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Abstract: Management of asymptomatic carotid artery stenosis (CAS) relies on measuring the percentage
of stenosis. The aim of this study was to investigate the impact of CAS on cerebral hemodynamics using
magnetic resonance imaging (MRI)-informed computational fluid dynamics (CFD) and to provide novel
hemodynamic metrics that may improve the understanding of stroke risk. CFD analysis was performed in
two patients with similar degrees of asymptomatic high-grade CAS. Three-dimensional anatomical-based
computational models of cervical and cerebral blood flow were constructed and calibrated patient-specifically
using phase-contrast MRI flow and arterial spin labeling perfusion data. Differences in cerebral hemodynamics
were assessed in preoperative and postoperative models. Preoperatively, patient 1 demonstrated large flow
and pressure reductions in the stenosed internal carotid artery, while patient 2 demonstrated only minor
reductions. Patient 1 exhibited a large amount of flow compensation between hemispheres (80.31%), whereas
patient 2 exhibited only a small amount of collateral flow (20.05%). There were significant differences in
the mean pressure gradient over the stenosis between patients preoperatively (26.3 vs. 1.8 mmHg). Carotid
endarterectomy resulted in only minor hemodynamic changes in patient 2. MRI-informed CFD analysis of
two patients with similar clinical classifications of stenosis revealed significant differences in hemodynamics
which were not apparent from anatomical assessment alone. Moreover, revascularization of CAS might not
always result in hemodynamic improvements. Further studies are needed to investigate the clinical impact of

hemodynamic differences and how they pertain to stroke risk and clinical management.
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Introduction of the percentage of stenosis, which does not evaluate

factors important in stroke pathophysiology such as
Carotid artery stenosis (CAS) is a leading cause of plaque composition, the patency of cerebral collaterals,
stroke, accounting for 10-15% of ischemic strokes (1,2). or the cerebral vascular flow reserve (3-5). Given the

Management of patients with CAS relies on assessment wide variability regarding the indications for carotid
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endarterectomy (CEA) in asymptomatic patients, lack
of contemporary trials, and limitations of stenosis
measurements, improved mechanisms of assessing stroke
risk and CEA benefit are warranted.

Cerebral hemodynamics play a key role in the stroke risk
of CAS (6). Strokes in patients with high grade stenosis,
in combination with inadequate collateral pathways in the
circle of Willis (CoW), are likely to have a hemodynamic
etiology due to a critical flow reduction ipsilateral to the
stenosis (7). Furthermore, cerebral hemodynamics may
play a role in the prevention of symptomatic CAS, given
that patent collaterals have been associated with a reduced
risk of stroke and transient ischemic attack (TTA) (8-10).
However, obtaining a quantitative description of cerebral
hemodynamics with clinically available mechanisms is
challenging. The primary imaging tools to measure cerebral
blood flow clinically include transcranial doppler, which
provides a velocity spectrum in selected locations, and
4D-flow magnetic resonance imaging (MRI), which yields
a velocity field with limited spatial and temporal resolution.
Measurements of intravascular pressure in the cervical and
cerebral arteries are generally not available.

In contrast, patient-specific computational fluid
dynamics (CFD) allows for characterization of complex
hemodynamics and the ability to provide velocity and
pressure data with a high spatial and temporal resolution.
The capabilities of patient-specific CFD analysis to
assess cerebral hemodynamics have been demonstrated
for intracranial stenosis (11-13) and aneurysm (14-16).
However, patient-specific calibration of cerebral blood flow
models remains challenging due to the high anatomical
variability of cerebral vasculature and the effects of cerebral
autoregulation on cerebral blood flow. Previous CFD
studies of cerebral hemodynamics have generally relied on
modeling assumption about the flow distribution in the
CoW (17,18), thereby significantly limiting the ability to
capture the hemodynamic impact of stenosis, in particular
the flow compensation in the CoW.

The aim of this study was to quantify cerebral
hemodynamics using MRI-informed CFD and to provide
novel hemodynamic information that may improve the
understanding of stroke risk and identify patients who
would benefit from CEA. We previously presented a novel
method of calibrating CFD models patient-specifically
using a combination of arterial spin labeling (ASL) MRI
brain perfusion, phase-contrast (PC)-MRI flow, and cuff
pressure data, which was validated in a small cohort of
subjects (19). In this work, we demonstrated the feasibility
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of an MRI-informed CFD analysis to (I) assess differences
in cerebral hemodynamics and collateral flow between two
patients with high grade CAS; (II) evaluate hemodynamic
changes following CEA; and (III) derive pressure metrics to
identify hemodynamically significant CAS.

Methods

Two patients with CAS were recruited from the vascular
surgery unit at the University of Michigan Hospital. The
study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). The study was approved
by the Institutional Review Board of the University of
Michigan (No. HUMO00114275) and informed consent was
taken from all individual participants.

Imaging data

Patients underwent an MRI study performed at 3T
(MR750; GE Healthcare, Waukesha, WI). Patients 1 and
2 received MRI scans at 46 and 12 days preoperatively,
respectively. Patient 2 received an additional MRI scan
56 days postoperatively. Anatomical information from the
thoracic aorta to the CoW was acquired with a combination
of 2D T1-weighted spoiled gradient echo MRI and 3D
Time-of-Flight MRI. Additionally, preoperative neck
and head computed tomography angiography (CTA)
data was available for patient 2. Flow rates were obtained
at the level of the ascending aorta and the main cervical
arteries above the carotid bifurcation from PC-MRI. Brain
tissue perfusion data were collected non-invasively using
ASL. First, a standard non-selective labeling scheme was
employed to acquire total perfusion maps of the brain
tissue (20). Following, a vessel-selective labeling scheme
was used to acquire the regional brain perfusion territories
of the carotid and vertebral arteries (21,22). Cuff pressure
was acquired in the right upper extremity while the patient
remained in the supine position. Further details of the
imaging protocol have been previously described (19).

MRI-informed computational modeling

MRI-informed CFD analysis of cervical and cerebral
hemodynamics was performed using the validated
open-source computational hemodynamics framework
CRIMSON (23). Anatomical models of the large arteries
from the aortic arch to the CoW were constructed by first
segmenting 2D vessel contours along the centerline and

Quant Imaging Med Surg 2023;13(2):1126-1137 | https://dx.doi.org/10.21037/qims-22-565



1128 Schollenberger et al. Computational analysis of carotid artery stenosis

second lofting an analytical representation of each vessel
to create a combined 3D anatomical model (Figure S1).
The preoperative model of patient 1 was reconstructed
based on the anatomical MRI data. For the preoperative
model of patient 2, the unsubtracted CTA data was used
due to the higher spatial resolution. The postoperative
anatomical model of patient 2 was created by updating the
preoperative anatomical model in the region of the right
carotid bifurcation based on the postoperative anatomical
MRI data. Briefly, the postoperative MRI data was first
co-registered to the preoperative CTA data in the region
of the stenosis. The vessel segments of the common and
internal carotid artery around the stenosis were then re-
segmented based on the postoperative MRI and lofted
to create a postoperative 3D model. 3D models were
discretized using linear tetrahedral elements. All vessel
walls were assumed rigid with a no-slip boundary condition.
Inflow and outflow boundary conditions were prescribed
at each model inlet and outlet (Figure S2). A volumetric
flow waveform, reconstructed from PC-MRI, was imposed
at the inflow of the ascending aorta. Each model outflow
was coupled to a 3-element Windkessel lumped-parameter
model, consisting of a proximal resistance R, a distal
resistance R;, and a compliance C, to capture the behavior
of the distal vasculature. The Windkessel model parameters
were iteratively calibrated to match the flow and pressure
waveforms of the CFD model to the patient’s acquired
hemodynamic data. Briefly, (I) Using the PC-MRI and
ASL perfusion data, mean target flow rates were derived at
each model outlet and the distal resistances R, were tuned
to match the CFD flow rates to the target values. (II) The
resistance ratio R/R, was manually adjusted to match the
pulsatility of the CFD flow waveforms to the pulsatility of
the PC-MRI waveforms above the carotid bifurcation. And
(IIT), the total resistance and compliance of all windkessel
models combined was adjusted to match the CFD model
diastolic and systolic pressure at the right subclavian artery
to the cuff pressure measurements. The final Windkessel
parameters are provided in Table S1. A more detailed
description of our patient-specific parameter tuning strategy
can be found elsewhere (19).

Blood was modeled as an incompressible Newtonian

1 -1

fluid with a dynamic viscosity of 0.004 kg-m™-s™ and a
density of 1,060 kg-m~. Computations were performed with
the CRIMSON Navier-Stokes Flow solver using 80 cores
on a high-performance computing cluster. Simulations were
run using a time step size of 0.1 ms until cycle-to-cycle

periodicity was achieved, typically after 5 cardiac cycles.
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Velocity and pressure fields were extracted for the last
cardiac cycle.

To visualize and quantify the blood supply from the
cervical arteries to the CoW, a further post-processing
analysis on the CFD data, known as Lagrangian particle
tracking (LPT) was performed (24,25). Virtual boluses were
created by seeding massless particles continuously at the
root of each cervical artery and advecting the particles with
the velocity field over multiple cardiac cycles. Particles were
counted at each outlet over the last cardiac cycle.

Results
Patient bistory

Patient 1 [female, 55 years old with history of hypertension
(HTN), hyperlipidemia (HLD), peripheral artery disease,
chronic obstructive pulmonary disease, and previous left
CEA] presented with an asymptomatic 70-99% stenosis of
the proximal right internal carotid artery (RICA) based on
duplex ultrasound (DUS) North American Symptomatic
Carotid Endarterectomy Trial (NASCET) criteria [peak
systolic velocity (PSV)/end-diastolic velocity (EDV) =
417/140 cm/s]. She had a compete CoW and the left
internal carotid artery (LICA) was patent with no evidence
of stenosis (PSV/EDV = 112/42 cm/s). She underwent CEA
with patch angioplasty on the RICA. Her post-operative
course was uncomplicated. Her post-operative duplex
demonstrated a PSV/EDV of 123/50 cm/s. At one month
follow-up the patient was on optimal medical therapy
(OMT).

Patient 2 (male, 63 years old with history of HTN and
HLD) presented with an asymptomatic 50-69% stenosis of
the proximal RICA by velocities (PSV/EDV = 160/33 cm/s)
but a 70-99% stenosis by image criteria on DUS and a
hemodynamically insignificant stenosis of the proximal
LICA based on DUS (PSV/EDV =97/41 cm/s). CTA data
revealed an 80-90% and 60% stenosis in the proximal
RICA and proximal LICA respectively with a complex
high-grade plaque. The patient’s CoW was incomplete with
a hypoplastic right P1 segment and an atretic distal right
vertebral artery (RVA). Given the disease progression with
an 80-90% RICA stenosis identified on CTA, CEA with
patch angioplasty was performed on the RICA following
the study and patency was confirmed by DUS (RICA:
PSV/EDV =73/19 cm/s, LICA: PSV/EDV =84/28 cm/s)
postoperatively. The patient tolerated the procedure well,
which was complicated by a neck hematoma that was
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Figure 1 3D-reconstructed anatomical models. (A) Close-up of the stenosed carotid bifurcations of patients 1 and 2. The red arrows

indicate the location of maximum stenosis. An axial cross-section illustrates the comparison between image data and model contours. (B)

Posterior view of the CoW. The black arrows indicate variations in the CoW anatomy. R and L indicate the right and left sides from the

subject’s perspective. RICA, right internal carotid artery; RECA, right external carotid artery; LICA, left internal carotid artery; LECA, left

external carotid artery; CoW, Circle of Willis; CTA, computed tomography angiography; DUS, Duplex ultrasound.

managed conservatively. At one month follow up the patient
remained asymptomatic and was on OMT.

Anatomical models

The cross-section at maximum RICA stenosis revealed a
remaining luminal diameter of 1.4 and 3.5 mm for patients
1 and 2, respectively. The lumen of the proximal RICA
in patient 2 was fully restored following CEA (8.3 mm)
(Figure 1).

Preoperative hemodynamics

In patient 1, the severe RICA stenosis resulted in a reduction in
mean flow (Q) and pressure (P) when compared to the patent
contralateral LICA (Qge =3.25 mL/s versus Qo =6.79 mL/s
and Ppey =62.92 mmHg versus Py =87.72 mmHg,
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respectively) (Figure 2). In the CoW, the mean flow in
the ipsilateral right middle cerebral artery (RMCA) was
restored to the level of the contralateral left middle cerebral
artery (LMCA) (Qgycs =3.74 mL/s and Qpycq =3.92 mL/s).
However, the pressure difference between hemispheres
remained (Pgycq =47.62 mmHg and Py, =74.91 mmHg).
In contrast, the severe RICA stenosis in patient 2 resulted only
in a minor flow reduction compared to the LICA with [
=4.00 mL/s and Q, 0y =5.25 mL/s and the mean pressure was
comparable (Pyc, =109.16 mmHg and Py, =110.53 mmHg).
In the CoW, the mean flows and pressures observed at the right
and left MCA were comparable with Panics =106.42 mmHg
versus TJLMCA =106.37 mmHg and EMCA =2.50 mL/s versus
Qpvieq =2.60 mL/s.

Patient 1 exhibited a large amount of flow compensation
between hemispheres with the right anterior cerebral artery
(RACA) (#2) being predominately supplied by the LICA
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Figure 2 MRI-informed CFD flow and pressure waveforms at selected locations above the carotid bifurcation and in the CoW over a full
cardiac cycle. MRI-informed CFD flow waveforms in the cervical arteries are compared to in-vivo PC-MRI flow data. (A) Pre-operative
model of patient 1 (B) Pre-operative model of patient 2. RMCA, right middle cerebral artery; RACA, right anterior cerebral artery; RICA,
right internal carotid artery; RVA, right vertebral artery; LACA, left anterior cerebral artery; LMCA, left middle cerebral artery; LVA, left
vertebral artery; LICA, left internal carotid artery; MRI, magnetic resonance imaging; CFD, computational fluid dynamics; PC-MRI, phase-
contrast MRI; CoW, circle of Willis.
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Figure 3 Analysis of blood supply in the CoW with Lagrangian particle tracking. Particles are color-coded based on the originating cervical

artery. Histograms show the particle count over a full cardiac cycle at each outlet. The accuracy of the MRI-informed CFD models was

demonstrated by validating the supply of the intracranial arteries obtained from LPT against territorial perfusion from vessel-selective ASL,

which resulted in an overall good qualitative match. A more comprehensive and quantitative validation of the patient models was previously
presented (19). LACA, left anterior cerebral artery; RACA, right anterior cerebral artery; LMCA, left middle cerebral artery; RMCA, right
middle cerebral artery; LPCA, left posterior cerebral artery; RPCA, right posterior cerebral artery; RICA, right internal carotid artery;

LICA, left internal carotid artery; RVA, right vertebral artery; LVA, left vertebral artery; Cow, circle of Willis; MRI, magnetic resonance

imaging; CFD, computational fluid dynamics; LPT, Lagrangian particle tracking; ASL, arterial spin labeling.

(80.31%) (Figure 3). In contrast, patient 2 revealed only a
small amount of collateral flow from the LICA to the RACA
(20.05%). The MCAs (#3, #4) were predominately supplied
by the ipsilateral ICA in both patients. Patient 1 revealed
a rotational motion of vertebral flow in the basilar artery,
resulting in dominant supply of the left posterior cerebral
artery (LPCA) (#5) from the RVA and dominant supply of
the right posterior cerebral artery (RPCA) (#6) from the left
vertebral artery (LVA). The posterior territory of patient 2
was supplied ipsilaterally by the ICAs and the cerebellum
was supplied by the LVA.

Postoperative hemodynamics

The preoperative collateral flow from the LICA to the
RACA observed in patient 2 disappeared postoperatively
(Figure 4). The flow direction in the anterior communicating
artery was reversed, resulting in a minor flow contribution

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

from the RICA to the left anterior cerebral artery (LACA)
(7.24%). Following CEA in patient 2, changes in flow
rates were small in both cervical and cerebral arteries with
flow increasing by 8.1% in the RICA and by 13.4% in the
LMCA postoperatively (Figure 5).

Pressure metrics

The hemodynamic impact of CAS was further assessed by
calculating a mean pressure gradient over the stenosis as
the difference in pressures 2 cm proximal and distal to the
maximum narrowing (Figure 6). The preoperative analysis
resulted in a significantly higher mean pressure gradient over
the RICA stenosis of patient 1 with AﬁRICA,pre =26.3 mmHg
compared to the RICA stenosis of patient 2 with AﬁR,CA,p,T
=1.8 mmHg. Following CEA in patient 2, the mean pressure
gradient over the RICA stenosis was reduced to A]_’RIC/W:,
=0.1 mmHg.
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Figure 4 Comparison of the preoperative and postoperative blood supply in the CoW of patient 2 using Lagrangian particle tracking.

Particles are color-coded based on the originating cervical artery. Histograms show the particle count over a full cardiac cycle at the right
and left ACA. A close-up shows the flow in the anterior communication artery. LACA, left anterior cerebral artery; RACA, right anterior
cerebral artery; RICA, right internal carotid artery; LICA, left internal carotid artery; LVA, left vertebral artery; Cow, circle of Willis; ACA,

anterior cerebral artery.
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Figure 5 Comparison of preoperative and postoperative mean flow rates in the main arteries of patient 2. Mean flow rates were normalized
by the CO. CO, cardiac output; LICA, left internal carotid artery; RICA, right internal carotid artery; LVA, left vertebral artery; RVA, right
vertebral artery; LACA, left anterior cerebral artery; RACA, right anterior cerebral artery; LMCA, left middle cerebral artery; RMCA, right
middle cerebral artery; LPCA, left posterior cerebral artery; RPCA, right posterior cerebral artery; LSCA, left superior cerebral artery;

RSCA, right superior cerebral artery.

Discussion

Diagnosis and management of patients with CAS is centered
around assessing the degree of stenosis. While reduced
long-term stroke risk following carotid revascularization
has been demonstrated in symptomatic patients with
greater than 50% stenosis, the criteria and benefits of

revascularization in asymptomatic patients are unclear
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(26-28). While contemporary guidelines recommend
consideration of carotid artery revascularization for
asymptomatic patients with greater than 70% stenosis (29),
most clinicians reserve revascularization for cases greater
than 80-90%. Thus, the question of how to best identify
patients with asymptomatic CAS who would benefit from
carotid revascularization remains. In the present study,
we utilized a novel patient-specific MRI-informed CFD
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Figure 6 Evaluation of the mean pressure gradient AP over the stenosis in patients 1 and 2. The pressure distribution in the vasculature is

shown at peak systole. AP was calculated as the difference between the mean pressures 2 cm proximal and distal to the peak stenosis. RICA,

right internal carotid artery; LICA, left internal carotid artery.

modeling strategy to provide quantitative insight into
cerebral hemodynamics.

The preoperative comparison of two patients with high
grade asymptomatic CAS showed significant differences
in hemodynamics despite both patients having similar
percentage of luminal narrowing. Patient 1 exhibited
a large flow and pressure gradient in the RICA with a
large amount of collateral flow compensation, while
patient 2 demonstrated only minor reductions in the
RICA. Differences in lumen diameter (1.4 mm for
patient 1 and 3.5 mm for patient 2) may explain the
differences in hemodynamics between patients in this
study. These differences illustrate the variability in
cerebral hemodynamics due to stenotic lesions, anatomical
variations, patency of collaterals, and vascular flow reserve.
While the peak velocities obtained from DUS revealed
differences between the two patients, a comprehensive
representation of the differences in flow, pressure, and
blood supply is not available from DUS or CTA/magnetic
resonance angiography (MRA). Interestingly, following
CEA patient 2 had minor hemodynamic changes, with a
small reduction in pressure gradient and increase in flow
in the RICA thus highlighting that revascularization may

not result in hemodynamic improvements. Although it is
unclear how the hemodynamic differences noted in these
two patients affected their stroke risk, these results highlight
that patient-specific analyses provide a more comprehensive
assessment of carotid artery lesions and their potential
hemodynamic effects.

Due to its high sensitivity to the degree of luminal
narrowing, the pressure gradient may be a better suited
marker than anatomical or velocity-based metrics to
identify hemodynamically significant stenotic lesions. In
coronary artery disease, intervention based on pressure
gradient-derived metrics (e.g., fractional flow reserve or
FFR) has been shown superior to anatomic-derived metrics
(30,31). While the use fractional flow has been proposed
for CAS (6), studies so far have only established feasibility
(12,32). Since pressure guidewire measurements in the
cervical or intracranial arteries are generally unavailable,
CFD analysis provides a non-invasive alternative. Liu et al.
found a fractional flow of 0.88 to be a potential threshold
to distinguish between severe and moderate degrees of
stenosis based on CFD models of the carotid bifurcation
informed by contrast-enhanced MRI and DUS data (33).
Furthermore, CFD-derived pressure gradients in CAS
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have shown to correlate well with guidewire pressure
measurements (11,34).

Distal to the stenosis, hemodynamics is further impacted
by the flow compensatory capabilities of the cerebral
vasculature. Digital subtraction angiography (DSA) is
the gold standard for visualizing collateral flow and has
been used to derive hemodynamic markers (e.g., bolus
transit time) (35). ASL perfusion has been proposed as a
non-invasive DSA alternative to assess the hemodynamic
impact of CAS at the tissue level. ASL-derived markers
(e.g., arterial transit time, cerebral blood volume, etc.) have
shown to be good indicators of the hemodynamic severity
of carotid stenosis (36,37). Vessel-selective ASL has further
allowed to quantify collateral flow compensation (38).

The aim of our proposed modeling strategy is to
quantitatively assess the hemodynamic impact of stenosis at
the level of the stenosis, the CoW, and the tissue, thereby
providing a more complete hemodynamic picture. However,
one of the challenges in the cerebral vasculature is that the
flow in each of the main arteries of the CoW is considerably
controlled by the mechanisms of cerebral autoregulation
in the distal vascular bed. Previous CFD modeling studies
of cerebral blood flow in CAS patients have generally
not accounted for these changes in the distal vasculature
and instead have relied on idealized assumptions about
the flow distribution in the CoW (17,18). Our proposed
patient-specific model parameter tuning strategy allows to
account for changes in the microvasculature and enables the
quantification of collateral flow in the main pathways of the
CoW additionally to capturing the pressure gradient over
the stenosis.

This study was limited by the small sample size and is
therefore intended as a feasibility study to demonstrate the
capabilities of an MRI-informed CFD analysis to patient-
specifically characterize cerebral hemodynamics rather
than a replacement of gold standard diagnostic modalities.
Furthermore, it remains unclear if hemodynamic differences
in carotid arterial and intracranial flow are predictive of
stroke risk and/or surgical outcomes. Given the limited
number of patients in this study, we cannot account for the
impact of factors associated with carotid artery disease (sex,
tobacco use, HTN, HLD, etc.) which may be affecting
the differences we are observing. Moreover, our study did
not include an assessment of high risk/vulnerable plaques,
which is associated with stroke risk and cerebrovascular
events in symptomatic and asymptomatic patients
(39,40). Furthermore, secondary collateral pathways (e.g.,
ophthalmic and leptomeningeal arteries), which have been

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

shown to play an important role in stroke volume and
outcomes (41,42), were not included in the CFD modeling.

In conclusion, we presented an MRI-informed CFD
modeling strategy to characterize cerebral hemodynamics
in patients with CAS. We demonstrated that our MRI-
informed CFD analysis can provide detailed and
quantitative information about hemodynamic impact of
CAS and collateral flow compensation in the CoW. Future
studies are needed to investigate the clinical impact of
cerebrovascular hemodynamic differences and how they
pertain to stroke risk and clinical management.
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Figure S1 3D reconstruction of the large arteries from the aortic root to the CoW. Based on anatomical data (CTA/MRA), vessels were
segmented by defining centerlines and 2D vessel contours for each vessel of interest. The vessel contours were then lofted to create an
analytical representation of the vasculature. Finally, the 3D models were meshed using linear tetrahedral elements. CoW, Circle of Willis;

CTA, computed tomography angiography; MRA, magnetic resonance angiography.
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Figure S2 Specification of inflow and outflow boundary condition. A volumetric flow waveform based on PC-MRI measurements was
prescribed at the inflow (I) at the ascending aorta (AAo). Each outflow was coupled to a 3-element Windkessel lumped parameter model
consisting of a proximal resistance (R), distal resistance (R,), and compliance (C). RACA/LACA, right/left anterior cerebral artery; RMCA/
LMCA, right/left middle cerebral artery; RPCA/LPCA, right/left posterior cerebral artery; RSCA/LSCA, right/left superior cerebellar
artery; RECA/LECA, right/left external carotid artery; RSA/LSA, right/left subclavian artery; DAo, descending aorta.
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Table S1 Calibrated 3-element Windkessel model parameters, including proximal resistance R, (10°Pas m™), distal resistance R, (10°Pas m™), and
compliance C (10°#’Pa™)

Patient 1 (pre-op) Patient 2 (pre-op) Patient 2 (post-op)
Outlet
R, Ry o] R, Rq C R, Ry o]

Descending Aorta 0.01 0.23 63.72 0.01 0.26 54.52 0.01 0.27 50.64
R. subclavian 0.13 2.68 5.50 0.17 3.24 4.43 0.17 3.25 414
L. subclavian 0.13 2.63 5.50 0.17 3.24 4.43 0.17 3.25 414
RECA 0.49 5.69 2.44 0.42 4.90 2.89 0.41 4.73 2.81
LECA 0.85 10.01 1.42 0.64 7.46 1.89 0.63 7.23 1.84
RACA 2.38 2.38 2.09 4.72 8.01 1.18 5.21 9.68 0.92
LACA 2.11 2.1 2.42 5.76 6.23 1.26 4.60 6.89 1.20
RMCA 0.15 1.55 5.31 2.10 3.54 2.76 2.03 3.77 2.46
LMCA 1.27 1.27 5.60 2.61 2.83 2.86 1.91 2.87 2.93
RPCA 4.22 4.57 1.62 7.51 12.63 0.77 5.96 11.07 0.84
LPCA 4.37 4.73 1.55 8.61 9.33 0.86 6.31 9.46 0.88
RSCA 1.32 14.59 0.91 6.11 15.79 0.69 1.96 21.35 0.59
LSCA 1.32 14.03 0.91 6.14 15.85 0.69 1.96 21.43 0.59
Terminal RVA - - - 7.09 17.09 0.61 3.88 21.97 0.53

RECA/LECA, right/left external carotid artery; RACA/LACA, right/left anterior cerebral artery; RMCA/LMCA, right/left middle cerebral
artery; RPCA/LPCA, right/left posterior cerebral artery; RSCA/LSCA, right/left superior cerebellar artery; RVA, right vertebral artery.
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