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Abstract
Intracranial hemorrhage (ICH) is the major problem of modern neonatal 
intensive care. Abnormalities of cerebral venous blood flow (CVBF) can 
play a crucial role in the development of ICH in infants. The mechanisms 
underlying these pathological processes remain unclear; however it has 
been established that the activation of the adrenorelated vasorelaxation can 
be an important reason. Aiming to reach a better understanding of how the 
adrenodependent relaxation of cerebral veins contributes to the development 
of ICH in newborns, we study here the effects of pharmacological stimulation 
of adrenorelated dilation of the sagittal sinus by isoproterenol on the cerebral 
venous hemodynamics. Our study is performed in newborn mice at different 
stages of ICH using the laser speckle contrast imaging and wavelet analysis 
of the vascular dynamics of CVBF. We show that the dilation of the sagittal 
sinus with the decreased velocity of blood flow presides to the stress-
induced ICH in newborn mice. These morphofunctional vascular changes 
are accompanied by an increased variance of the wavelet-coefficients in the 
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areas of endothelial and non-endothelial (KATP-channels activity of vascular 
muscle) sympathetic components of the CVBF variability. Changes in the 
cerebral venous hemodynamics at the latent stage of ICH are associated with 
a high responsiveness of the sagittal sinus to isoproterenol quantifying by 
wavelet-coefficients related to a very slow region of the frequency domain. 
The obtained results certify that a high activation of the adrenergic-related 
vasodilatory responses to severe stress in newborn mice can be one of the 
important mechanisms underlying the development of ICH. Thus, the venous 
insufficiency with the decreased blood outflow from the brain associated 
with changes in the endothelial and the sympathetic components of CVBF-
variability can be treated as prognostic criteria for the risk of ICH during the 
first days after birth.

Keywords: cerebrovascular dynamics, laser speckle contrast imaging, 
wavelet-analysis

(Some figures may appear in colour only in the online journal.)

1.  Introduction

Intracranial hemorrhage (ICH) accounts for 39–54% of all pediatric strokes representing 
a major problem of modern neonatal intensive care (Lo 2011). The pathogenesis of ICH is 
multifactorial but nevertheless it was established that the disturbance of the cerebral blood 
flow (CBF) contributes to ICH (Perlman et al 1983). The role of pathological changes 
in CBF still remains disputable (Ballabh 2010). It is unclear whether the abnormalities 
in CBF are the prognostic criteria for ICH or the critical alterations in CBF occur due to 
the presence of the brain hemorrhage itself (Ment et al 1984, Wong et al 2008). Recent 
studies (Meek et al 1999, Munro et al 2004) supposed that low CBF is the key factor 
for severe ICH. Therefore, the monitoring of CBF is of high importance in neonatal and 
pediatric medicine (Ment et al 1984, Ballabh 2010, Azhan and Wong 2012). Low CBF in 
neonates with ICH is often associated with hypotension being one of the main reasons for 
the adverse neurodevelopmental outcome, an increase in the brain injury and mortality of 
neonates after ICH (Munro et al 2004, Di Gennaro et al 2011, Azhan and Wong 2012). 
Mechanisms responsible for the critical decreases in CBF in infants with ICH and the neo-
natal hypotension are still not established. It is assumed that abnormalities in the cerebral 
venous blood flow (CVBF) can play a crucial role in these pathological processes. Indeed, 
ICH in newborns is primary venous (Ghazi-Birry et al 1997). The majority of cases of the 
spontaneous intracranial hypotension are related to the suppression of the blood outflow 
from the brain and the elevations of cerebral venous blood pressure that contribute to 
the occurrence of ICH in newborns (Volpe 2008, Gupta et al 2009). Our recent studies 
(Semyachkina-Glushkovskaya et al 2013a, Pavlov et al 2014) performed in newborn rats 
with stress-induced ICH showed that the dilation of the superior sagittal sinus with the 
fall of velocity of blood flow precedes the incidence of ICH. In adult rats with ICH we 
found similar pathological changes in cerebral hemodynamics observed at the transient 
state of ICH while the alteration in the arterial tree was detected only in rats with ICH 
(Semyachkina-Glushkovskaya et al 2013b).

Cerebral vessels have a rich sympathetic innervation distributed widely throughout the 
cerebral circulation (Edvinsson et al 1993, Edvinsson and Hamel 2002). The sympathetic 
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nervous system plays a key role in the regulation of the myogenic tone of the cerebral 
arteries and veins from the early stages of ontogeny (Bevan et al 1981, McCalden 1981, 
Busija and Heistad 1984). The adrenorelated vasorelaxation due to the activation of non-
innervated β2-adrenoreceptors (Lands et al 1967, Wilffert et al 1982) is presumably the 
important mechanism for the dilation of different types of vessels including the cere-
bral arteries and veins (Garland et al 2011, Hare et al 2006). Pathological alterations in 
the molecular mechanism, by which β2-adrenoreceptors provide Gs-protein-dependent 
activation of the protein kinase A and β-arrestin-mediated signaling pathways, trigger 
stress-induced circulatory disorders (Hara et al 2011). It is crucial, however, that little 
information is known about the role of adrenorelated relaxation of cerebral vessels in the 
development of ICH.

Aiming to characterize how the adrenodependent relaxation of cerebral veins contrib-
utes to the development of ICH in newborns we apply here the multiresolution analysis 
based on the discrete wavelet-transform (DWT) (Meyer 1993a, 1993b, Daubechies 1992, 
Addison 2002). This mathematical tool is widely used in many scientific and technical 
applications if one requires quantifying multiscale dynamics of time-varying systems. The 
multiresolution analysis of temporal dynamics with DWT is able to reveal time scales 
associated with the most distinct changes in CVBF at transformations of normal physi-
ological processes into pathological dynamics (Thurner et al 1998, Dremin et al 2001). As 
a consequence, it becomes possible to associate such changes with different physiological 
control mechanisms (in our case, with endothelial and non-endothelial sympathetic com-
ponents of the CVBF variability). This analysis provides information about the variability 
of wavelet-coefficients reflecting the adaptation abilities of living organisms or the strength 
of physiological regulation (Thurner et al 1998, Dremin et al 2001, Pavlov et al 2013). 
By analogy with the classical spectral analysis, this approach allows the characterizing 
system’s responses in various areas of the frequency domain. However, it has advantages 
when dealing with short and nonstationary data. Thus, our recent study of stress-induced 
phenomena with wavelet-based techniques allowed us to reveal distinct types of stress-
induced reaction that were not recognized by spectral or correlation analysis (Pavlov and 
Anishchenko 2007).

As an experimental technique for studying CVBF we use laser speckle contrast imaging 
(LSCI) (Briers and Webster 1996, Briers 2001, Liu et al 2008, Boas and Dunn 2010, Tuchin 
2013). It provides an opportunity to analyze blood flow in vessels with high spatio-temporal 
resolution. Laser speckle represents a pattern that is formed due to the scattering of the coher-
ent light from the analyzed object. For rough surfaces, differences of the optical path for the 
reflected waves influences the light intensity at the observation point. When these differences 
become larger compared with the light wavelength, the intensity demonstrates significant 
variations: it increases for in-phase waves and decreases for anti-phase waves. The resulting 
intensity in an observation point changes in time because the scattering particles of the blood 
move through the vessel. Analysis of temporal changes of the speckle pattern provides a way 
to quantify the dynamics of CVBF. For this purpose, changes of the contrast are recalculated 
into the velocity of the blood flow. Recently, the LSCI-method has found many successful 
applications in medicine including the analysis of perfusion in retina (Briers and Fercher 
1982, Suzuki et al 1991), skin (Forrester et al 2002, Stewart et al 2006) and other tissues (Bray 
et al 2006, Forrester et al 2004). 

In order to reach a better understanding of how the adrenodependent relaxation of cerebral 
veins contributes to the development of ICH in newborns, we analyze the effects of the phar-
macological stimulation of adrenorelated dilation of the sagittal sinus by isoproterenol on 
cerebral venous hemodynamics.
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2.  Materials and methods

2.1.  Subject

Experiments were performed in full term newborn mice (n = 29) 2–3 d old. All procedures 
were performed in accordance with the Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health (NIH Publication No. 85-23, revised 
1996). The experimental protocols were approved by the Committee for the Care and Use of 
Laboratory Animals at the Huazhong University of Science and Technology. The mice were 
housed at 25  ±  2 °C, 55% humidity, and with a 12 : 12 h light/dark cycle.

2.2.  Measurements of CVBF

The anesthetized mice (isoflurane—inhalant anesthetic) with fixed head and scalp incision 
(the dura was left intact) were immobilized. Anesthetic depth was assessed by periodically 
monitoring the rear foot reflex. The measurement of CVBF with LSCI was performed through 
the fontanel with a focus on the superior sagittal sinus figure 1. Relative changes in CVBF 
were calculated as a percentage of the baseline. From each experiment we extracted 2–3 time 
series characterizing the velocity in different parts of the sagittal sinus in arbitrary units.

2.3.  Experimental procedure

Protocol 1: study of the harmful effect of infrasound on cerebral venous blood flow 
in newborn mice. To induce ICH, the newborn mice underwent an intermittent infrasound 
(10 Hz, 120 dB): 10 s—the sound, then 60 s—the interruption, and this cycle was repeated 
during 2 h. This procedure was performed in the Plexiglas chamber (the volume—2000 sm3) 
absorbing and amplifying the deleterious effects of infrasound on the mice. Recording of 
CVBF was carried out: (1) in mice under normal conditions (n = 10); (2) in mice (n = 10) at 
4 h after the influence of infrasound (the transient stage of ICH); (3) in mice (n = 9) at 24 h 
after the stress-off. These stages have been detected in our previous studies on newborn and 
adult rats using Doppler optical coherence tomography and histological assay (Semyachkina-
Glushkovskaya et al 2013a, 2013b).

Figure 1.  Sagittal sinus (arrowed) in newborn mouse observed through the fontanel.
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Protocol 2: study of the pharmacological stimulation of β2-adrenodependent vaso­
relaxation on CVBF in newborn mice under normal conditions and at different stages 
of ICH. After a baseline measurement during 10 min, changes in CVBF to the stimulation 
of β2-adrenodependent vasorelaxation were evaluated by intravenous (through the tail vein) 
administration of isoproterenol (Sigma, 0.05 g kg − 1). CVBF was recorded continuously dur-
ing the 30 min after the isoproterenol injection. In this protocol we used the same groups 
indicated in the protocol 1. The control group included newborn mice treated with physiologi-
cal saline under normal conditions (n = 8), at the transient stage of ICH (n = 8) and during the 
development of ICH (n = 8).

2.4.  Statistical analysis

Results are presented as the mean ± standard error of the mean (SEM). The differences from 
the initial level in the same group were evaluated by the Wilcoxon test. Inter-group differences 
were evaluated using the Mann-Whitney test and ANOVA-2 (post hoc analysis with Duncan’s 
rank test). Significance levels were set at p < 0.05 for all analyses.

2.5.  Multiresolution analysis

Multiresolution analysis (Meyer 1993a, 1993b) is a mathematical approach that assumes the 
approximation of a signal f(t) by a series of quite simple functions φm, k(t) and ψj, k(t):

∑ ∑ ∑φ ψ= +
⩾

f t s t d t( ) ( ) ( ) .
k

m k m k
j m k

j k j k, , , ,� (1)

Equation (1) is valid for any f(t) ∈ L2(R) on any resolution level m. The functions φm, k(t) and 
ψj, k(t) are treated as a set of low-frequency and high-frequency filters, respectively, that are 
constituted by the translation and the dilation of the scaling function φ(t) and the wavelet ψ(t):
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The used functions should satisfy the conditions of localization and regularity. Besides, an 
additional requirement of a zero mean value is introduced for wavelets. The functions φ(t) 
and ψ(t) are selected in such a way that they can fully be represented by their values at rescal-
ing with the factor 2j, i.e., at the transition to another level of resolution. For the simplest, the 
Haar wavelet, the approximation of f(t) by φ(t) is interpreted as the histogram approach (a 
representation of the signal by averaged mean values within some time intervals) while the 
wavelets ψ(t) add details to this approximation on smaller levels of resolution (Meyer 1993a, 
Addison 2002). Transition from the level j to j + 1 is equivalent to a changing of t by 2t. The 
relations between the considered functions at different levels of resolution are described by 
the expressions:
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The filter coefficients hk are estimated numerically from general properties of scaling func-
tions and wavelets such as, e.g., the orthogonality of the translated scaling functions φ(t) and 
φ(t − k), the orthogonality of wavelets ψ(t) and scaling functions φ(t − k), and the regularity 
properties of wavelets, etc.

Taking into account these circumstances and introducing different restrictions to wavelets 
(for instance, how regular should the function ψ(t) be), various sets of filters hk, k = 1, …, 
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M − 1 are estimated. For small M, the coefficients hk are given by analytic expressions. As an 
example, the wavelet D4 related to the well-known Daubechies wavelets (Daubechies 1992) is 
represented by the coefficients:

= +     = +

= −     = −

h h

h h

1

4 2
(1 3 ) ,

1

4 2
(3 3 ) ,
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4 2
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For more regular wavelets, the values hk are estimated from solutions of algebraic equa-
tions of larger power and can be found numerically with the required accuracy. Thus, the 
Daubechies wavelet D8 is given by the coefficients hk:
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Within the multiresolution analysis, the signal f(t) is decomposed using a selected basis 
of wavelets. The coefficients dj, k of this decomposition performed according to equation (1) 
carry important information about the structure of f(t) on different independent scales. This 
analysis is sometimes called the ‘mathematical microscope’ because it is able to reveal fea-
tures of signals structure for a wide range of resolution levels: from large to small scales. 
Within this interpretation, the selection of the basis function ψ(t) is similar to the choice of an 
objective for a microscope that allows (or does not allow) the revealing of necessary details.

Because the signal f(t) demonstrates temporal variations that are more pronounced for non-
stationary regimes, the estimated coefficients dj, k also fluctuate in time. A good statistical 
measure of variability of the wavelet coefficients is the standard deviation of dj, k estimated as 
a function of the scale

∑σ = −< >
=

−

j N
N

d d( , )
1

[ ] .
k

N

j i j i

0

1

, ,
2� (6)

where N is the number of wavelet-coefficients at the level j. This measure was successfully 
used, e.g., in cardiology providing clinically significant diagnostics of heart failures based 
on beat-to-beat intervals (Thurner et al 1998). An important conclusion of the work (Thurner 
et al 1998) consisted of the possibility of revealing time scales associated with pathological 
changes and, therefore, in establishing control mechanisms responsible for the development 
of this pathology. In order to apply the diagnostics abilities of the multiresolution analysis, it 
should be appropriately ‘tuned’, i.e., the optimal wavelet function ψ(t) needs to be selected. 
This selection is the required step for an analysis of LSCI-data because an unsuccessful choice 
of ψ(t) will not allow for the revealing of necessary details.

3.  Results

3.1.  Harmful effects of infrasound on CVBF in newborn mice

At the first step, we analyzed the changes in the cerebral venous hemodynamics in newborn 
mice at different stages of the stress-induced ICH: at 4 h after sound stress (the transient 
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stage of ICH without ICH) and at 24 h after stress-off (the incidence of ICH). Our results 
demonstrated that the development of ICH in newborn mice is characterized by essential 
changes in the parameters of cerebral venous circulation. Indeed, the transient stage of ICH 
is accompanied by an increase in the diameter of the sagittal sinus by about 25% (p < 0.05) 
and a decrease in the velocity of blood flow by about 15% (p < 0.05) compared with the 
normal state. The incidence of ICH is associated with more pronounced changes in the 
diameter of the sagittal sinus. Thus, this parameter increased by 34% (p < 0.05) in newborn 
mice with ICH vs. healthy animals. In this period the velocity of blood flow decreased by 
17% (p < 0.05) that is almost the same as in mice at the transient stage. Table 1 shows the 
basal values of the diameter of the sagittal sinus. Figure 2(a) illustrates relative changes 
in the velocity of blood flow at rest and at different stages of the development of ICH. 
Temporal variations of CVBF associated with observation points inside the sagittal sinus 
are shown in figure 3.

3.2.  Effect of the pharmacological stimulation of β2-adrenodependent vasorelaxation on 
CVBF in newborn mice under normal conditions and at different stages of ICH

At the second stage, we studied the effect of agonist of β2-adrenoreceptors—isoproterenol on the 
cerebral venous circulation at rest and at different stages of ICH. In healthy newborn mice, isopro-
terenol administration caused an increase in the diameter of the sagittal sinus by 19% (p < 0.05) 
and a decrease in the velocity of blood flow by 23% (p < 0.05). The responsiveness of the sagittal 
sinus to isoproterenol significantly increased at the transient stage of ICH figure 2(b). Actually, 
the diameter of the sagittal sinus increased by 37% (p < 0.05), and the velocity of blood flow 
decreased by 38% (p < 0.05). Let us mention that mice with ICH did not demonstrate essential 
changes in the diameter of the sagittal sinus after the isoproterenol injection table 1. However, 
the velocity of blood flow in this venous vessel decreased by about 30% (p < 0.05) in mice with 
ICH figure 2(b). Administration of the physiological saline did not show any alterations in the 
diameter of the sagittal sinus and the velocity of blood flow in all mice (table 1).

3.3.  Multiresolution analysis of changes in CVBF during the stimulation of  
β2-adrenodependent vasorelaxation by isoproterenol at different stages of ICH

Before the application of the multiresolution analysis to experimental data recorded in new-
born mice, a preliminary data preprocessing was performed. By analogy with the fast Fourier 
transform, it is convenient to operate with the number of data points equal to 2n because 

Table 1.  The diameter (µm) of the sagittal sinus in newborn mice before and after the 
physiological saline and isoproterenol injection under normal conditions and at differ-
ent stages of ICH.

Healthy mice

Stressed mice (4 h after 
infrasound influences, 
transient stage)

Stressed mice (24 h 
after infrasound 
influences, incidence 
of ICH)

Basal levels before physiological 
saline administration

276  ±  15 346  ±  15b 372  ±  21b

Basal levels after physiological 
saline administration

279  ±  11 341  ±  13b 370  ±  15b

Isoproterenol administration 334  ±  12a 469  ±  22a,b 380  ±  17b

p < 0.05 versus: a basal levels; b healthy mice.
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transitions to each next level of resolution correspond to the rescaling of the time axis with 
the factor 2. For this purpose original data (N = 300) were interpolated by cubic splines to get 
210 data points. The interpolation changed time intervals between samples from 1 s to about 
0.3 section Let us note that this interpolation formally increases the range of frequencies for 
spectral analysis however we cannot be sure in correct spectral estimations in the extended 
frequency area. Due to this, our further analysis is restricted by the range below 0.5 Hz.

Within the multiresolution analysis, each next level of resolution j + 1 corresponds to a 
2 times smaller (compared to j) interval of time covered by the wavelet-function, i.e., to 
2 times higher frequencies of rhythmic contributions. The considered scales can be asso-
ciated with physiological control mechanisms because it was established, e.g., that the 
region of 0.25–0.75 Hz is associated with sympathetic regulation, the region 0.75–3.0 Hz 
corresponds to influences of parasympathetic nervous system and breathing, slower con-
tributions ( < 0.25 Hz) are caused by endothelial factors (NO), intrinsic sympathetic mech-
anisms (without nervous regulation), etc (Stauss 2013a, 2013b). In our case, very slow 

Figure 3.  Temporal variations of CVBF associated with observation points inside the 
sagittal sinus: (a) for figure 2(a) before stress (solid line) and 24 h after stress (dotted 
line); (b) for figure 2(b) before stress (solid line) and 24 h after stress (dotted line).
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Figure 2.  Effects of infrasound (a) and isoproterenol administration (b) on CVBF in 
the area of sagittal sinus in newborn mice. The distribution of CVBF was measured by 
the LSCI before stress (left), and 4 h (middle) and 24 h (right) after the stress.
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mechanisms are associated with fluctuations in the experimental data at the levels j ⩽ 6, 
while the sympathetic nervous system corresponds to the range 6 ⩽ j ⩽ 7. Thus, for j = 6 both 
mechanisms can influence the statistics of wavelet-coefficients. We do not consider levels 
j  > 7 as corresponding to the frequencies f > 0.5 Hz due to the considered resolution of the 
LSCI-technique.

At the first step we analyzed the harmful effect of infrasound on CVBF in newborn mice 
with the multiresolution analysis. We applied the symmetric Daubechies wavelet D8, it being 
the most widely used in practical studies of the Daubechies function. Figure 4 illustrates the 
variances of the wavelet-coefficients associated with different scales j for healthy mice and 
stressed animals at the different stages of ICH development: 4 h after the infrasound influ-
ences (the transient stage without ICH) and 24 h after sound stress (the incidence of ICH). 
Following figure 4, the transient stage of ICH is accompanied by the increased variance of 
wavelet-coefficients at the levels of resolution j = [3;7] (p < 0.05). This effect becomes less 
pronounced after the incidence of ICH (24 h after stress).

Aiming to analyze responses to the administration of isoproterenol, we further estimated 
differences between the standard deviations of the wavelet-coefficients dj, k corresponding to 
the states before (1) and after the drug (2), i.e. the values σ2 − σ1. The experimental data of rela-
tive blood flow are quite nonstationary and their statistical characteristics (mean value, stand-
ard deviation, etc.) fluctuate in time. Analysis of control mechanisms responsible for rhythmic 
contributions at different time scales supposes a band-pass filtering of the data with the further 
study of filtered signals. Unlike the classical spectral analysis such filtering is automatically 
realized within the multiresolution technique.

Figure 5 illustrates a comparison of reactions to isoproterenol between the healthy mice 
and stressed animals (4 h after the stress). Healthy mice demonstrate a more pronounced reac-
tion consisting of a reduced variability of the wavelet-coefficients (stronger regulation) at the 

Figure 4.  Analysis of the harmful effect of infrasound on CVBF in newborn mice 
with the variance of wavelet-coefficients associated with different levels of resolution. 
Analysis was performed with the Daubechies wavelet D8. Deviation bars characterize 
the variability of the value σ for different mice.
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levels of resolution j = [3;6] (p < 0.05) associated with very slow control mechanisms. This 
reaction is the most essential at the level j = 5. At the level j = 7 we did not reveal pronounced 
changes. Thus we can conclude that the reaction to isoproterenol is fairly weak for sympa-
thetic regulation.

Reactions to isoproterenol between healthy mice and animals with stress-induced ICH (24 h 
after the stress) are significantly more pronounced in figure 6. By analogy with figure 4, the 

Figure 5.  Reactions to isoproterenol for healthy mice and for stressed animals (4 h 
after the stress) characterized with the multiresolution analysis. Results are given for 
the Daubechies wavelet D8.
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Figure 6.  Reactions to isoproterenol for healthy mice and for stressed animals (24 h 
after the stress) characterized with the multiresolution analysis. Results are given for 
the Daubechies wavelet D8.
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main distinctions are associated with the scale j = 5. The distinctions are significant (p < 0.05) 
in the area of very slow regulatory mechanisms (j = [3;5]). They are less expressed for j = 6, 
where the interplay between very slow and slow regulatory mechanisms can occur. Again, we 
do not observe inter-group changes for j = 7. Thus, healthy animals show a reduced variability 
of wavelet-coefficients corresponding to a stronger regulation by very slow control mecha-
nisms. However, mice with stress-induced ICH demonstrate almost unchanged variability of 
wavelet-coefficients associated with the corresponding physiological control. These obser-
vations are important for a better understanding of stress-induced phenomena in the brain 
circulation. Measures shown in figure 6, allow us to conclude about the essential potential 
of the multiresolution analysis as an approach that provides a characterization of individual 
physiological control mechanisms besides simple diagnostics of changes in the structure of 
the experimental time series.

In the performed study we used the symmetric Daubechies wavelet D8 representing the 
most widely used wavelet function. Among wavelets with the relatively small support M, the 
wavelet D8 seems to be useful as a compromise from the viewpoint of regularity properties of 
the basis function ψ(t) (Dremin et al 2001). Let us discuss whether the discussed inter-group 
differences can be improved by using other wavelet functions. As it was already discussed in 
section 2.5, the multiresolution analysis can be interpreted as the mathematical microscope 
that needs to be appropriately adjusted to reveal necessary details, e.g., to illuminate small 
changes in the structure of experimental time series at early stages of the transition from nor-
mal to pathological dynamics. Figure 7 testifies that the selection of the wavelet-basis is an 
important issue for data processing.

Following figure 7, good separations between the characteristics of the considered groups 
are obtained also for the Daubechies wavelets D4 (symmetric function ψ) and D12. However, 
we do not improve the diagnostic abilities of the multiresolution analysis by changing the 

Figure 7.  A comparison of reactions to isoproterenol for healthy mice and for animals 
with ICH (24 h after stress) with different wavelet bases including symmetric (‘s’) and 
asymmetric (‘e’) wavelets. The upper index characterizes the length of the wavelet. 
Results are given for the resolution level j = 5.
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used basis. Let us note that some wavelet functions are not appropriate for the analysis of 
drug effects. Thus, the non-symmetric wavelet D8 was unable to distinguish between healthy 
and pathological dynamics. Using the analogy between the multiresolution analysis and a 
‘mathematical microscope’ we can conclude about the selection of an objective that does not 
allow the revealing of necessary details. ‘Good objectives’ represented by the functions D4, D8 
(symmetric wavelet) and D12 demonstrate quite similar results. This means that if the wavelet 
is chosen appropriately, other ‘objectives’ do not provide new information (Dremin et al 2001, 
Pavlov and Anishchenko 2007).

4.  Discussion

In this study we analyzed pathological changes in cerebral venous hemodynamics at different 
stages of ICH in newborn mice and the role of adrenodependent vasorelaxation mechanisms 
in this process using wavelet analysis of vascular dynamics of the sagittal sinus. To induce 
ICH in newborn mice we used the harmful effects of infrasound with high intensity on the 
brain. This severe stress causes functional disorder and structure injury of the central nervous 
system, especially in the cortex. The superficial small multiple ICH is the most frequently 
occurring cerebral disorder induced by infrasound due to its deleterious effects on the veg-
etovascular centers. In our previous works, we obtained the multiple ICH in the cerebral 
cortex in adult and newborn rats subjected to the influence of infrasound (Semyachkina-
Glushkovskaya et al 2013a, 2013b). Recent clinical studies showed that term neonates 
have predominantly superficial ICH in the cortex and subdural space (Gupta et al 2009,  
Whitby et al 2004, Looney et al 2007).

Although the mechanisms underlying ICH in neonates remain unknown, there is evidence 
that the critical pathological changes in CBF are the main reason. Thus, a correction of cer-
ebral blood flow after ICH is the first-line therapy in newborns (Azhan and Wong 2012, Di 
Gennaro et al 2011, Ballabh 2010). Fluctuating CVBF associated with abnormalities of the 
venous blood flow is an important factor of the disturbance of cerebral hemodynamics asso-
ciated with ICH (Volpe 2008, Gupta et al 2009). It is crucial, however, that there is limited 
information regarding the prognostic criteria for pathological changes in the pattern of CVBF. 
This is one of the reasons of difficulties in the determination of the true incidence of ICH  
(Gupta et al 2009, Lo 2011). Taking into consideration these circumstances, we studied the 
alterations of cerebral venous circulation at different stages of ICH—4 h after the infrasound 
influences (the transient stage without ICH) and 24 h after sound stress (the incidence of ICH).

The obtained results show that the development of ICH in newborn mice is accompa-
nied by significant changes in the cerebral venous circulation and by differences between 
the standard deviations (σ) of the wavelet-coefficients dj corresponding to the states before 
and after stress. The transient stage of ICH is accompanied by an increased diameter of the 
sagittal sinus with the fall of the velocity of blood flow. The incidence of ICH is characterized 
by more pronounced dilation of the sagittal sinus with the decreased velocity of blood flow. 
These changes are associated with the increased variance of wavelet-coefficients at the levels 
of resolution j = [3;7] that include the area of very slow frequencies (j ⩽ 6) and the range of 
slow dynamics (j ⩾ 6) figure 4. Because LSCI-data was recorded with the sample step 1 s, we 
do not consider larger j associated with higher frequencies (thus, j ⩾ 8 corresponds to frequen-
cies  > 1 Hz). Analyzing different values of j we can, therefore, reveal the effects of different 
mechanisms influenced by the dynamics of CVBF.

The dilation of intracranial veins and the engorgement of venous sinuses are the symp-
toms of elevation of the cerebral venous pressure and the cerebral hypotension that are 
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associated with ICH in newborns (Ghazi-Birry et al 1997, Mokri 2004, Volpe 2008). We 
suggest that the relaxation of the sagittal sinus with the decreased velocity of blood flow 
precedes to ICH in newborn mice and can be considered as the prognostic criteria for a risk 
of ICH during the first days after the birth. Similar observations were reported in newborn 
rats (Semyachkina-Glushkovskaya et al 2013a). The obtained experimental results are in 
good accordance with clinical data suggesting that the decrease of the cerebral venous blood 
outflow is implicated in contributing to the occurrence of ICH in newborns (Ment et al 
1984, Meek et al 1999). It was also reported that the impairment of CVBF with low cerebral 
perfusion pressure is associated with ICH and poor outcomes after brain injury in children 
(Munro et al 2004). Pediatric Guidelines recommend preventing venous insufficiency to 
avoid ICH (Adelson et al 2012).

A high activation of the adrenodependent vasorelaxation mechanism can represent one 
of the reasons underlying the critical dilation of the cerebral veins associated with ICH. 
Adrenergic-related vasorelaxation effects are realized by the activation of β2-adrenoreceptors 
(Lands et al 1967, Wilffert et al 1982) with increased activity of KATP-channels of the vas-
cular muscle (Nakashima and Vanhoutte 1995, Wang and Lipsius 1995, Koumi et al 1995,  
Fujii et al 1999) and the production of endothelial nitric oxide (Dawes et al 1997,  
Uchida et al 2002, Ferro et al 2004).

Based on these results we studied the effects of the pharmacological stimulation of  
β2-adrenoreceptor-mediated vasorelaxation with isoproterenol (agonist of β2-adrenoreceptors) 
on the cerebral venous hemodynamics. This study was performed in newborn mice under the 
normal state and at different stages of ICH with an evaluation of changes in endothelial and 
non-endothelial components of CVBF-variability.

We revealed the highest sensitivity of the sagittal sinus to isoproterenol in animals is at the 
transient stage of ICH. Indeed, isoproterenol-induced increase in the diameter of the sagit-
tal sinus was two-fold higher while the corresponding decrease in CVBF was one, five-fold 
greater in newborn mice at 4 h after the stress compared with healthy animals. These changes 
of CVBF in the masked period of ICH are accompanied by differences in wavelet-coeffi-
cients between healthy and sick mice: the clearest group separation was observed for j = 3 that 
is associated with high activation of endothelial factors of the vascular tone regulation fig-
ure 5. In general, we revealed inter-group differences for j = [3, 6]. These facts are consistent 
with experimental data suggesting that β2-adrenomediated vasorelaxation is realized through 
stimulation of both, endothelial (NO-system) and non-endothelial (KATP-channels activity 
of vascular muscle) mechanisms (Nakashima and Vanhoutte 1995, Wang and Lipsius 1995,  
Fujii et al 1999, Dawes et al 1997, Uchida et al 2002, Ferro et al 2004).

The development of ICH is accompanied by the progression of pathological changes in 
CVBF associated with more pronounced differences of variability of wavelet-coefficients 
compared with mice at a masked period of ICH and, especially, with healthy mice figure 6. 
In mice with ICH, the diameter of the sagittal sinus was maximal compared with normal and 
transient states. Isoproterenol did not cause the additional relaxation of the dilated venous ves-
sel, however the velocity of CVBF decreased.

Using isoproterenol we modulated critical changes in CVBF by stimulation of additional 
adrenorelated vasorelaxation in mice with ICH characterized by the dilated cerebral veins. 
Despite the absence of clear changes in physiological parameters of CVBF (such as the diam-
eter of the sagittal sinus and the velocity of CVBF) in mice with ICH after isoproterenol 
injection, multiresolution analysis reveals significant changes in the dynamics of CVBF quan-
tifying with the variability of wavelet-coefficients. This allows us to conclude that the multi
resolution analysis of cerebrovascular dynamics represents a useful tool for the evaluation of 
critical changes in CVBF associated with a risk of ICH.
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It is known that vasodilatory capabilities of immature cerebral vessels are significantly 
limited (Cavazzutti and Duffy 1982). Thus, vasodilatory effects of dopamine do not appear 
in preterm fetal lambs with severe hypoxia that is accompanied by the dilation of cerebral 
vessels (Mayock et al 2007). These facts partly explain why a severely dilated sagittal sinus 
was insensitive to isoproterenol in newborn mice with ICH. Higher sensitivity of the sag-
ittal sinus to isoproterenol in stressed newborn mice at the transient stage of ICH can be 
related to a higher binding affinity of non-innervated β2-adrenoreceptors to the circulating 
adrenaline—the main hormone of stress releasing from the adrenal glands (Wilffert et al 
1982, Broadley et al 1986). Some early experimental studies of newborn rats showed that 
the adrenergic synaptic fibers in the brain develop slowly; they reach adult levels approxi-
mately two months after the birth (Harden et al 1977, Brown and Goldman 1977). Intensive 
maturation of the vascular β2-adrenoreceptors occurs more rapidly compared with adrenergic 
synapses—during the first two weeks after the birth (Harden et al 1977). Thus, high density 
and sensitivity of non-innervated vascular β2-adrenoreceptors in newborn mice can be one 
of the key reasons for the relaxation of the cerebral vessels under the stress condition. These 
facts allow us to assume that the predominance of adrenergic-related vasodilatory responses 
to stress in newborn mice is an important mechanism underlying the development of ICH 
during the first days after the birth. Further studies are needed to elucidate the particularities 
of molecular mechanisms by which β2-adrenergic receptors regulating cerebral circulation, 
trigger critical changes in CBF, thus leading to the ICH in newborns.

5.  Conclusion

In summary, we showed that the dilation of the sagittal sinus with the decreased velocity of 
blood flow presides to the stress-induced ICH in newborn mice. These morphofunctional vas-
cular changes are associated with a pronounced increase in the variance of wavelet-coefficients 
in the area of endothelial and non-endothelial (sympathetic) components of CVBF variability.

The revealed changes in the cerebral venous hemodynamics at the latent stage of ICH are 
accompanied by high responsiveness of the sagittal sinus to isoproterenol that are reflected 
in the statistics of wavelet-coefficients related to the region of very slow frequencies that cor-
respond to endothelial (NO) and non-endothelial (KATP-channels activity of vascular muscle) 
sympathetic mechanisms of isoproterenol. The indicated changes in the variability of CVBF 
induced by isoproterenol are manifested more clearly in mice with ICH. These facts certify a 
higher activation of the adrenergic-related vasodilatory responses to severe stress in newborn 
mice that can be one of the important mechanisms underlying the development of ICH.

Thus, the venous insufficiency with the decreased blood outflow from the brain associated 
with changes in the endothelial and the sympathetic components of CVBF variability can be 
treated as prognostic criteria for a risk of ICH during the first days after birth.
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