy- ([HbO2]) 
and deoxy-haemoglobin ([HHb]) in the tissues 
(and thus, the total concentration in haemoglobin 
[HbT]) and the tissue oxygen saturation 
(StO2 = [HbO2]/[HbT]) [4]. Moreover, it can give 
an insight into tissue structure by analysing the 
scattering information obtained [5].

These capacities of TD-NIRS allow changes 
in tissue properties to be observed in MPS, which 
can be used to evaluate palpation validity. 
Therefore, this pilot study aims to assess the 
structure and oxygenation of healthy muscles, 
enabling further study on non-healthy subjects, 

and to assess the validity of palpation. The two 
specific aims set for this study are (1) to assess 
whether scattering and absorption parameters, as 
measured by TD-NIRS, differ between palpably 
normal and hypertonic upper trapezius muscles, 
and (2) to estimate the reproducibility of tissue 
parameters measured by TD-NIRS, using the 
upper trapezius muscles.

2  Methods

A total of 18 healthy adults (10F, mean age: 
27.6 years) participated in this study. Participants 
presenting with any self-reported pathology such 
as acute or chronic neck pain, fibromyalgia, 
myopathy, radiculopathy, history of shoulder or 
spine surgery, cardiovascular, pulmonary or met-
abolic diseases were excluded. The research pro-
tocol was reviewed and approved by the Research 
Ethics Committee of the UCO, London; and 
signed informed consent was obtained from all 
participants.

The examiner, a student osteopath and physio-
therapist with 6 years’ experience, palpated the 
subjects’ upper trapezius muscles to identify the 
most and least hypertonic sites (4 sites in total, 2 
on each side). Palpation was limited to the central 
region of the upper trapezii within 10 cm of the 
muscle’s midline. The least amount of pressure 
was used to identify these sites. The participants 
were asked to report if the pressure used elicited 
tenderness and their answer was recorded. Then, 
the examiner marked these 4 sites using a surgi-
cal skin marker.

The TD-NIRS measurements were made 
using an in-house developed instrument previ-
ously described in [6]. In the present study, one 
source and one detector were used, allowing to 
record 1 channel at a time. A custom 3D printed 
probe was used to hold the source and detector 
optical fibre at a separation distance ρ  =  3  cm 
when applied to the skin. The probe was manu-
ally centred on each of the 4 marked sites, with 
the least amount of pressure necessary to main-
tain skin contact. Measurements were performed 
in a dark room to decrease the amount of back-
ground light. TD-NIRS data were acquired 
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sequentially for the 4 points, using 16 wave-
lengths, from 650 to 890 nm in steps of 15 nm, 
with an acquisition time of 2.5 s per wavelength. 
To estimate the reproducibility of the measure-
ment, data acquisition of the 4 different sites was 
repeated 3 times.

The TD-NIRS data was processed offline 
using Matlab R2018a. We used the classical 
method to estimate the reduced scattering coeffi-
cient μ’s and the absorption coefficient μa, where 
the distribution of time of flights (DTOF) are fit-
ted to a standard homogeneous model of diffu-
sion theory, after convolution with the IRF. Then, 
the absorption spectra were used to extract the 
haemodynamic parameters. Finally, the scatter-
ing information were analysed by fitting the scat-
tering spectra obtained between 740 and 870 nm, 
to an approximation of Mie scattering. This 
allows to extract 2 parameters, the scattering 
amplitude factor (AF) and scattering power (SP).

Statistical analyses were performed using 
Jamovi software (2018). Descriptive statistics 
were calculated for demographic variables (such 
as age and sex). For inferential tests, the proba-
bility value was set at p < 0.05.

To assess the effect of muscle tonicity (most/
least hypertonic) on the TD-NIRS parameters, 
linear mixed effects regression models were 
used. Participants were treated as random effects 
(random intercepts) to account for correlations 
between measurements due to measurements 
being repeated on the same subject. The TD-NIRS 
parameters were the response variables, and the 
muscle tonicity state was the fixed effect.

To estimate the reproducibility of tissue 
parameters measured by TD-NIRS, their reliabil-
ity has been calculated using the intraclass cor-
relation coefficient one-way random-effects 
model (ICC (1,1)).

3  Results

Primary descriptive analysis of haemodynamic 
TD-NIRS observations showed a bimodal distri-
bution for [HbO2], [HbT] and StO2. When plotted 
against age and sex, it showed that these param-
eters were strongly dependent on these demo-

graphic variables. Hence, age and sex were 
included in the models as fixed effects. Inclusion 
of these variables led to the model residuals 
becoming normally distributed.

Hypertonicity was found to be statistically 
significant for response variables [HHb] 
(F(1,198) = 47.205, p < 0.001), [HbT] (F(1,198) = 13.53, 
p < 0.001), and StO2 (F(1,198) = 15.42, p < 0.001) 
(Table 1). Models indicated that the most hyper-
tonic points had [HHb] 0.887  μM and [HbT] 
1.447 μM higher than the least hypertonic points, 
as well as a decreased StO2 of 0.5%. In contrast, 
the [HbO2] in the most and least hypertonic 
points exhibited no significant difference 
(F(1,198) = 2.78, p < 0.097).

A similar process was used for the scattering 
TD-NIRS observations and the tonicity, as the 
primary descriptive analysis showed a bimodal 
distribution, mainly related to sex and age. 
Modelling with AF as response variable showed 
that hypertonicity was statistically significant 
(F(1,198) = 10.657, p = 0.001) (Table 1). AF was 
0.2238  cm−1 higher for the most hypertonic 
points compared to the least hypertonic points. 
However, for SP as response, tissue tonicity was 
not statistically significant (F(1,198)  =  0.262, 
p = 0.609).

The residuals were examined using a Q-Q plot 
of residuals and found to be normally distributed. 
The presence of overly influential observations 
was checked by calculating for Cook’s distances. 
No observation was found to be overly influential 
(Cook’s distance <1).

The intraclass correlation coefficients calcu-
lated for repeated observations were calculated 
for each TD-NIRS parameter. All ICC values 
indicated an excellent reliability (Table 2).

4  Discussion

Our study showed that the most hypertonic points 
in the upper trapezius muscle had a greater [HHb] 
and [HbT], a reduced StO2, and no changes in 
[HbO2] compared to the least hypertonic points 
as measured by TD-NIRS.  This could be inter-
preted as a local small increased metabolic 
 activity (greater [HHb]), where O2 demand mar-
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Table 1 Main statistical results of the linear mixed effects regression model between haemodynamic and scattering 
TD-NIRS observations and hypertonicity state, accounting for Age and Sex

TD-NIRS parameters
ESTIMATE

95% CONFIDENCE 
INTERVAL

pEffect most – (least) Lower Upper
Haemodynamic [HHb] 0.887 0.634 1.14 <0.001

[HbO2] 0.560 −0.099 1.22 0.097

[HbT] 1.447 0.676 2.22 <0.001
StO2 −0.575 −0.863 −0.29 <0.001

Scattering AF 0.2238 0.0895 0.3582 0.001
SP 0.0059 −0.0167 0.0285 0.609

Table 2 ICC (1,1) for TD-NIRS parameters according to every point

TD-NIRS parameters Point 1 Point 2 Point 3 Point 4
[HHb] 0.7327 0.9275 0.8615 0.7793
[HbO2] 0.9718 0.9797 0.9620 0.9826
[HbT] 0.9563 0.9790 0.9508 0.9854
StO2 0.9579 0.9470 0.9583 0.9115
AF 0.9070 0.9515 0.8051 0.9678
SP 0.93269 0.9867 0.9234 0.8891

ginally outstrips supply (small decrease in StO2 
and no significant change in [HbO2]) by means of 
an increased blood volume/flow (higher [HbT]). 
This hypothesis would have to be confirmed by 
adding an independent assessment of the blood 
flow to clearly differentiate the supply from the 
demand, which is not straightforward with NIRS 
measurements only. Techniques such as diffuse 
correlation spectroscopy (DCS) could be used in 
combination with TD-NIRS to do so [7]. 
Moreover, our participants were healthy subjects, 
so it remains to be seen whether the same find-
ings would be seen in a clinical population to bet-
ter understand the physiology of MPS and 
MTrPs.

Regarding the scattering parameters, our 
results showed an increase of the AF but not of 
the SP in the most hypertonic points compared to 
the least. This reflects an augmentation in the 
effective concentration of the scattering centres 
with no change in their dimension, indicating a 
greater density of the same scattering structure 
[5]. Thus, this suggests that the most hypertonic 
points were optically denser than the least hyper-

tonic points within the upper trapezius muscle 
according to the TD-NIRS analysis. This is in 
line with previous works using different instru-
ments such as ultrasound imaging [8], showing a 
difference in tissue density between MTrPs and 
normal sites in various muscles. However, as the 
NIRS measurement is not a direct measure of tis-
sue density, further work would be needed to 
confirm this hypothesis.

Overall, the TD-NIRS scattering and absorp-
tion parameters seems to differ between palpa-
bly normal and hypertonic points within the 
upper trapezius muscles. Several limitations of 
this preliminary study should be acknowledged. 
First, in the methodology, the amount of exter-
nal pressure applied by the examiner was quali-
tatively assessed, and more quantitative 
measurement is needed to standardise the mea-
surements, such as the use of a pressure algom-
eter. Secondly, it is worthwhile to realise that 
baseline muscle tonicity varies between indi-
viduals. The use of a scale or a tonicity ratio 
(between the most hypertonic point and the sur-
rounding muscle tissue) might provide with 
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more accurate results. Then, in our study, a sin-
gle practitioner performed all examinations, and 
inter- and intra-observer variability were not 
assessed. For the TD-NIRS protocol, subcutane-
ous adipose tissue thickness (SATT) was not 
measured in this study as it was thought not be 
significant over the upper trapezius muscle. 
However, it might partially explain the differ-
ence between male and female, as male tends to 
have a smaller SATT with respect to female [9]. 
Further research might see the use of a skinfold 
calliper to measure SATT, and/or a more com-
plex light propagation model could be used in 
TD-NIRS to allow for the SATT above the mus-
cle. Finally, in the present study the myoglobin 
(Mb) species was not considered. Indeed, there 
is a debate about the contribution of haemoglo-
bin (Hb) and Mb to the in  vivo near-infrared 
(NIR) signal from skeletal muscle, as it is diffi-
cult to differentiate Hb and Mb spectra since 
they are very similar in the NIR range [9].

In conclusion, this study shows, for the first 
time, a correlation between the resting tonicity 
state of the upper trapezius muscle, detected by 
palpation, and a change in the haemodynamic 
and scattering state measured by TD-NIRS in 
healthy subjects. These initial results are encour-
aging and show that TD-NIRS could help to fur-
ther understand the physiology behind the 
formation of MPS and MTrPs and assess the 
validity of palpation as a diagnostic tool in man-
ual therapy.
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Perceived Exertion Correlates 
with Multiple Physiological 
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Abstract

The purpose of this study was to investigate 
the relationship of the Borg scale score with 
leg-muscle oxygenated haemoglobin (O2Hb) 
and deoxygenated haemoglobin (HHb) levels 
on near infrared spectroscopy (NIRS) and the 

work rate, heart rate (HR), oxygen uptake 
(VO2) and minute ventilation (VE) during 
supine cardiopulmonary exercise testing 
(CPET) in healthy adult men. We also investi-
gated the relationships between the leg- muscle 
O2Hb and HHb levels and the work rate during 
supine CPET. Fifteen healthy male volunteers 
(mean age, 20.7  ±  0.6  years; mean height, 
172.1  ±  5.7  cm; mean body weight, 
61.7 ± 6.6 kg) participated in this study. The 
cardiopulmonary and NIRS parameters were 
assessed during each minute of supine CPET 
and at the end of the test. The Borg scale score 
significantly correlated with the work rate, 
HR, VO2, and VE during supine CPET 
(Rs = 0.86–0.94, p < 0.05). Furthermore, the 
Borg scale score significantly correlated with 
the leg-muscle O2Hb and HHb levels during 
supine CPET (Rs  =  −0.6, and 0.8, respec-
tively; p  <  0.05). The leg-muscle O2Hb and 
HHb levels had significant correlations with 
the work rate (R = −0.62 and 0.8, respectively; 
p < 0.05). The Borg scale score may be used to 
determine the rating of perceived exertion, 
whole-body fatigue and local-muscle fatigue 
during supine exercise. Moreover, leg-muscle 
oxygenation is associated with the work rate 
in supine exercise, similar to that observed in 
upright exercise.
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1  Introduction

Supine bicycle ergometry exercises have been 
performed by patients undergoing haemodialysis 
[1]. Additionally, supine bicycle ergometry exer-
cises have been used as part of early rehabilita-
tion in intensive care units [2] and are often used 
in cardiopulmonary exercise testing (CPET) [3].

Previous studies have shown that deoxygen-
ated haemoglobin (HHb) concentration in leg 
muscles, when measured by near infrared spec-
troscopy (NIRS), increases in relation to the work 
rate during upright CPET in healthy adults [4]. 
The rating of perceived exertion (RPE) using the 
Borg scale can represent extreme intensities of 
activity and is significantly correlated with oxy-
gen uptake (VO2), heart rate (HR) and work rate, 
which gradually increases during upright CPET 
in healthy adults [5] .

The purpose of this study was to investigate 
the relationships of the Borg scale score with the 
levels of leg-muscle O2Hb and HHb via NIRS 
and the work rate, heart rate (HR), oxygen uptake 
(VO2) and minute ventilation (VE) during supine 
CPET in healthy adult male volunteers. We also 
investigated the relationships between the leg- 
muscle O2Hb and HHb levels and the work rate 
during supine CPET.

2  Methods

2.1  Participants

Fifteen healthy male volunteers (mean age, 
20.7 ± 0.6 years; mean height, 172.1 ± 5.7 cm; 
mean body weight, 61.7 ± 6.6 kg) participated in 
this study. No participant exhibited symptoms of 
neurological or cardiovascular disease, and all 
were free from medication at the time of the 
study. Each participant provided written informed 

consent after receiving information regarding the 
potential risks, study objectives, measurement 
techniques and benefits associated with the study. 
This study was approved by the Ethics Committee 
of Niigata University of Health and Welfare 
(Approval No. 18124–190,116) and was con-
ducted in accordance with the ethical standards 
of the 1964 Declaration of Helsinki and its later 
amendments or comparable ethical standards.

2.2  Experimental Procedure

Participants performed supine CPET with ramp- 
exercise protocols to determine the VO2 and 
VE.  The protocol consisted of a 4-min rest 
period, 4-min warm-up period, cardiopulmonary 
exercise, and 2-min cool-down period. A ramp 
program with an incremental increase in the 
workload of 20 watts/minute on a stationary 
bicycle (Aerobike 75XLIII; Konami, Tokyo, 
Japan) accompanied by electrocardiography 
(ECG; DS-7520, Fukuda Denshi, Tokyo, Japan) 
and an exhaled gas analyser (AE-310S; Minato 
Medical Science, Osaka, Japan) were used. All 
participants were instructed to maintain a 
cadence of 50 rotations per minute (rpm) during 
supine CPET. Exhaustion was defined as follows 
[6]: (1) a plateau in VO2; (2) respiratory exchange 
ratio > 1.1; (3) HR values near the age-predicted 
maximal heart rate, calculated as 220  - 
(0.65 × age); and (4) a decrease in the cycling 
cadence to <50  rpm, despite strong verbal 
encouragement. The highest value obtained for 
VO2 was considered the VO2 peak. We evaluated 
the HR (using ECG), work rate (in watts), and 
VO2 and VE (using an exhaled gas analyser) for 
each minute of supine CPET and at the end of 
the exercise test. Additionally, the anaerobic 
thresholds (ATs) during supine CPET were 
determined using the V-Slope method [7]. All 
participants were asked, “How hard do you feel 
you are working?” using the Borg scale and their 
responses were recorded every minute. The Borg 
CR-10 scale, comprising a rating between 0 
(nothing at all) and 10 (very very strong), was 
used in this study.
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2.3  NIRS Measurements

NIRS was used to determine the muscle oxygen 
consumption during supine CPET.  We evaluated 
the O2Hb and HHb levels for each minute of supine 
CPET and at the end of the exercise test. O2Hb and 
HHb levels were measured in the left vastus latera-
lis muscle using NIRS (OMEGAFLOW BOM-L1 
TRW, OMM Corp., Tokyo, Japan). The probe and 
detector were set in an optically dense rubber 
holder to ensure stability in their relative positions. 
They were secured to the thigh using adhesive tape 
in order to minimise motion artefacts and contami-
nation of the signal by ambient light. The HHb 
level can be used to quantify muscle oxygen extrac-
tion [8]. O2Hb and HHb parameters were presented 
as the relative changes from those at rest.

2.4  Statistical Analysis

The Spearman rank correlation coefficient (Rs) 
was used to evaluate the relationships between 
the Borg scale score and the work rate, HR, VO2 
and VE as well as the O2Hb and HHb levels dur-
ing supine CPET. In addition, the Pearson corre-
lation coefficient (R) was used to evaluate the 
relationships between O2Hb and HHb levels and 
the work rate during supine CPET.  Statistical 
analyses were performed using SPSS 21.0 (SPSS 
Japan Inc., Tokyo, Japan). Statistical significance 
was set at p < 0.05.

3  Results

All participants completed supine CPET 
(Table 1). The Borg scale score had a significant 
correlation with the work rate, HR, VO2, and VE 
during supine CPET (Rs = 0.86–0.94, p < 0.05; 
Figs.  1a–d). Furthermore, the Borg scale score 
showed a significant correlation with the leg- 
muscle O2Hb and HHb levels during supine 
CPET (Rs = −0.6, and 0.8, respectively; p < 0.05; 
Figs. 1e, f). The leg-muscle O2Hb and HHb levels 
significantly correlated with the work rate 
(R  =  −0.62, and 0.8, respectively; p  <  0.05; 
Figs. 1g, h).

4  Discussion

This study showed that Borg scale score had sig-
nificant correlations with physiological parame-
ters such as the HR, VO2, and VE, which gradually 
increased with the work rate during supine CPET 
in healthy adults. The Borg scale score also sig-
nificantly correlated with leg-muscle O2Hb and 
HHb levels, as assessed by NIRS, during supine 
CPET.  Additionally, the leg-muscle O2Hb and 
HHb levels had significant correlations with the 
work rate during supine CPET.

Our previous study showed that the rating of 
perceived exertion significantly correlated with 
the work rate, HR and VO2 during upright CPET 
in healthy adults [9]. The Borg scale score 
appears to correlate with physiological parame-
ters such as HR, VO2 and VE during supine 

Table 1 Subject characteristics (n = 15)

Characteristics Mean (SD)
Age, years 20.7 (0.6)
Height, cm 172.1 (5.7)
Body weight, kg 61.7 (6.6)
Cardio-pulmonary exercise testing
At rest
Borg scale 0 (0–0)
Work rate (Watts) 0 (0)
HR (beat/minute) 72.1 (11.3)
VO2 (ml/kg/min) 3.8 (0.7)
VE (L) 6.9 (1.1)
Anaerobic threshold (AT)
Borg scale 2 (1–5)
Work rate (Watts) 86.7 (22.1)
HR (beat/minute) 120.3 (20.3)
VO2 (ml/kg/min) 18.8 (4.9)
VE (L) 27.3 (6.5)
O2Hb (a.u) −0.09 (0.15)
HHb (a.u) 0.04 (0.12)
End of test (maximum)
Borg scale 8 (5–10)
Work rate (Watts) 175.3(21.3)
HR (beat/minute) 173.9 (13.5)
VO2 (ml/kg/min) 35.3 (8.3)
VE (L) 41.5 (12.9)
O2Hb (a.u) −0.35 (0.2)
HHb (a.u) 0.46 (0.18)

SD standard deviation, HR heart rate, VO2 oxygen uptake, 
VE minute ventilation, O2Hb oxygenated haemoglobin, 
HHb deoxygenated haemoglobin concentration

Perceived Exertion Correlates with Multiple Physiological Parameters During Cardiopulmonary Exercise…
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Fig. 1 Relationship between the Borg scale rating of per-
ceived exertion and physiological outcomes and O2Hb and 
HHb levels during supine cardiopulmonary exercise testing
Scatterplots illustrating the relationships between the 
Borg scale score and physiological and NIRS parameters 
every minute during supine cardiopulmonary exercise 
testing for each subject are shown. (a) the Borg scale and 

work rate; (b) the Borg scale and heart rate; (c) the Borg 
scale and VO2; (d) the Borg scale and VE; (e) the Borg 
scale and O2Hb; (f) the Borg scale and HHb; (g) O2Hb and 
work rate; (h) HHb and work rate
VO2 oxygen uptake, VE minute ventilation, O2Hb oxygen-
ated haemoglobin, HHb deoxygenated haemoglobin con-
centration, NIRS near infrared spectroscopy

CPET, similar to the values observed in the 
upright CPET. The Borg scale may be considered 
valid to determine the rating of perceived exer-
tion in supine exercise, as with upright exercise.

In a previous report, the leg-muscle HHb lev-
els significantly correlated with work rate during 
upright CPET [10], and another reported that leg- 
muscle O2Hb decreased and HHb increased with 
the increased work rate during upright cycling 
exercise [11]. Supine CPET and upright tests, 
therefore, may have similar relationships with 
leg-muscle O2Hb and HHb levels and work rates.

In conclusion, the Borg scale score may be 
used to determine the rating of perceived exertion, 
whole-body fatigue and local-muscle fatigue dur-
ing supine exercise. Moreover, leg muscle oxy-
genation is associated with the work rate in supine 
exercise, similar to that of upright exercise.
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Systemic and Quadriceps Muscle O2 
Dynamics in Subjects Without 
Attenuation Point of Deoxygenated 
Haemoglobin Concentration 
During Ramp Cycling Exercise

Shun Takagi, Ryotaro Kime, Shizuo Sakamoto, 
and Toshihito Katsumura

Abstract

The aim of this study was to compare systemic 
and quadriceps muscle O2 dynamics between 
aerobic capacity-matched subjects without 
(NAP; n = 5) and with (CON; n = 13) attenua-
tion point in deoxygenated haemoglobin con-
centration (deoxy-Hb) at vastus lateralis 
(APdeoxy-Hb@VL) during ramp cycling exercise. 
Muscle O2 saturation (SmO2) and deoxy-Hb 
were monitored at the vastus lateralis (VL), 

rectus femoris (RF), and vastus medialis (VM) 
by spatial resolved near infrared spectroscopy 
during exercise. Cardiac output (CO) and pul-
monary O2 uptake (VO2) were also continu-
ously measured. During high-intensity 
exercise, in NAP, steeper slopes of both 
deoxy-Hb and SmO2 were found at VM, simi-
lar to VL muscle. Additionally, at RF, the 
slope of deoxy-Hb was steeper in NAP than 
CON. While the slope of pulmonary VO2 was 
similar between groups, the slope of CO was 
shallower in NAP than CON. During moder-
ate intensity exercise, the slopes of all vari-
ables were similar between groups. These 
results suggest that the slope of muscle deoxy-
genation was enhanced not only in VL but also 
other thigh muscles in NAP, compared to 
CON. Because the slope of CO was associated 
with the slope of SmO2 and deoxy-Hb at VL 
during high-intensity exercise, the differences 
in subjects with and without APdeoxy-Hb@VL may 
be partly explained by systemic O2 supply, 
rather than O2 balance in the other quadriceps 
muscles.
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1  Introduction

Muscle deoxygenated haemoglobin concentration 
(deoxy-Hb) evaluated by near infrared spectros-
copy (NIRS) reflects the balance of O2 unloading 
and blood outflow from the muscle, and deoxy-
Hb is generally increased with increasing exercise 
intensity [1]. However, at vastus lateralis (VL) 
muscle during high- intensity levels of ramp 
cycling exercise, the slope of deoxy-Hb is usually 
attenuated, and the attenuation point in deoxy-Hb 
at VL (APdeoxy-Hb@VL) is observed near the end of 
exercise. In contrast, in 10–30% of subjects, no 
clear attenuation point in muscle deoxygenation 
is observed, as previous studies have reported [2, 
3]. Although the details of the mechanisms caus-
ing the difference are still unclear, one possible 
explanation may be the difference in blood flow 
distribution and/or muscle activities between 
other thigh muscles [4]. However, differences in 
O2 dynamics between subjects with and without 
APdeoxy-Hb@VL have not been fully established. 
Recent studies have demonstrated that amplitude 
of muscle deoxygenation was associated with 
systemic aerobic capacity [1]. Therefore, the aim 
of this study was to compare systemic and quadri-
ceps muscle O2 dynamics between aerobic capac-
ity-matched subjects with and without APdeoxy-Hb@

VL during ramp cycling exercise. We hypothesised 
that the slope of muscle deoxygenation would be 
attenuated (i.e., shallower slope of deoxy-Hb and/
or muscle O2 saturation) during high-intensity 
exercise in the other quadriceps muscles in sub-
jects without APdeoxy-Hb@VL compared to subjects 
with APdeoxy-Hb@VL.

2  Methods

2.1  Subjects

Twenty-three healthy young men (age 
21 ± 1 years; height 175.6 ± 7.9 cm; body weight 
75.1 ± 13.1 kg, mean ± SD) participated in this 
study. None had been involved in any type of 
endurance training for at least 12 months before 
enrollment in the study. This study was approved 
by the institutional ethics committee. All subjects 

were informed of the purpose of the study and 
gave written consent.

2.2  Experimental Design

The subjects performed 20 or 30  W/min ramp 
cycling exercise until exhaustion (Aerobike 
75XLII, Combi, Japan). Breath-by-breath pul-
monary gas exchanges were monitored continu-
ously throughout the exercise (AE310S, Minato 
Medical Science, Japan) to determine pulmonary 
peak O2 uptake (VO2) and respiratory compensa-
tion point (RCP) [5]. Cardiac output (CO), stroke 
volume (SV), and heart rate (HR) were also mea-
sured continuously using transthoracic imped-
ance cardiography (PhysioFlow, Manatec 
Biomedical, France). Muscle O2 saturation 
(SmO2) and relative changes from rest in oxygen-
ated haemoglobin concentration (oxy-Hb), deox-
ygenated haemoglobin concentration (deoxy-Hb), 
and total haemoglobin concentration (total-Hb) 
were measured at the vastus lateralis (VL), rectus 
femoris (RF), and vastus medialis (VM) muscles 
in the left leg by spatial resolved near infrared 
spectroscopy (Hb12–4, Astem Co., Japan). Fat 
layer thickness at the measurement site was mea-
sured by using an ultrasound device (EUB-7500, 
Hitachi Medical Corporation, Japan), and the 
effects of light scattering in the fat layer on NIRS 
data was corrected by normalising measurement 
sensitivity [6]. Arterial O2 saturation (SpO2) was 
measured immediately after peak exercise by 
pulse oximetry (MD300C22, Fukuda-Denshi, 
Japan). Fat-free mass (FFM) was evaluated by 
bio-impedance analysis (InBody 720, InBody 
Japan, Japan). VO2, SV, and CO were subse-
quently normalised by FFM.

APdeoxy-Hb@VL was determined by piecewise 
double-linear analysis. The double linear fit was 
used at the onset of the systematic increase in the 
deoxy-Hb until the last data point corresponding 
to the end of the test [4]. In this study, APdeoxy-Hb@

VL was defined as when the slope determined dur-
ing higher intensity was shallower than the slope 
during lower intensity. As a result, APdeoxy-Hb@VL 
was not detected in 5 subjects. Additionally, 5 
subjects with APdeoxy-Hb@VL were excluded due to 
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large noise or unstable data. Consequently, vari-
ables were compared between subjects without 
APdeoxy-Hb@VL (NAP; n = 5) and with APdeoxy-Hb@VL 
(CON; n = 13). Body weight, FFM, pulmonary 
peak VO2, and peak power output were matched 
between groups. Because APdeoxy-Hb@VL ranged 
from 72% to 84% of peak VO2 in CON, the slopes 
of variables were evaluated at moderate (55–70% 
of peak VO2) and high (85–100% of peak VO2) 
intensity exercise.

2.3  Statistical Analysis

All data are given as means ± standard deviation 
(SD). The amplitudes of variables during exer-
cise were averaged over the last 10 sec every 5% 
of peak VO2. To compare changes in variables 
during exercise, a 2-way repeated-measures anal-
ysis of variance (ANOVA) was used, with group 
and exercise intensity as factors. Because of a 
low number of subjects in NAP, ANOVA was 
limited from 50% to 100% of peak VO2. Where 
appropriate, the Bonferroni post hoc test was per-
formed. To detect significance accurately in spite 
of the low number of subjects, the slopes of phys-
iological variables, RCP, SpO2 and physical vari-
ables were compared between groups by unpaired 
t-tests. For all statistical analyses, significance 
was accepted at p < 0.05.

3  Results

At RF, there was a significant group × exercise 
intensity interaction for oxy-Hb (p  <  0.05) and 
total-Hb (p < 0.05), and these were significantly 
higher in NAP than CON at 90–100% of peak 
VO2. However, neither deoxy-Hb nor SmO2 at 
RF were significantly different between groups, 
and there were no significant interactions or main 
effects of group of any NIRSRS variables at VL 
and VM. Similarly, no significant differences in 
systemic O2 dynamics were observed at group 
mean of any variables.

The slopes of the variables are shown in Fig. 1. 
During high-intensity exercise, at VL, signifi-
cantly steeper slopes of both deoxy-Hb and SmO2 

were found in NAP than CON. Also at VM, the 
slope of deoxy-Hb tended to be steeper in NAP 
compared with CON, while the slope of SmO2 
was significantly steeper in NAP. At RF, the slope 
of deoxy-Hb tended to be steeper in NAP than 
CON, even though there were no significant dif-
ferences in the slope of SmO2 between groups. 
While the slopes of pulmonary VO2 and HR were 
not significantly different between groups, the 
slopes of CO and SV were shallower in NAP than 
CON.  The slope of CO was significantly posi-
tively related to the slope of SmO2 at VL during 
high-intensity exercise (r = 0.52, p < 0.05), while 
the slope of CO tended to be negatively correlated 
with the slope of deoxy-Hb (r = −0.45, p = 0.08) 
(Fig. 2). During moderate intensity, the slopes of 
all variables were similar between groups.

RCP was observed at similar intensity between 
groups (83.8 ± 3.3 vs. 82.6 ± 4.5% of peak VO2, 
p  =  0.62). Moreover, there were no significant 
differences in respiratory exchange ratio (RER, 
1.17 ± 0.02 vs. 1.18 ± 0.05, p = 0.75) and rating 
of perceived exertion (RPE, 19 ± 1 vs. 19 ± 1, 
p = 0.63) at peak exercise between groups. SpO2 
was not significantly different between groups 
immediately after exhaustion (96  ±  1% vs 
96 ± 1%, p = 0.34).

4  Discussion

In NAP during high-intensity exercise, neither a 
shallower slope of deoxy-Hb nor a shallower 
slope of SmO2 was observed at RF and 
VM.  These results indicate that the slope of 
muscle deoxygenation was enhanced at not only 
VL, but also the other quadriceps muscles, in 
contrast to our hypothesis. At RF, SmO2 was 
similar between groups while oxy-Hb and total-
Hb were significantly higher near end of exer-
cise, based on amplitude and slope analysis 
(data regarding slopes in oxy-Hb and total-Hb 
are not shown). Hence, even though the steeper 
slope of deoxy- Hb at RF may be attributed to 
reduced blood outflow from RF, our findings 
lead us to speculate that the differences in sub-
jects with and without APdeoxy-Hb@VL may not be 
fully explained by the other quadriceps’ O2 bal-
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Fig. 1 Slopes of 
deoxy-Hb (a), SmO2 (b), 
VO2 (c), CO (d), SV (e), 
HR (f) in NAP (black, 
n = 5) and CON (white, 
n = 13). Significantly 
different between groups 
at same exercise 
intensity (*: p < 0.05, 
**: p < 0.01, †: p < 0.1). 
Significantly different 
between exercise 
intensity in the same 
group (a: p < 0.05, aa: 
p < 0.01, b: p < 0.1). 
Deoxy-Hb deoxygenated 
haemoglobin 
concentration, SmO2 
muscle O2 saturation, 
VO2 pulmonary O2 
uptake, CO cardiac 
output, SV stroke 
volume, HR heart rate, 
VL vastus lateralis, RF 
rectus femoris, VM 
vastus medialis, FFM 
fat- free mass, NAP 
subjects without 
attenuation point in 
deoxygenated 
haemoglobin 
concentration at vastus 
lateralis, CON subjects 
with attenuation point in 
deoxygenated 
haemoglobin 
concentration at vastus 
lateralis, Mod moderate 
intensity exercise 
(55–70% of peak VO2), 
High: high- intensity 
exercise (85–100% of 
peak VO2). Values are 
mean ± SD

ance, secondary to blood flow distribution 
between quadriceps muscles and/or compensa-
tory muscle activities in other quadriceps mus-
cles. One possible explanation may be the 
contribution of other muscle O2 balance, such as 
lower leg muscles [7], and therefore, future 

studies are needed to measure blood flow and 
activities in several leg muscles, including the 
lower leg muscles. In addition, our findings 
should be confirmed in a large group of subjects 
as the sample size in this study is extremely 
small.
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Fig. 2 Relationship between slopes of CO and slope of 
muscle deoxygenation at VL during high-intensity exer-
cise in NAP (black, n = 5) and CON (white, n = 13). (a) 
slope of CO and slope of deoxy-Hb. (b) slope of CO and 
slope of SmO2. CO cardiac output, VL vastus lateralis, 
deoxy-Hb deoxygenated haemoglobin concentration, 

SmO2 muscle O2 saturation, VO2 pulmonary O2 uptake, 
FFM fat-free mass, NAP subjects without attenuation 
point in deoxygenated haemoglobin concentration at vas-
tus lateralis, CON subjects with attenuation point in 
deoxygenated haemoglobin concentration at vastus 
lateralis

Notably, a shallower slope of CO was 
observed during high-intensity exercise in 
NAP. This could be explained by the shallower 
slope of SV, because the slope of HR was simi-
lar. Though details of the mechanisms are 
unknown, previous studies also reported that 
there was an inter- individual difference in CO 
during high-intensity exercise [8]. In this study, 
pulmonary VO2 was similar between groups, 
and this means that the estimated slope of sys-
temic O2 extraction may be steeper in NAP, 
based on Fick’s principle. We confirmed the 
relationship between the slope in CO and slope 
of muscle deoxygenation at VL. Therefore, our 
findings newly suggested that the steeper slope 
of muscle deoxygenation in NAP may be partly 
explained by an increase in systemic O2 extrac-
tion, secondary to a blunted increase in convec-
tive O2 supply.

RCP is related to the ventilatory response to 
metabolic acidosis, which may coincide with 
APdeoxy-Hb@VL [9]. In this study, RCP was not sig-
nificantly different between groups and values 
were similar to values reported in previous stud-
ies [9]. Because RER and RPE at peak exercise 
were also not significantly different between 
groups, degrees of exhaustion were similar 

between groups. Arterial desaturation potentially 
accelerated muscle deoxygenation [10]; however, 
SpO2 was similar between groups. Therefore, in 
this study, differences in the slope of muscle 
deoxygenation between groups cannot be 
explained by these factors.

In conclusion, during intense exercise, the 
slope of muscle deoxygenation was enhanced not 
only in VL but also other quadriceps muscles in 
NAP compared to CON. The differences in sub-
jects with and without APdeoxy-Hb@VL may be 
explained by systemic O2 supply, rather than O2 
balance in other quadriceps muscles.
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Abstract

The purpose of this study was to clarify the 
effects of jaw-clenching intensity on masseter 
muscle oxygen dynamics during clenching 
and recovery and masseter muscle fatigue 
using the spatially resolved method of near- 
infrared spectroscopy. Pulse rate, mean power 
frequency from electromyography in the mas-
seter and visual analogue scale for masseter 
fatigue were also examined as related items. 
The 25% and 50% maximum voluntary con-
tractions were determined using electromy-
ography before the experiment and used as 
visual feedback on the screen. Twenty-three 
healthy adult male subjects volunteered for 
this study. Clenching decreased oxygen and 
oxygenated haemoglobin, and increased 
deoxygenated haemoglobin in the masseter 
muscle. The higher the intensity of clenching, 
the more prominent the effect. The oxygen 
dynamics tended to return to normal after 

clenching, but the change was slower with 
higher clenching intensity. Pulse rate 
increased with clenching, and the increment 
was more prominent with higher clenching 
intensity. Clenching caused a shift of mean 
power frequency to a lower range, an increase 
in subjective fatigue, an early appearance of a 
breakpoint appearance time and a prolonga-
tion of a 1/2 recovery time. All of these effects 
were more evident with increasing clenching 
intensity. In conclusion, clenching intensity 
influenced the oxygen dynamics of the mas-
seter muscle and fatigue state during clench-
ing and recovery. The higher the intensity, the 
greater the impact.

Keywords

Electromyography · Muscle hemoglobin 
oxygenation · Muscle oxygen supply · 
Muscle hemodynaamics

1  Introduction

Aerobic metabolism plays an important role in 
energy supply during muscle activity, except for 
short periods of intense exercise. Therefore, oxy-
gen supply to muscle tissue via the bloodstream 
plays a major role in sustained muscle activity. 
Factors that determine oxygen supply and con-
sumption to muscle tissue include; heart rate and 
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cardiac output, haemoglobin concentration in 
arterial blood, dilation and contraction of local 
muscle blood vessels, and oxygen availability in 
mitochondria [1, 2]. This oxygen supply and con-
sumption balance can be determined from the 
muscle tissue oxygen dynamics during muscle 
activity. In addition, ischaemia and decreased 
blood perfusion in muscle tissue due to changes 
in circulatory dynamics are thought to cause 
insufficient oxygen supply to muscle tissue and 
contribute to muscle fatigue and pain [3]. Muscle 
fatigue (tolerance) can also be assessed from the 
perspective of oxygen dynamics [4, 5].

Near-infrared spectroscopy (NIRS) has been 
used to measure active muscle oxygen dynamics. 
During skeletal muscle activity, oxygenated hae-
moglobin (Oxy-Hb), deoxygenated haemoglobin 
(Deoxy-Hb), total haemoglobin (Total-Hb), and 
tissue oxygen saturation (StO2) values can be 
used to observe differences in muscle activity 
intensity, exercise style, etc. [5]. During the 
recovery period immediately after exercise, the 
magnitude of exercise hyperaemia can be consid-
ered a crucial indicator for determining whether 
the blood flow requirement during contraction is 
adequately maintained or not [3]. Breakpoint 
appearance time (BAT) and 1/2 recovery time 
(1/2 RT) calculated from StO2 are considered 
indicators of muscle fatigue [4, 6–8]. BAT reflects 
the oxygen consumption capacity associated with 
muscle activity [6, 7]. 1/2 RT reflects the time 
required to meet the oxygen requirements for 
muscle activity [4, 8, 9].

Studies of masticatory muscle dynamics by 
NIRS have included studies on haemodynamic 
changes of masseter and temporalis muscles dur-
ing isometric contraction in terms of Hb concen-
tration and StO2 [10, 11], studies on easy 
fatigability of the masseter muscle and masseter 
muscle StO2 [6, 7]. However, no studies have 
examined the effects of jaw clenching and clench-
ing intensity on masseter muscle oxygen dynam-
ics and masseter muscle fatigue during muscle 
activity and recovery using multiple parameters 
of NIRS and other muscle fatigue assessments.

The purpose of this study was to clarify the 
effects of clenching intensity on masseter mus-
cle oxygen dynamics during recovery and mas-

seter muscle fatigue using the spatially resolved 
method of near-infrared spectroscopy 
(SR-NIRS). In addition, pulse rate (PR), which 
is involved in the regulation of systemic circula-
tory blood flow, visual analogue scale (VAS) for 
muscle fatigue, and shifts in mean power fre-
quency (MPF) which are calculated from elec-
tromyography (EMG), fast Fourier transform 
(FFT) frequency analysis, which is widely used 
as an index of muscle fatigue [7, 12, 13], were 
also evaluated. An oral appliance (OA) was used 
during clenching to facilitate clenching, reduce 
the burden of remaining teeth and decrease the 
left-right difference in masseter muscle activity 
during measurement [14].

2  Methods

There were 23 healthy adult male volunteers 
(mean age: 26.77 ± 4.17 years), all of whom were 
employees of Tokyo Dental College Suidobashi 
Hospital or students of Tokyo Dental College. 
Participants gave their consent after sufficient 
explanation of the research plan. The inclusion 
criteria for the volunteers were general health, no 
subjective abnormalities in the oral cavity, tem-
poromandibular joint or parietal muscles, and no 
history of cerebral nerve or cardiovascular dis-
ease. This study was approved by the Ethics 
Committee of the Tokyo Dental College 
(Approval No. 928).

The subjects were instructed to refrain from 
drinking alcohol on the day before the experi-
ment and to drink water only 2  h before the 
experiment. The experimental schedule and 
block design are shown in Fig. 1a.

SR-NIRS (Oxy-Pro (Hb141) tissue oxygen 
saturation sensor, Astem, Kanagawa, Japan) was 
used. This device measures oxygen dynamics 
around 11 ~ 20 mm from the skin surface. Since 
the distances from the skin surface between the 
lateral and medial surfaces of the middle portion 
of the masseter muscle in males have been 
reported to be 9.4  mm and 24.8  mm [15], the 
measurement range with this device was reason-
able. The gauge was attached at the centre of the 
masseter muscle on one side, and a shade was 
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Fig. 1 (a) The experimental schedule with block design (b) EMG (c) SR-NIRS (d) OA

attached for shielding light (Fig.  1b). The test 
muscle was determined randomly, and the sam-
pling frequency was recorded at 5.0  Hz. The 
thickness of subcutaneous fat, a source of error in 
muscle oxygen dynamics [16], was measured and 
corrected according to the manufacturer’s 
instructions. The evaluation items: StO2, 
Total-Hb, Oxy-Hb, Deoxy-Hb. BAT and 1/2 RT 
were calculated from the change in StO2 as an 
index of muscle fatigue. BAT was identified as an 
intersection of the two tangents from clenching 
on the oxygen saturation curve [6, 7]. The 1/2 RT 
is the time from the end of muscle activity to 
when oxygen saturation reaches half of the maxi-
mum recovery level [4, 8, 9]. A pulse oximeter 
(WristOx2 3150 BLE, Nonin, Minnesota, USA) 
measured PR with 1.0 Hz sampling frequency. A 
DSP Wireless Electromyography sensor 
(SS-EMGD-HMAG, Sports sensing, Fukuoka, 
Japan) measured muscle activity of the masseter 
muscle with 1000  Hz sampling frequency, and 
EMG analysis software (EMG Multi ANALYSIS 

PROGRAM Map1038 Ver.7.9, Nihon santeku, 
Osaka, Japan) analysed the EMG and calculated 
MPF. The site of the EMG sensor application was 
the other side of the NIRS gauge (Fig. 1c). The 
25% maximum voluntary contractions (MVC) 
and 50% MVC were determined before the 
experiment, and the measurement was performed 
with visual feedback on the screen. The subjec-
tive degree of fatigue of the masseter muscle was 
marked on the VAS. Zero means no fatigue and 
as the value increases, so too does the degree of 
fatigue.

Analysed ranges of oxygen dynamic items 
and PR were the last 15 s in baseline and task, 
and the 15  s after 15  s of task completion in 
recovery. MPF was analysed in all task periods.

OA for maxilla was fabricated using Clear 
Ethylene Vinyl Acetate Drufosoft® 3 mm blank 
(Dreve-Dentamid, Unna, Germany) (Fig. 1d).

In the statistical analysis, the Shapiro-Wilk 
test was used to evaluate the normality of the dis-
tribution of the measured values. One-way analy-
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sis of variance and Bonferroni’s multiple 
comparisons were used for statistical analysis of 
masseter muscle oxygen dynamics and PR 
changes. The paired t-test was used for the analy-
sis of masseter muscle fatigue using the SPSS 
Statistics 25.0 software package (IBM, Chicago, 
IL, USA) at p < 0.01 for all.

3  Results

The results of oxygen dynamics and pulse rate 
changes in the masseter muscle during muscle 
activity due to clenching are shown in Table 1. 
The results of oxygen dynamics and pulse rate 
changes in the masseter muscle during recovery 
are shown in Table  2. The results of masseter 
muscle fatigue are shown in Table 3.

During the clenching task, 25% MVC and 
50% MVC showed a significant decrease in StO2 
and Oxy-Hb and a significant increase in 
Deoxy-Hb compared to baseline. In addition, 
50% MVC showed significantly smaller StO2 and 
significantly larger Deoxy-Hb than 25% MVC.

During the recovery period, StO2 (50% MVC), 
Total-Hb, Oxy-Hb, and Deoxy-Hb (25% MVC) 
against baseline during the recovery period after 
muscle activity. The 50% MVC showed signifi-
cantly greater StO2, Total-Hb, and Oxy-Hb and 
significantly smaller Deoxy-Hb than 25% MVC.

In PR, 50% MVC showed a significant 
increase compared to baseline. Also, 50% 
MVC showed a significant increase compared 
to 25% MVC.

About the masseter muscle fatigue, 50% 
MVC showed a lower shift in MPF compared to 
25% MVC. In VAS, each MVC showed subjec-
tive fatigue, and 50% MVC showed an increased 
VAS value (increased fatigue) compared with 
25% MVC.

4  Discussion and Conclusion

In the jaw-closing muscles, type I fibres are sig-
nificantly larger (40%) than in the supra- and 
infrahyoid muscles [17]. Therefore, in the mas-
seter muscle, which contains many types I fibers, 

muscle metabolism using oxygen in mitochon-
dria occurs frequently, and oxygen supply by 
blood flow is important for stable muscle activity. 
The balance between vasodilation [18] and intra-
muscular pressure [19, 20] during clenching is 
one of the factors that determine regional muscle 
blood flow. In the present study, the increase in 
clenching and clenching intensity may have 
increased muscle metabolism, leading to a 
decrease in StO2, Oxy-Hb (50% MVC), and an 
increase in Deoxy-Hb. And, muscle blood flow 
was maintained by the balance between extravas-
cular compression by intramuscular pressure and 
peripheral vasodilation. Therefore, the effects of 
clenching and increased clenching intensity on 
Total-Hb were considered small.

An isometric contraction occurs post-exercise 
hyperkinesia to reduce the accumulated metabo-
lites [11]. Consequently, an elevation in Total-Hb 
and Oxy-Hb during the recovery period after 
muscle activity was seen. The fact that Deoxy-Hb 
at 25% MVC remained unremoved seems to be 
parallel to a study, for Deoxy-Hb in low-intensity 
clenching, recovery to baseline levels was not 
observed even after 3 min.

Regarding the change in heart rate, Bakke 
et al. [21] reported that, in skeletal muscle, heart 
rate is thought to increase with sustained isomet-
ric effort ≧15% MVC, and the larger the muscle 
mass involved, the more pronounced the increase. 
In the present study, isometric contraction at the 
50% task in a limited area of the craniofacial sys-
tem caused an increase in PR. This increase in PR 
may have provided the oxygen and energy supply 
necessary for the stronger clenching.

The SR-NIRS results showed that increasing 
clenching strength shortened BAT and prolonged 
1/2 RT. Shortened BAT and prolonged 1/2 RT 
mean fatigue from the exercise load increases [6, 
9, 10].

It is necessary to examine the differences in 
the masticatory side and the effects of clenching 
between natural teeth in the future. In this study, 
measurement under high intensity such as 75% 
MVC and 100% MVC was not conducted 
because it was difficult to maintain bite strength 
under the same conditions. It may be necessary 
to conduct measurements at high intensity in 

A. Tsutsui et al.



439

Ta
bl

e 
1 

M
as

se
te

r 
m

us
cl

e 
ox

yg
en

 d
yn

am
ic

s 
an

d 
pu

ls
e 

ra
te

 d
ur

in
g 

cl
en

ch
in

g

O
ne

-w
ay

 A
N

O
V

A
A

B
C

B
on

fe
rr

on
i m

ul
tip

le
  

co
m

pa
ri

so
n 

te
st

s
B

as
el

in
e

25
%

 M
V

C
 T

as
k

50
%

 M
V

C
 T

as
k

SR
-N

IR
S

St
O

2 [
%

]
F 

=
 3

6.
66

83
.8

4
73

.9
0

68
.3

3
A

 v
s 

B
: p

 <
 0

.0
1

df
 =

 [
2.

0]
(3

.2
6)

(9
.1

4)
(1

1.
27

)
A

 v
s 

C
: p

 <
 0

.0
1

p 
=

 0
.0

0
B

 v
s 

C
: p

 <
 0

.0
1

To
ta

l H
b 

[m
M

]
F 

=
 1

.3
7

0.
08

39
0.

08
37

0.
08

65
df

 =
 [

2.
0]

(0
.0

27
)

(0
.0

29
)

(0
.0

33
)

p 
=

 0
.2

7
O

xy
-H

b 
[m

M
]

F 
=

 1
0.

31
0.

07
05

0.
06

15
0.

05
92

A
 v

s 
B

: p
 <

 0
.0

1
df

 =
 [

2.
0]

(0
.0

23
)

(0
.0

22
)

(0
.0

26
)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: n
.s

D
eo

xy
-H

b 
[m

M
]

F 
=

 3
8.

27
0.

01
34

0.
02

20
0.

02
73

A
 v

s 
B

: p
 <

 0
.0

1
df

 =
 [

2.
0]

(0
.0

05
)

(0
.0

11
)

(0
.0

14
)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: p
 <

 0
.0

1
Pu

ls
e 

ra
te

 [
bp

m
]

F 
=

 2
3.

40
73

.1
3

74
.3

8
78

.4
6

A
 v

s 
B

: n
.s

.
df

 =
 [

2.
0]

(1
2.

04
)

(1
1.

85
)

(1
3.

12
)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: p
 <

 0
.0

1
M

ea
n 

(S
.D

.)
n.

s.
: N

ot
 s

ig
ni

fic
an

t

Jaw-Clenching Intensity Effects on Masseter Oxygen Dynamics and Fatigue: A NIRS Oximetry Study



440

Ta
bl

e 
2 

M
as

se
te

r 
m

us
cl

e 
ox

yg
en

 d
yn

am
ic

s 
an

d 
pu

ls
e 

ra
te

 d
ur

in
g 

re
co

ve
ry

O
ne

-w
ay

 A
N

O
V

A
A

B
C

B
on

fe
rr

on
i m

ul
tip

le
  

co
m

pa
ri

so
n 

te
st

s
B

as
el

in
e

25
%

 M
V

C
 r

ec
ov

er
y

50
%

 M
V

C
 r

ec
ov

er
y

SR
-N

IR
S

St
O

2 [
%

]
F 

=
 1

8.
54

83
.8

4
82

.7
7

86
.4

4
A

 v
s 

B
: n

.s
.

df
 =

 [
2.

0]
(3

.2
6)

(3
.6

5)
(3

.7
1)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: p
 <

 0
.0

1
To

ta
l H

b 
[m

M
]

F 
=

 2
4.

56
0.

08
39

0.
09

15
0.

10
43

A
 v

s 
B

: p
 <

 0
.0

1
df

 =
 [

2.
0]

(0
.0

27
)

(0
.0

33
)

(0
.0

44
)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: p
 <

 0
.0

1
O

xy
-H

b 
[m

M
]

F 
=

 2
2.

68
0.

07
05

0.
07

69
0.

09
12

A
 v

s 
B

: p
 <

 0
.0

1
df

 =
 [

2.
0]

(0
.0

23
)

(0
.0

29
)

(0
.0

40
)

A
 v

s 
C

: p
 <

 0
.0

1
p 

=
 0

.0
0

B
 v

s 
C

: p
 <

 0
.0

1
D

eo
xy

-H
b 

[m
M

]
F 

=
 1

0.
58

0.
01

34
0.

01
58

0.
01

31
A

 v
s 

B
: p

 <
 0

.0
1

df
 =

 [
2.

0]
(0

.0
05

)
(0

.0
06

)
(0

.0
04

)
A

 v
s 

C
: n

.s
.

p 
=

 0
.0

0
B

 v
s 

C
: p

 <
 0

.0
1

Pu
ls

e 
ra

te
 [

bp
m

]
F 

=
 0

.9
0

73
.1

3
74

.5
2

74
.4

3
df

 =
 [

2.
0]

(1
2.

04
)

(1
1.

29
)

(1
2.

00
)

p 
=

 0
.4

2
M

ea
n 

(S
.D

.)
n.

s.
: N

ot
 s

ig
ni

fic
an

t

A. Tsutsui et al.



441

Table 3 Masseter muscle fatigue

25% 
MVC

50% 
MVC Paired t-test

Breakpoint 
appearance time [s]

15.84 12.46 p = 0.000
(3.83) (3.75)

1/2 recovery time [s] 3.18 4.33 p = 0.002
(1.59) (1.49)

MPF [Hz] 160.55 135.63 p = 0.000
(14.22) (19.23)

VAS [cm] 2.13 4.06 p = 0.000
(1.57) (1.97)

Mean 
(S.D.)

n.s.: Not 
significant

future studies. Furthermore, considering that 
women are thought to have higher muscular 
endurance than men, we should compare the dif-
ference. In the future, it will be necessary to con-
duct a more detailed study that considers the 
above factors, and an effect on the autonomic 
nervous system in detail.

In conclusion, clenching intensity influenced 
the oxygen dynamics of the masseter muscle and 
fatigue state of the masseter muscle during 
clenching and recovery. The higher the intensity, 
the greater the impact.
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