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Embolus Analog Trajectory
Paths Under Physiological
Flowrates Through
Patient-Specific Aortic
Arch Models
Atrial fibrillation (AF) is the most common irregular heartbeat among the world’s popu-
lation and is a major contributor to cardiogenic embolisms and acute ischemic stroke
(AIS). However, the role AF flow plays in the trajectory paths of cardiogenic emboli has
not been experimentally investigated. A physiological simulation system was designed to
analyze the trajectory patterns of bovine embolus analogs (EAs) (n¼ 720) through four
patient-specific models, under three flow conditions: steady flow, normal pulsatile flow,
and AF pulsatile flow. It was seen that EA trajectory paths were proportional to the per-
centage flowrate split of 25–31% along the branching vessels. Overall, AF flow condi-
tions increased trajectories through the left- (LCCA) and right (RCCA)-common carotid
artery by 25% with respect to normal pulsatile flow. There was no statistical difference in
the distribution of clot trajectories when the clot was released from the right, left, or ante-
rior positions. Significantly, more EAs traveled through the brachiocephalic trunk (BCT)
than through the LCCA or the left subclavian. Yet of the EAs that traveled through the
common carotid arteries, there was a greater affiliation toward the LCCA compared to
the RCCA (p< 0.05). [DOI: 10.1115/1.4043832]

Keywords: atrial fibrillation, acute ischemic stroke, physiological simulation, cardio-
genic emboli, aortic arch

1 Introduction

Acute ischemic stroke (AIS) results from the sudden occlusion
of a major cerebral artery [1]. Cardiogenic embolisms account for
approximately 15% of AIS cases worldwide [2,3]. When a cardiac
source embolus enters the cardiovascular system, it first must
travel along the ascending aorta and may travel along the aortic
arch and down the descending aorta or it may travel through the
various vessels branching off the aortic arch (Fig. 1(a)). If the
embolus enters the carotid arteries, it can become lodged within
the smaller vessels of the cerebral vasculature, thus causing a
stroke.

Atrial fibrillation (AF) is the most significant contributor to
thrombus formation within the heart and is responsible for 45% of
all cardio-embolic strokes [4]. During AF, blood pools in the left
atrium resulting in clot formation within the heart. Approximately

90% of thrombi formed by AF are caused by the presence of a left
atrial appendage [5,6]. This risk increases with age, where AF is
the direct cause of 1 in 4 strokes in patients >80 yr old [7–9].

Blood clot trajectories have previously been modeled computa-
tionally [10–21] and experimentally [20–27]. Choi et al. [10]
numerically assessed the trajectories of rigid, spherical particles
within an idealized three-dimensional aortic arch model, compris-
ing three branching arteries under AF conditions. Chung et al.
[23] injected polyamide micro particles of 200, 500, and 1000 lm
into commercially available CoW models. Others have analyzed
trajectories through isolated bifurcations [22,27]. Fahy et al.
(2015) fabricated thrombus analogs of 3 mm diameter, from
crustacean hemolymph and tracked the clot trajectories within a
thin-walled circle of Willis (CoW) phantom and assessed the
hemodynamic effects and clot lodgment preferences. Clark et al.
[26] developed a steady flow in vitro benchtop model of cerebral
thromboembolism. To the best of the author’s knowledge, there is
currently no in vitro test system that experimentally releases
mammalian blood clot analogs, through patient-specific aortic
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arch cases, incorporating the branching vessels off the aortic arch
leading to the arms and cranial vasculature. This study experimen-
tally assessed the trajectory patterns of cardiogenic emboli under
various flow conditions along four AF patient-specific aortic arch
configurations. The hypothesis for this study is that EA trajecto-
ries along branching vessels are distributed proportionally to aor-
tic arch configurations, flow types, and along each branching
vessel. These tests will provide a unique insight into cardiogenic
emboli and the chances a clot traveling to the cerebral vasculature
will cause a stroke.

2 Materials and Methods

2.1 Aortic Arch Replication. Four aortic arch image data
sets in digital imaging and communications in medicine format
were obtained from the University Medical Center Hamburg-
Eppendorf (UKE), Germany. Three of these cases were AF
patients (models 1–3), who suffered a stroke (Table 1). Each
model contained the ascending and descending aorta, the brachio-
cephalic trunk (BCT), right common carotid artery (RCCA), left
common carotid artery (LCCA), and left and right subclavian
arteries and vertebral arteries (VAs). Table 1 displays the arch
geometry, type, branching variation, and vessel dimensions, as
well as patient age and occlusion location. The four arches dis-
played all three major aortic arch geometries as described by
Uflacker: Romanesque (n¼ 2, models 1 and 2, Fig. 1(a)), Crenel
(n¼ 1, model 3, Fig. 1(b)), and Gothic (n¼ 1, model 4, Fig. 1(c))
[28]. The Romanesque arch shape is the most common among the

global population (80%) and resembles a normal rounded aortic
arch compared to the less common Crenel and Gothic shapes
[28,29]. The aortic arch shape can also be described by the aortic
arch angle (�, Fig. 1(d)), defined as the angle between a line con-
necting the highest point of the aortic arch and the midluminar
point of the ascending and descending aorta [29,30]. Three types
of aortic arch patterns have been previously described, with type I
aortic arch the most common [31].

The commercially available, reconstruction software, MIMICS

(Materialise, Leuven, Belgium) was used to generate the three-
dimensional (3D) geometries from the two-dimensional medical
image data sets (Figs. 2(a), 2(c), 2(e), and 2(g)) by applying vari-
ous segmentation and smoothing methods as previously described
by Fahy et al. [24], generating rigid hollow models saved in
stereolithography format. Models 1, 2, and 4 all displayed a nor-
mal three-branch pattern off the aortic arch, while model 3 was a
two-branching pattern, comprising of a common origin of the
BCT and LCCA, with the left subclavian artery referred to as a
bovine arch. The selected stroke cases had a range of occlusion
types all occurring on the right side. These occlusions occurred
within the internal carotid artery (ICA) (n¼ 1) and M1 (n¼ 2).
The hollow models were 3D printed in Watershed stereolithogra-
phy material (LPE 3D printing, Belfast, UK). Figures 2(b), 2(d),
2(f), and 2(h) display the printed models 1–4, respectively, fixated
within the physiological simulation system.

2.2 Physiological Flow Replication. A blood mimicking
fluid mixture of glycerin and water in a ratio of 40:60 by weight

Fig. 1 (a) Schematic of a Romanesque aortic arch with branch labeling, (b) crenel aortic arch, (c) gothic aortic
arch, and (d) aortic arch angulation, as described by Ou et al
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with a viscosity of 3.7 mPa�s as tested in a viscometer (Brookfield
DV-IIþPro, Middleboro, MA) and a density of 1058.33 kg m�3 at
21.1 �C was pumped through the models in a closed-loop system
at room temperature. One steady and two pulsatile (normal and
AF) flow conditions were simulated. The steady flow circuit was
set up using a direct drive pump (RD-05HV24, Iwaki Direct Drive
Pump, Tokyo, Japan) generating a cardiac output of 5 Lmin-1. A
linear actuator (Aerotech, UK) controlled a piston pump, which
replicated the pulsatile waveforms. The replication of normal
ascending aorta blood flow was based upon previously published
data [32] (Fig. 3(a)). The cardiac output and pulse period of the
normal flowrate were reduced by 30 and 40%, respectively, to
recreate the AF flow conditions (Fig. 3(a)). A similar scaling fac-
tor was applied by Choi et al. [10] for their numerical analysis,
which was based on the clinical observations of normal sinus
rhythm and AF cardiac output conditions [33]. Figures 3(b) and
3(c) display the measured inlet flow rates for all cases. These
replicated flowrates showed good agreement with the flowrates.
These cardiac outputs were within the reported range [34]. Table
2 displays the average inlet and outlet flow rates measured using
an ultrasonic flow meters (25 PXL flowsensor, Transonic,
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Fig. 2 (a) and (b) Model 1, (c) and (d) model 2, (e) and (f) model
3, (g) and (h) model 4 (a, c, e, g: models created using mimics;
b, d, f, h: 3D printed aortic arches)
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Ithaca, NY). The same steady, normal, and AF waveforms were
prescribed to the four aortic arch models.

Values from the literature were used to set the outlet flowrates.
The flowrates along the right/left subclavian artery range from
360 6 0.6 ml min�1 to 800 ml min�1 [35,36]. Blood flow to the
brain can be up to 1000 ml min�1 [37] and Sato et al. reported
blood flow values for the left and right common carotid arteries
(363 6 18 ml min�1) and the vertebral arteries (90 6 12 ml min�1).
The percentage outlet flow rate through the descending aorta var-
ied from 69% to 75%, which is within the clinical range docu-
mented in literature [38,39].

Table 2 displays the average outlet flowrates measured for
each of the seven outlet vessels. A 16PXL Clamp-on flowsensor
(Transonic, Ithaca, NY) was utilized to measure and monitor the
outlet flowrates. The geometry of the model played a major role
in the splitting of the outlet flows. The flowrates were further con-
trolled by valves to restrict flow through the outlets in order to
maintain an average outlet flow rate representative of

physiological outlet flow rates reported in literature. The control
of the outlet flow split was extremely challenging to ensure each
of the four models experienced the same outlet conditions. The
outlet flow splits were balanced by trial and error and were contin-
uously monitored and measured using the clamp on flowmeter
before, during, and after each trajectory test to ensure each clot
was subjected to the same flow conditions.

2.3 Embolus Analog Fabrication. Bovine blood was
obtained from a local abattoir (Burkes, Gort, Galway, Ireland),
which is an a European Union approved abattoir supervised by
Galway County Council veterinary services. The blood was left to
stagnate and coagulate (Fig. 4(a)). A previous study examined the
mechanical properties of the bovine embolus analogs [40].
Briefly, the compression tests were executed by a 50 mm diameter
plunger using an Instron 5544 (Instron 5500 series, Norwood,
MA) on clots of height ranging from 15 to 20 mm and diameters

Fig. 3 (a) Normal and AF pulsatile flowrate profiles, (b) healthy measured flow, and (c) AF measured flow

Table 2 Average flow rates along each vessel for the four aortic arch models under three different flow conditions: steady, normal,
and AF

Artery Average steady flow (ml min�1) Average normal flow (ml min�1) Average AF flow (ml min�1)

Ascending aorta 5450 6 173.21 7150 6 57.74 4925 6 192.03
Right subclavian 350 6 57.74 550 6 50.00 395 6 8.66
RCCA 350 6 57.74 375 6 43.30 295 6 8.66
BCT 700 6 81.65 925 6 43.30 700 6 0.00
LCCA 350 6 57.74 375 6 43.30 288 6 21.65
VAs 72.5 6 22.17 95 6 8.66 85 6 8.66
Left subclavian 400 6 81.65 550 6 50.00 375 6 43.30
Descending aorta 3900 6 57.74 5225 6 82.92 3450 6 165.83

101007-4 / Vol. 141, OCTOBER 2019 Transactions of the ASME



of 30 mm at a rate of 0.25 mm/s. The embolus analogs displayed a
compressive Young’s modulus varying from 1.53 to 16.6 kPa for
a percentage strain range of 5–40% (Fig. 4(b)), which was similar
to other compressive studies found for human retrieved emboli
[41]. The EAs fabricated for injection had an average diameter of
3.64 6 0.76 mm and a length of 6.39 6 1.81 mm as measured by
an electronic digital caliper (Maplin, England) with an accuracy
of 0.01 mm. These dimensions were similar to other EA sizes
reported in literature [6,42].

A bespoke, flexible silicone connector was designed (Fig. 4(c))
and fabricated (Fig. 4(d)) for clot injection at the beginning of
each cardiac cycle. Three inlet parts were positioned for injecting
clots along the left, right, and anterior positions (Fig. 4(c)). The
EA was placed within a tube and connected to the left, right, or
anterior inlet. A syringe of the water–glycerin mixture was then
inserted into the open end of the connecting tube and the fluid was
injected to move the clot further into the connecting arm between
two marker points. The valve was then closed and the clot
remained stationary in the connector arm. Once the linear actuator
was activated to start the cardiac cycle, clot entered into the arch.

2.4 Test Set Up. Figure 5(a) displays a schematic of the test
setup and Fig. 5(b) shows a photograph of the physiological
simulation system. The system comprised of a linear actuator that
moved a piston pump connected with two check valves. One valve
permitted fluid from a reservoir to enter the pump’s cavity during
the suction phase, while the other valve propelled the fluid during
the ejection phase. The drive and control of the linear motor was
provided by the Soloist CP30 controller (Aerotech, UK), con-
nected to the computer through a serial port connection.

Twenty EAs were injected into the connector inlet at the three
different entrance locations resulting in 60 EAs being injected
into each of the four models. These 60 tests were repeated under
three different flow conditions, resulting in a total of 720
clots released during testing. Two cameras (50 Hz frame rate,
12 MPixels) were used to monitor EA trajectories. Between

embolus preparation, test setup, running of the test, and data
acquisition, one trajectory test took approximately 5–10 min to
complete successfully. After each release of an embolus, the ves-
sel in which it traveled through was noted and recorded using the
camera located above the aortic arch model. The camera above
the aortic arch model recorded the trajectory.

The v2 test was used to test the hypotheses whether EA trajecto-
ries are distributed proportionally to aortic arch geometry, flow-
rate type, and through each branching vessel. In all cases, the
experimental data were compared to the null hypothesis (uniform
distribution of EAs) using a simple v2 goodness-of-fit test within
MINItab 17.0 (Minitab, Inc., State College, PA).

3 Results

Table 3 displays the number of EAs traveling along the outlet
for the four aortic arch cases under steady, normal, and AF flow
conditions with corresponding clot entry location. Under steady
flow, model 1 (Romanesque) displayed the most trajectories
toward the head, through the LCCA and RCCA (10 clots), com-
pared to models 2, 3, and 4. Model 1 had the least number of EA
trajectories through the left and right subclavian arteries (2 EAs)
compared to model 2 (6 EAs), and models 3 and 4 (7 EAs each).
Model 3 (Crenel, 2 branch variation) was the only model in this
study in which an EA traveled through the vertebral arteries
(Fig. 5: steady flow, anterior). The steady flow results were used
to discern the impact of pulsatile flow. There was an increase in
clot trajectories through the branching vessels under healthy flow
(70 clots) and AF flow (82 clots) when compared to steady flow
(64). In terms of the clots that traveled through the common
carotid artery (CCA) vessels, steady and AF flow displayed simi-
lar CCA trajectory counts for models 1–3.

Under normal pulsatile flow conditions, model 4 (Gothic) dis-
played the most clot trajectories through the LCCA and RCCA
(11 clots). Model 1 (Romanesque) and model 3 (Crenel) both
experienced a decrease in the number of clots through the CCAs
under normal pulsatile flow when compared to steady flow.

Fig. 4 (a) Sample of embolus analog prior to preparation, (b) compression testing results, (c) con-
nector created for releasing clots, and (d) connector attached to model 1

Journal of Biomechanical Engineering OCTOBER 2019, Vol. 141 / 101007-5



Table 3 Number of EAs traveling through outlet vessels under steady, normal, and AF flow conditions

Steady Normal Atrial fibrillation

Model Vessel Right Anterior Left Total (%) Right Anterior Left Total (%) Right Anterior Left Total (%)

Model 1 LCCA 2 1 3 6 (10) 1 0 1 2 (3) 5 3 0 8 (13)
RCCA 1 1 2 4 (7) 0 1 1 2 (3) 3 0 0 3 (5)
Left sub 1 0 0 1 (2) 0 4 1 5 (8) 0 3 2 5 (8)
Right sub 0 0 1 1 (2) 4 1 1 6 (10) 3 2 0 5 (8)
Descending 16 18 13 48 (80) 15 14 16 45 (75) 9 12 18 39 (65)

Model 2 LCCA 0 3 1 4 (7) 1 2 2 5 (8) 3 3 0 6 (10)
RCCA 0 1 1 2 (3) 0 1 0 1 (2) 0 0 1 1 (2)
Left sub 1 1 1 3 (5) 4 2 1 6 (10) 0 0 1 1 (2)
Right sub 3 0 0 3 (5) 2 1 2 6 (10) 1 0 4 5 (8)
Descending 16 15 17 48 (80) 13 14 15 42 (70) 16 17 14 47 (78)

Model 3 LCCA 1 4 1 6 (10) 1 1 0 2 (3) 3 0 1 4 (7)
RCCA 0 1 2 3 (5) 0 2 1 3 (5) 2 2 1 5 (8)
Left sub 3 3 1 6 (10) 0 4 0 4 (7) 0 2 3 5 (8)
Right sub 0 0 1 1 (2) 2 1 2 5 (8) 3 2 2 7 (12)
Descending 16 12 15 43 (72) 17 12 17 46 (77) 12 14 13 39 (65)

Model 4 LCCA 4 1 1 6 (10) 3 2 3 8 (13) 2 4 3 9 (15)
RCCA 0 0 0 0 (0) 0 2 1 3 (5) 0 0 1 1 (2)
Left sub 0 0 3 3 (5) 2 2 0 4 (7) 3 4 2 9 (15)
Right sub 3 1 0 4 (7) 2 2 4 8 (13) 3 2 3 8 (13)
Descending 13 18 16 47 (78) 13 12 12 37 (62) 12 10 11 33 (55)

Fig. 5 (a) Schematic of experimental test setup and (b) picture of physiological simulation system
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The number of clots through the CCAs under steady and normal
flow conditions through model 2 (Romanesque) was unchanged
(6 clots). However, the number of clots that passed through the
CCAs increased significantly in model 4 by 59%. Model 4 also
had the largest number of clot trajectories through the subclavian
arteries (12 EAs). This increase in the number of EAs traveling
through the branching vessels off the aortic arch resulted in model
4 having the lowest number of EAs traveling through the descend-
ing aorta (37 EAs) compared to the other three models (>70%)
for normal flow rates.

Under AF flow conditions, models 1, 2, and 3 all displayed an
increase in clots paths through the CCAs when compared to clot
trajectories under normal physiological flow. Model 1 experienced
an increase of 150% in the number of cranial trajectories under
AF flow (11 EAs) compared with those under normal physiologi-
cal conditions (4 EAs). Models 1 and 2 (Romanesque) displayed a
decrease in EA trajectories through the left and right subclavian
arteries. Under AF flow conditions, models 3 (Crenel) and 4
(Gothic) both displayed a significant increase in the number of
EAs that passed through the subclavian arteries compared to nor-
mal physiological flow conditions. The number of EAs traveling
through the CCAs was similar for models 1, 2, and 3 under both
AF and steady flow conditions.

Model 4 displayed the largest number of clots traveling toward
the head across all three physiological flow conditions (27 clots).
Model 4 also displayed the lowest number of clots traveling

through the descending aorta (117 clots) compared to the other
aortic arch models. Although the Gothic aortic arch geometry dis-
played a substantial increase in the number of EAs traveling
through the CCA vessels, there was no statistical significance in
the relationship between the four different models and clot trajec-
tory patterns through the branching vessels and the descending
aorta, v2 (3, N¼ 720)¼ 5.90, p¼ 0.12.

Figure 6 displays a schematic of the clot trajectory paths
through each model and displays the number of blood clot trajec-
tory paths through each model from the right, anterior, and left
starting positions under steady, normal, and AF flow conditions.
There was a statistical significance in the distribution of clot tra-
jectories through the branching outlet vessels, with more clots
traveling through the BCT, v2 (2, N¼ 720)¼ 12.70, p< 0.05.

Figure 7(a) displays the variation in the number of clots travel-
ing through the brachiocephalic trunk, LCCA, and left subclavian
under all three flow conditions across the four models. Figure 7(b)
displays the variation in the number of clots traveling through the
descending aorta under the three flow conditions across the four
models. Figures 7(c) and 7(d) show an increase in clot trajectories
though the aortic arch branches with AF flow, and a significant
decrease in trajectories through the descending aorta, respectively,
v2 (2, N¼ 720)¼ 12.51, p< 0.05.

The relationship between LCCA and RCCA trajectories
was also significant, v2 (3, N¼ 97)¼ 13.95, p< 0.05. As can be
seen from Figs. 8(a)–8(c), the LCCA was the more prominent of

Fig. 6 Schematic of the clot trajectory paths through each model under three flow conditions. Each clot was released from
the left, anterior, and right positions 20 times. The number of clots that took that trajectory path for each model is noted beside
each output vessel.
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the two CCA vessels in terms of clot trajectory paths. Figure 8(d)
shows a relatively equal distribution of EA trajectories through
the left and right subclavian arteries.

4 Discussion

The purpose of this in vitro testing system was to investigate
the role AF flow conditions may have on cardiogenic emboli tra-
jectory paths using mammalian EAs and different aortic arch con-
figurations. Few studies have simulated clot trajectories along the
aortic arch with branching vessels. Clark et al. developed a steady
flow in vitro bench top model of cerebral thromboembolism [26].
This model adapted an idealized arch geometry used by Osorio
et al. [12] and used rigid, acrylic blood clot analogs of diameters
2, 3.5, and 5 mm. Fahy et al. [24] injected lobster EAs into a
model of the internal carotid artery through a cerebral flow facility
housing a manufactured phantom model of a patient-specific
Circle of Willis model that did not include the aortic arch. Our
system tested bovine EAs of known mechanical properties along
four patient-specific aortic arches of varying geometry, angula-
tion, and branching patterns under three flow conditions: steady,
normal, and AF.

Two of the aortic arch models fabricated were of a Romanesque
geometry (models 1 and 2). This shape is the most common aortic
arch geometry throughout the global population (80%) and resem-
bles a normal rounded aortic arch compared to the less common
angular Gothic (model 4) and the crenel (model 3) shapes. Three
types of aortic arch geometries have been described by Demertzis

et al. [31]. The aortic arch types of I, II, or III use the vertical dis-
tance from the origin of the BCT to the top of the arch in the para-
sagittal “stretched-out” criterion. If this distance is <1 diameter of
the LCCA, the arch is a type I arch (model 2), between 1 and 2
diameters in a type II arch (models 1 and 3), and >2 diameters in
a type III arch (model 4) [43]. Model 3 was the only arch display-
ing a variation in branching patterns (bovine arch). There are nine
reported variations in branching patterns [28].

720 bovine embolus analogs were released from three different
positions and tracked through four patient-specific models under
three flow conditions. The EAs were fabricated from stagnated
mammalian blood. Chueh et al. [25] utilized thrombin-induced
bovine emboli to mimic fresh red clots commonly found in
patients with stroke, which would be the gold standard clot analog
for such embolization investigations. Such biological emboli are
superior to the lobster hemolymph [24], acrylic synthetics [19],
and the micro particles [22,23] used in previous in vitro systems.
The motivation related to the selection of the emboli’s size was
inspired by patient-specific cases. Middle cerebral artery (MCA)
occlusion is the most common site for cardioembolic strokes [44].
The MCA measures a diameter of 3–4 mm and so would indicate
a lodging embolus of similar diameter size. Thambidorai et al.
[42] describe the size of atrial and atrial appendage emboli of
0.2–4.2 cm and 1.0–3.9 cm in width with an area of 0.1–8.0 cm2

and 0.9–7.0 cm2, respectively. Menke et al. [10] also describe
clots associated with the left atrium ranging in size from a few
millimeters to 4 cm. Clark et al. [26] and Chueh et al. (2014) fabri-
cated synthetic and mammalian clot analogs, respectively, all

Fig. 7 (a) Bar chart of the variation in the number of clots traveling through the brachiocephalic trunk, LCCA, and left subcla-
vian under the three flow conditions across the four models, (b) bar chart of the variation in the number of clots traveling
through the descending aorta under the three flow conditions across the four models, (c) bar chart of the overall number of
clots that traveled through the BCT, LCCA, and left subclavian under the three flow conditions, and (d) bar chart of the overall
number of clots that traveled through the descending aorta

101007-8 / Vol. 141, OCTOBER 2019 Transactions of the ASME



within this range. Most computational work reported the use of
idealized particles [16–18] and microparticles [10,13,14], which
are useful but not representative of clots retrieved from patient
cases. They also do not capture the behavior of a clot under physi-
ological flow. Fahy et al. [24] reported clots compressing to diam-
eters in vitro resulting in a compaction ratio of 1.1:1 and 4:1.

The clots used in this study were therefore physiologically rep-
resentative of clots retrieved from stroke patients. The clots were
smaller in diameter compared to the diameters of the aortic arch
branching vessels, but similar in size to the MCA, a likely location
for clot lodgment. The smaller sizes of the clots would lead one to
believe more trajectory paths would occur through these vessels.
However, clot diameter proved not to as big a defining character-
istic in trajectory path as previously thought. Of the clots that suc-
cessfully passed through the LCCA and RCCA, one clot was over
6 mm in diameter and clots as small as 2 mm in diameter failed to
enter the branching vessel and instead traveled through the
descending aorta. This could be related with the percentage outlet
flowrates and that flowrate through the descending aorta was too
powerful for the smaller clots to enter the branching aortic arch
vessels. It would be interesting to repeat the experiments with
larger diameter clots to investigate clot size and trajectory paths
further.

In total, 205 (28.5%) EAs traveled into one of the branching
vessels, with 87 (12%), 66 (9%), and 52 (7%) traveling through
the BCT, the LCCA, and the L Sub, respectively. Statistically
more clots traveled through the BCT, v2 (2, N¼ 720)¼ 12.70,
p< 0.05. This is possibly due to the fact that the BCT is the first
branching vessel available to the embolus to travel through. It is
also located parallel to the flow meaning the clot does not have to

turn through the aortic arch. There was no statistical difference in
the distribution of clot trajectories when the clot was released
from the right, left, or anterior positions under steady flow, v2

(3, N¼ 240)¼ 2.30, p> 0.05, normal pulsatile flow, v2 (3,
N¼ 240)¼ 8.51, p> 0.05, and AF pulsatile flow, v2 (3, N¼ 240)
¼ 4.33, p> 0.05. This is not in agreement with Choi et al. [10]
whose simulations demonstrated that clot trajectory was influ-
enced by hemodynamic waveforms and release positions. How-
ever, their study included 17 release positions compared to our
three release positions. Mukherjee et al. [16] also discussed the
strong influence of embolus release instance on embolus distribu-
tion to the cerebral vasculature. The ability to control the release
position of a clot experimentally is extremely difficult and is a
limitation to this study.

In terms of flowrate and embolus trajectory, Chung et al. [23]
showed that the distribution of smaller emboli approaches that of
the flow, while larger diameter emboli travel along the vessel with
the greatest flowrates. Bushi et al. [22] studied emboli trajectory
patterns through Y-shaped bifurcation models and showed large
spherical particles, of diameters 0.6, 1.6, and 3.2 mm, preferen-
tially entering the wider bifurcation branch. Our results show that
the number of clots traveling through the varying branches was
proportional to the flowrate. Our results showed that 25–35% of
EAs traveled along the branching vessels for all tests. This per-
centage of EAs was proportional to the percentage flowrate split
of 25–31% along the branching vessels. AF accounts for approxi-
mately 45% of cardiogenic strokes. Many cryptogenic strokes are
classified as cardiogenic, but only one third of these patients
exhibit AF symptoms [45]. Our results show that of the 63 EAs
that traveled through the LCCA and RCCA under pulsatile flow

Fig. 8 Bar chart of the variation in the number of clots traveling through the LCCA and RCCA when released from left, ante-
rior, and right entry locations under (a) steady flow, (b) normal flow, (c) AF flow, and (d) bar chart of the overall number of clots
that traveled through the left and right subclavian arteries
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conditions, 41% traveled through the common carotid arteries in
the absence of AF. A link can so be drawn that not only does AF
contribute to the formation of clots, but it can also be shown to
alter the hemodynamics to increase the chances of a clot to travel
through the branching vessels of the aortic arch.

Under steady flow, models 1 and 3 had more CCA trajectories
(10 EAs each) than models 2 and 4 (6 EAs each). Models 1 and 3
displayed larger RCCA and LCCA vessel diameters than models
2 and 4, which may account for the rise in number of trajectories.
Clark et al. (2015) released 300 spherical particles simulating
thrombi under a steady-state continuous flow loop in an idealized
Romanesque aortic arch phantom model to validate numerical
data [26]. Steady flow testing allows for a level of reproducibility
between models and allows for an uninterrupted testing mecha-
nism as the EA can be inserted while the fluid is flowing. How-
ever, it cannot be inferred equivalent between models for
physiological similarity [26]. It must also be noted that model 3
was the only model to experience a trajectory through the verte-
bral artery. This was not seen in any other model under any other
flow condition. Strokes occurring in the VAs are not common
among stroke patients, with the most likely etiology being small
vessel occlusion and not cardiogenic embolism [44].

Under healthy/normal pulsatile flow conditions, model 4 had
the greatest number of CCA trajectories (11 EAs) compared to
models 1–3 (4 EAs, 6 EAs, and 5 EAs, respectively). This was in
agreement with numerical simulations of EA trajectories [13] and
is attributed to the positioning of the branching vessels in relation
to the aortic arch. Model 4 is a type III arch and the branching ves-
sels (brachiocephalic trunk, LCCA, and left subclavian artery) are
parallel to the inlet flow stream and thus could result in more EAs
traveling through these vessels. Branching among the other three
models is located higher along the aortic arch. It is also noted that
under normal pulsatile flow, model 3 is the only arch displaying a
variation in branching patterns (bovine arch) and could account
for the reduced number of clots traveling toward the peripherals
(15%) compared to models 2 and 4 (both 20%)

AF and steady flow displayed similar CCA trajectory counts for
models 1–3. This could be due to the fact that the short cardiac
cycle length was not too dissimilar to a nonstop, steady flow.
Overall, AF flow conditions increased trajectories through the
LCCA and RCCA by 25% when compared to normal flow. This
increase in clot trajectories under AF flow conditions was also
shown by Choi et al. [10], who computationally simulated the
ejection of dimensionally similar clots (diameter¼ 2–6 mm). The
reduction in cardiac output and cycle length may have a more sig-
nificant impact on clot trajectory patterns and therefore embolic
stroke than previously thought. The shorter cardiac output cycle
length associated with AF results in shorter distances traveled by
the EAs after each beat. The EAs then have a greater chance of
re-routing and traveling toward the extra-cranial vasculature.
Mukheree et al. (2016) discussed that particle interaction with hel-
ical flow could be a crucial factor in the transport of emboli. A
further study to visualize the effects of AF on flow helicity could
better explain this change in stroke propensity [17].

Choi et al. [13] demonstrated that curvature pattern and angula-
tion of aortic arches can play a determinant role in AF-induced
stroke propensity. They showed that arches of lower curvature
angle, like that seen in Romanesque, and crenel arches experi-
enced an increase in EA trajectories through the branching vessels
under AF flow conditions. The same was not seen in our results.
The variation in arch shape and type of our 4 models was not stat-
istically significant in clot trajectory patterns under v2 statistics
(p> 0.05). However, there was an obvious variation in clot trajec-
tory and model shape, with model 4 having the most CCA trajec-
tories (27 clots). Model 4 was a type III arch and all the branching
vessels were parallel to the inlet flow stream contributing to more
EAs traveling through these vessels. Including a greater sample
size of arches in future studies, with varying branching patterns
could investigate the role geometry plays in aortic hemodynamics
and clot trajectories in much more detail.

Choi et al. [10] also showed computationally that the difference
in the number of clots traveling through the LCCA to be about
60% between the normal and AF flow conditions. This was in
agreement with our findings (59%). There are conflicting argu-
ments in the literature regarding left–right propensity of cardio-
genic emboli. Cardiogenic emboli are known to have right brain
propensity owning to the fact that the RCCA branches first from
the aortic arch [18,46–48]. Gold et al. [47] investigated the role of
arch geometry in right–left brain propensity. Although there was a
slight trend in right side infarcts in a standard arch, this was not
statistically significant. Other clinical reports suggest left hemi-
sphere strokes are more common than right hemisphere strokes as
ischemic strokes are more frequent in the left MCA as a result of
cardioembolism [49,50]. These studies propose vessel thickness
and geometry as the reason for LCCA propensity among cardio-
genic emboli.

The recorded outlet flowrates through the model LCCA and
RCCAs were kept equal and therefore the tendency for EAs to
travel through the LCCA or RCCA could be attributed to aortic
arch branching and location. The BCT did experience the most
trajectories probably because it branches first from the aortic arch;
however, the split between the right subclavian and RCCA
resulted in a majority of trajectories traveling through the right
subclavian compared to the RCCA. This could explain the drop in
count for RCCA trajectories compared to LCCA trajectories. Our
sample size of arches was small (n¼ 4) compared to clinical stud-
ies with hundreds of patients and therefore a greater sample size
and variation in arches could investigate this propensity further.
Aortic arch models with different branching vessels and configu-
rations should be included in future studies to fully understand
this conflicting argument between RCCA and LCCA propensity
in stroke occurrence.

Models 1–3 were derived from computed tomography scans of
stroke patients where emboli blockages occurred on the right side.
Model 1 was derived from a patient who suffered a blocked M1
right, which would indicate a blood clot trajectory through the
RCCA. From the data in our study, there was an equal chance that
the clot would travel through either LCCA or RCCA under normal
pulsatile flow conditions. However, under AF conditions, this
shifts in favor of the LCCA:RCCA (72:27%). Model 2 was
derived from a patient who experienced blockage of the M1 right
blood vessel and there was a 1.6% chance of this occurring under
AF flow conditions. Model 3 was from a patient with a Crenel aor-
tic arch and a blockage of the distal ICA right vessel and exhibited
a greater chance of EAs traveling through the RCCA under both
healthy and AF flow conditions. From this, it can be seen that AF
was fundamental in the trajectory patterns of those patient clots.

The results also highlight the emboli trajectory distribution
toward the left and right subclavian arteries and the descending
aorta. The majority of EAs released into our system traveled along
these vessels, which correlates with previous work [16].
Knowledge of embolus transport to other vascular regions can aid
in disease diagnosis and examining etiological factors of embolic
occlusive disorders such as renal artery occlusion and acute limb
ischemia [16]. Two percent of patients with cardiogenic brain
embolism have clinically recognized peripheral emboli. While
necropsy studies of patients with brain embolism note that infarcts
are often found in the spleen, kidneys, and other organs, the
symptoms of peripheral embolism are typically very minor and
nonspecific (e.g., transient abdominal discomfort, and leg cramp)
that they are rarely diagnosed correctly [12].

5 Limitations

The present study has several limitations. First, it must be noted
that sourcing suitable computed tomography scans that capture
the entire aortic arch, with ascending/descending aorta and
branching vessels, is very difficult. Sourcing such datasets, such
as the ones presented here from AF stroke patient cases, is also
very challenging. The Romanesque aortic arch shape, being the
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most common among the world’s population, is the most com-
monly seen among image datasets. We were fortunate enough to
have one crenel and one gothic aortic arch among our repository
of aortic arch sets and these too were chosen for manufacture to
test the hypothesis that aortic arch geometry influences clot trajec-
tory. Models 1, 2, and 4 all display the normal three-branch pat-
tern and model 3 displayed a bovine arch branching pattern.
However, two-branch and four-branch patterns are also potential
branching patterns found in patients. It is well known that aortic
hemodynamics display large variability as a result of arch and
branching variation. This study only used four cases of aortic arch
and although difficult to obtain, a greater number of datasets with
aortic arch variation could provide more statistical significance
with regard to the effect arch geometry has on emboli trajectories.

Second, it should be highlighted that the term patient-specific
refers to the aortic arch and shape of the patient vasculature, but
not the flow conditions. Although the normal and AF flow profiles
are considered representative of biological flow conditions in this
study, it must be mentioned that the patient-specific outlet flow
splits were unknown. The pressure at the outlet boundaries was
also not measured and a Windkessel model to influence down-
stream impedance was not used. The rigidity of the models was
also a limitation to the study. Future work should include more
flexible model cases and patient physiological data such as outlet
flow and blood pressure data, if possible, to create a true patient-
specific investigation.

Chueh et al. [25] utilized thrombin induced bovine emboli to
mimic fresh red clots commonly found in patients with stroke,
which would be the gold standard clot analog for such emboliza-
tion investigations. Releasing varying EAs such as Chueh et al.
[25] and other EAs described in literature would give a broader
analysis of emboli trajectory paths. Increasing the number of
release positions would further improve the investigation into
the relationship between aortic arch hemodynamics and emboli
trajectory patterns. Automation of the release mechanism in this
physiological simulation system would be beneficial in controlling
the injection of the EAs and a camera of greater frame rate and
pixilation could improve the ability to monitor clot trajectory
more closely. The use of other apparatus such as particle image
velocimetry could also improve the measurement of the flow split
at the outlet boundary conditions and help understand the LCCA
versus RCCA propensity problem.

Embolization as a result of AF was not fully simulated in this
work. Embolization is comprised of two components, formation
and transport. During AF, blood is not pumped completely out of
the heart when the heart beats, allowing some blood to pool in the
left atrium and/or the left atrial appendage. Stagnant blood coagu-
lates and increases thrombin and platelet activation, creating a
thrombus. Coagulation time can differ from the composition of
the thrombus prior to embolization. The static method of inducing
coagulation in mammalian blood using thrombin was used in this
study [51]. This method has been utilized successfully in previous
studies that analyze the mechanical properties of EAs [40,41].
The Chandler loop method [52] is another technique used to man-
ufacture viable EAs. It has been shown that EAs produced using
the Chandler loop method have more biochemical similarity to
those formed in vivo [53]. However, as the main objective of this
study was to analyze EA trajectory patterns under physiological
flow conditions, the static method proved sufficient to create the
quantity of EAs required for testing. To fully replicate the physio-
logical process of AF, a system should be devised wherein a blood
clot is created and emitted into a closed-loop flow system.

Finally, patients with AF can often have other factors associ-
ated with stroke risk and occurrence such as heart disease, age,
duration of arrhythmia, chronic vs intermittent fibrillation, and
atrial size [54]. Therefore, the presence of a possible cardiac
source of embolism does not necessarily mean that the stroke was
caused by a cardiogenic embolism. Coexisting atherosclerotic
cerebrovascular disease is also a common cause of stroke in such
patients. Further studies are required to understand the full

relationship between AF and the aortic arch and cardioembolic
trajectories, which could lead to a more comprehensive stroke pre-
vention treatment for patients with AF.

6 Conclusion

Despite the limitations in this study, it is evident that the EA
trajectory paths were proportional to the percentage flowrate split
of 25–31% along the branching vessels. AF flow conditions
increased the number of EA trajectories to the head, with
left-sided propensity. There was no statistical difference in the
distribution of clot trajectories when the clot was released from
the right, left, or anterior positions. A great proportion of EAs
traveled peripherally though the right and left subclavian blood
vessels and down the descending aorta. Further studies should be
employed to understand the role that these clots would play on
patient health and further disease under various physiological flow
conditions.
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