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Abstract
Background: Cardiac catheter ablation is associated with risk of thromboembolism such as stroke. Potential sources of embolism include 

thrombosis on guidewires, ablation catheters, and sheaths. In this study, we developed and tested a novel anti-thrombogenic coating to reduce the 
rate of thrombosis on indwelling intravascular devices. 

Methods: A prototype cerebral protection device (CPD) was placed in the ascending aorta for 90 minutes in a swine animal model. Extent of clot 
formation/adhesion on the CPD was quantified using a planar light source and a high-resolution camera to measure clot adhesion ratio after device 
extraction. Clot adhesion ratios are compared between CPDs that were coated with our novel anti-thrombogenic coating and placebo/non-coated 
devices.

Results: We successfully developed CPD devices with anti-thrombogenic coating and deployed them in the ascending aorta for 90 minutes in 
seven animal experiments. There were no hemodynamic or radiologic evidence of obstruction to blood flow in any device. Clot adhesion ratio was 
6.7 ± 4.61% on coated devices compared to 19.3 ± 15.77% on non-coated devices (65% reduction in clot adhesion ratio on coated CPDs).

Conclusions: Our novel anti-thermogenic coating is associated with less clot adhesion on a prototype CPD placed in the ascending aorta for a 
90 minute procedure in a swine animal model.
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Introduction
Thromboembolism poses a serious risk to patients undergoing 

catheter ablation [1]. In addition to risk of overt stroke and 
myocardial infarction, what were once thought to be “asymptomatic” 
brain lesions detected on magnetic resonance imaging (MRI) are 
now shown to be associated with long term risk of dementia and 
cognitive decline [2-4]. In fact, these brain lesions are quite common 
and, depending on ablation modality used and MRI definition, they 
can be present in up to a third of patients undergoing pulmonary  

 
vein isolation for atrial fibrillation [2-6]. Sources of embolism 
during cardiac ablation include thrombosis that occurs on 
guidewires, ablation catheters, and sheaths. Thrombosis can also 
result from direct heating or cooling of the blood pool which directly 
denatures proteins (including fibrin). Thrombosis can also result 
from disruption of the epithelial layer at the ablated site [7,8]. Non 
thrombogenic sources of emboli include char, necrotic tissue, and 
foreign material [1,9]. Air can also embolize as it can be introduced 
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during catheter exchange, irrigation, suctioning, flushing and 
medication administration [1,10]. Anticoagulation and careful 
sheath and catheter manipulation can reduce the risk of formation of 
embolic material during catheter ablation. Nonetheless, innovative 
approaches to reduce the risk of formation of such material during 
cardiac ablation include using non-thermal energy sources for 
ablation and applying continuous negative charge on catheters to 
repel the negatively a charged fibrin molecules [11-14]. However, 
once formed, cerebral protection devices (CPD) have proven their 
efficacy in capturing and containing thrombus and other emboli 
from the systemic circulation during intervascular interventions 
[9,15-20]. Despite proving their efficacy in capturing embolic 
material, the use of these devices might be limited by dwell time 
due to the risk device clot occlusion or decreased blood flow [21].  
To further improve safety of intravascular procedures, we propose 
an innovative approach to reduce the thrombogenic properties of 

any intravascular device including CPDs. In this study, our team 
developed and tested a novel anti-thrombogenic coating that can 
be applied to medical devices to reduce the rate of thrombosis 
on their surface. We hypothesize that the application of our anti-
thrombogenic agent can decrease clot adhesion on indwelling 
intravascular devices. To test this hypothesis, we designed a 
prospective feasibility study in a swine animal model to compare 
the clot adhesion ratio on coated versus uncoated prototype CPD 
device placed in the ascending aorta.

Material and Methods
The study design had two parts each containing multiple 

phases. In Phase I, we fabricated the CPD devices and assessed the 
capture efficiency ex-vivo in a circuit containing saline. In Phase 
II, we conducted all the in-vivo assessments of device patency and 
efficiency. Phase II experiments were conducted in Japan and USA 
as outlined below.

Figure 1: Cerebral protection device. A- Cartoon representation demonstrating the approximate device position and orientation in the 
ascending aorta. B- Our prototype cerebral protection device (CPD) C- A-Close loop circuit for Ex-Vivo quantification of capture efficiency 
test.
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Phase I

Device fabrication & coating: To gain insight into the efficacy 
of the anti-thrombogenic coating, we wanted a large enough surface 
area that would allow for quantification of the clot burden on a 
representative device. Given the relatively small size of catheter 
tips commonly used for ablation and the instability of clot adhesion 
at those surfaces from constant manipulation and/or irrigation, we 
elected to use a prototype CPD placed in the ascending aorta. The 
novel CPD consists of a nickel-titanium frame with a polyester mesh 
(Figure 1). To prevent early occlusion, a novel antithrombogenic 
polymer coating that inhibits both enzymatic activity of thrombin 
and platelet adhesion was applied to the mesh (Toray Industries, 
Inc., Tokyo). Each pore in the polyester mesh was 100 µm in length 
on one side. The polyester yarn is 27 µm in diameter. The mesh 
filter is mounted on a flower- shaped nickel-titanium frame to allow 
the filter to conform to the interior diameter of each ascending 
aorta. The diameter of the frame ring is 18 to 20 mm. The points 
of curvature of frame ring are connected to a core shaft with four 
polyester threads (distal part) and four stainless steel threads 
(proximal part). An outer tube, which consists of a polyimide and 
polyether block amide 6 French outer diameter tube is set over the 
core shaft. The filter ring can close when the operator pulls the core 
shaft along the outer tube. The filter is delivered to the ascending 
aorta via the femoral artery using a 0.014-inch guidewire. Two 
different types of mesh were used (1) non-coated, and (2) coated 
devices with the aforementioned anti-thrombogenic coating. 
Briefly, heparin was loaded to the surface of the polyester mesh 
of the CPD through ionic interaction. The surface of the polyester 
mesh was covalently modified with polyamine by soaking it in 
polyamine aqueous solution (5.0 wt%). After rinsing off the excess 
polyamine, the modified polyester mesh was incubated in heparin 
aqueous solution (0.75 wt%). The surface amount of heparin was 
quantified with anti-factor Xa activity, using Testzym® Heparin S 
(Sekisui Medical Co., Ltd., Tokyo, Japan).

Capture efficiency testing: A closed loop circuit was created 
which allowed for placement of our CPD device through which 
saline flowed. Small (0.25 X 0.25mm) radiopaque particles were 
injected into the circuit to demonstrate their capture by the CPD 
device. Capture efficacy was quantified by measuring the amount 
of particles that were not captured by the CPD and were instead 
captured on a mesh distal to the device that was also part of the 
circuit.

Phase II

Our primary outcomes for the in-vivo experiments were to 
compare coated and uncoated CPD patency throughout a 90-minute 
procedure and to quantify the amount clot formation/adhesion on 
the CPD. Our secondary outcomes were to assess the efficacy of the 
CPD in capturing emboli generated proximal to the device during 
radiofrequency (RF) ablation and particulate injection into the left 

ventricular outflow tract. The secondary outcomes were not assessed 
in every experiment.  A total of eight animal experiments were 
conducted (Phase II). The first three experiments were conducted 
in Japan at the Fukushima Medical Device Development Support 
Centre on swine animal model, Zenno Premium Pig (ZPP) that was 
made by crossing Large Yorkshire and Land breed. All experiments 
were conducted in accordance with the Biological Evaluation of 
Medical devices –Part2: Animal welfare requirements. The last five 
experiments were conducted at Mayo Clinic (Rochester, MN, US) 
also using female swine model (Sus scrofa). All procedures at Mayo 
Clinic were reviewed and approved by the Institutional Animal Care 
and Use Committee and experiments were conducted according 
to laboratory animal use and care regulations. One animal study 
was excluded due to early animal demise secondary to myocardial 
infarction from an air embolus through the trans-septal sheath very 
early in the experiment (immediately after trans-septal access was 
established). Animals were fasted for 12 hours prior to surgery and 
maintained under general anesthesia using isoflurane (1-3%) after 
induction with midazolam, medetomidine and thiamylal sodium 
at the Fukushima Medical Device Development Support Centre. 
Propofol and telazole were used for anesthesia induction at Mayo 
Clinic. Femoral venous and arterial accesses were established for 
CPD placement and ablation catheters. Internal jugular access was 
used for intra-cardiac echocardiogram catheters. Heparin was used 
to maintain an activated clotting time (ACT)of greater than 300 sec 
prior to the procedure.

Device patency: Once the ACT was greater than 300 sec, the 
femoral arterial access was used to advance a coated or un-coated 
CPD into the arterial circulation. Under direct fluoroscopic and 
intracardiac echocardiogram guidance, the CPD was advanced and 
deployed in the ascending aorta just above the sinus of Valsalva 
(Figure 2). Once complete, venous access was obtained and an 
Agilis sheath was used to establish trans-septal access into the left 
atrium. The CPDs were allowed to indwell for 90 minutes in the 
aorta to assess a baseline clot adhesion ratio on the CPD. Contrast 
injection into the left atrium were performed every 30 minutes 
to confirm CPD patency. After the 90 minutes were complete, the 
CPD device was removed and replaced with a new device that was 
placed in the same location. The first three experiments conducted 
in Japan, during each experiment one coated and one uncoated CPD 
were allowed to indwell for at least 90 minutes in each animal. This 
experiment was replicated once at Mayo Clinic. Thus, four pairs of 
CPDs (one coated and one uncoated) were tested in four animals 
without any ablations.

Capture efficiency with radiofrequency ablation: In four 
animal experiments RF ablation was performed in the left atrium 
while a CPD was placed in the aorta. For ablation, a standard 
non-irrigated ablation catheter (BlazerTM II, Boston Scientific 
Corporation) or open irrigated ablation catheter (THERMOCOOL®, 
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Biosense Webster) was advanced into the left atrium through the 
trans-septal access (Figure 3). Five RF ablations were performed 
at 50W for 30 seconds. After five ablations were complete in the 

left atrium, the CPD device was allowed to indwell at the same 
location to complete at least 90 minutes. Each animal had two sets 
of ablations preformed, using two different CPDs.

Figure 2: Device position and clot adhesion ratio. A-Anterior-posterior fluoroscopy view of the CPD in the aorta. B- Contrast injection through 
CPD device demonstrating adequate position and patency. C- Clot adhesion ratio quantification apparatus.

Figure 3: Capture efficiency. A- Cartoon representation of the cerebral protection device (CPD) device in the ascending aorta and a multipurpose 
catheter for In-Vivo capture efficiency test. B- Anterior posterior fluoroscopic view of the multipurpose catheter injecting particulate matter in 
the left ventricular outflow tract with CPD in place. C- Anterior-posterior view of the CPD device in place during left atrial ablation through trans-
septal access. D&E- Small thrombi collected after rinsing two of CPD devices that were used during non-irrigated radiofrequency ablation in 
the left atrium. F&G- Small thrombi collected after rinsing two of CPD devices that were used during irrigated radiofrequency ablation in the 
left atrium.
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Capture efficiency with particulate injection: Once the 
ablations were complete and CPD was removed, a last device was 
placed in the aorta for the capture efficiency test. This test was 
performed at the end of three of the animal experiments. During 
this portion, a multipurpose catheter was advanced through the 
trans-septal access into the left ventricular outflow tract (LVOT) 
just under the aortic valve. A predetermined number of small (0.25 
X 0.25mm) radiopaque particles were injected in the LVOT. The 
device was then removed, and the amount of radiopaque material 
captured by the filter was quantified.

Outcome Assessment
Device patency (Phase IIA) was assessed by injecting contrast 

proximal to the device at predetermined intervals (described 
above). Once the CPD was removed, each was rinsed with 0.9% 
saline to dislodge any non-adherent clot that was collected using 
a strainer. The burden of non-adherent clot served as a surrogate 
for emboli from ablation that was captured by the CPD and was 
qualitatively evaluated. After rinsing with saline, the device itself 
was stored in 10% formalin solution. The mesh filter was removed 
from the nickel-titanium frame of each catheter for analysis. Each 
CPD sample was analyzed using a planar light source and a high-
resolution camera, the surface area covered by clot was calculated 
relative to the total surface area of the CPD filter to calculate the 
clot adhesion ratio by the following equation. Clot adhesion ratio 

(%) = (the area of clot adhesion/ the overall area of the filter mesh) 
x 100 All data was reported as mean ratio ± standard deviation. No 
statistical analysis was performed given the low sample size.

Result

Capture efficiency

Three experiments were conducted assessing the capture 
efficiency of the CPT device ex-vivo. The capture efficiency was 
calculated to be 95.17± 0.67%. The mean number of particles 
that were not captured was 3.5± 1.56%. In addition, 1.2± 1.36% 
particles were lost at the time of CPD removal.

Device patency

A total of six CPDs were included in the analysis for clot 
adhesion ratio. Three animals were in Japan and one at Mayo 
Clinic. The device was successfully deployed in all animals with no 
device related acute complications. Contrast injections at time of 
device placement, 30 minutes, 60 minutes and 90 minutes after 
device placement have consistently demonstrated good contrast 
flow through all devices with no evidence of obstruction. The clot 
adhesion ratio was lower in the anti-thrombogenic coated CPDs 
compared to uncoated (Figure 4). There was a 65% reduction in 
clot adhesion ratio on the uncoated mesh than the coated (clot 
adhesion ratio of 19.3 ± 15.77% vs. 6.7 ± 4.61 %).

Figure 4: Clot adhesion ratio. Data for the four animal experiments comparing the clot adhesion rate between cerebral protection devices 
(CPD) coated with anti-thrombogenic coating versus uncoated. All devices were placed for at least 90 minutes in the sinus of Valsalva. Clot 
adhesion rate (%) = (the area of clot adhesion/the overall area of the filter mesh) x 100. Above each bar is the actual image of the CPD device 
showing clot adhesion.
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Capture efficiency with radiofrequency ablation

Three coated CPDs were placed for 90 minutes in three 
experiments without ablation to serve as control. The mean clot 
adhesion ratio for control CPDs was 38.6± 22.58%. Irrigated 
ablation was performed in two experiments (coated CPDs) and 
clot adhesion ratio was 32.1±17.52%. Non-irrigated ablation was 
performed in three animal experiments and a total of four CPDs 
were used (three coated and one non-coated) clot adhesion ratio 
was 27.35±11.60% with non-irrigated ablation. In summary, mean 
clot adhesion ratio did not significantly correlate with ablation 
regardless of whether it was irrigated or non-irrigated ablation. 
Qualitatively, there was a clear difference in the rate of emboli/
debris within the devices that had ablation versus no ablation. 
Ablation with irrigation seemed to have less emboli/debris within 
the devices.

Capture efficiency with particulate injections

Injection of the radiopaque particles was performed at the end 
of three animal experiments. Capture efficiency was 43%, 67.4% 
and 94.4% in the first, second and third experiments. Of note, a 
good number (not quantified) of the radiopaque material injected 

in the left ventricle had remained trapped in the left ventricular 
trabeculations and did not necessarily embolize to the systemic 
circulation.

Discussion
In this experiment, we were able to successfully create a novel 

prototype cerebral protection device with anti-thrombogenic 
coating and deploy it in the aortic arch for 90 minutes without 
causing any hemodynamic or radiologic evidence of obstruction 
to blood flow. The anti-thrombogenic coating was associated with 
lower clot adhesion ratio on the CPD device compared to non-
coated devices. However, no statistical analysis was feasible given 
the limited number of observations. As for the secondary endpoint, 
the device was able to maintain its position and capture emboli 
(from ablation and radiopaque particles) while remaining patent. 
The variation of clot adhesion ratio of the coated mesh at baseline, 
made it difficult to distinguish non-ablation related clot versus 
emboli as a result of ablation (Figure 5). While the capture efficiency 
is far from perfect, it still remains a significant advantage to the 
current standard of care-which is no protection at all. Qualitatively, 
we observed an expected trend towards lower number and size of 
embolic debris when using irrigated ablation.

Figure 5: Clot adhesion ratio per animal and device. A- Scatter plot summarizing the clot adhesion ratio of all CPD devices stratified by animal 
with, device and ablation type. B- Scatter plot demonstrating clot adhesion ratio stratified by device and type of irrigation regardless of animal. 
All devices were placed for at least 90 minutes in the sinus of Valsalva. Clot adhesion ratio (%) = (the area of clot adhesion/ the overall area 
of the filter mesh) x 100.
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Our experimental design has several limitations. First, being a 
feasibility study, the low number of data points prevented us from 
performing any statistical analysis. Second, the device used was a 
prototype device and despite the ex-vivo testing (which allowed to 
device to fit almost perfectly in the circuit); its efficacy in capturing 
debris depends on the individual anatomy of each animal’s aorta. 
Third, it is difficult to ascertain the difference between clots formed 
on the device versus clot that was captured during ablations. 
Nonetheless, these initial results create a good foundation to power 
future experiments to assess the efficacy of the anti-thermogenic 
coating and to assess the efficiency of future iterations of this CPD. 
In future experiments we aim to assess the efficacy of the anti-
thrombogenic coating on chronically indwelling devices such as 
left atrial appendage occlusion devices or prosthetic valves. This 
will not only demonstrate the utility of such coating in low flow 
situations, such as the left atrium, but also provide insight into the 
utility of using such coating chronically.

Conclusion
Our novel anti-thermogenic coating is associated with less clot 

adhesion on a prototype CPD placed in the ascending aorta for a 
90-minute procedure in a swine animal model.
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