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ABSTRACT 

Objective: The purpose of this study was to compare the in vivo corrosion resistance of the implanted titanium, nitinol 
annular occlusion device to a control device, i.e. an implantable device containing nitinol, approved by the FDA and 
currently on the market. Methods: The annular occlusion device is a self-closing, implantable clip. Three canines un-
derwent placement of devices on the left and right atrial appendages. Two Vnus U-clips were secured to either atrium. 
On post-operative day 95, animals underwent en-bloc cardiac resection via the previous left thoracotomy incision. The 
annular occlusion device and U-clips were dissected free from the atria. The polyester fabric and tissue ingrowth were 
removed from the devices and were sent for corrosion analysis. Results: Gross examination of resected hearts of two 
canines revealed no abnormalities. The compressed endocardial surfaces were completely fused and the appendages 
fully necrosed. All devices were located and harvested. The annular occlusion device clips and Medtronic Vnus U-clips 
were evaluated using scanning electron microscopy. Both low and high magnification examination of the nitinol springs 
and the site of insertion of the nitinol springs into the titanium tubes in the annular occlusion device showed no evi-
dence of localized corrosion. In no case was any evidence of general or localized corrosion found in the form of metal-
lic oxidation. Conclusion: The annular occlusion device provides safe and reliable exclusion of the left atrial appendage 
without evidence of general or localized corrosion over the 95-day exposure period in canines and may therefore pro-
vide a reasonable therapeutic option for stroke risk reduction in patients with atrial fibrillation. 
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1. Introduction 

Atrial fibrillation (AF) is a well-known cardiac arrhyth-
mia and is associated with significant morbidity and 
mortality, often from thromboembolic events originating 
in the left atrial appendage (LAA) [1]. Patients with AF 
have a five-fold increase of stroke risk, and it has been 
reported that 60% - 90% of left atrial thrombi originate in 
the LAA [2,3]. Relative stagnation of blood in the atrium 
during AF promotes local coagulation and generation of 
thrombi. Historically, the gold standard of treatment for 
AF has been oral anticoagulation therapy [4,5]. Given the 
morbidity associated with this type of therapy, as well as 
difficulties with compliance and appropriate monitoring, 
a shifting focus in recent years has been towards surgical 
exclusion of the LAA in patients with atrial fibrillation 
undergoing cardiac surgery [6-10]. In 2009, the Project 
AF trial demonstrated non-inferiority of percutaneous  

closure of the LAA when compared to oral anticoagula-
tion therapy for stroke prevention in patients with atrial 
fibrillation [11]. 

Recent technological advances have allowed for com-
plete exclusion of the LAA [12]. Several devices have 
been developed to allow for an epicardial approach, 
which precludes the need for transseptal puncture, or left 
endocardial catheters with their associated risk of em-
bolic events and eliminates the technical limitations and 
complications of stapling technique and the cut-and-sew 
method.   

A new clip used for LAA occlusion in patients with 
AF undergoing cardiac surgery has been evaluated and 
determined to provide safe, rapid and reliable occlusion 
of the LAA in both canine model and clinical trials [13- 
16]. Histologic evaluation has been performed at multi-
ple survival durations, up to 180 days. The corrosion  
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resistance of the Annular Occlusion Device (AOD) has 
been investigated in vitro in accordance with American 
Society for Testing and Materials (ASTM) standard 
F2129-06 [17]. This standard also calls out that in vitro 
corrosion parameters cannot be reasonably assumed to 
correlate with in vivo conditions. The standard also rec-
ommends that a similar reference device with a similar 
purpose be tested under the same conditions. The pur-
pose of this study is to evaluate and compare the in vivo 
corrosion resistance of the implanted (AOD) against a 
control device that has been FDA approved and is in use 
in the medical community today. 

2. Materials and Methods 

2.1. Device Description 

The AOD was developed by AtriCure, Inc. (Cincinnati, 
Ohio, USA) and is a self-closing, implantable clip. A 
reusable deployment tool was used in this trial which 
allows for placement and, if necessary, repositioning 
before deployment. A sizing tool provided with the clip 
aids in selecting the appropriate size clip. The clip is 
composed of two parallel rigid titanium tubes joined at 
both ends by nitinol springs. The springs are constructed 
from electropolished and passivated nitinol. The titanium 
tubes are encased in a urethane elastomer and the entire 
device is wrapped in a knit braided polyester. The poly-
ester fabric, promotes tissue ingrowth, and prevents trau- 
ma to or erosion into adjacent anatomic structures, such 
as the left ventricle or pulmonary artery. During deploy-
ment, the AOD is placed over the appendage and posi-
tioned at the base. Once properly positioned, the AOD is 
deployed and closes at a specific pressure, bringing the 
two walls of the appendage together which atraumati-
cally occludes the structure. Over time, the appendage 
walls fuse together, the appendage necroses, tissue in-
growth into the knit braid keeps the device in place, and 
the endocardial seam is smoothed over by a layer epithe-
lial tissue. 

2.2. Animal Model 

Three mongrel canines (mean weight 27.7 kg +/– 1.8 kg) 
were used in the study. Their use was approved by Good 
Samaritan Hospital’s Institutional Animal Care and Use 
Committee. They received humane treatment under the 
supervision of an animal lab supervisor and technician, in 
accordance with the “Guide for the Care and Use of 
Laboratory Animals” prepared by the Institute of Labo-
ratory Resources National Research Council, published 
by the National Academy Press, revised 1996. 

2.3. Implantation and Device Harvest 

All animals underwent general endotracheal anesthesia, 

followed by left thoracotomy and pericardial incision. 
After appropriate sizing, 35 mm AODs were deployed on 
the left and right atrial appendages, with two devices 
used per animal (Figure 1). Two Vnus U-clips were se-
cured to either atrium, with a total of four U-clips im-
planted per animal. The thoracotomies were closed with 
no intra-operative surgical complications in any of the 
three animals. The animals did not receive systemic anti- 
coagulation or anti-platelet therapy during or after the 
procedure. 

The canines were recovered in standard housing where 
they underwent routine monitoring and assessment to 
determine progression of healing and adequacy of anal-
gesia. Prior to initiation of the study, the survival period 
was determined to be no less than ninety days. On post- 
operative day 95, the animals underwent general anes-
thesia, humane euthanasia and en-bloc cardiac resection 
via the previous left thoracotomy incision. Photographs 
of the devices were taken during the implantation and 
harvest. 

The AODs and U-clips were sharply dissected free 
from the atria, with care being taken not to contact any 
device directly with a metallic instrument. The polyester 
fabric and tissue ingrowth were removed from the de-
vices, which were immediately placed in mineral oil to 
suspend their state of corrosion. The preserved samples 
were shipped to a third-party consulting firm Exponent, 
Inc (Natick, MA, USA) for corrosion analysis. 

2.4. Corrosion Analysis 

Upon receipt by Exponent, Inc., the mineral oil was re- 
moved by ultrasonic cleaning in hexane. In order to re- 
move retained biologic material, the devices were ultra-  
 

 

Figure 1. Implantation photograph of annular occlusion 
device (AOD) deployed at the base of the left atrial ap-
pendage in a living canine. 
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sonically cleaned in ethanol, then with alkaline labora-
tory detergent and a nylon brush to avoid causing me-
chanical damage to the metallic surfaces. The samples 
were then rinsed in water, ultrasonically cleaned in etha-
nol and allowed to dry prior to inspection using scanning 
electron microscopy (SEM) (JEOL Model 6390LV). 
SEM images were collected at high vacuum in secondary 
electron imaging mode to enhance surface topography. 
Energy dispersive x-ray spectroscopy (EDS) was used to 
determine the chemical elements present on the surface 
of the samples. Images were taken at selected and repre-
sentative areas under high magnification where neces-
sary. 

3. Results 

3.1. Summary 

All implantation and harvest surgeries were carried out 
without incident. On implantation, AOD placement was 
performed simply and without injury to surrounding 
structures. In the first animal, the AODs were placed at 
the base of the atrial appendages requiring the U-clips to 
be placed in a position contacting the fabric of the AOD. 
In the subsequent animals, the AOD was not advanced to 
the base of the appendage to accommodate U-clip place- 
ment without contact. All six appendages were sized with 
the provided tool and the smallest AOD (35 mm) was 
implanted in all cases. Tissue engagement of 40% - 75% 
of the length of the device was noted. The compressed 
appendage thickness was 1 mm in all six devices. 

The canines were survived for 95 days. Upon harvest, 
gross examination of resected hearts of canines one and 
two revealed no abnormalities—the compressed endo-
cardial surfaces were completely fused and the append-
ages fully necrosed (Figure 2). All devices were located 
and harvested. On post-operative day 35, canine number 
three was examined by the staff veterinarian due to de-
creased activity and appetite and was administered an 
antibiotic for a suspected infection. The animal recovered 
fully, but did not regain lost weight. The occluded por-
tion of the right atrial appendage of canine three was not 
fully necrosed and upon being cut open contained co-
agulated blood. The endocardial surfaces of both atrial 
lumens were fully closed. Gross examination of the peri-
cardium and ventricles of canine number three revealed 
evidence of epicardial inflammation. This observation 
suggests that an impaired healing process may have pre-
vented full necrosis of the right atrial appendage. Full 
occlusion was confirmed following AOD implant and 
verified at explant for all six appendages. 

3.2. Corrosion Analysis 

AOD clips and Medtronic Vnus U-clips were analyzed  

using SEM. Low magnification examination of the AOD 
nitinol springs and the site of insertion of the nitinol 
springs into the titanium tubes showed no evidence of 
general or localized corrosion. In many cases, surface 
staining was observed, but no indications of gross metal 
dissolution such as would be associated with general 
corrosion or localized corrosion were observed. All im-
plant devices will have a detectible but quite low metal 
dissolution rate associated with the passive film. The 
sites of nitinol spring insertion into the titanium tubes 
often revealed retained biologic material (Figure 3). In 
addition, striation marks were seen along the entire 
length of the nitinol wires and are consistent with surface 
morphology expected from the manufacturing process. 

EDS indicated that clean nitinol surfaces were com-
posed of titanium, nickel, oxygen, and trace amounts of 
carbon. The source of carbon is unknown, but likely  
 

 

Figure 2. Explantation photograph looking into opened left 
atrium with endocardial fusion of fully occluded append-
age. 
 

 

Figure 3. Evaluation of the region where the nitinol springs 
inserted into the titanium rods reveals no corrosion damage. 
Note the retained biologic material on the sample at the site 
of insertion. 
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comes either from carbon in the alloy itself or carbon 
which is present on the surface of the device. The dark-
ened regions were found to have a high concentration of 
carbon that was consistent with organic material present 
on the surfaces of the samples. Assuming that the nitinol 
material is homogeneous these regions were attributed to 
the presence of biologic material or retained mineral oil 
from shipping.  

Similar SEM and EDS analysis of the Medtronic Vnus 
U-clips did not show any evidence of general or localized 
corrosion (Figure 4). One area identified on a Vnus 
U-clip showed characteristics which could be associated 
with incipient corrosion but it was not possible to rule 
out surface damage induced during to the U-clip manu-
facturing process (Figure 5). 

4. Discussion 

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia and is a source of secondary morbidity in the 
form of cardiomyopathy, congestive heart failure and 
generation of thromboembolic events [1]. AF increases 
in prevalence with increasing age, which makes the ad-
herence to the gold standard of oral anticoagulation dif-
ficult from the standpoint of compliance and manage-
ment of bleeding complications [4,5]. The left atrial ap-
pendage (LAA) is believed to be the source of thrombus 
in over 90% of nonrheumatic patients with atrial fibrilla-
tion [2,3]. 

With advances in cardiothoracic surgery in recent 
years, there has been a paradigm shift from purely medi-
cal management of atrial fibrillation to mechanical and 
surgical exclusion of the LAA as a means of reducing the 
risk of thrombus generation. Pioneers of this pursuit who 
began with stapling techniques and “cut and sew” method 
of atrial exclusion have met with often incomplete results 
and significant complications of secondary rupture and 
large “cul-de-sac” formation [18]. With the development 
of the epicardial AOD, occlusion of the LAA on a beat-
ing heart has been made feasible without the need for 
transseptal perforation and with relative ease and repro-
ducibility of deployment. Previous studies have validated 
its ability to electrically isolate and generate necrosis in 
the LAA, while promoting growth of a smooth epicardial 
surface at the site of occlusion and maintaining fixation 
due to its knit braided polyester sheath [12-16].  

This study showed a lack of pitting corrosion or sig-
nificant general corrosion in implanted AODs after 95 
days of in vivo implantation in a canine host. The im-
planted devices were removed after gross examination 
and smooth, endothelial closure of the atrial surface of 
the LAA was confirmed. The explanted devices were 
examined using SEM. A comprehensive SEM examina-
tion of the explanted devices failed to find any evidence  

 

Figure 4. High magnification image of AOD nitinol spring, 
showing surface texture and debris but no evidence of cor-
rosion. 
 

 

Figure 5. SEM image of Vnus U-clip after 90 day implanta-
tion. High magnification image demonstrates possible cor-
rosion versus damage from wire drawing. 
 
of localized corrosion on the titanium tubes or the at-
tached nitinol springs. The reference control for this 
study was the Medtronic Vnus U-clip, which is released 
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into circulation and approved for use in cardiovascular 
surgery. The control implants also showed no clear evi-
dence of general or localized corrosion. 

This study is limited by its size and relatively brief 
follow-up duration of 95 days. The 95-days implant time 
period is too brief a time period to draw any conclusions 
regarding corrosion-fatigue effects. Also, implantation 
and harvest for examination using SEM is not a feasible 
option for clinical trials, so our understanding of corro-
sion in humans may be limited to animal or perhaps 
someday cadaveric models. Accordingly, data must be 
extrapolated from the canine model to the human model 
under the assumption that substantially similar bioche- 
mical and mechanical factors exist to induce any poten-
tial disruption in the surface and integrity of synthetic, 
metallic implants. 

The Annular Occlusion Device provides safe and reli-
able exclusion of the LAA without evidence of general or 
localized corrosion during a 95-day implant period and 
therefore may provide a reasonable therapeutic option for 
stroke risk reduction in patients with AF. 
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