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Intravascular treatment of long segments of experimental
peripheral arteries with multiple, serial, balloon-expandable,
resorbable scaffolds
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ABSTRACT

Symptomatic femoropopliteal occlusive disease has been increasingly treated using endovascular methods. However,
restenosis, especially after implantation of permanent metallic stents, has remained common. To date, resorbable
scaffolds have failed to achieve sufficient radial strength to enable the successful treatment of long, mobile, peripheral
arteries. In the present nonsurvival, large animal experiment, a novel device consisting of multiple, short, serial, balloon-
expandable, bioresorbable scaffolds was deployed in arteries subjected to supraphysiologic deformation. Compared with
native vessels, the scaffolded arteries continued to bend (113° + 19° vs 110° = 20°; P =.10) and shorten (15% = 15% vs 20% =+
14%; P = .16), unencumbered by the placement of the investigational device. The mean luminal diameter of the scaf-
folded arteries was preserved without kinks or occlusions in exaggerated flexion (4.7 £ 0.7 vs 47 £ 0.5 mm in extension vs
flexion; P=.80). Arterial deformation was borne by shortening of the interscaffold spaces (2.2 + 0.8 mmvs 1.9 = 0.7 mm in
extension vs flexion; P < .01) and the scaffolds themselves (10.7 = 1.4 mm vs 9.9 + 1.1 mm in extension vs flexion; P < .01).
The results from the present study challenge the perceived limitations of balloon-expandable devices implanted in
peripheral mobile arteries. We have presented a bioresorbable scaffold that combines sufficient radial strength to pre-
serve the mean luminal diameter with movement and the flexibility to accommodate femoropopliteal
deformation. (JVS—Vascular Science 2022;3:205-10.)

Clinical Relevance: In the present study, we have described a novel treatment paradigm for femoropopliteal arterial
occlusive disease using bioresorbable scaffolds. The balloon-expandable nature and material properties of the
polylactide-based scaffolds combined with the short and segmented configuration provided the radial force to resist the
physiologic mechanical deformation of the lower extremity artery while accompanying its natural motion. In the present
study an acute animal model was tested, and the experimental device is now undergoing a first-in-human clinical trial

(ClinicalTrials.gov identifier, NCTO4584632).
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Percutaneous revascularization has become a vital
treatment of symptomatic peripheral arterial occlusive
disease.! However, its durability has remained poor. After
1 year, >50% of all endovascular femoropopliteal inter-
ventions will be attended by symptomatic recurrence
and/or restenosis requiring reintervention.?

Most devices currently used in peripheral vascular inter-
ventions have been adaptations of designs for the

coronary arteries. In contrast to the coronary arteries,
the superficial femoral and popliteal arteries exhibit
diffuse, often severely calcified, long-segment disease,
which is often inadequately treated by plain balloon an-
gioplasty.>®> Moreover, as the leg bends, this arterial
segment will bend, shorten, and twist®® Self-
expanding stent placement after suboptimal angioplasty
results in device stress with an inherent risk for stent
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fracture with mechanical deformation and subsequent
thrombosis.”"" To date, the risk of external compression
and longitudinal axis deformation has significantly hin-
dered the use of balloon-expandable stents in the femo-
ropopliteal axis."”

To overcome the shortcomings of permanent metallic
devices, bioresorbable devices have emerged, with the
goal of providing effective scaffolding, limiting vessel
recoil, and attenuating postintervention neointimal hy-
perplasia. Met with initial promise in the coronary arteries,
the success of absorbable scaffolds was shortlived.™ In
the periphery, attempts at bioresorbable scaffolding
have generated modest results in the treatment of femo-
ropopliteal disease.”®"” Below the knee, however, resorb-
able scaffolds have demonstrated satisfactory 36-month
primary patency (81%) and freedom from clinically driven
target lesion revascularization (87%).'®

In the present study, we tested the hypothesis in an
acute (nonsurvival) animal experiment that long seg-
ments of mobile arteries could be effectively treated
with multiple, serial, short, balloon-expandable, and
resorbable scaffolds.

METHODS

Study design. In the present nonsurvival animal study,
experimental devices were serially implanted into the
hindlimb arteries of large mammals that were subjected
to exaggerated flexion before and after device deploy-
ment. Quantitative assessments of the arterial diameter,
deformation, and device apposition were performed.
Overall device integrity was verified immediately after
sacrifice.

Experimental device. The Efemoral device (Efemoral
Medical, Inc, Los Altos, CA) is a novel, balloon-
expandable, resorbable scaffold specifically designed
for femoropopliteal percutaneous intervention. It con-
sists of small, independent, 10-mm polylactide-based
stents serially mounted on a 60-mm angioplasty
balloon (Fig 1). The purpose of the interscaffold space is
to allow for the artery to bend and twist unencumbered
during movement. In the present preclinical study, each
device was configured with two scaffolds crimped onto a
balloon (Fig 2). The balloons were subsequently deployed
in series to allow for long-segment artery scaffolding.

Animal experiment. All animal operations were per-
formed in a facility compliant with 21 Code of Federal
Regulations Part 58 (Food and Drug Administration)
Good Laboratory Practice for Nonclinical Laboratory
Studies (AccelLAB Inc, Boisbriand, Quebec, Canada).
The Comité Institutionnel de Protection des Animaux
d’AccellLAB (the test facility's institutional animal care
and use committee) reviewed and approved the proto-
col. The test facility is accredited by both the Association
for Assessment and Accreditation of Laboratory Animal
Care and the Canadian Council on Animal Care.
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ARTICLE HIGHLIGHTS

- Type of Research: Acute large animal study of inves-
tigational peripheral arterial device

Key Findings: In this animal model, the treatment of
long and mobile peripheral arteries using novel,
short, balloon-expandable, serial bioresorbable scaf-
folds allowed for continued and unencumbered hin-
dlimb movement.

Take Home Message: This animal model challenges
the perceived limitations of balloon-expandable de-
vices implanted in peripheral mobile arteries and
presents a bioresorbable scaffold combining suffi-
cient radial strength to preserve mean luminal diam-
eter with movement and flexibility to absorb lower
extremity arterial deformation.

Peripheral contrast angiography was performed in four
female Yorkshire-Landrace pigs weighing 25 to 35 kg. Af-
ter the induction of general anesthesia, intubation, and
mechanical ventilation, the carotid artery was surgically
exposed with the pig in dorsal recumbency. A sheath
was inserted into the common carotid artery under
direct vision and advanced to the aortic bifurcation using
fluoroscopy. Heparin was administered to achieve an
activated clotting time >300 seconds. Nitroglycerin bo-
luses were administered to mitigate secondary arterial
vasospasm.

Anteroposterior angiographic images were obtained
with the pig in the neutral position and the hindlimb
naturally extended and were repeated following manual,
exaggerated hindlimb flexion.!® After identification and
flexion angiography of the native arteries, the scaffolds
were deployed into the porcine bilateral iliofemoral ar-
teries using slow balloon inflation necessary to achieve
complete wall apposition. Angiography was then
repeated with the stented hindlimb in both extension
and exaggerated flexion. Repeated extension—flexion cy-
cles were not performed in our acute animal model.
Intraluminal scaffold imaging was performed using
optimal coherence tomography (lllumien Optis Imaging
System; Abbott Laboratories, Abbott Park, IL).

Immediately after device implantation and angiog-
raphy, the pigs were sacrificed, and the scaffolded ar-
teries were excised, treated with graded alcohol, and
scanned using the Nikon XT H 225 microcomputed to-
mography system (Nikon, Tokyo, Japan).

Quantitative analysis. Retrospective quantitative
vascular analysis was used to assess the deformation of
the arteries, scaffolds, and interscaffold segments. The
measurements included the diameter and length of
the scaffolds, intervening spaces between scaffolds, and
proximal and distal arterial margins. The diameters are
reported as the mean luminal diameter (meanD). Axial
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Fig 1. High-resolution photograph of a single Efemoral
scaffold.
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Fig 2. Diagram of two serial scaffolds mounted on a
balloon.

compression (expressed as a percentage) was defined as
the difference between the arterial target segment
lengths in the neutral, extended position minus the
length in the flexed position divided by length in the
neutral position. The bend angle (expressed in degrees)
was measured using planimetry, defined as the approxi-
mate angle between the proximal and distal border of
the sample target arterial segment.””

Statistical analysis. The results are reported as the
mean * standard deviation. Continuous variables were
compared using a paired t test between the native and
scaffolded arteries. Statistical analysis was performed us-
ing SPSS, version 20.0 (IBM Corp, Armonk, NY).

RESULTS

Native arteries. Passive hindlimb flexion produced pro-
found and reproducible native arterial deformation, as
expected (quantitative vascular analysis revealed a
110° + 20° bending and 20% = 14% axial compression).
Despite its deformation, the meanD was reliably pre-
served, without kinking (4.7 = 0.4 mm in extension vs
5.0 = 0.2 mm in flexion; P = .16).

Scaffolded arteries. A total of 38 resorbable scaffolds
were implanted in eight iliofemoral arteries in four pigs.
The devices were implanted in a configuration of two se-
rial scaffolds in two arteries, four scaffolds in two arteries,
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six scaffolds in three arteries, and eight scaffolds in one
artery. The total scaffolded arterial length ranged from
32 to 97 mm.

After scaffold implantation, passive hindlimb flexion
produced patterns of profound deformation similar to
those observed in the native arteries (bending, 113° *
19°; compression, 15% =+ 15%:; P = .16). Despite accommo-
dating multiple, rigid scaffolds, all arteries remained
widely patent without kinking or luminal narrowing,
even in extreme flexion (meanD, 4.8 = 0.3 mm in exten-
sion vs 47 = 03 mm in flexion; P =.80). We found no ev-
idence of crushing, crimping, or compression in any
scaffolded vessel, including the artery treated with a
“full scaffold jacket” of eight stents traversing a total
length of 10 cm (Fig 3).

Quantitative analysis of the individual scaffolds and
interscaffold spaces revealed that the deformation of
arterial flexion was borne by both segments (Fig 4). We
found significant shortening of the spaces between the
scaffolds (n = 30 spaces; mean length in extension,
22 = 08 mm; mean length in flexion, 1.9 * 0.7 mm;
P < .01) and of the axially flexible scaffolds themselves
(n = 38 scaffolds; mean length in extension, 10.7 *+
1.4 mm; mean length in flexion, 9.9 + 1.1 mm; P < .01).

Scaffold integrity. Qualitative examination of the
indwelling scaffolds using optimal coherence tomogra-
phy demonstrated complete and consistent wall apposi-
tion in all devices. Qualitative examination of the
explanted arteries using three-dimensional micro-
computed tomography revealed intact scaffolds without
fracture or deformation (Fig 5).

DISCUSSION

In the present study, long-segment porcine peripheral
artery stenting using novel, bioresorbable, balloon-
expandable, short, serial scaffolds did not affect the
luminal diameter. Acute supraphysiologic hindlimb
deformation did not generate significant compression
of the scaffolded artery. Arterial deformation was effec-
tively borne, not only by the interscaffold spaces, but
also by the scaffolds of the tested device.

It has long been believed that metal balloon-
expandable stent implantation is contraindicated for
femoropopliteal arteries because a rigid device can be
crushed as the leg moves.'” However, implantation of
short, metal, balloon-expandable stents in the superficial
femoral artery has been previously shown to be safe and
effective. In 1995, Bergeron et al’°® implanted 55 first-
generation balloon-expandable metal stents in short le-
sions in 42 femoropopliteal arteries of 39 patients and
found that 77% had remained primarily patent after
2 years. In that same year, Henry et al”' reported their
experience with metal balloon-expandable stent im-
plantation in 310 patients, including 126 with short le-
sions confined to the femoropopliteal arteries.
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Fig 3. Porcine iliofemoral arterial deformation after deployment of the eight serial scaffolds. Anteroposterior
angiograms after implantation of four serial scaffolds in extension (A) and exaggerated flexion (B).
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Restenosis after 6 months was observed in only 13% of
the cases, including 18% in distal lesions but only 4.4%
of the lesions in the proximal superficial femoral artery.?'
In the present animal study, we demonstrated a pre-
served luminal diameter after implantation of balloon-
expandable scaffolds.

Numerous clinical investigators have theorized that
bioresorbable vascular scaffolds might represent a favor-
able paradigm shift in endovascular therapy, notably by
offering the advantages of avoiding a chronic foreign
body reaction and enhancing adaptive remodeling.?*?*
Nevertheless, the initial enthusiasm for this technology
has been met by skepticism.?* In the ESPRIT | [a clinical
evaluation of the Abbott vascular ESPRIT BVS (bio-
resorbable vascular scaffold) system] trial, an
everolimus-coated 1:1 mixture of poly-p and L-lactide

Mechanism of axial deformation of scaffolded arteries in scaffolded segments (A) and interscaffold spaces

6- x 60-mm scaffold was tested in 35 patients and
yielded 100% technical success and 94% primary
patency at 12 months.'® In that prospective trial, the short
average lesion length of 35.2 mm challenged the gener-
alizability of these excellent results.” In contrast, the

Remedy scaffold (Kyoto Medical, Kyoto, Japan) failed to
demonstrate durability, with a primary patency of 32.1%
to 58% at 12 months in similarly short lesions (average
length, 37.9 and 59 mm). However, its excellent second-
ary patency (>85%) highlighted the advantage of this
flexible and nonpermanent device.'®"”

The treatment of a long, occlusive, atherosclerotic
lesion with a single intravascular device has remained
challenging. This unmet clinical need informed the
design of the Efemoral vascular scaffold system (Efe-
moral Medical, Inc), which, akin to a freight train
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Fig 5. Three-dimensional microcomputed tomography
image of an artery treated with eight scaffolds using a
computer-generated wall.

rounding a tight curve, provides spaces between its mul-
tiple, short, rigid scaffolds to allow for absorption of the
arterial deformation caused by flexion. Implantation of
stents that overlap, although common in clinical medi-
cine, creates bulk and noncompliance within the artery,
leading to aggressive neointimal hyperplasia, restenosis,
and therapeutic failure. In contrast, the lengths of the
scaffolds and interscaffold spaces of the Efemoral
vascular scaffold system are tightly calculated and
controlled to accommodate the known degrees of
flexion inherent in the human peripheral vasculature
while still ensuring that the individual scaffolds do not
abut. Moreover, the individual polylactide-based scaf-
folds were also able to significantly absorb the mechan-
ical forces induced by hindlimb exaggerated flexion.

Study limitations. The limitations of the present study
included the sample size and the absence of atheroscle-
rosis in the chosen animal model. The deployment of
balloon-expandable plastic stents in heavily diseased
human peripheral arteries could produce different re-
sults. Also, iterative mechanical stress related to hindlimb
repeated flexion was not assessed in the present acute
preclinical study nor was the histologic vascular response
over time.

CONCLUSIONS

In the present study, we found that experimental pe-
ripheral arteries can be acutely treated with multiple,
short, balloon-expandable, bioresorbable scaffolds
without luminal compromise. Subsequent studies wiill
focus on the chronic vascular response to this interven-
tional strategy. An acute animal model was tested in
the present study, and the experimental device is now
undergoing a first-in-human clinical trial (ClinicalTrials.
gov identifier, NCTO4584632).
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