First-in-human results of an in-body tissue architecture-
induced tissue-engineered vascular graft “Biotube” for
application in distal bypass for chronic limb-threatening

ischemia
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ABSTRACT

Small-diameter vascular substitutes remain necessary, especially in the absence of an available autologous vein. Using a
completely autologous approach termed “in-body tissue architecture,” a small-diameter, long, tissue-engineered vascular
graft, a “Biotube,” was developed. A below-the-knee distal bypass using the Biotube as a composite with expanded
polytetrafluoroethylene grafts was performed to treat a patient with chronic limb-threatening ischemia without a venous
graft available. The wound on the foot had completely healed 3 months after the bypass surgery, and limb salvage and
walking without claudication were achieved. At the 1-year postoperative follow-up examination, duplex ultrasound scans
demonstrated graft patency without thrombus or stenosis. (J Vasc Surg Cases Innov Tech 2022:8:488-93.)
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Below-the-knee bypass surgery to treat chronic limb-
threatening ischemia (CLTI) using nonautologous con-
duits, such as expanded polytetrafluoroethylene (ePTFE)
or polyethylene terephthalate (Dacron) grafts, has
remained insufficiently effective™ Furthermore, the
availability of good quality autologous vein conduits is
key to the success of bypass surgery. However, the use
of autologous vein as a conduit can be limited by the
presence of varicose veins, narrowed veins, and/or a
lack of available vein because these veins could have
been used during previous procedures, such as for coro-
nary and peripheral artery bypass grafts. Thus, a consider-
able need exists for alternatives to autologous veins for
bypass surgery in the lower limb.

Recently, a clinically applicable, small-diameter, long,
tissue-engineered vascular graft was developed using a
completely autologous approach termed “in-body tissue
architecture” (iBTA) technology.” In the present report,
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we have described the case of a man who had under-
gone distal bypass surgery using the “Biotube”, an iBTA-
induced autologous collagenous tube as a vascular
bypass conduit for CLTI. The ethics committee of Yoko-
hama General Hospital approved this procedure. The pa-
tient provided written informed consent for the report of
his case details and imaging studies.

CASE REPORT

A 72-year-old man had been referred to our Wound Care Cen-
ter of Yokohama General Hospital with sustained severe left
foot pain and a nonhealing wound after amputation of the first,
second, and fourth toes because of gangrene. At 3 years before
the referral to our hospital, he had undergone left common
femoral artery to left below-the-knee popliteal artery bypass
using a distal right great saphenous vein for CLTI with a second
toe ulcer. At 1.5 years after the bypass surgery, the bypass graft
had become occluded and the second toe ulcer had reap-
peared. A second operation was performed using a composite
graft of a 6-mm internal diameter (ID) ePTFE graft anasto-
mosed end to end to the left great saphenous vein. The prox-
imal end of the ePTFE graft was anastomosed to the left
external iliac artery, and the distal end of the saphenous vein
graft was anastomosed to the left posterior tibial artery. In
the infragenicular portion, the saphenous vein graft was anas-
tomosed side to side to the left tibioperoneal trunk. At 1 year
after the second bypass surgery, the ePTFE graft had become
infected and was removed. Although the saphenous vein graft
between the left tibioperoneal trunk and posterior tibial ar-
teries was patent, an ischemic ulcer and gangrene of the left
foot had developed. Therefore, the third operation, which
involved a left commmon femoral artery to left posterior tibial ar-
tery bypass using a composite of a 6-mm ID ePTFE graft with a
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Fig 1. A, Preoperative photograph of the left foot showing that the first, second, and fourth toes had been
amputated and that a huge ulcer and gangrene had not healed. B, Computed tomography angiogram (CTA)
demonstrating total occlusion of both left superficial femoral and popliteal arteries. The left (Lt.) common
femoral artery to posterior tibial artery bypass with an expanded polytetrafluoroethylene (ePTFE) graft was
occluded. However, the tibioperoneal trunk to posterior tibial artery bypass with a great saphenous vein graft

was patent.

residual right great saphenous vein, was performed, followed
by the amputation of the three toes. However, the third bypass
graft had become occluded by 3 months postoperatively and
the wound had not healed (Fig 1). Also, the patient had devel-
oped severe pain causing difficulty in walking.

The left ankle brachial index was 046, and enhanced
computed tomography angiography demonstrated that the
left superficial femoral artery and popliteal artery were totally
occluded. However, the saphenous vein bypass graft between
the tibioperoneal trunk and posterior tibial artery was patent
(Fig 1). Duplex ultrasound scanning showed no available vein
to use as a conduit for bypass surgery. Therefore, the patient
was electively scheduled for revision of the revascularization
with a Biotube graft.

In accordance with previous reports,>® a Biotube graft was pre-
pared using spiral molds (Biotube Maker; Biotube Co, Ltd, Tokyo,
Japan). With the patient under general anesthesia, two Biotube

Makers were subcutaneously embedded at the left anterolateral
portion of the chest with a 10-cm incision (Fig 2). At 2 months af-
ter the embedding procedure, the Biotube Makers were har-
vested, and the Biotube was obtained by removing the
Biotube Makers. The Biotube was placed in a 70% ethanol solu-
tion for 30 minutes and then kept in a saline solution (Fig 3, A).

The fourth revascularization was performed using the Biotube
(ID, 4 mm; length, 10 cm) as a composite with two ePTFE grafts
(ID, 7 mm:; length, 30 cm; and ID, 6 mm; length, 10 cm). The prox-
imal site of the ePTFE graft was anastomosed to the left com-
mon femoral artery, and the distal site of the graft (Biotube)
was anastomosed to the saphenous vein bypass graft (Fig 3, B).
Satisfactory graft flow (92 mL/min) was obtained. Clopidogrel
75 mg/d and warfarin 3 to 3.5 mg/d, with adjustment to main-
tain a prothrombin time/international normalized ratio of 1.6
to 25, were used from the first postoperative day and
throughout the follow-up period.
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Fig 2. Preparation of the Biotube. A, Two spiral molds designed to form a Biotube with an internal diameter (ID)
of 4 mm, length of 50 cm, and thickness of 0.85 mm were subcutaneously embedded into the left anterolateral
portion of the patient. B, Chest radiographs after embedding the molds. L, Left; R, right.

The postoperative ankle brachial index was 0.99, and duplex
ultrasound and enhanced computed tomography demon-
strated a patent bypass graft (Fig 4). The caliber of the implanted
Biotube had self-adjusted to a diameter of 6.6 mm within
1 week. The 3-month, 6-month, and 1-year postoperative
follow-up visits with duplex ultrasound scanning demonstrated
graft patency without thrombus and stenosis. Moreover, the Bio-
tube had not dilated further. The wound of the left foot had
completely healed by 3 months after the bypass surgery
(Fig 5). He had presented for his 1-year follow-up examination
walking without claudication or pain.

DISCUSSION

Although CLTI patients with below-the-knee arterial
disease require good quality applicable autologous
vein for the best mid- and long-term patency and
limb salvage outcomes, their availability can be
limited. Therefore, a very important need has existed
to develop innovative technology to create small-
caliber grafts to replace the necessity of using veins.
Tissue engineering has been challenged to make ideal
grafts with immune acceptance, the requisite tissue
mechanics, low thrombogenicity, and immediate
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Fig 3. Intraoperative findings. A, a, Body incubation by placing the mold under the skin for 2 months. b,
Extraction of the mold. ¢, Removal of redundant connective tissue around the mold. d, Harvesting the Biotube
by disassembling the mold. e, Shape correction of the Biotube by insertion of the orthodontic rod and im-
mersion in a 70% alcohol solution for 30 minutes. f, Preparation of the Biotube in saline solution. B, g, Left
common femoral artery to saphenous vein (SV) graft (tibioperoneal trunk to posterior tibial artery) bypass. h,
Measurement of graft flow. bpm, Beats per minute; DF, dominant frequency; ECG, electrocardiogram; ePTFE,

expanded polytetrafluoroethylene; HR, heart rate.

availability. The use of iBTA can produce autologous mold. Because the body itself works as a bioreactor,
implantable tissues with the desired shape by simply iBTA-induced Biotubes can be produced without com-
subcutaneously embedding a specially designed plex steps or largescale factories.
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Fig 4. Postoperative computed tomography angiogram (CTA) showing a patent graft and duplex ultrasound
scan showing the Biotube without stenosis, thrombosis, or aneurysmal deformity. ePTFE, Expanded

polytetrafluoroethylene.

It has been previously reported that iBTA-induced
autologous Biotubes (ID, 6 mm; length, 7 cm) were
implanted for internal shunt restoration for hemodialy-
sis patients.” To the best of our knowledge, we have
described the first case of lower extremity bypass using
a small-diameter Biotube as an in-human implant.
Because no rigorous method has been developed to
assess the quality of the Biotube in the operating
room, we tested it with reference to the availability of
veins and chose to use the 10-cm parts that seemed
to be of high quality. His Biotube has worked well for
1 year as a conduit without any complications such as
stenosis, aneurysm formation, or rupture.

In previous nonclinical studies of goats, endothelial cells
derived from living anastomotic sites had extended onto

the luminal surface of the Biotube.? Also, vascular endo-
thelial progenitor cells in the blood had attached to the
luminal surface in the middle part of the Biotube,
causing endothelialization. Similarly, autologous vascu-
larization, including a smooth muscle cell layer, was
observed in rats?® rabbits'© and dogs® within a few
months after Biotube implantation. These results have
suggested that the collagenous scaffolds of the Biotubes
had metabolically resolved and been replaced by autol-
ogous vascular tissue. Thus, it is possible that the Biotube
implanted during this treatment will also have regener-
ated into an autologous blood vessel within =1 year.
We are planning a first investigator-initiated clinical trial
using long Biotubes to perform below-the-knee artery
bypass surgery for patients with CLTI.
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Fig 5. Wound healing course of the left foot ulcer. M, Month; Post-ope, postoperative; Y, year.

CONCLUSIONS

In the present study, the Biotube showed satisfactory 1-
year patency without stenosis or aneurysmal changes on
the lower limb graft. Thus, the Biotube could be a poten-
tial alternative blood vessel to venous grafts.
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