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The in°uence of ischemia–reperfusion (I/R) action on pancreatic blood °ow (PBF) and the
development of acute pancreatitis (AP) in laboratory rats is evaluated in vivo by using the laser
speckle contrast imaging (LSCI). Additionally, the optical properties in norm and under condi-
tion of AP in rats were assessed using a modi¯ed integrating sphere spectrometer and inverse
Monte Carlo (IMC) software. The results of the experimental study of microcirculation of the
pancreas in 82 rats in the ischemic model are presented. The data obtained con¯rm the fact that
local ischemia and changes in the blood °ow velocity of the main vessels cause and provoke acute
pancreatitis.
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1. Introduction

Acute pancreatitis (AP) is a common disease.
Nearly, 75% of patients su®er from a mild edema-
tous form of pancreatitis. In 25% of patients, a se-
vere degree of the disease with a mortality rate of
30–60% can be expected.1 In AP, an important role
in the progression of the disease is reduction of
blood °ow and alterations of microvascular integ-
rity, resulting in impaired tissue oxygenation.1 The
crucial trigger of AP is the intra-pancreatic activa-
tion of trypsinogen to trypsin.1 Further, there is a
release of local mediators (cytokines, vasoactive
substances, and free oxygen radicals) and subse-
quently the development of microcirculatory dis-
turbances and the activation of leukocytes and their
in¯ltration into the tissue.1 At present, the deteri-
oration of microcirculation is seen as the most im-
portant pacemaker in the progression to a
necrotizing pancreatitis. In addition to its potential
role, severe pancreatic ischemia can play a patho-
genetic role in the initiation of acute pancreatitis.1

One of the main roles in the pathophysiological
development of pancreatitis, leading to tissue hyp-
oxia, plays microcirculatory disorders. In the 1980s,
studies were conducted showing the high sensitivity
of the pancreas to a decrease of perfusion and is-
chemia and revealing a direct relationship between
pathological changes of pancreas tissues and a re-
peated disturbance of the blood °ow.2 Also, there is
an increasing evidence that ischemia alone may be
the primary cause of pancreatitis or may be the
exacerbating promoter for the progression from
edematous to necrotizing pancreatitis.1 Studies of
Warshaw et al.3,4 are of particular interest because
they present clinical evidence of high sensitivity of
the pancreas to a decrease of perfusion and ischemia
and show, along with other studies, that primary or
secondary disturbances of blood °ow in the pan-
creas cause pathological changes in it. In clinical
studies, there was evidence that ischemia during
cardiopulmonary bypass triggered AP, and it was
found in up to 25% of autopsies of patients who
died after shock. Also, the hypothesis that the
manifestation of microvascular injury in AP
involves ischemia–reperfusion (I/R)-associated
events is supported by the study of Menger et al.,1,5

who analyzed the pancreatic microcirculation of
rats during post-ischemic reperfusion by use of in-
travital °uorescence microscopy. The functional
and histomorphological alterations in this study

were similar to the alterations seen in edematous
pancreatitis.1

Currently, the methods based on dynamic light
scattering,12 as well as on principles of low-coher-
ence optical coherence tomography (OCT), and the
so-called Doppler OCT (DOCT)6–8 are actively
used to determine blood °ow parameters. Also, one
of the prospective methods for the assessment of
blood °ow is the laser speckle contrast imaging
(LSCI).9–15

In this paper, we have tested the experimental
model of I/R of the pancreas tissue by simulating a
reversible impaired blood °ow in the vessels of the
pancreas; since whatever the speci¯c pathophysio-
logical causes of pancreatitis, the central pathoge-
netic role in its progression, with consequences in
the form of tissue hypoxia and (or) anoxia, belongs
to microcirculatory disorders. Also, an important
problem of urgent surgery is the development of
e®ective methods for microcirculation monitoring of
the abdominal cavity at AP and its complications.
Changes of pancreas tissue in conditions of devel-
opment of pancreatitis are characterized by slowing
down the linear velocity of pancreatic blood °ow
(PBF) due to vasculature stasis, red blood cell
(RBC) aggregation, and vascular permeability in-
crease. In this regard, it is important to determine
and monitor the physiological parameters of the
blood °ow.

2. Materials and Methods

2.1. Speckle contrast imaging

of pancreas

In this study, for hemodynamic monitoring, we used
the speckle contrast method, which is one of the
laser speckle imaging methods. This simple and
highly e®ective technique for visualization of blood
°ow was proposed in the mid-90s of the last century
and was named laser speckle contrast analysis
(LASCA).9,16–18 It is based on the similarity of the
values of statistical moments of the spatio-temporal
intensity °uctuations of ergodic and statistically
homogeneous speckle ¯elds, estimated by time and
spatial averaging.9,11

LASCA is based on the calculation of contrast of
time-averaged dynamic speckles in dependence on
the exposure time at the registration of the speckle-
modulated images. The local estimation of the
contrast Kk is carried out in a ¯xed exposure time

P. A. Dyachenko (Timoshina) et al.

2242002-2

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

02
2.

15
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 T

O
M

SK
 S

T
A

T
E

 U
N

IV
E

R
SI

T
Y

 o
n 

02
/0

8/
22

. R
e-

us
e 

an
d 

di
st

ri
bu

tio
n 

is
 s

tr
ic

tly
 n

ot
 p

er
m

itt
ed

, e
xc

ep
t f

or
 O

pe
n 

A
cc

es
s 

ar
tic

le
s.



and in areas with a given number of speckles that
makes it possible to visualize tissue regions with
essentially di®erent velocities of the scatterers:9–12

Kk ¼ �I k=�Ik; ð1Þ
where k is the number of frames in a sequence of
speckle-modulated images and �I k and �I k are
averaged over the analyzed frame scattered light
intensity and the root mean square (rms) value of
the °uctuation component of the pixel's brightness,
respectively:

�Ik ¼ ð1=MNÞ
XM
m¼1

XN
n¼1

Ikðm;nÞ; ð2Þ

�I k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1=MNÞ

XM
m¼1

XN
n¼1

fIkðm;nÞ � �I kg2

vuut ; ð3Þ

where M and N are the number of pixels in rows
and columns of the analyzed area of the frame,
respectively; Ikðm;nÞ is the brightness of the ðm;nÞ
pixel of the k-frame.

The problem of quantitative velocity measure-
ments is associated with understanding the inter-
connection between the contrast of speckles and the
velocity of scattering centers (or velocity distribu-
tion).19–21 The higher velocity, the faster °uctua-
tions, and the lower contrast for the ¯xed exposure
time are measured. Depending on the type of the
studied motion, di®erent models may be used. For
the Lorentz velocity distribution, corresponding to
Brownian motion of particles, the equation takes
the following form:22,23

K ¼ �s

hIi ¼
� c
2T

1� exp � 2T

� c

� �� �� �
1=2

: ð4Þ

As for the Gaussian velocity distribution, the
equation takes the following form:

K ¼ �s
Ih i

¼ � c
2T

ffiffiffiffiffiffi
2�

p
erf

ffiffiffi
2

p
T

� c

� �
� � c

T
1� exp � 2T

�c

� �
2

� �� �� �1=2

:

ð5Þ
It is worth noting that this equation is characteristic
to directed °ows.24 These equations relate the
speckle contrast and the correlation time � c for a
given time of averaging T .

Due to uncertainties caused by the di®erent fac-
tors, namely, the form of the velocity distribution

of scattering particles, multiple scattering, size of
the particles (RBCs), shape of scatterers, non-
Newtonian °ow of the liquid, non-Gaussian statis-
tics due to small number of scatterers, etc.,24 one
should rely to appropriate calibration using dy-
namic phantoms of tissues rather than to absolute
measurements.

The simplest approach leads to a characteristic
velocity �c de¯ned as follows:23–25

�c ¼ �=2�a� c; ð6Þ
where � is the source wavelength and a is the nor-
malization factor which depends on the parameters
of a Gaussian curve from Eq. (5) and the scattering
properties of biological tissue or phantom. Calibra-
tion procedure described earlier26,27 allowed us to
determine the value of this coe±cient as � 0.24. In
this regard, we introduced the concept of \reduced"
velocity using Eqs. (5) and (6) to process phantom
experimental data for contrast K at the particular
exposure time of the camera T for the range of
physiological velocities. \Reduced" velocity � 0 can
be associated with the velocity of blood °ow deter-
mined from the speckle contrastK measurements in
the further assessment of blood circulation in in vivo
studies. The results were presented as mean values
�standard deviation (SD), and the di®erences were
compared using the Student's t-test for unpaired
data. The di®erences were considered statistically
signi¯cant when p < 0:05.

To perform the measurements and calculate the
contrast, we developed a program in the LabVIEW
8.5 environment (National Instruments, USA) that
allows for real-time recording of the intensity distri-
bution of the speckle ¯eld with the rate of 100 frames
per second and calculation of the mean contrast or its
spatial distribution using Eq. (1) with parallel im-
aging in the region chosen by the operator.28

The experimental setup for microcirculation
monitoring is shown in Fig. 1.

The setup allowed for recording images of the
same fragment of the sample both in coherent light
(illumination by a laser) and in incoherent one
(illumination by a light emitting diode (LED))
without mechanical rearrangement. The speckle
imaging was provided by a single-mode (uniphase)
He–Ne laser GN-5P (Russia) with a wavelength of
632.8 nm. The monochrome CMOS camera (Basler
a602f, number of pixels in the matrix 656� 491,
pixel size 9:9� 9:9�m, 8 bit per pixel) with the
¯xed exposure time of 20ms, combined with the
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LOMO objective (10�, St. Petersburg, Russia), was
used as a detector.

2.2. Animal models

In studies of PBF, 60 animals were examined.
Under general anesthesia solution Zoletil 0.2mL,
laparoscopy was performed. Then, the changes of
PBF were evaluated. The experiments were carried
out in two stages. The ¯rst stage included control
measurements of microcirculation in the pancreas;
20 animals were used that were divided into two
groups (Table 1).

The second stage is the analysis of the e®ect of
complete ischemia of di®erent durations and subse-
quent reperfusion on the development of pathology
in the pancreas of rats. The intensity of micro-
hemodynamics in the course of experiments was
changed by arti¯cially created local ischemia as a
result of the overcompression (occlusion) of the cor-
responding pancreatic main blood vessels for di®er-
ent time intervals. The animal was placed under the
optical system to visualize the ROI and record PBF
within it. Clamping of the vessel was performed in
parallel with the recording of blood °ow. After
clamping, the blood °ow was recorded again. After

the data recording was completed, the experiment
was stopped and the organic complex was placed in
the abdominal cavity. The postoperative wound was
sutured. For this stage, 40 laboratory rats divided
into four groups were used (Table 2).

After carrying out all the studies in vivo, the ani-
mal was withdrawn from the experiment; within an
hour, samples of pancreatic tissues were taken and
the optical properties of the tissues were analyzed.

All procedures with animals were performed in
strict accordance with \Rules for Conducting
Qualitative Clinical Trials in the Russian Feder-
ation" (approved by the Ministry of Health of the
Russian Federation and enacted on January 1,
1999), appendix 3 to Order No. 755 of the Ministry
of Health of the USSR of 10.08.77, the provisions of
WMA Declaration of Helsinki (2000) and the
recommendations contained in the European Com-
munity Directives (No. 86/609EC).

2.3. Histological analysis

The material for histological studies was ¯xed in a
10% formalin solution, then dehydrated with a set
of alcohols of increasing concentration, and ¯lled
with para±n. Sections of 5–10�m thickness were
prepared using a sledge microtome with a lifting
object holder on an inclined plane. Sections were
stained with hematoxylin and eosin.

2.4. Measurement of the optical
properties of the pancreas

For the measurements, 20 pancreas samples were
used: 10 control samples and 10 samples after
modeling 20min ischemia later ¯ve days after be-
ginning the experiment. To measure the thickness,

Table 1. Groups of animals of the ¯rst stage of studies of the
pancreas.

Group 1 Measurements of PBF were carried out during the
¯rst minute, then after 5min and 20min, and one
day after the start of the experiment.

Group 2 Measurements of PBF were carried out during the
¯rst minute, then after 5min and 20min, and
¯ve days after the start of the experiment.

Fig. 1. The scheme of the experimental setup for measure-
ment of blood microcirculation of rat's pancreas.

Table 2. Groups of animals of the second stage of studies of
the pancreas.

Group 1 Measurements of PBF were carried out before
ischemia, at the time of 5min-ischemia, and one
day after the start of the experiment.

Group 2 Measurements of PBF were carried out before
ischemia, at the time of 5min-ischemia, and 5
days after the start of the experiment.

Group 3 Measurements of PBF were carried out before
ischemia, at the time of 20min-ischemia, and
one day after the start of the experiment.

Group 4 Measurements of PBF were carried out before
ischemia, at the time of 20min-ischemia, and 5
days after the start of the experiment.
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the samples were placed between two slides; mea-
surements were made by a micrometer at several
points. On average, the thickness of the samples was
1� 0:11mm with the accuracy of each measure-
ment of �10�m. Measurement of optical properties
of tissue samples (the di®use re°ectance, total, and
collimated transmittance) was performed in the
spectral range of 350–2500 nm on a spectropho-
tometer LAMBDA 950 (PerkinElmer, USA) with
an integrating sphere. The beam size of the light
incident on the sample during the di®use re°ectance
and total transmittance measurements was 1.4mm;
the scan rate was 5 nm/s. To measure the colli-
mated transmittance, we used a specially designed
add-on device, which consisted of a holder to ¯x a
tissue sample and a system of four diaphragms (two
diaphragms in a reference channel and two in a
sample (measuring) channel) with a diameter of
2mm each. All measurements were performed at
room temperature (� 20�C). The inverse Monte
Carlo (IMC) method described in detail in Refs. 29
and 30 was used for determination of the absorption
coe±cient (�aÞ, the reduced scattering coe±cient
(�0sÞ, the scattering coe±cient (�sÞ, and the scat-
tering anisotropy factor (gÞ of a tissue from the

measured values of the total and collimated trans-
mittance and the di®use re°ectance.

3. Results and Discussion

3.1. Speckle contrast imaging of

pancreas

Images of a pancreatic vessel (diameter 280 m) in
coherent light (630 nm) and the calculated speckle
images contrast in diferent states of PBF velocity
are presented in Fig. 2. Figure 3 shows the results of
a control group of animals, where PBF measure-
ments were carried out at the ¯rst minute, at 5 and
20min of the study and also a day after the start of
the experiment (a), and on the 5th day after the
start of the experiment (b).

Some decrease in the velocity of PBF (perfusion)
at the beginning of the experiment is due to the
in°uence of factors associated with the removal of
the organ from the abdominal cavity. However,
these changes are not statistically signi¯cant.

In Fig. 4, the experimental data obtained in the
study of the blood microcirculation in pancreas
after local ischemia are presented. The PBF was

(a) (b) (c)

(d) (e) (f)

Fig. 2. Images of a pancreatic vessel (diameter 280 �m) in coherent light (630 nm) (a), (b) and the calculated speckle image
contrast (1–0) (d)–(f) in di®erent states of PBF velocity: (a), (d) normal, (b), (e) 20min ischemia (this image was taken at 20
seconds of speckle images recording from the beginning of clamping), (c), (f) reperfusion (this image was taken at 20 s of speckle
image recording after the completion of the occlusion of the great pancreatic artery).

Laser speckle contrast imaging for monitoring of acute pancreatitis
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studied at di®erent states of the experimental ani-
mal: Normal functional state (free blood °ow), at
the time of ischemia and after the ischemia. Time
periods of cross-clamping of 5min and 20min were
examined immediately after the action, 1 day later
and 5 days later.

The data values for the normal state di®er be-
tween the groups; this is due to the variation in the

diameter of the studied vessels of the pancreas; in
this case, in group 4, the diameter of the studied
vessels varied within 150–280�m, while in the other
groups, the diameter was 60–180�m. In the last
groups of animals studied (ischemia 20min), there
was no pronounced increase of PBF velocity during
reperfusion, which may have been caused by strong
structural changes with prolonged ischemia. At the

(a) (b)

Fig. 3. The reduced blood °ow velocity in the pancreatic vessels of rats in control groups.

(a) (b)

(c) (d)

Fig. 4. The PBF measured at di®erent states of the experimental animals with ischemia 5min (a), (b) were examined immediately
after the action, 1 day later (a), and 5 day later (b) and with ischemia 20min (c), (d) were examined immediately after the action,
1 day later (c), and 5 days later (d).
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same time, in the group 4 of animals, a decrease in
the blood °ow rate was registered on the 5th day
after the start of the experiment. Figure 5 shows the
photographs of the pancreas, depending on the
functional state of the pancreas.

Figure 5(c) clearly shows the presence of the
organ edema. Reperfusion of ischaemic and hypox-
aemic tissues results in locally increased perme-
ability of vessels and organ edema associated
with neutrophil accumulation in microcirculation.31

Reduced blood °ow velocity in the pancreas of
animals in the group number 5 (20 min ischemia,
5 days after the start of the experiment) can be due
to the interaction of neutrophils and endothelial
cells, leading to microcirculation impairment.
Cytokines produced by neutrophils, monocytes, and
lymphocytes cause damage to the endothelium of
the vascular wall, slow blood °ow, and activate
coagulation hemostasis. Decreased blood supply to
the organ leads to dysfunction of intracellular
organelles, which can activate lysosomal and di-
gestive enzymes to initiate self-healing and damage
to pancreatic tissue.31 Then, leukocytes are acti-
vated with their diapedesis in the focus of in°am-
mation. These processes occur during the
development of AP. The analysis of micro-
hemodynamic changes in the pancreatic vessels of
laboratory rats with alloxan diabetes carried out by
speckle-contrast imaging has also demonstrated
changes in the microcirculation of blood relative to
the control group of animals.27 The nature of
microhemodynamic changes induced by alloxan di-
abetes is similar to the result obtained for modelled
pancreatic gland reperfusion with 5min ischemia
after ¯ve days (Fig. 4(b)), which may indicate
similar microhemodynamic disorders caused by the
development of these pancreatic pathologies.

3.2. Histological analysis

The results of the histological analysis showed that
in the group with 5min of ischemia, pancreatic
tissue appeared in the edema of the stroma, uneven
blood vessel ¯lling, single hemorrhages, the phe-
nomenon of separation, and small foci of necrosis
occurred. In a group with 20min of ischemia, half of
the animals died from pancreatonecrosis on the
third and fourth day of the experiment. Among the
surviving animals, histologically, along with circu-
latory disturbances, leukostasis was observed with
leukodiapedesis in the stroma, the development of
common foci of necrosis, which indicates the de-
velopment of AP.

3.3. Measurement of the optical

properties of the pancreas

Figures 6–9 show optical properties of the rat pan-
creatic tissue calculated using IMC software from
the measured di®use re°ectance, total and colli-
mated transmittance. The spectra of the absorption
coe±cient (Fig. 6), the reduced scattering coe±-
cient (Fig. 7), the scattering coe±cient (Fig. 8), and
the scattering anisotropy factor (Fig. 9) for the
tissue in norm and after 20min-ischemia in ¯ve days
from the beginning of the experiment are obtained.

Figure 6 presents the wavelength dependence
of the absorption coe±cient of the pancreatic
tissue. The vertical lines correspond to the values
of SD, which is determined as follows:

SD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN

i¼1 ð��a � �a iÞ2=NðN � 1Þ
q

, where N ¼
10 is the number of the measured tissue samples, �ai

is the absorption coe±cient of each sample, and ��a

is the mean value of the absorption coe±cient for

(a) (b) (c)

Fig. 5. Photos of the pancreas depending on the functional state: normal state (a), one day after modeling 20min ischemia, (b) and
5 days after modeling 20min ischemia (c).

Laser speckle contrast imaging for monitoring of acute pancreatitis
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each wavelength, which is calculated asPN
i¼1 �ai=N . The absorption spectra clearly show

the absorption bands of water with peaks at 1450
and 1935 nm (healthy tissue) and at 1450 and
1950 nm (pancreatitis)34–37 and hemoglobin with
peaks at 420 and 550 nm, which indicates its
deoxygenated form.38

The red shift of the water band from 1935 nm
(H-bonded OH groups with energetically unfavored
bond angles36) to 1950 nm is associated with tighter
bonds of water molecules with proteins36,37 at pan-
creatitis. At the same time, for the water band with
a maximum at 1450 nm (the ¯rst overtone of O–H
stretching39), the red shift is not observed that was
con¯rmed by data presented in Ref. 36. The ab-
sorption band of water with a maximum at 975 nm
(the vibrational overtone of the O–H bond34,35,39) is
not observed in the absorption spectrum of the
pancreatic tissue, due to its low intensity. The peak
with a maximum value at 1200 nm is the combina-
tion of water absorption bands with a maximum
value at 1180 nm (the vibrational overtone of the
O–H bond39) and the lipid absorption band with a
maximum value at 1210 nm (the second overtone of
C–H stretching39,40). The lipid absorption bands
with maxima at 1730 and 1760 nm are associated
with the ¯rst overtone of C–H stretching.39,40

The observed increase in absorption in the region
above 2200 nm is the short wavelength wing of the
water absorption band with a maximum at
2950 nm.30,41,42 Increasing the SD in the range of
the absorption bands is connected with di®erences
in the blood, lipids and water content for di®erent
tissue samples.

For comparison, Fig. 6 shows the experimental
data presented in Refs. 32 and 36. One can see that
absorption coe±cient values obtained by Kiris
et al.32 exceed the values obtained in this study,
while Wilson et al.36 show smaller values of ab-
sorption coe±cient. These di®erences can be
explained by di®erences in structural and morpho-
logical features of the investigated tissues (Kiris
etal.32 and Wilson et al36 investigated human pan-
creatic tissues) and by di®erences in methods of
experimental data processing. For example, the
optical characteristics in Ref. 32 were reconstructed
using the inverse adding-doubling method43 that, in
principle, can be a cause of overestimation of the
absorption coe±cient44,45 and in Ref. 36 using an
empirical model46 previously developed for model-
ing of re°ectance spectra measured using a probe
with small source-detector separation.

In Fig. 6, it is well seen that the absorption co-
e±cient of tissue samples with pancreatitis is bigger
than that of the control samples. This may be due
to edema47 and extended extravasation of blood
(RBCs), i.e., leakage of blood or any °uid from the
vessels into the surrounding tissues caused by in-
°ammation,48 as a severe AP may be accompanied
by shock, sepsis, metabolic disturbances, bleeding
into the gastrointestinal tract, disseminated intra-
vascular clotting, and multiorgan insu±ciency.48

The reduced scattering spectra of the tissues
under study in the region from 350 to 1300 nm
gradually decrease towards longer wavelengths,
which are generally consistent with the character-
istic of the spectral behavior of the scattering
characteristics of biological tissues.49–52 However, in
the region of hemoglobin Soret absorption band
(420 nm) and starting from 1300 nm with increasing
wavelength, the spectral behavior of the reduced
scattering coe±cient becomes nonmonotonic in the
region of the water absorption bands. The observed
peaks of the reduced scattering coe±cient can be
associated with the in°uence of the imaginary part
of the complex refractive index of the scattering
centers (erythrocytes from residual blood and hy-
drated cell components).29,30,53 The similar
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Fig. 6. The spectral dependence of the absorption coe±cient
of the pancreatic tissue measured for the tissue in norm (black
line) and after 20min-ischemia in ¯ve days from the beginning
of experiment (red line). The vertical lines show the SD values.
The blue circles correspond to �a of human healthy tissue from
Ref. 33; the green line corresponds to �a of human healthy
tissue36 and cyan line corresponds to �a of pancreatitis.33
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behavior of the reduced scattering coe±cient in the
region of hemoglobin absorption bands was ob-
served in Ref. 54.

Figure 7 shows the approximations of the wave-
length dependence of the reduced scattering coe±-
cient by the sum of power functions
ð� 0

sð�Þ ¼ A=�w
1 þB=�w2Þ, where � is the wave-

length and w is the wavelength exponent. The
wavelength exponent characterizes the mean size of
the tissue e®ective scatterers and de¯nes spectral
behavior of their scattering properties.49–51 The ¯rst
term re°ects the spectral behavior associated with
small, so-called Rayleigh (or Rayleigh–Gans) scat-
terers and the second with large, so-called Mie,
scatterers.,52 In Fig. 7 it is well seen that in the
spectral range from 600 to 1300 nm, these power
functions well approximate the experimental data.
Obtained values of the wavelength exponent are
2.536 and 0.046 for the healthy tissue and 3.439 and
0.011 for pancreatitis, respectively, which are the
typical ones for many tissues.53,55

Observed changes in Rayleigh–Gans and Mie
fractions of the tissue scatterers, i.e., increasing w1

from 2.536 for healthy tissue to 3.439 for pancrea-
titis and decreasing w2 from 0.046 for healthy
tissue to 0.011 for pancreatitis can be explained
by structural and morphological changes in
the pancreas during pancreatitis development.

For example, increase of w1 (i.e., decreasing mean
size of small e®ective scatterers) can be associated
with pancreas damage and development of common
foci of necrosis (see Section \Histological analysis").
In its turn, decrease of w2 (i.e., increasing mean size
of Mie scatterers) deals with extravasation of blood
(RBCs) from the vessels into the surrounding tis-
sues48 and therefore appearance of the large-sized
scatterers (blood erythrocytes, vessel walls, etc.).

Figure 7 shows the experimental data presented
in Refs. 32 and 36. One can see that reduced scat-
tering coe±cient values obtained by Kiris et al.32

and Wilson et al36 are less than the values obtained
in this study. These di®erences can be explained by
di®erences in structural and morphological features
of the investigated tissues and by di®erences in
methods of experimental data processing. However,
in spite of these di®erences, data presented by
Wilson et al.33 con¯rm the results obtained in our
study, i.e., increasing scattering at pancreatitis.

In Fig. 8, it is seen that, as in the case of the
reduced scattering coe±cient (see Fig. 7), an in-
crease in light scattering is observed in pancreatitis.

Figure 8 shows the approximation of the wave-
length dependence of the scattering coe±cient of
healthy pancreatic tissue and pancreatitis by the
power functions �sð�Þ ¼ 171:037=�0:098 and
�sð�Þ ¼ 877:937=�0:267, respectively. It can be seen
that, in general, these functions well approximate
the experimental data in an entire spectral range.

Fig. 8. The spectral dependence of the scattering coe±cient of
the pancreatic tissue measured for the tissue in norm (black
line) and after 20 min-ischemia in ¯ve days from the beginning
of experiment (red line) and its approximation by a power law
(blue and magenta lines). The vertical lines show the SD values.

Fig. 7. The spectral dependence of the reduced scattering
coe±cient of the pancreatic tissue measured for the tissue in
norm (black line) and after 20min-ischemia in ¯ve days from
the beginning of experiment (red line) and its approximation by
power functions (blue and magenta lines). The vertical lines
show the SD values. The blue circles correspond to � 0

s of human
healthy tissue32; the green line corresponds to � 0

s of human
healthy tissue,33 and cyan line corresponds to � 0

s of
pancreatitis.33
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Comparison of their wavelength exponents shows
that at pancreatitis, the mean size of the e®ective
scatterers decreases.

Figure 9 shows the wavelength dependence of
scattering anisotropy factor of healthy pancreatic

tissue and pancreatitis by the functions gð�Þ ¼
0:588þ 0:243ð1� expð� ��364:488

140:419 ÞÞ and gð�Þ ¼
0:578þ 0:292ð1� expð� ��365:174

130:985 ÞÞ, respectively.

The experimental data in the 600–1300 nm spectral
region are well approximated by these functions,
and the analysis carried out in Refs. 52 and 56
suggests that in the visible region, the shape of the
scattering anisotropy factor spectrum is in°uenced
by both small and large particles, while in the NIR
region, the main contribution is made only by large
enough scatterers, as evidenced by the growth of g
with the wavelength increase. In the 1300–2500
spectral range, we observe a decrease in g with sharp
dips in the regions of water absorption bands, which
is explained by the in°uence of the imaginary part
of the complex refractive index of both the scat-
terers and the surrounding medium. Such behavior
agrees with the experimental data presented in
Refs. 29, 30, 56–58 and theoretical calculations
presented in Refs. 59 and 60. The dip in the spec-
trum of the scattering anisotropy factor in the re-
gion of 420 nm is associated with the manifestation
of hemoglobin absorption in this spectral region.61

Light penetration depth is a very important
characteristic for correct determination of the

radiation dose in the course of photochemical and
photodynamic therapy of various diseases, as well as
the dosimetry of optical radiation at laser surgery.
In di®usion approximation, the assessment of the
depth of light penetration into biological tissue (�Þ
is performed using the expression:
� ¼ 1=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3�að�a þ �s

0Þp
.62 This expression is true

when a pencil beam is incident on the surface of the
scattering medium, and the di®use radiant in°uence
is mainly created by di®usely scattered photons.
Analysis of the penetration depth of ballistic pho-
tons used for imaging in OCT or confocal micros-
copy can be performed on the basis of the
expression: �c ¼ 1=�t.

63

In Fig. 10, the optical penetration depth spectra
are presented which have been calculated using the
absorption and scattering coe±cients, given in
Figs. 6 and 8, and the reduced scattering coe±cient
is shown in Fig. 7. It is clearly seen that pancreatitis
development signi¯cantly (about in 1.5-fold)
decreases the light penetration depth for both dif-
fuse and ballistic photons. The maximal penetration
depth at pancreatitis for di®use photons (600�m) is
observed at the wavelength of 1280 nm, and for
ballistic photons (80�m), it is observed at the
wavelength of 2264 nm. In a speci¯c spectral range
for photodynamic therapy (600–900 nm) for the
individual wavelengths, such as 600, 633, 660, 700,
750, 800, 850, and 900 nm,53 the penetration depth

Fig. 9. The wavelength dependence of the scattering anisot-
ropy factor of the pancreatic tissue measured for the tissue in
norm (black line) and after 20min-ischemia in ¯ve days from
the beginning of experiment (red line) and its approximations
(blue and magenta lines). The vertical lines show the SD values.

Fig. 10. The optical penetration depth � and �c into the
pancreatic tissue calculated for the tissue in norm (black and
red lines, respectively) and after 20min-ischemia in ¯ve days
from the beginning of experiment (blue and magenta lines,
respectively).
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at pancreatitis is correspondingly equal to 365, 445,
490, 530, 545, 555, 555, and 550�m for di®use
photons and 60–66�m for ballistic photons.

4. Conclusion

The results con¯rm that LSCI is an e®ective
method for monitoring the microhemodynamics of
the pancreas. The method of laser speckle contrast
imaging allows one to control the degree of reduc-
tion of blood °ow in the vessels of the pancreas
when creating local ischemia by compression of the
main vessels. In the group of animals after 5min of
full ischemia, an increase of PBF velocity in 2–3-fold
was found with no developing of pancreatic necrosis
determined clinically. After 20min of full ischemia,
there was no signi¯cant increase in the rate of PBF,
while in ¯ve days of the experiment, morphological
and clinical signs of pancreatic necrosis appeared.
The data obtained con¯rm the fact that local is-
chemia and changes in the blood °ow velocity of the
main vessels cause and provoke acute pancreatitis.
This is con¯rmed also by histological analysis and
analysis of changes in the optical properties of the
pancreas by the spectral method.
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