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Abstract

Background: Computational fluid dynamics (CFD) allows noninvasive computation
of fractional flow (FF) in intracranial arterial stenosis. Removal of small branches in
cerebral arteries is necessary in CFD simulation. The impact of this simplification on

the measurement of FF needs to be judged.

Methods: Idealized vascular model was built with 70% focal luminal stenosis. A
branch with 1/3 or 1/2 radius of parent vessel was added at distance of 5, 10, 15 and
20 mm to the lesion, respectively. CFD was computed with assumptions of rigid
vessel wall, blood as Newtonian fluid, incorporating pressure at inlet boundary, and
flow rate at outlet boundary. Assignment of flow rate at bifurcation followed Murray’s
law. Five intracranial arteries reconstructed from patient-specific imaging were used
to test the impact of simplification by including or removing side branches. Then a
transient simulation was performed on a patient-specific model, with larger branch
(branch/MCA radius ratio 0.63) for validation. Relative difference of FF within 5%
range between paired models (branches included and removed) was considered as no

impact on FF assessment.

Results: Compared with control model without branch, the relative differences of FF
in models with side branches of 1/3 or 1/2 radius of parent vessels located at different

distance to the stenosis, were less than 2%.



In five pairs of cerebral arteries (branches included and removed), FF were
0.876/0.877, 0.853/0.858, 0.874/0.869 0.865/0.858 and 0.952/0.948 respectively. The
relative difference in each pair was less than 1%. In transient model, the relative

difference of FF in a pair of models with or without branch was 3.5%.

Conclusion: The impact of removing side branches with radius < 50% of parent
vessel on the accuracy of FF measurement in ICAS is negligible in static CFD

simulation, and minor in transient CFD simulation.

Key words: Side branches, Fractional flow, Intracranial arterial stenosis,

Computational fluid dynamics



Background

Intracranial artery stenosis (ICAS) is a major cause for ischemic stroke and transient
ischemic attack (TIA) with its etiology still not well known.[1, 2] Impaired
hemodynamics related to the stenosis is considered an important mechanism for the
ischemic event[3, 4]. In recent years, as a novel concept, fractional flow(FF) has been
put forward to substitute the measurement of lumen diameter restriction which could
not accurately evaluate the the risk of stoke because of the inconsideration of complex
hemodynamic effects.[5] It was defined as ratio of maximal blood flow in the
presence of stenosis to the blood flow in the normal artery, and can be approximately
calculated as the ratio of the pressures in the areas posterior and anterior to the
stenosis, as in the calculation of fractional flow reserve (FFR), which has been
developed as a gold standard to reflect the hemodynamic significance of vascular
stenosis in cardiovascular field.[6, 7] With the advantage of delineating
lesion-specific ischemia, FFR has been used to guide the selection of patients for
percutaneous coronary intervention.[8] In cerebrovascular field, a few pilot studies
also showed that FF may be a useful predictor for recurrent stroke in patients with
symptomatic ICAS.[9, 10] The analysis of specific influencing factors on cerebral FF,
a promising parameter to reflect the hemodynamic significance of ICAS, is therefore

significant.

Computational Fluid Dynamics(CFD), based on vascular geometry derived from

clinical imaging, provides a new method for non-invasive assessment of FF.[8] [11]



[12] However,non-invasive FF is far from mature in gauging severity and treating of
ICAS. As a relatively new concept in the field of ICAS, FF needs further researches
into the details to validate its clinical implications. Thus, simplified models with
acceptable accuracy are appropriate in the current stage. But the extent of
simplification need to be judged. And the modeling process also calls for
simplification. To perform CFD simulation, 3D vascular geometry is required,
together with the properties of blood and vessel wall, and the inlet and outlet
boundary conditions. In practical cerebrovascular simulation, due to limited ability of
current imaging technique to accurately and fully delineate small vessels, it is
inevitable to trim off some small branches. Since a side branch diverts blood flow
from its parent artery with local flow pattern influenced, the removal may cause
hemodynamic changes in the parent arteries. Especially, the pressure and thus FF
value may be effected. Hence, reasonability of removing the side branches during

CFD modeling should be judged.

Methods

In CFD modeling, the radius of branches needed to be trimmed off are usually less
than half of the radius of parent vessel. To study branching effect, we built ideal
models of identical stenosis, with the location and radius of the branch varying among
different models. By comparing the pressure and FF derived from CFD in different
models (with and without branch), the effect of branching on FF can be investigated,

relative difference more than 5% was deemed as significant.



1. Idealized models of vascular stenosis

The idealized 3D model of vessel with stenosis was created as a long cylinder with
radius of 1.5 mm, having a focal stenosis with 70% area reduction (Fig.1). Sufficient
elongations were sustained before and after the stenosis (25 mm and 50 mm,
respectively) to include the regions that might be affected by turbulence. A branch
with 1/3 or 1/2 radius of parent vessel was added at distance of 5, 10, 15 and 20 mm
posterior to the lesion, respectively, to generate different models. Hence, one
reference model without branch and 8 models with branches of different radius and

distance to the stenosis were studied using the CFD method.

2. CFD modeling of idealized vascular models

Computation of mesh, simulation of blood flow and evaluation of hemodynamic
characteristics of the arterial models, were performed using the ANSYS software
package (ANSYS, Inc.). Mesh was created in all models with maximum element size
0.25mm globally and 0.Imm at inlet and outlet. The settings and assumptions for
simulation of blood flow were as follows: Blood was an incompressible Newtonian
fluid with a constant viscosity of 0.004 kg.m™.s™! and a density of 1060 kg/m3. The
vessel wall was rigid, non-compliant wall with no-slip assumption. A total pressure of
110 mmHg was applied at the inlet and a flow rate was applied at the outlet(s). Mass
flow rate at the outlet was calculated by the following formula: flow rate = mean
velocityxoutlet areaxdensity. Mean velocity was set as 35cm/s, which is the typical

mean flow velocity of cerebral arteries. Flow rate at the outlet of branches was



determined by Murray’s law.[13] Thus, the total inlet flow rate would be added by the
branch. From the reference model, control models for 1/3 and 1/2 radius groups were
made. As in the reference model, there were no branches in control models. However,
the flow rates of control models for 1/3 and 1/2 branching groups, were respectively
set identical to other models within the same group (increased according the size of
branches). The simulation of blood flow was fulfilled by solving the Navier—Stokes
equations. The convergence criterion for the relative residual of all dependent

variables was set as 10",

Evaluation of hemodynamic characteristics was performed on pressure field of the
models. As shown in Fig.1, section-averaged pressure was measured at proximal and
distal to the stenosis. FF, which by definition is the flow rate of stenosed and normal
flow rates, was simplified and calculated as the ratio of post- and pre-stenotic
pressures. The relative difference of FF between the model with/without branch was

defined as follows: (FF with branch-FF in control model)/FF in control model.

3. Static CFD modeling of intracranial arteries

To validate the results form idealized models, five intracranial arteries reconstructed
from patient-specific imaging were used to test the impact of simplification by
including and removing side branches. All the imaging data were obtained from a
retrospective-prospective cohort study conducted in Prince of Wales Hospital, for
which the protocol has been approved by the joint Chinese University of Hong Kong-

New Territories East Cluster Clinical Research Ethic committee, Hong Kong.



Physiologically, the internal carotid artery (ICA), which branches into middle carotid
artery(MCA) and anterior cerebral artery(ACA), is a main source of cerebral blood
supply. 3D geometry of intracranial arteries containing MCA stenosis and small
branches were extracted from CTA (Computed tomography angiography) source
images using Mimics 18.0 (Materialise). The arterial segments start from supraclinoid
ICA, and end at proximal MCA-M2 and distal ACA-Al. Side branches from
MCA-M1 with radius <1/2 of the parent vessels will be selected as the target branches,
and be kept or removed during the simulation. Computation of mesh, simulation of
blood flow and evaluation of hemodynamic characteristics of the arterial models were
almost the same as in idealized models, except that the mean velocity of MCA and
ACA at outlet were set as 35cm/s and 3lcm/s based on the revised in-vivo

measurement, respectively.[14]

4. Transient CFD modeling of intracranial arteries

All simulations above were static and based on given flow rate. To evaluate the effect
of branching on FF under physiological conditions, transient simulations were
performed on a patient-specific model (with a luminal 70% stenosis at MCA) and its
counterpart without branch, as shown in Fig.2. Here the branch is large enough (with
branch/MCA radius ratio 0.63) to take possible large branching effects into
consideration. The blood pressure derived from in-vivo measurement was applied at
ICA inlet.[15] Flow resistance is the ratio of pressure drop and flow rate: R=A P/Q. In

the distant flow resistance applied at an arterial outlet, A P was the difference



between area-averaged outlet pressure and reference pressure PO(Smm). The MCA
and ACA distant flow resistances of 5.97 and 8.48 (unit: 10"-9 Pa.s.m”-3 ) which
were commonly used values, were applied instead of any given flow rates to make the
simulations more similar with physiological reality[16]. The branch/MCA distant
flow resistance ratio was about 1/4, derived from their cross-section area ratio
according to Murray’s law. To get fully developed flow, inlet and outlets were lofted
and elongated. To eliminate the initial transient effect, the simulations were
performed in 3 cardiac cycles (0.8s each), with time step 0.005s. Transient values of

flow rate, pressure and FF were compared between the two models.

Results

1. Pressure distribution in idealized models

Fig 3. shows the pressure derived from CFD simulation in idealized models
with&without side branches. In all idealized models, pressure was fairly constant in
the sections proximal and distal to the stenosis, while sharply dropped at and around
the stenosis position. In idealized models with branches of 1/3 radius of parent vessels,
the pressure (pre/post to stenosis) was 14405/12908,14405/12875,14405/12884 and
14405/12882 pa when side branches located at distances of 5, 10, 15 and 20 mm to
the lesion, respectively. In control model with identical flow rate, the result was
14408/12853pa. In idealized models with branches of 1/2 radius of parent vessels, the
pressure was 14366/12769, 14366/12755, 14366/12743 and 14366/12713 pa at

different distances. The value of control model was 14365/12615pa.



2. FF in idealized models

In idealized models with branches of 1/3 radius of parent vessels, the FF were 0.896,
0.894, 0.894 and 0.894 when side branches located at distances of 5, 10, 15 and 20
mm to the lesion, respectively (Fig.4). With identical total mass flow rate and other
boundary conditions, the FF in control model (branch removed, but flow rate identical
with branch-added models in the same group) was 0.892. Compared with control
model, the relative differences of FF in models with side branches of 1/3 of parent

vessels were all less than 1%.

In idealized models with branches of 1/2 radius of parent vessels, the FF were 0.889,
0.888, 0.887, 0.885 when side branches located at distances of 5, 10, 15 and 20 mm to
the lesion, respectively (Fig.4). The FF in control model was 0.878. Compared with
control model, the relative differences of FF in models with side branches of 1/2

parent-vessel radius were about 1%.

3. Static CFD modeling of intracranial arteries

To precisely test the impact of side branches, CFD simulation was performed on five
pairs of MCA models based on clinical imaging, with side branches included/removed.
In five pairs of cerebral arteries (branches included/removed), FF were 0.876/0.877,
0.853/0.858, 0.874/0.869 0.865/0.858 and 0.952/0.948, respectively. Within each pair,

the relative difference of FF was less than 1%.

4. Transient CFD modeling of intracranial arteries
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Fig.5 was derived from the results of second cardiac cycle to avoid any initial
transient effects. As shown in the upper row, the branch effect on flow rate is only
obvious in ICA(overall flow rate), with ACA and MCA nearly not effected. As to
pressure, observable differences exists only at MCA. In the model with branch, the
pressure curve of branch is nearly identical with, and overlapped on the MCA
pressure curve. The similarity of their pressure was due to the positional

approximation of MCA/branch outlets.

To further investigate global pressure distribution, the diastolic and systolic wall
pressure distribution was shown in Fig.6. The distribution pattern was similar between
models. From the scales, it can be derived that the branch effect is negligible on
maximum pressure, but observable on minimum pressure (lower in model with branch,
relative difference: 4.3% in diastolic and 5.9% in systolic). Since the minimum
pressure area lies posterior to the stenosis of MCA, the FF value may be effected and

need to be calculated.

Fig.7 shows the transient FF values of the two models, which were measured around
the stenotic section, during the whole simulation. As estimated above, in the model
with branch, the FF values are lower, corresponding to its relative low pressure value
in post-stenotic area where minimum pressure lies. Time-averaged FF values in
models with and without branch are 0.906 and 0.938, respectively, with relative

difference 3.5%. Therefore, eliminating a branch with radius 63% of its parent
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vessel’s caused changes in the flow rate, and lower pressure distribution, but the

relative error of FF was still small.

Discussion

In this study, we investigated the impact of side branches on the accuracy of FF
measurement by comparing between idealized vascular models with branches
included/removed, and validated the results in imaging-based intracranial arteries.
Compared with respective control models, the relative difference of FF within either
group of models with branches of 1/3 or 1/2 radius of parent vessels, ranged below
1%. The CFD simulation of real intracranial arteries also showed FF changes less than
1% between models with branches included/removed. In the transient model, in which
a branch with radius larger than 1/2 of parent vessel’s was considered, the
time-averaged FF change enhanced to 3.5%, still within 5% which was defined as
significant difference. The enhancement of FF change can be attributed to two main
factors. Firstly, for fully validation, a larger branch was simulated. The larger branch
deviated more blood flow with more obvious effect on flow field. Secondly, in
transient model there was dissipation caused by oscillation, which effected pressure
distribution. These results collectively suggested that the removal of side branches
with radius < 50% of parent vessel may have little impact on the accuracy of FF

measurement in ICAS.

Based on patient-specific vascular geometry, CFD permits non-invasive assessment of

hemodynamics in cerebral arteries. The small branches are difficult to be entirely and
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accurately pictured with current imaging technologies. Therefore, simplification of
the vessel geometry is routinely performed before CFD simulation. However, removal
of the side branches will probably affect flow field distribution and therefore lead to
inaccuracy in pressure measurement. Prior study investigating the impact of
side-branches on the flow simulation in coronary arteries implied that in coronary
arteries the variation of volume flow caused by side branches would be up to 78.7% in
the trunk.[17] The wall shear stress was consequently affected. These differences of
hemodynamic characteristics caused by side-branches make it necessary to justify the
reasonability of removing side branches during FF measurement using CFD method.
What’s more, as to ICAS, the application of FF is a relative new concept far from
validated and mature. Thus, the measurement on the effects of simplification is very
essential. For more solid validation of our conclusions here, and the application of
CFD simulation of FF in intracranial arterial stenosis as a whole, further studies based

on enough in-vivo data are necessary.

The pressure distribution in the current study showed that the pressure mainly
dropped in situ of the stenosis, and was fairly constant in regions distal to the stenosis,
even in the regions with branches, as shown in Fig.3. In ideal models with branches,
the pressure distal to the stenosis slightly increased, compared with the control models
without branches, but the relative differences were within 1%. This may be due to the
shunting effect of branching on post-stenosis pressure field that released the energy

dissipation caused by turbulence. The current results also showed that the location of

13



branches had little impact on the distal pressure. Therefore, the measurement position

of distal pressure was reasonable.

The pressure drop mentioned above accords with theoretical computation from the
hemodynamic view. The pressure drop caused by stenosis consists of three items of
the flow rate: a linear item, a quadratic item and a transient item.[18] It has been
applied in cerebrovascular hemodynamics.[19, 20] By neglecting the transient item,
the formulation can be derived as AP=A-O+B-0Q°, where A P means pressure
drop and Q is the volume flow rate. The linear and quadratic teams show the energy
loss caused by viscosity and turbulence respectively. Under current flow rate, in
calculation we found the quadratic item was trivial compared with the linear item. So
finally pressure drop is approximately proportional to the flow rate. According to
Murray’s Law, the flow rates in downstream branches from an identical parent vessel,
are proportional to the cube of their radii. Here the flow rate in the main branch was
kept a constant, therefore, the flow rate ratio of the three situations (without branch,
with branch of 1/2 parent vessel radius, with branch of 1/3 parent vessel radius) is
1:(1+1/27):(1+1/8)=216:224:243, the pressure drops and consequent FFs will be

approximately equal, which conforms with our simulation results.

Simplified simulation conditions were necessary and appropriate. Firstly, solid vessel
wall was applied in all models. The ideal model and five clinical models were based
on the conditions of steady flow. These assumptions are commonly used in

hemodynamic simulations. Parallel studies also showed the limited effect of solid wall
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assumption.[21, 22] These simplifications were therefore reasonable. Secondly, the
blood in its essence is non-Newtonian due to the shear-thinning effect. Here the
choice for Newtonian fluid was based on the following three facts. 1) Our study was
based on steady-state flow, but the difference caused by non-Newtonian effect is only
prominent in transient simulation.[23] 2), Even in the transient models for pulsatile
blood flow, the non-Newtonian effect on pressure is limited.[24] 3) What’s more, the
non-Newtonian models such as Casson models, are not better than Newtonian model
in high shear rate areas.[25] Therefore, the Newtonian model is an appropriate choice

for the current work.

The CFD modeling in current study have some limitations. Firstly, the boundary
conditions limited the precision. Especially in transient model, the distal flow
resistances and inlet ICA flow rate were derived from literature. This limitation may
deviate simulation results from real patient-specific values. Therefore, the object of
transient model was mainly for validation of the conclusions made under steady-flow
conditions. This limitation can be solved by further study with in-vivo measurements.
Secondly, in imaging-based intracranial arteries, downstream pressure was measured
nearby the stenosis, where residual turbulence around the stenosis may still cause
some minor perturbation on pressure field. Thirdly as a preliminary exploration in this
field, only the effect of a single branch was investigated here, and the results showed
little impact from removing branches with radius < 50% of parent vessel. However, in
the modeling of complex cerebral vessels with multiple branches, the interactions and

total effects of branches need to be further studied.
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Conclusion

For CFD simulation of intracranial arteries, removal of side branches with radius <
50% of parent vessel has little impact on the accuracy of FF measurement in static
CFD modeling, but may have minor impact in the transient CFD modeling. In
cerebral vessel modeling, the simplification of vascular geometry is reasonable in

CFD computation for the pressure field.
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Figure 1. Ideal models. First row: the reference model without branch and its side
view. 2nd to 5th rows: models with branch of 1/3(left column) and 1/2(right column)

main vessel radius located Smm, 10mm, 15mm and 20mm from stenosis center.

Figure 2. Clinical models with branch reserved (upper) and eliminated (lower) and

corresponding transient simulation conditions.

Figure 3. The pressure distribution 1: idealized model without branch. 2: idealized
model with branch of 1/2 radius of parent vessel. 3: clinical model without branch. 4:

clinical model with branch.

Figure 4. Fractional flow in models with branch located at different distances from the
stenosis in ideal models. The data points at vertical axis indicated the control models

(without branch, but flow rate identical with those models in the same group).

Figure 5. The flow rate and pressure at inlet(ICA) and outlets(ACA,MCA and branch)

in two models within the second cardiac cycle.

Figure 6. Diastolic and systolic pressure distribution in the two models.

Figure 7. The measurement positions and transient FF values in the two models.
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