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A porcine model of thoracic aortic aneurysms created with a
retrievable drug infusion stent graft mirrors human aneurysm
pathophysiology
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ABSTRACT

Objective: Aneurysm pathophysiology remains poorly understood, in part from the disparity of murine models with
human physiology and the requirement for invasive aortic exposure to apply agents used to create aneurysm models. A
retrievable drug infusion stent graft (RDIS) was developed to isolate the aortic wall intraluminally for drug exposure. We
hypothesized that an RDIS could deliver aneurysm-promoting enzymes to create a porcine model of thoracic aneurysms
without major surgical exposure.

Methods: Retrievable nitinol stent graft frames were designed with an isolated drug delivery chamber, covered with
polytetrafluoroethylene, and connected to a delivery wire with a drug infusion catheter installed to the outer chamber.
Institutional Animal Care and Use Committee-approved Yorkshire pigs (n = 5) underwent percutaneous access of the
femoral artery, baseline aortogram and stent placement in the thoracic aorta followed by 30-minute exposure to a
cocktail of elastase, collagenase, and trypsin. After aspiration of excess drug, stent retrieval, and femoral artery repair,
animals were recovered, with angiograms at 1 and 4 weeks followed by explant. Histological analysis, in situ zymography,
and multiplex cytokine assays were performed.

Results: The RDIS isolated a segment of anterior aorta angiographically, while the center lumen preserved distal
perfusion during drug treatment (baseline femoral mean arterial pressure, 70 = 14 mm Hg; after RDIS, 75 = 12; P = .55).
Endovascular induction of thoracic aneurysms did not require prior mechanical injury and animals revealed no evidence
of toxicity. Within 1 week, significant aneurysmal growth was observed in all five animals (1.4 £ 0.1 cm baseline to 2.9 +
0.7 cm; P=.002) and only within the treated region of the aorta. Aneurysms persisted out to 4 weeks. Aneurysm histology
demonstrated loss of elastin and collagen that was otherwise preserved in untreated aorta. Proinflammatory cytokines
and increased matrix metalloproteinase activity were increased significantly within the aneurysm.

Conclusions: An RDIS achieves isolated drug delivery while preserving distal perfusion to achieve an endovascular
porcine model of thoracic aneurysms without major surgery. This model may have value for surgical training, device
testing, and to better understand aneurysm pathogenesis. Most important, although the RDIS was used to simulate
aortic pathology, this tool offers intriguing horizons for focused therapeutic drug delivery directly to aneurysms and, more
broadly, focused locoregional drug delivery to vessels and vascular beds. (JVS—Vascular Science 2024:5:100212.)

Clinical Relevance: The pathology behind aortic aneurysms remains poorly understood owing to limitations of current an-
imal models. A novel drug infusion stent graft was developed to create endovascular aneurysms in a porcine model without
open surgery. Aortic dilation, loss of both smooth muscle cells and elastin, as well as pro-inflammatory cytokines mirror
findings in human aneurysms. The additional finding of endogenous enzyme activity suggests that this may underscore the
self sustaining pathology of aneurysms. This model offers a platform to understand the biology of aneurysms and the
retrievable drug infusion stent offers an important tool to potentially deliver therapies to potentially treat aneurysms.
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Death from aneurysms ranks as a leading cause of
death over age 65 in the United States,' and yet the un-
derlying pathogenesis remains poorly understood.
Although risk factors such as hypertension and connec-
tive tissue disorders have been well-known,”* recent
literature has demonstrated an inflammatory compo-
nent also plays a role in disease progression.>® Two signif-
icant barriers to further investigation include the absence
of a suitable model in which to study aneurysms but also
a means by which to deliver candidate study agents to
the aortic wall.

Murine models are commonly referenced in the litera-
ture,”® but are limited by their small size and disparate
hemodynamics as compared with humans'® Small size
also limits the ability to perform device testing. Focused
aneurysm development in rodents has included open
surgical exposure aortic topical application or intralumi-
nal infusion using calcium chloride or elastase”!"'® The
angiotensin Il murine infusion'”'® was also described to
generate aneurysms without surgical exposure. A limita-
tion of the enzymatic approaches is the requirement for
open surgical exposure of the aorta to provide vascular
isolation for delivery of aneurysm promoting agents (en-
zymes or calcium chloride) that might otherwise have
toxicity if delivered into the entire circulation.

In porcine models, the use of pericardial or peritoneal
patches placed during an open surgery has been used
to create aneurysms'®?° and besides a requirement for
open surgical exposure, each of these methods leaves
behind foreign materials and are less representative of
true aneurysm wall pathology (Supplementary Table).
Alternately, several porcine enzymatic and chemical
aneurysm models have also been reported,?’ ?* with elas-
tase, collagenase, or calcium chloride being common
agents reported. As with rodent models, open surgery
to apply these agents not only prolongs recovery time
and increases morbidity, but also promotes adhesions
that can alter normal aneurysm behavior. To date, the
only true endovascular approach was detailed by Leder-
man et al,*' which used tandem occlusive balloons in a
porcine model to restrain the enzymes within a confined
segment of aorta; however, this approach also carries
several disadvantages. One of the most notable draw-
backs of this and other porcine models is the require-
ment for aortic occlusion. Although aortic occlusion is
necessary to prevent agents infused in the aortic lumen
from entering the systemic circulation, this step also re-
sults in loss of distal perfusion and ischemic injury, a
problem that is even more profound when aortic occlu-
sion occurs proximally, in the thoracic aorta. A second
barrier is that, because aneurysm-promoting agents are
known to cause neuronal injury,”?' the aortic branches
to the spinal cord had to be covered by the tandem bal-
loons. Because the intercostal and lumbar arteries are
often within only a few centimeters of each other, this
factor inherently limits the length of the aorta that can
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ARTICLE HIGHLIGHTS

- Type of Research: Porcine model

- Key Findings: A retrievable drug infusion stent
achieved perfusion preserving focused delivery of en-
zymes to the aorta causing thoracic aneurysmal
growth (1.4 to 2.9 cm; P = .002) in five pigs by 1 week.

- Take Home Message: Four week aneurysms revealed
loss of elastin, decreased cellularity, increased inflam-
matory cytokines, and increased matrix metallopro-
teinases, consistent with human aneurysmes.

be treated to become an aneurysm. Another important
finding of that same study?' was that intraluminal elas-
tase alone did not create aneurysms effectively and
may underscore the success of others in rabbit*®> and
porcine””** models by the use of initial intimal injury of
the aorta to improve penetration of enzymes into the
media and hence cause aneurysmal change.

In summary, although a porcine model represents a
better hemodynamic and size match to the human con-
dition, current approaches require open surgical expo-
sure of the abdominal or thoracic aorta, aortic
clamping with distal ischemia, and limitations on aneu-
rysm length. A method to generate aneurysms without
open surgical exposure while preserving distal perfusion
during drug treatment and preventing drug entry into
the spinal cord perfusion would improve significantly
the usefulness of the porcine aneurysm model.

To meet these challenges, we explored the use of an
entirely endovascular created porcine model of descend-
ing thoracic aorta aneurysm using a retrievable drug
infusion stent graft (RDIS). Our group has demonstrated
previously the use of a dumbbell-shaped retrievable
stent graft to compartmentalize the injured aortic wall
for clamp-free suture repair of traumatic aortic injuries
while maintaining distal perfusion’® and augmented
perfusion of abdominal organs.”” For the current applica-
tion of drug delivery, an outer compartment isolated
from aortic flow provided the opportunity for localized
drug infusion while limiting systemic toxicity (Fig 1).

A noteworthy advantage of the RDIS is that the stent
graft is retrievable by simple advancement of a vascular
sheath, ensuring stent graft removal after drug delivery
and, furthermore, removal from the original femoral ac-
cess and leaving no stent behind. A limitation of the orig-
inal dumbbell design was that torus shaped outer
chamber exposes the inner aortic wall to 360° drug expo-
sure and does not effectively exclude entry of neurotoxic
agents into posteriorly located lumbar and intercostal
branches to the spinal cord. For this reason, the RDIS
was modified to move the center lumen eccentrically
posterior such that the center lumen itself covers the
branches to the spinal cord. A final challenge was the
need to disrupt the protective intimal layer to allow entry
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Fig 1. Strategy for an endovascular created thoracic aortic aneurysm. (A) After delivery of a retrievable drug infusion
stent graft (RDIS), the stent is deployed by sheath withdrawal. (B) An aneurysm promoting drug is infused through a
cannula into the drug chamber facing the anterior aortic wall, while the posteriorly place center lumen effectively
occludes flow into the branches perfusing the spinal cord (inset). (C) After drug treatment, the RDIS is recovered by
sheath advancement to collapse the stent and (D) an aneurysm should develop over days to weeks.

of aneurysm-promoting enzymes into the aortic wall.
Although other investigators reported success with
pressure-induced mechanical injury®> our experience
revealed that balloon angioplasty consistently caused
intimal injury of the posterior wall, which is opposite the
side from the intended enzyme infusion (Supplementary
Fig). As an alternative, this study explored trypsin, widely
used in cell culture and tissue decellularization proto-
cols,*®?? to remove the endothelium and facilitate aortic
wall drug entry without the need for mechanical injury.

We hypothesized that this newly designed RDIS could
be used to develop an entirely endovascular descending
thoracic aortic aneurysm porcine model while maintain-
ing distal perfusion and excluding entry into the spinal
perfusion during enzyme instillation to the aortic wall.
We further hypothesized that this approach would avoid
the need for initial mechanical injury of the intima.

METHODS

RDIS development

Methodology for retrievable stent grafts has been
described previously.?®*° Briefly, self-expanding nitinol
scaffolds (Confluent Medical, Scottsdale, AZ) were laser-
cut based on custom stent designs with SolidWorks
(Dassault Systemes SolidWorks Corporation, Waltham,
MA). Next, scaffolds were thermally shapeset using a
customized mandrel imparting an eccentrically oriented
center lumen. Stent scaffolds were then covered with
electrospun polytetrafluoroethylene (Bioweb, Zeus,
Orangeburg, SC). The proximal and distal diameters of
the stent graft measured 27 mm and the mid-zone

measured 12 mm on anterior-posterior dimension, with
a total length of 28 cm. The length of the outer drug de-
livery chamber was 12 cm. The distal end of the stent
grafts was permanently affixed to a stiff delivery wire
(Lunderquist, Cook Medical, Bloomington, IN) to facilitate
deployment and recapture. The tip of an 0.018-inch cath-
eter (Quick-Cross, Koninklijke Philips NV, Amsterdam, the
Netherlands) was positioned alongside the delivery wire
and then through the polytetrafluoroethylene into the
drug delivery chamber of the stent graft. At the opposite
end of the catheter the injection hub extended through
the femoral access to facilitate both drug infusion and
aspiration from outside the body. The completed stent
grafts were sterilized and collapsed within a 12F vascular
sheath (Cook Medical) for in vivo deployment. The
completed RDIS is illustrated in Fig 2, A-E.

An endovascular created porcine thoracic aneurysm
model

Animals studies were conducted in accordance with
NIH guidelines and the protocol was approved by The
Ohio State University Institutional Animal Care and Use
Committee (#2020A00000088) and followed the
ARRIVE Guidelines. Five Yorkshire cross pigs (1 female, 4
males; 74 .0 = 39 kg) were sedated with Tiletamine
300 mg intramuscular (IM) once and placed under gen-
eral endotracheal anesthesia with isoflurane 2% to 5%
until recovery. Percutaneous right femoral arterial access
was obtained and upsized to a primary 16F sheath (Cook
Medical) (Fig 2, F), which was used to obtain baseline
arterial pressures and used as an entry for delivery of a
secondary sheathed RDIS into the aorta. Animals were
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Fig 2. Retrievable drug infusion stent graft RDIS). (A) Bare shapeset nitinol scaffold. Front (B) and side (C) views of
the RDIS depicting the drug infusion cannula and drug delivery zone. (D) RDIS being recaptured within a 12F
sheath and (E) after complete recapture. (F) Percutaneous access of the femoral artery. Lateral angiography
depicting distal flow through the center lumen (G) and (H) isolated drug infusion chamber.

heparinized at a dose of 100 U/kg as part of the standard
protocol during endovascular procedures. Baseline angi-
ography provided baseline aortic measurements and
location of the celiac artery. The RDIS was then deployed
under fluoroscopic guidance in the descending thoracic
aorta above the celiac artery by sheath withdrawal with
special attention to orient the outer chamber anteriorly.
Angiography was used to document aortic flow of the
center lumen and anterior chamber, and distal arterial
pressure monitoring was transduced from the femoral
access before and after RDIS deployment. An enzyme
cocktail at an average temperature of 32°C consisted of
2.5% trypsin-EDTA (Ref 25200-056, Gibco, Thermo Fisher
Scientific, Waltham, MA), 500 U elastase (Cat# LS002294,
Worthington Biochemical Corporation, Lakewood, NJ),
and 8000 U collagenase type 1 (Cat# LS004196, Wor-
thington Biochemical Corporation) was instilled through
the infusion lumen to the outer chamber for 30 minutes,
followed by aspiration and completion angiography. The
RDIS was retrieved using sheath advancement to
collapse the stent. After removal of the sheath, the
femoral artery was repaired with polypropylene suture
through a small 3-cm femoral cutdown. Total duration
of procedures from completion of anesthesia to emer-
gence from anesthesia was under 1.5 hours. Postopera-
tively animals received flunixin meglumine (Banamine)
2.2 mg/kg IM every 8 hours and 0.1 mg/kg IM buprenor-
phine every 8 hours for breakthrough pain for the first 2
postoperative days. Animals were assessed twice daily
for 2 days and then daily thereafter.

Postoperative imaging. At 1 week and 4 to 5 weeks af-
ter the initial surgery, angiograms were performed via
percutaneous femoral access as a metric for aneurysm
size and rate of growth. These animals received

tiletamine 300 mg IM once and placed under mask
anesthesia with isoflurane 2% to 5% until recovery.

End of study and explant. At 4 to 5 weeks, animals
received tiletamine 300 mg IM once and anesthesia
with isoflurane 2% to 5% for terminal angiogram. Repre-
sentative animals underwent intravascular ultrasound
examination (n = ; Volcano S5, Koninklijke Philips NV)
to evaluate diameters of the (1) upper untreated thoracic
aorta, (2) treated mid-thoracic aorta, and (3) lower un-
treated thoracic aorta. Select animals (n = 2) also un-
derwent magnetic resonance angiography (MRA)
performed on a Siemens Vida scanner (Siemens, Munich,
Germany); MRA contrast was ferumoxytol 2 mg/kg
diluted in 1 L saline, administered over 60 minutes
intravenously. Specific parameters included 3 Tesla field
strength, 400 x 322 x 120 mm field of view, 288 x 248 x
96 acquisition matrix, 0.7 x 0.7 mm spatial resolution,
511 Hz/pixel bandwidth, 2 parallel imaging acceleration
rate, and a 20° flip angle). While still under isoflurane
anesthesia, animals were exsanguinated until cessation
of cardiac activity, followed by aortic explant from the
deceased animal. Ring specimens from the untreated
upper thoracic aorta, the treated mid descending, and
shoulder between these two regions were preserved in
formalin, zinc-based fixative for matrix metalloproteinase
(MMP) histology, and or flash frozen cytokine analysis,
respectively. Specimens were collected using the
following naming convention: upper (normal untreated)
aorta, top shoulder of aneurysm, and mid-aneurysm
(Fig 3).

Histological analysis. Formalin-fixed paraffin
embedded specimens were stained with either hema-
toxylin and eosin or Movats's pentachrome stain and
evaluated using an Ni-E microscope (Nikon Inc, Melville,
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Fig 3. Sectioning diagram of the explanted aorta.

NY) to evaluate histology, thickness, and integrity of
elastin/collagen within aortic specimens. Analysis was
performed by Nikon Elements Basic Research Imaging
Software (Nikon).

Elastin quantitation. Movat-stained histological sec-
tions, imaged at 10x magnification, had four representa-
tive sampling quadrants from each of the three groups
(mid-aneurysm anterior, mid-aneurysm  posterior,
normal thoracic aorta). As previously described,®' the to-
tal media area was measured first as the total area
bound between the internal and external elastic laminae
using Nikon NIS-Elements imaging software. The total
elastin area within the media was calculated using a
standardized binary threshold mask to isolate total area
of elastin fibers only. Finally, the elastin area fraction was
calculated as the total elastin area divided by the total
media area to determine the percentage of media that is
made up of elastin.

In situ zymography. In situ zymography uses a precur-
sor fluorophore, activated through cleavage by tissue
matrix MMP, to highlight the spatial location of enzyme
activity within aortic specimens. Specimens were fixed
in zinc-based fixative for 24 hours before paraffin
embedding. In situ zymography of paraffin-embedded
specimens was performed using a modified protocol
by Hadler-Olsen et al.*? Briefly, specimens were cut onto
slides and deparaffinized in xylene and decreasing con-
centrations of ethanol, then sodium chloride and
phosphate-buffered saline. Dye-quenched fluorescein
conjugated gelatin (Invitrogen D12054, Thermo Fisher
Scientific, Eugene, OR) was diluted 1:50 in reaction buffer
and added to each specimen, which were then incu-
bated for 2 hours at 37°C. Two additional controls were
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used for each specimen: MMP inhibitor (phenanthroline)
and no substrate. Specimens were then imaged with a
binary threshold mask laid over the fluorescence image
to measure the mean intensity of only the tissue section,
excluding the slide background. The mean intensity of
the masked image is a unitless measure in a given area
based on the ratio of photons converted to electrons at
the given excitation wavelength using a Nikon Ni-E mi-
croscope and fluorescent intensity was quantified by
Elements Basic Research Imaging Software (Nikon).

Multiplex analysis. A Porcine Luminex Discovery Assay
(Catalog #LXSAPM, R&D Systems, Bio-Techne, Minneap-
olis, MN) was purchased for multiplex analysis of the
following cytokines: interferon-y, interleukin (IL)-1 alpha,
IL-1 RA, IL-1 beta, IL-2, IL-4, IL-6, IL-10, IL-12, IL-18, and MMP-
1. Samples for upper thoracic aorta, top shoulder of
aneurysm, and mid-aneurysm were run in triplicate for
each pig. In brief, frozen tissues were thawed and ho-
mogenized in 1x phosphate-buffered saline at a con-
centration of 100 pg/mL. Samples were centrifuged
(Sorvall Legend XTR, Thermo Fisher Scientific) at
16,000 xg for 4 minutes, then underwent 2-fold dilution.
Samples were then prepared based on the multiplex
manufacturer’s instructions.

Statistical analysis. Sample sizes were based on an
80% power calculation to detect statistically significant
differences in aortic diameters from baseline. Linear
mixed effect models with random intercepts accounting
for repeated measures within animals were used to esti-
mate and test differences in outcome measurements
between treatments, locations, or across time points
where relevant. Results are reported as means (standard
deviation). Hypothesis testing was conducted at an over-
all 5% type | error rate (alpha = 0.05) using the Tukey-
Kramer method to adjust for multiple comparisons.
SAS version 9.4 (SAS Institute, Cary, NC) was used to
conduct all statistical analyses.

RESULTS

Aneurysm induction. Five Yorkshire swine underwent
aneurysm induction using the RDIS delivered from a
percutaneous femoral approach. Baseline aortic diame-
ters from angiograms were 1.4 = 0.1 cm in anteroposte-
rior (AP) view and 14 = 0.1 cm in lateral view. Stent
grafts were positioned fluoroscopically in the descending
thoracic aorta, with the distal end above the celiac artery.
After RDIS deployment, angiograms further demon-
strated preserved flow through the center lumen, and
the outer chamber was isolated fluidically from the cir-
culation (Fig 2, G and H). Distal perfusion through the
stent was further confirmed in that femoral mean arterial
pressures averaged 75 = 12 mm Hg (P = .55) were com-
parable with baseline pressures averaging 70 =
14 mm Hg averaged for all five animals. An enzyme
cocktail of elastase, collagenase, and trypsin was infused
frorn a catheter port outside the animal and after
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Fig 4. Representative angiogram at (A) baseline, (B) 1 week, and (C) 4 weeks. Representative (D) magnetic

resonance angiography (MRA) 4 weeks and (E) intravascular ultrasound images (4 weeks) are also shown. Scale
bars are shown in centimeters and millimeters.

minutes of aneurysm induction, the remaining enzy-
matic cocktail was aspirated. Angiography revealed no
significant aneurysmal change from baseline, and the
RDIS was recaptured by sheath advancement with su-
ture repair of the femoral artery. Animals recovered with
no evidence of neurological deficits and were ambulat-
ing by the following day.

Aneurysm assessment. A comparison of representative
imaging timepoints (angiogram, MRA, and intravascular
ultrasound examination) are shown in Fig 4, and 4-
week angiograms and operative images for each ani-
mal are depicted in Fig 5. Aortic diameters reflect the
largest aortic size in centimeters for all five study animals.
At 1 week after aneurysm induction, aortic diameters
angiographically measured 29 = 0.7 (AP, P = .002
compared with baseline) and 2.8 = 0.8 (lateral; P = .02
compared with baseline) (Table I). At the next study end
point of 4 to 5 weeks, the AP diameter measured 2.7 =
0.7 cm (P =.017 vs baseline; P=.872 vs 1 week) and lateral
diameter measured 2.5 = 0.8 cm (P = .046 vs baseline;
P = .829 vs 1 week). Aneurysm length at 4 weeks aver-
aged 9.2 + 1.3 cm, which is consistent with the length of
the drug delivery chamber. Imaging demonstrated
bilobed aneurysm morphology consistently, which was
believed to be due to external compression from the
diaphragmatic crus in this location.

Explant findings. Explantation of the thoracic aorta
revealed normal architecture in the untreated proximal
aorta yet significant aneurysmal change in the RDIS
treated aorta. Although hyperemia was observed over
the aneurysm sac, no aortic perforations or erosions
into adjacent organs were observed. As noted on
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angiograms, the caliper aneurysm length remained
within the dimensions of the RDIS outer chamber.

Histology. Histology (n = 5) revealed aneurysmal
change of the anterior wall with decreased cellularity
on hematoxylin and eosin staining (Fig 6), and the pos-
terior wall retained a normal appearance of the baseline
vessel. Movat staining revealed a paucity of elastin and
collagen confined again to the treated anterior wall
(Fig 7). When elastin content was compared, the mid-
aneurysm anterior wall was only 1857% =+ 9%
(average = SD), whereas untreated mid-aneurysm pos-
terior wall was 55.0% = 12.58% and normal untreated
thoracic aorta was 5836% =+ 8.28%, with a statistically
significant difference between mid-aneurysm anterior
and either mid aneurysm-posterior (P < .001) or normal
thoracic aorta (P < .001). In summary, loss of elastin
staining corresponded with the areas of greatest aneu-
rysmal change.

In situ zymography. When stained with a fluorescently
labeled and MMP-activated precursor, MMP activity was
increased significantly in the aneurysm as compared
with untreated aorta (Fig 8). Comparing the whole aortic
ring for fluorescent intensity for five animals, we obtained
the following results: buffer control 466 = 66 or MMP-
blocked control 416 = 41, the intensity of control un-
treated adjacent normal aorta with fluorescein gelatin
was 711 = 117. As compared with MMP-blocked control of
untreated aorta, the mid aneurysm was significantly
higher at 1307 = 307 (P = .0055). Looking specifically at
the anterior vs the posterior wall in the normal thoracic
aorta, the values were similar and nonsignificant be-
tween anterior wall at 734 =+ 121 vs posterior wall 688 *+
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Fig 5. Explant images of five aneurysm animals at 4 weeks revealing the explant operative image and matching

aortogram from the same date.

Table I. Aortic measurements in centimeters (cm) at baseline, 1 and 4 weeks

Baseline diameter (LAT) 1.6 14 13 14 13 14 0.12

1-Week diameter (LAT) 21 23 2 3.7 36 274 0.84

4-Week diameter (AP) 24 22 25 3.4 3 27 0.49

4-Week longitudinal length 7.1 91 9.8 10.6 9.6 9.24 1.31

131. Conversely, in the mid aneurysm, the in situ zymog-
raphy signal was significantly greater in the treated
anterior wall at 1621 * 413 as compared with the un-
treated posterior wall 992 + 251 (P < .0032).

Cytokine expression. Aortic wall specimens from all five
study animals were assayed for expression of cytokines
with a multiplex assay. We compared three regions of
the aorta: untreated and treated aorta, as well as the
intervening shoulder region of the aneurysm, testing
each specimen with three technical replicates. The ante-
rior aneurysm wall revealed elevated IL1-RA, IL-1a, [L-12, IL-
18, and MMP-1 as compared with untreated thoracic
aorta (Table ll). It is notable that, among cytokines that
were statistically significant, and with the sole exception
of IL-1a, the aneurysm shoulder demonstrated values
midway between untreated and aneurysmal aorta,
consistent with being a transitional area between normal
and aneurysmal aorta.

DISCUSSION
Our study demonstrates the feasibility and reproduc-
ibility of an endovascularly created and, at the same

time, perfusion-preserving approach to creating aneu-
rysms in the thoracic aorta of a porcine model. Although
a previous study by Lederman et al?' had reported the
use of tandem endovascular occlusion balloons, that
report detailed instead the abdominal aorta, incurred
loss of distal aortic flow, and yielded extremely limited
aneurysm length owing to the need to place occlusion
balloons over immediately adjacent levels of spinal
cord branches. The RDIS of this study provided several
unique advantages for a large animal aneurysm model.
First, the retrievable design challenges traditional tenets
of a permanent stent graft in that it achieves a therapeu-
tic (or research) task and yet was easy to remove after use
to avoid the confounders of a retained foreign body. Sec-
ond, the outer drug treatment chamber of the RDIS is
oriented anteriorly, which matches the region of aorta
most commonly affected by aneurysmal degeneration
in the human condition.**** Third, the posteriorly eccen-
tric center lumen provides a baffle against the posterior
aorta, effectively excluding spinal perfusion from the
potentially toxic enzymatic cocktail, allowing the crea-
tion of longer aneurysms over the tandem balloon
approach. Although spinal perfusion is important, in
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Fig 6. Compared with normal aorta (A) hematoxylin and eosin-stained sections from mid aneurysm (B) revealed
decreased cellularity and connective tissue. Aneurysmal change is especially prominent in the anterior aortic wall
where enzyme exposure occurred. Inset images (A—H) reveal magnified images (10x) from quadrants of aortic

specimens.

fact, during both human open and permanent stent
graft aortic repairs, multiple levels of spinal cord
branches are permanently occluded rarely with any
consequence, except of course when excessive lengths
of aorta are repaired, such as extensive thoracoabdomi-
nal repair>>°® The interconnection between levels also
prevents spinal cord ischemia and most importantly
the period of exclusion in this model (30 minutes) is
extremely brief. More objectively, in this study we
observed no cases of paresis in any animals after tempo-
rary coverage of spinal perfusion with the RDIS.

Drug confinement. The confinement of a delivered
drug to the outer chamber in this study was confirmed
in several ways. Contrast infused in the outer chamber
was confined angiographically, and aneurysmal change
and deterioration of elastin and collagen layers was
limited to the anterior wall facing the outer chamber.

Finally, the longitudinal length of the resulting aneurysm
was consistently within the length of the drug delivery
chamber (<12 cm) confirming that the drug remains
constrained within the anterior chamber and further evi-
denced by the loss of elastin content in anterior, but not
the posterior wall.

Advantages of a strictly enzymatic injury. An impor-
tant consideration of aneurysm models is the mecha-
nism by which to penetrate aneurysm-generating
enzymes into the medial layer of the aorta. Intraluminal
infusion models have reported a requirement for prior
mechanical injury (eg, balloon angioplasty) on the basis
that enzyme transit into the aortic wall would be other-
wise impaired.”?"?>?> Our own experience revealed that
balloon angioplasty injury occurs primarily in the poste-
rior aorta (Supplementary Fig), which is not where an-
eurysms usually develop and, in this model, is exactly
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Fig 7. Movat staining of the explanted aorta. Compared with a normal distribution of elastin in normal aorta (A)
hematoxylin and eosin-stained sections from mid aneurysm (B) revealed decreased elastin mirroring aneurysmal
change, with preserved posterior elastin content. Inset images (A—H) reveal magnified images (10x) from
quadrants of the aortic specimens.

Anterior Posterior}

2500 um 2500 um ; ~ 2800pm < . 2500 um

Fig 8. In situ zymography for aortic matrix metalloproteinase (MMP) activity. As compared with a buffer only
control (A) and a control with an MMP inhibitor (B), untreated thoracic aorta adjacent to the aneurysm reveals
minimal edge signal (C). Conversely intense MMP signal is observed in the aneurysm, particularly in the aneu-
rysmal anterior wall (D).

opposite where the enzyme is actually delivered. As an cardiovascular specimens?® was used. Combined with
alternative, trypsin, widely used for both release of elastase and collagenase, trypsin allowed for a pure
cultured endothelium?® and even decellularization of enzymatic model without the need for mechanical
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Table Il. Cytokine concentrations in normal thoracic, shoulder region, and mid-aneurysm

Top shoulder 29630 *+ 0.3033 0.6298 *+ 0.2759

0.1848 = 0.0305 11368 + 0.3000 9.7428 + 0.7786

P value <.0001 .0070

.1087 5134 .3967

injury. This development is important because enzymatic
treatment alone is likely to yield a more consistent injury
of the aortic wall as compared with the focal mechanical
injury of other approaches. Importantly for this proof-of-
concept study, we used a cocktail of enzymes, whereas
single-agent enzyme merits further investigation and
may yield similar results. Enzymes are exquisitely tem-
perature sensitive, and, for this study, enzymes were
administered at an average of 32°C. Details of the
optimal temperature merit further investigation.

Loss of elastin and cellularity. Loss of elastin integrity is
a hallmark of human aneurysms and the loss, isolated to
the anterior wall, was quite profound in this model. We
expect that the downtitration of elastase or the duration
of exposure in future studies may result in lesser degrees
of elastin degradation. A quite notable finding was the
loss of cellularity in the exposed aortic wall. Although
the enzyme cocktail has no cytotoxic effects, apoptosis
of smooth muscle cells as a result of elastin degradation®”
and direct cellular cytotoxicity® by infiltrating monocytes
merits further investigation. These findings mirror the loss
of vascular smooth muscle cells in human aneurysms.®®

Persistent proinflammatory and endogenous MMP
activity. By many accounts, an aneurysm is probably a
smoldering pathophysiology, perpetuated by contin-
uous cascades of insult, whether hemodynamic (hyper-
tension), smoking, or a proinflammatory environment.“®
For this study, we reasoned that aneurysm induction
may trigger longer term inflammation and intrinsic
enzymatic activity. Cytokines are a key mediator of in-
flammatory changes and our findings suggest that
several proinflammatory cytokines previously linked to
aneurysm pathology are indeed elevated as far as
4 weeks after aneurysm initiation including IL-1a, IL-12,
and IL-18.547%% |L-12 and IL-18 have each been reported
specifically as elevated in human aneurysms.*®*” MMP
activity meanwhile has been linked to aneurysm
growth?#04849 gnd is believed to mediate further
damage of aortic connective tissue. Besides the eleva-
tion of MMP1 identified in this study with multiplex
assay, we reasoned that intrinsic MMP activity more
broadly may persist after an aortic aneurysm is created

in this model. In situ zymography is a powerful tool in
that it reveals spatially, within a tissue specimen, where
the increased enzymatic activity is occurring. Our results
highlight persistent MMP activity identified as far as 4
weeks after aneurysm initiation, but especially in the
treated aneurysmal anterior aortic wall. It is notable that
the untreated posterior wall exhibited some increase in
MMP, and this finding may be related to bystander
inflammation adjacent to the treated anterior wall.
Further studies will be needed to determine if the
increased MMP activity persists beyond 4 weeks and
may help to better define whether this activity un-
derscores long-term aneurysm growth.

Expected growth after aneurysm induction. It is
notable that aneurysms developed as soon as 1 week af-
ter enzymatic initiation but remained the same cross-
sectional diameter. Arguably, in humans, the natural
history of aneurysm growth is slow, typically between 2.8
and 42 mm per year’®®"; thus, the 4-week end point of
this current study is exceedingly short by comparison.
The increase in wall tension predicted by Laplace’s law>?
might impart additional growth, but this factor will need
to be determined experimentally with longer term
studies.

Study limitations. In addition to uncertainty about
long-term aneurysm growth from this proof-of-
concept study, future studies will also need to explore
the molecular changes, which are certain to be critical
to aneurysm development. Although angiography
revealed isolation of the outer chamber and we
observed no clinical evidence of enzyme leakage, tracer
studies will be important to quantify more objectively
any systemic drug losses from the outer compartment.
Furthermore, although the exposure of enzymes to the
anterior wall is necessary to avoid exposure to the spinal
cord, it does create an aneurysm that is more saccular
than fusiform. This finding may be helpful for the study
of saccular aneurysms, which are generally less pre-
dictable than fusiform aneurysms®® Finally, although
imaging reflects aortic size at several timepoints, his-
tology and inflammatory data in this study reflect only a
single timepoint. As a result, future studies will need to
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1.0564 + 0.2913

0.9900 * 0.3794

14802 *= 0.2946
3334

1.8826 + 0.2682

1.9196 + 0.2682

1.7634 = 0.2668
.6866

15965 + 0.2835

21061 + 0.2835

3.0497 = 0.2835
<.0001

89.3175 + 21.8496

12114 + 21.8496

306.40 + 21.8496
<.0001

14060 * 0.1876

15634 = 0.1814

19663 + 0.1766
.0028

0.2025 = 0.0194

0.2179 = 0.0194

0.2518 + 0.0198
.0599

compare these findings at both earlier and later

timepoints.

CONCLUSIONS

The benefits of an RDIS aneurysm model include a
small femoral exposure and endovascular drug delivery
that should offer more rapid recovery, reduced ischemic
time compared with crossclamp or balloon occlusion
models, and avoidance of abdominal/thoracic incisions,
as well as adhesions that might impact aneurysm
growth and subsequent study interventions adversely.
The retrievability of this stent graft after use avoids the
potential confounder and risks of a permanent,
implanted device. The preserved distal perfusion is
particularly attractive, because it allows a longer duration
of drug therapy, without ischemic injury below the treat-
ment area. The ability to avoid spinal cord perfusion with
the aneurysm-inducing cocktail and resultant chemical
injury, as well as orientation of the aneurysm on the ante-
rior wall similar to the human condition, are additional
positive attributes. This model has particular usefulness
in long-term studies of aneurysm progression before
and after permanent aortic endografts, which are other-
wise prohibitive in small murine models. Moreover, this
model offers opportunities in surgical education where
experience in open repair during training has become
increasingly less common and yet remains an essential
skillset for the vascular surgeon® Most important,
although this study used the RDIS to deliver agents
that incite aneurysmal pathology, the most exciting hori-
zon of the approach is the opportunity to instead deliver
candidate therapies to the aortic wall with a goal of sta-
bilizing the aneurysm wall. This technology may even
have broad applicability in other contexts of locoregional
drug delivery, where an agent may otherwise be toxic at
the systemic level but offer a higher effective dose when
delivered focally at the target.
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Uninjured Aorta Injured Aorta
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anterior and posterior aortic wall. As compared with uninjured aorta (B), the mechanical intimal injury consis-
tently affects the posterior aortic wall (C), an unfavorable area for enzymatic perfusion. (The posterior reveals
openings to intercostal spinal cord branches.)

Supplementary Table. Comparisons of aneurysm models

Absent 7 17 7 7 X 174
xenogeneic
confounders

Genotype X v ? ? ? ?
independent

Independent X I v » P P
from
hvoerlipidemia

Adequate length v 17 7 X 7 17
aneurysms
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