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ABSTRACT

Pancreatic juice reflux (PBR) to the common bile duct and gallbladder is observed in cases with 
pancreaticobiliary maljunction (PBM) and high confluence of pancreaticobiliary ducts (HCPBD) with various 
morphological characteristics of the biliary tract. However, the mechanisms underlying PBR remain unclear. 
The purpose of this study was to investigate the mechanisms underlying PBR from the perspective of fluid 
mechanics. In a previous study, we developed a mathematical model for bile and pancreatic juice flow based 
on the theory of fluid mechanics. A computational simulation of pancreaticobiliary flow in the morphologically 
normal duct without biliary dilatation and in HCPBD and PBM was performed to investigate the influence of 
morphological parameters of the pancreaticobiliary tract. The simulation results showed that the length of 
the common channel (CC) within the region of the sphincter of Oddi (RSO) and compliance of the gallbladder 
significantly affected the pancreaticobiliary flow regardless of whether the duct was morphologically normal 
or showed HCPBD or PBM. However, the CC length beyond the RSO was completely unaffected. The length 
of the CC within the RSO is an important factor influencing PBR without biliary dilatation. Therefore, our 
mathematical model is a powerful tool for understanding pancreaticobiliary flow.
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Introduction
Pancreaticobiliary maljunction (PBM) with pancreaticobiliary 

reflux (PBR) into the biliary tract shows a broad spectrum of mor-
phological characteristics, including variations in the shape and size 
of the pancreaticobiliary ducts. On the basis of various investigations 
of morphological parameters such as duct diameter and length [1-5], 
diagnostic criteria for PBM have been developed and updated [6-8]. 
In addition, some biomechanical engineers have investigated bile 
flow in the human biliary duct using computational flow simulation 
[9-15]. However, the relationship between the morphological param-
eters and PBR has not yet been clarified. Fukuzawa et. al. fabricated a 
simplified model of pancreaticobiliary ducts that modelled the struc-
ture of the human biliary tract system, including the common bile 
duct (CBD), gallbladder/cystic duct (CD), gallbladder (GB), common 
hepatic duct (CHD), and pancreatic duct (PD) in cases of PBM without 
biliary dilatation, and used the model to clarify the mechanism of PBR 
[16] and to demonstrate that PBR disappears after cholecystectomy. 
However, it is almost impossible to fabricate individual patient-spe-
cific models of the pancreaticobiliary duct and investigate the effects 
of these morphological parameters on PBR. Therefore, to generalise 
this problem, we developed a mathematical model for pancreaticobi-
liary flow in pancreaticobiliary systems based on the theory of fluid 
mechanics [17]. 

Using a mathematical model, we simulated normal pancreatico-
biliary flow during the bile-refilling period, and the results showed 
good agreement with actual measurement data of human gallbladder 
volume changes [18] and the temporal variations of the intro-pres-
sure in the contraction and relaxation of common channel (CC) by the 
sphincter of Oddi (SO) [19,20]. However, PBR could not be simulated 
in our mathematical model using statistically averaged morphological 
parameters of the pancreaticobiliary ducts [17]. The purpose of this 
study was to clarify the influence of the morphological parameters 
of the pancreaticobiliary ducts on PBR without biliary dilatation by 
using our developed mathematical model. We simulated the pancre-
aticobiliary flow using various morphological parameters of the pan-
creaticobiliary duct. This paper presents the results of a parameter 
study of the mathematical model of the influence of pancreaticobili-
ary ducts on PBR without biliary dilatation and considers the factors 
of pancreaticobiliary duct morphology that influence PBR. 

Methods
The details of our targeted phenomena and the mathematical 

model are described in our previous paper [17]. We have succinctly 
summarised these aspects in the following sections:

 Targeted Phenomena for Mathematical Modelling

This study modelled the 4–12-h period (hereafter referred to as 
the bile-refilling period) in which the GB volume was minimised just 
after a meal and bile was refilled in the GB immediately after that and 
by the next meal. Therefore, we assumed that the bile produced by the 
liver had filled all biliary tracts, and neglected changes in the density 
and viscosity of bile. And it was assumed that the dilatation and peri-
stalsis of the biliary tract and the existence of accessory pancreatic 
ducts in the pancreaticobiliary system were negligible.

Mathematical Model and its Assumptions

From the perspective of fluid mechanics, almost all mass trans-
port in the pancreaticobiliary duct occurs by advection rather than 
diffusion. Therefore, it was possible to simulate the flow phenome-
na in the pancreaticobiliary duct to investigate PBR. Because the bile 
and pancreatic juice flows during the bile-refilling period were much 
slower than those during blood flow, the flow could be modelled as a 
linear phenomenon. Thus, all pancreaticobiliary ducts in this study 
were modelled as mechanically equivalent straight and circular tubes 
with flow resistance and their combinations. In this study, pancreati-
cobiliary flow was modelled using an equivalent 1-dimensional hy-
drodynamical circuit, as shown in Figure 1 [17]. The liver and pan-
creas were modelled as volumetric pumps, similar to syringe pumps, 
with a constant flow rate. Hepatic bile and pancreatic juice flow from 
the GB to the duodenum (Duo) through the CD, CBD, CC, and ampul-
la of Vater due to the pressure difference between the GB and Duo. 
Apart from the CC, the PD and CBD within the region of the sphincter 
of Oddi (RSO) were opened and closed by SO contraction and relax-
ation, as shown in Figure 1a, which was a model for the morphological 
normality of the pancreaticobiliary duct or high confluence of pancre-
aticobiliary ducts (HCPBD). However, if SO contraction did not affect 
the CBD and CC, as shown in Figure 1b, it was a model for anomalous 
arrangement of the pancreaticobiliary ducts. In these models, pan-
creaticobiliary flow satisfied both the equations of continuity as the 
law of conservation of mass for flow and Bernoulli’s theory, including 
pressure loss as the conservation law of the energy of the flow.
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Note: Abbreviations: CD, gallbladder duct; PD, pancreatic duct; GB, gallbladder; CHD, common hepatic duct; CBD, common bile duct; SO, 
sphincter of Oddi; CC, common channel; RSO, region of the sphincter of Oddi; Duo, duodenum.
Figure 1: Outline of human biliary tract and pancreatic duct structure and schematic diagram of mechanically equivalent fluid model [17].
a)	 Anatomic components of our modelled biliary tract and pancreatic duct.
b)	 Outline and a mechanically equivalent fluid circuit for an anatomically normal duct or a high confluence of pancreaticobiliary ducts.
c)	 Outline and a mechanically equivalent fluid circuit for anomalous arrangement of pancreaticobiliary ducts. 
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The equations of continuity at bifurcations of the ducts are as fol-
lows: 

 CHD CD CBDQ Q Q+ =  (1)

 CC CBD PDQ Q Q= +  (2)

Here, the quantities of Q are the volumetric flow rates at each duct, 
and the subscripts indicate the location of the flow. This study defined 
the flow rate as positive (Q > 0) when the fluid flowed toward the Duo. 
When the volume of the GB was temporarily increased, the flow rate 
at the CD was negative (QCD < 0). However, the GB absorbs a portion of 
the water in bile juice [16]. Therefore, the GB volume change per unit 
time (dVGB/dt) occurs because of the difference between the inflow 
rate toward the GB (–QCD) and the water-absorption rate (QD) at the 
GB, as follows:

	  	 GB
CD D

d
d
V Q Q

t
= − −  (3)

These three equations must be satisfied not only for normal pan-
creaticobiliary ducts, but also for HCPBD and PBM. Since the GB pres-
sure is almost the same as the intraduodenal pressure at the start of 
GB refilling, hepatic bile flows from the CD to the GB. The inflow caus-
es both the GB intra-volume and inner pressure to increase with time. 
The relationship between the GB intra-volume and inner pressure is 
modelled using compliance, known as arterial compliance, in mathe-
matical models of the cardiovascular systems [21,22].

	  	 GB
GB

GB

d
d
VC
p

′ ≡  (4)

where dVGB is the volume change in the GB cavity, dpGB is the 
amount of pressure change in the GB, and C’GB is the compliance of the 
GB, which is an index of its deformability.

By integrating Equation 3 and combining it with Equation 4, the 
following equations are obtained:

( ) ( ) ( )GB CD D GBd 0V t Q Q t V t= − − + =∫   (5)

( ) ( ) ( )GB CD D GB
GB

1 d 0p t Q Q t p t
C

= − − + =
′ ∫  (6)

where pGB(t = 0)  is the initial intra-GB pressure at the start of bile 
refilling; VGB(t = 0) is the minimum GB volume at the start of GB refill-
ing; and t is the time elapsed from the start of GB refilling. Bernoulli’s 
theory, including pressure loss [23,24] without negligible terms such 
as the energy dissipation caused by the flow vortex, was formulated 
by an electronic–hydraulic analogy, as shown in Equation 7 [17].

	 Duo CC CBD CD GBp p p p p+ ∆ + ∆ + ∆ ≈   (7)

where p is the local static pressure and ∆p is the pressure loss in 
each pancreaticobiliary duct. According to the definition of flow rate, 
the pressure loss is positive (∆p > 0) when the fluid flows toward the 
Duo. The pressure drop through a straight cylindrical tube was esti-
mated using the Hagen–Poiseuille law [23,24], as shown in Equation 
8.

	
4

128
ð

Lp RQ Q
d
µ

∆ = =   (8)

where ∆p is the viscous pressure drop between the ends of the 
duct, R is the flow resistance of the duct, Q is the volumetric flow rate 
in the duct, d is the inner diameter of the duct, L is the length of the 
duct, and µ is the dynamic viscosity of a working fluid. The different 
morphologies in individual diseases, such as HCPBD and PBM, are ex-
pressed by the differences in flow resistance, as shown in Equation 
8. For example, patients with normal duct morphology and HCPBD 
were observed to have a part of the CC, CBD, and PD within the RSO. 
The flow resistance of each duct has two elements that are expressed 
by the following equation:

R R R≡ +   (9)

here, the quantity of R  is the flow resistance of the pancreatico-
biliary duct beyond the RSO, and R  is the flow resistance within the 
RSO that is temporally varied by SO contraction and relaxation. When 
the CC was not observed beyond the RSO in the case of a normal pan-
creaticobiliary duct and HCPBD, CCR

 was zero. In contrast, CBDR and   

PDR  were zero in the case of PBM because the CBD and PD were not 
observed within the RSO.

By combining and integrating Equations 1, 2, and 7–9, the flow 
rate at the CD was obtained as follows:

Normal and HCPBD:

( )Duo GB CC PD CC CBD CBD CHD
CD

CC CBD CBD CD

p p R Q R R R Q
Q

R R R R
− + + + +

− =
+ +

  

  +   

(10-1) 

PBM:  

( ) ( )Duo GB CC CC PD CC CC CBD CHD
CD

CC CC CBD CD

p p R R Q R R R Q
Q

R R R R
− + + + + +

− =
+ +

 

 +
(10-2) 

Equations 5, 6, and 10 can be solved and pancreaticobiliary flow 
can be simulated by applying suitable boundary conditions for the 
phenomena. Next, we discuss the boundary conditions and parame-
ters used to calculate the mathematical model. 

Boundary Conditions and Parameters

This study employed Fukuzawa’s baseline data setup [16] and 
our previous study [17] for the morphological parameters of human 
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pancreaticobiliary ducts, as shown in Table 1. However, other physical 
data are required as boundary conditions to solve the mathematical 
model. As the intraduodenal pressure was the back pressure for the 
pancreaticobiliary system, this study assumed that the intraduodenal 

pressure was almost constant, equal to the intraperitoneal pressure 
and close to the atmospheric pressure.

Duo 0p ≈  (11)

Table 1: Collected parameters of bile and pancreatic juice flow in biliary and pancreatic tract.

Hepatic bile Gallbladder bile Pancreatic juice

Density: ρ 103 kg/m3 1003–1013 kg/m3 1010 kg/m3

Dynamic viscosity: μ 0.9–1.0 mPa·s
2.0–3.0 mPa·s

1.1–3.2 mPa·s
1.72 mPa·s

Volumetric flow rate: Q 30 mL/h 720 mL/h within 
 5 minutes after meals 60 mL/h

Duct inner diameter: d CHD and CD 
2–10 mm

CD and CBD 
2–10 mm

PD 
3 mm

Duct axial length: L CHD and CD 
< 184 mm

CD and CBD 
< 180 mm

PD 
< 150 mm

Diffusion coefficient: D 10-10–10-9 m2/s 10-10–10-9 m2/s

α-amylase: 1.2 x 10-10 m2/s

Amylase: 10-11–10-10 m2/s

Trypsin: 10-10–10-9 m2/s
Note: Abbreviations: CD, gallbladder duct; PD, pancreatic duct; GB, gallbladder; CHD, common hepatic duct; CBD, common bile duct.

On the basis of the measurement of the relationship between 
healthy human GB volume and its intra-pressure change [25], we cal-
culated the GB compliance and set it at approximately 0.35 – 12 mL/
mmHg. Therefore, in this study, changed C’GB = 1 to 15 mL/mmHg. The 
findings indicated that the SO was repeatedly contracted and relaxed 
with a 10–12 s cycle [19,20]. This study assumed that the inner di-
ameter of the CC within the RSO was periodically changed by 0.3 mm 
when opened and 0.096 mm when closed repeatedly with a square 
waveform at 5-s intervals [17]. Furthermore, on the basis of Fukuza-

wa’s estimation [16], this study employed the value of the water-ab-
sorption rate QD at the GB, which was set at 23 mL/h. A summary 
of the common conditions for flow simulation is shown in Table 2. 
Further conditions for PBM and HCPBD are listed in Tables 3 & 4, re-
spectively. This study neglected the fact that the variation in the fluid 
physical properties, such as viscosity and density, was due to the mix-
ing of the bile and pancreatic juice, similar to our previous work [17]. 
To simplify the mathematical model, it was assumed that the viscosity 
and density of pancreatic juice were the same as those of hepatic bile.

Table 2: Flow conditions employed for this simulation.

Parameter

Volumetric flow rate at CHD: QCHD 30 mL/h

Volumetric flow rate at PD: QPD 60 mL/h

Water-absorption rate at the GB: QD 23 mL/h

Dynamic viscosity of hepatic bile: μCHD 1.0 mPa·s

Dynamic viscosity of pancreatic juice: μPD 1.0 mPa·s

Initial GB volume: VGB (t = 0) 5 mL

GB compliance: CGB 1–15 mL/mmHg

Initial GB pressure: pGB (t = 0) 3.5 mmHg

Intraperitoneal pressure: pDuo 0 mmHg
Note: Abbreviations: PD, pancreatic duct; GB, gallbladder; CHD, common hepatic duct; Duo, duodenum.
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Table 3: Flow conditions employed for PBM.

Duct diameter: d mm 
(closed/open) Duct length: L mm

CC within RSO 0.096/0.3 2 – 6

CBD within RSO 0.096/0.3 9.5

CBD 6.7 68

CD 3.5 43

Note: Abbreviations: CD, gallbladder duct; CBD, common bile duct; CC, 
common channel; RSO, region of the sphincter of Oddi; PBM, pancreatico-
biliary maljunction.

Table 4: Flow conditions employed for HCPBD.

d mm (closed/open) L mm

CC within RSO 0.096/0.3 2 – 6

CBD within RSO 0.096/0.3 9.5

CC beyond RSO 2.8 5 – 25

CBD 6.7 68

CD 3.5 43

Note: Abbreviations: CD, gallbladder duct; CBD, common bile duct; CC, 
common channel; RSO, region of the sphincter of Oddi; HCPBD, high con-
fluence of pancreaticobiliary ducts.

Numerical Simulation Method

With these boundary conditions and the baseline data setup, the 

time variations of QCD and pGB can be calculated by combining equa-
tions 5, 6, and 10. This study revealed an estimated solution of the 
pancreaticobiliary flow during a bile-refilling period of 6 h by using 
the modified Euler numerical integration method for simultaneous 
equations within a 1-s interval time step with MATLAB (2020R1; 
MathWorks, Natick, MA, USA).

Results
Figure 2 shows an example of the simulation results for GB vol-

ume recovery and the influence of the anatomical morphological 
parameters on GB volume recovery. In our previous study, the sim-
ulation results obtained using our mathematical model agreed well 
with the GB volume recovery trend. The pressure variation and its fre-
quency in the CC within the RSO were also accurately simulated [17]. 
These results indicate that the length of the CC affects the GB volume 
recovery rate. Therefore, to summarise the influence of the different 
morphological parameters of the pancreaticobiliary ducts on the PBR 
during the bile-refilling period, the integrated flow rate of bile at the 
CBD was calculated over 6 h after the start of refilling. Figures 3 & 
4 summarise the simulation results. Figures 3 & 4 show the results 
for HCPBD and PBM, respectively. These graphs show the relationship 
between biliary tract size and pancreaticobiliary flow. Because the in-
tegrating flow rate is the moving volume of the working fluid, if the 
integrating flow rate at the CBD is less than zero (negative value), PBR 
occurs. The broken lines in each graph show the volumes of the CBD 
and CD. When the integrating flow rate at the CBD is lower than the 
broken line in the graph, pancreatic juice reaches to the GB within 6 h.

Note: Abbreviations: GB, gallbladder; CC, common channel.
Figure 2: Examples of the simulation results for GB volume recovery and the influence of the anatomical morphological parameters on GB volume 
recovery. The vertical axis shows the time temporal GB volume and the horizontal axis shows the elapsed time from the beginning of the GB 
refilling. The black and red rigid lines represent simulation results over 6 h after the start of refilling. In the case of red line simulation, the length 
of the CC within RSO is 4 times longer than the case of black line condition. In other-words, in the case of red line the resistance of the CC within 
RSO is 4 times higher than the case of black line. The GB volume ratio simulation result is calculated by dividing the simulation result of the GB 
volume variation by the statistical average value of the maximum GB volume ( = 35 mL) of the abovementioned reference data [18].
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Note: Abbreviations: CD, gallbladder duct; GB, gallbladder; CBD, common bile duct; CC, common channel.
Figure 3: Influence of the common channel length on the flow in the common bile duct in an anatomically normal duct or a high confluence of 
pancreaticobiliary ducts. The vertical axis shows the integrated flow rate at the CBD within 6 h of the start of bile refilling to the GB, and the 
horizontal axis shows the length of the common channel. The plots show the simulation results obtained using the developed mathematical 
models. The symbols in these graphs indicate the differences in GB compliance.

Note: Abbreviations: CD, gallbladder duct; GB, gallbladder; CBD, common bile duct; CC, common channel.
Figure 4: Influence of the common channel length on the flow in the common bile duct in cases of pancreaticobiliary maljunction. The vertical 
axis shows the integrated flow rate at the CBD within 6 h of the start of bile refilling to the GB, and the horizontal axis shows the length of the 
common channel. The plots show the simulation results obtained using the developed mathematical models. The symbols in these graphs indicate 
the differences in GB compliance.
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These results showed that the length of the CC beyond the RSO 
did not affect pancreaticobiliary flow in cases of PBM. In contrast, the 
length of the CC within the RSO and GB compliance affected reflux. 
When the GB compliance was approximately 5–10 mL/mmHg, which 
was the same as the average of the reference data [25], the pancreatic 
juice reflux that occurred in our simulation using the length of the CC 
within the RSO was over approximately 6 mm. In the case of HCPBD, 
the CC length was also a significant factor in pancreatic juice reflux. 
GB compliance affected bile and pancreatic juice flows in both cases. 
In the results of the simulation under average GB compliance, pan-
creatic juice reflux could also be observed when the length of the CC 
within the RSO was >6 mm. This result showed good agreement with 
the diagnostic criterion of the PBM as “the length of the CC is longer 
than 6 mm” [26]. These results indicate that the important factor in 
PBR might be the flow resistance of the CC, which opened and closed 
as a result of SO contraction and relaxation, and the compliance of 
the GB. Moreover, the existence of the CC beyond the RSO contributed 
little to reflux. However, other morphologically important factors may 
exist. To investigate the reason for this, we have discussed this possi-
bility theoretically using the mathematical model.

Disucussion
Consideration of a PBR-generating Mechanism Based on a 
Mathematical Model

According to Equation 1, if the flow rate at the CD (QCD) is less 
than zero (QCD < 0), the working fluid in the CD flows toward the GB. 
When PBR occurs, the flow rate at the CDB (QCDB) is negative (QCDB < 0). 
Therefore, PBR occurs under the following conditions: 

	  CHD CD 0Q Q+ <  (12)

By dividing both sides of equation 12 by the flow rate at the CHD 
(QCHD) and simplifying it, the following relationship was obtained:

	 CD

CHD

1Q
Q
−

>   (13)

This equation indicates that PBR occurs when the CD flow rate is 
negative and the absolute CD flow rate is higher than the CHD flow 
rate. By dividing both sides of Equation 10 by the CHD flow rate and 
applying Equation 13, the following PBR conditions are obtained:

Normal and HCPBD: 

 
( )

( )
Duo GB CC PD CC CBD CBD CHD

CC CBD CBD CD CHD

1
p p R Q R R R Q

R R R R Q

− + + + +
>

+ +

  

  +

(14-1)

PBM: 

( ) ( )
( )

Duo GB CC CC PD CC CC CBD CHD

CC CC CBD CD CHD

1
p p R R Q R R R Q

R R R R Q

− + + + + +
>

+ +

 

 +
 

(14-2)

These equations indicate that the numerator of the fraction is 
smaller than the denominator when PBR occurs. By eliminating the 
same terms on the left and right sides of equation 14 and rearranging 
them, the simplified equation for the reflux condition is as follows:

Normal and HCPBD: Duo CC PD GB CD CHDp R Q p R Q+ > +   (15-1)

PBM:  ( )Duo CC CC PD GB CD CHDp R R Q p R Q+ + > +  (15-2)

To the best of our knowledge, no reference data are available for 
the CC diameter when the SO contracts and relaxes. Because we could 
not observe the contracted CC during endoscopic retrograde cholan-
giopancreatography, the contracted CC may have been much narrow-
er than the CC outside the RSO. According to the Hagen–Poiseuille 
law as shown in Equation 8, the flow resistance R varies in inverse 
proportion to the fourth power of the duct diameter. Since the flow 
resistance of the CC within the RSO ( CCR ) is much higher than that of 
the CC beyond the RSO ( CCR ), the resistance of the CC beyond the RSO 
is negligible in Equation 15-2. Therefore, the conditions for the occur-
rence of PBR can summarised by the following equation, regardless 
of whether the bile duct is morphologically normal or shows HCPBD 
or PBM:

CC PD CD CHD GB DuoR Q R Q p p− > −  (16)

The CD diameter was much larger than that of the CC when the SO 
contracted. In contrast, the diameters of the CC and CD were approx-
imately a few millimetres when the SO was relaxed. The lumen of the 
CD contains the spiral valves of Heister [27,28]. Because these valves 
are spiral-undulating folds, the working fluid in the CD has a large 
surface area for its volume. In other words, the flow resistance of the 
CD is higher than that of the CC if the SO is relaxed, and it is difficult to 
reflux pancreatic juice into the CBD. When the SO contracts, the flow 
resistance of the CC within the RSO is significantly higher than that of 
the CD. Thus, the conditions for reflux occurrence can be simplified 
as follows:

	 CC PD GB DuoR Q p p> −  (17)

We can consider the mechanism of PBR by using this equation, as 
follows…First, we focus on the left-hand side of Equation 17. Because 
the Fukuzawa baseline setup was employed in this study, the pancre-
atic juice production rate was assumed to be constant. However, the 
rate of pancreatic juice production varies during the day depending 
on dietary conditions and other factors, and the rate may also show 
individual differences. Thus, it was assumed that the pancreatic juice 
production rate could change 0.5- to 2-fold rather than Fukuzawa’s 
baseline setup. However, as shown in Equation 8, the flow resistance 
of the pancreaticobiliary ducts within the RSO varies in proportion 
to the length of the duct L and inversely to the 4th power of its inner 
diameter d. In other words, to increase the flow resistance of the duct 
to 2-fold, the length of the duct must be doubled or the inner diameter 
of the duct must be reduced by approximately 85%. Therefore, the 
diameter of the CC in the RSO is the factor with the greatest influ-
ence on the PBR, and the frequency of contraction and relaxation of 

https://dx.doi.org/10.26717/BJSTR.2024.55.008764


Copyright@ : Tsutomu Tajikawa | Biomed J Sci & Tech Res |   BJSTR.MS.ID.008764.

Volume 55- Issue 5 DOI: 10.26717/BJSTR.2024.55.008764

47455

the sphincter and the time ratio between contraction and relaxation 
(duty ratio) also affect the PBR. Our simulation results, shown in Fig-
ures 2 & 3, were obtained by assuming a constant CC diameter and 
varying the CC length. Therefore, the quantities on the horizontal axes 
of these graphs are proportional to the flow resistance of the pancre-
aticobiliary duct; that is, the common duct diameter is proportional to 
the fourth power root of the magnitude of the resistance. 

Next, we focus on the right-hand side of Equation 17: The intradu-
odenal pressure was the back pressure from the pancreaticobiliary 
system. The instantaneous minimum value of the intraduodenal pres-
sure of a healthy human was almost the same as the intraabdominal 
pressure. However, the intraduodenal pressure changed transiently 
due to intestinal peristalsis. If the intraduodenal pressure was higher 
than the GB pressure without accessory pancreatic ducts in the pan-
creaticobiliary system, PBR was occur during instantaneous high in-
traduodenal pressures. Therefore, the differential pressure between 
the GB pressure and the intraduodenal pressure was one of the sig-
nificant factors for PBR. As shown in Equation 6, the GB pressure can 
be determined by the GB compliance, the balance between the inflow 
rate from the CD and the water-absorption rate at the GB, and the 
initial GB pressure at the beginning of GB refilling. When the initial 
intra-GB pressure was low, PBR occurred readily. Therefore, the GB 
pressure at the beginning of GB refilling was the most influential fac-
tor in PBR. GB compliance affects the ratio of the GB pressure increase 
after meals. If the compliance is low, that is, if the GB becomes stiff, the 
GB pressure increases rapidly. Therefore, PBR is least likely to occur 
with a stiffer GB. Compliance of a vessel such as an artery is affect-
ed by its volume; the larger the volume, the higher the compliance. 
Therefore, in addition to the mechanical stiffness of the GB, the size of 
the GB may also influence PBR. The water-absorption rate at the GB is 
also an important factor, because it takes longer for the GB pressure 
to increase when the water-reabsorption rate is high.

Limitations

We were able to demonstrate the influence of the morphologi-
cal parameters of the pancreaticobiliary ducts on PBR. However, the 
mathematical model was based on the following three main assump-
tions: First, we modelled the pancreaticobiliary ducts as straight rigid 
circular pipes. However, a vortex may occur due to the bifurcation and 
sudden diameter changes of the pancreaticobiliary ducts. However, 
the flow resistance caused by the vortex is far less than the resistance 
of the CC with SO contraction; therefore, its influence on the simula-
tion result is considered to be limited. The compliance of the pancre-
aticobiliary ducts is also lower than that of the GB; therefore, its effect 
is also considered to be less significant. Since the compliance of the 
pancreaticobiliary ducts with dilatation is not negligible, we would 
like to investigate this in future studies. Second, this study assumed 
that the mechanical properties, such as viscosity and density, of the 
bile and pancreatic juices were the same. However, the viscosity of the 
pancreatic juice and the GB bile was approximately 1.7 and 2.6 times 

higher than that of hepatic bile, respectively [5,6]. The GB bile filled 
the CD, CBD, and CC immediately after it was ejected. The viscosity of 
the working fluid was changed by mixing of the liver bile flow, GB bile 
flow, and pancreatic juice flow. In our future study, we aim to modify 
the model by including the changes in viscosity caused by fluid mixing 
because it is necessary to rigorously simulate not only the fluid flow 
but also the mass transfer to overcome the aforementioned limita-
tions. Finally, this study neglected the existence of minor pancreatico-
biliary ducts such as accessory pancreatic ducts. The influence of such 
ducts will be studied further in the future.

Conclusion
We investigated the influence of the geometrical parameters of 

the pancreaticobiliary duct on PBR occurrence using our developed 
mathematical model for pancreaticobiliary flow based on fluid me-
chanics theory. The simulation results showed that the flow resistance 
of the CC within the RSO was a significant factor for PBR regardless of 
whether the duct was morphologically normal or showed HCPBD or 
PBM. Our simulations using Fukuzawa’s baseline data setup and our 
hypothesised CC diameter change due to SO contraction/relaxation 
indicated that pancreatic reflux appeared when the length of the CC 
within the RSO was longer than 6 mm when the compliance of the 
gallbladder was equal to the average value for humans. This result 
is consistent with the Japanese clinical practice guidelines for PBM. 
However, the flow resistance of the CC without RSO was completely 
unaffected. This will enable a more accurate simulation of the flow 
in the pancreas and bile ducts and allow a quantitative assessment of 
the effects of differences in the morphology of the pancreas and bile 
ducts on the flow of bile and pancreatic juice in individual patients.
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