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Based on the laser speckle contrast imaging (LSCI) and the multiscale entropy (MSE), we study
in this work the blood °ow dynamics at the levels of cerebral veins and the surrounding network
of microcerebral vessels. We discuss how the phenylephrine-related acute peripheral hypertension
is re°ected in the cerebral circulation and show that the observed changes are scale-dependent,
and they are signi¯cantly more pronounced in microcerebral vessels, while the macrocerebral
dynamics does not demonstrate authentic inter-group distinctions. We also consider the
permeability of blood–brain barrier (BBB) and study its opening caused by sound exposure.
We show that alterations associated with the BBB opening can be revealed by the analysis of
blood °ow at the level of macrocerebral vessels.
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1. Introduction

Complexity measures1–4 are related to informative

characteristics re°ecting the functioning of biologi-

cal systems. Normal physiological dynamics is typ-

ically associated with a high degree of complexity

caused by the in°uences of di®erent regulatory
mechanisms. A loss of this complexity is a sign of
possible distortions in the mechanisms of normal
physiological regulation and the development of
diseases.5,6 On the contrast, extreme randomness of
the dynamics may re°ect a disbalance in the
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regulation indicating another type of the
transformation of normal functioning regime into a
pathological one. Therefore, a healthy dynamics
should correspond to some \intermediate" degree of
complexity, and its quanti¯cation is important for
monitoring of the organism's state. Elaboration of
diagnostic markers being able to separate normal
and pathological dynamics assumes establishing of
pronounced distinctions between the corresponding
physiological signals. Taking into account the
multiscale structure of such signals,7,8 quanti¯ca-
tion of the expected distinctions should be provided
depending on the scale. When the complexity of a
system is characterized with a single quantity,
the resulting measure is less appropriate and infor-
mative. Thus, a reduction of complexity of beat-to-
beat intervals may be a sign of disease; however, it
does not provide enough information for under-
standing a reason of such reduction, and mechanism
responsible for the corresponding changes generally
remain unclear. A mechanism-related characteriza-
tion of the complexity is a more perspective topic.9

This tendency can be traced in recent studies of
physiological processes with entropy-based approa-
ches. Entropy is often considered as a complexity
measure that is able to characterize the dynamics of
biological systems. Several entropy-based analyses
were applied in physiological studies, including
Shannon entropy,1 Kolmogorov–Sinai entropy,
approximate entropy (ApEn),3 sample entropy
(SampEn),4 etc. ApEn characterizes the irregularity
or the randomness of time series depending on two
parameters, pattern length and tolerance factor.10

This measure is easily applied to physiological data;
however, it is not appropriate when dealing with
short and noisy time series. In order to improve
some shortcomings of ApEn (such as the require-
ment of large data set and inconsistent results), a
modi¯ed measure, the SampEn was proposed.3

Advantages of this quantity over the ApEn are
discussed in several studies.3,11 Aiming to describe
the complexity of physiological time series as a
function of the time scale, the multiscale entropy
(MSE) was developed which is based on Sam-
pEn.12–14 This complexity measure has found many
applications in physiological studies because it is
adapted to characterize hierarchical complexity of
biological processes.

In this work, we apply the MSE method to study
blood °ow dynamics at the levels of macro and
microcerebral circulation. In order to analyze

cerebral blood °ow (CBF) noninvasively, we use
laser speckle contract imaging (LSCI) being the
optical coherent-domain method that provides a
high spatio-temporal resolution.15,16 Scattering of
the coherent light from moving particles of the
blood produce the speckle pattern whose temporal
changes allow describing CBF.17 LSCI is a widely
applied method for functional visualization in biol-
ogy and medicine16 even in high scattering tissues.
This method can provide qualitative blood °ow
images within the full ¯eld of view without any
scanning hardware. Minimum hardware require-
ments and relatively simple processing algorithm
make LSCI an ideal tool for our research. The main
drawback of such technique is a rather complicated
interpretation process in order to recover the abso-
lute °ow speed. In experimental studies, LSCI is
popular for the monitoring of CBF and oxygen
saturation of the brain tissues.18 LSCI is a promis-
ing method to shed new light on the nature of
vascular catastrophes in the brain.19,20 We have
recently developed an approach for LSCI separate
analysis of arterial and venous responses to
stress.21,22 In our experiments on rats with stress-
induced intracranial hemorrhages, we showed that
cerebral veins are more sensitive to harmful e®ects
of stress compared with cerebral arteries and
microvessels. LSCI experimental data allowed us to
understand that accumulation of extensive blood in
venous network is a crucial factor for stress-induced
critical changes in cerebral vessels related to intra-
cranial hemorrhages.23–25 With LSCI, we also found
that the cerebral veins are more sensitive to ad-
renergic stimulation under normal state and during
stress. Full-¯eld imaging of cerebral vessels in rats
represents an important new insight in our under-
standing how the brain responds to stress: after
stress-induced intracranial hemorrhages, rats
demonstrate a typical venous relaxation due to ac-
tivation of a special type of vascular receptors
\anarchists" that are stimulated by adrenaline —

the main hormone of stress but not nervous sys-
tem.17 This fact explains why hyperperfusion is
often associated with stress-related stroke in
rodents. Our previous LSCI data were the reasons
to choose this method for further more detailed
study of adrenergic system in regulation of CBF
focusing on the analysis of the e®ects of high blood
pressure on the CBF as a main reason for the stroke.

Using LSCI, we consider here the responses of the
CBF-dynamics to the acute peripheral hypertension
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in rats and study alterations associated with the
opening of blood–brain barrier (BBB) in mice.
The paper is organized as follows. In Sec. 2, we
describe experimental methods and data processing
tools. A study of typical changes of CBF-dynamics
in cerebral veins and microcerebral vessels caused
by the pharmacologically induced acute peripheral
hypertension and the sound-induced opening of
BBB is performed in Sec. 3. Section 4 contains some
concluding remarks.

2. Experiments and Methods

2.1. Experimental procedure

All experimental procedures were carried out in
accordance with the Guide for the Care and Use of
Laboratory Animals (NIH Publication No. 85-23,
revised 1996). The ¯rst series of experiments was
performed in mongrel normotensive male rats
(n ¼ 12). The animals were housed at 25� 2�C,
55% humidity, and 12:12 h light/dark cycle. One
day before the experimental study, animals were
instrumented with catheters for the continuous
recording of the mean arterial pressure (MAP).
The implantation was done after the anesthesia
with ketamine (40mg/kg, ip) supplemented with
xylazine (5mg/kg, ip). The polyethylene catheter
PE-50 with the PE-10 tip (Scienti¯c Commodities
INC., Lake Havasu City, Arizona) was placed in the
femoral artery. Another catheter was inserted into
the femoral vein for performing the phenylephrine
injection leading to acute peripheral hypertension.
Registration of MAP was done using the PowerLab
system (ADInstruments, Australia) during 30min.
Aiming to study how the phenylephrine-induced
hypertension in°uences the cerebrovascular dy-
namics, relative CBF was measured. Recordings
related to macro and microcerebral regulation were
acquired for two states: (1) the base-line recording,
and (2) the recording after the phenylephrine in-
jection (0.125�g/kg, iv) leading to the increased
MAP by about 10%. Analysis was performed for
experimental data with excluded transient processes
occurred after the injection. To study the phenyl-
ephrine-related responses in MAP, the segments
with the strongest responses were selected.

The second series of experiments was performed
in adult male mice divided into four groups: the
control group and three groups of animals under-
went the sound exposure, namely, 90min, 4 h

and 24 h after this exposure. Each group included
10 mice. We used the audible sound to induce the
opening of BBB according to the following protocol:
60 s — sound (110 dB, 370Hz), then 60 s — pause,
and repeating of this cycle during 2 h. Such type of
exposure was done using the sound transducer in a
Plexiglas chamber (the volume — 2000 cm3) that
provided amplifying the e®ect of sound on mice.
By analogy with the ¯rst series of experiments,
recording of CBF-data was performed to charac-
terize both, the venous (the sagittal sinus) and the
microcerebral circulation (small cerebral vessels of
the microcirculatory network).

2.2. Laser speckle contrast imaging

Measurement of CBF was done with a home-made
system for LSCI. The raw speckle images were
recorded by illuminating the exposed rat cortex
with the HeNe laser (Thorlabs HNL210L,
632.8 nm). The monochromatic CMOS camera
Basler acA2500-14 gm was supplied by imaging
lens Computer M1614-MP2 16mm at F -number
equal to 6, that corresponds to speckle/pixel size
ratio above 2 to satisfy Nyquist criteria; exposure
time — 20ms. Speckle images were recorded with
the frame rate of 40 frames/s. The contrast was
estimated as K ¼ �=hIi, with � and hIi being the
standard deviation of intensity °uctuations and
the mean intensity within a 5� 5 sliding window,
respectively. The 5� 5 sliding window was chosen
as a compromise between the estimation of accuracy
of speckle contrast and the spatial resolution of a
resulted image.26 Noise reduction was carried out by
averaging within a moving window (55� 55 pixels)
over 50 consequent images that corresponds to time
resolution 1.25 s. Further, the averaged speckle
images were converted into the °ow velocity data
using the Gaussian approach.

Figure 1 shows an example of speckle contrast
image used for the selection of regions for the
recording of CBF-data. Within each region, the
position of the most probable contrast value was
controlled throughout the experiment.

2.3. Multiscale entropy

Di®erent entropy-based approaches are widely used
to quantify transformation of normal physiological
processes into the pathological dynamics. Due to
the presence of many de¯nitions of entropies, it is
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not always clear how these de¯nitions are related
to each other. Traditionally, higher entropy is as-
sociated with higher complexity of data series.
However, the relation between the complexity and
the predictability (i.e., the regularity) of data series
is not obvious. The fully predictable periodic se-
quence is characterized by minimal entropy value,
while the white noise is quanti¯ed by maximal en-
tropy value. Can we consider white noise as the
most complex regime? It is fully unpredictable,
but it is described by a single H€older exponent,
and the singularity spectrum of white noise contains
a single point re°ecting the monofractal structure
of this random process. From such point of view,
white noise is a simpler process compared with
multifractal signals that require a larger set of
H€older exponents to numerically describe their
structure. The absence of correlations and predict-
ability may therefore be associated with compact
representation of the analyzed process in terms of
the singularity spectrum or other measures of
complex scaling. Although the question such as
\how to de¯ne the most complex dynamics" does
not have unique answer, the intuitive de¯nition was
suggested27 and assumed \meaningful structural
richness" with the presence of correlated behavior
over multiple time scales.

The MSE is a recently proposed measure that
provides characterization of the complexity of
physiological processes (or time series of another
origin) in accordance with the mentioned intuitive
de¯nition.27 This approach outperforms entropy-
based measures that do not consider the multiple
time scales, and provides a way of a clearer inter-
pretation of the obtained results. Unlike other
measures, there is a possibility not only to distin-
guish between di®erent physiological states, but
also to associate inter-state changes with the related
physiological mechanisms. MSE method is based on
the SampEn being a commonly used method for
analysis of irregularity of time series which improves
another widely used approach, the ApEn. The fea-
ture of MSE consists in consideration of di®erent
time scales with estimation of SampEn depending
on the scale factor.

This method includes two steps. At the ¯rst step,
coarse-grained time series yjð�Þ is obtained by av-
eraging original data points xi within time windows
that are nonoverlapped and characterized by in-
creased length � :

y �
j ¼

1

�

Xj�

i¼ðj�1Þ�þ1

xi; 1 � j � N=�: ð1Þ

For � ¼ 1, the coarse-grained time series coincides
with xi. With increasing � , the length of y �

j is
reduced.

At the second stage, SampEn (SE) is estimated
for each y �

j . This characteristic is proportional to
the logarithm of the probability that two sequences
of data points similar for the pattern of the lengthm
remain similar when the pattern length increases
by 1, i.e., for the length mþ 1. The de¯nition of
SampEn does not include self-matches when com-
puting the probability.12,13

In the earlier performed MSE-based studies,12–14

a wide range of scale factor is considered, e.g., from
1 to 20. In order to analyze such scales, the used
time series should possess a su±cient length
(N � 104). When dealing with signi¯cantly shorter
data series, this range needs to be reduced. In the
opposite case, the available amount of data does not
allow estimation of probabilities with a good preci-
sion. The coarse-graining procedure reduces the
length of y �

j , and the more is N, the higher scaling
factors can be considered. For data series of about
N � 300 samples which are taken in this study,
we used scale factors in the range from 1 to 5 that

Fig. 1. An example of speckle contrast image of cerebral
vessels. Here, 1mm is related to 128 pixels.
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correspond to time scales 1.25, 2.5, 5, 10 and 20 s.
The MSE-approach can be applied to such small
amount of data resulting in larger SD of the esti-
mated quantities.12 Nevertheless, this approach
may distinguish between normal and pathological
states if the corresponding di®erences exceed the
intra-group variations.

In this study, we used the software for computing
MSE developed by M. Costa (http://www.physi-
onet.org).28

3. Results and Discussion

In this study, we used the MSE approach for
distinguishing CBF-dynamics associated with
short-term phenylephrine-related acute peripheral
hypertension from the base-line measurements.
Because the response of cerebral dynamics to the
injection of phenylephrine is nonstationary (the
strongest reaction takes few minutes and then it is
slowly reduced), we performed a selection of frag-
ments of the CBF-velocity data consisting of about
N ¼ 350–400 samples. In order to estimate MSE,
the values of two algorithmic parameters should
be speci¯ed, namely, the pattern length m and
the similarity criterion r. The illustrated results are
obtained for the default parameter values (m ¼ 2,
r ¼ 0:15).

Figure 2 shows the estimated entropy depending
on the scale factor for CBF velocity data related to
macroscopic dynamics in sagittal sinus (Fig. 2(a))
and the surrounding network of small cerebral

vessels (Fig. 2(b)). For the case of macroscopic
cerebral circulation, the Mann–Whitney test con-
¯rms the absence of signi¯cant distinctions
(p > 0:05) in the CBF-dynamics after the phenyl-
ephrine injection compared with the control group.
A small increase of SampEn SE is observed that is
more pronounced for large-scale factor. However,
the inter-group distinctions are not enough to sep-
arate the considered physiological states as com-
pared with intra-group variations. We can conclude
therefore that macroscopic CBF-dynamics does not
allow revealing the e®ects of phenylephrine-related
acute peripheral hypertension, at least for short
recordings of CBF-velocity data.

The microcerebral circulation associated with the
blood °ow dynamics in small cerebral vessels sur-
rounding the sagittal sinus is more sensitive to
abrupt changes in the peripheral arterial pressure.
The inter-group di®erences shown in Fig. 2(b) are
essentially larger than the corresponding distinc-
tions observed for macroscopic cerebral vessels
(Fig. 2(a)). They are quanti¯ed as signi¯cant
changes by the Mann–Whitney test (p < 0:05) for
large-scale factor. Now, the inter-group distinctions
outperform the intra-group variations con¯rming
that the dynamics of small cerebral vessels shows a
response to the acute peripheral hypertension.
This response can be diagnosed based on short
fragments of experimental recordings. The latter
conclusion is in accordance with other studies29 that
demonstrate a higher sensitivity of microcerebral
dynamics to the peripheral arterial pressure. Fol-
lowing the traditional physiological assumptions,

0 2 4 6
Scale factor

0.0

2.0

4.0

6.0

SE

control
phenylephrine

(a)

0 2 4 6
Scale factor

0.0

2.0

4.0

6.0

SE

control
phenylephrine *

*

(b)

Fig. 2. MSE-analysis of (a) macrocerebral and (b) microcerebral CBF-dynamics related to phenylephrine-induced acute peripheral
hypertension and base-line measurement in the control group. Stars are related to signi¯cant inter-group distinctions.
Here, p ’ 0:01� 0:02.
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the model of static cerebral autoregulation is mainly
considered30 that is veri¯ed by the independence
of CBF when the arterial blood pressure is varied
in a wide range (e.g., 60–150mm Hg in humans).
On the contrary, recent studies suggested a relation
between a high risk for the stroke caused by path-
ological changes in the mechanisms regulating the
CBF-dynamics and the systemic hypertension.31–33

The results of this paper con¯rm that the peripheral
pressure variations provide a response in cerebral
circulation and, therefore, the model of static cere-
bral autoregulation does not account for the vessels
dynamics in the microcirculatory network.

Further, we considered changes in the CBF
associated with the intermittent sound. Sound ex-
posure may in°uence the BBB permeability.
Pioneering ex vivo studies performed in 1940th
years34,35 suggested that cerebral microvessels rep-
resent the anatomic site of the BBB. Signi¯cant
progress of in vivo analysis of cerebral dynamics
provided the ability of in vivo study of BBB phys-
iology, and the LSCI represents an appropriate tool
that can be used for this purpose. In the previous
paper,36 we have shown that the BBB opens in
90min after the sound exposure that leads to sup-
pressed cerebral venous circulation. Further, the
BBB permeability normalizes (about 4 h after the
sound exposure), however, the prolonged accumu-
lation of water in the brain parenchyma due to the
long-lasting processes of recovery from vasogenic
edema, probably, provokes increase in the intra-
cranial pressure which induces once again BBB
opening.36 The latter process is rather weak as

compared with changes in the venous CBF that
occur in 90min after the sound exposure.

Let us consider how these changes can be
quanti¯ed by the MSE-method. Analysis of the
CBF-data was provided by analogy with the ¯rst
series of experiments with the same parameters of
MSE-method. According to Fig. 3(a), strong chan-
ges of SampEn related to BBB opening are observed
in CBF-dynamics in the cerebral veins. They occur
in the whole range of the considered scale factor
(p < 0:05 according to the Mann–Whitney test).
Depending on the scale factor, these distinctions can
be made clearer (see, e.g., scale factor 4 in Fig. 3(a)).
We would like to note that signi¯cant distinctions
outperforming the intra-group variations are ob-
served for quite short data series verifying
the method's abilities of quantifying changes in
CBF-dynamics for a very limited amount of exper-
imental data.

In the case of microcerebral circulation, we
do not observe analogous changes (Fig. 3(b)).
Independently on the scale factor, the inter-group
distinctions are fairly insigni¯cant relative to var-
iations of characteristics for animals within each
group. Thus, the consideration of CBF-velocity in
small cerebral vessels of microcirculatory network
does not enable characterizing changes caused by
the BBB opening. The latter may be explained
by the presence of compensatory mechanisms that
provide distribution of blood in the cerebral veins as
capacity link of the CBF.

Figure 4 shows how the SampEn changes
depending on the time duration after the sound

0 2 4 6
Scale factor

0.0

1.0

2.0

3.0

4.0

SE

control
90 min

(a)

0 2 4 6
Scale factor

0.0

1.0

2.0

3.0

4.0

SE

control
90 min

(b)

Fig. 3. MSE-analysis of (a) macrocerebral and (b) microcerebral CBF-dynamics related to the control group and to the group of
mice with sound exposure.
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exposure (the results are shown for the scale factor 4).
At the level of macrocerebral circulation, strong
changes in 90min become smaller in 4 h after the
sound exposure when the SE measure approaches
to the estimations performed in the control group.
Inter-group distinctions (compared with the control
group) increase in 24 h, but they are smaller than
in 90min. At the level of microcerebral circula-
tion, no essential changes occur during the whole
experimental study. Visually, some distinctions
are observed in 90min and in 24 h as compared
with the control group, however, p-value slightly
increases to 0.05.

Note, that other entropy-based measures can
also provide inter-group distinctions for macro-
cerebral circulation. In particular, the Shannon en-
tropy has showed di®erences between the control
group and the group of animals analyzed in 90min
after the sound exposure. However, the p-value was
about two times higher, and the obtained results do
not allow to establish a relation between changes in
the complexity and the mechanisms responsible
for these changes. With MSE, we obtain more in-
formation. Thus, the strongest changes were ob-
served for the scale factors 4–5 that correspond
to the time scales about 10–20 s. The latter allows to
associate the observed changes with the NO-related
endothelial function.

4. Conclusions

In this work, we discussed how the entropy-
based analysis allows characterization of the

cerebrovascular dynamics in large and small blood
vessels and reported its changes caused by the acute
peripheral hypertension and the sound-induced
BBB opening. Due to complex organization of
CBF-velocity data with multiple scales re°ecting
the impact of distinct regulatory mechanisms,
application of measures that quantify the whole
cerebrovascular dynamics within a single quantity
seems to be a less informative approach compared
with the scale-related analysis. Despite the presence
of many complexity measures, here we applied the
MSE-technique that can be used in the case of
adaptive dynamics of living systems characterized
by the clearly expressed multiscality.

We showed that the phenylephrine-related in-
crease in the arterial pressure has a response in the
microcirculatory network of cerebral vessels that is
quanti¯ed by larger values of SampEn compared
with the base-line measurements. These changes are
scale-dependent and they are more essential at
larger-scale factor. CBF-dynamics in macrocerebral
vessels does not show pronounced distinctions be-
tween the control group and the group of rats with
acute peripheral hypertension. Possible inter-group
di®erences do not exceed the intra-group variabili-
ty, thus demonstrating the absence of authentic
separation when processing quite short data series
considered in this study. An increased amount of
data may reduce the values of SD of SampEn esti-
mated for both groups, however, a short-term re-
action caused by the injection of phenylephrine does
not allow considering essentially larger data series.
Thus, the microcerebral circulation is signi¯cantly
more sensitive to abrupt changes in the peripheral
arterial pressure as compared with macrocerebral
dynamics.

Additionally, we demonstrated the ability of
characterizing the BBB permeability with the
MSE-method. In the analysis of experimental data
of CBF velocity related to di®erent stages of sound-
induced changes in the cerebral vessels functioning,
we again revealed distinctions between the macro-
and microcerebral dynamics. Blood °ow dynamics
in cerebral veins shows strong changes of MSE that
occur during the BBB opening, and these changes
are mainly observed in 90min after the end of the
sound exposure. At the level of microcerebral ves-
sels, no observable distinctions occur throughout
the whole experiment. We assume that such dis-
tinctions between macro and microcerebral circu-
lation may be caused by compensatory mechanisms

control 90 min 4 h 24 h
0.0

0.6

1.2

1.8

2.4

3.0

SE
*  

*

Fig. 4. Statistical analysis of macrocerebral (green boxes) and
microcerebral (blue boxes) dynamics of di®erent physiological
states. Stars are related to signi¯cant inter-group distinctions
(p ’ 0:006 for 90min, p ’ 0:015 for 24 h).
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providing blood distribution in the cerebral veins
being the capacity link of the CBF.
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