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ABSTRACT 

A fully obstructed Common Bile Duct (CBD) could lead to severe implications such as jaundice, cholangitis, 

and pancreatitis. A 2-D CFD model with the employment of Fluid-structure Interaction (FSI) formulations is 

established to investigate the interactions of bile with its surroundings. Ascertaining bile secretion against a 

total CBD obstruction is a major interest of this study. Therefore, a function is assigned to bile secretion pattern 

such that the resulting intraluminal pressure complies with clinical data. To cover the variation in the parameters 

representing the mechanical properties of the biliary system as well as bile secretion, specific piecewise ranges 

are given for each of them and consequently, numerous cases are simulated. Models which after simulation 

lead to pressure rises in the interval of 700 Pa to 1300 Pa are picked. This interval could roughly include the 

actual pressure rise of a vast majority of patients. It is determined that among numerous cases, higher distention 

does not necessarily correlate with higher pressure increase. Furthermore, the effect of alteration in each 

parameter in pressure rise is determined. This model is the first numerical step towards understanding the 

pathogenesis of complications resulting from a fully obstructed CBD and deformation of the CBD in general.  

Keywords: Fluid-structure interaction; Biofluids; ALE method; Choledocholithiasis; CBD dilation. 

NOMENCLATURE 

2-D two-dimensional    

3-D three-dimensional 

BD Bile Duct 

CBD Common Bile Duct 

CD Cystic Duct 

CFD Computational Fluid Dynamics 

CHD Common Hepatic Duct 

Em elastic moduli of the medium  

Ew elastic moduli of the bile duct wall 

FEM Finite Element Method 

FSI Fluid-Structure Interaction 

FVM Finite Volume Method 

I identity tensor 

LHD Left Hepatic Duct 

p pressure   

Qs normal bile secretion rate of the liver  

Ql steady rate of bile secretion after 

obstruction 

Qinlet hepatic bile inlet  

Qnet net rate of bile flow into the common 

bile duct obtained by the difference 

between liver secretion and the bile 

reflux to the gallbladder 

RHD Right Hepatic Duct   

t time  

us solid displacement vector  

vf fluid velocity vector 

vm velocity vector of the moving ALE 

frame 

vs solid velocity vector   

β decay rate in the hepatic inlet function  

ρs density of the bile    

ρf density of the bile duct wall   

μ viscosity of the bile   

τ stress tensor    

 

 

1. INTRODUCTION 

Human biliary tract is responsible for secretion, 

conveyance, storing and releasing bile into digestive 

tract in order to aid the digestion of fats (Fig. 1.). 

Liver secretes bile into small intrahepatic ducts. 

These ducts increase in caliber as they advance 

towards the hilum of the liver. The common hepatic 

duct (CHD) emerges from the confluence of right 

and left hepatic ducts (RHD and LHD) outside the 

http://www.jafmonline.net/
mailto:Sina.ghodsi444@gmail.com


M. Baghaei et al. / JAFM, Vol. 14, No. 1, pp. 275-286, 2021.  

 

276 

liver.  Cystic duct (CD) — which is connected to the 

gallbladder — joins the CHD to form the Common 

bile duct (CBD).  Approaching downwards, the CBD 

courses through the duodenal wall. Bile is 

continuously secreted and between meals, stored in 

the gallbladder. During a meal, gallbladder contracts, 

leading to the bile being propelled into the duodenum 

(Yamada et al. 2009; Feldman et al. 2015). 

Several studies have investigated the fluid mechanics 

of the biliary system. Ooi et al. (2004) carried out a 

Finite Volume numerical investigation on the fluid 

dynamics of the bile in CD. They proposed a 

correlation between the CD geometry and gallstone 

formation. Luo et al. furthered the studies on the 

understanding of the mechanical behaviors of the 

biliary tract. Their study included bile fluid 

dynamics, bile rheology, gallbladder and duct tissue 

mechanics, mathematical and numerical modeling, 

and the relationship between mechanical stresses and 

the gallbladder pain (Luo 2007). Li et al. (2007a) 

proposed one-dimensional rigid and elastic wall 

models to estimate the pressure drop in the human 

biliary system. They studied the effects of elastic 

module of the CD wall, bile flow rate and viscosity 

on the pressure drop. They concluded that the most 

significant contributing factor was the diameter of 

the CD. Though they considered the elasticity of the 

CD, the CHD and the CBD were assumed to be rigid. 

In another paper, Li et al. (2008b) developed a 

simple gallbladder model to evaluate the mechanical 

factors contributing to gallbladder pain. The studied 

factors were pressure, ejection fraction, flow 

resistance, shear stress and peak shear and normal 

stresses. It was concluded that the model could 

potentially be used as a clinical diagnostic method.  

Followed by their 2007 paper, Li et al. (2008) 

extended their study by taking into account the 

effects of a 3D-modeled geometry and non-

Newtonian behavior of bile on the fluid-structure 

interaction in the CBD. In these models, the non-

Newtonian bile flow contributed to greater pressure 

drop. Al-Atabi et al. (2012) modeled realistic 3D 

geometries of CDs using scanned resin casts from 

actual patients and numerically with the aid of the 

Finite Volume Method (FVM) investigated these 

models as rigid CDs. They obtained the pressure 

drop along the CDs. Their evaluation showed a valid 

estimation of the CFD results compared to clinical 

data. Kuchumov et al. (2014) analytically examined 

flow of bile as a non-Newtonian fluid in the major 

duodenal papilla with a calculus. The objective was 

to assess the pathology degree in addition to 

contributing to improvement in clinical treatment 

methods. All these studies have provided appreciable 

insights regarding the fluid mechanics facet of the 

biliary system. However, an exhaustive investigation 

of the relevant literature yielded no numerical studies 

on the result of human CBD obstruction and its 

implications regarding distention and pressure rise. 

 Gallbladder and biliary associated diseases occurred 

in approximately 104 million people worldwide in 

2013 and they resulted in 106,000 deaths (Vos 2016). 

It is worth mentioning that 15% of patients with 

gallbladder stones also suffer from BD stones. 

Among all the maladies pertinent to gallstones, the 

most lethal is acute bacterial cholangitis. Cholangitis 

occurs when a stone is impacted in the BD and 

causes the bile to be static. Pus under pressure in the 

BDs leads to rapid spread of bacteria via the liver 

into the blood, with blood poisoning as a result. 

Moreover, the diagnosis of cholangitis is often 

difficult (especially in the critical early phase of the 

disease) while methods pointing to the biliary tract 

as the source of sepsis (a toxic condition resulting 

from infection) are absent (Feldman et al. 2015; 

Bornman et al. 2003). 

In this study, a comprehensive numerical analysis of 

the obstructed CBD has been conducted. BD 

obstruction is categorized into partial and complete. 

According to clinical data, a fully obstructed BD 

totally encumbers bile and gives considerable rise to 

the pressure inside the duct (Huang et al. 1969; 

Lygidakis and Brummelkamp 1985; Williams et al. 

1967). In contrast, a partially obstructed BD shows 

insignificant intraductal pressure rise and increase in 

diameter, while bile can flow through the obstruction 

down the sphincter of Oddi (Dodds et al. 2011). The 

aim of this study is to investigate and provide an 

insight regarding the significant effects of the 

complete CBD obstruction on the biliary tree and 

bile secretion from the liver in the early stages after 

the obstruction. Furthermore, this is the first 

numerical investigation of a fully blocked CBD that 

implements FSI formulations to predict the 

distension and pressure rise in the biliary system over 

time. A function replicating the behavior of the liver 

secreting bile into the CBD is also introduced, which 

could help in understanding the early stages of the 

biliary system after a complete CBD obstruction. 

Studying escalated intraluminal pressure and the 

behavior of bile secretion in the blocked BD is of 

pronounced importance due to its correlation with 

various liver diseases (Feldman et al. 2015).  

2. MATERIALS AND METHODS 

2.1 Geometry 

The study is conducted using a two-dimensional 

geometry of the BD that is modeled in accordance 

with typical BD geometries (Feldman et al. 2015). 

The geometry is obtained by passing a plane through 

the BD in an orientation that includes RHD, LHD, 

CD, CBD, and the stone. Though there are many 

variations of the RHD and the LHD (Castaing 2008; 

Adkins et al. 2000), for simplification purposes, the 

geometrical properties of the pair are taken to be 

identical. The length and diameter of each are 25 mm 

and 2 mm respectively. The length of the CHD and 

the CBD are 30 and 70 mm in the order given, and 

their diameter is set to 6 mm. The geometry of the 

CD and its lumen is beyond the scope of this study. 

Therefore, the geometry of the CD is solely restricted 

to a boundary which is 2 mm wide and represents the 

diameter of the CD. The wall thickness across all the 

ducts is set to be 1 mm (Adkins et al. 2000; Saxena 

and Theise 2004; Dowdy et al. 1962; Schulte et al. 

1990). 

The complete blockage of the CBD stems from one 

of the following: A stone passed through the CD and 



M. Baghaei et al. / JAFM, Vol. 14, No. 1, pp. 275-286, 2021.  

 

277 

impacted at the distal BD or a stone formed inside 

the CBD or a tumor formed down the CBD (Yamada 

et al. 2009; Feldman et al. 2015). Since these would 

lead to similar results, the blockage is assumed to be 

caused by a stone. Concerning the migration of the 

stone, its mean diameter is around 10 mm (Frossard 

et al. 2000). 

For a more accurate simulation, the implementation 

of a circular solid medium with the diameter of 300 

mm around the BD was considered. This medium 

serves as a model for the numerous organs adjacent 

to the biliary tree which restrict the swelling of the 

BD and affect the pressure of the bile as well. The 

geometry of the model used for the simulations is 

illustrated in Fig. 2. 

 

Fig. 1. Anatomy of the biliary system and 

different stone locations (Biliary Colic 2019). 

 

2.2 Bile Properties  

The flow of the bile ranges from 0.5 up to 35 in terms 

of the Reynolds number, thus suggesting laminar 

flow assumption. Although the hepatic bile shows 

non-Newtonian behavior in some patients, it is 

mostly considered to be Newtonian with the 

viscosity value of near water (Jüngst et al. 2001; 

Reinhart et al. 2010). In this study, bile viscosity is 

chosen to be 1 mPa s and its density 1000 kg m -3.  

2.3 Bile Secretion 

Liver has a pressure-sensitive operating window for 

bile secretion. This pressure ranges from around 500 

Pa to 1000 Pa over the duodenal pressure (Feldman 

et al. 2015; Dodds 2011; Tanaka et al. 1983). In the 

case of a total obstruction, relatively high pressure 

hinders bile secretion and consequently, bile flow 

into the CBD decreases drastically (Strasberg et al. 

1982). This is evident in computer simulations in the 

sense that the increase in pressure and distension as 

a result of a normal liver secretion would be 

significantly higher than what clinical data suggests. 

It became apparent through simulations that the 

secretion should decrease significantly in a short 

period of time, while the pressure heightens to a 

certain extent. The secretion will continue to lower 

until it reaches a relatively stable rate. From then 

onwards, the pressure will continue to rise steadily 

until at least the next 2 days. In this time period, the 

relative high pressure inside the CBD will force 

some bile into the gallbladder. This reflux causes the 

gallbladder to double in volume each day for the first 

four days after the obstruction. The chief interactions 

occur in the first day and in the second day, the rate 

of pressure escalation follows suit (Raptopoulos et 

al. 1985; Kountouras et al. 1985; Duch et al. 2002). 

Hence, developing a function that reproduces the 

liver secretion behavior in the first 24 hours would 

be beneficial. Two identical flow inlets for the RHD 

and LHD in the forms of descending exponential 

functions are decided upon, while they seemingly 

represent the real reaction of the secretion to the 

obstruction faithfully. With respect to the mentioned 

points, the rate of bile secretion is defined by a 

function as follows: 

Qinlet = ⅇ−βt(Qs − Ql) + Ql                  (1) 

where Qs is the normal bile secretion of the liver, Ql 

is the steady rate of bile secretion after obstruction, t 

is time in seconds and β is the decay rate.  

Liver secretes, in a normal situation, around 600 ml 

up to over 1400 ml of bile each day (Yamada et al. 

2009; Feldman et al. 2015, Dodds et al. 2011). This 

is set as the starting point for the function (Qs). The 

secretion will eventually reach a steady rate (Ql). The 

rate obtained by the difference between liver 

secretion and the bile reflux to the gallbladder will 

be referred to as Qnet and governs the slope at which 

the pressure rises for the majority of the time period. 

It is assumed that, with the increase in pressure, the 

bile flows into the gallbladder. The gallbladder 

doubles in size in the first day (Raptopoulos et al. 

1985). The mean volume of a normal human 

gallbladder is around 30 ml (Yamada et al. 2009). 

Therefore, total volume refluxed to the gallbladder in 

a full day is 30 ml and the uniform flow rate into the 

CBD is determined as 30 ml day -1. Different values 

of β correspond to various decay times to the steady 

flow rate. This parameter will specially become 

handy for studying numerous possibilities in which 

the liver secretion may respond to an obstruction. 

 

Table 1 Combinations of parameters affecting 

the hepatic inlet 

Ew 

(MPa) 

Em 

(MPa) 

Qs 

(ml/day) 

Qnet 

(ml/day) 
β 

0.1 0.04 600 0.206 0.3 

0.88 0.052 810 0.279 0.475 

1.66 0.062 1020 0.352 0.65 

2.44 0.076 1230 0.424 0.825 

3.22 0.088 1440 0.497 1 

4 0.1  0.570  

 

2.4   BD Wall  

There have been few studies on the mechanical  
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Fig. 2. Modeled investigated system comprising of the hepatic and cystic inlets, CBD, impacted stone 

and the medium. 
 

 

behavior of the BD wall both on animals (Jian and 

Wang 1991; Duch et al. 2004] and humans (Girard 

et al. 2019) These investigations have shown that the 

BD wall acts in an anisotropic and non-linear manner 

as the stresses change. Due to lack of data, the BD 

wall is taken as a homogeneous isotropic linear 

elastic material with the density of 1150 kg m -3 and 

the Poisson ratio of 0.4. 

2.5   Gallbladder  

In the case of a fully obstructed CBD, the 

contractions of the gallbladder are neglected due to 

its incapability in propelling bile into CBD when 

subjected to high intraluminal pressures (Dodds et al. 

2011). 

2.6   Combinations 

 Properties of the human biliary system is patient-

specific. In addition, these properties vastly vary in 

the clinical studies. Here, to cover adequate amount 

of conditions that have either direct or indirect 

effects on the pressure rise and bile secretion and to 

result in a more reliable and consummate conclusion, 

a method has been implemented as follows: 

Five parameters including elastic moduli of the BD 

(Ew) and the medium (Em), flow rates Qs and Qnet, 

and β, play consequential roles in pressure rise and 

distention. There are many similarities between 

human biliary tract and that of other animals (Li et 

al. 2013). According to the stress-strain curves for 

the CBD and the BD wall of porcine, dog and human 

(Jian and Wang 1991; Duch et al. 2004; Girard et al. 

2019) and the effect of aging (Sherratt 2009), the 

minimum and maximum amount of Ew are selected 

to be 0.1 MPa and 4 MPa respectively. The 

maximum and minimum values for Em are based on 

the elastic moduli and the stress-strain curves of the 

adjacent organs, body fat, and muscle (Rosen et al. 

2008, Sparks et al. 2015). Hence, the upper and 

lower limits for Em are assumed to be 0.04 MPa and 

0.1 MPa respectively. The density of the medium is 

taken to be 1050 kg m -3 and the Poisson ratio of 0.4. 

The lower and upper values for Qs are supposed to be 

600 and 1440 ml day -1 respectively which could be 

effected by various bodily conditions (Ferland et al. 

1989; Cook et al. 1950; Slater and Delaney 1971; 

Reyes and Kern 1979; St. George et al. 1994). 

Through simulations, Ql and β are obtained in a way 

to meet clinical data. Ranges of 30.206-30.57 ml day 

-1 and 0.3-1 are acquired for Ql and β respectively. 

The interval of each parameter is divided into up to 

6 evenly distributed values. This results in a wide but 

manageable number of combinations of parameters 

to be simulated. The total number of these 

combinations is 5400. According to clinical data, 

intraluminal pressure escalates 1000 Pa in the first 24 

hours after complete CBD obstruction (Duch et al. 

2002; Carlson et al. 1977). On this account, out of all 

5400 combinations, those who yield intraluminal 

pressure-rises in the region of 1000 Pa after 24 hours 

are selected for further investigation.  

2.7   Initial and Boundary Conditions  

In a normal CBD, intraluminal pressure lies between 

500 and 1000 Pa above the duodenal pressure. 

Pressures over 1000 Pa are considered abnormal 

(Dodds et al. 2011). Thus, initial pressure of the 

CBD is assumed to be 1000 Pa and is set to 0 as the 

reference for calculation and representation of 

pressures after obstruction. 

The boundary conditions of the edges of the LHD 

and RHD are fixed and as mentioned earlier, a 

function is set to the inlet velocity.  

A constant velocity, as obtained before, is assigned 

to the cystic outlet to represent the steady rate of bile 

reflux into the gallbladder. The edges of the outlet  
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Fig. 3. (A) Mesh configuration of the system (B) Mesh dependence analysis. 

 

 

move with the velocity of the moving boundary. The 

stone is assumed to be fixed. Furthermore, the outer 

edges of the medium circle are fixed. Fluid-structure 

interaction formulations are applied to all the inner 

walls of the RHD, LHD, CHD and the CBD. 

2.8   Numerical Simulation 

To account for the interaction between the fluid and 

the solid structure, Arbitrary Lagrangian-Eularian 

(ALE) formulation is employed. In this case, fluid 

flow is described using Navier-Stokes equations and 

a deformable domain (moving mesh) and solid 

mechanics is formulated using Lagrangian 

description and an undeformed frame. The 

Continuity and Navier-Stokes equations for 

incompressible flow are given in a vector form as 

follows: 

𝜌𝑓
𝜕𝐯f

𝜕𝑡
− ∇. [−𝑝𝑰 + 𝜇(∇𝐯f + (∇𝐯f)

𝑇)] + 

𝜌𝑓((𝐯f − 𝐯𝑚). ∇)𝐯f = 0  (2) 

where 𝜌𝑓  is the fluid density, 𝐯f the vector of fluid 

velocity, 𝐯𝑚 the velocity vector of the moving ALE 

frame, p the fluid pressure, and 𝑰 the identity tensor. 

The equation of motion of the solid structure in the 

Lagrangian form reads: 

𝜌𝑠
𝜕2𝐮𝑠

𝜕𝑡2
= ∇. 𝝉 (3) 

where 𝜌𝑠  is the solid density, 𝐮𝑠  the vector of 

structural displacements, and 𝝉  the first Poila-

Kirchhoff stress tensor. 

Also, both the fluid and solid structure have the same 

velocity at the boundary. Thus: 

𝜕𝐮s

𝜕𝑡
= 𝐯f                  (4) 

The CFD simulations are carried out utilizing the 

Finite Element Method (FEM) and Backward 

Differentiation Formula (BDF) for time stepping. To 

solve the multiphysics model, a fully coupled solver 

is applied. Also, second order schemes are employed 

for discretization of both pressure and velocity fields. 

2.9   Mesh  

Fig. 3A. depicts the meshing of the BD and the 

surrounding medium. Total number of mesh 

elements is 8010 and comprises of 7356 triangular 

and 654 quadrilateral elements. Independence of the 

results to the mesh is obtained (Fig. 3B.) by 

comparing the pressure of a point inside the duct 

calculated using different grades of element size.  

3. RESULTS 

For visualization and determining the effect of stone 

diameter, investigating mesh independence and 

comparing normal, partially and fully obstructed 

CBDs, a conservative sample combination of the 

parameters is chosen whose values are presented in 

Table 2.  

 

Table 2 Chosen parameters for visualization 

EW 

(MPa) 

0.88 

EM 

(MPa) 

0.04 

Qs (ml/day) 

1020 

Qnet 

(ml/day) 

0.57 

β 

 

0.3 

 

3.1   Stone Diameter 

The average impacted CBD stone diameter is around 

10 mm (Frossard et al. 2000). A variation of 4.86 Pa, 

equaling to 0.53% of the total pressure rise, occurred 

as a result of altering the stone diameter between 8 

mm and 16 mm. Therefore, a fixed diameter of 10 

mm is chosen for all the different combinations of 

the study. 

3.2   Normal and Partially Obstructed CBD  

In a normal CBD (Fig. 4A.) the pressure gradient 

along the CBD is less than 1 Pa. Running simulations 

for a 95% obstructed CBD (Fig. 4B.) resulted in a 

A B 
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quick pressure rise of 75 Pa after which the system 

reached a steady state. A negligible diameter 

increase is also apparent. It can be inferred that up to 

at least 95% of obstruction, the system goes under 

very subtle changes in comparison to a fully 

obstructed CBD.  

 

Fig. 4. Stationary streamlines visualizing the 

flow from the liver and the gallbladder in (A) a 

normal CBD and (B) a partially obstructed 

CBD. 

 

3.3   Analysis of Results Obtained by 

Combinations  

After choosing the combinations that result in a final 

pressure of between 700 Pa and 1300 Pa and 

thoroughly analyzing the data, a few patterns are 

recognized. For better showcasing the patterns, 

combinations are divided into 3 intervals, which 

include data with resulting final pressure of 700 to 

900 Pa, 900 to 1100 Pa and 1100 to 1300 Pa. The 

data from each interval are sorted by all the 

parameters accordingly and the frequency of each 

parameter among the available combinations in their 

respective interval is recorded. This value is then 

divided by the total number of combinations of the 

interval to give the relative frequency.  

The manifestation of each parameter is more 

uniform across its range in the middle batch of the 

data (900 Pa < p < 1100 Pa). However, specific 

regions of the range seem to play a major role in 

the combinations leading to pressures higher than 

1100 Pa and lower than 900 Pa. Moreover, the 

relative frequency of the first interval follows 

transversely the behavior of the third interval. This 

is evident in all the parameters. Figure 5A. shows 

the pattern concerning the relative frequency of Em 

for the first and third intervals as they tend to reach 

an extremum in the middle of the range. The same 

can be said for Ew and Qnet (Fig. 5B. and Fig. 5C.). 

A disparate pattern of consistent rise and fall is 

plane in the β and Qs relative frequencies. (Fig. 5D. 

and Fig. 5E.).  

The results suggest that to obtain pressures outside 

the 900-1100 Pa range, the variety of the 

combinations are relatively limited. 38% of the 

data are in the 700-900 Pa range. This amount is 

43% and 19% for 900-1100 Pa and 1100-1300 Pa 

ranges respectively. The limitation of 

combinations is also apparent in the elastic moduli 

and Qnet, as the major determining parameters, 

being more relatively frequent in certain values 

rather than their whole range. The opposite is 

exhibited in data batch of 900-1100 Pa. This 

indicates that a greater group of people with 

various biliary system specifications, as a 

consequence of their age, gender and 

circumstances, reach a similar state in biliary 

system pressure and a less pronounced diversity of 

people reach pressures outside this range. This 

corresponds with the clinical data which show an 

increase of around 1000 Pa in the first day after a 

complete CBD obstruction. A careful 

investigation of the β and Qs relative frequencies 

suggest that in the case of high pressures, β alters 

the hepatic function in a way that the liver reacts 

more reluctantly and the secretion descends 

relatively slow. The relative frequency of Qs also 

indicates that cases with higher normal liver 

secretion rate tend to suffer more from higher 

pressure levels in the case of a complete 

obstruction. The opposite can be inferred from the 

pressure levels lower than 900 Pa. In the case of 

the pressures in the range of 900-1100 Pa, the 

whole ranges of β and Qs have a uniform 

contribution in combinations which authenticates 

the former deduction about diversity. 

The corresponding CBD diameter for each case is 

plotted. Figure 6. demonstrates the observation that 

various factors contribute to the final distension of 

the CBD in the sense that a more distended CBD 

does not necessarily resemble higher intraluminal 

pressure.  

The results of different combinations when scattered 

on a pressure-diameter plot form lines with different 

slopes that when forecasted backwards, cross the 

original state of the CBD (6mm of diameter and 0 Pa 

of pressure rise). The upper and lower limits of these 

lines (largest and smallest slopes) in conjunction 

with the lowest and highest pressure and distension 

limits, form an area. This area can potentially be 

interpreted as the area in which all cases of the CBD 

complete obstructions could fit into. In addition, 

even though the combinations are selected owing to 

their pressures, it is palpable from the data that the 

diameter range also adheres to the clinical data 

(Raptopoulos et al. 1985; Shawker 1981).  

3.4 Effect of time  

The result of three combinations are illustrated in 

Fig. 7. to demonstrate the state of pressure and 

diameter change as time advances. Figure 7A. 

exemplifies the hepatic inlet function that leads to 

these pressure levels and distensions. 

(A) (B) 
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Fig. 5. Relative frequencies of elastic moduli of (A) BD wall (B) medium and consequential parameters 

in the defined hepatic secretion function (C) net overall inflow (D) β (E) daily secretion of hepatic bile. 

  

(A) (B) 

(C) (D) 

(E) 
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Table 3 Average values of the properties of two groups of cases sorted by their resulting CBD dilation 

 Diameter (mm) Pressure (Pa) Ew (MPa) Em (MPa) Qs (ml/day) 

Group I 7.43 792.4 3.61 0.094 964.7 

Group II 8.76 997 1.82 0.065 1028 

 

These combinations are chosen in a way to best 

portray the effects of parameters β and Qnet. 

Therefore, parameters Ew, Em, and Qs are kept 

unaltered. The effect of altering Qs would be the 

change in the starting point of the hepatic inlet 

function and variation of Ew and Em would influence 

the resulting pressure and distension of the CBD 

rather than directly modifying the inlet function. 

Figure 7A. demonstrates that, while β has a 

pronounced effect in the first phase of the pressure 

change, Qnet dictates the rate at which the pressure 

keeps on building for the remainder of the time.  

 

Fig. 6. Pressure-distension scatter depicting cases 

with different characteristics of the biliary 

system. Shaded area demarcates potential ranges 

for pressure and distension. 

Figure 8. represents the velocity magnitude contours 

in different times and streamlines of the dilated CBD 

after 24 hours. A small amount of bile flows down to 

CBD and this is the reason behind the slight slope of 

the line after the reduction of liver secretion.  

3.5   Correlations to Clinical Conditions   

To assess the correlation of pressure and bile 

secretion variations with related disease such as 

cholangitis and jaundice, it is best to look into the 

upshots of the conditions; mainly distension, clinical 

symptoms after obstruction, etc. Since dilation of the 

CBD is closely related to the mechanical properties 

of the biliary system as well as the activity level of 

the liver, some relations to the aforementioned 

diseases can be extracted through analyzing the 

effects these properties and parameters have on the 

dilation of the CBD.  

One of the challenges of cholangitis is its diagnosis 

especially in the early stages. Although most of the 

patients with acute cholangitis experience CBD 

dilation, it has been shown that up to 30% of the 

cases might not undergo CBD dilation (Balthazar et 

al. 1993; Bader et al. 2001; Kim et al. 2009; Hong et 

al. 2012). Since the main means of diagnosis is using 

various imaging techniques, the absence of dilation 

can introduce even more difficulty for the diagnosis. 

There have been some studies on the clinical 

differences between the patients with and without 

CBD dilation. The distinguishable physical factor 

among them was the small diameter change after 

obstruction. It has been shown that patients with 

severe cholangitis experience more CBD dilation 

and thus longer treatment time in the hospital (Hong 

et al. 2012). The smaller CBD dilation often means 

that other clinical factors such as bilirubin and white 

blood cell count in these patients are lower 

(Kiriyama et al. 2018). Though these studies have 

investigated the differences of clinical symptoms 

when the magnitude of dilation is considered, no 

specific reason behind this variance of diameter 

among the patients with cholangitis – other than 

small age variations (Hong et al. 2012; Tomizawa et 

al. 2017) – has been suggested.  

Although most cases in this work fall into the middle 

range pressure rise, some percentage of the 

simulations follow the trend that is apparent in the 

clinical studies; around 13% of cases (Group I) 

underwent dilations smaller than 1.5 mm in the first 

day. The mean pressure rise in this Group was 

calculated to be 792.4 Pa. This value indicates that 

the cases with less severe CBD dilation (mainly 

categorized as Grade I) have lower pressure rise in 

the first stages of cholangitis. The reason can be 

found in the mean values of Ew and Em. These values 

are 3.61 MPa and 0.094 MPa respectively. The mean 

wall and medium elasticities are just shy of the 

highest values assigned to them suggesting stiffer 

CBD wall and its soundings – mostly attributed to 

younger patients, can mitigate the dilation and since 

it is shown that smaller dilations tend to have lower 

pressure rise, the lower bilirubin levels in these 

patients suggested by clinical data, can be related to 

the lower intraluminal pressures of these cases.  

The other section of the data (Group II) with dilations 

over 1.5 mm has a higher mean pressure rise value of 

around 997 Pa. It can be observed that higher 

intraluminal pressures are resulting in more CBD 

dilation thus having more severe conditions when 

clinical factors are considered. The average values of 

studied parameters are available in Table 3.  
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Fig. 7. (A) Hepatic function verses time, specifying the role of β and Qnet. Varying aspects of an 

obstructed CBD as the time advances: (B) pressure and (C) diameter. 

(A) 

(B) (C) 



M. Baghaei et al. / JAFM, Vol. 14, No. 1, pp. 275-286, 2021.  

 

284 

 

Fig. 8. Effect of time on diameter and contours of velocity magnitude at: (A) t = 10s (B) t = 24 hours (C) 

t = 48 hours and streamlines of the flow after 24 hours (D). 

 

 

It is observed that generally in the cases with lower 

elasticity moduli of the CBD wall and its 

surroundings the resulting pressure and stress is not 

as high. With that in mind, it is evident form Table 3 

that the pressure rise in group II is higher than that of 

group I, even though its average elastic moduli is 

relatively small. This can be explained by their 

higher average normal daily bile secretion and 

probably the slower reaction of their biliary system 

to a total obstruction that leads to the situation with 

higher intraluminal pressure levels and more CBD 

dilation. 

4. CONCLUSION 

The behavior of the biliary system in the presence of 

an obstruction is of great concern. It was evident that 

no significant pressure change happens in the case of 

a partially obstructed CBD. This study was targeted 

at getting an insight and understanding of the liver 

reaction, bile flow, and biliary system pressure 

during a complete CBD obstruction. It was decided 

upon that an exponential function reflects the bile 

secretion pattern of the liver accurately. Parameters 

for the liver secretion function were obtained and 

their ranges were determined such that different 

scenarios would be simulated. This function in 

conjunction with the elastic moduli of the BD wall 

and the medium play chief roles in pressure increase 

of the biliary system.  

It was observed that the elastic modulus of the 

medium has a great impact on the pressure rise while 

simultaneously restricting the deformation of the 

biliary system. Furthermore, a biliary system with 

higher elastic moduli for its duct walls and its 

surroundings is not accompanied by higher liver 

secretion rates. This could indicate that the 

mechanical properties of the biliary tree determine 

the functioning level of the liver. While aging with 

the consequence of less stiffness in duct walls, could 

lead to higher pressure levels in the case of a 

complete obstruction, other conditions such as 

pregnancy, toxins, gender, obesity, dietary habits, 

etc. can either intensify or attenuate the pressure due 

to their respective effects on the normal rate of bile 

secretion. The presented function with 

corresponding values for its parameters could 

possibly cover these varieties in liver performance.  

 It was noticed that most cases with vastly different 

bile secretion levels and elastic moduli of their 

biliary systems do reach similar pressure levels and 

CBD distensions. Even though in a single case, the 

pressure level and distension are correlated, by 

comparison of different cases, it can be proven that a 

case with higher distension does not necessarily 

translate into a case with higher CBD pressure levels.  

The results of the simulations were divided into two 

groups concerning their dilations. These groups were 

compared to each other and the mechanical reasons 

behind the variations of dilations were discussed. It 

was concluded that severe cases of cholangitis with 

higher pressure rise and more bacterial infection 

happen when the overall stiffness of the biliary 

system is lower and the liver activity is on higher 

levels.  

The studied model is the first numerical step 

regarding the pathogenesis of severe consequences 

of a fully obstructed CBD such as cholangitis and 

deformation of CBD in general. While in clinical 

scenarios, due to certain limitations, the pressure 

across the whole time-interval after a complete 

obstruction cannot be measured, it is hoped that this 

study would give a reliable image of how the CBD 

pressure and distension reach a certain point after an 

obstruction. 
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