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ORIGINAL RESEARCH

New Model for the Assessment of Transcatheter Aortic Valve Replacement
Devices in Sheep

John P. Carneya, Jill Schappa Fausticha, Matthew T. Lahtia, Paul E. Ashworthb, Agustin P. Dalmassoa,
Yuriy Moklyaka, and Richard W. Biancoa

aExperimental Surgical Services Laboratory, Department of Surgery, University of Minnesota, Minneapolis, Minnesota, USA; bAbbott
Laboratories, St Paul, Minnesota, USA

ABSTRACT
Background: Transcatheter aortic valve replacement (TAVR) is an effective therapy in treating
high-risk patients suffering from aortic stenosis. Animal models used to evaluate safety and effi-
cacy of TAVR devices prior to clinical use lack a stenotic aortic annulus, a critical impediment to
long-term TAVR device evaluation. We sought to create a reproducible model of aortic stenosis
using a modified aortic annuloplasty (MAA) procedure in sheep, followed by deployment and
long-term evaluation of TAVR devices using this model.
Methods: Twelve sheep underwent the MAA procedure and were recovered. Transthoracic echo-
cardiography (TTE) was used to monitor changes in the aortic annulus in the postoperative period.
At 60 days post-MAA, Test group animals were anesthetized for TAVR insertion and Control ani-
mals underwent a necropsy. Test animals were recovered following TAVR insertion and observed
for a postoperative period of 140days.
Results: Twelve sheep survived the annuloplasty procedure and the 60-day recovery period. Gross
examination of seven Control group animals revealed the implanted annuloplasty ring segments
formed hard protrusions into the aortic annulus. Five sheep in the Test group underwent success-
ful deployment of Abbott’s experimental TAVR device without evidence of migration. Examination
at 140days post-TAVR insertion showed all devices tightly anchored within the modified aor-
tic annulus.
Conclusions: The MAA procedure creates stenotic segments in the aortic annulus with adequate
rigidity for anchorage and long-term evaluation of TAVR devices. This represents the first model
that successfully mimics human aortic stenosis and provides a clinically relevant TAVR deployment
platform for long-term evaluation in sheep.
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Introduction

Aortic stenosis is the most common cardiac valve lesion in
the United States [1]. Patients exhibiting clinical symptoms
of AS have a high risk of death [1, 2]. AS is characterized
by progressive calcification and narrowing of the aortic
valve, resulting in an obstruction forcing the left ventricle to
generate a continuously increasing pressure. Over time, aor-
tic stenosis causes damage to the left ventricle, alters coron-
ary flow, and ultimately causes systolic and diastolic left
ventricular dysfunction.

Historically, the standard of care for patients with symp-
tomatic AS has been surgical aortic valve replacement using
cardiopulmonary bypass [3, 4]. However, surgical replace-
ment can be extremely risky for some critically ill patients.
Thus, over the last 20 years, less invasive catheter-based
devices have been developed as an alternative to treat high
risk patients [5–8]. At present, an estimated 200,000 patients

have been treated at 750 global centers using transcatheter
aortic valve replacement (TAVR) devices for the treatment
of aortic valve stenosis, establishing the use of this treatment
modality as a clinically viable and effective therapy [9].
Moreover, regulatory approval of TAVR devices will
undoubtedly stimulate the creation and development of
novel transcatheter-based devices for the treatment of
AS [10–12].

Prior to human use, the safety and performance of new
TAVR devices must be evaluated in a large animal model
[12]. However, healthy animals lack a calcified and stenotic
aortic annulus, critical to the securement of a TAVR stent,
and a key characteristic of AS. This presents a critical impedi-
ment to long-term TAVR device evaluation. While a number
of surgical techniques have been developed to circumvent this
problem, including surgical implant, heterotopic delivery, aor-
tic banding and valve-in-valve deployment, none effectively
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model the cardiac disease state of AS for which patients
would receive a TAVR device.

Therefore, the aim of this study was to 1) model AS in
sheep by performing a modified aortic annuloplasty (MAA)
procedure and 2) implant a clinically relevant TAVR device
in the model for long-term evaluation.

Materials and methods

Approval was obtained by the Institutional Animal Care and
Use Committee prior to the start of the study.

Experimental design

Experimental design is provided in Table 1. All animals
underwent a modified aortic annuloplasty (MAA) procedure
using cardiopulmonary bypass (CPB) and were recovered.
At 14 and 60 days post-MAA, all animals were monitored
with transthoracic echo (TTE). At 60 days post-MAA, ani-
mals were divided into Test and Control groups. Animals in
the Control group (n¼ 7) were euthanized. Animals in the
Test group (n¼ 5) underwent TAVR insertion into the
modified aortic annulus and were recovered. At 140 days
post-TAVR insertion animals were humanely euthanized.
All animals underwent a comprehensive gross necropsy at
the end of the study term.

Annuloplasty ring design

The MAA procedure is facilitated by an annuloplasty ring
designed by our laboratory, consisting of a silicone core cov-
ered in Dacron fabric, measuring 110mm � 7mm � 1mm
in dimension. The silicone core is seeded with Tantalum
powder prior to manufacture to make the ring radiolucent.
The ring can easily be cut with a scissors for customization
of the segments specific to each animal’s aortic anatomy.
The ring was produced using standard manufacturing proce-
dures and was sterilized appropriately prior to implantation.
A photo of the annuloplasty ring is presented in Figure 1.

Animals

Twelve domestic sheep were selected for this study, consist-
ing of 10 females and 2 castrated males, 15.4 ± 3.8months
old (mean ± SD); weighing 75.6 ± 7.2 kg. More females were
available from the farmer than castrated males at time of
purchase. Upon arrival to the laboratory, a veterinarian per-
formed a physical examination for heath assessment, includ-
ing heart rate, body temperature, respiratory rate and
capillary refill time, and were vaccinated and dewormed as
appropriate. Animals were housed in AAALAC accredited
pens in large animal housing.

Fasting/preoperative preparation

Animals were fasted for 12–24 h prior to anesthetic events
with water provided ad libitum. Sustained release (SR)
Buprenorphine (SQ) was used for pre- and post- operative
analgesia at a dose of 0.12–0.27mg/kg, given in the 24 h
period prior to surgical induction.

Modified aortic annuloplasty (MAA)

Animals were sedated with 0.04mg/kg atropine IM, 10mg/
kg Ketamine IM and 2–6mg/kg propofol IV. Animals were
intubated, maintained on isoflurane at 2–4% for the dur-
ation of surgery and monitored for heart rate, mean blood
pressure, fixed pupil location, corneal reflex absence, and
oxygen saturation to ensure proper anesthesia. Surgery was
performed in the right decubitus position with left 3rd inter-
costal space thoracotomy to expose the heart and the aorta.
The animals were anticoagulated and placed on CPB using
standard techniques [13–16]. The animal was cooled to
28˚C, and the aorta was cross clamped proximal to the junc-
tion of the brachiocephalic trunk. A partial transverse aor-
totomy was made. The native aortic annulus was measured

Table 1. Experimental design and data collection events.

Study events

Group N
Surgical
procedure

14 days
post-MAA

60 days
post-MAA

30, 60, 90, 120 days
post-TAVR insertion

140 days
post-TAVR insertion

Control 7 MAA TTE TTE
Necropsy

NA NA

Test 5 MAA TTE TTE
TAVR insertion

TTE TTE
Necropsy

�MAA¼modified aortic annuloplasty, TTE¼ transthoracic echocardiogram, NA¼ not applicable.

Figure 1. Photograph of the annuloplasty ring used in the modified aortic
annuloplasty procedure.
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and the modified annuloplasty material was cut into three
appropriately sized sections. These sections were then
implanted directly below each of the three native aortic
valve leaflets, using interrupted 3-0 braided polyester mat-
tress stitches, as illustrated in Figure 2A. A photograph of
the annuloplasty segments sewn to the aortic annulus is pro-
vided in Figure 2B. The aortotomy was closed and the ani-
mal was warmed and bypass cannulas removed.
Postoperatively, the animals recovered under the care of a
veterinarian and received Ketoprofen 1–2mg/kg IM or
Carprofen 2–4mg/kg IM, as needed for pain management.

TAVR insertion

Test group animals underwent TAVR insertion 60 days fol-
lowing the MAA procedure. Animals were sedated as
described above. A right neck incision was made and the
carotid artery was exposed and cannulated with a 20 Fr.
introducer using the Seldinger technique. The TAVR valve
deployment catheter was introduced into the carotid artery.
The TAVR valve was deployed in the modified aortic annu-
lus, under fluoroscopy and intracardiac echocardiography
(ICE) visualization. The carotid artery was repaired and the
animal was recovered from anesthesia. Postoperatively, the
animals recovered under the care of a veterinarian and
received analgesia as previously described.

Postoperative care

Animals were observed post operatively for normal recovery
from surgery, appetite, fluid intake, voiding, ambulation,

respiratory rate, respiratory effort, heart rate and rhythm,
willingness to stand when approached, willingness to ambu-
late, development of ascites, and survival. Independent veter-
inary assessment was performed in the presence of atypical
clinical appearance. After discharge from post-operative
care, animals were housed long-term in a natural environ-
ment with pasture and appropriate shelter with on-site vet-
erinary technical support.

Echocardiography

Transthoracic Echocardiography (TTE) exams were per-
formed at 14 and 60 days after MAA implant, and monthly
for Test group animals following TAVR insertion. A com-
prehensive exam was performed following established guide-
lines [17].

Endpoint data collection

Prior to scheduled sacrifice, animals in both the Control and
Test groups underwent TTEs and were humanely euthanized
with administration of Beuthanasia-D IV at 87mg/kg. A
comprehensive gross necropsy was completed follow-
ing euthanasia.

Statistics

All data were collected using Microsoft Excel 2016 and a
paired t-test was used to analyze the data. Statistical signifi-
cance was defined as p� 0.05.

Figure 2. Figure 2A presents an illustration of how the annuloplasty ring sections are sewn to the aortic annulus. Figure 2B is a photograph of the newly created
modified aortic annulus immediately after implant, as viewed from the left ventricle outflow tract.

Table 2. Transthoracic echo data at 14 and 60 days post-MAA collected on Test and Control group animals.

14 days 60 days

Group
Maximum Systolic LV-Ao

Gradient (mmHg)
Mean Systolic LV-Ao
Gradient (mmHg)

Maximum Systolic LV-Ao
Gradient (mmHg)

Mean Systolic LV-Ao
Gradient (mmHg)

Test (n¼ 5) 23.4 ± 8.6 12.6 ± 3.7 14.1 ± 6.5 7.3 ± 3.3
Control (n¼ 7) 17.2 ± 7.3 9.2 ± 3.8 13.7 ± 6.5 7.6 ± 3.3
Test vs. Control

P Value
0.12 0.08 0.46 0.46

�LV¼ left ventricle; Ao¼ aorta.
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Results

All 12 Test and Control group sheep survived the modified
aortic annuloplasty procedure. Cardiac function was moni-
tored in the postoperative period with transthoracic echo
(TTE). Data is presented in Table 2. At 14 and 60 day post-
MAA time points, there were no statistically significant dif-
ferences in the maximum and mean systolic left ventricle to
aorta pressure gradients between the animals selected to be
part of the Control group (n¼ 7) and the Test group
(n¼ 5). At the 60 day TTE, mild to moderate aortic insuffi-
ciency was appreciable in 4 of 7 Control group animals and
5 of 5 Test group animals. This finding in the Test group
was supported by angiograms captured at the time of
TAVR insertion.

Comprehensive gross necropsy of Control group animals
at 60 days post-MAA revealed that the implanted annulo-
plasty ring segments formed hard, stenotic, fibrous protru-
sions into the left ventricle outflow tract, appreciable in
Figure 3.

At 60 days post-MAA, Test group animals underwent
TAVR insertion within the modified aortic annulus, and
were implanted with an experimental Abbott next

generation TAVR device. Figure 4A shows the fluoroscopy
view of the aortic annulus with implanted material before
TAVR deployment; note the presence of aortic insufficiency
as contrast leaked back into the left ventricle. Figure 4B
shows the TAVR device was positioned within the aortic
annulus immediately following insertion; note that there was
no aortic insufficiency after insertion of the TAVR valve.

Five of five animals survived the TAVR procedure and
recovered normally. Animals were monitored with TTE in
the postoperative period. Three of five Test animals survived
to the scheduled study term of 140 postoperative days. Two
sheep died on post-TAVR days 6 and 19 respectively, of
causes determined to be unrelated to the TAVR valve. Gross
examination of the Test group animals at necropsy revealed
well-positioned, tightly anchored TAVR device within sten-
otic aortic annuli. A photo of the TAVR device healed into
the modified aortic annulus is presented in Figure 5. There
was no TAVR device migration in any of the Test group
animals examined.

Discussion

In this study, we present the first animal model of aortic
stenosis, structurally and functionally mimicking human
pathology, valvular stenosis and calcification at the level of
the native aortic annulus. The MAA model is not intended
to create a calcified aortic annulus as observed in the clinical
setting, rather its purpose is to create fibrotic scarring at the
level of the annuloplasty ring segments, resulting in a mech-
anical stenosis, where the aortic annulus is narrowed by
fibrous, bulbous protrusions into the aortic annulus, func-
tionally similar to calcific aortic stenosis in human patients.

Despite AS being the most common valvular disease in
the US, with a high surgical risk for many patients, an
adequate large animal model is not currently available for
long-term testing of TAVR devices. Creating a large animal
model has been challenging, as in a normal healthy animal
with an elastic non-calcified annulus, the radial expansion
force of the stent prevents adequate anchoring of the TAVR
device. This consequently results in the common occurrence
of device migration and regurgitant blood flow between the

Figure 3. Photograph of annuloplasty ring segments healed into the aortic
annulus in a Control group animal at 60-day gross exam. Note the fibrous
appearance of the ring segments and the circumferential scarring of the left
ventricle outflow tract and aortic annulus.

Figure 4. Fluoroscopic images obtained during TAVR device deployment. Figure 4A presents an angiogram collected prior to TAVR insertion. Note the modified aor-
tic annulus (white arrow) with aortic insufficiency present (arrow head). Figure 4B presents a post-insertion angiogram with the TAVR device seated within the
modified aortic annulus (white arrow). Note that aortic insufficiency is no longer present (arrow head) following TAVR insertion.
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stent and annulus during diastole leading to paravalvular
leaks [5,18,19]. In contrast, human AS patients have a nar-
rowed and calcified aortic annulus, and the resultant stiff-
ness secures the TAVR in place by providing resistance
against the radial expansion force of the stent.

A number of techniques have been developed to circum-
vent this problem, including surgical implantation under
CPB, heterotopic delivery into the main pulmonary artery
or the Hufnagel position, valve-in-valve deployment, aortic
banding, and interventional insertion into a healthy annulus
[5,18,19]. Each model presents its own set of challenges or
imperfections not observed in the clinical setting of AS.
Surgical implant of TAVR devices under CPB can be tech-
nically challenging due to the dimensions of the TAVR
stent, particularly TAVRs with a tall height profile, as the
distance between the aortic annulus and brachiocephalic
arch is short in sheep and complicates closure of the aorta.
Heterotopic delivery of TAVR devices is clinically irrelevant,
as devices are deployed either into the main pulmonary
artery or the descending thoracic aorta (Hufnagel position),
neither of which is the anatomic position for which the
devices will be used in humans. Moreover, in the pulmonary
arterial position, TAVR devices are subject to less hemo-
dynamic stress than within the aortic annulus. Valve-in-
valve TAVR is used clinically but problematic to model in
sheep due to expense and restriction to the implantation of
19—21mm devices. The aortic banding model requires a
TAVR stent with a tall profile, such as the Abbott SJM
Portico and Medtronic CoreValve, to reach the band situ-
ated distal to the Sino tubular junction region of the aorta
and is not appropriate for short profile TAVR stents, like
the Edwards Sapien. Moreover, the banding model requires
a thoracotomy and band placement before TAVR deploy-
ment, which makes a more complicated surgical procedure
and recovery on the day of TAVR deployment. There have
also been attempts to interventionally insert oversized valves

into the healthy aortic valve to overcome the lack of stiff
calcified anchoring points, but even this approach is subject
to valve migration, paravalvular leaks, and aortic insuffi-
ciency [18–25].

We designed our novel annuloplasty ring and the MAA
procedure based on our previously published work perform-
ing aortic annuloplasty and aortic valve replacement in
sheep [13]. Since there is limited access to the aortic annu-
lus, we designed a ring that was flexible and low profile to
facilitate visualization and insertion. Therefore, we elected to
implant three sections of the material. We selected material
that, given enough time after implantation, would develop
fibrotic scarring and provide a stiff landing and anchoring
platform for TAVR device insertion, similar to how aortic
valve calcifications anchor valves in human patients.

In the first phase of our study, the MAA procedure was
successfully performed in 12 animals. Follow up echocardi-
ography data demonstrated that the MAA procedure does
not create a functional aortic stenosis or left ventricular out-
flow obstruction. The maximum and mean pressure gra-
dients across the aortic valve were within normal range and
similar at 14 days and 60 days post-operatively, the latter
being the estimated time point of satisfactory material
incorporation and fibrotic scar formation as expected per
wound healing literature [26]. Interestingly, mild to moder-
ate aortic insufficiency (AI) was noted post-operatively in
most of the animals, suggesting that the implanted material
either alters the shape of the aortic annulus or in some way
interferes with the valve leaflets themselves. However, the AI
did not negatively impact hemodynamics or have a notable
clinical impact on the animal. Gross examination of Control
group animals at necropsy demonstrated adequate fibrotic
scar formation and good incorporation of the material into
the surrounding tissue into the aortic annulus at 4-6 weeks
after implantation, establishing a firm anchoring platform
for TAVR devices.

In the second phase of our study, experimental Abbott
next generation TAVR devices were successfully deployed
into five Test group sheep having previously undergone the
MAA procedure. Importantly, these TAVR devices had not
been altered in any way to facilitate animal implant. The
animals thrived clinically and no longer showed evidence of
AI on post-TAVR insertion TTE. No device migration, para-
valvular leaks, or any other complications secondary to the
model or device deployment were observed.

Our animal model has many advantages over the cur-
rently utilized models for AS, a major one being that large
animals can be prepared in advance of a TAVR device
study. This is ideal for the medical device industry, where
high volumes of devices need to be tested, analyzed,
improved and approved for clinical use as efficiently and
quickly as possible in a clinically relevant setting.

Allowing for the 4–6weeks of healing and adequate scar
formation at the aortic annulus, a large number of TAVR
devices can be deployed and tested at one time. This is in
contrast to the limited number of devices that can be tested
in other models, such as the ascending aortic band

Figure 5. Photograph of the TAVR device healed into the modified annulus in
a Test group animal at 140 day gross examination.
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approach, which require a thoracotomy at the time of the
device deployment.

Another advantage of our aortic stenosis model is that
follow-up can be easily accomplished with TTE because
TAVR devices are deployed in the orthotopic aortic valve
position, In contrast, heterotopic insertion of a TAVR into
the pulmonary artery or the descending aorta (Hufnagel)
positions are challenging, if not impossible, to visualize and
attain adequate windows for accurate measurements via
TTE, since the TAVR device is deeper in the mediastinum
or tucked behind a lobe of the left lung. Alternative follow
up modalities such as angiography, transesophageal echocar-
diography or intra-cardiac echo can be used to visualize the
above device positions; however, all of those modalities
require animal sedation as well as an invasive procedure,
which necessitates added expertise and cost to the test-
ing process.

A limitation to our model is that although conceptually
very simple, the MAA procedure can be challenging and
requires precise surgical skill. Extreme care and methodical
placement of each anchoring suture of the annuloplasty
ring segments to the nadirs of the valve cusps has to be
taken to avoid surgical complications such as damage or
entrapment of the native aortic valve leaflets leading to
severe perioperative AI, or trauma to the atrioventricular
node or mitral valve leaflets when placing the anchoring
sutures. Any of these could result in acute heart failure and
inability to wean the animal from CPB. Furthermore, the
amount of implanted annuloplasty material had to be
adjusted for each annulus based on shape, size and degree
of visualization.

Another limitation to the model is that while the MAA
procedure creates a functional stenosis at the level of the
aortic annulus, the model does not create idiopathic calcifi-
cation of the aortic leaflets and root as commonly observed
in aortic stenosis in the clinical setting. In human patients,
calcification of the native aortic leaflets and root present the
potential for calcific nodules to embolize during positioning
and insertion of the TAVR device within the stenotic aortic
annulus. In our animal model, the fibrous protrusions cre-
ated by annuloplasty ring segments were secured to the
aorta by suture, and observed circumferential scarring was
confined to the level of the aortic annulus, leaving the native
leaflets and aortic root unaffected. This presents a limitation
to the model in evaluating the potential of a TAVR device
to embolize calcific nodules during insertion into a human
patient. The stenotic nodules created by the MAA in the
model are unlikely to behave in the manner calcific nodules
in a human would during TAVR insertion. This is a limita-
tion shared by the previously described large animal models
developed for TAVR insertion.

Conclusion

Our aortic stenosis model, using modified aortic annulo-
plasty, creates stenotic segments in the aortic annulus with
adequate rigidity for deployment, anchoring and long-term
evaluation of TAVR devices. This procedure represents the

first animal model that successfully mimics human aortic
stenosis and provides a clinically relevant TAVR insertion
model for long-term evaluation of TAVR devices.
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