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Abstract

Objectives Thrombosis is a leading cause of failure for cardiovascular devices. While computational simulations are a
powerful tool to predict thrombosis and evaluate the risk for medical devices, limited experimental data are available to
validate the simulations. The aim of the current study is to provide experimental data of a growing thrombus for device-
induced thrombosis.

Materials and methods Thrombosis within a backward-facing step (BFS), or sudden expansion was investigated, using bovine
and human blood circulated through the BFS model for 30 min, with a constant inflow rate of 0.76 L/min. Real-time three-
dimensional flow-compensated magnetic resonance imaging (MRI), supported with Magnevist, a contrast agent improving
thrombus delineation, was applied to quantify thrombus deposition and growth within the model.

Results The study showed that the BFS model induced a flow recirculation region, which facilitated thrombosis. By 30 min,
in comparison to bovine blood, human blood resulted in smaller thrombus formation, in terms of the length (13.3+0.6 vs.
18.1 £ 1.3 mm), height (2.3 +£0.1 vs. 2.6 +£0.04 mm), surface area exposed to blood (0.67 +0.03 vs 1.05+0.08 cm?), and
volume (0.069 +0.004 vs. 0.093 +0.007 cm?), with p <0.01. Normalization of the thrombus measurements, which excluded
the flow recirculation effects, suggested that the thrombus sizes increased during the first 15 min and stabilized after 20 min.
Blood properties, including viscosity, hematocrit, and platelet count affected thrombosis.

Conclusion For the first time, contrast agent-supported real-time MRI was performed to investigate thrombus deposition and
growth within a sudden expansion. This study provides experimental data for device-induced thrombosis, which is valuable
for validation of computational thrombosis simulations.

Keywords Thrombosis - Magnetic resonance imaging - Computational fluid dynamics

Introduction

Cardiovascular disease is the number one cause of death in
the United States. In 2017, about 92.1 million adults suffered
from some form of the disease including heart failure, coro-
nary heart disease, and stroke [1]. For the patients in severe
stages, implantation of cardiovascular devices is an effec-
tive treatment. However, thrombosis remains a challenging
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obstacle for these devices to interact with blood and operate
flawlessly. Device-induced thrombosis often causes device
malfunctioning and embolization of the thrombus into the
circulatory system, which can block a downstream artery,
leading to further complications. Studies have reported that
occurrences of thrombosis in heart pumps and prosthetic
valves reduce the survival rate of patients by up to 50%
[2, 3]. To minimize the risk of thrombosis in cardiovas-
cular devices, it is necessary to understand the underlying
mechanisms.

The hemodynamics of blood flow and biochemical reac-
tions affect thrombus formation in the circulatory system.
While endothelial injury is a typical condition that trig-
gers thrombosis, device-induced thrombosis oftentimes
results from interaction between blood, a foreign surface,
and irregular geometry, which induces abnormal shear dis-
tribution within the flow. In hemostasis, most platelets in
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the circulation are non-activated. However, when the plate-
lets are exposed to high shear stresses (> 10 dyn/cm?) for
sufficient time, they become activated and more adhesive
[4]. The activated platelets tend to aggregate and deposit
on surfaces with low wall shear rate (<500 s™"), releasing
chemical elements to amplify platelet activation and chemi-
cal factors to trigger the coagulation cascade, via the intrin-
sic or extrinsic pathway [5]. The intrinsic coagulation path-
way occurs when blood is in contact with a foreign surface,
where contact activation of factor XII is involved [6]; while,
the extrinsic pathway is in response to tissue injury. Both
pathways lead to activation of thrombin and formation of a
fibrin mesh. The cross-linked fibrin polymers stabilize the
platelet aggregates and result in a formed thrombus.

The enhanced computational power and better knowledge
of the thrombotic process make numerical simulations of
device-induced thrombosis possible, becoming a powerful
tool for evaluating the effects of hemodynamic and bio-
chemical factors on thrombosis. Recent studies have shown
that numerical simulations for thrombosis can help optimize
the implantation of stents [7], flow diverters [8], and ven-
tricular assist devices [9, 10], with lower risk of thrombosis.
Multiple numerical models have been developed to simulate
thrombosis [11-16]. However, limited experimental data are
available for model validation.

Magnetic resonance imaging (MRI) is a useful technique
for thrombus detection in clinical and laboratory settings
[17-19]. For device-induced thrombosis, Taylor et al. [20]
performed in vitro MRI studies to quantify thrombus deposi-
tion and growth within a backward facing step (BFS) model.
Due to the presence of a sudden expansion within the model,

Fig.1 MRI experimental setup Inlet
for blood recirculation through (clamped)
an acrylic backward facing step
model. The inlet and outlet of

flow recirculation was induced while blood flowed through
the model, which promoted thrombosis at the step region.
During the experiment, bovine blood was recirculated
through the BFS model and a thrombus was allowed to grow
for a specified time. Once a particular time was reached, the
blood was replaced with phosphate-buffered saline (PBS) to
image the thrombus. Taylor et al. [20] provided quantitative
measurements for thrombus deposition and growth within
a device over time. As the thrombus has similar T1 values
compared to blood (1943 +50 ms vs. 1949 +5 ms; at 7 T),
it was imaged against stationary PBS, instead of flowing
blood. Consequently, the resultant thrombus quantification
and topology were affected.

To better understand the effects of hemodynamics on
device-induced thrombosis and to provide more accurate
experimental data for thrombosis computational model
validation, in vitro three-dimensional flow-compensated
MRI experiments were performed in this study. Continu-
ous application of Magnevist (Bayer HealthCare, Berlin,
Germany) in varying dosages were used to image thrombus
deposition and growth within the BFS model against blood
flow in real time.

Materials and methods
Experimental flow loop
An acrylic BFS model with dimensions shown in Fig. 1

was used in this study. The upstream diameter was 7.5 mm,
while the downstream diameter was 10 mm, resulting in a

Outlet
(clamped)

the flow loop were only used
when filling the loop with fluid
and were clamped during blood
recirculation
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step with 2.5 mm in height. The length of the upstream was
200 mm and that of the downstream was 150 mm, which
ensured flow to be fully developed at the step region [21].

An experimental flow loop involving the BFS model was
constructed (setup is shown in Fig. 1). A peristaltic pump
(Cole-Parmer, Vernon Hills, IL, USA) was used to drive
fluid through the loop. The pump was chosen to avoid direct
contact with fluid within the loop. Approximately, 4 m of
Tygon tubing was used, which allowed a loop through the
magnet with the BFS model at the isocenter of the actively
shielded magnet, and the peristaltic pump placed next to
the magnet outside the 5 gauss line. The inlet tubing length
was sufficient to attenuate flow pulsatility and the peristaltic
flow such that the pulsatility was negligible when entering
the BFS model. In addition, possible imaging-related issues
(e.g., folding in phase encoding direction) with a second
tube in the radiofrequency resonator, when having a loop
within the magnet, could be avoided.

Blood collection, preparation, and characterization

Both bovine and human blood were used for this study.
Approximately, 450 mL of bovine blood was collected at
the Penn State Dairy Farm under IACUC approval. The
blood was stored in a blood bag (Jorgensen Laboratories,
Loveland, CO) containing 63 mL of citrate phosphate dex-
trose adenine (CPDA-1). When human blood was used,
approximately 450 mL of blood was collected from healthy
volunteers at the Penn State Clinical Research Center under
IRB approval. The blood was stored in a blood bag (Terumo
Corporation, Tokyo, Japan) containing 50 mL of sodium
citrate. Both bovine and human blood were stored at room
temperature and used for the MRI experiment within 4 h of
collection from the respective species. Immediately prior
to use, blood was recalcified by mixing a 6.45% b/w cal-
cium chloride (CaCl,) solution in 1:50 CaCl,/blood volume
ratio to reverse the effects of the anti-coagulant. The ratio
matched the one in Taylor et al. [20].

The following blood properties were measured at room
temperature: density, hematocrit, platelet count, and kin-
ematic viscosity (reported in Table 1). The hematocrit was
determined using the Autocrit Ultra 3 microcentrifuge (Clay
Adams, Franklin Lakes, NJ). The platelet count was obtained

via the hemocytometer. The dynamic viscosity was meas-
ured using a cone and plate viscometer, HAAKE RotoVisco
1 (Thermo Scientific™, Horsham, Australia) whereby data
collection was controlled by the RehoWin program (Thermo
Scientific™, Horsham, Australia). The kinematic viscosity
was equal to dynamic viscosity divided by density.

Blood recirculation

The flow loop was initially filled with PBS, which allowed
air bubbles to be removed from the system. The PBS was
then displaced with recalcified blood. Once the entire loop
was filled with blood, blood was circulated within a closed
loop for 30 min at room temperature. At the inlet of the BFS
model, flow rate was set to be 0.76 L/min, matching the set-
tings in Taylor et al. [20]. At 3, 9, 19, and 29 min of blood
recirculation, Gadolinium (Gd, Magnevist) was injected
upstream of the model into the flow, 2 meters away from the
BFS model (0.75 vol% Gd for the first time and 0.25 vol%
afterwards). Magnevist was chosen to be the contrast agent
for the current study as it did not disrupt the thrombus
stability nor made the thrombus fragile [22]. The amount
of injected Gd was determined by preliminary studies, in
which different Gd dosages were injected into the flow loop.
The dosage that maximized the contrast between thrombus
and blood flow was chosen. MRI scans were obtained after
1-2 min of each Gd injection to allow for complete mixing
of Gd and blood, and the growing thrombus within the BFS
model was imaged at 5, 10, 15, 20, 25, and 30 min of blood
recirculation. The timeline of Gd injection and MRI scan
performance is shown in Fig. 2. For human and bovine blood
studies, blood was collected from different human donors/
bovine six times and the loop experiment was performed
after each blood collection. Thus, the loop experiments for
each species were completed six times to improve data accu-
racy (i.e., n =6 for human blood and n =6 for bovine blood).

Magnetic resonance imaging

A 7-T preclinical MRI system (BioSpec 70/30, Avance III
HD, Bruker Biospin, Billerica, MA) was used for imaging. A
three-dimensional flow-compensated gradient echo sequence
was used to acquire images of the forming thrombus at the

Table 1 Averaged human
and bovine blood properties
measured at room temperature,

Human blood Bovine blood Bovine blood

in comparison to those reported
in Taylor et al. [20]

Taylor et al.
Density (g/mL) 1.038 +0.002 1.023+0.006 -
Hematocrit (%) 39+1.2 30+1.1 30
Platelet count (x 10° platelets/mL) 185+14.7 254+27.9 -
Kinematic viscosity (cSt) 4.4+0.2 3.5+03 3.5

The errors represent SEM for the current study (N=06)
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Fig.2 Workflow of the experi-
ment

Time
(min)

[ MRIscan
I:‘ Magnevist Injection

Data Collection

.

Convert MRI data into
image files using MatLab.

Perform thrombus
segmentation and
quantification in Avizo.

specified time points. With a repetition time of 30 ms, a field
of view of 28 x 11X 11 mm, where the long dimension was
aligned with the mainstream flow direction, and a matrix size
of 184 x72 %72, a spatial resolution of 152x 153 x 153 pm3
could be achieved in less than 3 min imaging time. The flip
angle was set to be 60°, and the echo time 4.3 ms. Since the
thrombus needed to be imaged every 5 min of blood recir-
culation, the above MRI settings were chosen to create the
best contrast between the growing thrombus and the flowing
blood with minimal imaging time. Application of Magne-
vist enhanced the signal-to-noise ratio (SNR) in thrombus,
resulting in a ratio of 1.4 +0.2 between SNR of thrombus
and SNR of blood.

Image reconstruction and segmentation

Magnetic resonance imaging data analysis was performed
following the protocol established in Taylor et al. [20]. The
MRI data were reconstructed using an in-house Matlab
(The Math Works, Inc., Natick, MA) code, in which MRI
data converted into image files. Zero filling by a factor of
two was applied to improve the image pixel resolution to be
76x76.5x76.5 um®. Image segmentation and data analy-
sis were performed using Avizo (ThermoFisher Scientific,
Waltham, MA), which quantified the thrombus size through
the following metrics: height, length, volume, and surface
area exposed to blood. The MR images were segmented
and reconstructed using the modified marching cubes algo-
rithm in Avizo. The thrombus was segmented based on the
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contrast established in the MR images, as shown in Fig. 3.
The volume and exposed surface area of the thrombus were
measured using built-in algorithms provided by Avizo (i.e.,
the Material Statistics tool). The length was measured by
multiplying the total number of slices along the direction of
the length with the resolution at that direction. The height
was measured via the ruler functionality. The rate of increase
was the linear slope of the best-fitted line of the data points.
The experimental results were compared to measurements
obtained from Taylor et al. [20].

Numerical simulations

To characterize the flow field within the BFS model, numeri-
cal simulations, following the method established in Taylor
et al. [20], were performed using an open-source CFD pack-
age, OpenFOAM (OpenCFD, Ltd, Bracknell, UK). Human
and bovine blood flowing through the BFS model were
simulated. The Navier—Stokes equations were solved by the
pressure implicit with splitting of operator (PISO) algorithm
[23], and the velocity and pressure fields were obtained.
The region of interest was a three-dimensional (3D) BFS
model, with dimensions shown in Fig. 1. The no-slip veloc-
ity condition was imposed at all wall boundaries. At the
outlet, the zero Dirichlet boundary condition was applied
for pressure (i.e., zero pressure). At all other boundaries, the
zero Neumann boundary condition was imposed for veloc-
ity and pressure (i.e., zero velocity and pressure gradients).
At the inlet, blood flow was assumed to be Newtonian and
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Fig.3 In vitro magnetic resonance imaging of the thrombus grown at the backward facing step model over blood recirculation time. Human
blood flowed from bottom to top. Arrows indicate location of the thrombus from 5 to 15 min. Ro=anterior—posterior direction

steady. The kinematic viscosity was 3.5 ¢St for bovine blood
and 4.4 cSt for human blood, the asymptotic values meas-
ured at room temperature. The mean velocity at the inlet
was set to be 0.201 m/s, corresponding to the flow rate of
0.76 L/min.

The computational mesh was composed of uniform cells
with an isotropic mesh size of 325 pm in regions away from
the walls. In regions near the walls, the isotropic mesh was
refined to be 163 um. As the BFS model was symmetric
along the centerline, to reduce the computational cost, only
half of the geometry was applied for the simulations, with
the centerline plane set as the plane of symmetry. As a result,
the 3D geometry was composed of 0.7 million elements.
The time step size was chosen to be 0.5 ms for a Courant
number (Co) less than 1. In one-dimension, Co is defined
as u* At/Ax, where u is velocity, At is time step size, and
Ax is mesh size. A Co less than 1 guaranteed numerical
stability [24]. Simulations of blood flowing through the BFS
model for 10 s were performed to ensure fully developed
flow. The velocity fields resulting from human and bovine
blood simulations were compared and analyzed. The flow
recirculation region, where the axial velocity becomes nega-
tive, was identified.

Results

Magnevist enhanced thrombus imaging

Application of Magnevist enhanced imaging of the throm-
bus grown within the BFS model. As shown in Fig. 3, the

thrombus was already visible in the MRI at 5 min after start
of the flow. Continuous addition of Magnevist throughout

blood recirculation further distinguished the thrombus from
blood flow.

Flow recirculation region effects

In the MRI study, the thrombus formed under fully devel-
oped flow. In the CFD study, blood flowing through the BFS
model without thrombus formation was simulated until the
flow became fully developed to determine the flow effects.
The numerical simulations show that flow recirculation
occurred at the step of the BFS model during blood flow
(Fig. 4). Length, height, surface area exposed to blood,
and volume of the recirculation region were measured and
reported in Table 2. As Taylor et al. [20] used bovine blood
in their studies as well (Table 1), the resultant recircula-
tion region in this study was of the same sizes. As human
blood was more viscous than bovine blood (4.4 +0.2 ¢St
vs. 3.5+0.3 cSt), the resultant recirculation region had a
shorter reattachment length (9.75 mm vs. 11.54 mm), which
was the distance from flow separation to reattachment, i.e.,
the distance from the step where the axial velocity changes
from negative to positive flow direction. The shorter the
reattachment length, the smaller the thrombus formed.
By 30 min of flow recirculation, in comparison to bovine
blood, human blood resulted in smaller thrombus forma-
tion, in terms of the length (13.3+0.6 vs. 18.1 + 1.3 mm,
p=0.0072, one-tailed ¢ test with equal variance based on
Levene’s test (MatLab)), height (2.3+0.1 vs. 2.6 +0.04 mm,
p=0.0005), surface area exposed to blood (0.67 +0.03 vs
1.05+0.08 cm?, p=0.0048), and volume (0.069 +0.004 vs.
0.093 +0.007 cm?, p=0.003).

In the experiments, all thrombus deposition and growth
occurred at the step of the BFS model, resulting in thrombi
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Fig.4 Velocity fields within the
backward facing step model for
human and bovine blood experi-
ments. The recirculation region
at the step is highlighted by the

*I—
contour (white lines) and the . S —— . : T—
reattachment length is indicated “ E

B S —————
e ————————————

9.75 mm 11.54 mm
Axial Velocity (m/s) Axial Velocity (m/s)
0 0.1 02 03 0 0.1 0.2 03
[ | i ]
0.0225 0.4 -0.0225 0.4
Human Blood Bovine Blood

Table 2 Length, height, surface area exposed to blood, and volume of [20]. The thrombi were the widest and thickest at the step

the recirculation region for human and bovine blood experiments corner and became gradually smaller in the flow direction.
Human blood Bovine blood  Bovine blood
Taylor et al. Thrombosis quantification
Length (mm 9.75 11.54 11.54 . . . .
,g (mm) As mentioned before, the size and shape of the recirculation
Height (mm) 2.10 2.14 2.14 . . .
region affected the thrombus formation. To determine the
Surface area 0.24 0.30 0.30 . . .
exposed to blood effects of real-time MRI and blood properties other than vis-
(cm?) cosity, the length, height, surface area exposed to blood, and
Volume (cm®) 0.027 0.032 0.032 volume of the thrombus grown within the BFS model over

time were normalized by the respective metric of the flow
recirculation region (Table 2). For example, the normalized
thrombus length, as shown in Fig. 6a, was the ratio between
with a triangular ramp shape, regardless of flow recirculation  the length of the thrombus and that of the flow recirculation
time (Fig. 5), which matched the observations in Taylor et al. region measured from the CFD simulations. In addition, the

The measurements were obtained from numerical simulations

Human Blood Bovine Blood Bovine Blood (Taylor et al.)
Side View Top View Side View Top View Side View Top View
4mm
Amm
10 min

Fig. 5 Example thrombi grown within the backward facing step model over blood recirculation time, where blood flowed from left to right. Side
and top views of the thrombi reconstructed in current study and Taylor et al. [20] are shown for comparison
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Fig.6 Quantification of thrombus deposition and growth within the
backward facing step model for human and bovine blood experi-
ments, in comparison to measurements from Taylor et al. [20]. The
normalized a length, b height, ¢ surface area exposed to blood, and d
volume of the thrombus grown within the model over blood recircula-
tion time are shown. All metrics were normalized by the respective

rate of increase, the linear slope of the best-fitted line of the
data points, was calculated. For the current study, the throm-
bus sizes stabilized at 20 min and the rate was calculated
using data from 5 to 20 min. For Taylor et al. [20], there was
a 5-min delay in thrombosis and the thrombus sizes stabi-
lized at 25 min. The rate was calculated from 10 to 25 min.

Both human and bovine blood studies suggested that
the normalized thrombus length increased during the first
15 min of blood recirculation and stabilized after 20 min
(Fig. 6a). While the normalized thrombi lengths were simi-
lar from 5 to 15 min for both studies, with similar rate of
increase (0.056 min~' for human blood and 0.058 min~" for
bovine blood, with differences less than 5%), the maximum
thrombus length resulting from the bovine blood was longer
than that of human blood. During the first 20 min, the throm-
bus lengths from the current study were always longer than
measurements from Taylor et al. [20]. However, the rate of
increase of the normalized thrombus length was faster in
Taylor et al. [20] (0.065 min~!) and the maximum thrombus
lengths were approximately the same in both bovine studies.

Volume/R_Volume
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Time (min)

metric of the flow recirculation region (R) in the model, where the
thrombus growth was initiated. E.g. In a L/L_R indicates thrombus
length normalized by length of the recirculation region. The error
bars represent SEM with N=6 for the current study and N=3 for
Taylor et al. [20]

In the current study, the height of the thrombus had
reached beyond the flow recirculation region within 5 min,
resulting in normalized heights greater than 1 (Fig. 6b).
Afterwards, the thrombus height became stable with small
fluctuations. While both human and bovine blood studies had
stabilized thrombus height at 5 min, the maximum thrombus
height of bovine blood was greater than that of human blood.
Different from the current study, Taylor et al. [20] resulted in
a normalized thrombus height approximately 40% shorter at
10 min. The height increased from 10 to 20 min and became
stable after 25 min, reaching the same maximum as that of
human blood.

The normalized surface area exposed to blood of the
thrombus had similar trends to the normalized length
(Fig. 6¢). For both human and bovine blood studies, the area
increased from 5 to 15 min and stabilized after 20 min. The
area of bovine blood was always greater than that of human
blood, with a larger maximum. The normalized thrombus
area from Taylor et al. [20] kept increasing over flow recir-
culation time. The areas were smaller than that of bovine
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blood from 10 to 20 min but became the largest among all
three studies after 25 min.

The thrombus volume was also quantified and plotted
over blood recirculation time (Fig. 6d). The figure sug-
gests that for both human and bovine blood, the normal-
ized thrombus volume increased during the first 15 min and
stabilized after 20 min. The volume of bovine blood was
always greater than that of human blood. In Taylor et al.
[20], the normalized thrombus volume increased from 10
to 20 min and stabilized after 25 min, and the values were
always lower than those of the current study. As shown in
Fig. 6, the standard error of the mean (SEM) resulting from
the current study was smaller than that from Taylor et al.
[20], which suggests that the current study had less vari-
ability when compared to Taylor et al. [20].

To determine the intra-observer variability, the same MRI
dataset was analyzed by the same observer three times, in
which the thrombus was segmented in Avizo and sizes of
the thrombus were measured: the length, height, surface area
exposed to blood, and volume. For each metric, the coef-
ficient of variation (CV) was calculated. To determine the
inter-observer variability, the same MRI dataset was ana-
lyzed by three observers independently. Sizes of the throm-
bus were measured and CV was calculated for each metric.
The results showed that the intra-analysis had a CV <5%
and the inter-analysis had a CV <10%, suggesting that the
experiment is repeatable.

Discussions
Magnevist effects

Magnevist is predominantly used as a T1 contrast agent [25].
In other words, it reduces the time the magnetization needs
to reach equilibrium magnetization and, therefore, produces
a hyperintense signal in the image in areas exposed to the
contrast agent. For example, Magnevist can be applied to
detect human hepatocellular carcinoma [26]. Preliminary
studies have shown that increasing the concentration of
Magnevist would reduce not only T1 but also T2 (and there-
fore T2*; we used a gradient echo sequence that was T2*
weighted). The reduction of T2* would lead to a signal loss
in the image. In our case, we injected Magnevist at a relative
early timepoint to take advantage of the T1 effects of the
contrast agent and got more signal from the blood/throm-
bus than without Magnevist. By adding more Magnevist at
the various timepoints, we increased the concentration of
Magnevist, which led to reduction of the signal of the blood
(T2* reduction effect). The thrombus itself started to appear
bright in the images (Fig. 3). By continuing to add Magne-
vist, we were able to maintain this intensity gradient between
blood and thrombus throughout the rest of the experiment.
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The loss of signal-to-noise ratio in the blood can be seen in
the ‘graininess’ of the blood signal in the later images.

Our imaging method might remind the reader of a tech-
nique called time of flight imaging that is usually used for
MR angiography (sometimes with support of Magnevist
for enhanced contrast [27]). The blood vessels in this tech-
nique are, due to the inflow of new, magnetized blood, very
well delineated in the image and the stationary, not moving/
inflowing tissue is saturated and is showing purposely hardly
any signal at all. With our combination of this sequence and
the right amounts of Magnevist, we were able to adjust the
imaging parameters (especially TR, TE, and the flip angle)
in such a way that the delineation of the thrombus was pos-
sible throughout the experiment.

Flow recirculation region effects

Because of the presence of flow recirculation within the BFS
model, platelet aggregation was promoted at the step region,
leading to thrombus formation. All the resultant thrombi had
a triangular ramp shape, matching that of the recirculation
region. Sizes of the recirculation region were affected by
the fluid viscosity when the inlet flow conditions remained
the same. Since bovine blood was less viscous than human
blood, the Reynolds number (Re) for bovine blood study
was higher (490 vs. 388) and the recirculation region was
larger, which allowed a larger thrombus to form. The current
study measured the length, height, exposed surface area, and
volume of the flow recirculation region through the CFD
simulations. To obtain real-time measurements, future MRI
studies can be performed in which 4D flow MRI or the flow
map imaging technique can be applied to obtain the velocity
field within the BFS model.

Blood properties effects

Both human and bovine blood studies showed that the nor-
malized thrombus sizes increased during the first 15 min of
blood recirculation and stabilized after 20 min (Fig. 6). The
thrombus sizes no longer changed at a later time because the
thrombus formed when a finite amount of blood was recir-
culating within a closed loop, where the amount of platelets
and coagulation factors were finite. When the species con-
tributing to the thrombosis pathway were all consumed, the
thrombus growth ceased, and the thrombus sizes became sta-
ble. Another potential cause for the halt of thrombus growth
was the fact that the grown thrombus occupied the entire
recirculation region. However, Fig. 6¢ and d suggest that in
all three cases, the thrombus did not stop growing until the
thrombus exposed surface area and volume were approxi-
mately three times that of the recirculation region. If occu-
pying the recirculation region led to asymptotic thrombus
growth, the thrombus would have asymptotic sizes similar
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to that of the recirculation region, instead of being much
greater. Therefore, recirculating blood in a closed loop was
the reason for stabilized thrombosis.

From 5 to 15 min, the thrombus from human blood
reached the asymptotic shape faster than that of bovine
blood, with a greater rate of increase in normalized throm-
bus volume (Fig. 6d, 0.12 min~! for human blood and
0.10 min~! for bovine blood). The reason was that human
blood had a higher hematocrit (39% vs. 30%, corresponding
to the higher viscosity). Studies have shown that the platelet
concentrations in the near-wall region (platelet margination)
increased with hematocrit, which promoted platelet aggrega-
tion at the step region [28, 29]. In addition, red blood cells
(RBCs) elevated activation of platelet oy, 5 integrin recep-
tors and expression of P-selectin in presence of agonists such
as thrombin, both of which promoted platelet aggregation
[30, 31]. For human blood, with a higher hematocrit, more
RBCs were available, and platelet margination and platelet
aggregation were enhanced, allowing the thrombus to grow
more quickly at the step. As a result, the increase in hema-
tocrit increased the rate of thrombus volume, and, therefore,
the rate of thrombus growth, which has been observed in
other studies [32, 33].

When the thrombus sizes were normalized by those of
the respective blood recirculation region, bovine blood
still resulted in larger thrombus formation in comparison
to human blood by 30 min of blood recirculation (Fig. 6).
The normalized thrombus surface area exposed to blood and
the normalized height of bovine blood were significantly
greater than that of human blood at 30 min, with p <0.05.
A higher platelet count in bovine blood (254 vs. 185 x 10°
platelets/mL) was associated with the larger thrombus for-
mation. Studies have shown that increase in platelet count
was correlated with higher risk of thrombosis [34-36]. With
more platelets available, platelet—platelet interactions were
enhanced, platelet activities with coagulation factors were
promoted, and more chemicals were released from platelets,
all of which contributed to the larger thrombus formation
[34]. As mentioned previously, RBCs promoted activation
of platelet oy, 35 integrin receptors, which bound fibrinogen
and caused thrombus retraction [37]. Since human blood had
a higher hematocrit, and therefore more RBCs per volume,
the thrombus retracted more, resulting in smaller sizes.

Comparison to previous studies

The current study is novel as it has, to the best of our
knowledge, only been performed by our group. However,
Goodman et al. [38] has applied scanning electron micros-
copy and video microscopy to detect thrombus deposition
in a channel with expansions and contractions. The study
observed thrombus deposition at the flow recirculation

region induced by the channel expansions, which agreed
with our observations.

For the Taylor et al. [20] study, there was a 5-min delay
in thrombus deposition and growth, and the thrombus sizes
were generally smaller when compared to the current bovine
blood study, though both studies used bovine blood with
similar properties (Re=490) and had MRI scans with simi-
lar resolution. The difference in experimental design led to
different results. In Taylor et al. [20], images of the thrombus
were obtained while the thrombus was in contrast against
stationary PBS, instead of flowing blood. A numerical study
has shown that within the thrombus grown at the step, there
were more platelets aggregated in region closer to the step
corner than near the thrombus surface exposed to flow [11].
As a result, the thrombus was more porous and less rigid
near the surface. In addition, thrombus breakdown associ-
ated with inhibitors (e.g., anti-thrombin III, APC) and high
shear stress occurred during thrombosis [13]. The thrombus
grew at the step when thrombosis outperformed the break-
down process. However, when blood was replaced with
PBS for imaging, the thrombus formed no longer received
supplies of platelets and coagulation factors from the main-
stream and stopped growing, while experiencing additional
shear induced by the fluid replacement process. In this case,
thrombus breakdown outperformed the thrombosis reac-
tions and the thrombus surface region, which was less rigid,
became more susceptible to the breakdown, resulting in a
smaller thrombus. In addition, the fluid replacement affected
the resultant thrombus topology, smoothing the edges and
surface of the thrombus. As shown in Fig. 5, the thrombi
from the current bovine study had a rougher surface and
wider region toward the tail.

The current study is the first one applying flow-com-
pensated MRI and Magnevist to visualize thrombus forma-
tion against blood flow in a BFS model, which improved
the experimental design developed in Taylor et al. [20] and
provided additional experimental data for device-induced
thrombosis. As discussed earlier, the flow fields and blood
properties (i.e., hematocrit and platelet count) affected
thrombosis, which should be considered and coupled when
developing computational thrombosis models. The data
collected in Taylor et al. [20] have been used to validate
thrombosis models in multiple occasions [11, 14]. The cur-
rent study has provided additional data for quantification of
thrombosis within a device by considering how flow alters
the growth. Future thrombosis models can be applied to
simulate thrombus deposition and growth induced by a BFS
model, and compare the simulation results to the experimen-
tal data provided for model validation. The validated com-
putational models become useful when evaluating the risk
of thrombosis for a device, promoting design optimization
of the device before bench top, animal, and clinical studies.
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Conclusions

For the first time, the current study used real-time contrast
agent-supported MR imaging of thrombus deposition and
growth within a sudden expansion. Results showed that
in studies using human and bovine blood, thrombus sizes
increased during the first 15 min of blood recirculation and
reached asymptotic values after 20 min. Thrombus growth
was affected by the flow recirculation region and blood prop-
erties. The larger the flow recirculation region, the larger
the thrombus formed. Increase in hematocrit increased the
rate of thrombus growth and promoted thrombus retraction,
while higher platelet count was associated with larger throm-
bus formation. This study provides more experimental data
for thrombosis within a device, which is valuable for valida-
tion of computational thrombosis models.
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