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The origin, composition, and size of stroke-causing em-
bolic clot(s) within the cerebral vasculature are still 

unclear. Clots may originate from various sources, rang-
ing from one to multiple clot blockage(s). Worldwide, 
cardiogenic embolisms account for ≈15% to 20% of acute 
ischemic strokes.1,2 Atrial fibrillation (AF) is the most signif-
icant contributor to cardiogenic emboli formation, causing 
45% of all cardioembolic strokes.3,4 Choi et al5 showed that 
AF can increase the incidence of carotid embolism. They 
applied computational fluid dynamic techniques which sim-
ulated rigid spheres within an idealized, rigid wall aortic 
arch model comprising of the 3 branching vessels. Their 
simulations demonstrate that stroke propensity was signifi-
cantly affected by sphere diameter, as well as hemodynamic 
waveforms.

Cardiogenic emboli can range in size from a few millime-
ters to 4 cm.6 Smaller sized clots travel proportionally to the 
flow,7 whereas larger sized clots are prone to travel along the 

much larger middle cerebral artery rather than the smaller an-
terior cerebral artery.7–10

This study provides clarity on cardiogenic emboli tra-
jectory paths by using an AF patient-specific, aortic arch 
model. The trajectory patterns of small and large mamma-
lian embolus analogs (EAs) of various thrombin concentra-
tions were assessed under normal and AF flow conditions. 
Inducing EAs with thrombin allows for control over the fibrin 
content. It must be noted that the exact coagulation system 
of the human is not modeled and, therefore, is excluded from 
its effects on thrombus fate (where and whether dissolution 
takes place). This study specifically removes all protein and 
protease constituents of the plasma and the circulating cells. 
The antithrombotic characteristics of the vasculature are also 
uninvolved and likewise cannot be accounted for by this ex-
perimental setup.

These trajectory tests will provide a greater understanding 
into whether or not cardiogenic emboli travel proportionally 

Background and Purpose—Cardiogenic emboli account for 15% to 20% of acute ischemic stroke cases worldwide. 
However, the chance of such emboli, of varying sizes, causing a stroke under various flow types has not been evaluated.

Methods—A patient-specific aortic arch model was fabricated from a medical image dataset of a 77-year-old male case, with 
atrial fibrillation and distal occlusion of the right M1 vessel. One hundred and eighty mammalian embolus analogs (EAs) 
were released one by one into the model under normal and atrial fibrillation flow conditions. A further 270 clots were 
fabricated using varying levels of thrombin (5–20 National Institute of Health units thrombin). The effect of releasing 
several clots simultaneously was also examined by grouping EAs into 18 multiples of 5, 4, 3, and 2 clots, resulting in 504 
EAs released.

Results—EAs with a length of ≤10 mm were the most common geometry to travel through the common carotid arteries 
(44%); however, longer clots also traveled through these narrow vessels. Twenty two percent of EAs ranged from 10–
20mm in length, 27% from 20–30mm and 7% were >30 mm in length. Higher density clots increased the propensity for 
clots to travel along the cerebral vessels (P<0.05). Releasing more clots during each test, increased the probability of at 
least one clot traveling through an aortic arch branching vessel.

Conclusions—Embolus trajectory through the branching vessels of the aortic arch is not exclusively dependent on embolus 
size. EAs tend to travel proportionally with outlet flow rates, with a greater chance of a stroke caused by multiple 
breakaway emboli.

Visual Overview—An online visual overview is available for this article.    (Stroke. 2019;50:00-00. DOI: 10.1161/
STROKEAHA.118.023581.)
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with flow regardless of clot size, morphology, quantity, or 
change in pulsatile flow conditions. A greater knowledge of 
these relationships will assist computer simulations in predict-
ing the likelihood of a patient’s propensity of stroke and ulti-
mately the lodgment location of a cardiogenic embolism.

Methods
The authors declare that all supporting data are available within the 
article. The ethics committee waived the need for patient consent and 
approved the study.

Aortic Arch Model
A medical image dataset of an aortic arch for a 77-year-old male case, 
with AF and distal occlusion of the right M1 vessel, was obtained 
from the University Medical Centre Hamburg-Eppendorf, Germany. 
The commercially available, image reconstruction software, Mimics 
(Materialise, Leuven, Belgium) was used to generate a 3-dimensional 
mask, saved in stereolithography format (Figure  1A) by applying 
various segmentation and smoothing methods.8 This arch was of a 
Romanesque shape which is presented in over 80% of patients11 with 
Type II branching.12 Cylindrical sections were added to the ascending 
and descending aorta to create easier connection points with commer-
cially available tubing for in vitro testing. The image dataset did not 
include sufficient ascending aortic arch length because the scanning 
protocol did not include the aortic valve and portion of the proximal 
ascending aorta. Therefore, a cylindrical section was added to replace 
the missing ascending aorta section, thus eliminating the true vessel 
curvature of that section.

The model core was 3-dimensional printed in Watershed stereo-
lithographic material (LPE 3D printing, Belfast, Ireland; Figure 1B), 
which created a 2-part silicone mold to cast low melting point alloy 
cores. These were painted in layers with Elastosil 4641 silicone with 
Thivex silicone thickener (Wacker Chemie AG) to achieve wall thick-
ness of 2 mm, and 1.5 mm for the branching vessels.13 The Young 
modulus of the silicone mixture was 1.04±0.098 MPa, which was 
within the range for typical aortic tissue.14,15 The low melting point 
alloy was melted to reveal a thin-walled, flexible and compliant 
patient-specific aortic arch model (Figure 1D).

The silicone model had a compliance value of 0.0006 mm Hg-1 
which was within physiological range for aortic arch tissue.16 There 

was no significant difference in compliance between normal and AF 
flow conditions (Methods in the online-only Data Supplement for 
details on compliance definition).

Physiological Flow Replication
The replication of normal ascending aorta flowrate was based on 
previously published data.17 The flow rate graph was scanned and 
digitized using Matlab v 7.0.1 (Mathworks) (Figure  2A). Clark et 
al18 clinically observed an average reduction in normal cardiac output 
and pulse period by 30 and 40%, respectively, for AF conditions. The 
normal cardiac output and cycle length17 were scaled down to achieve 
a feasible AF velocity profile (Figure  2A). This method was also 
applied by Choi et al5 for numerical studies.5

A blood mimicking fluid mixture of glycerin and water in a 
ratio of 40:60 by weight displayed similar properties to human 
blood with a density of 1058.33 kg·m-3 at 21.1°C and a viscosity of 
3.7 mPas, as measured by a cone and plate viscometer (Brookfield 
DV-II+Pro). The fluid was pumped through the aortic arch model 
in a closed loop system. Two ultrasonic flow meters (25 PXL flow 
sensor; 16PXL Clamp-on flow sensor, Transonic) monitored inlet 
and outlet flowrates (Figure  2B and 2C). The average flow rates 
were within normal physiological ranges for the right/left subcla-
vian artery (400–500 mL),19,20 common carotid arteries (CCAs; 
363±18 mL·min-1), and vertebral arteries (90±12 mL·min-1).21 The 
percentage outlet flowrate through the descending aorta varied from 
70% to 73% which is within the clinical range.22,23 The pressure 
was maintained within physiological levels as monitored by a pres-
sure transducer (Model FDW; R.D.P Electronics Ltd, Sole, United 
Kingdom; Figure 2B and 2C).

Cardiogenic Embolus Analogues
Bovine blood was obtained from a local abattoir (Burkes, Gort, 
Galway, Ireland), a European Union approved abattoir supervized 
by Galway County Council, Ireland, veterinary services. Bovine 
thrombin (Sigma Aldrich) was used as the clotting mechanism, rang-
ing from 5 to 20 National Institute of Health units (NIHU).

Density (ρ) is given by the ratio of mass (m) to volume (V):

ρ=
m

V
� (1)

Figure 1.  This Figure displays the process by 
which the model was fabricated. A, Three-di-
mensional (3D) mask of 2-dimensional patient 
dataset using Mimics (Materialise); (B) 3D 
printed patient-specific model; (C) 2-part mold 
creation with silicone block mold; (D) flexible 3D 
patient-specific model with 3-way connector 
and branching vessels located within the simu-
lation system.

D
ow

nloaded from
 http://ahajournals.org by on A

pril 18, 2019



Malone et al    Emboli Trajectory Paths Through Aortic Arch Model    3

The volume was measured by clotting blood within a graduated 
vessel and then weighing the sample on an electronic balance, sub-
tracting the vessel mass.

Young modulus (E) refers to the ratio between stress (σ) and 
strain (ε)

E =
σ
ε

� (2)

The higher the Young modulus, the stiffer the material. The EAs 
(Figure 2D) displayed a compressive Young modulus varying from 
1.53 to 16.6 kPa for a percentage strain range of 5% to 40%,24 sim-
ilar to other compressive studies for human retrieved emboli.25 EA 
stiffness also increased with addition of thrombin.26 (Methods in the 
online-only Data Supplement for details on histological testing).

Two cameras (50 Hz frame rate, 12 MPixels) were used to mon-
itor EA trajectories. A flexible connector allowed the clots to be 
released from the left, right, and anterior positions (Figure  1D). 
EAs were released at the beginning of each cardiac cycle through 
a primed, 3-way connector. One hundred and eighty EAs, with 
lengths of 11.84±8.24 mm and diameters of 4.66±1.11 mm, as 
measured by an electronic digital calipers (Maplin, England) with 
an accuracy of 0.01 mm, were released one by one into the physio-
logical simulation system under normal (90 EAs) and AF (90 EAs) 
flow conditions. Thirty EAs were released through the left, right, 
and anterior entry positions for both flow conditions. A further 270 
clots were fabricated using varying levels of thrombin (45 EAs with 
5, 10, and 20 NIHU), with 15 EAs released at the left, right, and 
anterior positions.

The effect of releasing a number of clots simultaneously was 
examined. EAs were grouped into 18 multiples of 5, 4, 3, and 2 clots. 
Each group was released through the left, right, and anterior posi-
tions 6× resulting in 252 released EAs. Table I in the online-only 
Data Supplement displays the number and use of clots for the various 
experimental set-ups.

The χ2 test assessed the hypotheses whether EA trajectories are 
distributed proportionally to flowrate type, EA composition, and 

quantity of EAs traveling along each branching vessel. In all cases, 
the experimental data was compared with the null hypothesis (uni-
form distribution of EAs) using a χ2 goodness-of-fit test within 
Minitab 17.0 (Minitab, Inc, State College, PA).

Results
Healthy Pulsatile Flow Versus AF 
Pulsatile Flow (No Thrombin)
Table II in the online-only Data Supplement displays the 
number of EAs traveling along the outlet vessels for 1 EA 
released from the right, anterior, and left entry locations for 
both flow conditions and various thrombin concentrations. 
Figure 3 displays a schematic of the trajectory paths. For the 
EAs that were not fabricated with thrombin (0 NIHU), there 
was a decreased number of EAs traveling through the de-
scending aorta under AF flow conditions and a subsequent in-
crease in EAs traveling through the branching vessels. There 
was a significant difference in clot trajectory paths under 
AF flow conditions when compared with healthy flow, χ2 (1, 
N=180)=4.13; P<0.05. Twenty-seven EAs out of 180 clots 
traveled through the CCAs, with more than double the number 
traveling through the left common carotid artery (LCCA; 20 
EAs) than the right common carotid artery (RCCA; 7 EAs). 
Smaller EAs with a length ≤10 mm were the most common 
geometry to travel through the CCA vessels (12 EAs, 44%); 
however, longer clots passed through these narrow vessels. 
Six EAs (22%) were between 10 and 20 mm, 7 EAs (27%) 
between 20 and 30 mm, and 2 EAs (7%) longer than 30 mm. 
There was no significant difference in trajectory paths when 
EAs were released from the left, anterior, and right positions.

Figure 2.  A, Velocity profiles for healthy (light gray) and atrial fibrillation (AF; dark gray) flow conditions as recorded in literature; (B) recorded healthy pulsatile 
flow and pressure (single pulsation); (C) recorded AF pulsatile flow and pressure (single pulsation); (D) embolus analog.
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Effect of Thrombin Concentration 
on EA Trajectory Path
Figure  4A shows the histological analysis of the thrombin-
induced bovine emboli at 0, 5, and 10 National Institutes 
of Health stained using hematoxylin and eosin and martius 
scarlet blue at ×40 magnification. Using ImageJ, the eryth-
rocyte cell count ranged from 74.96% to 82.30% among the 
samples tested by hematoxylin and eosin staining. Under mar-
tius scarlet blue staining, the presence of fibrin increased from 
3.55% (0 NIHU) to 47.48% (10 NIHU). The density of the 
clots also increased with increasing thrombin concentrations 
(Figure 4B). Figure 3 displays the trajectory paths for vary-
ing thrombin concentrations (0–20 NIHU). The variation in 
thrombin concentration was significant in affecting the clot 
trajectory paths through the branches and the descending aorta 
when compared with clots not induced with thrombin, χ2 (3, 
N=450)=9.60, P<0.05. Figure 4C shows the overall increase 
in clots traveling through the LCCA and RCCAs towards the 
cerebral vasculature, for AF flow conditions and increased 
thrombin concentration.

Multiple EAs Released Per Test
Figures 5A and 5B display the percentage of clots that traveled 
through the branching vessels under healthy and AF flow con-
ditions, respectively, when clots were released individually or 
in groups of multiple clots. Releasing multiple clots at a time 
increased the probability of at least 1 clot traveling through the 
branching vessels supplying the brain from 27% to 83% when 5 
clots were released, from 12% to 72% when 4 and 3 clots were 

released and from 27% to 45% when 2 clots were released, 
under normal flow conditions. AF flow conditions increased the 
number of EAs that traveled through the branching vessels. On 
2 occasions, all released clots traveled through the branching 
vessels (5 clots: AF; 2 clots: AF). Figure 6 displays an overall 
schematic of the trajectory paths for the released multiple EAs.

Discussion
To the best of our knowledge, there are currently no simulations 
presented in the literature that release and track cardioembolic 
trajectory paths under normal and AF flow conditions through 
compliant patient-specific aortic arch models, which incorporate 
the branching vessels. The aortic arch model was of a normal, 
rounded, Romanesque geometry. This shape is the most com-
mon aortic arch geometry throughout the global population 
(80%) and displayed the most common 3-branch pattern of the 
brachiocephalic trunk, LCCA, and left subclavian arteries.26

The 77-year-old patient with AF had a distal occlusion of 
the right M1 vessel. The risk of cardiogenic embolism varies 
even within the patient’s individual cardiac abnormalities. For 
example, in patients with AF, associated heart disease, age, 
duration of arrhythmia, chronic versus intermittent fibrilla-
tion, and atrial size all influence this embolic risk.27 It is possi-
ble that the presence of a possible cardiac source of embolism 
does not necessarily mean that the stroke was caused by an 
embolus from the heart. Simultaneous atherosclerosis of the 
CCAs is another common cause of stroke in such patients.28 
However, the dataset obtained is a good foundation for the in-
vestigation into cardioembolic stroke.

Figure 3.  Schematic of single embolus analogue trajectory paths with varying thrombin concentrations (n=450), as released from right (0 NIHU; n=30; 5 NIHU 
(n=15); 10 National Institute of Health units (NIHU; n=15); 20 NIHU (n=15)), anterior (0 NIHU; n=30; 5 NIHU (n=15); 10 NIHU (n=15); 20 NIHU (n=15)) and left (0 
NIHU; n=30; 5 NIHU (n=15); 10 NIHU (n=15); 20 NIHU (n=15)) through the model under healthy and atrial fibrillation (AF) conditions.D
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Seven hundred and two bovine EAs were fabricated for 
this study to simulate cardiac source clot trajectory paths. 
The mechanism of coagulation is universal across mamma-
lian biology.29 Ovine, porcine, and bovine blood is the most 
frequently used mammalian blood for EA replication.25,30–33 
Bovine blood was chosen for EA manufacture as the supply 
was in close proximity to the laboratory (Burkes Abattoir, Ltd, 
Galway) and, on a macro level, the composition of bovine 
blood is similar to human blood.34 Biochemically, there are 
variations in animal and human blood, but these do not alter 
the performance of bovine blood as a simulator for human 
blood, as activity of the tissue factor pathway, and fibrinolytic 
system in cattle is within human range.35

In cases of cardiogenic emboli as a result of AF, these 
emboli tend to originate in areas of stagnation and low flow 
regions, resulting in a high percentage of red blood cells 

present in the emboli. Inducing bovine EAs with thrombin in 
static conditions24 attempts to mimic such emboli and allows 
for control over the variance in clot composition, particularly 
fibrin. The bovine EAs displayed similar compositional struc-
tures to human specimens retrieved from stroke treatment 
procedures under hematoxylin and eosin and martius scarlet 
blue histological staining.25 The dark blue-purple leukocytes 
are distributed in a similar fashion to that of the human spec-
imen throughout the section.25 Under visual inspection, the 
EAs were histologically similar to human thrombi retrieved 
from patients with stroke25,36 and manufactured mammalian 
EAs under static conditions.25,37

Liebeskind et al36 also quantified the composition of 
thrombi retrieved from patients with acute ischemic stroke. 
The thrombi retrieved were predominantly composed of fi-
brin (61±21%) and erythrocytes (34±21%). With increasing 

Figure 4.  A, Thrombin-induced bovine thrombi at 0, 5 and 10 NIHU stained using hematoxylin and eosin and martius scarlet blue at ×40 magnification; (B) 
increase in density with increasing levels of thrombin. The error bars show the range based on 5 individual tests; (C) bar chart of the number of thrombin-
induced clots that traveled through the common carotid artery (CCA) vessels. The error bars show the range based on 3 individual tests (1 for each position, 
left, right, and center). AF indicates atrial fibrillation.

Figure 5. Percentage of clots traveling through the branching vessels per test under (A) healthy flow (n=252) and (B) atrial fibrillation (AF) flow conditions 
(n=252). The error bars were based on 3 individual tests (1 for each position: left, right, and center).
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thrombin concentration, the composition of the cellular com-
ponents of bovine EAs lie within their range. The addition 
of thrombin increased sample density and improved the spec-
imen stability. It was observed that EAs induced with low 
concentrations of thrombin had lower structural integrity than 
those induced with higher thrombin concentrations and were 
predisposed to fragment or fracture. The bovine EAs were 
suitable models for replicating cardiogenic emboli and pro-
vided an improvement to previous models used to simulate 
emboli.7,8

Under healthy flow conditions, the majority of individually 
released EAs fabricated without thrombin traveled along the 
descending aorta (72%) with 12% of EAs traveling along the 
LCCA and RCCA which could ultimately lodge within the ce-
rebral vasculature. There was a 2.7-fold increase in the number 
of EAs that traveled through the LCCA when compared with 
the RCCA. This patient had a stroke from a clot traveling along 
the RCCA, which was of a lower probability of occurring 
based on our setup. Twelve percent of the total flow traveled 
through the LCCA and RCCA, and 14% traveled through the 
left/right subclavian arteries. It is evident that the EA trajec-
tory paths were proportional to the percentage flowrate through 

these branching vessels. There was a significant decrease in 
the number of EAs, fabricated without thrombin, that traveled 
through the descending aorta under AF flow conditions when 
compared with healthy flow conditions, χ2 (1, N=180)=4.13; 
P<0.05. All branching vessels experienced an increase in the 
number of EAs under AF flow conditions.

The 27 clots that traveled through the CCA ranged in 
lengths from 4.24 mm to 37.83 mm, falling within the phys-
iological range of atrial and appendage thrombi found in 
patients.38 It was evident that larger emboli indeed have the 
ability to change geometry to fit through narrower blood ves-
sels, and it is highly conceivable that these sized clots can 
occlude the distal vessels in the occurrence of acute ischemic 
strokes. Fragmentation of the EAs also occurred. It was 
observed that large and small-sized clots, with and without the 
addition of thrombin, had the ability to split resulting in part of 
the clot traveling along the branching vessels and descending 
aorta. This occurred 3% of the time on average.

The addition of bovine thrombin reduced fragmentation 
because of the increase in material density and was a signif-
icant contributor in the overall variation of all singular clot 
trajectories when compared with EAs fabricated without 

Figure 6.  Schematic of multiple EA trajectory paths through the model under both flow conditions. AF indicates atrial fibrillation; and H, healthy flow conditions.
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thrombin, χ2(3, N=450)=9.60; P<0.05. This could be attrib-
uted to the increase in density with additional amounts of 
thrombin, as denser clots were heavier and traveled with the 
greater percentage flowrate through the descending aorta. 
Because of the nature of fabricating the EAs, the volume was 
kept constant when calculating EA density; therefore, the in-
crease in density among the EAs can be attributed to an in-
crease in mass.

There was an increase in the number of trajectories 
through the CCAs with increasing thrombin concentration 
and AF flow conditions (Figure 4C). The percentage of EAs 
that traveled through the CCAs was lower than the per-
centage flowrate of 12% (9% under healthy flow conditions 
and 11% under AF flow conditions) at 5 NIHU but gradu-
ally increased with increasing thrombin concentration at 20 
NIHU (13% under healthy flow conditions and 16% under 
AF flow conditions). The normal cardiac output was scaled 
down for the AF flow conditions with a corresponding re-
duction in pulse rate. This reduction in pulse rate may ex-
plain the increase in clots traveling towards the branching 
vessels as peak flow rates occurred more frequently than 
the normal flow rates, with 2 recurring peaks. This AF flow 
impacted the clots at an increased rate, as was observed by 
video evidence.

Although unusual, multiple emboli and associated ce-
rebral infarcts have previously been recorded.39,40 Multiple 
stroke occurrences can be attributed specifically to cardiogenic 
emboli.41,42 Injecting more clots into the system increased the 
probability of at least 1 clot traveling along an aortic arch 
branching vessel. This probability was further increased under 
AF flow conditions. This is most evident when more clots 
were released into the system. Under healthy flow conditions, 
no more than 3 clots at a time traveled through the branch-
ing vessels. Under AF flow conditions, 4 and 5 clots traveled 
through the branching vessels 11% and 6% of the time, re-
spectively. In 8% of tests, multiple clots traveled through the 
same branching vessel during a single test. Our observations 
show that multiple breakaway clots increase the chances of 
stroke-causing cardiogenic emboli. Menke et al,6 reported 
cases of retrieved clots of up to 4 cm in length. These larger 
length clots are more likely to be caused by multiple clot for-
mation rather than a large singular breakaway embolus of >30 
mm in length.

One test or 1 iteration for each of the following scenarios 
was simulated; (1) position (left, right, anterior), (2) clot com-
position (0–20 NIHU), (3) 2 flowrate types (Healthy and AF), 
and (4) multiple released clots (from 1 to 5). In total, over 900 
clots were released. Future tests should repeat some if not all 
of these scenarios at least 3×. Unfortunately, because of the 
time constraints, it took ≈5 minutes to release, record, remove, 
and prepare for the next test.

A limitation of this study was that the data used for AF 
flow conditions was scaled down from a healthy blood flow-
rate profile. A variation in AF flow profiles would allow for a 
much broader understanding of the irregular heartbeat and its 
effect on blood clot trajectory patterns. Outlet flowrate splits 
were also not given for this patient case. It is also noted that 
the composition of the clot for this patient case was unknown. 
Only one aortic arch configuration was analyzed. Further 

studies should include a range of patient-specific aortic arches 
to understand fully the geometric factors that influence clot 
trajectory paths.

Our study assumed cardiac source emboli. Aortic arch43 
and carotid artery44 atherosclerosis are also likely sources 
of emboli. As the model is an exact cast of the arch and the 
branching vessels, no narrowing of the aortic arch or carotid 
arteries was visible in the computed tomography scan, so 
it can be assumed that cardiogenic embolism was the most 
likely source/cause. For the multiple breakaway emboli tests, 
a variation in clot type should be included to investigate the 
influence of clot size/density on clot trajectory paths.

The experimental system does not use bovine plasma 
but rather suspends the thrombi in a simple fluid without 
the normal circulating hemostatic and coagulation systems. 
Therefore, plasma coagulation factors, cofactors, and inhibi-
tors do not participate in the fate of these thrombi, and there 
is no endothelium to interact with the thrombi. It should be 
noted that one might expect different outcomes should a bio-
logical fluid be used. Our test system requires 5 to 7 L of fluid. 
This amount of blood/plasma would be a biohazard because 
of an increased risk of infectious agents associated with this 
amount of flowing mammalian fluid and associated contami-
nation risk within the rig. Because of this biohazard, a certi-
fied biological laboratory environment with a regulated sterile 
test system would be required. Also, blood is opaque, and this 
would prevent visualization of the clot trajectory paths. The 
viscosity of plasma is 3× to 4× lower than blood which would 
alter hemodynamic flow patterns, possibly altering the trajec-
tory paths. The duration of the trajectory paths lasted only 2 
to 3 s, which may not be of a sufficient time for a noticeable 
biological reaction.
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