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ABSTRACT
Transcatheter aortic valve replacement (TAVR) is a minimally invasive technique introduced to
treat patients with aortic stenosis who are at high surgical risk. Despite its advantages over the
traditional open-heart surgery technique, several complications including thrombosis are being
increasingly reported. Much of the research so far has focused on the impact that fluid dynamics
has on thrombosis. This study explores the contribution of the different foreign materials in the
TAV to the initiation of thrombus formation. A steady flow loop with minimized volume was
developed such that multiple experiments could be conducted with blood from a single human
donor. Three conditions - control, stent-with-skirt, and whole valve - were tested using the flow
loop at two different anticoagulant: reversing agent ratios (8:1 and 6:1). Serum collected from
blood samples drawn at the start and end of the experiment were used to measure concentrations
of D-dimer and thrombin anti-thrombin (TAT), biomarkers of thrombosis. Higher D-dimer and
TAT concentrations in the stent-with-skirt compared to the valve in the 8:1 condition suggest
that, over time, exposure to the stent with the skirt can shift the blood to a more prothrombotic
state. Lack of significant differences between groups in the 6:1 condition indicates that when
blood is already in a significantly high prothrombotic state, different materials of the TAV do not
have significantly different effects on thrombus formation. The results of this study help to better
understand the process of initiation of thrombus formation in TAV from a foreign materials
perspective.
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INTRODUCTION
Aortic stenosis is the most common heart valve disease worldwide and occurs in about 2-4% of
patients over the age of 751,2. The narrowing of the aortic valve (that regulates blood flow from
the left ventricle to the aorta) prevents the valve from opening fully, thereby reducing or
blocking blood flow to the aorta. Progressive calcification of the valve is often the cause of
stenosis in patients over the age of 65, but aortic stenosis can also be observed in younger
patients who are born with valvular defects (such as bicuspid aortic valves) or in patients who
develop rheumatic disease1. The traditional approach to treating aortic stenosis has been open
heart surgery to replace the stenosed valve with a mechanical or bioprosthetic valve. While
effective, this approach is very invasive and involves a long procedure time and recovery time.
Considering the nature of the procedure, it is not usually an option for patients at high surgical
risk. To address this gap, a minimally invasive approach called transcatheter aortic valve
replacement (TAVR) was introduced to treat patients with aortic stenosis. In TAVR, a
compressed replacement valve is inserted through a catheter and expanded in the aortic sinus,
thereby taking over the function of the native valve. TAVRs typically require shorter procedure
time and are considered an effective treatment for patients with aortic stenosis who are deemed
to be at intermediate or greater surgical risk and cannot undergo open heart surgery. Since the
success of this procedure within the high-risk population, substantial effort has gone into
expanding TAVR to younger, lower surgical risk patients.
However, evidence collected since the procedure was introduced has revealed that TAVR
can lead to several complications such as paravalvular leak, prosthesis-patient mismatch and
thrombosis. Thrombosis in TAVR is a major concern because the formation of blood clots within
the prosthetic valve can restrict the normal leaflet motion (reported in 10 – 15% of patients with
1

TAVs3,4), rendering the TAV ineffective. The presence of clots on the leaflets can be detected
using imaging modalities such as computed tomography (CT), as shown in Figure 15, often
recognized due to increase in leaflet thickness known as hypo-attenuated leaflet thickening
(HALT).

Figure 1. Post-TAVR CT in an 89-year-old male with a SAPIEN 3 prosthesis one year after
procedure. Red arrows show presence of leaflet thrombosis.
Explanted TAVs have also aided in confirming the occurrence of leaflet thrombosis after TAVR,
as seen in Figure 26.

Figure 2. Explanted TAV in which thrombosis was confirmed by visual inspection and
pathological analysis.
Reports indicate that the rate of leaflet thrombosis in surgical bioprostheses is between 0.8% and
4.0%3,7 , whereas the reported rates in TAVs range from 4.5% to 40%3,4,8-11. Besides restricted
leaflet motion, thrombus formation can also result in degeneration of the TAVR and reduced
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valve durability in the long term. Additionally, blood clots formed at the site of implantation can
break into micro-emboli, which may migrate into the cerebral circulation12 and cause transient
ischemic attacks. The implications of thrombosis in TAVs are severe, but several questions
surrounding the initiation of thrombus formation remain unanswered.
Significant advances have been made in understanding the mechanism of thrombus mass
accumulation from a hemodynamics perspective; the impact of flow stasis in the TAV neo-sinus
has been studied in great detail. Midha et al.’s study13 evaluated factors that contribute to TAV
thrombosis through a combined approach of in vitro testing and retrospective postprocedural
4DCT data analysis of patients who had undergone TAVR. Using 3D reconstruction, they
determined thrombus volume in these patients. They identified the neo-sinus region (between the
native and TAV leaflets) to be a critical region of flow stasis and long blood residence time with
high occurrence of thrombosis in this region. They also identified specific characteristics such as
percentage of expansion and height of deployment in different valve types as factors that can
have an impact on neo-sinus volume and therefore contribute to the risk of thrombosis. SAPIEN
3s without thrombus were under-expanded on average by a further 10% by diameter than those
with thrombus (P<0.001), as shown in Figure 3. However, no such relationship existed among
CoreValve/Evolut Rs.
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Figure 3. THV expansion versus presence of thrombus. SAPIEN 3 valve with leaflet
thrombosis were, on average, 10% more expanded than those without. No such relation was
observed in CoreValve/ Evolut R with or without thrombus.
No significant difference occurred in mean implant depth between valves with and
without thrombus (−1.4±5.6 mm versus −3.1±2.7 mm, P=0.11). However, in patients with
thrombus, implant depth did appear to influence clot volume. In CoreValve/Evolut Rs with
thrombus, the thrombus volume increased with THV implant depth (R2=0.6956, P<0.001),
shown in Figure 413. However, this trend did not exist with SAPIEN 3.

Figure 4. THV implant depth versus thrombus volume. Fig. 4A shows no relation between
implant depth and thrombus volume in SAPIEN 3 valves. Fig 4B shows an increase in thrombus
volume with increase in deployment depth of CoreValve/ Evolut R.
This study emphasized the significance of the neo-sinus fluid dynamics in thrombus mass
accumulation.
Trusty et al. also established a strong positive correlation between neo-sinus flow stasis
and thrombus volume (TV)14. Using data from patients with a 26 mm Edwards SAPIEN valve,
thrombus volume for each neo-sinus was determined through segmentation. Patient-specific
models replicating geometry and deployment characteristics were used for in vitro studies in
which a dye was injected immediately downstream of the TAV and washout time was calculated.
The study found no differences between the left, right and non-neo-sinuses, but found positive
4

correlation between TV and washout time, shown in Figure 5. Positive correlations were also
found between TAV stent height with TV, as well as TAV cusp angle with TV and washout
time.

Figure 5. Thrombus volume versus washout time. A strong, statistically significant (p<0.001)
positive correlation exists between thrombus volume in the neosinus and washout time.
The study, along with one by Sadri et al. that found a similar correlation between flow stasis and
TV across multiple TAVs15, established the importance of flow stasis as a contributor to
thrombus formation in TAVs. However, according to the study conducted by Trusty et al.14, the
occurrence of flow stasis only accounts for 60% of the variability observed with TV. This
indicates that there are other factors at play that need to be considered.
According to the Virchow’s triad, there are three potential contributors to thrombosis –
flow stasis of blood flow, presence of foreign material, and hypercoagulability. While the
hemodynamics surrounding TAVs, has been studied in detail, the contribution of other aspects of
the Virchow’s triad, namely foreign materials, has received little attention. TAVs currently on
the market typically have three foreign material components: a cobalt-chromium stent, a
polyethylene terephthalate (PET) skirt, and leaflets made of bovine/ porcine pericardium. This
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study explores the initiation of thrombus formation from the perspective of each of these foreign
materials present in TAVs.
MATERIALS AND METHODS
Experimental Setup
Teflon test chamber

Silicone
tubing

Sample
collection port

Centrifugal
pump
Direction of
blood flow

Figure 6. Experimental setup showing the different components of the flow loop.

The steady flow loop system consisted of the PediMag centrifugal pump (Thoratec, Pleasanton,
CA), 23 mm ID biocompatible Teflon test chamber, and 23 mm ID machined PTFE
(polytetrafluoroethylene) connectors on either side of the test chamber to connect the chamber to
the pump via 6.35 mm ID silicone tubing (VWR, Bridgeport, NJ). The tubing fit snugly on the
pump head and PTFE pieces, and did not cause any leaks. Since the Teflon test chamber and the
PTFE connectors had the same inner dimensions, they were held together by biocompatible
Teflon tape to provide a semi-permanent connection. The connections were then wrapped in
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electrical tape to make them secure even in the case of axial forces. Clamps were used at each of
the connections to provide additional strength to the joints. The total volume of the flow loop
was approximately 55 mL.
Experimental Approach
This study consisted of 3 setups: control (empty test chamber), stent with skirt, and the whole
valve (stent, skirt and leaflets), shown in Figure 7.

Control

Stent-with-skirt

Whole valve

Figure 7. Three experimental conditions tested – control (left), stent-with-skirt (center),
whole valve (right). Teflon test chamber was left empty for the control. For the stent-with-skirt,
23 mm Edwards SAPIEN XT valve was inserted after the pericardial leaflets were removed. 23
mm Edwards SAPIEN XT valve as is was inserted in the chamber for the whole valve.

For experimental conditions requiring a stent or stent frame, a 23 mm SAPIEN XT valve
(Medtronic, Minneapolis, MN) was used and inserted into the test chamber. The loop was filled
with anticoagulated blood and the pump was set to rotate at 1000 rpm (flow rate of
approximately 0.8 L/min). Calcium chloride (reversing agent) was injected into the system
through a port in the tube just before the inlet of the pump, to allow for optimal mixing with the
blood before entering the test chamber.
In the initial experiments, the steady flow loop was run for 1 hour, and 1 mL blood samples were
collected at 2 time points (0 hour and 1 hour) during this duration. After obtaining preliminary
7

results, the duration of the experiment was increased so future experiments had a run time of 2
hours. 1 mL blood samples were collected at two timepoints: 0 hour and 2 hours. After each run,
the loop was drained and rinsed with saline before the next run.
Blood collection and reconstitution
These studies were approved by the Institutional Review Board for human research by the
Georgia Institute of Technology (IRB no. H17314).
A reversible anticoagulant system was developed and the optimal ratio of anticoagulant to
reversing agent was determined through bench tests, where the optimal ratio is defined as the
ratio at which thrombus formation is enabled but there is no gross thrombosis in the flow loop.
Sodium citrate (Sigma, St. Louis, MO) was used as the anticoagulant, and calcium chloride
(Sigma, St. Louis, MO) was used to reconstitute the blood.
According to industry standards, blood was collected by venipuncture into 60 mL syringes
containing 3.2% sodium citrate solution in a blood: citrate volumetric ratio of 9:1 to prevent
clotting. 180 mL of whole blood was drawn from the donor in a single sitting. Reversing agent,
100 mM calcium chloride was added to the flowing blood at a citrate: Ca2+ molar ratio of 8:1.
After obtaining preliminary results, static human blood experiments with citrate: Ca2+ ratios in a
range from 2:1 to 8:1 in both microcentrifuge tubes and glass (agonist) vials were performed to
refine the titration parameters. To further validate the citrate: Ca2+ ratio in a shear-mediated
system, steady flow experiments using pig blood were conducted for 30 minutes with citrate:
Ca2+ ratios in a range of 2:1 to 6:1. Through these experiments, the optimal ratio was identified
to be a citrate: Ca2+ ratio of 6:1. This 6:1 ratio was used for experiments thereafter.
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Figure 8. Sequence of experiments to determine optimal ratio of anticoagulant to reversing
agent.
The anticoagulant – reversing agent combination of heparin and protamine was not used because
past studies have shown that the system is too sensitive. It can also interact with blood
components in many different ways, unlike the current system which only uses the calcium
chelating mechanism16.
Sample preparation and ELISA Assay
Collected blood samples were stored at 4°C until the end of the experiment, returned to room
temperature and then centrifuged at 2000G for 10 minutes. Serum was separated from the
samples and then preserved for later analysis at -80°C. ELISA kits (Abcam, Cambridge, UK)
were used to measure concentrations of D-dimer and thrombin anti-thrombin (TAT), known
biomarkers of thrombogenicity. D-dimer concentration was measured in 6 initial steady flow
experiments that used human blood at the 8:1 citrate: Ca2+ ratio (n=6). 2 additional experiments
were conducted under the same experimental conditions, and TAT concentration was measured
in the samples from these experiments as well as the previous 6 experiments (n = 8). In
subsequent experiments (n=7) using human blood at the 6:1 citrate: Ca2+ ratio, only the TAT
assay was conducted.
Statistical Analysis

9

Data is presented as the mean ± standard error of the mean. The Shapiro-Wilk test was used to
assess the normality of each dataset. Paired sample t-test was used to compare concentrations of
D-dimer and TAT between timepoints. Two-tailed unpaired t-test was used to compare D-dimer
and TAT concentrations between groups. P-value of less than 0.05 was considered statistically
significant. Extreme outlier data points, determined based on the interquartile range, were
excluded from statistical analyses. All statistical analysis was carried out using IBM SPSS
Statistics software.
RESULTS
Steady flow human blood experiments with 8:1 citrate: Ca2+ratio and 1-hour run time

Figure 9. Concentration of D-dimer in human blood under steady flow over 1-hour
duration (n=6).
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Figure 10. Change in D-dimer concentration in human blood under steady flow over time
(n=6).

While the stent-with-skirt condition did not have a significant change in D-dimer concentration
either over time or when compared to the control, a significantly higher D-dimer concentration
was observed in comparison to the valve (P = 0.043).

Figure 11. TAT concentration in human blood under steady flow over 1-hour duration
(n=8).
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Figure 12. Change in TAT concentration in human blood under steady flow over time
(n=8).
No significant changes were observed in any of the groups over the duration of the experiment;
however, a significantly higher TAT concentration was observed in the stent-with-skirt setup
when compared to the valve (P = 0.018). Upon examination of the stent and valve after each run,
no clots were observed.
Since changes in D-dimer and TAT during the 1 hour of the experiment was minimal and
therefore not significant, alterations were made to the experimental approach. Run time was
increased from 1 hour to 2 hours, and new citrate: Ca2+ ratios were explored to simulate a more
hypercoagulable condition.
Refining citrate: Ca2+ ratio
Static experiments with human blood
Static experiments were performed with human blood in various molar ratios of citrate: Ca2+,
ranging from 1:1 to 8:1, in both microcentrifuge tubes and glass (agonist) vials. Static
experiments were conducted since they required minimal blood volume as opposed to steady
flow experiments that would require enough volume to fill the loop. These experiments were
12

used to get a preliminary understanding of behavior of human blood at different citrate: Ca2+
ratios. The results showed that 6:1 would be the optimal ratio to use. It was the highest ratio at
which clots were not observed to form even after 4 hours. At ratios even slightly higher, such as
at 5:1, gross thrombosis was observed within a time well under the experimental duration,
thereby rendering them unusable.
Steady flow experiments with porcine blood
To further test the titration parameters in a shear-mediated system, steady flow experiments were
conducted with porcine blood in the presence of an agonist biomaterial (stent-with-skirt). Porcine
blood was used for these trial experiments due to limited access to human blood and the cost
associated with it. Gross thrombosis was observed in the flow loop at 2:1 and 4:1 ratios.
Formation of clot on the stent was observed in the 5:1 and 6:1 condition. Quantitative
measurements such as concentration of D-dimer or TAT in the porcine blood was not possible
since ELISA assay kits specific to porcine blood are not available.

(A) Citrate: Ca2+ = 2:1

(B) Citrate: Ca2+ = 4:1

(D) Citrate: Ca2+ = 6:1

(C) Citrate: Ca2+ = 5:1
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Figure 13. Effect of citrate: Ca2+ ratio on thrombosis in the presence of stent-with-skirt
using porcine blood under steady flow. Gross thrombosis throughout the flow loop is observed
in A and B. Thrombus formation around the stent is observed in C and D.
Based on the results from the static human blood experiments and qualitative results from the
steady flow porcine blood experiments, the 6:1 citrate: Ca2+ was used moving forward.
Steady flow human blood experiments with 6:1 citrate: Ca2+ ratio and 2-hour run time

Figure 14. TAT concentration in human blood under steady flow over 2-hour duration
(n=7).

14

Figure 15. Change in TAT concentration in human blood under steady flow over time
(n=7).
No significant change in TAT concentration was observed in any group over time. Additionally,
the change in TAT concentration over the duration of the experiment was not significantly
different between the control, stent-with-skirt and valve groups. A small clot was observed in
one experiment performed in the stent-with-skirt condition, shown in Figure 15. Thrombus
formation was not observed in any other experiments.

Figure 16. Formation of clot with stent-with-skirt using human blood at 6:1 citrate: Ca2+ in
steady flow for 2 hours.
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No significant correlation was found between the complete blood count (CBC) and change in Ddimer and TAT concentration.
DISCUSSION
This study provides insight to the process of thrombus formation in TAVs from a foreign
materials perspective that has been left relatively unexplored. By comparing thrombus formation
under steady flow between stents with skirts and whole valves, the study sought to understand
how each foreign material in the TAV contributes to thrombogenesis.
The significantly higher D-dimer and TAT concentrations observed in the stent-with-skirt
condition when compared to the valve in 8:1 citrate: Ca2+ ratio indicate that the stent with the
skirt is more thrombogenic than the whole valve. It implies that exposure of blood to the stent
with the skirt for abnormally long periods of time can cause the blood to shift to a more
prothrombotic state over time. This is supported by the observation that thrombus formation
occurs readily and relatively quickly in the stent-with-skirt experimental condition under steady
flow using porcine blood. It can be hypothesized that the lower D-dimer and TAT concentration
in the whole valve compared to the stent-with skirt is due to the pericardial leaflets in the whole
valve reducing the interaction of blood with the stent and skirt under steady flow. By pushing up
against the stent, the leaflets have a protective effect against exposure to the foreign materials.
In human blood with the higher citrate: Ca2+ ratio of 6:1 i.e. a hypercoagulable state, changes in
TAT concentration within the groups over time and between groups was not significant. These
results suggest that after the blood reaches a sufficiently high prothrombotic state, the different
foreign materials in the TAV do not have significantly different effects on thrombus formation.
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Overall, this study was successful in establishing a protocol to study the effect of TAV materials
on thrombogenesis using blood from a single human donor, which is unprecedented. The results
of the study also bring us a step closer towards understanding the mechanism of initiation of
thrombus formation in TAV from a foreign materials perspective that can have implications on
future TAV design. While the results of the study are useful to develop a preliminary
understanding, further investigation is necessary to elucidate specifics of thrombus formation.
This study had several limitations, the primary one being the use of steady flow which does not
capture the fluid dynamics typically experienced by TAVs during pulsatile blood flow in the
heart. Future studies will focus on implementing a similar study in a pulsatile flow loop. In
addition, access to only one centrifugal pump allowed for testing of only one experimental
condition at a time, thereby generating a time lag between experiments. To minimize the impact
of the time lag on the results, the order in which the experimental conditions were tested was
randomized for each donor. Lastly, a SAPIEN XT (second generation) valve was used instead of
the most recently available SAPIEN 3 (third generation valve). However, since the valve differ
by stent design and presence of an outer skirt, not the materials used, both valves can be
expected to have the same effect on thrombus formation.
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