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Using the laser speckle contrast imaging and wavelet-based analyses, we investigate a latent
(a \hidden") stage of the development of intracranial hemorrhages (ICHs) in newborn rats.
We apply two measures based on the continuous wavelet-transform of blood °ow velocity in the
sagittal sinus, namely, the spectral energy in distinct frequency ranges and a multiscality degree
characterizing complexity of experimental data. We show that the wavelet-based multifractal
formalism reveals changes in the cerebrovascular blood °ow at the development of ICH.
Keywords: Cerebral blood °ow; laser speckle contrast imaging; stress; wavelet-analysis; complexity.

1.

Introduction

Despite the intracranial hemorrhage (ICH) is related to main reasons of neonatal morbidity and
mortality,1,2 mechanisms responsible for its development are still poorly understood. This development is typically asymptomatic, and a latent period
of the transformation of normal physiological
processes into pathological dynamics can easily be
*Corresponding

overlooked. Due to this circumstance, e®ective
markers of the hidden stage of the ICH development
are of high importance. ICH typically occurs at the
second day after birth. Aiming to reveal a high risk
for this pathology, analysis of impairments of the
cerebral venous blood °ow (CVBF) should be performed during several hours after birth.3,4 Besides
noninvasive experimental techniques, this analysis
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requires processing of quite short and nonstationary
data re°ecting the cerebrovascular dynamics.
A widely used noninvasive technique for measuring CVBF is the laser speckle contrast imaging
(LSCI)5–7 that possesses a high spatio-temporal
resolution. Dynamics of CVBF is characterized
based on variations of the speckle pattern that is
formed due to the scattering of the coherent light
from moving particles in blood. Temporal changes
of the contrast quantify the velocity of blood °ow.
During the last decades, the LSCI technique was
widely applied in solving various medical problems
providing a way to analyze the blood perfusion in
retina, skin and other tissues.
An e®ective approach for extracting information
from short, noisy and nonstationary data is the
wavelet-analysis8–12 that has demonstrated its essential potential in di®erent areas of natural sciences. Wavelet-based methods often outperform the
standard data processing tools such as, e.g., the
spectral or the correlation analysis. Thus, analysis
of long-range correlations with wavelets can be done
using signi¯cantly shorter time series as compared
with the correlation function.13,14 Characterizing
adaptation processes in the cardiovascular system
with wavelets allows revealing distinct stress-induced responses that are not distinguished with the
spectral analysis.15 Besides, wavelet-based tools
provide additional information about interactions
of physiological control mechanisms.16,17
In this paper, we study the abilities of waveletbased diagnostics of impairments in the cerebral
blood °ow that occur during the hidden stage of
the ICH development. The paper is organized as
follows. In Sec. 2, we describe the experimental
techniques and methods used for data processing.
Analysis of the latent stage of stress-induced ICH
development in newborn rats and a discussion of
markers that can be applied for early diagnostics are
given in Sec. 3. Section 4 contains some concluding
remarks.

2. Experiments and Data Processing
2.1. Subjects
Experiments were performed in 59 newborn male
rats (2–3 days after birth) in accordance with the
Guide for the Care and Use of Laboratory Animals
(NIH Publication No. 85-23, revised 1996). Protocols were approved by the Committee for the Care

and Use of Laboratory Animals at Saratov State
University (Saratov, Russia). Animals were housed
at 25  2  C, 55% humidity and 12:12 h light/dark
cycle.
A previously described model of a severe
stress18,19 was applied to induce the ICH in newborn
rats. The animals were placed in the Plexiglas
chamber (volume — 2000 cm3) and underwent
intermittent infra-sound (10 Hz, 120 dB) that repeated during 2 h (10 s — the sound, 60 s — the
interruption). The appearance of ICH during the
next day after such stress was veri¯ed by magnetic
resonance imaging and histological studies.18
Three groups of newborn rats were selected
for further analysis of CVBF: a control group
(unstressed rats, n ¼ 19), stressed rats with the
hidden stage of ICH (4 h after the stress-o®,
n ¼ 18), and stressed rats with ICH (24 h after the
stress-o®, n ¼ 22).

2.2.

Laser speckle contrast imaging

LSCI was used to measure CVBF through the
fontanel in anesthetized rats (iso°urane — inhalant
anesthetic) with the ¯xed head. This optical technique allows monitoring of cerebral blood °ow in
selected vessels.5–7,20 Laser speckle is a pattern
obtained due to the scattering of coherent light from
analyzed object. In case of rough surfaces, the light
intensity at the chosen point depends on the differences of the optical path for the re°ected waves.
For large di®erences compared with the light
wavelength, essential variations of the intensity
occur; it reduces for anti-phase waves and increases
for in-phase waves. Due to the presence of scattering
particles in blood moving through the vessel, the
intensity demonstrates a temporal variation that is
used to analyze dynamical changes in cerebrovascular dynamics.
In this study, blood °ow in the sagittal sinus was
analyzed. Speckle images were acquired with the
following set up: the exposed rat cortex was illuminated by the HeNe laser (Thorlabs HNL210L,
632.8 nm) coupled with the single mode ¯ber
(Thorlabs PMC630-50B-APC). Raw laser speckle
images (Fig. 1) were recorded using monochromatic
CMOS camera Basler acA2500-14 gm and Computar M1614-MP2 lens in which F-number was adjusted to meet the Nyquist criterion21 (two pixels
per speckle). Speckle images were acquired at the
rate of 40 frames/second during 5 min. Aiming to
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parameters, respectively, and is the basic wavelet.
When performing spectral analysis, complex-valued
wavelets are typically applied with the Morlet
wavelet representing the most popular waveletfunction


1
2
;
ð2Þ
ðÞ ¼ 0:25 expðj2f0 Þ exp 

2
where the parameter f0 is the central frequency that
determines the number of oscillations. For f0 ¼ 1,
there is a simple relation between the scale a and
the Fourier-frequency f, namely, f ¼ 1=a. Further
we shall consider frequencies instead of scales when
computing scalograms and performing spectral
analysis. The wavelet energy was estimated as
Eðf; bÞ ¼ jW ðf; bÞj 2 :

Fig. 1. An example of speckle contrast image of the superior
sagittal sinus perfusion.

reduce noise in raw images, data preprocessing was
performed consisting of time averaging over 50
images using a moving window (55  55 pixels). We
applied here the Gaussian approach to convert
the speckle contrast data into °ow velocity data
being more suitable for ordered °ows. Dynamical
changes of CVBF characterizing the macroscopic
cerebral dynamics were recorded. A single data series of the blood °ow velocity in the sagittal sinus
was analyzed for each animal.

2.3.

Scalograms

CVBF dynamics was studied with the waveletbased spectral analysis.10,11 Unlike the standard
spectral analysis based on the windowed Fourier
transform, application of wavelets has an advantage
for short data providing smoother dependencies
of the spectral energy vs the frequency of oscillations (the scalograms).
The continuous wavelet-transform of blood °ow
velocity was performed as follows


Z 1
1
tb
xðtÞ 
dt;
ð1Þ
W ða; bÞ ¼ pﬃﬃﬃ
a 1
a
where W ða; bÞ are the wavelet transform coe±cients, a and b are the scale and the translation

ð3Þ

It can be interpreted as a local energy spectrum.
Averaging of the energy Eðf; bÞ over the translation
parameter b provides the global energy spectrum
EðfÞ, i.e., the scalogram.
Spectral energy was studied in two distinct frequency intervals:
I: 0.05–0.1 Hz. It is assumed that this interval is
associated with rhythmic activity that has a metabolic origin. The corresponding activity may also be
caused by the NO-related endothelial function.22
II: 0.1–0.3 Hz. This activity is associated with the
neurogenic regulation and partial autonomic control.23 Some studies also discussed the e®ects of
metabolic activity in this frequency range.24
Besides the indicated ranges, other frequency
intervals and regulatory mechanisms are considered.22 According to the physiological assumptions
we expect, however, possible changes in the CVBFdynamics related to slow (and very slow) regulatory
mechanisms, i.e., re°ected in the indicated ranges I
and II. Due to this, the given ranges were considered
in detail in this work.

2.4.

Complexity measure

Complexity analysis was performed with the
wavelet-based multifractal formalism25,26 that provides sensitive characteristics of signals structure in
the case of highly inhomogeneous and nonstationary processes. Application of this tool in medicine
allowed proposing the e®ective characteristics of
heart failure.27,28 Characterizing complexity with
the wavelet-transform modulus maxima (WTMM)
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Fig. 2. Skeleton estimated with the continuous wavelettransform using the MHAT-function.

method is based on the number of scaling characteristics that are required to describe the signal's
features, i.e., on the multifractality degree. Simple
processes such as 1=f-noise are related to monofractal objects described by a single H€
older expo26
Physiological processes are typically
nent h.
characterized by a spectrum of H€
older exponents,27,28 and the di®erence  ¼ hmax  hmin can
serve as a complexity measure of experimental data.
Estimation of this spectrum within the WTMM
method is provided based on the partition functions
constructed from wavelet coe±cients. Unlike the
function (2), real-valued wavelets are typically used
in such estimations because the obtained results do
not depend on . Traditionally, multifractal analysis25,26 is performed based on wavelets constructed
as derivatives of the Gaussian function such as the
Mexican hat (MHAT)-wavelet being its second derivative


2
2
:
ð4Þ
¼ ð1   Þ exp 
2
Although analysis of frequencies is the traditional way in spectral applications, studies of multifractal measures with the wavelet-transform are
based on scales. When computing wavelet-coe±cients W ða; bÞ, lines of local minima and maxima of
W ða; bÞ are extracted at each ¯xed time scale a. The
corresponding lines (called as the skeleton) contain
main information about the wavelet-transform;
they are used to compute the partition functions26
X
Zðq; aÞ ¼
jW ða; bl ðaÞÞj q  a ðqÞ :
ð5Þ
l2LðaÞ

Here, LðaÞ represents a full set of the skeleton's lines
that can be detected at the scale a (Fig. 2). At each
scale a, the value of b associated with the lth line is
denoted as bl (a). The parameter q characterizes
local singularities at small (q < 0) and large (q > 0)
scales.
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Fig. 3.

Analyzed time series (a) and the scalogram (b).

Scaling exponents ðqÞ estimated from the
power-law dependence (5) are used for computing
the H€older exponents hðqÞ ¼ dðqÞ=dq and the singularity spectrum
DðhÞ ¼ qh  ðqÞ

ð6Þ

being one of the most informative characteristics of
the analyzed dynamics. The considered complexity
measure  corresponds to the width of the singularity spectrum DðhÞ.
Such approach is signi¯cantly more stable as
compared with direct estimations of the H€
older
exponents hðqÞ from experimental data.
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Spectral analysis was performed for experimental
data of CVBF-velocity for all three groups of animals. Examples of the analyzed data and the corresponding scalogram are shown in Fig. 3.
Rhythmic components in both frequency intervals I
and II are clearly detected. Besides, the scalogram
contains additional peak related to the respiration.
Total spectral energy within the intervals I and II
was estimated. According to Fig. 4, a reduced energy is observed in newborn rats with the developed
ICH (24 h after the stress-o®) as compared with the
control group (I: 3.11  1.38 vs 5.92  1.44; II:
8.85  4.18 vs 13.19  3.02).
However, these distinctions are relatively small
at the hidden stage of ICH (4 h after the stress-o®)
and the spectral energy cannot be considered as an
appropriate measure of impairments of CVBF
during the latent period of the development of ICH
(I: 4.58  1.77 vs 5.92  1.44; II: 11.76  4.23 vs
13.19  3.02). The between-groups distinctions are
not signi¯cant according to the Mann–Whitney test
(p > 0:05).

Complexity of CVBF

3.2.

Complexity of CVBF-velocity data was studied
with the MTMM-method assuming that linear
segments of the dependence log Zðq; aÞ vs log a are
analyzed. In order to do this, too short skeleton's
lines associated with oscillating \tails" of the
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Fig. 5. Typical spectrum of scaling exponents showing a
nonlinear dependence ðqÞ.

wavelet-function (4) as well as fragments of the
largest lines related to large values of a (the latter
can lead to essential errors due to a poor statistics)
were excluded from the consideration.
For all groups of animals, the dependence of
scaling exponent from the parameter q was clearly
di®erent from the linear function (Fig. 5) thus
verifying that the analyzed data series possess
multifractal properties and require large numbers of
quantities to describe their scaling features.
The development of ICH was mainly associated
with a reduced complexity of data series that was
quanti¯ed by the measure . Figure 6 illustrates
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3. Results and Discussion
3.1. Spectral analysis
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Fig. 4. Spectral energy estimated in two frequency intervals
(mean  SE).

Fig. 6. Spectra of the H€
older exponents showing a reduction
of complexity of CVBF-dynamics in a rat with ICH compared
with a healthy animal.
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Fig. 7. Singularity spectra characterizing dynamics of CVBF
in a healthy newborn rat and in a newborn rat with the stressinduced ICH.

the spectra of H€
older exponents for a rat from the
control group and from the group with the developed ICH. It is clearly seen that the di®erence between the maximal and minimal values of hðqÞ
reduces for pathological dynamics of CVBF.
In Fig. 7, the latter e®ect is illustrated using the
singularity spectra. The narrower function DðhÞ
means a simpler dynamics of CVBF. Besides the
reduction of the width of DðhÞ, a translation of the
singularity spectrum along the h-axis may occur
that re°ects changed correlation properties of data
series. However, this phenomenon is not essential
for the macroscopic dynamics of CVBF in the sagittal sinus and, therefore, will not be considered
further.
Statistical analysis performed for three groups of
newborn rats veri¯ed a reduction of complexity
measure  in animals with impairments of CVBF.
Unlike the results of spectral analysis illustrated in
Fig. 4, this reduction is distinguished at the hidden
stage of the ICH development (4 h after the stresso®) — Fig. 8. Larger distinctions between the
complexity measure  estimated for the control
group and the group of stressed rats with the hidden
stage of ICH (as compared with distinctions between the complexity measure computed for the
control group and the group of stressed rats with
ICH) may be caused by higher nonstationarity
of CVBF data that is re°ected in the scaling
characteristics. Nevertheless, we can conclude that

control

4h

24 h

Fig. 8. Statistical analysis of the complexity measure  of
CVBF-dynamics for three groups of animals (mean  SE).

a reduced complexity of CVBF dynamics may serve
as a marker characterizing an increased risk for
ICH.

4.

Conclusions

In this paper, we investigated the cerebrovascular
dynamics in newborn rats based on LSCI and
wavelet-analysis of the CVBF velocity aiming to
reveal markers of early stages of the transformation
of normal physiological processes into the pathological dynamics. We considered two wavelet-based
approaches to characterize the spectral energy
in distinct frequency intervals and complexity of
CVBF.
Analysis of scalograms did not allow separation
between the control group and the group of newborn animals with the hidden stage of ICH. Due to
this circumstance, application of spectral analysis
did not allow proposing prognostic criteria for a
high risk of the development of ICH in newborns.
Complexity measure quantifying the width of the
singularity spectrum represents a more sensitive
characteristic of the hidden stage of ICH. Based on
this measure, a reduction of complexity was
revealed. The latter can be treated as a marker of
pathological changes in CVBF. Unlike many other
approaches, an advantage of the measure  is the
possibility to quantify CVBF even for high nonstationarity and short data series. This circumstance is of a high importance for application of
the considered measure in neonatal medicine where
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signals with time-varying characteristics are typically recorded. Note that LSCI of the sinus blood
°ow is not possible noninvasively in human subjects
limiting translatability of the approach. Nevertheless, revealing signs of early stages of the ICH
development is an important circumstance for
elaboration of new diagnostic methods for neonatal
medicine.
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