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Abstract

Background: Tandem stenoses were widely observed in acute stroke cases. High
pressure drop and low fractional flow (FF) indicate the risk of ischemia caused by
intracranial atherosclerotic stenosis. Low wall shear stress (WSS) and high
low-density lipoprotein (LDL) filtration rate indicate the risk of atherosclerotic
plaque growth. High WSS is related to the risk of plaque rupture. The
hemodynamic parameters (pressure drop, FF, WSS, and LDL filtration rate)
could be estimated using computational fluid dynamics (CFD) simulation. Few
studies have investigated the hemodynamics of intracranial tandem stenoses.
This study aims to estimate the clinical risks of intracranial tandem stenoses
using CFD simulation.

Methods: With identical radius and length, 4 cylindrical tube models were
developed with different stenoses (severity in area: 75% single, 75%-84% tandem,
75%-84%-89% tandem, and 89% single). The pressure drop and FF of each
stenosis were derived from static CFD simulation and compared between models.
A transient CFD simulation was performed on a patient-specific intracranial
arterial model with three (56.2%, 51.3%, and 89.8%) tandem stenoses using
boundary conditions derived from patient-specific measurements. For the three
stenoses, pressure drop, FF, WSS, and LDL filtration rate were calculated and
compared.

Results: Independent from other stenoses, 89% single stenosis caused
comparable pressure drops in four tube models (difference less than 10%), larger
than those of 75%-84% tandem stenoses. 89% stenosis had the lowest FF (less
than 0.85). In the patient-specific model, the 56.2% and 51.3% stenoses had
pressure drops less than 2mmHg with FFs higher than 0.98, while the 89.8%
stenosis caused a pressure drop more than 10mmHg with FF lower than 0.90,
where a high WSS belt extended distally. Compared with low WSS (less than
0.5Pa), high LDL filtration rate appeared in smaller areas on arterial wall, with
less temporal fluctuations.

Conclusions: 1. Tandem stenoses are independent in pressure drop and FF.
Pressure drop increases sharply with the severity of stenosis. 2. Compared with
low WSS, high LDL filtration rate is more specific and stable in reflecting the risk
of intracranial atherosclerotic plaque growth. 3. The risks of both plaque growth
and rupture should be considered in severe stenoses.

Keywords: posterior cerebral circulation; tandem stenoses; fractional flow (FF);
computational fluid dynamics (CFD); low-density lipoprotein (LDL)
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Background
Intracranial atherosclerotic stenosis (ICAS) is a common cause of stroke. It can

cause transient ischemic attack, with a high morbidity and serious sequelae such as

dementia[1]. Especially, a high rate of tandem stenoses was observed in acute stroke

cases with ICAS[2]. Basilar artery (BA) is the main artery of posterior cerebral

circulation, and the second most common site of ICAS[3]. However, few studies

have investigated the effect of tandem intracranial stenoses on the clinical risks

(ischemia, growth and rupture of atherosclerotic plaques) of ICAS, especially in

BA.

It has been known that hemodynamic parameters are associated with clinical risks

of ICAS. For an intracranial stenosis, a high trans-stenosis pressure drop and low

fractional flow (FF) indicate the risk of ischemia[4]. Low wall shear stress (WSS) has

been proven to be related with the growth of atherosclerotic plaques while high WSS

indicates the risk of plaque rapture[5]. High filtration rate of low-density lipoprotein

(LDL) through endothelial promotes, therefore reflects the risk of, atherosclerotic

plaque growth[6].

These hemodynamic parameters (pressure drop, FF, WSS, and LDL filtration

rate) are difficult to measure in intracranial arteries, but could be simulated in

arterial models using computational fluid dynamics (CFD). Pilot studies have val-

idated the application of CFD simulation in intracranial arteries [7], especially in

posterior cerebral circulation[8]. The pressure and FF values in BA derived by CFD

simulation accorded with patient-specific measurements[9]. However, there is a lack

of study that comprehensively estimates the effect of tandem stenoses on different

hemodynamic parameters and clinical risks in posterior cerebral circulation.

In this study, we focused on the effect of tandem stenoses on these hemodynamic

parameters, to estimate the related risks of ischemia, plaque growth, and plaque

rupture in posterior cerebral circulation.

Results
Pressure drop and FF in tube models

The area-averaged pressure was calculated on the cross-sections every 10mm from

the inlet. Fig. 1 illustrates the diastolic pressure distribution. The extended line of

curve 1 indicates the reference pressure drop along the tube without stenoses. Due

to hemodynamic effects, the pressure dropped at the stenotic throat and increased

to a static value in the distal segment, which is most obvious in the 89% stenosis.

Therefore the measurement sites (10mm proximal and 20mm distal to the stenotic

throat) to calculate pressure drop are reasonable.

It can be observed that pressure drops of tandem stenoses were independent and

accumulative. In Fig. 1, 75%-84% tandem stensoses cause 6mmHg pressure drop in

model 3. The difference in pressure drop between model 2 (with 89% stenosis) and

model 4 (with 75%-84%-89% tandem stenoses) is about 6.5mmHg, with a relative

difference less than 10% compared with the 6mmHg pressure drop in model 3.

Similarly, the pressure drop caused by the single 89% stenosis (distance between

line 1 and its extension) is nearly equal (relative difference <10%) to the difference

in pressure drop between models 3 (with 75%-85% tandem stenoses) and model 4

(with 75%-84%-89% tandem stenoses).
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Moreover, the pressure drop of a stenosis depends non-linearly on the severity. The

pressure drop caused by 89% stenosis (distance between line 1 and its extension) is

more than that caused by 75%-84% tandem stenoses (distance between line 3 and

the extension of line 1). The pressure drop of 75% stenosis (distance between line

2 and the extension of line 1) is less than 2mmHg. We inferred that a stenosis with

less than 75% lumen occlusion has negligible pressure drop, with FF>0.9.

Table 1 lists the diastolic and systolic FF values. The FF values for the 75%

stenosis are nearly identical in models 2, 3, and 4, in diastole and systole respectively.

Similarly, the 84% stenosis has comparable FF values in models 3 and 4, so does

the 89% stensosis in models 1 and 4. Therefore, in tandem stenoses, the FF value

of a certain stenosis is independent from other stenoses.

Pressure drop and FF in patient-specific model

In both end-of-diastolic (Fig. 2a) and systolic (Fig. 2b) pressure distributions, the

blood pressure decreased smoothly along the arteries except at the third stenosis

(severity in area: 89.8%, cross-section 12 in Fig. 2c and d). As in tube models,

the pressure decreased at the stenotic throat but increased in distal segment. In

Table 2, the 56.2% and 51.3% stenoses have pressure drops less than 2mmHg with

FF values higher than 0.98. Comparatively, the 89.8% stenosis has a much higher

pressure drop (>8mmHg in diastole, >15mmHg in systole), with FF<0.87. This

accorded with the conclusion drawn from the tube models that a stenosis less than

75% in area has negligible pressure drop with FF>0.9.

WSS distribution in patient-specific model

In Fig. 3, WSS shows obvious difference between diastole and systole in most areas.

However, some areas have constantly high or low WSS values. High WSS (>4.5Pa)

exists at three stenotic throats while low WSS (<0.5Pa) exists in the distal seg-

ments of stenoses 1 and 3. In the extended WSS distribution (Fig. 4), the red belts

indicated the distribution of high WSS at three stenotic throats due to the jet flow

with high velocity. Distal to the first stenosis there is an independent speck of high

WSS area, reflecting the impact of diverted upstream jet flow, due to the bend

proximal to the first stenosis. With the least severity (51.3% in area), the second

stenosis has the least obvious high-WSS belt. The third stenosis has the highest

severity (89.8% in area), with an obvious high-WSS belt. At the third stenosis,

the jet flow is diverted due to the bend. Consequently, the high-WSS belt expands

distally along one side of the arterial wall.

From the data in Table 3, the ratio between diastolic and systolic mean WSS

values was calculated in different areas. This WSS ratio was comparable in different

areas (difference within ±7.5%), indicating the global influence of temporal flow

fluctuations on WSS. Compared with the whole arterial wall, stenotic areas 1 and

2 showed similar WSS statistics while stenotic area 3 had much higher mean WSS

(>4 folds of mean WSS in any other area) with higher SD.

LDL filtration rate distribution in patient-specific model

Spatially, compared with WSS (Fig. 3), the LDL filtration rate (Fig. 5) shows

the less obvious difference between diastolic and systolic distributions. The areas



Liu et al. Page 4 of 17

with high LDL filtration rate often had low WSS values. However, low WSS values

(<0.5Pa) existed in many segments, while high LDL values (>4.5Pa) concentrated

in several areas, especially the arterial segment distal to the first stenosis. LDL

filtration rate indicated more concentrated risky areas of plaque growth.

Temporally, we compared the transient fluctuations of WSS and LDL filtration of

a point on the arterial segment distal to the first stenosis where high LDL filtration

rate and low WSS exist (Fig. 6). WSS and LDL filtration rate showed opposite

fluctuation trends, with the waveform different from the inlet pressure (Fig. 8).

The fluctuations of WSS and LDL filtration rate are not proportional. From the

normalized values, it is obvious the temporal fluctuations of LDL filtration rate were

much smoother (maximum/average ratio<2) than those of WSS (maximum/average

ratio>5.5).

Discussion
In this pilot study, we investigated the effect of tandem stenoses on the clinical risks

in posterior cerebral circulation, including ischemia (indicated by high pressure drop

and low FF), atherosclerotic plaque growth (indicated by low WSS and high LDL

filtration rate), and plaque rupture (indicated by high WSS). The results of CFD

simulation showed independent hemodynamic effects of tandem stenoses on the

clinical risks.

As to the risk of ischemia, the tube and patient-specific models derived the same

conclusion. In tube models, the effects of tandem stenoses on the pressure and

FF were independent and accumulative. The pressure drop increased sharply with

severity of stenosis. The most severe stenosis (89%) caused a larger pressure drop

than the tandem 75%-84% stenoses (Fig. 1). A theoretical study showed that a

tandem of 70%-80% stenoses had similar effect to that of a single 82% stenosis[10].

We suggested that the stenoses with 75% or lower severity in area causes limited risk

of ischemia, which is confirmed by the patient-specific model where only the most

severe stenosis (89.8%) had an obvious pressure drop with FF<0.9. These results

were in accordance with the clinical diagnostic criterion which focuses exclusively

on stenosis with > 70% severity in diameter[4].

In the patient-specific model, the difference between diastolic and systolic FFs

was within ±4% in all the three stenoses. Parallel studies in coronary arteries had

similar conclusions[11]. Therefore, FF is a hemodynamic parameter that reliably

reflects the risk of ischemia, without being affected by flow rate. We suggest that

static simulation is able to substitute transient simulation in estimating the FF of

a stenosis less than 85% in area.

As to the risk of atherosclerotic plaque growth, in the patient-specific model, high

LDL filtration rate shows more specific areas in spatial distribution (Fig. 5 and Fig.

3) with less temporal fluctuations (Fig. 6) compared with low WSS (<0.5Pa). Low

WSS promotes atherosclerosis by changing the permeability of endothelium, which

accelerates the accumulation of lipids in arterial wall[12]. However, as a mechani-

cal parameter, WSS could not directly reflect the process of atherosclerotic plaque

growth. In comparison, in the calculation of LDL filtration rate, multiple mechani-

cal (pressure, WSS) and physiological (LDL concentration, endothelial properties)

parameters are included[13]. Resultantly, LDL filtration rate is not a linear function
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of WSS (Fig. 6). In carotid artery, LDL filtration rate has been proven to be more

directly related with follow-up plaque growth than WSS[14]. Therefore, the appli-

cation of LDL filtration rate in predicting plaque growth in intracranial arteries

deserves further investigation.

The geometry of plaque and affected arterial segment has a strong effect on the

risk of plaque rupture, as indicated by the distribution of high-WSS areas. In the

patient-specific model, the third stenosis had a high average WSS value. Moreover,

due to the coexistence of the bend, a high WSS belt extended distally from the

throat of the third stenosis. High WSS (>3Pa) has been proven to be related with

the risks of plaque rupture[15]. Therefore, the risks of both plaque growth and

rupture should be considered in severe stenoses (more than 85% in area). Moreover,

the effect of arterial bend should be considered in estimating the risk of plaque

rupture in severely stenosed intracranial arteries.

There are some limitations in this pilot study. Firstly, we were lack of the follow-

up data. With follow-up imaging, the accuracies of WSS and LDL filtration rate in

estimating the risk of atherosclerotic plaque growth could be compared in further

studies. Secondly, we excluded the resistance of large and medium arteries in cal-

culating flow resistances of distal branches. The exact value of intracranial arterial

flow resistance depends on age, physiological and pathological conditions, therefore

is difficult to derive[16]. Compared with 4D MRI measurement, CFD simulation

correctly showed velocity distribution trends in branches of BA, but with higher

velocity values, due to the inaccuracy in flow resistance[17]. The more accurate flow

resistance value is important to improve the accuracy of CFD simulation. Thirdly,

the LDL filtration model was based on some simplifications. In our calculation of the

LDL filtration rate, endothelial properties were procured from literature. Patholog-

ically, besides initial LDL filtration, atherosclerotic plaque formation development

involves multiple physiological factors such as inflammation[18]. Therefore, in our

results, the LDL filtration rate reflected the difference in the risk of plaque growth

between different areas on arterial walls, but the values are not exactly patient-

specific. Finally, in the tube models, stenoses were concentric. However, eccentric

stenoses are common in the posterior cerebral circulation[19]. The effect of plaque

eccentricity could be considered in further studies.

Conclusion
Tandem stenoses have hemodynamic effects on related clinical risks: 1. For tan-

dem stenoses, their trans-stenotic pressure drops are independent and accumulative.

Pressure drop is not obvious in less severe stenoses (<75% in area), but increases

sharply with severity. The FF values of tandem stenoses are independent. 2. Com-

pared with WSS, LDL filtration rate indicated more specifically the risky areas of

atherosclerotic plaque growth. 3. In any severe stenosis (>85% in area), the risks

of both plaque growth and rupture should be considered.

Methods
The study was based on four cylindrical tube models, and a patient-specific poste-

rior cerebral circulation model. To estimate the risk of ischemia caused by tandem

stenoses, we calculated the pressure drop and FF of each stenosis in four tube models
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and the patient-specific model. To estimate the risk of plaque growth, we calculated

WSS and LDL filtration rate in the patient-specific model. To estimate the risk of

plaque rupture, we observed the distribution of high WSS in the patient-specific

model.

Tube models with tandem stenoses

Four cylindrical tube models were built with identical radius (1.5mm) and length

(80mm). By setting the radius at stenosis throat as 0.75, 0.6 and 0.5mm (diameter

reductions, or diametric stenosis [20]: 50%, 60%, and 66.7%), we derived the stenoses

with the severity (in area, defined as: 1− AS

AN
, where AS and AN denote the areas

of cross sections at stenotic throat and in normal segment) of 75%, 84%, and 89%.

The first model included only an 89% stenosis at 60mm from the inlet. In other

three models, the stenoses were added in sequence (Fig. 7a). In the second model,

a 75% stenosis located at 20mm. In the third model, two 75% and 84% tandem

stenoses located at 20mm and 40mm. In the fourth model, the 74%, 84%, and 89%

tandem stenoses located at 20mm, 40mm, and 60mm respectively from the inlet.

Meshing was performed on Ansys ICEM 17.0 (ANSYS Inc., USA). The maximum

element length for meshing was 0.25mm globally, and 0.1mm at inlet and outlet.

Due to the shear-thinning effect, blood is essentially a non-Newtonian fluid. New-

tonian fluid model was widely used but could be inaccurate[21]. In low-WSS areas,

the difference in WSS between Newtonian and non-Newtonian models could ex-

ceed 10%[22]. To eliminate the inaccuracy caused by Newtonian model, we adopted

the Carreau-Yasuda non-Newtonian fluid model whose viscosity η was a non-linear

function of shear strain rate γ [23]: η (γ) = η∞ + (η0 − η∞) (1 + (λγ)
a
)
(n−1)/a

, in

which η0 = 0.16Pa · s, η∞ = 0.0035Pa · s, λ = 8.2s, a = 0.64, and n = 0.2128.

CFD simulations were performed on the assumption of non-slip and solid arterial

wall. In tube models, the flow rate and inlet pressure were 30cm/s and 120mmHg in

diastolic simulation, whereas 60cm/s and 80mmHg in systolic simulation, according

to Transcranial Doppler measurements in posterior cerebral circulation[24].

Reconstruction of patient-specific model

The imaging data was derived from the 3-dimensional rotational X-ray angiogra-

phy (3DRA) images of a patient with ICAS, using an Integris BN 3000 biplane

(Philips Medical System, Eindhoven, Netherlands). The resolution was 4 LP/mm.

The case was recruited to a prospective cohort study at Prince of Wales Hospital,

Hong Kong, which was approved by local ethics committee, and the patient pro-

vided written informed consent. All data were anonymized. With high resolution,

3DRA is the gold standard of intracranial artery angiography. 3DRA imaging could

preserve small distal branches to improve the accuracy of CFD simulation. In the

original geometry (Fig. 7b, left), there were many unconnected arterial segments,

unclosed faces and other topological errors. We extracted the segments connected

with BA and discarded unconnected parts. The whole arterial structure included

BA, bilateral posterior cerebral arteries (PCAs), and their distal small branches. For

the outlets, only clear and continuous branches with diameters larger than 0.7mm

were preserved. Blurred or deformed distal segments of small arteries were deleted.

The cross sections of outlets were cut perpendicularly to the local vessel directions.
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Finally, we smoothed the surfaces (Fig. 7b, right). For meshing, the minimum el-

ement size was 0.25mm globally, 0.1mm at inlet, and 0.05mm at outlets. Totally

there were 3290569 elements and 577814 nodes in the mesh.

Patient-specific measurements and boundary conditions

Derived from patient-specific measurement, blood pressure and flow resistance were

used as inlet and outlet conditions in the CFD simulation of patient-specific arterial

model.

The patient’s blood pressure was measured continuously for 60 seconds. Five

continuous cardiac cycles were extracted when the patient’s blood pressure and

heart rate remained stable. Cardiac cycles were segmented by the end-of-diastolic

notches. The blood pressure was noted as P (i, t (i)), where 1 ≤ i ≤ 5 is the sequence

number of each cardiac cycle. In each cardiac cycle the time t (i) satisfies: 0 < t (i) <

T (i), where T (i) is the time length of the ith cardiac cycle. All cycle lengths were

approximately 0.8s, with minor variations. We adjusted the time in each cycle:

t = t (i) · 0.8
T (i) . Consequently, the new expression of pressure is: P (i, t), where time

lengths of the five cardiac cycles have been unified to 0.8s: 0 ≤ t ≤ 0.8. We then

averaged the pressure curves in the five cardiac cycles (colored lines in Fig. 8):

P (t) = 0.2
5∑

i=1

P (i, t), and derived an averaged blood pressure curve (“Averaged

Pressure” in Fig. 8). To provide a stable initial condition for CFD simulations, a

0.1s translation was performed to avoid the sharp rise during initial systole. The

derived pressure curve (“Translated Pressure” in Fig. 8) was repeated for three

cardiac cycles (totally 2.4s) as the inlet condition on BA in CFD simulation.

It was difficult to measure the blood pressure or flow rate in distal small branches.

Adopting flow resistance as outlet condition could avoid the errors caused by unrea-

sonable parameter values, with flow rates of different outlets distributed automat-

ically. Flow resistance was defined as: R (i) = P (i)−P0

Q(i) , where P (i) is the averaged

pressure on ith outlet, P0 is the distal reference pressure, and Q (i) is the outlet flow

rate. Flow resistances were derived from patient-specific data. Firstly, time-averaged

BA blood pressure (77.9mmHg) was derived from the integration of recorded blood

pressure curve in 60s. Similarly, the time-averaged flow rate of BA was measured

by carotid Doppler ultrasonography. The overall flow resistance was approximately

calculated as the time-averaged pressure drop divided by the time-averaged flow

rate. Since the flow resistance stems mainly from downstream arterioles, this value

could be used as the estimation of overall distal flow resistance. Finally, the over-

all distal flow resistance was distributed to every outlet according to Murray’s law

which states that the flow distribution at an arterial bifurcation follows the principle

of minimum work[25].

The CFD simulation lasted for three cardiac cycles (2.4s). The Carreau-Yasuda

fluid model of blood was used. The non-slip and solid wall assumption was applied on

arterial walls. The length of each time step was 0.005s. The convergence criterion was

10−4. Analysis was based on the results from the second cardiac cycle to eliminate

any initial errors.

Pressure drop and FF

In the tube models, considering the unstable pressure distribution around the steno-

sis, the pressure drop of each stenosis was calculated as the difference between pres-
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sure values at 10mm proximal and 20mm distal to the stenotic throat. FF was

calculated as the distal-to-proximal pressure ratio.

In the patient-specific model, three tandem stenoses existed in BA and PCA.

The pressure was measured as the area-averaged value on 13 cross-sections in BA

and PCA. There were 4 major arterial bends: located between the first and second

cross-sections, as well at the 3rd, 8th, and 12th cross-sections (Fig. 2c). Especially,

around the 12th cross-section, a severe stenosis (89.8% in area) coexisted with an

arterial bend. For each stenosis, FF was calculated by dividing the distal pressure by

the proximal pressure. The geometric (stenoses and bends) effects were estimated

by observing the distribution of pressure on the cross-sections and the FF values of

stenoses.

WSS and LDL filtration rate in patient-specific model

The tube models were idealistic and could not reflect the local variations of WSS

and LDL filtration rate to disclose the risky areas of atherosclerotic plaque growth.

Therefore, WSS and LDL filtration rate were calculated only in the patient-specific

model.

In the stenotic segments, cylindrical projection was applied to extend the WSS

distribution on the arterial walls to planes. We used the WSS scale from 0.5Pa to

5Pa referring to existing study[26]. The mean value and standard deviation of WSS

were calculated.

Low-density lipoprotein (LDL) molecules filtrate from the lumen into the arterial

wall through endothelial, which initiates the formation of atherosclerosis plaque and

promotes its development. The filtration rate of LDL molecules in endothelial layer

could reflect the risk of atherosclerotic development, and could be calculated with

3-pore filtration model[6]. In the 3-pole model, there were two paths on the en-

dothelial layer for LDL filtration: normal junctions and leaky junctions. Generated

by abnormally low WSS, the leaky junctions accounted for over 90% of total LDL

filtration into arterial walls. For simplification, only the LDL filtration in leaky

junctions was considered. In the 3-pore model, the density of leaky junctions on

arterial walls was calculated from the WSS value in CFD simulation, with blood

LDL concentration from clinical recording, and material properties of LDL and en-

dothelial from literature [6]. In the areas around the three stenoses, we estimated

the risk of plaque growth by observing the distribution of areas with low WSS and

high LDL filtration rate.
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Figures

Fig. 1 The distribution of pressure in tube models with the flow velocity 30cm/s at inlet. The
sequence of models is identical with Fig. 7a. The 75%, 84% and 89% stenoses locate at 20, 40,
and 60mm from the inlet.

Tables
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Fig. 2 The pressure distribution in patient-specific model. (a) The end-of-diastolic pressure. (b)
The systolic pressure. (c) Locations of 13 cross-sections for pressure measurement. Sections at
stenotic throats are marked red. Bends are pointed by arrows. (d) Area-averaged pressure
measured on the 13 cross-sections along the arteries.

Table 1 Diastolic/systolic FF values of the stenoses in the tube models.

Models
Diastolic/systolic FF values of each stenosis

75% 84% 89%

1 0.844/0.717

2 0.956/0.917

3 0.955/0.916 0.916/0.834

4 0.955/0.916 0.920/0.839 0.844/0.653

Table 2 Severity in area, pressure distribution, and FF value of the three stenoses in the
patient-specific model.

Stenosis 1 2 3

Cross-section area in normal segment (mm2) 9.59 4.81 3.64

Cross-section area at stenotic throat (mm2) 4.20 2.34 3.73

Severity (in area) 56.2% 51.3% 89.8%

Diastolic pressure (mmHg)

Proximal 63.70 62.64 62.10

Stenotic throat 63.24 62.36 50.67

Distal 63.28 62.24 53.93

Diastolic FF 0.99 0.99 0.87

Systolic pressure (mmHg)

Proximal 104.58 102.26 101.19

Stenotic throat 103.48 101.65 75.33

Distal 103.60 101.45 85.36

Systolic FF 0.99 0.99 0.84



Liu et al. Page 12 of 17

Fig. 3 The diastolic and systolic distribution of WSS in the patient-specific model.

Table 3 Diastolic and systolic WSS distribution (mean±standard deviation) on the whole arterial
wall and in three stenotic areas (shown in Fig. 4) of the patient-specific model.

Location Diastolic WSS (Pa) Systolic WSS (Pa)

Wall 1.45± 1.65 2.55± 2.79

Stenosis 1 1.56± 1.44 2.94± 2.60

Stenosis 2 1.77± 1.03 3.14± 1.87

Stenosis 3 7.28± 8.90 12.89± 14.46
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Fig. 4 Cylindrical extension of WSS distribution around the three stenoses (magnified in
rectangles in the first row) in the patient-specific model.
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Fig. 5 The diastolic and systolic distribution of LDL filtration rate.
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Fig. 6 Transient values WSS and LDL filtration rate during the second cardiac cycle and the
corresponding normalized values.
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Fig. 7 The geometry of arterial models. (a) The cylindrical tube models. All tubes are 80mm long
with a radius of 1.5mm. The stenoses lie at 20, 40, and 60mm from the inlet. All stenoses are
8mm long. The severity of each stenosis (in area) is marked. (b) The original and processed
geometry of patient-specific model.
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Fig. 8 The periodic inlet blood pressure. The thin lines are the pressure measured in five cardiac
cycles whose time lengths have been unified to 0.8s. The thick blue line is the averaged pressure,
and the thick black line is the translated pressure finally applied at BA inlet.
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Figure 1

The distribution of pressure in tube models with the �ow velocity 30cm/s at inlet. The sequence of
models is identical with Fig. 7a. The 75%, 84% and 89% stenoses locate at 20, 40, and 60mm from the
inlet



Figure 2

The pressure distribution in patient-speci�c model. (a) The end-of-diastolic pressure. (b) The systolic
pressure. (c) Locations of 13 cross-sections for pressure measurement. Sections at stenotic throats are
marked red. Bends are pointed by arrows. (d) Area-averaged pressure measured on the 13 cross-sections
along the arteries.



Figure 3

The diastolic and systolic distribution of WSS in the patient-speci�c model.



Figure 4

Cylindrical extension of WSS distribution around the three stenoses (magni�ed in rectangles in the �rst
row) in the patient-speci�c model.



Figure 5

The diastolic and systolic distribution of LDL �ltration rate.



Figure 6

Transient values WSS and LDL �ltration rate during the second cardiac cycle and the corresponding
normalized values.



Figure 7

The geometry of arterial models. (a) The cylindrical tube models. All tubes are 80mm long with a radius
of 1.5mm. The stenoses lie at 20, 40, and 60mm from the inlet. All stenoses are 8mm long. The severity
of each stenosis (in area) is marked. (b) The original and processed geometry of patient-speci�c model.



Figure 8

The periodic inlet blood pressure. The thin lines are the pressure measured in �ve cardiac cycles whose
time lengths have been uni�ed to 0.8s. The thick blue line is the averaged pressure, and the thick black
line is the translated pressure �nally applied at BA inlet.
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