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Abstract

Deciphering the source of an embolism is a common challenge encountered in stroke
treatment. Carotid stenosis is a key source of embolic strokes. Carotid interventions can
be indicated when a patient has greater than 50% stenosis in the carotid ipsilateral to the
cerebral infarction, which is designated as the symptomatic carotid. However, there are
often a significant number of cases where carotid emboli travel contralaterally, leading

to ambiguity regarding which carotid is symptomatic. We use a patient-specific compu-
tational embolus-hemodynamics interaction model developed in prior works to conduct
an in silico experiment spanning 30 heart-to-brain arterial models with differing combi-
nations of bilateral severe and mild stenosis degrees. We used these models to study
source-to-destination transport of thromboemboli released from left/right carotid disease
sites, and cardiogenic sources. Across all cases considered, thromboemboli from left and
right carotid sources showed non-zero contralateral transport. We also found that cardio-
genic thromboemboli do not have an altered hemisphere distribution or distinct transport
preference dependent on stenosis degree, thus potentially making the underlying etiol-
ogy more cryptic. In patients with carotid stenosis or chronic occlusion ipsilateral to the
area affected by stroke, we have demonstrated that the presence of contralateral steno-
sis can cause emboli that travel across the Circle of Willis (CoW) which can potentially
lead to ambiguity when deciding which carotid is truly symptomatic.

Author summary

Here we investigate how varying degrees of carotid artery stenosis can lead to non-
intuitive transport of thromboemboli in the brain, complicating stroke diagnosis
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and treatment. Using computer simulations of embolus transport and embolus-
hemodynamics interactions across 30 patient image-derived vascular models, we show
that emboli from both carotid and cardiogenic sources can have non-intuitive source-to-
destination distribution via the Circle of Willis, especially trans-hemispheric distribution
in cases of asymmetric or severe stenosis. Our findings highlight the need for more
nuanced risk stratification in stroke patients for revascularization therapies, particularly
in Embolic Strokes of Undetermined Source (ESUS).

1. Introduction

Embolic stroke accounts for a majority of all ischemic stroke cases, with some studies cat-
egorizing up to 30% of ischemic stroke cases as Embolic Stroke of Undetermined Source
(ESUS) [1-3]. Currently, the ability to identify and disambiguate an etiology of a stroke is
limited for ESUS cases, which can restrict treatment efficacy and lead to recurrent events [2].
Multiple co-existing potential sources is a common feature in ESUS cases that can make dis-
ambiguation of embolism source or etiology inherently difficult in ESUS cases. For instance, a
common ESUS scenario may involve a patient experiencing both atrial fibrillation and carotid
atherosclerosis ipsilateral to the occlusion location [3]. The carotid arteries cause 15%-20% of
all ischemic strokes due to build up of atherosclerotic plaques that can generate thromboem-
boli that move into the cerebral arteries [4]. These buildups vary in severity based upon the
degree of stenosis and laterality of the stroke which informs potential interventions [5-8].
Carotid interventions aimed at revascularization, either through carotid endarterectomy
(CEA) or carotid artery stenting (CAS) are performed when there is stenosis to restore per-
fusion and reduce future stroke risk [9]. Specifically, carotid intervention is indicated when a
patient has a North American Symptomatic Carotid Endarterectomy Trial (NASCET) severity
greater than 70% in the carotid ipsilateral to the stroke along with transient ischemic attacks
[7]. Carotid interventions are considered if the patient has a severity between 50% and 69%
along with symptoms, but are not required as the benefits may be limited [7,9]. Atheroscle-
rotic plaque can become vulnerable to embolization without easily decipherable markers,

and these vulnerable plaques can subsequently lead directly to a cerebral occlusion [10,11].
Although stenosis severity may be non-trivial to acquire, it may not always be possible to tell
where an embolus originated from due to the complexities of physiological arterial hemo-
dynamics, and the complex embolus-hemodynamics interaction mechanics. It is commonly
believed that emboli originating from a carotid artery will travel into the Circle of Willis
(CoW) and occlude a vessel within the ipsilateral hemisphere, but there have been known
cases where the occlusion occurs in the contralateral hemisphere [12-14]. Although con-
tralateral events are less frequent, these cases can contribute to the ambiguity in deciphering
stroke etiology due to the non-intuitive pathways of occlusion. With both carotids being sus-
pect to combinations of vulnerable severe and mild levels of plaque buildup, contralateral
events could lead to patients who receive treatment for the ipsilateral non-symptomatic ves-
sel thereby deriving less benefit. These contralateral events can cause the chance of missing
secondary prevention opportunities or possible benefits from intervening on the contralateral
carotid if that is the truly symptomatic vessel. How contralateral carotid stenosis affects stroke
risk is currently relatively unexplored, whereas this investigation can further illuminate mech-
anisms and risks of non-intuitive stroke in cases of bilateral stenosis [15,16]. We addition-
ally considered cases consisting of Contralateral Carotid Occlusions (CCO). Cases with CCO
offer an interesting circumstance wherein each diseased carotid will be treated differently
depending on which side is actively causing embolization. Understanding the probabilities
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of non-intuitive embolus source-to-destination movement for varying carotid stenosis cases
can help to provide a more cohesive risk stratification across bilateral stenosis degrees. There
is currently a lack of understanding in how patients with carotid disease may experience
contralateral embolic events or non-intuitive embolic transport in various levels of carotid
stenosis. Here, we present an in silico study analyzing how different combinations of varying
carotid stenosis may present non-intuitive occlusion events and how the altered hemodynam-
ics with the introduction of a stenosis can affect embolus transport.

2. Methods
2.1. Image-based modeling of vascular anatomy

A patient-specific vasculature model was created spanning arterial pathway from the aortic
arch to the CoW using the open-source software tool SimVascular [17,18]. The model was
generated from a contrast enhanced computed tomography (CT) image, available from a

set of CT images as part of the Institutional Review Board (IRB) approved Screening Tech-
nology and Outcome Project in Stroke (STOP-Stroke) database [19]. Since we used a de-
identified version of the CT image for secondary retrospective computational analysis, for
this study no additional IRB approval was needed. The specific patient chosen for this study
was based on the criteria that the patient exhibited a complete CoW anastomosis with healthy
(non-stenotic) carotid arteries (see also our prior works [18,20]). Arteries from the aortic inlet
to the cerebral arteries up until the M1, A1, and P1 segments of the middle (MCA), anterior
(ACA), and posterior (PCA) cerebral arteries, were segmented using planar 2D segmenta-
tion technique built into SimVascular. These segmentations were then lofted to generate the
3D solid model of the complete arterial pathway. Arterial stenosis was virtually modeled at
specific carotid artery locations, using these healthy patient vascular segmentations, and man-
ually decreasing the segmentation sizes of the carotid vessels to the corresponding NASCET
severity. The stenosis degrees were categorized into three mild NASCET scores of [10%, 25%,
40%], and three moderate/severe NASCET scores of [50%, 70%, 85%]. These severity ranks
were paired such that one carotid would have a mild stenosis and the other would have a
moderate/severe stenosis for both the left and right carotid arteries’ permutations. Addition-
ally, by virtually eliminating these segmentations locally at the carotid site, we modeled 100%
occluded carotid across all 6 severities for both carotids to mimic cases of CCO. Length of
stenosis is defined as the span of artery that has a disturbed cross-sectional area due to the
stenosis. For our modeling pipeline, the length of stenosis that spanned across the carotid
artery varied proportionally with the severity of the stenosis. A more severe stenosis corre-
sponds to a larger length. The equation of the stenosis length is defined in the supporting
information S1 Text in greater detail. For all models in this study, we keep the stenosis geom-
etry fixed. This is because, once thrombotic phenomena are initiated, the resulting clot may
embolize without significant immediate arterial wall remodeling and modification in plaque
geometry, especially within the short embolus simulation timescale as outlined in subsequent
sections of our methodology. This procedure, therefore, led to 30 different models each with
a unique pair of mild and moderate/severe stenosed carotids. The resulting models for the
stenosis vascular anatomy for differing severities can be seen in Fig 1.

2.2. Hemodynamics simulation

Hemodynamics across the arterial network model was simulated using a stabilized finite ele-
ment method for incompressible Navier-Stokes equations implemented in SimVascular [17].
Each model was discretized into a mesh comprising 9-10 million linear tetrahedral elements.
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Fig 1. An illustration of the varying stenosis models for the right and left carotid. All stenosis degrees were
imposed onto a single set of patient imaging data with pairings of mild and moderate/severe carotid stenosis degrees
applied to each carotid. The 100% severity, or contralateral carotid occlusion cases, were paired with each of the mild
and moderate/severe stenosis degrees.

https://doi.org/10.1371/journal.pcbi.1013269.9001

Three levels of mesh sizing were specified. First, guided by mesh refinement analysis
described in prior works [21], an average element size for the entire network was specified
across all models to be 0.65 mm. Second, local refinement operation was conducted for ves-
sels in the CoW, with an average element size of 0.25 mm due to a smaller cross-sectional
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area relative to other vessels in the heart-brain arterial model. Third, stenosed regions of the
carotid arteries underwent additional element refinement due to the smaller cross-sectional
area. This local refinement was guided by setting the element edge length to 1/10th of the
smallest stenosis diameter, ensuring at least 10 or more elements within all cross-sectional
slices of the stenosed region. Blood was assumed to be an incompressible Newtonian fluid
with average viscosity of 4.0 cP, and bulk density of 1.06 g/cc. Mathematical details of the
underlying equations for solving flow velocity and pressure using stabilized finite elements
are provided in the supporting information in S1 Text. A physiological pulsatile flow profile
obtained from magnetic resonance imaging measurements with a cardiac cycle of 0.83 sec-
onds was applied at the aorta inlet [22]. This inlet flow was set to a consistent cardiac out-
put (CO) of 79 mL/s across all models. Resistance boundary conditions were assigned to
each outlet of the model to account for the influence of the downstream vascular beds at

the arterial outlets. For this purpose, Total Arterial Resistance (TAR) was estimated using

a Mean Arterial Pressure (MAP) of 93.33 mmHg, which assumes that the patient exhibits

an average systolic and diastolic blood pressure of 120 and 80 mmHg respectively. A pro-
portion of the TAR was assigned to each vessel outlet based on target flow divisions as out-
lined in prior work [18,20,23]. For target flow division, 65% of the total CO was assumed to
exit the descending aorta [24], flow rates exiting the six cerebral artery outlets were propor-
tionately assigned based on measured MR data reported in [25], and the remainder volu-
metric flow was set to exit the external carotid and subclavian arteries proportional to their
cross-sectional areas [26]. These resistance values were tuned to the targeted flow values
through multiple steady-state flow simulations as outlined in [23,27]. Once obtained, the CO,
TAR, MAP, and outlet resistances were kept the same across all models to enable controlled
simulations of embolus transport with varying stenosis severities only. Hemodynamics was
simulated for three cardiac cycles for each model, and computed velocity and pressure fields
for the third cycle were used to conduct embolus transport simulations. Additional details of
these hemodynamics simulation steps are outlined in our previous works [18,20,23], and have
not been reproduced here for conciseness of presentation.

2.3. Embolus transport simulation

Embolus transport was modeled using a custom modified version of the Maxey-Riley equa-
tion [28] to represent embolus-hemodynamics interactions, established extensively in our
prior works [27]. This model estimates individual embolus velocity and position as it tra-
verses through blood flow based on embolus properties and hemodynamic forcing. To closely
simulate arterial embolus transport, we modified the classical form of Maxey-Riley equa-
tions to account for: (a) lift forces produced by shear gradients near artery walls; (b) colli-
sions between particles and the artery wall; and (c) elastohydrodynamic lubrication effects
between embolus and artery wall. These forces were in addition to the forces of drag, added
mass effects, and forces from the undisturbed background flow. We note that no additional
cross-stream dispersion forces due to margination effects were incorporated here, owing to
significant size and inertia differences between blood cellular components and the embolus,
as well as evidence of margination effects being weak in large vessels, especially considering
substantial radial flow components originating from vessel curvature and tortuosity [29,30].
Mathematical details of the underlying equations are provided in the supporting informa-
tion in S1 Text. The emboli were assumed to be spherical particles with negligible defor-
mations (i.e. their radius remains constant), with a one-way coupled fluid-particle interac-
tion model (that is, while fluid forces drive the emboli, the emboli in turn do not significantly
alter the flow around them). Individual embolus size was set to be 500um, which leads to a
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momentum response time of 0.004 sec, and a Stokes number (compared to cardiac cycle dura-
tion) of 0.005. This size was chosen to focus on small emboli whose transport can be more
ambiguous to infer from imaging; while remaining within the bounds of the mathematical
approximations of one-way coupled embolus hemodynamics interactions, which break down
as embolus size approaches vessel diameter [31]. Individual emboli were assigned mechanical
properties of that of thromboemboli as obtained from literature [27], and this material behav-
ior was accounted for in the model when resolving embolus collisions with vessel wall. Specif-
ically, a viscoelastic, velocity dependent restitution coefficient accounting for corrections due
to elasto-hydrodynamic lubrication effects was used to resolve the embolus interactions with
the vessel wall [27]. We note that individual embolus-to-embolus collisions were not mod-
eled here as each simulation comprises individual embolus trajectory estimation through

a Monte Carlo sampling-based approach detailed in the next section. The simulated flow

field for the third cardiac cycle (see Sect 2.2) was stitched together across 10 cardiac cycles to
generate a representative hemodynamic field with no cycle-to-cycle variation. 10 cycles was
chosen, based on observations from prior numerical experiments, to allow enough time to
distribute all emboli to an outlet, leaving less than 10% of emboli samples recirculating in the
vessel network (unresolved emboli). For instances where more than 10% unresolved emboli
were obtained after 10 cardiac cycles, the trajectories were evolved for another 10 cycles to
ensure that the number of unresolved emboli samples is always less than 10%. Individual
thromboembolus trajectories were calculated by numerical integration of the custom embolus
dynamics equation using a Euler integration scheme with a numerical time step of 0.05 ms. S1
Movie presents a supporting animation with an illustrative example of source-to-destination
embolus transport dynamics computed for one of the stenosis models.

2.4. Design of in silico experiments

We utilized the simulation methodology introduced in Sects 2.1-2.3 to structure a parametric
set of in silico experiments to investigate embolus transport in the presence of varying carotid
stenosis severities. The outline of this experiment design is shown in Fig 2. To parameterize
the stenosis severity, a total of 18 vascular models were created as a combination of one mild
stenosis (10%, 25%, and 40% NASCET severity) and one moderate/severe stenosis (50%, 70%,
and 85% NASCET severity) for each pair of left and right carotids respectively (see also Fig I).
An additional 12 models were designed with a fully occluded carotid artery, mimicking CCO
cases, paired with one of each of the mild and severe stenosis degrees. For each of these 30
models, approximately 5,500 thromboemboli samples were released along the carotid artery
walls, mimicking embolization at the stenosis site. For the 12 CCO models, thromboemboli
samples were released at the partially stenosed carotid site; while for the 18 non-CCO mod-
els, thromboemboli samples were released from both carotid sites bilaterally. For all carotid
surface releases of emboli, the individual particles were offset by a distance equal to the
embolus radius, to avoid numerical artifacts due to particles remaining stuck at the walls. An
illustration of this release configuration is presented in the supporting information in S1 Text.
Furthermore, for all 30 cases, another ~ 5,500 samples of cardiogenic thromboemboli were
released at the aortic root inlet, to further illustrate how different combinations of stenosis
severities may affect the cardiogenic emboli pathway towards the cerebral arteries. This design
led to a set of 78 total embolus transport experiments, leading to combined distribution data
spanning approximately 429,000 thromboemboli. Supporting information in S1 Text further
shows surface release configurations for the cardioembolic and carotid sources.
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Fig 2. Design of the in silico experiments for embolus transport. Two sets of models were created for these sim-
ulations. a) Partially-occluded models were built using pairing of mild and moderate/severe stenosis degrees across
both the left and right carotid. Emboli were released from the both carotids and the face of the aortic root for car-
diogenic cases. This totaled to 18 unique models with differing pairing of mild and moderate/severe stenosis degrees
with embolus releases from these three sources. b) 12 models were created in which one of the carotid arteries were
fully-occluded (100% NASCET degree) and the other carotid was partially occluded. These pairings were completed
to where there was one fully-occluded carotid and the other carotid was partially-occluded using each degree of mild
and moderate/severe NASCET rankings. Emboli were released from the partially occluded carotid and the face of the
aortic root.

https://doi.org/10.1371/journal.pcbi.1013269.9002

2.5. Data analysis

For each experiment, the trajectory of each individual embolus sample was tracked from
release source to a destination vessel, and number fractions of samples distributed to the 6
cerebral arteries was computed and analyzed for this study. The number of emboli reach-
ing vessel outlets were counted at the left and right middle cerebral artery (MCA), left and
right anterior cerebral artery (ACA), left and right posterior artery (PCA), as well as the left
and right subclavian and external carotid arteries, and the descending aorta. Additionally,
hemispheric distributions were calculated by separating the left and right embolus counts
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within the ACAs, MCAs, and PCAs to analyze contralateral or trans-hemispheric distribution
occurrences. In addition, for each of the vascular model, the outlet flow rates to each of the
outlets listed above were also computed. The resulting flow and embolus distribution data was
compared to assess key trends in embolus source-to-destination mapping. These comparisons
were evaluated using statistical tests, primarily non-parametric tests such as Mann-Whitney
and Wilcoxon. The non-parametric tests were chosen since they do not require the underly-
ing sample data to be normally distributed, which we assessed using the Shapiro-Wilk test for
normal distribution. Specifically, a non-parametric one-sample Wilcoxon t-test is utilized to
establish whether significant levels of non-intuitive contralateral or trans-hemispheric embo-
lus transport occurs per carotid embolus release; and to compare flow rate differences within
the communication arteries in the CoW, between the stenosis models and a baseline model
without stenosis. Additionally, a Mann-Whitney test was used to compare the likelihood of
contralateral movement in mild stenosis degree releases to those in moderate/severe steno-
sis degree releases; as well as to compare the likelihood of contralateral movement between
tully-occluded (CCO) models and partially occluded models.

3. Results

3.1. Trends in contralateral distribution of carotid thromboemboli

Thromboembolus distribution from our simulations was computed as the percentage of
emboli that exit each of the six outlets of the CoW. Fig 3 presents the proportion of emboli
that were able to cross into the opposite hemisphere relative to the carotid release site for
each pair of stenosis severities, illustrated for the 18 bilateral stenosis, non-CCO cases. Each
model is labeled by their combination of left-right stenosis severity respectively (i.e. 10L50R
corresponds to the model with a 10% left carotid stenosis and a 50% right carotid stenosis).
These embolus distribution results therefore inform a probability of contralateral embolic
events occurring with respect to stenosis severities across the right and left carotid arteries.

B Left Carotid Release
I Right Carotid Release

[
(<] o

% of Emboli
Moving Contralaterally
o

PSSR eSS

Fig 3. The proportion of emboli that completed contralateral movement for each pairing of stenosis degrees. The x-axis
labels each model with their respective left and right stenosis degree (i.e. 10L50R indicates the model with a 10% left carotid
stenosis and a 50% right carotid stenosis).

https://doi.org/10.1371/journal.pcbi.1013269.g003
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We observed that, all simulations produced a non-zero contralateral distribution, meaning
that all combinations of severe and mild stenosis showed the potential for contralateral occlu-
sions. The largest extent of contralateral movement were found in the models with the most
severe (that is, 85%) stenosed carotid, where contralateral movement was highest from the
mild carotid stenosis release sites. These models had a likelihood of contralateral distribu-
tion between 6% and 10%, which was notably higher than the other releases that ranged pri-
marily between 0.5% and 4%. Statistically, the null hypothesis that contralateral movement
does not occur from emboli released at both the left and right carotids (that is, the proportion
of contralaterally traveling emboli = 0) was rejected with p-values both <0.01 (based on a one-
sample non-parametric Wilcoxon rank test). We also observe that extent of contralateral move-
ment of thromboemboli is generally greater for emboli released in right carotid and traveling
towards the left hemisphere for severely stenosed left carotids, indicating an inherent right vs
left asymmetry for the cases considered here. Additionally, Supporting information S1 Text
present additional visualization of complete outlet distributions that illustrate arterial regional
preferences for each model. Generally, these simulation data revealed contralateral trans-
hemispheric thromboembolus transport and distribution occurring at the CoW; with primary
modality of emboli moving from the mild stenosis site towards the hemisphere ipsilateral to
the severe stenosed site, and with the likelihood of contralateral movement generally increas-
ing as the severe carotid stenosis increases in degree. S2 Movie presents a supporting anima-
tion showing contralateral movement occurring in the 40% right carotid occlusion and 85%
left carotid occlusion model. Additionally, S3 Movie presents a supporting animation visu-
ally depicting how contralateral movement is dependent on the bilateral degree of stenosis in
which the propensity for contralateral movement differs.

3.2. Trends in cardiogenic thromboembolus distribution

In Fig 4, we present the cardiogenic thrombembolus distribution to each cerebral hemisphere
relative to each severity combination, for the 18 bilateral stenosis, non-CCO cases. The indi-
vidual models are labeled using the same scheme as in Fig 3. The cardiogenic distribution was
acquired to illustrate how the thromboembolus trajectory and their source-to-destination
propensities could get modified based on the severity of the stenosis. Thromboemboli trav-
eling from the aortic root will be recruited into either the subclavian artery or the left/right
common carotid artery and distribute into each hemisphere through the supplying cerebral
arteries in the CoW. The resulting cardiogenic embolus distribution can help illuminate pref-
erential pathways in the presence of varying stenosis degrees for both the right and left carotid
arteries that can, in turn, reveal non-intuitive pathways which potentially contribute to ESUS
diagnosis. Our experiments reveal a rather consistent distribution of emboli across all mod-
els averaging 55% and 45% for the left and right hemispheres respectively (standard deviation
of 4.78%, coefficient of variation for left = 0.087, for right = 0.106). These observations indicate
that stenosis severity may not potentially have a strong influence on distribution of cardio-
genic thromboemboli across both hemispheres. This itself is counter-intuitive, as specifi-

cally for the high severity cases, it may seem expected that hemisphere ipsilateral to the high
severity stenosis will not be a preferred cardiogenic embolus distribution. These observations
therefore indicate the potential role of compensation from other vessels feeding the CoW, and
the overall network anastomosis of CoW, by which cardiogenic thromboemboli are able to
distribute into the hemisphere with a severely stenosed carotid artery. This is further explored
next in Sect 3.4 by comparing computed volumetric flow rates feeding into the cervical ves-
sels that supply the CoW. Fig 5 illustrates the total embolus distribution from cardiogenic
sources as they traverse the left and right carotid vessels, indicating clearly that cardiogenic
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Fig 4. Percentage distribution of cardiogenic emboli to each CoW hemisphere. The y-axis labels each model with their

respective left and right carotid stenosis degree (i.e. 10L50R indicates the model with a 10% left carotid stenosis and a 50%
right carotid stenosis).
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Proportion of Embolus Distributing to the Common Carotid Arteries (CCAs)
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Fig 5. Distribution of cardiogenic embolus into the left and right common carotid arteries (CCAs). The y-axis denotes
the bilateral stenosis degrees with the x-axis providing the percentage of embolus distributing into both of the CCAs.
Embolus have a preference of traveling into the right CCA versus the left.

https://doi.org/10.1371/journal.pcbi.1013269.9005

thromboemboli have a marked propensity to travel along the right carotid pathways. This
right side preference is commonly understood from an anatomical standpoint (right cervical
vessels branch out from the aortic arch first, followed by the left cervical vessels), and has been
observed across several prior studies [23,32], thereby adding an indirect validation point for
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our simulated dataset. Supporting information in S1 Text presents additional visualization
showing total cardiogenic distributions to all outlet vessels, in which no general regional
preference is noted with slight variation for high stenosis degree.

3.3. Thromboembolus distribution in contralateral carotid occlusion cases

We further present thromboembolus transport and distribution in the 12 CCO models con-
sidered in our study. For this, we considered emboli releases from the carotid artery site that
was not fully-occluded, and from aortic inlet (that is, cardiogenic). Fig 6 illustrates the propor-
tion of carotid thromboemboli with contralateral trans-hemispheric distribution relative to
the carotid release site for the 12 CCO models. The observations indicate a similar continu-
ing trend compared to that observed in the results presented in Sect 3.1, wherein increasing
stenosis severity on one side permits increased contralateral movement for emboli released
on the other side. The proportions indicated are for emboli reaching the hemisphere ipsilat-
eral to the fully occluded carotid. The completely occluded cases allowed for a high propor-
tion of emboli traveling contralaterally from the non-occluded carotid side with an average of
10.8% of contralateral emboli which is higher than all of the non-CCO simulation results pre-
sented earlier (two-sample, Mann-Whitney U test between CCO cases and non-fully occluded
cases: p-value <0.05). Furthermore, generally contralateral movement of carotid emboli in

the simulated results are greater for 100% occluded left carotid compared to the right, indi-
cating potential right vs left asymmetries as noted in Sect 3.1. Furthermore, we also simu-
lated cardiogenic thromboembolus and distribution for the 12 CCO cases, and the resulting
distributions are presented in Fig 7. Cardiogenic thromboembolus distribution showed lesser
variations in left vs right hemisphere distribution when compared against carotid emboli,
especially for the fully occluded right carotid cases. The fully occluded left carotid models saw
an average of 57.4% of emboli going to the right hemisphere and 42.6% going to the left (stan-
dard deviation of 7.95%, coefficient of variation for right and left = 0.14 and 0.19 respectively)
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Fig 6. Proportion of emboli that distributed contralaterally within the models with a fully-occluded carotid artery
(contralateral carotid occlusion or CCO cases). The x-axis indicated the stenosis severity of non-fully-occluded carotid
with each bar designating a fully occluded left or right carotid.

https://doi.org/10.1371/journal.pcbi.1013269.9006
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Fig 7. The proportion of cardiogenic emboli that travel to each cerebral hemisphere arteries of the models with a fully-occluded carotid (CCO cases). Panel a.
(left) shows the hemispheric-embolus distribution for models with a full-occluded left carotid, and panel b. (right) shows the same for models with a fully-occluded
right carotid. The y-axis indicates the stenosis severity of the contralateral carotid artery (which is not fully occluded).

https://doi.org/10.1371/journal.pcbhi.1013269.9007

while the fully occluded right carotid models experienced an average 52.1% distributing to
the left hemisphere and 47.9% distributing to the right (standard deviation of 3.04%, coeffi-
cient of variation for right and left = 0.063 and 0.058 respectively). Thus, while it was favorable
for emboli to distribute to the hemisphere fed by a non-occluded CCA, the variability in the
split of left and right hemisphere thromboembolus distributions remained low regardless of
the stenosis severity of the non-occluded carotid. These observations again indicate poten-
tial role of flow pathways where the non-occluded cervical vessels (e.g. left carotids and basi-
lar arteries, for fully occluded right carotids) feeding the CoW can recruit emboli towards the
brain, leading to non-intuitive cardiogenic embolus transport patterns. S4 Movie presents a
supporting animation illustrating the differing transport mechanics of the embolus dependent
on the degree of partially-occluded carotid. The depiction presents both release locations of
the aortic root and the non-fully occluded carotid.

3.4. Flow distribution in vessels feeding the circle of Willis

We further explore the network effect of the vessel anastomosis connecting the cervical ves-
sels to the CoW, by analyzing estimated flow rates in the cerebrovascular network for all the
30 models. For all analyses presented here, flow rates were estimated by integrating the sim-
ulated blood flow velocity over a cross-sectional slice of the specific artery at each simulated
time step. The total average flow rate was then computed by integrating the flow rates in time
over one full cardiac cycle. Fig 8 illustrates the average volumetric flow rate through the cer-
vical vessels feeding the Circle of Willis (CoW) (basilar artery, the left internal carotid artery,
and the right internal carotid artery), computed for the 18 non-CCO models with patent bilat-
eral stenosis as proportions of total cerebral blood flow (tCBF). Likewise, Fig 9 presents the
estimated flow rates at the basilar, and left and right carotid arteries for the 12 CCO cases,
computed as proportions of total cerebral blood flow (tCBF). The computed hemodynam-
ics as illustrated in Fig 8 for the 0% left stenosis and 0% right stenosis (i.e. OLOR) case, agree
well with reported cohort averaged blood flow distributions obtained from magnetic res-
onance imaging (MRI) scans in prior work [33]. Specifically, in prior measurements, the
reported RICA, LICA, and BA, flow rates are: 365+4%, 364%, and 29%10% of the tCBF [33].
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Fig 8. Percentage distribution of volumetric flow rate through each of the vessels feeding the Circle of Willis: the left
internal carotid (LICA), right internal carotid (RICA), and basilar artery (BA). These distributions are illustrated across
all combinations of mild and moderate/severe stenosis degrees where the basilar artery and less severely stenosed carotid
artery compensate for flow as the carotid with moderate/severe stenosis increases in degree. Note that for the baseline
no-stenosis model (OLOR), computed flow-rates into the LICA, RICA, and BA are: 39%, 37%, and 24% respectively, which
agrees well with averaged MRI measurements reported in prior works [33].
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Fig 9. Percentage distribution of volumetric flow rate through each of the three vessels feeding the Circle of Willis for the cases with fully-occluded carotid
artery. Panel a. shows the distribution in terms of total Cerebral Blood Flow (tCBF) for models with a fully-occluded right carotid and panel b. shows the same
for models with a fully-occluded left carotid. The y-axis indicates the stenosis severity of the contralateral carotid artery (which is not fully occluded).

https://doi.org/10.1371/journal.pcbi.1013269.9009

Flow rates obtained from our simulations show RICA, LICA, and BA flow rates of 39%, 37%,
and 24% (shown in Fig 8) which agree well with the MRI measured flow distribution. Further-
more, Fig 10 show the final flow distributions across all outlet vessels of the cerebrovascular
network. and we observe that the flow distributions to the cerebral outlets (as well as others)
remains consistent regardless of stenosis severity within the carotid arteries. This corroborates
with our specification of controlled or fixed outflow boundary conditions across all models,
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Fig 10. Average volumetric flow rates to the outlet vessels of each model as a proportion of the total flow rate or cardiac
output introduced at the aortic root. The MCAs, ACAs, and PCAs, are the middle cerebral arteries, anterior cerebral
arteries, and posterior cerebral arteries respectively. The flow rates shown here are representative of sum of the average
volumetric flow rate for both the right and left vessels for the ACAs, MCA, PCAs, subclavians, and external carotids.

https://doi.org/10.1371/journal.pcbi.1013269.q010

and enables some insights on potential variations in flow routing across the vascular network
with carotid stenosis. In particular, despite consistent outflow rates, the flow rate variations
with varying stenosis severity at the cervical vessels, indicate that owing to the network nature
of the vascular anastomosis leading into the CoW, the three cervical vessels feeding the CoW
can be engaged differently for varying stenosis severities to retain consistent volumetric flow
into the brain. This provides one mechanism of non-intuitive distribution of emboli. Specif-
ically, increasing right carotid flow for severely stenosed left carotids will lead more emboli
from the right carotid site to reach the CoW, increasing the likelihood of their contralateral
movement. This is despite there being a faster jet flow at the severe stenosis site that locally
increases the speed of any emboli released at the severe stenosis carotid site. An animation

of differing jet flow within the stenosis region dependent on the contralateral carotid occlu-
sion is included in the S5 Movie presents a supporting animation illustrating how the network
hemodynamic effects result in bilateral flow changes. Additionally, flow compensations within
the basilar artery and the mildly stenosed carotid, to preserve cerebral perfusion, can pose

as an alternate pathway of cardiogenic thromboemboli into the hemisphere ipsilateral to the
severely stenosed carotid. Together, these observations indicate flow distribution and recruit-
ment as a mechanism of consistent hemisphere distribution for cardiogenic emboli regardless
of stenosis severity.

3.5. Circle of Willis proximal collateral flow routing for varying stenosis

In addition to varying extent of flow routing through the cervical vessels feeding the CoW,
the communicating arteries in the CoW anastomosis can also recruit flow through them
differently based on stenosis severity, so as to retain cerebral blood flow distribution. We
investigated this proximal collateral flow routing patterns in the CoW communicating artery
segments (compared to distal collateral circulation through smaller leptomeningeal vessels), by
computing flow rate from simulation data at various locations along the CoW using cross-
sectional integration of velocity, and time-averaging over a cardiac cycle (as described in
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Sect 3.4). Fig 11 depicts these averaged volumetric flow rates, and the direction of the average
flow, through the communicating artery segments in the CoW, for mild right carotid stenosis
paired with moderate/severe left carotid stenosis. Fig 12 depicts the same for mild left carotid
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Fig 11. A mapping of the average volumetric flow rate (mL/min) through each communicating artery across all simulated models that have a mild right carotid
stenosis and a moderate/severe left carotid stenosis. Each diagram presents the flow rate magnitude and direction for the specific stenosis model pairing, indicating
differential flow recruitment and routing of flow across the communicating vessels of the Circle of Willis.

https://doi.org/10.1371/journal.pcbi.1013269.g011
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stenosis and a moderate/severe right carotid stenosis. Each diagram presents the flow rate magnitude and direction for the specific stenosis model pairing,
indicating differential flow recruitment and routing of flow across the communicating vessels of the Circle of Willis.
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55.03 | 144.9

stenosis paired with moderate/severe left carotid stenosis. An animation of the differential
flow recruitment through the CoW for varying stenosis combinations is presented in sup-
porting animation shown in S6 Movie. Additionally, for the 12 CCO cases, the corresponding
CoW communicating artery segment flow maps are presented in Figs 13 and 14. Differential
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Fig 13. Average volumetric flow rates (mL/min) for each of the communicating segments in the Circle of Willis
within the models including a fully-occluded left carotid (CCO) paired with a right carotid with the respective
mild and moderate/severe stenosis degree.
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Fig 14. Average volumetric flow rates (mL/min) for each of the communicating segments in the CoW within the
models including a fully-occluded right carotid (CCO) paired with a left carotid with the respective mild and
moderate/severe stenosis degree.
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flow recruitment and changes in flow routing patterns based on stenosis severity is clearly
observed across all of these illustrated flow data. The null hypothesis that communicating
artery flows are same as those in the case of flow without any stenosis present was rejected
with a p-value <0.01 (using a one-sample Wilcoxon t-test). Specifically, for instance, observing
the cases with moderate left carotid stenosis paired with severe right carotid stenosis, the ante-
rior communicating artery (AcoA) switches direction, and AcoA flow increases towards the
right with increasing right carotid stenosis severity. This trend is conversely true for cases with
moderate right carotid stenosis paired with severe left carotid stenosis. Furthermore, for all
CCO cases, the AcoA flow stays oriented towards the hemisphere ipsilateral to the occluded
carotid. As another instance, we observe that with increasing flow recruitment through the
basilar artery, the flow routed through the right P1 communicator (RPI) segment increases
steadily with extent of right carotid stenosis severity (and likewise for flow through the left P1
communicator for increasing left carotid stenosis severity). This is also noted in the CCO cases,
where with increasing severity of the left/right carotid stenosis, in presence of fully occluded
right/left carotids, flow through the basilar artery into the LP1/RP1 segments increase. Indi-
cating the inherent right-left asymmetry, we also note that flow through the right posterior
communicator segment (R.Comm) switches direction for the two most severe right carotid
stenosis models to compensate for RMCA and RACA flow while right carotid supply into the
CoW is significantly reduced. Together, these results potentially illustrate pathways through
the proximal collateral circulation at the CoW that can promote non-intuitive thromboembo-
lus transport respective to the stenosis location and severity.

4. Discussion

4.1. Mechanisms of non-intuitive embolus transport from carotid arteries

Our investigation comprised a set of parametric simulations inquiring how thromboembolus
transport is influenced by varying combinations of stenosis severities to specifically illuminate
how stenosis degree may contribute to elusive or non-intuitive stroke etiologies through the
mechanism of contralateral or trans-hemispheric embolus movement. Fundamentally, vascu-
lar pathways feeding into the brain comprise a complex network. Flow can be routed through
varying, often redundant, pathways to the major cerebral artery territories, in the event of a
pathological disruption to flow in one or more vessels in the network. This manifests in dif-
ferential flow recruitment in the cervical vessels, and proximal flow routing in the commu-
nicating vessels of the CoW. While the role of CoW vessels in promoting proximal collateral
flow routing for acute ischemic stroke has been discussed in several works [34-37]; the
explicit role of CoW vessels in routing emboli in the brain, and driving ambiguity in
source-destination relationship has been sparingly investigated. In a series of prior works,

we have generated some of the first evidences on how embolus interaction with these vary-
ing hemodynamic pathways ultimately determines embolus fate [18,20]. Here, we further
expand upon this observation, and substantiate the role that proximal collateral flow routing
may play in underlying non-intuitive embolus distribution in the brain from carotid artery
sites.

For trans-hemispheric contralateral embolus distribution, a common pattern seen in our
simulation data was that the majority of contralateral embolus movement occurred from the
mildly stenosed carotid source to the hemisphere with the respective severe stenosis degree
(two-sample, Mann-Whitney U test between contralateral movement from the severe carotid
release and the mild carotid release: p-value <0.01). This pattern can be interpreted based on
the altering proximal collateral flow routes in the CoW that are dependent on the bilateral
pairing of stenosis severities. Based on observations presented in Sects 3.1, 3.3, 3.5, there are
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three major flow alterations seen for increasing severity of the more severely stenosed carotid
(that is, I0L50R, 10L70R, 10L85R), where the AcoA and posterior communicators play a

key role (as noted in Sect 3.5). First, the AcoA flow directs from the CoW hemisphere fed by
a mild ipsilateral stenosed carotid to the contralateral severe carotid as the severe stenosis

increases in degree. The AcoA flow rate also increases as the severity of the moderate/severe
carotid stenosis degree increases. These two factors raise the potential of the AcoA recruiting
emboli and enabling trans-hemispheric contralateral movement from the relative mild carotid
hemisphere to the severe carotid hemisphere due to the favorable AcoA flow rate and flow
direction. Second, the flow rates in the internal carotid artery feeding into the CoW increase
in the hemisphere on the mild carotid stenosis side, and decrease in the hemisphere on the
severe carotid stenosis side, allowing for more emboli to be recruited into the anterior region
thus raising the probability of emboli being pulled into the AcoA. Third, as the stenosis sever-
ity increases, flow in the P1 communicating artery on the hemisphere ipsilateral to the mildly
stenosed site increases and directs towards the anterior region. This is due to flow compen-
sation from the basilar artery for the severely stenosed region. The basilar artery carries flow
into the posterior region of the CoW, thereby creating an overall increase of blood flow within
the P1 and communicating arteries in that respective hemisphere.

The CCO cases with fully occluded carotid arteries follow a similar pattern, with observ-
ably more pronounced contralateral or trans-hemispheric flow and embolus routing. The
AcoA notably plays a role here too in enabling thromboembolus movement from the
hemisphere on the partially occluded carotid side to that on the fully occluded carotid side.
Similar to non-CCO cases, flow routes through the cervical vessels to the side that has the
severe or complete stenosis to compensate for the lack of flow, enabling the propensity of
trans-hemispheric movement. Extrapolating purely based on non-CCO cases, we would
expect then that complete carotid occlusions would increase the extent of contralateral sever-
ity, as more flow enters the CoW from the vertebrobasilar vessels, and the carotid that is not
fully stenosed, which is also in accordance with observations presented in Sect 3.3. We note
that although individual patient vascular anatomical features such as vessel diameters would
play a heavy role in the distribution of embolus as also illustrated in our prior works [18,20],
the results here indicate that hemodynamic changes such as differential flow-routing at the
network-level induced by the presence of stenosis play an influential role in embolus transport
to the cerebral arteries, in addition to individual anatomical variations.

4.2. Effects of the hemodynamic network flow compensation on
cardiogenic embolus distribution

We also investigated cardiogenic emboli distributions to the CoW for varying stenosis sever-
ity to gain insights on source-destination propensities for cardiac vs carotid sources of throm-
boemboli. As the severity of carotid stenosis increases on one side (say, left), the less stenosed
carotid on the other side (say, right) and the basilar arteries compensate for flow to maintain
cerebral perfusion. As stenosis severity on the other side vary, resistance to flow through the
stenosis overpowers, shifting the compensation balance further towards basilar artery flows
alone. Consequently, again, a network based flow compensation effect, leads to observations
on rather consistent cardiogenic embolus distributions across stenosis values in the non-
CCO cases at an average of 55% and 45% to the left and right hemispheres respectively for the
partially occluded non-CCO cases. This was also observed for the CCO models whereas there
was a consistent distribution for both the left and right occlusion across the varying severities
as seen in Fig 7.
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These observations on contralateral thromboembolus distribution are mechanistically
informed by the mildly stenosed carotid and the basilar artery recruiting more flow, and
more emboli, towards the CoW, and subsequent trans-hemispheric transport of these emboli
based on CoW proximal routing noted above pushing a fraction of these emboli into the
hemisphere associated with the more severely stenosed carotid. Fig 15 presents a conceptual
schematic summarizing these two effects, discussed extensively thus far, originating from two
specific flow recruitment patterns in the cerebrovascular network: differential recruitment of
flow at the cervical vessels, and proximal collateral flow routing at the CoW. This summary
schematically illustrates a case of severe right carotid stenosis experiencing contralateral
movement of carotid emboli, and non-intuitive transport of cardiogenic emboli, to the right
hemisphere. S6 Movie provides a supporting animation visually representing these effects
occurring in the CoW. From this perspective, for cardiogenic emboli with varying degrees
of stenosis, we observe limited distinct preference in laterality of distribution for the sim-
ulations considered. Consequently, for a stroke patient with indicated carotid disease and
suspected cardioembolic source, these results indicate that in the absence of quantitative
source-destination transport patterns, disambiguating between cardiogenic and carotid eti-
ologies would be challenging, which is commonly observed in ESUS cases.

Our results specifically illustrate how the proximal collateral flow of the CoW influences
distribution of embolus to the cerebral arteries. These additional results presented here help
to illuminate how emboli are transported into both of the common carotid arteries but do not
directly reflect the distribution of embolus into either hemisphere of the CoW. It is commonly
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Fig 15. A schematic concept sketch that aims to summarize the observations on contralateral embolus source-to-destination transport based on potential hemo-
dynamic interactions due to differential flow recruitment through the basilar artery and less stenosed carotid artery, and due to proximal collateral flow routing
at the Circle of Willis.

https://doi.org/10.1371/journal.pcbi.1013269.g015
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understood that the right common carotid artery has a higher susceptibility of recruiting
cardiogenic embolus that is reflected in our results shown here in Fig 5. Although there is a
preferential transport to the right common carotid, this is not reflected at the level of cerebral
distribution as there is a 55% and 45% average of cardiogenic embolus to the left and right
CoW hemisphere respectively for the partially-occluded models (Fig 4). This helps to high-
light the importance of the proximal collateral flow and the basilar flow compensation in the
presence of varying stenosis as the laterality of embolus uptake at the common carotid arter-
ies does not fully dictate the hemisphere distribution at the cerebral arteries. Additionally,
Fig 5 acts a validation effort of our embolic transport framework in that cardioembolus have a
preferential pathway into the right common carotid as observed in prior clinical studies [32].

4.3. Clinical relevance

The findings from this study provide critical insights on embolus-hemodynamics interac-
tions, and embolus source-destination relationship, in the context of deciphering etiology and
intervention targets in potential embolic events with carotid stenosis. As per current
standard-of-care, carotid intervention is indicated when stenosis severity is greater than 70%
in the ipsilateral carotid along with the correlating symptoms (symptomatic) [7]. Yet, there

is substantial evidence that stenosis severity is not the only determinant for stroke risks,

and less severe stenosis sites can lead to stroke or embolic events [38,39]. Findings from our
study indicate potential mechanisms driving an increased risk of embolus transport from a
mildly stenosed contralateral carotid in the presence of severe ipsilateral carotid disease. This
provides the basis for scenarios where carotid interventions could be indicated for the con-
tralateral carotid to prevent stroke recurrence. Furthermore, in the presence of an ipsilateral
carotid occlusion (both partial and complete), we show small but significant levels of trans-
hemispheric embolus transport from the contralateral carotid. This finding could support
consideration of intervention on the contralateral carotid for secondary stroke prevention

in patients with chronic carotid occlusions. Our completed simulations show that up to 14%
of embolization from the carotids can lead to contralateral embolic events that may keep a
carotid that is symptomatic or actively embolizing from being properly identified. Through
our findings, non-intuitive trans-hemispheric contralateral embolus distribution is shown to
have the potential to pose a prominent risk, and further risk stratification may be beneficial
in deducing treatment for patients that are experiencing symptomatic carotid stenosis with

a corresponding stroke. Furthermore, often carotid stenosis may co-exist with cardiac fac-
tors leading to embolisms, causing the co-occurrence of more than one likely sources which
makes disambiguating stroke etiology a challenge. This is the hallmark of ESUS cases, and
findings from our study shows that detailed understanding of embolus source-to-destination
distribution can help address this underlying challenge, explaining non-intuitive embolus
distribution pathways. Understanding how a stenosis site can contribute to an embolic event
in the brain, especially in presence of another major co-occurring embolism source like the
heart, is therefore of high clinical importance. Yet, such quantitative information on embolus
source-to-destination transport remains currently impossible to obtain using standard-of-care
imaging techniques or animal models, thereby making the computational findings reported
here notably significant.

4.4. Assumptions and limitations

This study was based on a few key assumptions. The underlying computational model relies
on several assumptions to make high resolution simulations such as the ones presented here
tractable, which have been discussed at length in our prior works [18,20]. We assume that
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blood flow influences the emboli, but the emboli themselves do not significantly alter the flow.
Each embolus is modeled independently, and does not interact with other emboli, and embo-
lus sizes are small relative to the size of the arteries modeled; making it reasonable to assume
one-way interaction of blood flow and embolus. For heart-to-brain cerebrovascular models,
this assumption can be further improved upon, when considering larger emboli traversing
through the cerebral arteries, where the differences between embolus size and vessel diam-
eter may be smaller. Additionally, small embolus sizes avoid numerical issues with clogging
the stenosis region, as we assumed a rigid particle and squeezing deformations are not pos-
sible within our simulation scope. Second, we considered only a single embolus size in our
study. This a meaningful simplification because we have extensively demonstrated how size-
dependent embolus-hemodynamics interactions manifests in embolus source-to-destination
distribution in a number of prior works [18,20,23,27]. Hence, controlling the simulations

to one embolus size enabled us to focus the computational efforts on stenosis severity and
network flow routing effects which have received less attention in prior efforts. Our goal also
was to unravel source to destination movement of emboli, and not to incorporate the propen-
sity of embolus to form at a stenosis site. While stenosis severity and plaque size is one factor
determining embolism risks, the fundamental variable governing embolic events is plaque
vulnerability. Identifying a vulnerable plaque comes with some nuance where some larger
plaques can be calcified and have less of an embolization threat than one that is more of a
mild-moderate stenosis degree [40,41]. Developing plaque rupture and embolization mod-
els, and combining them with a embolus transport study as presented here, is a substantially
expensive computational effort that was beyond the scope of this study. Furthermore, this
focused analysis enables us to understand the source-to-destination transport patterns for
small emboli which plays a critical role in a range of complications such as microstrokes,
lacunar and watershed infarcts, and cerebral small vessel disease, for which embolus etiology
is often harder to disambiguate. Likewise, we used one base patient anatomy that was modi-
fied across multiple stenosis severities which allows for controlled anatomy within the simu-
lations. Here, we did not consider anatomical variations across multiple patient vasculature
models. Our focus here was on the hemodynamics mechanisms that underlie non-intuitive
embolus distribution, such as flow compensation through less stenosed arteries and proximal
collateral flow redistribution in the presence of carotid stenosis. These mechanisms would be
at play irrespective of specific patient anatomical variations. A direct extension of this in silico
analysis developed here would be to directly recreate stenosis geometries and inform potential
release sites for a larger cohort of patients from images, and estimate thromboembolus distri-
bution probabilities. Third, we have not accounted for specific cerebrovascular circulation fea-
tures such as cerebral autoregulation and distal collateral flow for our study. This is primarily
to capture general parametric trends with stenosis severity while maintaining the overall com-
putational costs low. Integration of robust yet computationally efficient models for such pro-
cesses within the in silico framework presented here remains an active area of investigation.
Additionally, changes in distal vascular resistance values due to the presence of stenosis were
not accounted for within our framework as we wanted to consider the hemodynamic changes
within the network assuming regular perfusion to the arterial beds. Furthermore, empirical
resistance values for our parametric framework are not readily available without clinical or
benchtop studies that can integrated with in silico experimentation, which is a substantially
complex endeavor. Fourth, we considered the stenosis region to occlude the same percent-
age of cross-sectional diameter and no remodeling to occur after embolization. We are less
concerned with embolization and more so embolic transport where we assume the stenosis
region is displaying levels of continuous shedding of smaller particle that can cause down-
stream, cerebral occlusions versus full breakage in which occlusion degree remains constant.
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Finally, our model focused on distribution trends for thromboemboli only. While stenosis
sites can cause thrombogenesis and subsequent thromboembolization, ruptured plaques can
often release cholesterol atheroemboli. Our analysis presented here can be directly extended
to study cholesterol atheroemboli and atheroembolic showers in future investigations.

5. Concluding remarks

We have presented an i silico investigation on how varying degrees of bilateral carotid steno-
sis can induce non-intuitive embolus transport within the cerebral arteries that can ultimately
pose challenges with disambiguating etiology and confusing treatment or intervention deci-
sions. A total of 78 simulations were completed with 18 models of varying bilateral moder-
ate/severe stenosis degrees and 12 models with contralateral carotid occlusion cases (CCO)
with pairing of differing stenosed carotids on the non-occluded side. Contralateral embo-

lus movement is the primary mechanism of non-intuitive transport within our simulations
and all cases experienced a non-zero contralateral source-to-destination transport of throm-
boemboli. Models paired with the most severe partial occlusion degree (85%) were found

to manifest the highest likelihood of contralateral thromboembolus movement, with fully-
occluded CCO cases having on average a higher probability of contralateral movement than
non-CCO cases. Cardiogenic thromboemboli did not exhibit a distinct hemisphere preference
among all models, with there being consistent distributions to each side of the models regard-
less of stenosis degree due to flow compensation of the basilar artery and the less stenosed
carotid artery. This was consistent for both non-CCO and CCO cases. Ultimately, these find-
ings illustrate the capability of non-intuitive embolus travel from cardiogenic and contralat-
eral carotid sources such that carotid embolus can seemingly source from the opposite side

of severely stenosed carotid site, while cardiogenic emoblus can move to either carotid artery.
We demonstrate the potential underlying hemodynamics based mechanism for this contralat-
eral movement, comprising differential flow routing in the cervical vessels feeding the CoW,
and proximal collateral flow routing across the communicating artery segments of the CoW.
With procedures such as CEA having a dependence on occlusion location, these findings

can be beneficial for optimizing both treatment efficiency and efficacy in reducing recurrent
events.
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information, data, and detailed description of videos/animations provided with the
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emboli originating from left/right carotid stenosis and cardiogenic sources, for one of the
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rial network of the Circle of Willis for a 40% right carotid stenosis and 85% left carotid
stenosis combination.

(MP4)

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013269 September 8, 2025 24/ 27



https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013269.s001
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013269.s002
https://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013269.s003
https://doi.org/10.1371/journal.pcbi.1013269

PLOS COMPUTATIONAL BIOLOGY Thromboembolus transport in presence of carotid stenosis

$3 Movie. Animation/Movie: showing contralateral embolus movement across the arterial
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S$4 Movie. Animation/Movie: showing the transport mechanics of emboli from cardio-
genic sources compared against emboli from carotid stenosis sites, for CCO cases.
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$6 Movie. Animation/Movie: showing proximal collateral circulation variations with
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