
Acta of Bioengineering and Biomechanics Original paper
Vol. 15, No. 4, 2013 DOI: 10.5277/abb130402

Modelling of the pathological bile flow
in the duct with a calculus
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The aim of the present paper is to develop an analytical model for description of the pathological bile flow in the major duodenal pa-
pilla duct with a calculus. The problem is separated into two parts. The first part deals with determination of bile behaviour and constitu-
tive relation parameters of the pathological bile. The viscosity vs. shear rate, the viscosity vs. time, and shear stress vs. shear rate depen-
dences are obtained for different types of bile taken from patients of different age and sex. As a result, the approximation of curves
described by the Casson equation was obtained. It was shown that the pathological bile is a thixotropic non-Newtonian fluid.

The second part is directly related to modelling of the bile flow in the duct with a calculus. As a result of solving the problem, the
bile velocity profile, flow rate vs. time, and bile pressure vs. calculus radius were obtained. The dependences obtained may play an im-
portant role in the assessment of an indication to operation.
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1. Introduction

The most common diseases of the biliary system
are cholelithiasis, which is associated with the forma-
tion of stones in the gallbladder and bile ducts, and
choledocholithiasis (stones found in the common bile
duct as a result of migration from the cystic duct). If
the diameter of the stone is less than the diameter of
the cystic duct, there is a possibility for calculus
moving from the gallbladder into the common bile
duct or major duodenal papilla, which leads to in-
flammation of the duct and blocks the ingress of bile
into the duodenum (papillary stenosis) [1], [2].

Long-standing common biliary duct (CBD)
stones lead to varying degrees of papillary stenosis
[1], [3]. The latter could predispose to new stone
formation because of the damaged CBD mucosa and
varying degrees of stasis. The extent and speed of
this inflammation may be different – from a small

swelling wall until its destruction and the bubble
burst [3]–[5].

The sphincter of Oddi at Vater’s papilla is an im-
portant regulator of biliary and pancreatic flow into
the duodenum. The papillary stenosis is a state when
the flow from biliary ducts and pancreatic channel is
disturbed [6], [7].

It has been shown that a significant number of sur-
gically obtained biopsies of the papilla in these pa-
tients have histological changes, for example, fibrosis,
inflammation, hypertrophy of the sphincter, etc., [3].
Shortly, the stenotic changes of the papilla have two
important correlates: narrowing of the sphincteric
ampulla by stones, and thickening of the transampul-
lary septum. Most patients with papillary stenosis
have choledocholithiasis and postoperative pain expe-
rience [8]–[10]. Coexistence of choledocholithiasis,
dilated CBD and papillary stenosis would theoreti-
cally predispose the cholecystectomised patient to
new stone formation and pancreatitis.
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According to Edemskiy et al. [4], acute and chronic
inflammatory changes in Vater’s papilla occur in
100% of patients with gallstone disease, and in 89.6%
of patients with recurrent pancreatitis.

Three degrees of the major duodenal papilla cica-
tricial stenosis were highlighted by Vinogradov [3].

Cicatricial stenosis of the papilla caused wedged
calculus was first described only in the late 19th cen-
tury. In 1926, Dell-Vail and Donovan [6] reported
stenosing papillitis, not associated with cholelithiasis
and later use of intravenous and operating cholangiog-
raphy, manometry and radiometric studies have led
Mallet-Guy [11], Caroli [12], Hess [5] and others to
identify the wide spread of the disease, especially in
cholelithiasis. Among patients with biliary tract pa-
thologies (such as «choledocholithiasis» [a disease
characterized by migration of stones from the cystic
duct into the common bile duct]), Hess [5] highlighted
papillary stenosis in 50% of cases (total number of
patients was 1220).

Whilst the anatomical and physiological aspects of
the human biliary system have been studied exten-
sively, a little is known about flow mechanics in the
system, especially in pathological states such as pap-
illary stenosis [9], [13]–[15].

Ooi et al. [16] performed a detailed numerical
study on flow in two- and three-dimensional cystic
duct models. The cystic duct models were generated
from patients’ operative cholangiograms and acrylic
casts. The pressure drops in these models were com-
pared with that of an idealised straight duct with
regular baffles or spiral structures.

Li et al. [15] developed numerical fluid–solid in-
teraction models of normal bile flow in the cystic
duct. An influence of spiral Heister’s valve was ac-
counted for. After that, an experimental work was also
carried out to validate the computational fluid dy-
namics predictions in the simplified ducts [13] and
real patient duct [14].

In [17], the possibility was shown of creating more
difficult models of biliary system in norm and pathol-
ogy in the framework of international megaproject
«Virtual Physiological Human» [18]–[20].

This project deals with creation of digital repre-
sentation of the human body as a single complex sys-
tem based on the patient’s data, which is unique. The
information about systems, organs, and tissues inter-
acting with each other will allow medical workers to
select methods of treatment on the basis of patient-
specific features. For example, the knowledge of re-
action of the patient’s organism to current drug will
allow avoiding medical errors during the treatment
and even save the patient’s life.

The necessity to consider the human body as a com-
plex multi-scale and multi-functional system gives us
the possibility to create realistic predictive models
based on obtained experimental and clinical data and
approved by medical practice [19], [21], [22]. Integra-
tion of data collected on these hierarchical levels with
help of multi-disciplinary research will give valuable
information for the healthcare development.

This paper deals with only one step towards total
description of processes occurring in the biliary sys-
tem, namely modelling of the pathological bile flow in
the duct with a calculus.

The paper is arranged in the following sequence.
Section 2 contains anatomical summary on the biliary
system as a whole. Anatomical and physiological
aspects of the sphincter of Oddi functioning are pre-
sented. Section 3 contains results of the measurement
of pathological bile rheological properties. The de-
pendences of viscosity on shear rate, the viscosity
changes with time, as well as shear stress versus shear
rate dependences were obtained for different types of
bile from patients with the same pathology, but of
different age and sex. The parameters of the Casson
equation are presented as a result of curve approxima-
tion. Section 4 deals with solution of the problem of
the bile flow in Vater’s papilla duct with a calculus,
thus the problem of mathematical physics is solved.

2. Materials and methods

2.1. Anatomy

Biliary system is designed to release a bile (secret
of the liver) containing many metabolic products into
the duodenum [23]. Biliary system includes the gall-
bladder, biliary tract (cystic duct, hepatic duct, CBD,
and a system of sphincters (Fig. 1) [24].

The right and left hepatic ducts exit from the liver
and form the common hepatic duct. Cystic duct is an
extension of the neck of the gallbladder. Common bile
duct is formed by the merger of common hepatic and
cystic ducts [25], [26].

The human gallbladder is a thin-walled, pear-
shaped sac which measures approximately 7–10 cm in
length and ~3 cm in width. Its average storage capac-
ity is 20–30 ml. The human cystic duct is approxi-
mately 3.5 cm long and 3 mm wide and merges with
CBD [24].

The distal segment of the common bile duct enters
the pancreas. Common bile duct opens into the duo-
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denum in the major duodenal papilla, which is sur-
rounded by the sphincter of Oddi [3].

Fig. 1. Anatomy of the biliary system

There are several variants for the connection of the
common bile duct with the pancreatic duct in the ma-
jor duodenal papilla (Fig. 2).

 (a)  (b)

Fig. 2. Anatomical elements of the sphincter of Oddi:
(a) general anatomy (1 – sphincter of the common bile duct,

2 – sphincter of pancreatic duct,
3 – sphincter of major duodenal papilla ampoule),

(b) different variants of the papilla’s ampoule structure
(* – bifurcation in the major duodenal papilla ampoule,

** – parallel arrangement of ducts,
*** – bifurcation before ampoule [28])

Sphincter regulates the flow of bile into the intes-
tine and prevents a dumping of duodenal contents into
the bile ducts. In the area there are two types of
sphincter motor activity: basal pressure and phase of
the periodic contractile activity. Basal pressure is re-
sponsible for regulating the outflow of secretion of
bile and pancreatic ducts [8], [27].

The calculi formation in the biliary system is a com-
plex process due to the influence of many physiologi-

cal, biochemical, and biomechanical factors such as
an irregular meal, metabolism, the effect of duct wall
elasticity on a bile flow, the gallbladder contractile
function, etc.

One of the dangerous complications of the presence
of calculi in the biliary system is a blockage of the duct
by a calculus (stone) in the major duodenal papilla zone
[2]. As a result, disruption of the normal flow of bile
from the liver to the duodenum results in the increase
of the jaundice risk. Moreover, the bile components
(cholesterol, bile acids, etc.), which are harmful for
humans, are accumulated in the human body [29].

The present paper contains biomechanical analysis
of the pathological bile flow in the duct with a calcu-
lus to obtain choledynamics flow characteristics to
assess individual daily loss of bile for each patient and
the influence of the calculus size on the pressure in the
major duodenal papilla, which may be an indication
for surgery in the major duodenal papilla in order to
decompress the duct.

2.2. Bile properties tests

To solve the problem, firstly, it is necessary to
carry out an experimental study of the bile rheological
properties to determine the constitutive relation pa-
rameters for the subsequent modelling.

Samples of bile were taken from the gallbladder of
the patient during the cholicystoectomy (removal of the
gallbladder) (the gallbladder bile) or as a result of the
biliary tract drainage (the duct bile) conducted at the
Department of General Surgery, Medical Faculty, Perm
State Medical Academy and the Emergency Surgery
Department at Perm City Clinical Hospital No. 4. To
determine the rheological characteristics of biological
fluids, the “Physica MCR 501” rheometer was adopted.
Rheological tests were conducted at +37 °C.

To find the flow characteristics of the bile, the ge-
ometry of a “cone–plate” was used, because it was
determined that such geometry is best suited for the
investigation of low viscous fluids by the rotational
viscometer.

During the experiment, about 15 ml of the sample
was poured on the working surface of the rheome-
ter’s plate. The initial and final values of shear stress
were set, as well as the experiment time. In the case
of the gallbladder bile, the experiment time was equal
to 160 s, in the case of the duct bile 180 s. The range
of shear stresses ranged from 1 to 5 Pa, as it was
shown that in the range from 0 to 1 Pa, the conver-
gence of the results is low. The experiments were
performed in the different shear stress ranges to get
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more information about liquid behavior. The initial
load applied to the bile was 1, 2, 3, and 4 Pa. After
application of initial load and choice of the experi-
ment time, the following dependences were obtained,
namely viscosity vs. shear stress, shear stress vs. shear
rate, viscosity vs. time.

The aim of the experiment was to determine the
type of the pathological bile from the point of view of
fluid mechanics, to consider of differences in the rhe-
ology of the gallbladder bile and the duct bile sam-
ples, as well as to determine constitutive relation pa-
rameters for subsequent simulation of the bile flow.

The Casson equation is used to extrapolate the de-
pendences describing the flow curve of the material,

pp γηττ ⋅+= 0 (1)

where τ is the shear stress, γ  is the shear rate, τ0 is
the limit shear stress, η is the Casson viscosity, p is
the Casson degree.

The Casson equation is commonly used to de-
scribe the rheological behavior of fluids (bio-fluids),
particularly the blood [30] and the synovial fluid
[31].

2.3. Pathological bile flow
in a duct with a calculus

Let us now consider the case of pathological bile
flow as a non-Newtonian bile in Vater’s papilla duct
(a duct length is l, a radius is b) with a calculus
(a radius is a) as a laminar flow between coaxial cyl-
inders ( pe) (Figs. 3, 4).

Fig. 3. Problem geometry

The Casson equation with parameters taken from
Table 2 was used. As the index of the shear stress and
the shear rate is close to 1, so we take it equal to 1 in
the subsequent computations. The problem is close to
classical Casson’s problem [32], nevertheless, differ-
ent geometry, initial conditions, and Navier–Stokes
equations are adopted here.

Fig. 4. Duct cross section (r = b)
with a calculus (r = a)

The Navier–Stokes equation takes the form [33]

τρ ⋅∇+−∇=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∇⋅+

∂
∂ pVV

t
V . (2)

As the bile flow is uniaxial and laminar, then
),,( zr VVVV θ=  = (0, 0, ).zV  Thus, equation (2) in

cylinder coordinates takes the form

)(1
rz

z r
rd

d
rz

p
t

V τρ +
∂
∂

−=
∂
∂ . (3)

Substituting (5) in (6) and considering that degree
is close to 1, one can obtain

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

⋅++
∂
∂

−=
∂
∂

r
Vr

rd
d

rrz
p

t
V zz

ρρρ
23.672.01 .

Let us imply the following notifications

ρρρ
23.6;72.0;1; 2 ==

∂
∂

−== lk
z
pCwVz .

Therefore, the problem takes the form

⎪
⎪
⎩

⎪
⎪
⎨

⎧

=
=
=

><<<<+Δ=

=

=

=

,0|
,0|
,|

,0,20,),(

00

2

br

ar

t

t

w
w

ww
tbrarfwlw πϕ

where f (r, t) = C + ;
r
k  w0 is the initial velocity of the

bile in the duct.
The division of variables w(r, t) = T(t)R(r) gives
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The solution of equation (5) is
tewT μ−= 0 . (6)

The other part of equation takes the form
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The general solution of equation (7) is
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where )(and)( 00 rNrJ λλ  are the Bessel functions
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are the solutions of equations (8).

3. Results

3.1. Experimental results

3.1.1. Duct bile

Figure 5 (a)–(c) shows the dependences obtained
for the duct bile. From these relationships, it is clear
that the bile has the properties of non-Newtonian
thixotropic fluid (a liquid that becomes less viscous
when stirred).

(a) (b) (c)

Fig. 5. Rheological curves adopted for the duct bile in the range of shear stress: 1 – 0.3–5 Pa; 2 – 1–5 Pа; 3 – 2–5 Pа; 4 – 3–5 Pa;
5 – 4–5 Pa: (а) dependence of viscosity (μ) on shear stress (τ), (b) dependence of shear stress (τ) on shear rate )(γ ,

(c) dependence of viscosity (μ) on time (t)
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From Fig. 5, it can be seen that maximum viscos-
ity is achieved with the initial shear stress, and then
curves reach saturation. Such dependence may be due
to the destruction of the main structural components
of the bile (domains). Originally, the bile consists of
a large number of domains, by applying shear stress
domains begin to crumble and turn into one large do-
main; at this time moment, the viscosity curves reach
saturation (see Fig. 5a). From Fig. 5b, the nonlinear
dependence of the shear stress versus the shear rate is
seen, but, it is clear that the curves are close to New-
tonian behavior when the initial shear stress and the
shear rate increase. From dependence of the viscosity
on time (Fig. 5c), it is seen that at the initial shear
stress increase, the time destruction of domains de-
creases. The dynamic viscosity of the duct bile
changes in the range of 0.3 mPa to 16 mPa.

Table 1 contains the parameters obtained by ex-
trapolating the curve 1 by the Casson equation.

Table 1. Parameters adopted by the Casson equation
extrapolation for duct bile

τ, Pa τ0, Pa η, mPa·s p
1–5 0.49 0.77 3.17

3.1.2. Gallbladder bile

Figure 6 (a)–(c) shows the dependences obtained
for the gallbladder bile. From obtained data, one can
conclude that the gallbladder bile, as well as the duct
bile is a non-Newtonian fluid. The time of viscosity
saturation decreases with an increase of the initial
shear stress.

Figures 7 (a)–(b) contain a comparison of bile
samples taken from the gallbladder of patients with
similar pathology, but different age and sex. From
Fig. 7, it is seen that the behavior of the curves of
sample 1 and sample 2 is identical, but there is a dis-
placement along the axis, i.e., the curve character is
due to the type of bile, and the viscosity depends on
several parameters, including the parameters of the
patient, such as age and gender.

Dynamic viscosity of sample 1 varies from 23 mPa·s
to 6 mPa·s, and sample 2 from 15 Pa·s to 2.5 Pa·s.

According to the data obtained, it can be seen that
the gallbladder bile is more viscous than the duct one.
Both kinds of the bile are thixotropic fluids.

Tables 2 and 3 contain the parameters obtained by
extrapolating the curves by the Casson equation.

Table 2. Parameters adopted by the Casson equation
extrapolation for the gallbladder bile sample 1

τ, Pа τ0, Pа η, mPа·s p
1–5 0.72 6.23 0.92

Table 3. Parameters adopted by the Casson equation
extrapolation for the gallbladder bile sample 2

τ, Pа τ0, Pа η, mPа·s p
1–5 0.91 2.84 0.77

3.2. Problem solution results

Parameters adopted during computations of the
problem presented in Section 2.3 are given in Table 4.

(a) (b) (c)

Fig. 6. Rheological curves adopted for the gallbladder bile in the range of shear stress: 1 – 1–5 Pa; 2 – 2–5 Pа; 3 – 3–5 Pа;
4 – 4–5 Pa: (а) dependence of viscosity (μ) on shear stress (τ), (b) dependence of shear stress (τ) on shear rate )(γ ,

(c) dependence of viscosity (μ) on time (t)
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The initial velocity of the bile (w0) was taken as
5 mm/s; the time t varies from 0 to 250 s. Figure 8
contains the bile velocity profile at arbitrarily taken
time moment. From the type of solution, it can be
seen that the velocity profile tends to be radial with

increasing summands taken in the solution. Figure 9
shows rapid decreasing of the flow rate throughout
the time. It can be shown that the situation changes
when the calculus dimensions tend to be the same
as Vater’s papilla duct. With an increase of calculus
in the common bile duct, the secretory bile pressure
rise occurs, but is not sufficient to provide the
amount of bile released in the duodenum increment
(Fig. 10).

Table 4. Biomechanical parameters
of the biliary system element (compiled from [17], [34])

Parameter Value
Diameter of Vater’s papilla, mm 4
Length of Vater’s papilla, mm 5
Radius of a concrement, mm 1
Bile density, kg/m3 1020

Fig. 10. Dependence of the bile pressure in the duct
on the radius of a calculus

(a) (b)

Fig. 7. Comparison of flow curves for samples 1 and 2 at the range of applied shear stress 1–5 Pа:
(а) dependence of viscosity (μ) on shear stress (τ), (b) dependence of viscosity (μ) on time (t)

Fig. 8. Bile velocity profile

Fig. 9. Dependences of the bile flow rate (Q) on time (t)
during flow in Vater’s papilla duct with a calculus
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4. Discussion

Bio-fluid dynamics modeling has become a wide-
spread tool for surgeons either in cardiology [35]–[37] or
other medical areas related with bio-fluids [38]–[40].

The present paper is devoted to the development
of an analytical model for description of the patho-
logical bile flow in the major duodenal papilla duct.
On the one hand, this model may be considered as
a tool for assessing the pathology degree; on the other
hand, it may contribute to improve clinical treatment
methods.

The problem is separated into two parts.
The first one deals with determination of bile be-

haviour and constitutive relation parameters of the
pathological bile, which requires experimental inves-
tigation of bile samples.

The experiments performed showed that patho-
logical bile is a non-Newtonian fluid with thixo-
tropic features. Its behaviour depends on patient’s
sex, pathology type, and applied loading rate. The
difference between duct bile and gallbladder bile
was highlighted. It was shown that viscosity of
gallbladder bile samples was higher than of duct
bile ones, which may be explained by the influence
of the different physiological processes taking place
in the human gallbladder. The dependence of vis-
cosity on shear rate, the viscosity changes from
time to time, shear stress versus shear rate obtained
for different types of bile were taken from patients
of different age and sex. As a result, the approxi-
mation of curves by means of the Casson equation
was obtained.

The second part is directly related to the modelling
of the bile flow as a non-Newtonian fluid in the duct
with a calculus.

On the basis of the problem solved, the depen-
dences of flow resistance were obtained.

The patient-specific mathematical model created
allows us to estimate the dynamics of postoperative
period and to predict the development of specific
complications on the basis of pressure bile data. The
information about calculus diameter obtained by the
cholangiography gives an opportunity to estimate
daily bile amount entering the duodenum.

Moreover, the estimation of bile pressure in the
duct is an objective measure of the effectiveness
and adequacy of biliary decompression and indica-
tion for the operation on the major duodenal papilla
and the common bile duct, when the pressure is
high and daily bile amount is less than 35% of norm
[6], [27].

References

[1] BRUGGE W.R., BRAND D.L., ATKINS H.L., Gallbladder dys-
kinesia in chronic acalculous cholecystitis, Digest. Dis. Sci.,
1986, Vol. 31, 461–468.

[2] KRATZER W., MASON R.A., KACHELE V., Prevalence of gall-
stones in sonographic surveys worldwide, J. Clin. Ultra-
sound, 1999, Vol. 27, 1–7.

[3] VINOGRADOV V.V., Diseases of the Vater’s papilla, (in Rus-
sian), Nauka: Moscow, 1962.

[4] EDEMSKIY A.I., EDEMSKIY D.A., Major duodenal papilla’s
pathology, (in Russian), Surgery Bulletin, 2002, Vol. 7, 35–
42.

[5] HESS W., Die Erkrankungen der Gallenwege und des Pan-
creas, (in German), Stuttgart, 1961.

[6] LIANG T.B., LIU Y., BAI X., YU J., CHEN W., Sphincter of
Oddi laxity: an important factor in hepatolithiasis, World
J. Gastroentero., 2010, Vol. 16(8), 1014–1018.

[7] MIYACHI A., KIKUYAMA M., MATSUBAYASHI Y., Successful
treatment of pancreaticopleural fistula by nasopancreatic
drainage and endoscopic removal of pancreatic duct calculi:
a case report, Gastrointest. Endosc., 2004, Vol. 59, 454–457.

[8] CICALA M., HABIB F.I., FIOCCA F., PALLOTTA N., CORAZZIARI E.,
Increased sphincter of Oddi basal pressure in patients af-
fected by gall stone disease: a role for biliary stasis and col-
icky pain?, Gut, 2001, Vol. 48, 414–417.

[9] LI W.G., LUO X.Y., HILL N.A., SMYTHE A., CHIN S.B.,
JOHNSON A.G., BIRD N.C., Correlation of mechanical factors
and gallbladder pain, J. Comput. Math. Methods Med.,
2008, Vol. 9, 27–45.

[10] RASTOGI A., SLIVKA A., MOSER A.J., WALD R., Controver-
sies concerning pathophysiology and management of acal-
culous biliary-type abdominal pain, Digest. Dis. Sci., 2005,
Vol. 50, 1391–1401.

[11] CAROLI J., CORSOS V., La dilatation congetale des voies
biliaris intra-hepatiques, (in French), Rev. Med. Chir. Mal.
Foie, 1964, vol. 39, pp. 1–15.

[12] MALLET-GUY P., ROSE J., Pre-operative manometry and
radiology in biliary tract disorders, Br. J. Surg., 1956, Vol. 44,
128–136.

[13] AL-ATABI M.T., CHIN S.B., LUO X.Y., Flow structure in
circular tubes with segmental baffles, JFVIP, 2005, Vol. 12,
pp. 301–311.

[14] AL-ATABI M.T., OOI, R.C., LUO, X.Y., CHIN, S.B., BIRD N.,
Computational analysis of the flow of bile in human cystic
duct, Med. Eng. Phys., 2012, Vol. 34, 1177–1183.

[15] LI W.G., LUO X.Y., JOHNSON A.G., HILL N.A., BIRD N.,
CHIN S.B., One-dimensional models of the human biliary sys-
tem, J. Biomech. Eng. – T ASME, 2007, Vol. 129, 164–173.

[16] OOI R.C., LUO X.Y., CHIN S.B., JOHNSON A.G., BIRD N.C.,
The flow of bile in the human cystic duct, J. Biomech., 2004,
Vol. 37, 1913–1922.

[17] KUCHUMOV А.G., NYASHIN Y.I., SAMARTSEV V.A.,
GAVRILOV V.A., MESNARD M., Biomechanical approach to
biliary system modelling as a step towards «Virtual physio-
logical human» project, Russian Journal of Biomechanics,
2011, Vol. 15, 28–36.

[18] HUNTER P., COVENEY P., BONO B., DIAZ V., FENNER J.,
FRANGI A., HARRIS P., HOSE R., KOHL P., LAWFORD P.,
MCCORMACK K., MENDES M., OMHOLT S., QUARTERONI A.,
SKÅR J., TEGNER J., RANDALL T., TOLLIS I., TSAMARDINOS I.,
VAN BEEK J., VICECONTI M., A vision and strategy for the



Modelling of the pathological bile flow in the duct with a calculus 17

virtual physiological human in 2010 and beyond, Philosophical
Transactions of the Royal Society A. Mathematical, Physical
& Engineering Sciences, 2010, Vol. 368, 2595–2614.

[19] KOHL P., NOBLE D., Systems biology and the virtual physio-
logical human, Mol. Syst. Biol., 2009, Vol. 5, 292–298.

[20] VICECONTI M., CLAPWORTHY G., VAN SINT JAN S., The Vir-
tual Physiological Human – a European initiative for in silico
human modelling, J. Physiol. Sci., 2008, Vol. 58, 441–446.

[21] GRIZZI F., CHRIVA-INTERNATI M., The complexity of anatomi-
cal systems, Theor. Biol. Med. Model., 2010, Vol. 14, 1–9.

[22] WESTON A.D., HOOD L., Systems biology, proteomics, and the
future of health care: toward predictive, preventative, and per-
sonalized medicine, J. Proteome. Res., 2004, Vol. 3, 179–196.

[23] HOFMANN A.F., Biliary secretion and excretion in health and
disease: current concepts, Ann. Hepatol., 2007, Vol. 6, 15–27.

[24] KUNE G., The influence of structure and function in the
surgery of the biliary tract, Ann. R. Coll. Surg. Engl., 1970,
Vol. 47, 78–91.

[25] OTTO W.J., SCOTT G.W., RODKIEWICZ C., A comparison of
resistances to flow through the cystic duct and the sphincter
of Oddi, J. Surg. Res., 1979, Vol. 27, 68–72

[26] PITT H., ROSLYN J., KUCHENBECKER S., DOTY J., DENBESTEN L.,
The role of cystic duct resistance in the pathogenesis of cho-
lesterol gallstones, J. Surg. Res., 1981, Vol. 30, 508–514.

[27] CSENDES A., KRUSE A., FUNCH-JENSEN P., OSTER M.J.,
ORNSHOLT J., AMDRUP E., Pressure measurements in the
biliary and pancreatic duct systems in controls and in patients
with gallstones, previous cholecystectomy or common bile duct
stones, Gastroenterology, 1979, Vol. 77, 1203–1210.

[28] HORIGUCHI S., KAMISAWA T., Major duodenal papilla and its
normal anatomy, Dig. Surg., 2010, Vol. 27, 90–93.

[29] BUCHNER A.M., SONNENBERG A., Factors influencing the
prevalence of gallstones in liver disease: the beneficial and
harmful influences of alcohol, AJG, 2002, Vol. 97, 905–
909.

[30] GAVRILENKO S.L., VASIN R.A., SHILKO S.V., A method for
determining flow and rheological constants of viscoplastic
biomaterials, Part I, Russian Journal of Biomechanics, 2002,
Vol. 6, 90–96.

[31] SZWAJCZAK E., Dependence of hyaluronan aqueous solution
viscosity on external fields, Part II, Russian Journal of Bio-
mechanics, 2004, Vol. 8, 89–93.

[32] FUNG Y.C., Biodynamics: circulation, Springer-Verlag, 1984.
[33] CURRIE I.G., Fundamental mechanics of fluids, McGraw-

Hill, 1974.
[34] TEILUM D., In vivo measurement of the length of the sphinc-

ter Oddi, Endoscopy, 1991, Vol. 23, 114–116.
[35] BLAGOJEVIC M., NIKOLIC A., ŽIVKOVIC M., ŽIVKOVIC M.,

STANKOVIC G. Influence of blocks’ topologies on endothelial
shear stress observed in CFD analysis of artery bifurcation,
Acta of Bioengineering and Biomechanics, 2013, Vol. 15(1),
97–104.

[36] MARIUNAS M., KUZBORSKA Z., Influence of load magnitude
and duration on the relationship between human arterial
blood pressure and flow rate, Acta of Bioengineering and
Biomechanics, 2011, Vol. 13(2), 67–72.

[37] TSE K.M., CHIU P., LEE H.P., HO P., Investigation of hemo-
dynamics in the development of dissecting aneurysm within
patient-specific dissecting aneurismal aortas using computa-
tional fluid dynamics (CFD) simulations, J. of Biomechanics,
2011, Vol. 44(5), 827–836.

[38] BEVAN T., CARRIVEAU R., GONEAU L., CADIEUX P., RAZVI H.,
Numerical simulation of peristaltic urine flow in a stented
ureter, Am. J. Biomed. Sci., 2012, Vol. 4(3), 233–248.

[39] VAHIDI B., FATOURAEE N., A biomechanical simulation of
ureteral flow during peristalsis using intraluminal morpho-
metric data, J. of Theor. Biol., 2012, Vol 298, 42–50.

[40] SRIVASTAVA L.M., SRIVASTAVA V.P., Peristaltic transport of
a non-Newtonian fluid (Application to the vas deferens at small
intestine), Ann. BioMedical Eng., 1985, Vol. 13, 137–153.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


