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Abstract We study changes in the blood–brain barrier (BBB) permeability in mice caused by
a 2-h intermittent sound and discuss their reflection in the electrical activity of the brain. Using
the detrended fluctuation analysis (DFA), multiresolution wavelet analysis (MWA) and their
recent modifications, we compare the capabilities of reliably characterizing the transitions
between closed and open BBB states. It is shown that an enhanced approach, combining
MWA with DFA of the decomposition coefficients, improves the interstate separation by
limiting the most appropriate level of resolution. This approach can be useful in various
studies of complex systems based on experimental data.

1 Introduction

The blood–brain barrier (BBB) is an important protective element that is essential for our
survival [1,2]. It contains tight junctions preventing the transfer of molecules between blood
vessels and the brain. The BBB mainly consists of the endothelial cells of the brain capillaries,
astroglia and pericytes. Its complex organization ensures semipermeability when blood-borne
agents cannot pass through it, although glucose, water and amino acids overcome the BBB.
On the one hand, preventing the passive diffusion of many types of molecules into the brain
avoids the transport of circulating pathogens, and hence, this key homeostatic mechanism
for the central nervous system maintains the health of the body. However, on the other hand,
such a border does not allow the transport of drugs to the brain in the treatment of various
injuries.

Early studies [3,4] showed that stressful conditions and, in particular, prolonged immo-
bilization stress increase BBB permeability, although the underlying mechanisms were not
fully understood [5]. Taking into account the role of the BBB, it has been suggested that such
changes may contribute to impaired brain functions. Over the past decade, the possibility of
opening the BBB due to external influences such as focused ultrasound, which is a nonin-
vasive and nonionizing therapeutic method, has been proven and widely discussed [6–15].
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A pioneering clinical study of ultrasound and microbubbles for the temporary opening of
the BBB was described in [16]. Injection of microbubbles before the application of focused
ultrasound makes it possible to concentrate the acoustic effect on the cerebral blood vessels.

It is important to note that increasing the BBB permeability is a reversible procedure,
and the BBB returns to its normal (closed) state after a few hours. The latter allows for a
relatively short period of time to carry out the necessary transport of drugs for therapeutic
purposes until the normal function of the BBB is restored. A fairly safe way to open the
BBB [17–19] is to use loud music or intermittent sound for 2 h. Its ability to increase the
BBB permeability has been confirmed in laboratory animals using a number of experimental
methods and histological analysis. In particular, it was found that the BBB opens up to 1 hour
and closes from 1 to 4 h after sound exposure [17]. Thus, listening to loud music for 2 hours
in an intermittent adaptive mode is accompanied by a delayed (1 h after music exposure) and
short-lasting to (1–4 h) opening of the BBB to low- and high-molecular-weight compounds
without cochlear and brain impairments [17].

Changes in the BBB permeability are reflected in the electrical signals of the brain, mea-
sured by electroencephalograms (EEG). Our previous study [20] showed how such changes
are detected in terms of long-range power-law correlations. For this purpose, we compared
the state of the BBB opening with the background electrical activity of the brain and found
a decrease in the scaling exponents of the extended detrended fluctuation analysis (EDFA)
[21,22]. Although the differences between the states were significant for the group of animals,
the recordings were carried out under different conditions—before and after sound exposure
(e.g., in different days). Hence, the reaction could be caused not only by sound, but also by
stressful conditions. In contrast to the work [20], now we consider recordings made at one
time (dynamics after 2 h of sound exposure), which allows us to reduce possible effects of
different physiological conditions. We are also conducting a more detailed analysis of the
experiments by combining different data processing tools. In addition to the detrended fluc-
tuation analysis (DFA) [23–25], we apply multiresolution wavelet analysis (MWA) based on
a discrete wavelet transform (DWT) [26–28] and our recently proposed approach, enhanced
multiresolution wavelet analysis [29]. This way we combine a signal decomposition proce-
dure with DFA of detail wavelet coefficients at different levels of resolution. In the course of
a comparative analysis, we will demonstrate the significant potential of this combined tool
for elaboration reliable markers of the BBB opening.

The manuscript is organized as follows. Section 2 describes the standard versions of
DFA and MWA and the proposed approaches extending their performances. In addition, this
section contains information about experiments on mice that increase the BBB permeability,
and a description of the datasets acquired. Results showing the potential of the modified tools
and their discussion are provided in Sect. 3. Section 4 summarizes the main findings.

2 Methods and experiments

2.1 DFA

Detrended fluctuation analysis [23–25] is a variant of the correlation analysis of complex
processes, including nonstationary datasets, which is especially useful for studying long-
range correlations. Its basic algorithm includes the transition from a signal x(i), i = 1, . . . , N
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to its profile y(k)

y(k) =
k∑

i=1

[x(i) − 〈x〉] , 〈x〉 =
N∑

i=1

x(i), k = 1, . . . , N , (1)

its segmentation into parts of length n (n < N ), the estimation of the local trend yn(k) within
each segment and the computation of the standard deviation of y(k) from yn(k)

F(n) =
√√√√ 1

N

N∑

k=1

[y(k) − yn(k)]2 . (2)

When such estimates are performed over a wide range of n, a possible power-law dependence

F(n) ∼ nα (3)

is analyzed, and the scaling exponent α is computed. The relation (3) is typical for stochastic
processes, although the properties of short-range and long-range correlations may differ. DFA
has become a useful approach in different research areas [30–33].

2.2 MWA

Multiresolution wavelet analysis [26–28] is another wide-spread method for processing non-
stationary signals. It decomposes a signal x(t) ∈ L2(R) using two bases constructed from
the scaling function ϕ(t) and the wavelet ψ(t)

x(t) =
∑

k

s jn ,kϕ jn ,k(t) +
∑

j≤ jn

∑

k

d j,kψ j,k(t) (4)

where jn is the selected resolution level. The bases are composed by dilations and translations
of ϕ(t) and ψ(t) and form two sets of conjugate mirror filters: low-pass and high-pass filters,
respectively

ϕ j,k(t) = 2− j/2ϕ
(

2− j t − k
)

, ψ j,k(t) = 2− j/2ψ
(

2− j t − k
)

. (5)

MWA allows the use of a fast decomposition algorithm for integer values j and k. The
transitions between resolution levels are performed according to the rules

ϕ(t) = √
2

2M−1∑

k=0

hkϕ(2t − k), ψ(t) = √
2

2M−1∑

k=0

gkψ(2t − k), (6)

where 2M is the number of filter coefficients, gk = (−1)kh2M−k−1. The coefficients hk and
gk are given a priory for each wavelet function, e.g., the Daubechies family [27]. The choice
of an appropriate function depends on the aims of the research and is based on a trade-off
between the regularity property (the number of vanishing moments) and the support length. In
many practical cases, the D8 Daubechies wavelet is used. MWA is performed as a repetitive
procedure for different timescales [27]. The analysis of the variability of the signal x(t) is
often carried out using the available sets of d j,k coefficients called detail coefficients. An
important measure of their fluctuations is the standard deviation, computed depending on j

σ( j) =
√√√√ 1

J

J−1∑

k=0

[
d j,k − 〈

d j,k
〉]2

, 〈d j,k〉 =
J−1∑

k=0

d j,k, (7)
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where J is the number of d j,k at the resolution level j . Several studies (e.g., [28,34]) have
reported promising diagnostic results using the measure (7).

2.3 Modified approaches

The standard DFA and MWA approaches have some limitations. The first method mainly deals
with rather homogeneous datasets and does not account for different features of nonstationary
behavior throughout the signal, when some segments provide stronger root-mean-square
(RMS) fluctuations compared to other parts of data or nonstationarity in energy. The second
method considers fairly simple statistical characteristics of the decomposition coefficients,
namely the standard deviations. The latter limits information on the complex organization
of datasets, and the use of more informative measures characterizing, e.g., the correlation
features of detail coefficients can expand diagnostic capabilities of this tool. In our recent
publications [21,29], we have proposed modifications to these methods. Here, we briefly
describe the main ideas of extended DFA (EDFA) [20–22] and enhanced MWA, which is a
combined MWA&DFA method [29].

2.3.1 EDFA

If the RMS fluctuations F(n) of y(k) from yn(k) described by Eq. (2) show strong variations
between segments, it becomes useful to analyze the local values Floc(n), and each of them
is estimated within one segment of length n. For this purpose, we proposed to consider the
standard deviation of the local RMS fluctuations σ (Floc(n)) as a measure of the inhomogene-
ity of the signal profile [35]. This measure also shows a power-law behavior with n, which
is described by the scaling exponent β

σ(Floc(n)) ∼ nβ . (8)

β does not match α and can even take negative values. Both of these exponents characterize
different features of the complex organization of experimental signals. A more detailed
description of EDFA and its features for several types of nonstationarity are given in [36].

2.3.2 MWA&DFA

The combined MWA&DFA approach includes a standard signal decomposition procedure
using bases of scaling functions as well as wavelets (5) with an estimate of the detail coeffi-
cients d j,k at each available resolution level j . Instead of standard deviations (7), we suggested
performing the DFA of these coefficients [29]. The latter allows one to quantitatively esti-
mate the correlations of wavelet coefficients at different scales and, therefore, to obtain more
information about the structure of experimental datasets. On each scale j , a random walk of
detail coefficients is constructed

y j (l) =
l−1∑

k=0

[
d j,k − 〈d j,k〉

]
, l = 1, . . . , J, (9)

which is further divided into segments of length n � J , and the trend z j (l) is estimated by
the least-squares method. The RMS fluctuations

Fj (n) =
√√√√ 1

J

J∑

l=1

[y j (l) − z j (l)]2 ∼ nα j (10)
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are computed over a wide range of n to obtain the scaling exponent α j . Unlike the standard
DFA, here we analyze the features of the power-law correlations of the wavelet coefficients
associated with different levels of resolution. The combined MWA&DFA approach thus
evaluates the sequence of α j , which can provide a more informative characterization of
complex processes than the standard MWA [29].

2.4 Subjects and experiments

Experiments were carried out on eight male C57BL/6 mice (20–25 g) in accordance with
the Guide for the Care and Use of Laboratory Animals and protocols approved by the Local
Bioethics Commission of the Saratov State University. Mice were housed in a light/dark
environment with lights on from 8:00 to 20:00 and fed ad libitum with standard rodent
food and water. Before the experimental recordings, a surgery was performed that included
mounting a head plate, drilling small burrs and inserting EEG wire leads into the burrs on one
side of the midline between the skull and the dura mater. Dental acrylic was applied to fix the
EEG leads, and ibuprofen (15 mg/kg) was used in the water supply for 2–3 days before and
at least 3 days after surgery to reduce postoperative pain. A 10-day recovery from surgery
was ensured.

After this recovery, we applied the BBB opening method described in [37], which is based
on the use of a loud sound (100 dB, 370 Hz) for 2 hours in accordance with the exposure
algorithm: 1 min—sound, 1 min—pause. At the end of the sound exposure, two-channel
EEG signals (Pinnacle Technology, Taiwan) were measured using silver electrodes located
on both sides of the midline for 2 hours. The sampling rate was 2 kHz.

3 Results and Discussion

According to earlier studies [17–19,37], the “window” of BBB opening in laboratory animals
due to 2-hour intermittent sound exposure or loud music has been established and confirmed
by various experimental methods, including two-photon microscopy, magnetic resonance
imaging (MRI), fluorescence analysis, spectrofluorimetric and confocal analysis. In addition
to optical techniques, a confirmation was also carried out on the basis of histological analysis
of the tissue and blood vessels of the brain. These results allow us to expect that increased
BBB permeability occurs approximately one hour after the end of sound exposure. Although
this value depends on the subject, we can expect differences in BBB permeability during the
first and second hours when the sound is turned off, and we also expect these changes to
be reflected in the EEG measurements. Figure 1 shows a typical example of the behavior of
EDFA scaling exponents assessed for 10-min segments of EEG data. Both α and β exponents
are decreasing, but β demonstrates stronger changes. Figure 1 illustrates that α and β take on
different values, especially when comparing the initial (0–30 min) and last (90–120 min) parts
of the dependencies. The dashed line at 60 min indicates the expected BBB open position.
The behavior of α(t) and β(t) suggests that there is a fairly smooth transition between the
closed and open BBB regimes, when its permeability increases. In order not to take into
account the time boundary between these states, which in many cases may be undefined,
we will compare both states without a transient and exclude the records related to the time
interval from 40 to 80 min. Therefore, we will estimate the average amounts associated with
the closed BBB (0–40 min) and open BBB (80–120 min) and compare them across the entire
group of animals to study statistically significant interstate differences.
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Fig. 1 A typical example of changes in the EDFA scaling exponents caused by 2-hour exposure of intermittent
sound (mean values ± SE). Time is measured after the end of this procedure. The dashed line indicates the
expected time of the BBB opening. Averaging is performed over different sets of algorithmic parameters

Let us consider the distinctions starting with EDFA. Our statistical analysis confirms
the downward trend in both scaling exponents. The α exponent decreases by 0.08±0.03,
significantly (Mann–Whitney test, p<0.05) for 5 out of 8 mice. In the rest of the animals, the
changes in the values of α are rather small and are comparable with statistical errors. There
were no animals showing a significant increase in the exponent quantifying long-range power-
law correlations. The β exponent decreases by 0.19±0.07, i.e., it shows stronger changes with
significant (Mann–Whitney test, p<0.05) interstate differences for 6 out of 8 mice (including
5 detected with the α exponent). Again, there were no animals demonstrating the opposite
reaction. These results confirm the possibility of detecting the transition between closed and
open BBB based on EEG signals, the measurement of which is rather simple compared to
approaches such as MRI.

MWA based on standard deviations of detail coefficients provides separation of the states
under study using σ( j) dependencies. An example given in Fig. 2 illustrates the distinctions
between the EEG signals recorded during the first and second hours after the end of the sound
exposure. Similar to the EDFA scaling exponents, the variability of the detail coefficients
also decreases with higher BBB permeability. In Fig. 2, we show the results for each 10-min
segment of an EEG recording from one channel. A good interstate separation is observed,
although the results for one segment do not match the overall behavior (circles in the middle
of the σ -values associated with the closed BBB state). This means the absence of a clearly
defined boundary between these states and the variability of EEG characteristics during the
transient process. By analogy with the previous approach, it seems useful to exclude the
segments related to the time interval from 40 to 80 minutes. In the latter case, a more reliable
separation between states becomes possible, and we need to choose a resolution level at
which the distinctions are well expressed. According to Fig. 2 and a preliminary analysis of
other experimental data, the j = 8 scale is best suited for these purposes. The σ(8) measure
decreases from 403±10 to 354±4, showing significant distinctions (Mann–Whitney test,
p <0.05) for the same 6 out of 8 mice, i.e., the results are comparable to the EDFA approach.
Similar results can be obtained for neighboring scales ( j = 7 or j = 9), but a consideration
of smaller j levels worsens the diagnostics.

The enhanced approach (MWA&DFA) dealing with a correlation analysis of detail coef-
ficients also shows the strongest distinctions for the resolution levels j = 7, 8, 9, with the
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Fig. 2 Changes in the standard deviations of wavelet coefficients of the MWA method produced by the sound
exposure (a typical example). Different curves are obtained for different 10-minute segments

Fig. 3 An example of changes in the scaling exponents α j of the MWA&DFA method produced by the sound
exposure (mean values ± SD)

strongest response for j = 8 (Fig. 3). For better visualization of the observed distinctions, we
give in Fig. 3 an example of sound-induced changes by averaging the results for the closed
BBB (0–40 min) and open BBB (80–120 min) states. The behavior of α j usually does not
coincide with σ( j), and a variability of correlation features for individual segments of EEG
recordings can be observed for both simulated and experimental data sets [29]. Typically, a
reduction of α j appears when the BBB’s permeability grows. In our study, this effect was
observed in 7 out of 8 mice at the resolution level j = 8. The average values of α8 decrease
from 0.47±0.01 to 0.42±0.01. Thus, the latter approach provided the best interstate separa-
tion, although the results of all methods are comparable, and all of them can be applied to
reveal the BBB opening. Unlike DFA-based techniques applied to EEG data, now we deal
with pre-filtered sets of wavelet coefficients that are not distorted by components associated
with inappropriate frequency ranges for diagnostics.
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4 Conclusion

The semipermeability of the BBB is critical to prevent the transfer of circulating pathogens
to the brain. However, this homeostatic mechanism interferes with the treatment of brain
injuries when drug delivery to the brain is required. The topic of the short-term opening of
the BBB for therapeutic purposes has been actively discussed in recent years, and rather safe
noninvasive methods for increasing the BBB permeability have been proposed and verified.
One of them, which is used in this study, consists of a 2-hour exposure of intermittent sound,
leading to a short-term opening of the BBB about 1 hour after the end of this procedure.

In this study, we compare the potential of two standard methods, DFA and MWA, in
detecting structural changes in EEG signals associated with changes in BBB permeability.
We also consider recent modifications of these tools, namely the extended DFA (EDFA),
which introduces an additional measure to characterize the features of nonstationary behav-
ior throughout the signal, especially in cases of transients and nonstationarity in energy, as
well as the enhanced MWA, which provides a correlation analysis of the detail decomposition
coefficients unlike the simpler approach dealing with their standard deviations. The obtained
results show that all these tools are helpful for diagnosing changes in BBB permeability. How-
ever, the latter approach, the combined MWA&DFA, provides a better separation between
the states. These results can be explained by the choice of the appropriate level of resolution,
when other components that are not essential for distinguishing between the closed and open
BBB states are excluded and do not affect the assessment of diagnostic measures. Thus, a
preliminary selection of the decomposition coefficients is provided for a better detection of
transitions from the normal BBB function to its short-term opening. Hence, this is a fairly
universal approach that can find a wide range of applications by improving the ability to
extract information about the complex structure of experimental data in comparison with
standard MWA.
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