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In general, arterial bypass grafting in the heart or below the knee requires small-diameter grafts. Thus, shortage of
material for such surgeries remains a big challenge because autologous grafts are often not available in certain
patient groups such as claudicants, patients with diabetics or vein disease, and in patients requiring reoperations.
This has further underscored the need for developing alternative small-diameter vascular grafts. One candidate,
small-diameter tissue-engineered vascular grafts (SD-TEVGs), is fabricated using novel techniques and
interdisciplinary knowledge including material, engineering, and cell biology. Advantages of using SD-TEVGs as
compared to autografts, include noninvasive surgery during preparation of grafts, unlimited availability, and

customized dimension.

small-diameter tissue engineered vascular grafts (SD-TEVGS) large-animal models patency

end-to-side anastomosis end-to-end anastomosis antithrombotic therapy

| 1. Introduction

The leading cause of death worldwide is cardiovascular disease 2. In the European Union countries, 119 deaths
per 100,000 inhabitants in 2016 were caused by ischemic heart diseases [&. The latter is most often caused by
atherosclerosis, which also results in peripheral artery disease. The involved artery is narrowed in lumen, and the
flow rate is limited, resulting in reduced blood perfusion, and oxygen and nutrients supply. Due to the development
of improved medication and percutaneous intervention, surgical intervention has decreased in some areas of the
world; however, bypass grafting still plays an important role for severely affected patients to recover blood
perfusion.

For coronary-artery bypass grafting (CABG), the most optimal graft is autologous left internal mammary artery 2],
which offers adequate diameter and length for coronary-artery revascularization &, with a satisfying long-term

patency rate of more than 85% after 10 years B! (Table 1).

The main failure reason, in the late phase, for left internal mammary artery graft is competitive flow from residual
blood flow from the native coronary artery . In contrast, the suboptimal, but most commonly used graft, is
saphenous vein that displays a relatively low long-term patency rate of 61% after 10 years . It often fails due to
thrombosis in the early phase (within 1 month), whereas intimal hyperplasia and atherosclerosis are the failure

reasons in intermediate (within 12 months) and late phases (after 12 months) . Other autologous arteries (e.g.,
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radial artery and right gastroepiploic artery) may be used alternatively for CABG; however, no prosthetic graft is
approved for CABG yet [4],

For bypass grafting in lower extremity, infrainguinal bypass above the knee (femoropopliteal bypass) is considered
to be a medium-diameter surgery, while infrainguinal bypass below the knee (femorodistal bypass) is considered to
be a small-diameter bypass surgery (Table 1). Although the autologous saphenous vein displays a diameter usually
smaller than 6 mm, it still remains the most optimal graft for both above- and below-knee bypass surgery due to the
unavailability of autologous arterial graft in general [, but it should be noted that the primary patency rate is 53.7%
after 3 years [, Mechanisms of saphenous vein graft failure in infrainguinal bypass are suggested to be similar to
those in CABG 9. However, unlike CABG, other non-autologous grafts (e.g., prosthetic grafts and human
umbilical veins) are available for lower extremity bypass grafting above the knee with relative lower, but still
comparable, primary patency rates €. Small-diameter bypass grafting is also performed in upper extremity but with

much less incidence than bypass grafting in the heart and the lower extremities 111,

In general, arterial bypass grafting in the heart or below the knee requires small-diameter grafts. Thus, shortage of
material for such surgeries remains a big challenge because autologous grafts are often not available in certain
patient groups such as claudicants, patients with diabetics or vein disease, and in patients requiring reoperations.
This has further underscored the need for developing alternative small-diameter vascular grafts (1213 One
candidate, small-diameter tissue-engineered vascular grafts (SD-TEVGS), is fabricated using novel techniques and
interdisciplinary knowledge including material, engineering, and cell biology. Advantages of using SD-TEVGs as
compared to autografts, include noninvasive surgery during preparation of grafts, unlimited availability, and

customized dimension.
Table 1. Medium- and small-diameter arterial bypass grafting in clinical practice.

Host Artery Graft  Graft Anastomotic
1-Year 3-Year 10-Year

Diseases Bypass Site Diameter Optimal Graft Length DiameterConfiguration
Patency Patency Patency

(mm) (cm) (mm) (Distal)
P:1.6—
7.2
Coronary- Left
Coronary- ) 14.3—
artery M: 1.0- internal 1.5- End-to- 95% 93% 85%
] artery 195 : 5 5 5
disease 6.7 mammary " 1.84 side (51 (5] (5]
bypass (4]
(CAD) artery 8
D: 0.8-
2.5+
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Host Artery Graft  Graft Anastomotic
. . . ) . . ) 1-Year 3-Year 10-Year
Diseases Bypass Site  Diameter Optimal Graft Length DiameterConfiguration
Patency Patency Patency

(mm) (cm) (mm) (Distal)
Femoral: P52
+0.6
P:10.2
Peripheral M: 3.
. D: 7.7
arterial o Great 72.4 3+
Infrainguinal h End-to- 74.4% 53.7%
disease . saphenous  + 6.6 05 .
bypass Popliteal: vein 15 [16] side El 9]
6.9
(PAD) D:
Tibial: Lrx ular
3.8/4.2 # 0.3 [

(14]

2. Eurostat. Causes of Death Statistics. Available online: (accessed on 19 January 2021).
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month follow-up period. Success has also been observed in similar synthetic grafts at the aortocoronary site 28,

7. Caliskan, E.; de Souza, D.R.; Boning, A.; Liakopoulos, O.J.: Choi, Y.H.; er, J.; Gibson, C.M.;
However, con’S|dér|dng the RyP(’aSS location Qgt’wee’n the a%rta and %e proximal end ’OP t%gpcor’ondry artery \’Nlct:hlwig’;h

Perrault, L.P.; Wolf, | Kim, K,B.; et al. Saphenous Vein Grafts in Contemp%rar Coro ar}q
flow, these case reports did not support implantation of synthetic graft for common CABG, where the gratts heed to
Arter antpass Graft Surgeg/. Nat. Rev, Cardiol. 2019, 17, 155-1609.
be implanted to coronary arterigs at more distal positions =-.

8. Ambler, K.G.; Twine, C.P. Graft Type for Femoro-Popliteal Bypass Surgery. Cochrane Database
Frogy&98R &y 2008.0at least six types of grafts were further evaluated in patients that underwent CABG L9 (Table

2):
S;. Arvela, E.; Venermo, M.; Soderstrom, M.; Alback, A.; Lepantalo, M. Outcome of Infrainguinal
Single-Segment Great Saphenous Vein Bypass for Critical Limb Ischemia Is Superior to
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13. Hoenig, R.M.; Campbell, G.R.; Rolfe, B.E.; Campbell, J.H. Tissue-Engineered Blood Vessels:

©) RHOIRANR BRI CAR S S RARSS RV SHALINBCVYSOHT 560 8198, Wb 8 PR{)fy of 90-5%

after 7.5—48-month follow-up in 2000 23
14. Lorbeer, R.; Grotz, A.; Dorr, M.; Volzke, H.; Lieb, W.; Kuhn, J.P.; Mensel, B. Reference Values of

(6) Yessridiameierandtenosis fRrevalaneearane ArtedabyaKiatiens glkhendowerd icalisAligriepateAcy of
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The first four types of grafts showed very poor patency and therefore were not recommended as alternative
15. Vartanian, S.M.; Conte, M.S. Surgical Intervention for Peripheral Arterial DI?&?SG. Circ. Res.

choiz%a]%fo:ru(_:éé\%%éiln t§J§1t8ients, whereas the fifth type of graft displayed high patency 2, suggesting promising
improverﬁent of graft pateﬁcy by endothelialization as also discussed below. This improvement of endothelialization

1Radnlth ¥edhalesnd.aloglag, winyesibaed, by. dsetaoud . cRiyadnakich) 68 Exalsitionf to the similar
crybpEssneiphnyelticdprepstidesiaffuormnaly éddetiriataphe BOUS MRite AnHesiiSaAnE iRl two types
of Graneuitaifon&rerepayehtiane RypasSaSraling 1eurgmiisday @903 33 7erna3Gnuch better than the
1FYSUERAYEY BP9 &t nioemmel" BB 2 Sminggan, ¥ BIMERLERIT ik BE IR Rneanoes BR Tully
achiEreRh HYPRIERE RIGhAEDORET RS ARJIBJHEBRIC EBIRYGELRY 16 B SHIP MBRISICL SR 28
dec&l&ﬁm&ﬂge: @d@_‘i’é‘b%‘,’“ﬁz‘f‘ﬂ‘i@%ﬂ?theﬁ@ allogeneic, or xenogeneic grafts have indeed been studied in

humans for CABG, however with very limited success due to their thrombogenicity. Furthermore, there are no

%rh!ﬁ"M&&tinﬁ%@%\%@ﬁ%&?@ﬁﬁ%@t%é#@é@@h’ J.R. Single Left Coronary Artery with

Fistula to Right Ventricle: Reconstruction of Two-Coronary System with Dacron Graft. Circulation

In ré§8%l, 3 #Rar8fidies for artery bypass grafting below the knee, Almasti et al. reviewed large-scale clinical

1925 LA ; BifRVER'A. . PIIIRRIHCRSY RSt PG R FOCBRUIGNE PSRRIt ({FR)pESE ved
sapé(?aﬂli[ﬁ?\{eghP}Ilg_g@g%;flgﬁ]gFggrig@%!ngsﬁlgo%?%wQ%hylene (PTFE)) at 1-year follow-up using meta-

analysis 28], Recently, another type of FDA-approved TEVG termed crosslinked bovine carotid artery graft (BCAG)

Zans%Q/eq‘r e%rﬁiﬁéﬁqﬁ%ieﬁtgfé r%%mﬂags lgr;aWrﬁ)d) geINA}':théJ m?é ' GﬂleV%iBJ%&%%%fHW Br%gméncy
at W—gg&pgyyégéza@'i%%ﬁ4§t%n (Table 2) 291 which is comparable to autologous vein graft and might be
ZQQtl%dB?W@EhM@rﬂﬁm%ﬁ, Idoweygh cierstudid meafy EetRERectitfe rind . INRARIRIS, I SSPECdYRalifiegMized
stugipiaie HReYFING MEBAEHNESE XEN9apitaisaraEa Wil grislogelisvad AlRfim atld& DBIitgianstdpreduce
the BYsuRROgRIHEIDItS! EAMeiRgaReMleMh At Phoiete!I9arged o972 F4 vaPeaggipgous adipose-derived
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Long-Term Results. Ann. Thorac. Surg. 1993, 55, 120-122.

Table 2. Small-diameter tissue-engineered vascular %afts (SD-TEVGS) evaluated in humans. _
23. Reddy, L.S.; Pillai, J.; Mitchell, L.; Naik, S.; Dark, J.; Hasan, A.; Ledingham, S.; Clark, S.C. First

Number Follow- Primar J
Author Graft Type Year Graft of Recellularization Ub Time Paten cy
Patients p y
2 CABG 9-
Silver 29 Allogeneic 1982 GIutaraIQghyde-flxed I 11 None sto13 46% pass
umbilical vein grafts months
21] . Cryopreserved allograft 2to 16 0 )
2 Laub Allogeneic 1992 saphenous vein 19 None months 41% nelial
: .. Surg.
Mitchell 22 Xenogeneic 1993 I?laIthyde SIS 18 None 3to23 16%
bovine internal mammary artery months
2 23 ) No-React bovine internal il 1 Vein
Reddy (23] Xenogeneic 2004 7 None 4.5 57%
mammary artery
years
Englberger [24] Xenogeneic 2008 No-React bovine internal 17 None stoll 23%
mammary artery months
2
Autologous . 7.5t0
Laube 1231 cells on 2000 Autologous endothelial cell- 14 Autologous 48 91%
i seeded ePTFE graft endothelial cell
synthetic months
80% (6
2 Autologous 2001  Deendothelialized/cryopreserved 16 to (EEE P
Lamm 28 and 9 _ yop Autologous 50% (9
27] cells on and allograft veins seeded by 12 - 18 )
Herrmann allograft 2019 autologous endothelial cells endothelial cell ears months);
J ¢ y 0% (32 4-633.
months)
2 . y
Bypass grafting below knee
Term
. 129] . . . ) 52% to
Lindsey Xenogeneic 2017  Crosslinked bovine carotid artery 80 None 5 years 75%
3 Autologous Adipose-Derived Stromal Adipose-Derived A.J.;
Williams B cells on 2017 Vascular Fraction Cell seeded 5 Stromal Vascular 1 year 60%
synthetic ePTFE Fraction Cell
o )7—
AV shunt for hemodialysis access
Kennealey B4 Xenogeneic 2011 Crosslinked bovine carotid artery 26 None 1 year 61%

31. Kenneaiey, r.1.; enas, N.; Her, Ivi.; Ko, U.>.; dalul, K.F.; viarkimarin, J.r.; Mooy, E.E.;
Schoenfeld, D.A.; Kawai, T. A Prospective, Randomized Comparison of Bovine Carotid Artery and
Expanded Polytetrafluoroethylene for Permanent Hemodialysis Vascular Access. J. Vasc. Surg.
2011, 53, 1640-1648.

32. Harlander-Locke, M.; Jimenez, J.C.; Lawrence, P.F.; Gelabert, H.A.; Derubertis, B.G.; Rigberg,
D.A.; Farley, S.M. Bovine Carotid Artery (Artegraft) as a Hemodialysis Access Conduit in Patients
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Author Graft Type Year
Harlander- .
2 Locke 132 Xenogeneic 2014
Wystrychowskl — Aogeneic 2014
3
Lawson 24 Allogeneic 2016
2 LHeureux B3 Autologous 2007
3
McAllister B8l Autologous 2009
[35][36]
i [33]
Wystr)&howskl Autologous 2011
9

Graft

Crosslinked bovine carotid artery

Allogeneic cell sheet-based
TEVG, dehydrated

Allogeneic human acellular
vessels

Autologous cell sheet-based
TEVG

Autologous cell sheet-based
TEVG

Autologous cell sheet-based
TEVG, cold-preserved

Number
of
Patients

17

60

10

Recellularization

None

None

None

Autologous
fibroblast and
endothelial cells

Autologous
fibroblast and
endothelial cells

Autologous
endothelial cells

18
months

<11
months

>1
year

<13
months

>6
months

137]

8
weeks

73%

9.5
patient-

month of

use

28% at
12
months

24
patient-
months

of use

68
patient-
months

of use

8
patient-
weeks
of use

SD-TEVGs: Small-diameter tissue engineered vascular grafts; CABG: coronary-artery bypass grafting; AV shunt: arteriovenous
shunt. There might be other similar studies not included here.

Follow- Primary 48,
Up Time Patency

Sirst
. Vasc.

grim,
ssels
als.

It
vith end-

like graft
%Z_:j novel
S
373, .
logeneic
patency
TEVGs
yeh-stable

T@tency

Rletheved iehiReihaspenERM e wa ipvesiatike8s8hena 3% after more than 1 year follow-up. Moreover, as

compared to the synthetic grafts tested, the cell-sheet-based TEVGs possessed higher resistance to prosthetic

infection, which is a common reason for graft failure in arteriovenous shunt for hemodialysis access (24]

Crosslinked BCAG has also been suggested as an alternative to autologous grafts. When implanted in patients as

arteriovenous shunt for hemodialysis access, crosslinked BCAG exhibit a patency of 60% to 70% after 12 or 18

months BUE2 \which is similar to the positive outcome observed in lower extremity bypass grafting [29]

Thus, although some progress has been achieved regarding SD-TEVGs in clinical studies, autologous arteries or

veins are still superior and the first choice for small-diameter artery bypass grafting. However, techniques in this

field develop at a high speed (see below), and progress is substantiated by the large number of studies testing SD-

TEVGs in large animals.
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