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� What are the feasibility and patency of a

novel biorestorative polymeric graft

implantation in animal models?

� The biorestorative grafts showed good

patency out to 12 months, in a challenging

ovine coronary artery bypass graft model.

Saphenous vein graft showed progressive

diffuse dilatation, while the reference

diameter of biorestorative grafts

remained stable.

� Serial angiography-based lumen and flow

assessments in ovine models indicated

the potential of this novel biorestorative

bypass graft.
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Many attempts have been made to inhibit or counteract saphenous vein graft (SVG) failure modes; however,

only external support for SVGs has gained momentum in clinical utility. This study revealed the feasibility of

implantation, and showed good patency out to 12 months of the novel biorestorative graft, in a challenging

ovine coronary artery bypass graft model. This finding could trigger the first-in-man trial of using the novel

material instead of SVG. We believe that, eventually, this novel biorestorative bypass graft can be one of the

options for coronary artery bypass graft patients who have difficulty harvesting SVG.

(J Am Coll Cardiol Basic Trans Science 2023;8:19–34) © 2023 The Authors. Published by Elsevier on behalf

of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
D ecades of development of alterna-
tive treatments for coronary revas-
cularization, including angioplasty

and stenting, suggest that complete coronary
revascularization via coronary artery bypass
grafting (CABG) using arterial grafts (left and right in-
ternal mammary arteries, radial artery, and/or gastro-
epiploic artery) provides the most durable solution.1-3

However, autologous saphenous vein grafts (SVGs)
are still used in the majority of CABGs because of
their availability, the familiarity of use, and historical
convention.1 Because veins typically function in low-
pressure hemodynamic conditions, arterial pressure
can cause SVGs to distend and subsequently undergo
dilation, yielding irregular lumen geometries. This
action results in disturbances to hemodynamic fac-
tors that contribute to intimal hyperplasia (IH).4-6 Re-
ported SVG failure rates in CABG surgery are 10% to
30% at 1 year and w50% at 10 years.7-9

Despite suboptimal performance, w80% of all
CABG surgery includes SVGs.1,10 Many attempts have
been made to inhibit or counteract SVG failure modes,
including local delivery of genes11 and drugs,12 as well
as improving the diameter and compliance mismatch
at the anastomoses via external mechanical sup-
port.1,13-17 However, to date, only external support for
SVGs has gained momentum in clinical utility. The
work by Taggart et al1 has shown that by using
external support to prevent dilation of SVGs, it was
possible to reduce the rate of development of IH by
attenuating hemodynamic disturbances caused by
irregular lumen geometry. The impact of external
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stenting to SVG chronic performance in CABG has yet
to be shown, and this will require long-term follow-
up (w10 years) in a large population of patients.18,19

Harvesting of SVGs is associated with significant
co-morbidity and poor quality of life due to the
postoperative pain and distress felt by the patients in
their legs at the harvest sites. Saphenous vein har-
vesting reportedly also causes severe scarring and
additionally can lead to increased risk of infection
due to poor wound healing in patients with poor pe-
ripheral circulation.20,21 Although external stenting
could improve the chronic durability of SVGs used in
CABG, and thereby reduce the re-operation and/or re-
intervention rates, the need to harvest the saphenous
vein will remain.

An off-the-shelf, small-diameter vascular graft, that
remains patent in the CABG circulation, could provide
a valuable treatment alternative for millions of pa-
tients, annually. There are clinical reports of expanded
polytetrafluoroethylene (ePTFE) grafts being used
with some success in CABG,22-26 but there are currently
none approved for CABG use. This unmet clinical need
persists because of the complex and elusive combi-
nation of polymer characteristics, material architec-
ture, and surface modification needed to produce a
graft that achieves chronic patency in CABG to match
that of SVGs. All attempts to date have met with the
same fate: inadequate thromboresistance with poor
chronic patency. It is known that ePTFE grafts are
rarely endothelialized >2 cm from each end, and this
endothelial coverage is trans-anastomotically
derived.27 There is proof that a 4-mm inner diameter
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FIGURE 1 Illustration of Implant Configuration and Implant Angiography

A total of 16 sheep were used in this study: 13 were implanted with a restorative vascular graft and 3 with a saphenous vein graft. Only 1 graft

was implanted per animal.
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ePTFE graft, with a preseeded autologous endothe-
lium, achieved chronic patency in clinical CABG.23

This finding illustrated that if a graft could naturally
grow an endothelium in situ, then the thromboresist-
ance problem could be overcome. The architecture of
ePTFE (and other synthetic) grafts prevents the
development of a confluent endothelium via trans-
mural microvessel delivery of endothelial cells or
transluminal seeding of endothelial progenitor
cells.27-30 Transmural microvessel connectivity be-
tween surrounding tissue and the graft lumen is
needed to supply endothelial cells with sufficient
density to form a confluent endothelium that is
capable of providing chronic thromboresistance.

To create the necessary porous architecture for
transmural and transluminal endothelialization, we
proposed a restorative vascular graft (RVG), using
electrospinning as the manufacturing method.29 The
polymer fiber morphology, interfiber bonding, and
pore interconnectivity were controlled to promote
microvessel growth through the wall to supply
endothelial cells to populate the length of the graft
with a confluent endothelium. Using a sheep CABG
model, the present study evaluated the feasibility of
implantation, and the evaluation of lumen geometry
via serial angiographic assessment, of the RVG
compared with an SVG control. The study was also
intended to provide data to inform future develop-
ment of this approach toward clinical use.
METHODS

ETHICS STATEMENT. Angiography data at baseline
and follow-up were acquired from the animals
implanted with the biorestorative bypass graft (Xeltis
BV, Eindhoven, the Netherlands). The study was
conducted in accordance with the Guide for Care and
Use of Laboratory Animals and the ARRIVE guidelines
(Animal Research: Reporting of In Vivo Experiments)
and was approved by the Test Facility’s Ethical Com-
mittee for compliance with regulations before study
initiation (Protocols IQI001-IS02 and IQI005-IS02).

DEVICE MANUFACTURING. The 4-mm inner diam-
eter, 500-mm wall thickness, 15-cm long grafts used in
this study were constructed from 2 main components,
the electrospun biorestorative polymer scaffold and
an embedded nitinol micro skeleton. First, an inner
electrospun layer was deposited onto a cylindrical
target; the micro skeleton was then deployed over the
inner layer, and then an outer electrospun layer was
deposited over the micro skeleton, embedding it
within the polymer scaffold. The distal 2-cm end of
the graft does not have an embedded nitinol micro
skeleton and was fully trimmable for creating the
distal anastomosis. The proximal end of the graft has
a series of 5 embedded nitinol rings, which provided
some length trimmability for length adjustment and
trajectory planning. The graft was trimmed close to



FIGURE 2 Image of RVG With Blow-Up to Show SEM Morphology

A representative photograph of a restorative vascular graft (RVG) is presented in the left upper panel. A representative scanning electron

photomicrograph of the outer surface of a device is shown in the lower left. The device exhibits a highly porous morphology characterized by

bonded overlapping fibers w5 mm in diameter. RVG ¼ restorative vascular graft; SEM ¼ scanning electron microscopy.
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one of the rings, and the ring was sewn into the
proximal anastomosis.
ANIMAL STUDY DESIGN. A total of 16 sheep were
used in this study: 13 were implanted with an RVG,
and 3 were implanted with an SVG. Only 1 graft was
implanted per animal as shown in Figure 1. All ani-
mals were given dual antiplatelet therapy of aspirin
(325 mg on day –4, and 81 mg on day –3 and daily
thereafter) and clopidogrel (150 mg on day –4, and
75 mg on day –3 and daily thereafter), in line with
previous reports.31 The sheep CABG model that was
used in this study is based on the model used by
Shofti et al.30 Briefly, a left lateral thoracotomy was
routinely performed, and the pericardium was
opened and cradled. Graft placement was between
the descending aorta and the left anterior descending
coronary artery (LAD). Once heparin anticoagulation
was initiated, and an activated clotting time of
approximately 350 seconds was achieved (and main-
tained throughout the procedure), cannulas were
placed, and cardiopulmonary bypass (CPB) was initi-
ated. Cardiac arrest was induced via use of Plegisol
(Pfizer) or del Nido (Nephron Pharmaceuticals) solu-
tions, and additional cardioplegia solution was
administered every 20 minutes as needed. The distal
end of the RVG was trimmed and prepared for im-
plantation. An arteriotomy was performed in the LAD
artery, and the RVG was sewn in an end-to-side
fashion to create the distal anastomosis. The graft
was then retrograde flushed with blood and isotonic
fluids to test patency and sealing of the suture line.
To allow creation of the proximal anastomosis, a
bulldog-type clamp with protective boots was applied
to the distal portion of the graft. An aortotomy was
made in the partially occluded descending aorta us-
ing a stab incision and a 4- to 6-mm aortic punch to
create the proximal anastomosis site. The graft was
trimmed and sewn into the anastomosis. Before
completion of the proximal anastomosis, air was
evacuated from the graft by releasing the bulldog-
type clamp, and the proximal anastomosis suture
was tied tight after all air had escaped. Blood flow was
established in the graft, and any additional required
repairs to the anastomoses were made. After graft
implantation was completed, the LAD was ligated a
few millimeters upstream of the graft distal anasto-
mosis. The heart was defibrillated (if needed) to
establish a sinus rhythm, and CPB was discontinued.

The RVGs were implanted after unpacking, as
intended. The autologous saphenous veins required
harvesting before implantation, as follows. A medial
longitudinal skin incision was made between the
hock and the stifle on 1 hind-limb. The saphenous
vein was identified and isolated via dissection. Side



FIGURE 3 Study Flowchart

The study design and timeline are described in the schematic diagram. FU ¼ follow-up; OCT ¼ optical coherence tomography;

RVG ¼ restorative vascular graft; SVG ¼ saphenous vein graft.
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veins, if present, were ligated routinely by using 4-
0 polyester suture. The distal aspect of the vein
segment was ligated, and the proximal aspect of the
vein segment was clamped. The SVG segment was
cannulated at the proximal end of the graft segment
(distal to clamp). The graft was then excised and
placed in heparinized isotonic fluid until time of im-
plantation. The SVGs were implanted by using an
identical technique as for the RVGs. Wound closure
and postoperative care were according to the stan-
dard of care.

Animals were initially intended to be euthanized
after 6 months’ survival, and the safety of the RVG
was to be compared vs that of the SVG control.
However, by 6 months, there were few complications
and also very promising angiographic results. Thus,
the advisory board recommended extending the
study beyond 6 months in an exploratory effort to
maximize the learnings from the study.
ANGIOGRAPHY IMAGING METHODS. Arterial blood
pressure was recorded during all angiographic
imaging to help ensure that dimension measurements
were not affected by blood pressure. Each animal was
administered a single dose of heparin (50 IU/kg) and
had continuous monitoring of activated clotting time
values. A reduced heparin administration approach
was used to limit postprocedural hemorrhage.

A 5-F sheath and catheter were placed in the
femoral artery, either via cut-down or percutane-
ously, for angiography. Either the right or left femoral
artery was used. A diagnostic catheter (over a guide-
wire) was passed to the proximal aspect of the graft.
The graft was intubated and contrast was injected to
assess the graft and distal perfusion run-off. Selective
bypass angiography from the ostium of the RVG was
performed with a JR 4.0 catheter (Medtronic). The
angiography was obtained in at least 2 orthogonal
angiographic views (antero-posterior and left anterior
oblique 90 �) to assess the graft ostium, the full graft
body, and the distal anastomosis for quantitative
coronary angiography (QCA). Sufficient run-off was
documented. All filling defects present were also



FIGURE 4 Serial Angiography Snapshot Images of All RVGs and SVGs in Animals That Survived to the 12-Month Follow-Up

Representative snapshots from angiograms of all RVGs and SVGs in animals that survived to 12 months are presented. N/a ¼ not applicable; other abbreviations as in

Figure 3.
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noted. All data acquisition parameters were docu-
mented to aid with subsequent analysis as described
in the following sections.
ANGIOGRAPHIC ANALYSIS. QCA with edge detec-
tion (interpolated reference diameter, minimal
lumen diameter, and diameter stenosis) and
videodensitometry (minimal luminal area, reference
area, and area stenosis), quantitative flow ratio (QFR),
mean flow velocity, and volumetric flow (mean area �
mean flow velocity) were analyzed by an independent
core laboratory (CORRIB Corelab, National University
of Ireland Galway).32,33 In the QCA analysis, the
reference diameter is determined according to the
interpolated technique excluding the narrowed seg-
ments using an end-diastolic angiographic frame.

Aneurysmatic dilatation was defined as focal dila-
tion of at least 1.5 times the adjacent normal
segment.34 Diffuse dilatation was defined when one-
third of the whole graft length at follow-up excee-
ded the baseline (1-month) mean diameter of the SVG
or the nominal diameter of the RVG by 50%.35

Mean blood velocity was assessed by using the
Thrombolysis In Myocardial Infarction frame count.36

The total number of frames was counted, from the
initial complete opacification of the proximal anas-
tomosis of the graft, to the frame where dye first



TABLE 1 Summary of Angiographic Parameters

ID

Reference Diameter (mm) Minimal Lumen Diameter (mm) Flow Speed (cm/s) QFR

B 1M 3M 6M 9M 12M B 1M 3M 6M 9M 12M B 1M 3M 6M 9M 12M B 1M 3M 6M 9M 12M

RVG 19S0166 3.7 2.9 2.8 2.9 3.0 2.8 3.0 2.5 1.5 1.9 1.5 1.7 6.8 9.6 18.0 14.0 15.0 5.0 1.00 0.99 0.75 0.94 0.92 0.94

19S0217 3.8 3.3 4.2 3.2 2.7 1.9 29.9 9.6 24.0 0.99 1.00 0.90

19S0161 3.4 3.7 3.4 3.5 3.3 3.0 3.0 2.5 1.6 2.3 2.2 1.9 11.5 7.7 23.0 23.0 21.0 14.0 0.97 0.96 0.56 0.94 0.97 0.83

19S0204 3.6 3.8 N/aa 3.3 2.0 N/aa 17.8 6.8 N/aa 0.99 0.95 N/aa

19S0212 3.9 3.6 3.4 4.0 3.6 2.8 1.7 1.7 13.0 5.0 6.3 7.8 0.99 0.94 0.91 0.71

19S0295 3.6 3.3 3.2 3.3 2.7 3.7 2.8 2.8 2.5 2.6 1.9 2.8 7.7 8.2 19.0 10.0 14.0 20.0 N/a N/a 0.94 0.99 0.96 0.99

19S0313 4.3 3.7 3.0 3.6 2.8 3.4 3.3 3.0 2.6 2.9 2.7 2.9 9.3 11.0 8.8 9.7 12.0 14.0 0.99 N/a 1.00 0.99 1.00 1.00

19S0311 3.6 3.6 3.7 3.7 3.2 3.5 2.8 2.3 1.9 2.0 1.8 2.0 12.1 7.0 11.0 14.0 28.0 17.0 0.99 0.98 0.79 0.80 0.71 0.87

19S0328 3.7 3.6 3.9 3.7 3.6 3.0 2.2 2.2 20.6 6.6 7.0 18.0 1.00 1.00 0.75 0.78

19S0333 3.3 4.1 4.0 3.4 2.8 2.9 2.1 2.0 14.1 7.9 31.0 29.0 1.00 0.99 0.53 0.81

19S0329 N/a 3.9 3.9 3.2 2.7 N/a 2.8 2.6 1.6 1.4 N/a 15.0 14.0 23.0 19.0 N/a 0.99 0.69 0.53 0.46

Mean 3.7 3.6 3.5 3.5 2.9 3.3 3.2 2.7 2.1 2.1 1.9 2.2 14.3 8.6 16.0 17.0 18.0 14.0 0.99 0.98 0.78 0.83 0.84 0.93

STD 0.3 0.3 0.5 0.3 0.2 0.4 0.3 0.3 0.4 0.4 0.5 0.5 7.0 2.7 8.2 7.2 5.8 5.6 0.01 0.02 0.16 0.14 0.19 0.07

SVG 19S0314 4.6 5.2 8.9 11.0 11.5 4.4 2.1 5.9 4.8 4.0 3.5 1.7 1.0 1.5 1.8 1.00 N/a 0.95 0.91 0.99

19S0330 4.9 6.2 7.5 9.0 9.1 4.1 3.5 3.4 3.7 5.3 7.2 2.5 1.6 3.8 3.7 0.99 N/a 0.97 0.95 0.81

19S0337 4.2 6.1 5.7 6.1 7.8 4.2 2.9 2.6 2.9 4.9 6.7 2.6 2.7 3.2 4.7 0.97 0.88 0.95 0.86 0.81

Mean 4.6 5.8 7.4 8.6 9.5 4.2 2.8 4.0 3.8 4.7 5.8 2.3 1.8 2.9 3.4 0.99 0.88 0.96 0.91 0.87

STD 0.3 0.6 1.6 2.3 1.9 0.2 0.7 1.7 0.9 0.7 2.0 0.5 0.9 1.2 1.5 0.02 N/a 0.01 0.05 0.10

aGraft occluded at 3-month angiographical follow-up; in the statistical analyses (Supplemental Tables 1 and 2), the quantitative coronary angiography (QCA) value of the occluded graft is included as 0 mm
(% diameter stenosis is considered as 100%).

B ¼ baseline; M ¼ month follow-up; NA ¼ not applicable; QFR ¼ quantitative flow ratio; RVG ¼ restorative vascular graft; SVG ¼ saphenous vein graft.
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enters the native coronary artery at the distal anas-
tomosis. Then mean volumetric flow was calculated
by multiplying the mean blood flow velocity by the
reference lumen area of the graft.37

Offline QFR analysis was performed with the
QAngio XA 3D software version 2.0 software package.
The QFR calculation is based on the 3-dimensional
QCA reconstructed from 2 angiographic projections
separated by an angle $25 �(in the present case, 90 �),
and flow velocity is computed from the contrast bolus
frame count. In cases with only single analyzable
projection, single-projection QFR based on bifurca-
tion fractal law (mQFR) was used instead.38 Although
conventional edge and video densitometric QCA
were analyzable in a single projection, QFR was not
available in 3 grafts (2 RVG and 1 SVG) because
the grafts had been filmed without isocenter
calibration.39 One SVG had a poor angiographic image
quality (poorly selective injection) precluding precise
contour delineation. In case of graft occlusion, QFR
was considered as 0.

Vessel QFR was analyzed from the ostium of the
bypass graft, through the anastomosis, up to the first
distal anatomical landmark in the native vessel (eg, as
a first side branch of the LAD, major or minor).

PATENCY EVALUATION. At each time point of angi-
ography follow-up, patency of grafts was assessed as
a binary condition. The grafts were evaluated as
either patent or occluded. The aggregated patency
rates were calculated for both RVGs and SVGs, at both
6 and 12 months, as the ratio of patent grafts to total
number of grafts implanted, multiplied by 100%.

STATISTICS. In descriptive statistics, categorical
variables were expressed as counts with percentages
and continuous variables are presented as the
mean � SD or median with the 25th and 75th per-
centiles (quartile 1, quartile 3).

Given our aims to examine differences in each
angiography-derived parameter between groups
(RVG and SVG) and across 1-year of follow-up, we
chose an approach that could provide inference on
these factors simultaneously and which could use all
available data in an imbalanced data structure that
was reasonably robust to the occasional missing
follow-up data in the study. Thus, we used a linear
mixed effects model for each angiography-derived
parameter with group (2-level factor) and time (5-
level factor [1 level per follow-up assessment]) as
the 2 fixed effects and animal as a random intercept.
A likelihood ratio test of both factors for each
parameter model provided the degree of evidence for
a difference between groups or over time. A time-
group interaction effect was also assessed by inclu-
sion in models for parameters in which the main
effects of time and group differences were found to
be statistically significant.

Given the volume of parameters assessed, we also
adjusted test inferences to control for a false-positive

https://doi.org/10.1016/j.jacbts.2022.06.021
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rate within each family of hypotheses (group differ-
ences and differences across time) using the Holm-
Bonferroni method.

Serial follow-up data were plotted for each
parameter and separated by group with a locally
estimated scatterplot smoothing curve fitted to
characterize any changes over time and between
groups.

All statistical tests were 2-tailed, and a P value of
0.05 was considered as statistically significant, after
adjustment for multiple testing outlined earlier. Sta-
tistical analyses were performed by using R version
4.1.2 (R Foundation for Statistical Computing).

RESULTS

DEVICE CHARACTERIZATION. All devices were
grossly free of defects (as assessed via unmagnified,
corrected vision under illumination per ISO 7198,40

such as the presence of holes and other discontinu-
ities or imperfections of fabrication, and for the
presence of dirt, soiled areas, spots, stains, or loose
particles). A representative photograph of an RVG is
presented in Figure 2, along with a representative
scanning electron photomicrograph of the outer sur-
face of a device. The device exhibits a highly porous
morphology characterized by bonded overlapping fi-
bers w5 mm in diameter.

ANIMAL STUDIES. All animals (N ¼ 16) were implan-
ted successfully, except for a technical error in 1 ani-
mal, which resulted in the distal anastomosis being
sewn closed. Angiography showed that the graft was
occluded in this animal, and the anastomosis was not
repairable, and thus the animal was euthanized.
Another animal also did not survive the implantation
procedure due to severe blood loss during the graft
sealing step. The porosity of the experimental graft
required it to be sealed with blood intraoperatively,
which was typically completed just before weaning
from CPB. However, assessment of this particular an-
imal’s baseline blood cell count showed that the ani-
mal had too few platelets to generate a reliable value,
and graft sealing was not possible. The animal was
euthanized and replaced with another backup animal.

Four RVG animals were euthanized early (before
the final 12-month follow-up) to better understand
angiographic observations. One animal had an
occluded graft, and one animal showed a distal ste-
nosis at the 3 months’ follow-up angiogram. One an-
imal had a nonruptured aneurysm in the body of a
patent graft at the time of the 6-month follow-up
angiogram (Supplemental Figure 1). Finally, optical
coherence tomography (OCT) disclosed at 6 months in
one animal a neointimal delamination, which was
likely iatrogenic (either caused or aggravated by in-
sertion of the OCT catheter) (Supplemental Figure 2).
All 4 animals were euthanized to allow explant
analysis of the grafts and to help determine the eti-
ology of the angiographic and/or OCT observations.

All 3 SVG control animals were implanted suc-
cessfully and survived to their intended termination
time point of 1 year. The aggregated patency rate at
6 months was 90.9% (10 of 11) for the RVGs and 100%
(3 of 3) for the SVG controls. Based on the encour-
aging results at 6 months with only few complica-
tions, the original endpoint of 6 months was
extended in an exploratory effort to maximize
learnings. Ultimately, 72.7% (8 of 11) of the implanted
RVGs were patent when considering all surviving
RVG animals in aggregate after 1 year of implantation.
The study design and timeline are described in the
schematic diagram in Figure 3.

QCA AND QFR ANALYSES. Qualitative angiographic
assessment of all RVGs, which survived to the 12-
month time point, revealed smooth and uniform
luminal geometries throughout the study. In stark
contrast, the SVGs displayed irregular and severely
dilated geometries. Representative snapshots from
angiograms of all RVGs and SVGs in animals that
survived to 12 months are shown in Figure 4
(snapshots in all animals are shown in Supplemental
Figure 3).

QCA (Table 1, Supplemental Tables 1 and 2,
Figures 5 and 6) showed that RVGs had geometric
stable reference diameters at baseline (3.76 �
0.84 mm; n ¼ 8), 1 month (3.59 � 0.31 mm; n ¼ 11),
3 months (3.54 � 0.48 mm; n ¼ 10), 6 months (3.46 �
0.32 mm; n ¼ 9), 9 months (2.94 � 0.22; N ¼ 6), and
12 months (3.29 � 0.33 mm; n ¼ 5). SVG reference
diameter showed progressive diffuse dilatation at
baseline (4.29 mm; n ¼ 1), 1 month (5.82 � 0.55 mm;
n ¼ 3), 3 months (7.37 � 1.61 mm; n ¼ 3), 6 months (8.56
� 2.29 mm; n ¼ 3) and 12 months (9.47 � 1.88 mm;
n ¼ 3) as shown in Figures 5A and 6. RVG minimum
lumen diameter decreased from 1 month (2.67 �
0.30 mm; n ¼ 11) to 3 months (2.13 � 0.40 mm;
n ¼ 10) and remained stable thereafter: 6 months
(2.13 � 0.40 mm; n ¼ 9), 9 months (1.93 � 0.46; n ¼ 6),
and 12 months (2.24 � 0.46 mm; n ¼ 5). SVG minimum
lumen diameter progressively increased: 1 month
(2.81 � 0.72 mm; n ¼ 3), 3 months (3.96� 1.69 mm;
n¼ 3), 6 months (3.78�0.93mm; n¼ 3), and 12 months
(4.69 � 0.66 mm; n ¼ 3) (Figures 5B and 6, Table 1).

Figures 5B and 6 show that between 1 and
3 months, in the RVGs, the flow velocity increased
(mean 7.9 to 14.9 cm/s); thereafter, there were no

https://doi.org/10.1016/j.jacbts.2022.06.021
https://doi.org/10.1016/j.jacbts.2022.06.021
https://doi.org/10.1016/j.jacbts.2022.06.021
https://doi.org/10.1016/j.jacbts.2022.06.021
https://doi.org/10.1016/j.jacbts.2022.06.021


FIGURE 5 Serial Plots of Angiographic Parameters for All Animals

Serial changes of reference diameter (A), minimal lumen diameter (B), flow speed (C), and quantitative flow ratio (QFR) (D) in both RVGs

(blue) and SVGs (red). Bars are the SD of the mean. One occluded RVG (restorative vascular graft) (3-month follow-up) was not included in

the graphs (19S0204).

Continued on the next page
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significant changes in flow velocity. Figures 5B and 6
also show that flow velocities remained low (2.3 cm/s
at 1 month and 3.4 cm/s at 12 months) in the SVGs.

At 1 month, QFR was not analyzable in 4 cases (2 in
RVG, 2 in SVG) due to lack of isocenter calibration or
because of a poor angiographic image quality.
Figures 5D and 6 present the QFR values for both RVGs
and SVGs. Despite the lower flow speed in the SVGs
compared with the RVGs, the QFR values are similar
for both. Figure 7 displays one representative case of
an RVG and SVG, respectively, with serial QFR
follow-ups out to 12 months. Between 1 month and
3 months, there was a significant decrease in QFR for
the RVGs (n ¼ 10) (mean: 0.98 to 0.78). From



FIGURE 5 Continued

Ono et al J A C C : B A S I C T O T R A N S L A T I O N A L S C I E N C E V O L . 8 , N O . 1 , 2 0 2 3

Xeltis Bypass Graft in Animals J A N U A R Y 2 0 2 3 : 1 9 – 3 4

28
3 months (n ¼ 10) to 12 months (n ¼ 5), the QFR in the
RVGs exhibited an increasing or stable trend up to
12 months (QFR: 0.93). In the SVGs, none of the QFR
measurements was below 0.80.

DISCUSSION

The present study was an investigation of an elec-
trospun, polymeric, restorative graft intended for
coronary artery bypass surgery as an alternative to
SVGs. We observed that the device exhibited
adequate patency and superior flow and diametrical
uniformity, compared with SVG controls, in an ovine
CABG model with survival to 1 year. There were ani-
mal model–related complications that resulted in
animals being implanted but did not survive, which
required them to be replaced with additional backup
animals. There were other animal model complica-
tions that resulted in animals being euthanized
before their intended time points.



FIGURE 6 Series of All Measurements for Each Angiography-Derived Parameter Over Follow-Up Period

Measurements are color-coded by group (RVG and SVG) with a smoothed average (locally estimated scatterplot smoothing) over time plotted

for each group to illustrate group differences and changes over time. AS ¼ area stenosis; DS ¼ diameter stenosis; MLA ¼ minimum lumen

area; MLD ¼ minimum lumen diameter; Ref. Diam. ¼ reference diameter. Abbreviations as in Figures 3 and 5.
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FIGURE 7 Representative Examples of Serial QFR in Cases of RVG and SVG

This figure shows one representative case of an RVG and SVG, respectively, with serial QFR follow-ups out to 12 months. Abbreviations as in

Figures 3 and 5.
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The ovine CABG model is challenging, which is
exemplified by scarcity of scientific literature, espe-
cially on synthetic graft evaluation.41,42 The only pa-
per identified on 12 months of follow-up with a
synthetic graft lacked important metrics on study
design, which makes it difficult to judge on its
merits.43 Even with less challenging arterial bypass
models (carotid interposition, femoral-femoral, or
iliac-femoral), and relatively short graft lengths
(typically 5-7 cm), patency on small-diameter syn-
thetic grafts (#4 mm internal diameter) has been re-
ported between 0% and 25% in studies extending
beyond 1 month of follow-up.41 Saphenous vein
grafting for CABG has been reported in literature for
sheep44,45 and baboon.46 Reported patency and dila-
tion of SVGs appears to be in line with the present
study findings. In this light, the aggregated patency at
6 months’ follow-up of 91% (10 of 11) in the present
study for the RVG, especially given implant length
(w15 cm) and location, was considered a very prom-
ising result. Besides 1 occlusion, only 1 animal was
euthanized before the 6-month follow-up with an
apparent distal stenosis in the RVG. Autopsy revealed
a luminal protrusion of the implant material at the
distal anastomosis as a result of suboptimal suture
placement as the most likely nidus for the neointima
formation, resulting in the observed stenosis. Of the 2
animals that were euthanized at the 6-month follow-
up, one had a graft aneurysm shown on angiography,
which was later confirmed by histopathology. It was
postulated that it could be related to local high cur-
vature and dynamic bending along the graft trajec-
tory, likely due to the specifics of the animal model
(grafting from the descending aorta to the LAD and
bending around the pulmonary artery). A more
detailed analysis of the impact of mechanical factors
(ie, bending angle, superficial wall strain, minimum
and maximum endothelial shear stress) at baseline on
late flow metrics of the grafts has been published
separately.47 The other 6-month explant had revealed
neointimal delamination during the 6-month OCT
follow-up, which was suggested to be due to an
interaction between the catheter and locally high
graft curvature (Supplemental Figure 2). This graft
was patent at euthanasia. Although this cautions the
use of OCT in tortuous segments in the early remod-
eling, it should be noted that the tortuosity is
considered a feature of the preclinical model and
could be avoided clinically with careful case
planning.

Based on positive angiographic assessment of the
remaining RVGs (n ¼ 7) and SVGs (n ¼ 3) at 6 months’
follow-up, it was decided to extend the study to an
exploratory 12-month endpoint, to maximize
learning. During this exploratory phase, 2 unsched-
uled deaths for the RVG animals were noted. One was
shortly before the 9-month angiography; autopsy
revealed a recanalized thrombus in the distal graft,
shortly distal to a mild stenosis observed at the
6-month angiography. The other at 10 months’

https://doi.org/10.1016/j.jacbts.2022.06.021


FIGURE 8 Micro-CT Profile and Histologies at 12 Months

Micro–computed tomography (CT) profile at 12-month explant of RVG (upper left) and SVG (lower left). (Right) Histology cross-sections near

distal anastomosis of each graft (upper right, RVG; lower right, SVG). Abbreviations as in Figures 3 and 5.
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follow-up revealed a mid-graft occlusion, co-locating
with an area of potential neointima denudation dur-
ing the intravascular imaging performed at 6 months’
follow-up. Of note, distal and proximal anastomoses
in both grafts were widely patent.

A critically important result of this study was that
5 of 7 RVGs remained patent out to 1 year follow-up,
thus pushing the frontier on preclinical evaluation
of small-diameter grafts in a preclinical CABG
model. Although the SVGs also remained patent, it
is believed that this finding is partly attributable to
their progressive diffuse dilation. Micro–computed
tomography analysis of SVG 12-month explants
confirmed a nonuniform dilated lumen, with in-
dications of neointimal tissue build-up near the
distal anastomosis. Histopathology confirms simi-
larity to the clinical disease process that has been
described for SVGs, which eventually leads to distal
anastomotic IH and eventual occlusion.1 RVG 12-
month explant micro–computed tomography and
histopathology in contrast shows a more uniform
lumen with no apparent changes at the anastomoses
(Figure 8). It is suggested from the level of distal
anastomosis IH seen in the SVGs in this study that a
progressive pathologic process is ongoing that could
ultimately cause occlusions, which is in line with
both preclinical and clinical evidence.41,48 Quanti-
tative angiography revealed that RVGs maintained
an overall uniform and nondilating lumen
throughout the duration of the study. This is in
stark contrast to the SVGs in this study, and as also
reported in previous work, which showed that SVGs
exhibited progressively increasing dilation over
time, doubling the initial diameter by 1 year.31
A uniform diameter has been proposed to be a key
factor in mitigating IH development by maintaining
a uniform shear stress on the graft lumen.13,49,50

Figures 5 and 6 and Supplemental Table 2 present
a comparison between an RVG and an SVG implan-
ted for 1 year as an ovine CABG. The near doubling
in diameter of the SVG relative to the RVG is note-
worthy. Also worth noting is the dramatic increase
in neointima formation in the distal anastomosis of
the SVG compared with the stable neointima in the
RVG. Although there was an initial period between 1
and 3 months when the RVG minimal lumen diam-
eter decreased and consequently so did the QFR,
there appeared to be a stable or increasing trend in
MLD and QFR over time. This mechanism is under
further investigation and will be the subject matter
of future reports.

Finally, RVGs that can maintain a controlled, uni-
form diameter could allow for improved size match-
ing to the target artery and reduced flow
disturbances, which could further attenuate IH.51-53

Diameter matching has also been reported to accel-
erate in vivo re-endothelialization in arteries and
vascular grafts.54,55 Thus, by preventing dilation,
maintaining diameter uniformity, and improving
diameter matching of the CABG (4 mm) to the target
coronary artery (2 mm), the RVG maintained
improved hemodynamics compared with SVG con-
trols in this ovine model out to 1 year.
STUDY LIMITATIONS. We acknowledge that our
study has several limitations. First, the current study
was conducted in a limited sample size (XABG: N ¼ 13,
SVG: N ¼ 3) and during a follow-up period of 12
months. The restorative process following the

https://doi.org/10.1016/j.jacbts.2022.06.021


PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Many

attempts have been made to inhibit or counteract SVG

failure modes; however, only external support for SVGs

has gained momentum in clinical utility. This study

revealed the feasibility of implantation, and showed

good patency out to 12 months of the novel bio-

restorative grafts, in a challenging ovine CABG model.

TRANSLATIONAL OUTLOOK: This finding could

trigger the first-in-man trial of using the novel material

instead of SVG. We believe that eventually, this novel

biorestorative bypass graft can be one of the options

for CABG patients who have difficulty harvesting SVG.
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biodegradation of the polymer may take longer;
therefore, late dynamic change of the graft may occur
beyond 12 months.

Second, ovine with adverse findings such as
aneurysmal or thrombotic change were euthanized
shortly after the disclosure of these findings, in
agreement with the advisory board. Therefore, the
surviving cases might be biased towards good (or bad)
outcomes especially in the late phases of the follow-
up (6-12 months).

Third, the lumen and flow measurements at each
time point were evaluated based on angiography
without pressure- and velocity-wire insertion.
Therefore, the various parameters derived from the
angiography are highly dependent on the quality of
angiography and were not validated with other mo-
dalities. There was only incidental use of optical
coherence tomography.

Finally, the present study is a preclinical study
with ovine model. The remodeling response
following implantation of grafts and late results may
be different in other animal species and in human
beings.

CONCLUSIONS

The ovine CABG model proved to be a demanding
experimental set-up; however, it was a rigorous
approach to prepare for clinical translation of this
novel technology. The serial angiographic assessment
of the RVGs in this study provided important data for
the safety of the device, which will help to enable this
clinical translation.
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