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ABSTRACT
Objective: The human acellular vessel (HAV) was evaluated for surgical bypass in a phase II study. The primary results at
24 months after implantation have been reported, and the patients will be evaluated for #10 years.

Methods: In the present report, we have described the 6-year results of a prospective, open-label, single-treatment arm,
multicenter study. Patients with advanced peripheral artery disease (PAD) requiring above-the-knee femoropopliteal
bypass surgery without available autologous graft options had undergone implantation with the HAV, a bioengineered
human tissue replacement blood vessel. The patients who completed the 24-month primary portion of the study will be
evaluated for #10 years after implantation. The present mid-term analysis was performed at the 6-year milestone
(72 months) for patients followed up for 24 to 72 months.

Results: HAVs were implanted in 20 patients at three sites in Poland. Seven patients had discontinued the study before
completing the 2-year portion of the study: four after graft occlusion had occurred and three who had died of causes deemed
unrelated to the conduit, with theHAV reportedas functional at their last visit. Theprimary results at 24months showedprimary,
primary assisted, and secondary patency rates of 58%, 58%, and74%, respectively. One vessel haddevelopedapseudoaneurysm
deemedpossibly iatrogenic;noother signsof structural failurewere reported.Norejectionsor infectionsof theHAVoccurred,and
nopatienthadrequiredamputationof the implanted limb.Of the20patients, 13hadcompletedtheprimaryportionof thestudy;
however, 1 patient had died shortly after 24 months. Of the remaining 12 patients, 3 died of causes unrelated to the HAV. One
patient had required thrombectomy twice,with secondarypatencyachieved.Noother interventionswere recordedbetween24
and 72months. At 72months, five patients had a patent HAV, including four patients with primary patency. For the entire study
population from day 1 to month 72, the overall primary, primary assisted, and secondary patency rate estimated using Kaplan-
Meier analysis was 44%, 45%, and 60% respectively, with censoring for death. No patient had experienced rejection or infec-
tion of the HAV, and no patient had required amputation of the implanted limb.

Conclusions: The infection-resistant, off-the-shelf HAV could provide a durable alternative conduit in the arterial circuit
setting to restore the lower extremity blood supply in patients with PAD, with remodeling into the recipient’s own vessel
over time. The HAV is currently being evaluated in seven clinical trials to treat PAD, vascular trauma, and as a hemodialysis
access conduit. (JVSeVascular Science 2023;4:1-9.)

Clinical Relevance: Patients with peripheral artery disease who require surgical revascularization need options when
autologous grafts are not available. The human acellular vessel (HAV) has been demonstrated to have characteristics
similar to those of autologous vessels in terms of resistance to infection, mechanics, and a very low risk of rejection. Safety
and performance were evaluated for #6 years after implantation of an HAV in a femoropopliteal position. Overall, the
secondary patency rate estimated using the Kaplan-Meier method was 60% at 72 months, with 45% primary patency. No
infection or rejection episodes had occurred with the HAV conduits. These data have demonstrated the durability of the
HAV and suggest the occurrence of cellular remodeling by the host.

Keywords: Arterial reconstruction; Bioengineered blood vessel; Human acellular vessel; Long-term outcomes; Peripheral
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e Department of Vascular Surgery and Angiology, Pomeranian Medical

rsity of Szczecin, Szczecina; the Research and Development Centre,

rtment of Vascular Surgery, General Hospital, Wroclawb; the Clinic of

lar Surgery and Angiology, Medical University of Lublin, Lublinc; Huma-

Inc, Durhamd; the Department of Surgery, Duke University, Durhame;

he Department of Anesthesia and Biomedical Engineeringf and Depart-

of Biomedical Engineering, Yale University, New Haven.g

Trail Registration: NCT01872208.

conflict of interest: J.H.L., H.L.P., W.T., and L.E.N. own stock or stock op-

in Humacyte. P.G., M.G., M.I., A.K., S.P., R.S., J.T., W.W., N.Z., and T.Z. have

nflicts of interest.

Correspondence: Laura E. Niklason, MD, PhD, Humacyte, Inc, 2525 NC-54,

Durham, NC 27713 (e-mail: niklason@humacyte.com).

The editors and reviewers of this article have no relevant financial relationships to

disclose per the JVS-Vascular Science policy that requires reviewers to decline

review of any manuscript for which they may have a conflict of interest.

2666-3503

Copyright� 2023 Published by Elsevier Inc. on behalf of the Society for Vascular

Surgery. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

https://doi.org/10.1016/j.jvssci.2022.11.001

1

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
mailto:niklason@humacyte.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jvssci.2022.11.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jvssci.2022.11.001&domain=pdf


ARTICLE HIGHLIGHTS
d Type of Research: A phase II study with long-term
follow-up

d Key Findings: Of 20 patients, 5 had maintained hu-
man acellular vessel (HAV) patency at 72 months.
Overall, no infections or rejections of the HAV had
occurred, and no amputations were performed on
the extremity involved with the original
revascularization.

d Take Home Message: The bioengineered HAV repre-
sents a durable option for vascular repair.
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Globally, >236 million people aged >25 years are living
with peripheral artery disease (PAD).1,2 The estimated
prevalence of atherosclerotic PAD in individuals aged
>40 years in the United States has ranged from 5.8% to
10.7%,1,3-5 and the prevalence of PAD has been growing,
with an increase of 13.1% in high-income countries be-
tween 2000 and 2010.1,2,6,7

Aggressive management of chronic limb ischemia and
limb salvage have been associated with improved long-
term patient survival and quality of life.8-10 An unmet
need exists for improved solutions to reduce, postpone,
or, even, obviate the risk of amputation and to provide
long-term efficacy for a broader population of patients
living with advanced PAD.
Long-term above-the-knee bypass data have demon-

strated excellent primary patency rates using autoge-
nous veins compared with synthetic conduits.6,11

However, the saphenous vein will not be available for a
large proportion of patients. A retrospective review of
elective femoropopliteal bypass in the Vascular Quality
Initiative database from 2003 to 2018 in which the
greater saphenous vein or a polytetrafluoroethylene
(PTFE) graft had been used showed that 47% of the
7430 bypasses had used the PTFE graft.12,13 These syn-
thetic conduits can pose significant risks of infection
and can develop rapid intimal hyperplasia-induced oc-
clusion and acute or subacute thrombosis.14-16 Xeno-
grafts, most often of porcine or bovine origin, and
cadaveric cryopreserved allografts, represent other alter-
natives but have demonstrated high rates of thrombosis,
calcification, and aneurysm formation, and the risk of
early mechanical failure and foreign body inflammatory
responses.17-21 Vascular conduits that would be immedi-
ately available with a low immunogenic potential and
with improved long-term patency and clinical outcomes
would broaden the options for patients who require arte-
rial repair or replacement.
The HAV is a bioengineered, decellularized human

blood vessel available off the shelf that can be used as
a replacement conduit using standard surgical tech-
niques. We previously reported the primary results of a
phase II clinical trial evaluating the bioengineered hu-
man acellular vessel (HAV) as a conduit for vascular repair
or replacement in patients with symptomatic PAD at
24 months after implantation (Clinicaltrials.gov identifier,
NCT01872208).22 Twenty patients with advanced PAD
documented by imaging studies and clinical presenta-
tion had undergone bypass surgery with an HAV
implanted in the above-the-knee femoropopliteal posi-
tion. At 2 years postoperatively, the HAVs demonstrated
functionality with no signs of rejection by the recipient
or structural failure. No patient had required amputation
of the implanted limb nor had experienced HAV infec-
tion during the 24-month period. Also, histologic exami-
nation of HAV tissue samples showed repopulation of
the conduit by host cells and vascular remodeling. The
long-term follow-up portion of the study is ongoing.
The aim of the present report was to share the results

from a mid-term analysis at 72 months of the long-
term follow-up portion of the phase II study to add to
the scientific evidence for this new bioengineered hu-
man tissue product.

METHODS
Investigational product: HAV. The HAV is a tubular

conduit of human extracellular matrix, measuring
6 mm in diameter and 42 cm in length. It is manufac-
tured in bioreactors that deliver cyclic radial strain to hu-
man vascular smooth muscle cells cultured on a
degradable polymer scaffold in a controlled environ-
ment.23-25 At the conclusion of the culture, the engi-
neered vascular tissue constructs are decellularized to
remove alloreactive targets using a process that pre-
serves the three-dimensional extracellular matrix struc-
ture and its protein components, including human
collagen types I, III, and IV, fibronectin, and vitronectin,
and other matrix molecules.26-28 Transmission electron
micrographs have shown that the collagen fibrils in the
HAV mimic the three-dimensional alignment found in
native vessels.28 The structural and mechanical proper-
ties of the HAV were characterized, and the average wall
thickness, suture strength, and burst pressure were
similar to, or exceeded, those of native human vessels.29

Histologic and imaging studies have consistently
demonstrated that HAVs remodel over time into living
vascular tissue after surgical implantation, with coloni-
zation by autologous cells and the appearance of neo-
vessels outside of and within the conduit wall.29

HAVs are aseptically packaged and stored refrigerated
until required for implantation, offering a bioengineered
human tissue replacement blood vessel available off the
shelf that can be implanted using standard surgical
techniques. Eight clinical studies in the United States,
Europe, and Israel are evaluating three clinical indica-
tions: the HAV as an arteriovenous access for hemodialy-
sis for patients with end-stage renal disease; as a bypass

http://Clinicaltrials.gov
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conduit in PAD; and for repair and reconstruction of trau-
matic arterial injuries (one study). As of April 10, 2022, 374
patients with end-stage renal disease, 35 with PAD, and
51 with vascular trauma have undergone implantation
of a HAV. In addition, a HAV has been implanted in
>23 patients as an investigational new drug under the
Food and Drug Administration program for expanded
access.

Study design. The objectives of the present phase II
prospective, open-label, single-treatment-arm, multi-
center study were to evaluate the safety and efficacy of
HAVs implanted in the above-the-knee femoropopliteal
position in patients with PAD who had presented with
critical limb ischemia, rest pain, or claudication at a
walking distance of #200 m. The inclusion criteria
required documented femoral artery occlusion of
$10 cm that was not suitable for endovascular treat-
ment, two below-the-knee vessels that were patent to
the ankle with good runoff, and autologous vein grafts
that were either not suitable or not feasible for use. The
present study was conducted in full conformity with the
principles of the Declaration of Helsinki (revised 2008),
Good Clinical Practice, and International Council for
Harmonization requirements for Good Clinical Practice.

Primary trial portion (previously reported 24-month
data). The primary portion of the present trial had exam-
ined the performance of the HAVs during the first
24 months for patency, necessary graft interventions,
and clinical outcomes. The 24-month results have been
previously reported.22 In brief, 20 patients had been
enrolled at three sites between October 2013 and June
2014. Each enrolled patient had received a single HAV
that had been implanted using standard surgical tech-
niques. The proximal anastomosis was at the common
femoral artery in 17 patients and the proximal superficial
femoral artery in 3 patients. The distal anastomosis was at
the distal superficial femoral artery in 11 patients and the
above-the-knee popliteal artery in 9 patients. Of the 20
patients enrolled, 7 had had a claudication distance
of <50 m, with 5 presenting with a distance of #20 m, 2
patients had presented with rest pain, and all the pa-
tients had had an ankle brachial index (ABI) of #0.76. Of
the 20 patients, 7 had withdrawn before the end of the 2-
year portion of the trial, 4 because of occlusion of the
HAV. Three patients had died of causes deemed not
related to the HAV or the surgery; the HAV was patent at
their last visit for all three patients. The Kaplan-Meier
estimates of the HAV patency rates, censoring for
deaths, were 58% for primary patency, 58% for primary
assisted patency, and 74% for secondary patency at
24 months. Other than a possibly iatrogenic pseudoa-
neurysm, which was treated by excising the segment of
HAV and interposing a segment of ePTFE and which had
remained patent for the rest of the study, no structural
failures or ruptures had occurred. From a clinical
perspective, improvement in the signs and symptoms
was apparent, with an increase in the median claudica-
tion distance from 50 to 1000 m at 6 weeks. The clau-
dication distance had remained stable for all patients
with a patent graft and was associated with a return to
normal function and no decrease over time of the me-
dian ABI.
Histologic analyses of HAV samples showed signs of

repopulation by host cells and remodeling into a blood
vessel with the presence of neomicrovessels within the
conduit wall.22 The clinical, ultrasound, and angiographic
examinations did not reveal evidence of structural degra-
dation or true aneurysm formation of the HAV over time.
The HAVs were well tolerated, and safety was consistent
with previous experience.

Follow-up to 72 months. The patients who had
completed the primary 24-month period of the study
were invited to enroll in the long-term follow-up portion
of the trial, with monitoring for #10 years after implan-
tation (120 months). The first portion of the follow-up
period required annual ascertainment of patient and
HAV status by the investigator during routine clinical
visits or telephone interviews with the patients or their
physician. A questionnaire was used that covered the
patient’s status, known patency of the conduit, and any
conduit interventions or other vascular procedures on
the operated leg. The monitoring protocol was
expanded after 48 months of follow-up to require clinic
visits (or telephone visits to accommodate the patient
and medical circumstances during the COVID-19 [coro-
navirus disease 2019] pandemic) every 6 months for the
focused vascular examination on the limb treated with
the HAV, assessment of patient status, including interval
history, complications, any HAV interventions or other
surgical procedures on the treated limb, and Doppler
ultrasound to assess the conduit, unless the HAV had
become occluded or had been removed.

Statistical analysis. Data #72 months were included in
the statistical analysis of the present interim report,
including HAV patency, interventions required to main-
tain or restore patency, ABI, PAD signs and symptoms,
and safety events. The time to loss of patency was evalu-
ated using the Kaplan-Meier method, with separate as-
sessments for primary, primary assisted, and secondary
patency. Patency was assessed by examination and his-
tory for #48 months and by Doppler ultrasound and/or
questionnaire for #72 months. Patients were censored at
death, study withdrawal, or loss to follow-up. The other
parameters were summarized descriptively.

RESULTS
A total of 20 patients were enrolled in the primary

study. Of the 20 patients, 13 had completed the



Fig 1. Patient disposition. M, Month; P, patency; PP, primary patency; SP, secondary patency.
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24-month primary portion of the study.22 All the patients
had received antithrombotic prophylaxis in conjunction
with HAV implantation, consisting of intraoperative hep-
arin and low-molecular-weight heparin daily until fully
mobilized and a combination of two antiplatelet agents
(aspirin, 75-300 mg; and clopidogrel, 75 mg daily) for
long-term treatment after discontinuation of low-
molecular-weight heparin. One patient had died of cere-
brovascular complications after thrombolysis of the HAV
conduit shortly after completing the 24-month period.
Of the remaining 12 patients, by the end of the 72-
month period, 3 had died, the HAV had lost patency in
4, and the HAV had remained patent without interven-
tion during follow-up in 5 patients (Fig 1). Three patients
had died during follow-up, one each of lung cancer, cor-
onary heart disease and ventricular arrhythmia, and met-
astatic cancer. Their HAV was presumed patent at the
time of death according to the latest information on
file. One patient had lost patency of the HAV shortly after
completing the primary portion of the trial; one patient
had retained patency until 36 months; and two patients
had retained patency until 48 months. One patient had
developed a pseudoaneurysm of iatrogenic nature
12 weeks after implantation of the HAV. The segment of
the HAV with the pseudoaneurysm was excised and
replaced with an ePTFE segment. This patient was one
of the two patients with patency for >4 years but had
lost patency at 60 months. At 72 months, 4 of the 12 pa-
tients still retained primary patency and 1 retained sec-
ondary patency. After 24 months, one patient had
required two interventions involving open thrombec-
tomy. For all other patients, no interventions to restore
or maintain patency of the HAV were recorded.
During their individual follow-up periods, 8 of the 12 pa-

tients (66%) had retained secondary patency of the HAV
implant until either their death or the 72-month mile-
stone. The total number of deaths in the present study
was seven at 72 months, for a mortality rate of 35% for
this cohort of patients with severe PAD at 6 years of
follow-up (Table I; Fig 2).
The patency outcomes of the implanted HAV were

analyzed using Kaplan-Meier analyses to calculate the
conduit patency probabilities, treating patients who
had withdrawn, died, or been lost to follow-up as
censored at the time of the event if the HAV conduit
had been patent at the last evaluation.
In the long-term follow-up group of 12 patients, the pri-

mary and primary assisted patency rate at 72 months
were both estimated at 58%, and the secondary patency
rate was estimated at 75%. Including all patients origi-
nally enrolled in the study, the overall secondary patency
rate for the study at 72 months was estimated at 60%,
with a primary assisted patency rate of 44% and a pri-
mary patency rate of 45%. The Kaplan-Meier curves for
primary, primary assisted, and secondary patency are
shown in Fig 3.

Intermittent claudication distance and ABI. At
24 months, the median claudication distance was
1000 m, with a median ABI of 0.96, and both stayed at



Table I. Patients stratified by patency and year of follow-up (N ¼ 20)

Variable

Month, No.

24 36 48 60 72

Primary patencya 9 7 6 5 4

Secondary patencyb 13 10 9 7 5

Lost patency 4 6 7 8 8

Death 3 4 4 5 7
aFunctional patency of graft without any intervention to maintain or restore patency; a patient with primary patency was also considered to have
secondary patency.
bFunctional patency with or without preceding successful interventional or surgical procedures to maintain or reestablish patency.

Fig 2. Total number of patients stratified by patency status and year of follow-up for 6 years.
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that level or higher until 60 months. At 72 months, of the
six evaluable patients, the patient with an early occluded
HAV reported a claudication distance of 130 m, two pa-
tients still had a distance >1000 m, and three patients
with a patent HAV were able to walk 700 m (ABI, 0.88),
300 m, and 200 m (ABI, 1.0).

Doppler ultrasound assessments. The mid-HAV
diameter was assessed using duplex ultrasound at 48,
54, 60, 66, and 72 months (Table II). The mid-HAV
diameter had gradually increased over time, from
5.9 mm to 7.4 mm, but the increase was not clinically
significant. We found no tendency toward a progressive
narrowing of the mid-section of the HAVs over time.
None of the HAVs evaluated had shown any evidence of
aneurysm formation.

Computed tomography angiography. To further deter-
mine the mechanical durability of the HAV in the arte-
rial position at long implantation times, computed
tomography (CT) angiography was performed (Fig 4).
Seven patients with a patent HAV in the femo-
ropopliteal position were evaluated between 50 and
55 months. For all seven patients, the HAVs showed no
evidence of aneurysmal dilatation, implying that the
HAVs did not experience mechanical breakdown, after
multiple years of exposure to the high pressures of the
arterial system. At the follow-up of 72 months, no pa-
tient had reported rest pain, ischemic ulcers, or ampu-
tation of the affected limb.
At the follow-up of 72 months, no patient had reported

rest pain, ischemic ulcers, or amputation of the affected
limb. The overall secondary patency rate for the entire
study population from day 1 to 72 months was estimated
at 60%, with no reports of acute mechanical failure or
rupture of the HAV. No additional histologic samples of
HAV were obtained between 24 and 72 months.

DISCUSSION
The findings from our analysis have shown the perfor-

mance of the bioengineered HAVs implanted for the
management of PAD for #72 months, the longest term
follow-up for any engineered tissue used to treat PAD.
In this relatively small group of patients, the HAV
appeared to be safe for long-term use. No infection, im-
mune rejection, or damage due to exposure to the
high-pressure outflow and resistance of arterial circula-
tion was reported in these patients with PAD. Unlike
many conduits biologically derived from xenograft or
allogeneic sources, the HAV displayed no evidence of
aneurysmal degeneration over time in the arterial circu-
lation.18,19 The only case of pseudoaneurysm diagnosed
and treated at 12 weeks after implantation of the HAV



Fig 3. Survival estimates for whole study population from 0 to 72 months for primary, primary assisted, and
secondary patency, with death not counted as an event. SAF, Safety analysis set.

Table II. Human acellular vessel (HAV) diameter during long-term follow-up

Month Patients, No. Patients missing, No.

Mid-HAV diameter, mm

Mean 6 SD Median (range)

48 7 3 6.13 6 0.94 5.90 (5.3-7.7)

54 7 0 6.46 6 0.89 6.60 (5.0-7.7)

60 5 0 6.42 6 0.73 6.30 (5.5-7.2)

66 5 0 7.00 6 0.89 7.20 (5.5-7.8)

72 2 2 7.40 6 0.57 7.40 (7.0-7.8)

SD, Standard deviation.
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was associated with an endovascular procedure on day 1.
Pseudoaneurysms are known to form in all vascular
structures, including native arteries, veins, arterialized
vein grafts, and synthetic vascular grafts, with the most
common vascular pseudoaneurysm seen in the native
common femoral artery after instrumentation during
cardiac catheterization.30-33 A number of endovascular
devices have been reported to cause pseudoaneurysms,
including wires, catheters, and balloons.34

The overall death rate was 35% (7 of 20 patients within
6 years), consistent with the current literature for patients
with PAD, accounting for age, comorbidities, and
advanced disease stage.35 No deaths were attributed to
the HAV during the study period. Overall, the secondary
patency probability rates obtained by Kaplan-Meier esti-
mates, with death censored, was 60%, with an estimate
of 45% for primary patency from day 1 (initial bypass sur-
gery) to 6 years (72 months).
The use of the harvested greater saphenous vein has

remained the most trusted approach, with an expected
secondary patency rate at 5 years of w70% to 75% for
femoropopliteal above-the-knee bypass surgical revascu-
larization for patients with PAD. However, #40% of these
patients will lack adequate veins for this use and will
require implantation of synthetic grafts.6 Synthetic grafts
have demonstrated expected patency rates of 40% to
60% at 5 years in this same population.6 For such pa-
tients, the secondary patency rate of 60% at 6 years
with the HAV is encouraging, although such results
must be confirmed by larger, controlled trials.
Patient-specific factors such as the location of the anas-

tomoses, degree and extent of atherosclerosis,



Fig 4. Reconstructed three-dimensional computed tomography (CT) angiograms of human acellular vessels
(HAVs) at 50 to 55 months for seven patients enrolled in the 6-year follow-up study. A, Angiogram at 55 months
after HAV femoropopliteal bypass. B, Angiogram at 51 months after HAV femoropopliteal bypass. C, Angiogram at
51 months after HAV femoropopliteal bypass. D, Angiogram at 50 months after HAV femoropopliteal bypass. E,
Angiogram at 51 months after HAV femoropopliteal bypass. F, Angiogram at 51 months after HAV femoropopliteal
bypass. G, Angiogram at 51 months after HAV femoropopliteal bypass. Red arrows indicate anastomoses and/or
the HAV body; and red ovals indicate scale bars.
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comorbidities, and anatomic characteristics are known
to significantly alter and decrease patency. The ever-
present risk of infection of synthetic grafts has remained
a challenge. Although readily available, the variable
short- and long-term patency rates, poorly matched me-
chanical compliance, and risk of infection have also
limited the use of synthetic grafts (eg, ePTFE, Dacron)
for this population of patients, although the lack of veins
means that 40% of PAD patients in the United States will
receive synthetic bypass grafts.36 Newer approaches with
coating the lumen of the synthetic grafts with heparin or
other exploratory agents such as micro-RNAs to
decrease intimal hyperplasia,37,38 VEGF-R2 (vascular
endothelial growth factor receptor 2),39 angiogenic
micro-RNAs to stimulate endothelial cell growth,40

resorbable polymers to promote endothelialization,41 or
seeding with autologous endothelial cells42 have not
yet demonstrated significant benefits. The overall
weighted average primary patency from six selected
peer-reviewed studies for heparin-coated synthetic grafts
was 60% at 6 years after above-the-knee bypass.43 Also, a
study of autologous endothelialized grafts used for fem-
oropopliteal bypass in patients with severe PAD reported
a patency of 76% at 5 years, comparable to that of the
native saphenous veins in their study.42

In our small sample of patients, the patient and
anatomic characteristics did not seem to correlate with
the time to loss of HAV patency. The use of alternative
cryopreserved allogenic tissue (ie, cryovein or cryoartery)
has been limited in patients with critical limb ischemia,
especially in an infected field, mainly because of the
known poor outcomes for durability, thrombosis, and
mechanical degradation.6,19,44 The diameter of the HAV
is 6 mm; however, Klingelhoefer et al45 showed a signifi-
cant difference in favor of larger diameter grafts (8-mm
vs 6-mm grafts) in terms of patency and limb salvage
for above-the-knee bypass. Xenografts composed of
animal-derived crosslinked blood vessels have even
more limitations owing to the progressive biodegrada-
tion with aneurysmal degeneration and mechanical fail-
ure.17,18,20,46 In the present study, HAVs demonstrated
continued durability in a high-pressure circulation and
functioned acceptably in a patient population with a
high rate of cardiovascular risk factors (ie, advanced
age, hypertension, diabetes, established atherosclerosis).
Additionally, no reports or clinical signs were present of
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any clinical immunologic response to the HAV implant
with long-term use.
The data from the CT angiograms performed at

w4.5 years after surgery showed no evidence of the
HAVs either narrowing or dilating significantly and no
focal mechanical defects. Although our dataset was
small, the CT angiography data support the finding
that the HAV will be mechanically stable over time in
the arterial circulation.
The study limitations were the small sample size from

which statistical inferences could be difficult and that
not all surveillance assessments occurred during in-
person clinic visits. However, these data have provided
initial evidence that the HAV can be safe and effective
over time in patients with lower extremity atherosclerotic
disease. To the best of our knowledge, the present study
is the longest term follow-up of any implanted engi-
neered tissue used to treat PAD and has shown the over-
all potential of bioengineered human tissues in the
long-term treatment of vascular disease.
Another limitation was that the patients who lost HAV

patency before the 2-year period were not included in
the long-term follow-up. Furthermore, and in contrast
to other studies of the HAV used for vascular dialysis ac-
cess, no biopsies were available after 2 years from this
PAD patient cohort. Although this likely reflected the
low rate of surgical reintervention on the HAV, the lack
of histologic samples meant that the cellular repopula-
tion in these patients could not be assessed. Finally, the
limited life expectancy of patients with late-stage PAD
limited our overall ability to gather long-term functional
information for this population.
Overall, these initial findings are encouraging for the

long-term function of the HAV and support further pro-
spective and long-term studies of the HAV as a conduit
to repair or replace vessels and offer a surgical alternative
to patients with PAD.

CONCLUSIONS
The overall results of these extended long-term follow-

up data suggest that the HAV remains safe and well
tolerated in the long-term revascularization of serious
PAD. The HAV withstood long-term use without reported
mechanical failures in a high-pressure, high-outflow
resistance arterial circuit. The HAV is available off the
shelf, with a unique regenerative capacity and “immune
quietness,” and could offer an alternative conduit for
arterial repair and reconstruction, especially for patients
lacking an autologous saphenous vein. The long-term
follow-up portion of our study is continuing. We will be
monitoring patients for #10 years after implantation of
the HAV to confirm its performance durability and reli-
ability in the long term.
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