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Objective: Patients with end stage renal failure who require haemodialysis suffer morbidity and mortality due to
vascular access. Bioengineered human acellular vessels (HAVs) may provide a haemodialysis access option with
fewer complications than other grafts. In a prospective phase II trial from 2012 to 2014 (NCT01744418), HAVs
were implanted into 40 haemodialysis patients at three sites in Poland. The trial protocol for this “first in man”
use of the HAV contemplated only two years of follow up, and the trial results were initially reported in 2016. In
light of the retained HAV function seen in many of the patients at the two year time point, follow up for patients
who were still alive was extended to a total of 10 years. This interim follow up report, at the long term time point
of five years, assessed patient and conduit status in those who continued routine dialysis with the HAV.
Methods: HAVs are bioengineered by culturing human vascular smooth muscle cells on a biodegradable polymer
matrix. In this study, patients with patent HAV implants at 24 months were followed every three months, starting
at month 27 through to month 60, or at least five years post-implantation. This report contains the follow up
functional and histological data on 29 of the original 40 patients who demonstrated HAV function at the 24
month time point.
Results: Eleven patients completed at month 60. One patient maintained primary patency, and 10 maintained
secondary patency. Secondary patency was estimated at 58.2% (95% confidence interval 39.2e73.1) at five years,
after censoring for deaths (n ¼ 8) and withdrawals (n ¼ 1). No HAV conduit infections were reported during the
follow up period.
Conclusion: This phase II long term follow up shows that the human acellular vessel (HAV) may provide durable
and functional haemodialysis access for patients with end stage renal disease.
� 2022 The Authors. Published by Elsevier Ltd on behalf of European 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/).
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INTRODUCTION

End stage renal disease (ESRD) patients who are not can-
didates for autogenous fistulas or whose fistulas have failed,
rely on synthetic arteriovenous (AV) grafts (e.g., expanded
polytetrafluoroethylene [ePTFE]) for vascular access. How-
ever, synthetic grafts have higher infection and stenosis
rates than AV fistulas.1e6 Loss of primary unassisted
patency in ePTFE grafts occurs in up to 75% of patients by
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one year,6 and long term patency rates are approximately
27% at five years.7 Graft and fistula failure can force
patients to rely on central venous catheters, which are
associated with higher rates of infection, all cause mortality,
and cardiovascular events.8,9

Biological alternatives may offer improved benefits over
other grafts; however, to date, no biological conduits (e.g.,
xenografts such as Artegraft� [LeMaitre Vascular, Burling-
ton, MA, USA] and ProCol� [LeMaitre]) have gained wide
clinical adoption.3,10e12 The human acellular vessel (HAV), a
novel bioengineered alternative for dialysis access, has been
reported previously.13e18

The clinical use of the HAV was reported in 60 ESRD
subjects over one year (40 in Poland, 20 in the USA) from
two phase II trials (NCT01744418 and NCT01840956).13

Since then, the patients have continued routine dialysis
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with the HAV. A long term follow up to 10 years post-
implantation was added for the original Polish 40 patient
cohort (NCT01744418). (For the 20 patient US cohort,
Institutional Review Board approval for an extended follow
up beyond two years was not requested.) The objective of
this report was to provide data on the long term function of
HAVs that were implanted into haemodialysis subjects from
the Polish trial (NCT0174418), for at least five years of
follow up. To the best of the authors’ knowledge, this is the
longest follow up of any engineered human connective
tissue used in a clinical setting.

MATERIALS AND METHODS

Study design and participants

Forty patients (aged 18e80 years) with ESRD were enrolled
at three hospitals in Poland and assessed at 24 months.13

Patients in need of haemodialysis access and who were
not suitable candidates for an autogenous fistula were
enrolled in this phase II study; patients were enrolled in two
cohorts based on cannulation at two months (cohort 1) and
one month (cohort 2) post-implantation.

Patients with patent HAVs at month 24 were invited to
participate in long term follow up assessments, including
reported patency, interventions, revisions, and histological
assessment when appropriate (no HAV underwent inten-
tional investigational biopsy for histology) every three
months (�4 weeks), starting at month 27. Patients dis-
continued follow up if they suffered a loss of secondary
patency, underwent complete conduit removal or aban-
donment, or if a censoring event (i.e., death, renal trans-
plantation, or withdrawal) resulted in discontinued dialysis
with the HAV. Radiological and ultrasound assessments were
not pre-specified, but were collected for some subjects at
physician discretion. All patients who continued long term
follow up retained use of the HAV for routine haemodialysis
access.

The study was conducted according to Good Clinical
Practice guidelines and the principles set forth in the Decla-
ration of Helsinki. The ethics committee of each participating
clinical centre approved the long term follow up protocol
amendment and informed consent form. Patients provided
separate written informed consent for long term follow up at
the final, month 24 visit of the main study.
Investigational product and implantation

As previously reported, HAVs measured 6 mm � 35e42 cm,
and were produced in vitro.13 Vessels were implanted in the
upper arm (above the elbow) between December 2012 and
April 2014.13
Objectives and statistical analysis

The objectives of this five year follow up evaluation were to
assess HAV patency and determine long term function and
usability of the vessel for haemodialysis access. Primary
patency, primary assisted patency, and secondary patency
were previously defined.13 In the event of surgical revision,
the conduit was considered to remain patent so long as a
portion of the HAV was available for needle cannulation for
haemodialysis.

Histological analysis

During routine surgical interventions, small sections of HAVs
were explanted and analysed using previously described
histological methods.19 Primary antibodies directed against
smooth muscle cell (SMC) markers, alpha smooth muscle
actin (aSMA) and calponin 1 (CNN1), or endothelial
cell markers, CD31 and CD34, were visualised through
fluorescently labelled secondary antibodies.

Ultrasound and imaging

After the two year initial study, some of the HAV implants
underwent non-study mandated ultrasound or angiographic
imaging, at the discretion of the investigator.

RESULTS

Of the 40 included patients, 29 completed the month 24
visit with patent HAVs and consented to long term follow
up. Patient demographics and disposition are shown in
Supplementary Table S1 and in Figure 1.

At month 60, total HAV exposure was 133.5 subject years
for all patients, including 119.9 subject years for the 29 pa-
tients who entered into long term follow up. Overall, 18 of
the 29 patients discontinued between months 24 and 60 due
to permanent vessel abandonment (n¼ 6), death (n¼ 8), or
renal transplantation (n ¼ 4). There were no indications that
the HAV was related to any reported patient death.

At month 60, 11 patients continued to be actively con-
tacted, including 10 who retained patency and continued to
dialyse using the HAV. One patient had received a kidney
transplant that was not yet fully functional, and remained in
the study with the HAV being followed, as future haemo-
dialysis remained a possibility.

Twenty-two (76%) of the 29 enrolled patients lost pri-
mary patency during the main portion of the study (at or
before month 24). At month 60, one patient maintained
primary patency, and 10 maintained secondary patency.

The percentage of patients reported to have required
procedures at each contact from month 27 to month 60
ranged from 6.3% to 30.3% for thrombosis and from 6.3%
to 26.9% for stenosis. The mean number of interventions
ranged from 0.1 to 0.7 at each contact and were compa-
rable over time. Rates for all interventions across all visits
ranged from 0.86 to 2.31 per subject year.

There were no reports of HAV conduit infection during
the follow up period from month 24 to month 60. Infection
at the puncture site was recorded in two subjects, and was
unrelated to the HAV.

One kidney transplant was reported prior to month 24,
and four patients (14%) received kidney transplants during
follow up, ranging from 3.1 to 4.6 years after implantation
of the HAV. Evaluation of prior panel reactive antibody
(PRA) values that were obtained during the first 24
months of follow up showed that none of the patients
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Figure 1. Patient disposition (CONSORT diagram). HAV ¼ human acellular vessel; I/E ¼ inclusion/exclusion.
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demonstrated any new elevations in PRA values directed
against major histocompatibility complex (MHC)-I or MHC-II
at six months post-implantation. The occurrence of suc-
cessful kidney transplantation after up to 4.6 years of HAV
use may suggest a lack of immune response in patients
dialysing long term with an HAV, although patient numbers
were small in this dataset.

Ultrasound and imaging data were collected for three
patients who were using the HAV for dialysis during follow
up: a 49 year old woman, a 78 year old woman, and a 43
year old woman at 6, 6.5, and 5.5 years after HAV im-
plantation, respectively (representative images in Fig. 2;
note, data were taken beyond month 60 but were included
as they provide the longest term data available). In two
patients, follow up ultrasounds indicated minimal dilatation
of the HAV (5.8e7 mm inner diameter). In one patient,
after 6.5 years, varying levels of dilatation were noted
through the conduit length, with the inner diameter ranging
from 8 to 16 mm in cannulation zones. However, the
conduit maintained structural integrity and was functional
for haemodialysis.

Two HAV segments were obtained from two subjects: at
28 months (explanted near the venous anastomosis) from a
59 year old woman due to a vascular graft thrombosis from
a central vein occlusion, and at 46 months (explanted at the
mid HAV site) from a 35 year old man during a cannulation
site aneurysm resection. The 28 month and 46 month
explants are shown in Figure 2. In explanted samples, there
was no evidence of vessel wall thinning, degradation, lym-
phocytic infiltration associated with immunological recog-
nition, or evidence of multinucleated foreign body giant
cells associated with a chronic host inflammatory response.
These observations are consistent with prior publications
documenting a re-populating vascular implant that does not
stimulate immunity and maintains its physical structure
over time.13,14,20

Haematoxylin and eosin staining revealed progressive
re-population of the HAV with host cells after implantation
(Fig. 2). An expanding adventitial layer with neo-
vascularisation, as well as a cellular medial layer, are estab-
lished over time within the once acellular HAV.
Immunohistochemical staining identified a substantial num-
ber of aSMAþ cells consistent with vascular SMCs, primarily
within the medial layer of the vessel and in surrounding
microvascular structures (Fig. 2C). The density, circumferen-
tial elongation, and co-expression of the mature contractile
SMC marker CNN1 were notably increased with implant
duration, as shown in the 46 month explant tissue sample.
CD31þ (platelet endothelial cell adhesion molecule-1)
expression, often associated with vascular endothelial cells
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Figure 2. Six years of haemodialysis using a human acellular vessel. (A1) Skin over the human acellular vessel (HAV), which has been used
for haemodialysis for approximately six years (subject 02-010); black arrow indicates a cannulation zone subjected to needle punctures
over the years. (A2) Ultrasound images of the vessel from the same patient, with the conduit diameter being 8e9 mm, greater than the
original implantation inner diameter of 6 mm (note cursors extend outside the vessel lumen). (B1, B2) HAV cross sections at 122 weeks.
(C1) Immunofluorescence staining in samples explanted at 200 weeks for endothelial progenitor marker CD34 (green) and the endothelial
maker CD31 (red) demonstrate CD31þ endothelial cells with neovascularisation present in both the adventitial and medial layer of the
HAV. (C2) Immunofluorescence staining for alpha smooth muscle actin (aSMA; red) and calponin 1 (CNN1; green), markers associated with
vascular smooth muscle cells, in samples explanted at 200 weeks. In (C1) and (C2) images, nuclei (blue) were counterstained with
40,6-diamidino-2-phenylindole (DAPI).
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was highly expressed within the 46 month explants. The
CD31þ expression was mostly observed in cells forming
microvessels within the adventitial and medial layers of the
HAV but not within the endothelial layer of the 46 month
explant samples evaluated. Whether luminal CD31þ cells
existed previously but were displaced during angioplasty/
thrombectomy and surgical intervention is unknown.

DISCUSSION

The goal of this long term follow up was to assess the
functional durability of the HAV when used as an access
conduit. Durability for dialysis is a clinically important
measure, given that access failures lead to morbidity,
hospitalisation, and sometimes death in ESRD patients.8

In this long term follow up report, patients with a patent
HAV access for haemodialysis were followed quarterly for at
least five years post-implantation. This report contains long
term follow up data from the phase II, “first in man”
experience with the HAV used for haemodialysis access.13

Patients were implanted from December 2012 to May
2014. At the time of study design and enrolment, because it
was not known whether the HAV would be durable when
repeatedly punctured for haemodialysis access, the original
protocol specified 24 months of follow up. However, at 24
months, well over half of the patients continued using the
HAV for haemodialysis, and follow up was extended to
obtain information on long term clinical durability. This
report is an interim summary of HAV function in the first 40
patients in Poland to receive the HAV for haemodialysis
access, five years after implantation. For patients with a
patent HAV at five years, follow up will continue up to 10
years.

Eight patients died during the long term follow up, in
addition to two who died before 24 months. A total of 10
deaths over 133.5 subject years equates to a mortality rate
of 7.5% per patient year, which is below the typical mor-
tality rates reported for ESRD patients.21 Deaths during the
study were attributed to known and common causes of
death in haemodialysis patients (i.e., cardiac arrest, intes-
tinal stoma complications, sepsis, and other medical
comorbidities) and in no case were deemed related to the
HAV.

Available imaging supports the durability and structural
integrity of the HAV, even at five years post-implantation,
although the clinical ultrasound data are limited. From in-
formation derived from quarterly surveys, the currently
available information indicates no serious safety signals
regarding the long term use of the HAV for haemodialysis.
There were no reports of conduit infections during follow
up, from 24 to 60 months, supporting a low risk of infection
with long term use. Of seven patients who suffered per-
manent HAV abandonment between months 24 and 60, the
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most frequent cause was thrombosis. No difference in the
durability of HAVs that were cannulated either one or two
months post-implantation was seen.

HAV remodelling over time, evaluated by histological
methods, has been reported previously.13,17,19,20 Additional
imaging from explants taken during this follow up continue
to support an important integration of host cells over time
during dialysis use. Microvessel formation near and within
the vessel wall is accompanied by dense re-population by
aSMAþ and CNN1þ cells, most pronounced 46 months
post-implantation. Cells not only re-populated the HAV, but
also remodelled the implant into vascularised adventitial
and medial tissue layers. Collectively, this indicates that the
HAV evolves after implantation and adopts characteristics
similar to the patients’ native blood vessels.

Results from this follow up study represent the longest
assessment of any engineered functional vascular connec-
tive tissue; however, there are limitations. Firstly, patients
and their physicians were queried every three months
regarding usability of the HAV for dialysis, the occurrence of
interventions and failures, and other serious adverse events
related to the HAV. Routine imaging was not obtained after
24 months, and routine bloodwork was not done. Hence,
this report is primarily a clinical report of the long term
functionality of a novel engineered blood vessel when used
for dialysis access, and quantitative imaging data are
limited. Only patients who had a patent conduit at 24
months underwent long term follow up and are reported in
this dataset. Therefore, long term data on patients who had
a thrombosed or abandoned HAV were not collected.

The evaluation of the HAV in haemodialysis access is
ongoing; there are two phase III trials underway (NCT02644941
and NCT03183245).

In conclusion, the HAV warrants ongoing evaluation as a
bioengineered vascular conduit for long term dialysis
access. Clinical outcomes in this small patient cohort
support durability and low infection risk. Histological
evaluations support ongoing host cell remodelling to
produce a vessel similar to a native artery. Although
limited in patient number, these results support the
ongoing randomised controlled clinical studies of the HAV
in dialysis access.
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