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Abstract. Nitric oxide (NO) plays an important role in regulation of
central and peripheral circulation in normal state and during hemor-
rhagic stress. Because the impaired gastric mucosal blood flow is the
major cause of gastroduodenal lesions including ulcer bleeding (UB), we
study in this work the NO-ergic mechanism responsible for regulation
of this blood flow. Our study is performed in rats with a model of stress-
induced UB using laser Doppler flowmetry (LDF) that characterizes the
rate of blood flow by measuring a Doppler shift of the laser beam scat-
tered by the moving red blood cells. Numerical analysis of LDF-data
is based on the discrete wavelet-transform (DWT) using Daubechies
wavelets aiming to quantify influences of NO on the gastric micro-
circulation. We show that the stress-induced UB is associated with an
increased level of NO in the gastric tissue and a stronger vascular sensi-
tivity to pharmacological modulation of NO-production by L-NAME.
We demonstrate that wavelet-based analyses of NO-dependent regu-
lation of gastric microcirculation can provide an effective endoscopic
diagnostics of a risk of UB.

1 Introduction

Severe ulcer bleeding (UB) is associated with a loss of gastric vascular tone and vascu-
lar reactivity to contractile agents [1]. Recent studies have proposed a hypothesis that
an increased concentration of nitric oxide (NO) during hemorrhagic stress including
gastrointestinal bleedings is produced by an activation of the inducible NO-synthase
[2,3]. High levels of NO cause the opening of vascular smooth muscle channels lead-
ing to the development of hypotension and the resistance to vasopressors [4,5]. The
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elevated concentration of NO is an important factor for the increase in cyclic guano-
sine monophosphate resulting in an activation of myosin light-chain phosphatase and
increasing of protein G kinase phosphorylation that opens KATP and KCa channels.
The activation of these types of channels allows K+ to leave the cell causing hyper-
polarization, reducing of cytoplasmatic Ca2+ concentrations and vasodilation [6,7].
Taking into consideration these facts, here we test our hypothesis that an increased
activity of the NO-ergic system (i.e., the system that carries out the synthesis and
secretion of NO) in a stomach may be one of the crucial mechanisms responsible for
pathological changes in the gastric microcirculation related with UB.
Aiming to quantify influences of NO on the gastric microcirculation, we perform

experimental research using laser Doppler flowmetry (LDF) and the multiresolution
analysis [6,7] based on the discrete wavelet-transform (DWT) being one of the most
powerful tools for data processing. Wavelets are used here as the main mathemati-
cal approach because the considered time-series have non-stationary nature and they
are complicated. Moreover, unlike the classical spectral analysis wavelets are more
suitable to study time-frequency structure of physiological processes from quite short
time series. Although many physiological applications of wavelets deal with the con-
tinuous transform of experimental data (see, e.g. [9–11]), DWT has some advantages.
In particular, it is significantly faster such that signal processing can be realized in an
“on-line” regime. Applying the discrete transform is also more natural in the case of
digitized data (time series) and is used in practice if it is required to quickly compute
some characteristics. Note, that wavelets have become now a basic mathematical tool
in many studies including diagnostic problems in physiology and medicine. They often
provide new insides into a complex structure of physiological time series and even re-
veal early stages of pathological changes in regulatory mechanisms that cannot be
found with standard techniques such as, e.g., spectral or correlation analysis [12,13].
In our previous works, the efficiency of wavelet-based techniques for characterizing
pathological changes in kidney microcirculation was shown [14–16] and a role of NO
in the development of hypertension was discussed [17]. Here we study a role of ni-
tric oxide in regulation of gastric microcirculation in rats with ulcer bleedings using
“a language” of DWT-coefficients. These coefficients characterize the variability of a
signal associated with different time scales. Their standard deviations can quantify
the strenght of regulation of microcirculatory blood flow associated with different
regulatory mechanisms.

2 Experiments

Experiments were performed in mongrel male rats (250 to 300 g) 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 rats were housed
at 25±2o C, 55% humidity, and 12:12 h light – dark cycle. Food and water were given
ad libitum.
Gastric mucosal microcirculatory blood flow was studied using the laser Doppler

flowmetry (LACC-2011 laser diagnostic complex, Moscow, Russia). The light from a
HeNe laser (wavelength 635 nm) was focused on the tissue by an optical fiber, and
the back-scattered light was detected by a pair of fibers with a separation of 0.5mm.
For the LDF probe in anesthetized rats with ketamine (Sigma Chemical Co, Saint
Louis, USA, 40mg/kg, iv), the abdomen was opened through a midline incision and
the stomach was gently exteriorized. The forestomach was opened along the greater
curvature and the rat was placed on its left side. To eliminate motion artifacts, the
stomach was stabilized by placing it on a Perspex stage. The tip of either probe was
positioned at about 0.5–1mm from, and perpendicular to, the surface of the gastric
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Fig. 1. Examples of LDF-data for a healthy rat (a) and for a rat with UB with (b) and
without (c) NO-blockade.

mucosa. The duration of the recovering process was at least 1 hour after surgical
preparation until mucosal blood flow was stabilized.

To induce the development of UB, rats underwent a combination of two types
of stress: psychosocial chronic stress (overpopulation) and emotional stress (2 h im-
mobilization). At the first stage of the experiments, rats were housed under chronic
stress (overpopulation) during 4 months that was accompanied by a superficial mu-
cosal damage in 83% of rats (61 of 73 rats used in our study). At the second stage,
chronically stressed rats underwent another type of stress – 2 h immobilization (every
day during 1 month). This additional daily stress induced the development of stress-
related UB. Thus, the whole stressed period was 5 months.

LDF signals (perfusion, tpu) corresponding to control levels were measured for
10min (30min after the surgical procedure and stabilization of gastric mucosal
blood flow), then submucosal injection of 0, 1ml NG-nitro-L-arginine-methyl ester
(L-NAME) being a non-specific blocker of NO-synthase (Sigma Chemical Co, Saint
Louis, USA, 10 mg/kg) was applied and LDF signals were measured again for 10min
(immediately after L-NAME injection). The NO content in gastric tissue was mea-
sured by spectrophotometry (SF-2011, Moscow) using standard method described in
[18]. We analysed LDF-signals of 73 healthy rats and 61 rats with stress-induced UB
recorded with the sampling step 0.04 sec. For each rat, two states are considered: con-
trol dynamics (10 minutes) and dynamics after injection of L-NAME (10 minutes).
Each time series contained about 15000 data points. An example of the recorded
LDF-signal is given in Fig. 1.

3 Methods

A detailed analysis of LDF-data was performed using a multiresolution approach
based on the DWT [8,19]. Unlike the continuous wavelet-transform, each scale con-
sidered within the DWT contains an independent non-overlapping set of information
about the analyzed data in the form of wavelet coefficients. The latter are obtained
by using a pyramidal (fast) decomposition of the signal [20]. Within the DWT, a
signal is decomposed using a set of low-pass and high-pass filters given by vectors
of L = 2M coefficients (this ensures that we always deal with even numbers quanti-
gying the length of wavelet-bases). These filters are constituted by the dilated and
translated versions of the scaling function ϕ(t) and the “mother” wavelet ψ(t):

ϕj,k = 2
j/2ϕ(2jt− k), ψj,k = 2

j/2ψ(2jt− k). (1)
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The relation between the functions on different scales for ϕ(t) are given by the fol-
lowing expressions with L coefficients hk:

ϕ(t) =
√
2

L−1∑

k=0

hkϕ(2t− k), ψ(t) =
√
2

L−1∑

k=0

gkϕ(2t− k), (2)

where the filter coefficients hk are computed numerically from the solution of theM -th
power equation [8]. Higher M provide smoother wavelets that have better regularity
properties and can be more appropriate for the analysis of experimental data with
polynomial trends. However, high number of vanishing moments is not always the
best choice and a comparison of different variants may be useful. In practice, the
Daubechies waveletsDL are typically considered [19]. The upper index L characterizes
the number of coefficients, while the number of zero moments is equal toM . A higher
rank makes it possible to retrieve information on features of higher orders contained
in signals by ignoring polynomial behavior (trend) in the analyzed data. This is
important in the study of nonstationary processes.
Any signal x(t) ∈ L2(R) on any level of resolution jn can be decomposed as follows

x(t) =
∑

i

sjn,iϕjn,i(t) +
∑

j≥jn

∑

i

dj,iψj,i(t) (3)

with the coefficients sj,i and dj,i containing information about the signal on different
independent scales. Since the sequence of wavelet coefficients changes in time for
nonstationary processes, their standard deviations for different scales are considered
as quantitative characteristics of the analyzed data:

σj =

√√√√ 1
N

N−1∑

i=0

[dj,i − 〈dj,i〉]2, (4)

where N is the number of wavelet-coefficients of the considered level of resolution.
The values σj quantify fluctuations in a signal associated with different time scales.
They provide an informative characterization of the signal structure and can be useful
for diagnostics purpose. Thus, in particular, a recent study based on a multiresolution
approach [12] proposed a clinically significant measure of the chance of heart failure.
Smaller σj are associated with more pronounced influences of physiological control
mechanisms. Analysis of experimental data based on these characteristics enables us
to separate effects of different regulatory systems.
The selection of the wavelet basis is one of the most important stages in data

processing: an appropriately chosen basis makes it possible to reveal more details from
the analyzed signal by analogy with an appropriate selection of the microscope lens.
Aiming to optimize the selection procedure, we propose the following algorithm: Let
us consider two different physiological states that should be separated in the course
of data processing. The acquired processes associated with each state are analyzed
within “floating” windows (1024 data points) to get information about the variability
of σj that is not associated with the transitions between the states. Thus, we estimate
mean values and standard deviations of the measure (4) for the two states σj,1 ± δj,1
and σj,2 ± δj,2. Further, by analogy with a characteristic used in [21] for patterns
separation we compute the P -measure as follows

Pj =
|σj,1 − σj,2|
(δj,1 + δj,2)/2

· (5)

Larger Pj are associated with clearer distinctions between characteristics of the con-
sidered physiological states at the scale j. A comparison between (i) different wavelet
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Fig. 2. Standard deviations σj of wavelet coefficients (Daubechies wavelets D
4) for a healthy

rat (filled circles) and the same rat in the state of stress-induced ulcer bleedings (empty
circles) (a) and the dependence Pj that reaches its maximal value for j=5 (b).

bases DL of the Daubechies wavelets and, (ii) the scales described by the index j
is performed to maximize the measure (5) and, therefore, to reveal a more essential
discrimination between the experimental data.

4 Results

At the first stage of our study we tested the multiresolution approach providing esti-
mation of the P -measure (5) for individual recordings. Figure 2 shows a typical exam-
ple of how the given method discriminates standard deviations of wavelet-coefficients
between the normal physiological state and the state of stress-induced ulcer bleedings.
In the latter state, the values σj decrease testifying a stronger regulation of microcir-
culation by physiological control mechanisms. A reduction of σj is observed for each
scale characterized by the index j. Let us consider the scales j = 3 and j = 5 asso-
ciated with the low-frequency (around f = 0.3Hz) and the high-frequency (around
f = 1.3Hz) cardiovascular dynamics [22,23]. Although the discrimination of σj oc-
curs in both discussed frequency areas (Fig. 2a), the P -measure takes its maximal
value in the case of the high-frequency dynamics corresponding to j = 5 (Fig. 2b). In
Figure 2, the results are given for the simplest basis D4 of the Daubechies wavelets. A
consideration of higher ranks of the wavelet basis DL may improve the discrimination
of the analyzed physiological states; nevertheless, larger P -values will be obtained for
the scales associated with the high-frequency dynamics. Let us note, that the con-
trol values of LDF do not demonstrate significant differences between individuals and
between groups of healthy rats and animals with UB.
Further, we applied the multiresolution approach for the whole set of experimental

data with the blockade of NO-synthesis. Figure 3a shows how mean values of σ3 as-
sociated with the low-frequency dynamics (j=3) vary between different physiological
states. Let us note that the values σ3 do not demonstrate clear distinctions between
healthy and ill rats (Fig. 3a, triangles). Let us consider the ratio of mean standard
deviations

rj = σj,1/σj,2 (6)

where the numbers 1 and 2 denote different physiological states. Thus, for healthy
and ill rats the ratio r3 takes a value near 1.0 and, therefore, this measure is unable
to uncover essential differences in the dynamics of the two groups. However, such
distinctions can be revealed after the blockade of NO-synthesis that is resulted in a
significant decrease of σ3. Following Fig. 3a, the measure r3 for the states before and
after the blockade takes a value near 2.0 for ill rats (filled circles) and near 1.7 for
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Fig. 3. The ratios r3 (a) and r5 (b) for healthy and ill rats before the blockade of NO-
synthesis (filled triangles), for healthy rats before and after the blockade (empty circles), for
ill rats before and after the blockade (filled circles). L is the number of coefficients of the
considered wavelet-basis.

healthy rats (empty circles). A clearer group separation can be provided in the area of
high-frequency dynamics (j = 5). Figure 3b illustrates how the distinctions between
the groups of rats become more pronounced in this frequency region. Again, the
used measure r5 does not provide a separation between healthy and ill rats before the
blockade of NO-synthesis (Fig. 3b, triangles). However, these two groups demonstrate
different reactions caused by the injection of L-NAME. For healthy rats, the value
σ5 before the blockade is about twice larger than after the blockade (Fig. 3b, empty
circles).
The ratio of the corresponding mean standard deviations varies for different

wavelets DL, however, a choice of an appropriate wavelet is not critical. This situation
essentially changes for the group of ill rats. The ratio of mean standard deviations
takes values between 3.0 and 4.0 depending on the basis DL. The reaction caused by
the blockade is more expressed for the basis D10 as, e.g., for the basis D4. Therefore,
we can conclude that an appropriate choice of the basis can essentially improve diag-
nostics abilities of the multiresolution technique. We can also conclude that a study
of high-frequency dynamics provides a way to clearly separate reactions of healthy
and ill rats caused by the blockade of NO-synthesis.
Figure 3b illustrates also how the results depend on the selection of the basis. Thus,

for the basis D10 the best discrimination between both groups of rats was obtained.
For healthy rats, the measure (4) took the value σ5 = 0.08 ± 0.03(mean ± SD).
The blockade of NO-synthesis provided a decrease of σ5 up to the value 0.04± 0.01.
For the group of rats with ulcer bleedings we did not found essential distinctions
compared with healthy animals in the state before the blockade of NO-synthesis
(σ5 = 0.09 ± 0.02). However, the blockade resulted in a decrease of the variability
of the wavelet-coefficients up to the value σ5 = 0.02 ± 0.01, i.e. in about 4 times
compared with 2 times for healthy animals. The latter testifies that the sensitivity of
stomach vessels to the NO-dependent factors increases in rats with ulcer bleedings.
We can also conclude that the used multiresolution approach demonstrates its high
efficiency in the range of high-frequency dynamics. All differences between the groups
are statistically significant.
Aiming to improve diagnostic abilities of the wavelet-based approach, we per-

formed a comparison between different wavelet bases DL for the whole sets of ex-
perimental data using the P -measure (5). Figure 4 illustrates an example of the
dependence Pj(L) for j = 5. By analogy with Fig. 3b, we can state that the maximal
value of the P -measure is obtained for the basis D10. Thus, the used measure provides
indeed a way to automatically select an appropriate wavelet basis.
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5 Conclusions

This study was undertaken to investigate the role of NO in regulation of gastric mi-
crocirculation in rats with UB using pharmacological modulation of NO production.
Using submucosal injection of L-NAME, we studied the modulation of gastric perfu-
sion after this injection in normal state (control group) and during UB (experimental
group) in rats based on the DWT analysis of LDF signals. Our results show the
clearest distinctions between the analyzed groups of rats in the high-frequency area.
L-NAME provided a decrease of the variability of the wavelet-coefficients in about 2
times for healthy rats and in about 4 times for ill rats.
Note, that “a language” of DWT-coefficients is an effective way to study multi-

scale dynamics of physiological processes. Dispersion or standard deviation of these
coefficients can serve as a measure of flexibility of the cardiovascular system. Here,
we proposed an approach that enables us to select an optimal wavelet-basis providing
the most distinct separation between different groups of animals.
The results based on a DWT analysis of the gastric microcirculation in the

high-frequency area show that the gastric vascular sensitivity to NO blockade is
higher in rats with ulcer bleeding than in healthy rats testifying the hyperactivity of
the NO system under severe hemorrhages. L-NAME induces the vasoconstrictor effect
and prolonged decrease in local gastric mucosal blood flow that is very important
for endoscopic hemostasis. We assume that the endoscopic study of NO-dependent
mechanisms of regulation of the gastric microcirculation during stress-related ulcer
bleeding with the DWT-analysis can provide sensitive diagnostic markers for a risk
of ulcer hemorrhages.
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