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Arterial remodeling of the pancreaticoduodenal arcade, which enables collateral flow to the liver, spleen,
and stomach, is a well-recognized clinical sign of celiac artery (CA) stenosis. However, the hemodynamic
changes due to remodeling are poorly understood, despite their importance in surgical procedures such
as pancreaticoduodenectomy. In this study, a framework to simulate remodeling of the arterial network
following pathological flow alterations was developed and applied to investigate the hemodynamic char-
acteristics of patients with CA stenosis. A one-dimensional–zero-dimensional cardiovascular model was
used for blood flow simulation. After introducing CA stenosis into the normal network, arterial remodel-
ing was simulated by iteratively changing the diameter of each artery until time-averaged wall shear
stress reached its value under normal conditions. A representative case was simulated to validate the pre-
sent framework, followed by simulation cases to investigate the impact of stenosis severity on remodel-
ing outcome. A markedly dilated arcade was observed whose diameter agreed well with the
corresponding values measured in subjects with CA stenosis, confirming the ability of the framework
to predict arterial remodeling. A series of simulations clarified how the geometry and hemodynamics
after remodeling change with stenosis severity. In particular, the arterial remodeling and resulting blood
flow redistribution were found to maintain adequate organ blood supply regardless of stenosis severity.
Furthermore, it was suggested that flow conditions in patients with CA stenosis could be estimated from
geometric factors, namely, stenosis severity and arcade diameter, which can be preoperatively and non-
invasively measured using diagnostic medical images.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The celiac artery (CA), the first major branch of the abdominal
aorta, plays a vital role in supplying oxygenated blood to the liver,
spleen, and stomach. However, the CA is a common site for steno-
sis, typically caused by median arcuate ligament compression or
atherosclerosis, with a reported incidence of 10–25% (Sakorafas
et al., 2008). CA stenosis is rarely diagnosed because it is mostly
asymptomatic (Song et al., 2002), owing to the existence of the
pancreaticoduodenal arcade that forms a collateral pathway
between the common hepatic artery (CHA) and superior mesen-
teric artery (SMA) (Fig. 1). With CA stenosis, the arcade undergoes
remarkable dilatation, referred to as arterial remodeling, and pro-
vides compensatory collateral flow from the SMA to the organs
originally supplied by the CA (Turner et al., 2014).

Despite this well-functioning collateral circulation, CA stenosis
can be a serious risk factor for postoperative visceral ischemia in
patients subjected to pancreaticoduodenectomy (PD), the surgical
resection of tumors in the pancreas (Gaujoux et al., 2009; Nara
et al., 2005), because the surgery involves resection of the arcade
that could be the main supplying pathway to the CA territory. In
such cases, revascularization (e.g., division of the median arcuate
ligament or arterial reconstruction) during PD has been reported
to prevent ischemic complications (Kurosaki et al., 2004;
Nakayama et al., 2018). However, since this procedure makes sur-
gery more complex and challenging, its necessity should be care-
fully assessed before implementation. The necessity may depend
on the hemodynamic status of the patient, especially the amount
of flow through the arcade (Gaujoux et al., 2009). Currently, a
clamping test of the gastroduodenal artery (GDA) with hepatic
arterial blood flowmonitoring is recommended to confirm the con-
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Fig. 1. Normal anatomy of the visceral arteries branching from the celiac and superior mesenteric arteries. The arrows indicate the flow directions under normal conditions.
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tribution of collateral flow (Berney et al., 1998), but this test can
only be conducted intraoperatively, requiring rapid judgment and
decision-making. Although preoperative assessment based on
stenosis severity (Sugae et al., 2012) or arcade diameter
(Nakayama et al., 2018) has recently been suggested, the relation-
ships between these geometric factors and hemodynamic condi-
tions are not yet well understood. Therefore, detailed information
about hemodynamic features, especially regarding arterial remod-
eling, in patients with CA stenosis can facilitate surgical planning
and contribute to the selection of appropriate surgical procedures.

Computational simulations provide hemodynamic quantities
under various conditions, which are usually difficult to obtain
in vivo due to the invasiveness of such measurements or limited
accessibility. For coupled simulation of blood flow and arterial
remodeling, the constrained mixture theory extended to three-
dimensional geometry is commonly employed currently
(Figueroa et al., 2009; Wu and Shadden, 2015). While this frame-
work allows the prediction of asymmetric deformation and mate-
rial property changes, the computational cost of mesh generation
and simulation is high. Thus, its applications tend to include only
local arteries of interest with prescribed boundary conditions.

On the other hand, reduced-order modeling of the vascular net-
work can be an efficient means of simulating a coupled problem
between remodeling and the resulting boundary condition
changes. In this approach, a network is modeled as interconnected
segments, and growth rules are applied to individual segments
through iterative calculation (Peirce and Skalak, 2003). The growth
rules have been well established in previous studies (e.g., Pries
et al., 1998; Reglin et al., 2009); they are designed to ensure com-
putational stability and include experimentally obtained parame-
ters to produce realistic networks. However, since most studies
have been focused on the microvascular network, some growth
factors (e.g., metabolic signals from tissues) have been considered
that may not play substantial roles in large arteries (Pohl et al.,
2000). Furthermore, the experimentally determined parameters
are not directly applicable to larger arterial networks.

The aims of this study were therefore twofold: to construct a
framework to simulate arterial network remodeling following
pathological flow alterations and to investigate the hemodynamic
characteristics in patients with CA stenosis by using the frame-
work. We adopted the one-dimensional–zero-dimensional (1D–
0D) cardiovascular model (Liang et al., 2009) and implemented
iterative steps to simulate changes in both arterial diameter and
flow distribution. Normal arterial geometries were derived from
medical imaging data and literature data, and their remodeling
was triggered by introducing CA stenosis. Simulations were per-
formed with different stenosis severities to quantify the impact
of stenosis severity on the results.

2. Methods

2.1. Blood flow in the cardiovascular system

The 1D–0D cardiovascular model (Liang et al., 2009; 2011) was
employed for blood flow simulation, with the extension to include
the visceral arteries involved in upper abdominal circulation
(Fig. 2). The visceral arteries are known to exhibit many variations
in their branching patterns (Song et al., 2002; 2010), but herein the
model complies with normal anatomy. In this model, the 1D arte-
rial network contains 94 segments in total. The beginning and ter-
minal ends of the network were coupled with the 0D model
representing the remaining system, forming a closed loop.

2.1.1. 1D model
A large artery was considered to be a straight and axisymmetric

tube with an elastic wall, which allowed the blood flow through
such an artery to be described by the equations of mass and
momentum conservation (Formaggia et al., 2006; Sherwin et al.,
2003):
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where x is the axial coordinate along the artery; t is the time; A, Q ,
and p denote the cross-sectional area, volumetric flow rate, and
internal pressure, respectively; q is the blood density, which was
taken to be 1060 kg m�3; KR is the resistance parameter modeled
as KR ¼ 8pl=q with blood viscosity l ¼ 0:0047 Pa s, assuming
Poiseuille flow. The relationship between pressure and cross-
sectional area to close the (A, Q) system was derived assuming that
arterial walls are thin, homogeneous, and purely elastic (Olufsen
et al., 2000; Sherwin et al., 2003):



Fig. 2. Schematic representation of the 1D arterial network used in this study. The numbers refer to the arterial segments listed in Table 1, and the arrows indicate the flow
directions under normal conditions. The numbering is following that established by Liang et al. (2009; 2011).

Table 1
Physiological parameters for the visceral arteries. The lengths and diameters were derived by averaging the values measured in five subjects with normal arteries. The peripheral
resistances were set to distribute 3% of the cardiac output to the spleen, 1% to the stomach, 6.5% to the liver through the hepatic artery, 1% to the pancreas, and 12.5% to the
intestine (Williams and Leggett, 1989).

No. Arterial segment Length (mm) Diameter (mm) Peripheral resistance (mmHg s mL�1)

20 Celiac I 11.26a 6.35 —
21 Celiac II 11.26a 6.35 —
22 Common hepatic 25.72 4.26 —
23 Splenic 62.18 4.25 31.67
24 Lt. gastric 30.88 2.06 86.47
26 Sup. mesenteric I 63.90 5.51 —
84 Proper hepatic 35.70 3.12 10.24
85 Gastroduodenal 29.62 2.89 —
86 Ant. sup. pancreaticoduodenal 35.61 1.34 —
87 Ant. inf. pancreaticoduodenal 35.61 1.34 —
88 Post. sup. pancreaticoduodenal 26.37 1.45 —
89 Post. inf. pancreaticoduodenal 26.37 1.45 —
90 Inf. pancreaticoduodenal 20.89 2.50 —
91 Sup. mesenteric II 17.26 4.50 6.30
92 Pancreas feeding Ib 10.00 1.34 —
93 Pancreas feeding IIb 10.00 1.45 —
94 Pancreas feeding IIIb 10.00 2.00 75.98

a Half the length of the celiac artery.
b Representatives of several small feeding arteries to the pancreas.
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where the subscript 0 signifies the value at the reference pressure
p0 ¼ 85 mmHg; h is the arterial wall thickness; and r is Poisson’s
ratio (taken to be 0.5). The Young’s modulus, E, was determined
from curve fitting of experimental data (Olufsen et al., 2000).
2.1.2. Stenosis model
The 1D model cannot describe the pressure drop caused by flow

separation and reattachment in a stenotic artery. Therefore, steno-
sis was modeled as presented by Young and Tsai (1973), who rep-
resented the pressure drop across stenosis as
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Here, D and L denote the artery diameter and length, respec-

tively; _Q is the time derivative of Q; n and s refer to normal and
stenotic segments, respectively; and Kv , Kt , and Ku are empirical
coefficients given by Seeley and Young (1976). In general, arterial
stenosis is accompanied by poststenotic dilatation, as observed in
Fig. 3. In Eq. (4), we defined the maximum poststenotic diameter
as the normal diameter, in accordance with relevant clinical
studies.

2.1.3. 0D model
The peripheral circulation was modeled as the lumped parame-

ter (0D) network including several compartments. The compart-
ments for the peripheral arteries (small arteries and arterioles)
were represented as the three-element (RCR) Windkessel models
and were coupled to the terminal arteries of the 1D model. The
blood flow leaving these compartments was assumed to converge



Fig. 3. Three-dimensional (3D) volume-rendered images of arterial geometry in three subjects with celiac artery stenosis (arrows). The values in parentheses indicate the
stenosis severity defined as the percentage of diameter reduction. Marked dilatation of the pancreaticoduodenal arcade (arrowheads) is seen in all subjects. In-house software
‘‘V-Modeler” (Kobayashi et al., 2015) was used for 3D volume reconstruction from serial slice images.
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to either upper or lower body blocks, where the compartments
representing capillaries, venules, and veins were modeled as RLC
series circuits. The governing equations for each compartment
were given as ordinary differential equations (ODEs) derived from
mass and momentum conservation (Alastruey et al., 2008; Milišić
and Quarteroni, 2004). After the peripheral circulation, the blood
was pumped to the ascending aorta in the 1D network according
to the elastance-based heart model. For further details on the 0D
model, see Liang et al. (2009).

2.1.4. Numerical methods
Eqs. (1)–(3) were solved using a two-step Lax–Wendroff

scheme. The boundary values at bifurcations were calculated by
enforcing mass and total pressure conservation using a Newton–
Raphson method (Formaggia et al., 2006; Liang et al., 2009). The
ODEs governing the 0D model were solved using a fourth-order
Runge–Kutta scheme. Coupling of the models at stenosis or 1D–
0D interfaces was achieved using Riemann invariants (Liang
et al., 2009).

2.2. Flow-induced arterial remodeling

Arteries can change their diameters in response to altered flow
conditions to maintain constant wall shear stress (WSS) (Kamiya
and Togawa, 1980; Langille et al., 1989). This process was simu-
lated by performing iterative steps in which the diameter of each
1D segment was changed every two cardiac cycles as follows:
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Here, s is the time-averaged WSS (TAWSS); h denotes the homeo-
static value; a is the relaxation coefficient; and i denotes the current
iteration step. Further, the TAWSS was calculated as
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Tc

Z Tc

0

32l Qj j
pD3 dt; ð6Þ

where Tc is the cardiac cycle, which was fixed at 1 s. sh for each seg-
ment was defined as the corresponding TAWSS under normal con-
ditions, which was obtained from blood flow simulation without
stenosis.

Eq. (5) gives positive feedback if a > 0, leading to unstable
behavior of segments connected in parallel, such as Nos. 86–89
in Fig. 2 (Hacking et al., 1996; Pries et al., 1998). To avoid this prob-
lem, we permitted the diameter to change in the opposite direction
by switching the sign of a according to the TAWSS gradient:
ai ¼ ai�1; si � sh
�� �� < si�1 � sh

�� ��
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Introducing Eq. (7) allows each segment to find the optimal
diameter giving sh by changing the diameter in the direction of
gradient descent. The value of a0 can be chosen arbitrarily because
it does not affect the converged diameter. In this study, the value
that gave the fastest convergence without losing computational
stability was used; in most cases, a0 ¼ 0:1 was satisfactory, but
the range was 0.05–0.15.
2.3. Numerical experiments

2.3.1. Clinical data acquisition
The geometries of the visceral arteries were collected from

medical imaging data and were utilized for parameter assignment
and validation of the simulated geometry. We selected eight sub-
jects whose arteries had typical branching patterns (Fig. 1), includ-
ing five subjects (two male, three female; 65.8 ± 10.7 years) with
normal arteries and three subjects (one male, two female;
65.3 ± 12.4 years) with CA stenosis (Fig. 3). The length and diame-
ter of the arteries in each subject were measured using images
obtained by contrast-enhanced computed tomography. The in-
plane resolution was 0.47–0.68 mm (512 � 512 pixels), and the
slice thickness was 0.8 mm. All data were anonymized and pro-
vided by the University of Tokyo Hospital (Tokyo, Japan) with writ-
ten informed consent from each subject. The use of the data for this
study was approved by the ethics committee at our institution.
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2.3.2. Parameter assignment
The physiological parameters assigned for the visceral arteries

are summarized in Table 1, while those for the other arteries were
taken from the literature (Liang et al., 2009; 2011). The lengths and
diameters in Table 1 are the mean values of the measurements in
the normal group, excepting those for Nos. 92–94, which corre-
spond to arteries feeding the pancreas. Since peripheral resistances
(the sums of two resistances in the three-element Windkessel
model) dominate the flow distribution among terminal arteries
(Zhang et al., 2016), they were calibrated to yield the literature val-
ues of the flow rates to adjacent organs (Williams and Leggett,
1989).

2.3.3. Simulation of representative case and validation
In the simulations, arterial network remodeling was triggered

by introducing stenosis in the 1D segment (No. 20) corresponding
to the CA. The stenosis was assumed to have half the length of the
segment and to be located in the middle. The stenosis severity was
taken to be 83% of the diameter reduction, which was the mean
value for the subjects with stenosis (Fig. 3). First, the blood flow
Fig. 4. Changes in diameter and time-averaged wall shear stress (TAWSS) during iteratio
value are shown. The shaded area represents where negative feedback becomes domina
simulation was run for 10 cardiac cycles to ensure convergence.
Subsequently, remodeling was begun and continued until the
TAWSS reached the homeostatic value within 3% in all segments.
This convergence criterion yields a diameter convergence error
<1% (<0.1 mm even for the largest visceral artery) because TAWSS
is inversely proportional to the cube of the diameter. For the steno-
tic segment, the diameter was assumed to remain constant, given
that stenosis may lead to abnormality of the endothelium that
senses the WSS (Zand et al., 1988).

Model validation was performed by comparing the simulated
(i.e., obtained after convergence) and measured diameters. Both
diameters were first normalized with respect to the aortic diame-
ter at the CA level to exclude the effects of individual differences in
arterial size, and then the normalized values were compared.

2.3.4. Impact of stenosis severity
Simulations were also performed to investigate the impact of

stenosis severity on the resulting diameters and flow distribution.
The stenosis severity was varied from 0% (intact artery) to 100%
(complete occlusion) in 10% intervals, and 11 corresponding simu-
ns. The diameter relative to the initial value and TAWSS relative to the homeostatic
nt, resulting in balanced growth of arteries connected in parallel.



Fig. 5. Changes in diameter and cycle-averaged volumetric flow rate during iterations. The diameter and flow rate relative to their initial values are shown. The shaded area
represents where a persisting change in flow rate is observed even when the diameter is stable, in contrast to synchronous changes in flow rate and diameter in the other
areas.
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lation cases were investigated. The case with complete occlusion
was simulated by removing the CA segment from the 1D network.

3. Results

3.1. Representative case

3.1.1. Convergence behaviors
In all arteries, TAWSS values met the convergence criterion after

163 iterations of the remodeling step. The changes in diameter,
TAWSS, and cycle-averaged volumetric flow rate during the itera-
tions are summarized in Figs. 4 and 5. Here, we shall focus only on
the arteries shown in the figures because the others exhibited
responses similar to those of the proper hepatic artery (PHA) and
yielded relatively small diameter changes (<8.7%) after convergence.

With CA stenosis introduced, the pancreaticoduodenal arcade
was subjected to quite high TAWSS (Fig. 4(d)–(i)), showing more
sensitive variations from the baseline than the other arteries. Sub-
sequently, the arcade diameter increased rapidly through positive
feedback of elevated TAWSS in the first few iterations. However,
in the parallel pathways of the anterior and posterior pancreatico-
duodenal arteries (APDA and PPDA, respectively), the diameter
increased when the TAWSS was below the homeostatic value,
and vice versa, during the remaining iterations (Fig. 4(e)–(h),
shaded areas). Through such negative feedback, the APDA and
PPDA both restored the TAWSS to the baseline and had comparable
diameters.

The diameter changes were accompanied by changes in the
amount of inflow (Fig. 5). Overall, the flow rate changed syn-
chronously with the diameter. In contrast, as indicated by the
shaded areas, the flow rate continued changing even when the
diameter remained almost constant in arteries with inlets con-
nected to the more drastically growing artery, namely, the APDA,
whose inlet is connected to the PPDA in parallel, and the CHA
and PHA, whose inlets are connected to the GDA (see Fig. 7(c) for
flow directions).



Fig. 6. Comparison of diameters between measured values in the normal and the celiac artery (CA) stenosis groups, and simulation results. The horizontal lines represent the
mean values for each group. The values shown are the diameters normalized by the aortic diameter at the level of the CA.
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3.1.2. Resulting diameters and blood flow distribution
Fig. 6 shows the diameters after convergence, along with those

measured in the normal (N = 5) and CA stenosis (N = 3) groups. The
simulation results show noticeable dilatation of the arcade, the
value of which quantitatively agrees with the measurement data,
where the arcades in the CA stenosis group had diameters 2–3
times as large as those in the normal group.

As expected, arterial remodeling resulted in blood flow redistri-
bution among the arteries (Fig. 7). Upon the introduction of CA
stenosis (panel b), blood flow to the organs downstream from
the stenosis (i.e., liver, spleen, and stomach) decreased by half
despite the formation of collateral flow from the SMA. However,
owing to arterial remodeling (panel c), the flow reduction to the
organs was wholly compensated by the redistributed blood flow,
which was characterized by a more than threefold increase in flow
through the arcade and flow reversal in the CHA.

3.2. Impact of stenosis severity on collateral circulation

Eleven additional simulation cases with different stenosis
severities were examined. Fig. 8 summarizes the collateral circula-
tion characteristics after arterial remodeling in each case. The flow
Fig. 7. Comparison of cycle-averaged volumetric flow rates (mL/min) and flow directio
artery stenosis, (c) at the end of remodeling. The red arrows indicate flow reversal from th
reader is referred to the web version of this article.)
rate in the PHA (i.e., blood supply to the liver) remained at a nor-
mal level regardless of stenosis severity, whereas the flow path
to the liver differed. The GDA started to supply retrograde blood
flow to the liver with stenosis �50%, and it became the single path-
way supplying the liver with stenosis �60%, resulting in flow
reversal in the CHA. The average of the diameters of APDA and
PPDA drastically increased upon flow reversal in the GDA, reflect-
ing the contribution of collateral flow to the liver.

4. Discussion

In this study, the arterial geometry restoring the TAWSS alter-
ations caused by CA stenosis was predicted by iterative remodeling
steps in 1D–0D blood flow simulations. The resulting geometry
showed a markedly dilated pancreaticoduodenal arcade, reproduc-
ing a well-recognized clinical sign of CA stenosis (Sakorafas et al.,
2008). Moreover, the simulated diameters agreed well with mea-
surements in subjects with CA stenosis (Fig. 6). These results sup-
port the widely accepted concept that arteries maintain constant
levels of mechanical stimuli, WSS in this case, by structurally
adapting to the altered hemodynamic conditions (see a review
by Humphrey (2008)).
ns between three conditions: (a) normal, (b) immediately after introducing celiac
e normal state. (For interpretation of the references to color in this figure legend, the



Fig. 8. Impact of stenosis severity (percentage of diameter reduction) on collateral
circulation after arterial remodeling: (a) cycle-averaged volumetric flow rates in the
common hepatic, proper hepatic, and gastroduodenal arteries, (b) average of the
diameters of the anterior and posterior pancreaticoduodenal arteries. The negative
flow rates represent flow reversal from the normal state. The diameter shown is the
value normalized by the aortic diameter at the level of the celiac artery.
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Although the underlying goal of remodeling (i.e., normalizing
the altered TAWSS) appears simple, it is difficult to achieve compu-
tationally for arteries in a network. For a single isolated artery, it
appears reasonable to assume a positive feedback system
(Manini et al., 2014; Taber, 1998), which restores the elevated
TAWSS by increasing the diameter, and vice versa (see Eq. (6)).
However, when the arteries form a network, a diameter change
in one artery will influence the flow (and thereby the TAWSS) in
the neighboring arteries. For instance, the flow into the APDA con-
tinued decreasing while the diameter remained constant (Fig. 5(e)
and (f)), being affected by the PPDA, which grew faster and there-
fore received more flow at the bifurcation (Fig. 5(g) and (h)). Like-
wise, the CHA and PHA restored TAWSS due to the remarkably
increased flow from the upstream arcade rather than changing
diameters themselves (Fig. 5(a) and (c)). Under such mutual influ-
ence, diameter control solely by positive feedback does not allow
TAWSS restoration in every artery in the network (Hacking et al.,
1996; Pries et al., 1998).

To address this issue, we regarded the remodeling of each artery
as anoptimizationprocess involvingminimizing thedeviationof the
TAWSS from the homeostatic value. The diameterwas controlled by
either positive or negative feedback to follow the direction of gradi-
ent descent of the deviation. Our simulation thereby yielded stable
convergence because each artery, under themutual influence, chan-
ged diameter in a manner favorable to TAWSS restoration (Fig. 4).
Unlike previous studies (Pries et al., 1998; Reglin et al., 2009) in
which metabolic signals were considered crucial to stabilizing the
diameter response, we assumed the TAWSS to be the single factor
inducing the response, considering that large arteries are far from
tissues sending such signals (Pohl et al., 2000). Therefore, our
approach does not require determining parameters experimentally
to set the balance between growth factors.

Interestingly, even though remodeling was a process for indi-
vidual arteries that involved the use of only local information, it
yielded the network optimal for supplying normal blood volume
to the organs (Fig. 7). Moreover, this trend was observed regardless
of stenosis severity (Fig. 8(a)), indicating that the functioning of the
arterial network is robustly maintained via local adaptation. These
results suggest that the arteries form a branching pattern in which
local WSS maintenance has the same effect as maintaining the
function of the whole network (Kamiya et al., 1984). Furthermore,
given that the constant WSS concept originated from the principle
of minimum work for blood circulation (Murray, 1926), the results
can be interpreted as indicating that the network expends less
energy when it distributes the limited cardiac output to the desti-
nations exactly as demanded.

The results in Fig. 8 reveal the relationships between the geo-
metric and hemodynamic features, enabling estimation of flow
condition based on stenosis severity or arcade diameter. In clinical
PD practice, a common criterion for performing additional revascu-
larization appears to be hepatic arterial flow reduction when the
GDA is clamped (Gaujoux et al., 2009; Nara et al., 2005). Our results
showed that this criterion corresponds to CA stenosis�50% and the
APDA/PPDA having a normalized diameter �0.076, providing the
geometry-based criteria. These criteria are in line with surgical
strategies proposed in retrospective chart review studies
(Nakayama et al., 2018; Sugae et al., 2012), further supporting
them with the underlying hemodynamic features. Since geometric
factors can be obtained preoperatively and non-invasively from
diagnostic medical images, our findings could assist surgeons in
predicting the necessity of revascularization and preparing for
required procedures.

While this study provided quantitative insights into the hemo-
dynamic features of patients with CA stenosis, it has some limita-
tions. First, anatomical variations of the visceral arteries, especially
the existence of other collateral pathways (Song et al., 2002), may
affect the results for moderate stenosis (40–60%), where drastic
changes in the flow through the GDA were observed (Fig. 8).
Indeed, it might be for this reason that the GDA flow measure-
ments varied notably between patients with moderate stenosis
(Haquin et al., 2017). Second, in reality, not only the arcade diam-
eter but also arcade length and wall thickness change, which result
in elongated and tortuous shapes (Fig. 3) and material property
changes. Nevertheless, we do not anticipate that the remodeling
neglected herein will significantly affect the results, because wall
properties do not affect flow resistance, and the impact of length
on flow resistance is much less than that of diameter (first power
vs. fourth power, respectively). Third, we assumed that the
endothelium perfectly restores TAWSS to the homeostatic value.
However, factors such as age, inflammatory diseases, and oxidative
stress can cause endothelial dysfunction (Wu et al., 2014), which
can lead to suboptimal remodeling. Finally, depending on the
relaxation coefficient, the gradient descent may converge to a local
stationary point before reaching the homeostatic value.
5. Conclusion

We demonstrated that flow-induced remodeling of the arterial
network could be predicted numerically by introducing iterative
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remodeling steps into a 1D–0D blood flow simulation. The itera-
tions using the gradient descent of the TAWSS yielded stable con-
vergence even for arteries whose responses were affected
mutually. Our results showed that, regardless of CA stenosis sever-
ity, the local adaptation of arteries redistributes blood flow among
them and consequently maintains adequate blood supply to the
organs. Furthermore, we revealed how the remodeling outcome
changes with stenosis severity, relating the flow features to geo-
metric factors. These findings are expected to facilitate preopera-
tive risk assessment and surgical planning, leading to safer
surgical treatment of patients with CA stenosis.
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