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We have previously reported the initial clinical feasibility with our small diameter tissue engineered
blood vessel (TEBV). Here we present in vitro results of the mechanical properties of the TEBVs of the first
25 patients enrolled in an arterio-venous (A-V) shunt safety trial, and compare these properties with
those of risk-matched human vein and artery. TEBV average burst pressures (3490� 892 mmHg, n¼ 230)
were higher than native saphenous vein (SV) (1599� 877 mmHg, n¼ 7), and not significantly different
from native internal mammary artery (IMA) (3196� 1264 mmHg, n¼ 16). Suture retention strength for
the TEBVs (152� 50 gmf) was also not significantly different than IMA (138� 50 gmf). Compliance for
the TEBVs prior to implantation (3.4� 1.6%/100 mmHg) was lower than IMA (11.5� 3.9%/100 mmHg). By
6 months post-implant, the TEBV compliance (8.8� 4.2%/100 mmHg, n¼ 5) had increased to values
comparable to IMA, and showed no evidence of dilation or aneurysm formation. With clinical time points
beyond 21 months as an A–V shunt without intervention, the mechanical tests and subsequent lot
release criteria reported here would seem appropriate minimum standards for clinical use of tissue
engineered vessels.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

For both peripheral and coronary revascularization, autologous
vein and artery are clearly the gold standard for surgical recon-
struction [1,2]. When native vein and artery are not available due to
previous harvest, anatomical limitations, or disease progression,
synthetic materials such as Dacron or ePTFE has been used with
varying degrees of success. Synthetic graft materials are used with
great success in larger diameter applications such as aortic or iliac
reconstruction, but they have demonstrated unacceptably poor
performance in most small diameter applications (below 6 mm
inside diameter). The poor efficacy of small diameter synthetics is
linked to short-term thrombosis, increased rate of infection, chronic
inflammatory responses to the foreign materials, and compliance
mismatch between the native tissue and the prosthetic material [3–
8]. These problems are well illustrated in A–V access grafts, where
: þ1 415 506 0270.
er).

All rights reserved.

et al., Mechanical properties
als.2008.11.011
the intervention rates for synthetics are three-fold higher than the
native vein fistulas [9]. Arguably, the problems are even more
pronounced in coronary and below-knee revascularization where
poor efficacy essentially precludes synthetics from widespread
clinical use [2,8].

The field of cardiovascular tissue engineering has attempted to
produce a clinically viable synthetic conduit by using a variety of
in vitro approaches that typically combine living cells seeded into
reconstituted scaffolds to create living tissue engineered blood
vessels (TEBVs) [10]. One of the key limitations to cell-based
approaches, however, has been a lack of mechanical strength and
a subsequent reliance upon synthetic scaffolds [10–13]. The use of
synthetic material, however, re-introduces the original limitations
that tissue engineering was aiming to overcome in the first place.
This paradox has driven the evolution towards either completely
autologous approaches or scaffolds which are partially resorbable
[14–17]. We have developed an approach called sheet-based tissue
engineering (SBTE) that uses dermal fibroblasts cultured in condi-
tions that promote the production of extracellular matrix (ECM)
proteins [14]. The fibroblasts, embedded in their own ECM, form
a robust sheet that can be rolled into tubes to make extremely
of completely autologous human tissue engineered blood vessels...,
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strong conduits that do not rely upon any exogenous scaffolds. The
multi-ply roll is matured to fuse into a cohesive tissue, which can
then be seeded with endothelial cells to make a completely auto-
logous tissue engineered blood vessel called the Lifeline� vascular
graft. Using this approach, we previously reported short to mid-
term in vivo results using TEBVs built with human cells derived
from a single patient xenografted into various animal models [18].
Although these results were encouraging, the question remained
whether or not clinically relevant vessels could be consistently
created using cells taken from a broad spectrum of patients with
advanced cardiovascular disease. This challenge of demonstrating
functional blood vessels for an age and risk-appropriate patient
population has been identified as the fundamental hurdle in
cardiovascular tissue engineering [19]. In this study we therefore
built over 250 TEBVs using cells harvested from 25 patients
suffering from end-stage renal disease, lower-limb ischemia, or
coronary artery disease. In order to quantitatively assess the clinical
relevance of each patient’s TEBVs, we compared the burst pressure,
suture retention strength, and compliance of the engineered
vessels to those of native human vessels harvested from elderly
patients with advanced cardiovascular disease. To confirm that an
acute test such as the burst pressure test was an adequate gauge of
mechanical strength, we also tested the fatigue resistance of the
TEBVs by statically or dynamically loading the vessels for prolonged
periods of time. Our results demonstrated that the SBTE approach
can consistently produce vessels with mechanical properties
similar or superior to those of native vein across a broad spectrum
of patients. Based on these positive mechanical properties, we have
implanted our first six patients which is the first demonstration of
a completely biological TEBV to be used in humans [20]. With
clinical time points beyond 21 months as an A–V shunt without
intervention, the mechanical tests and subsequent lot release
criteria reported here would seem appropriate minimum standards
for clinical use of other engineered vessels.

2. Materials and methods

2.1. Human TEBV production

TEBVs were built using a process termed sheet-based tissue engineering as
described elsewhere [18]. Skin biopsies were taken from 25 patients: 17 with end-
stage renal disease with failing hemodialysis grafts, 5 with lower-limb ischemia, and
3 with coronary artery disease. In brief, fibroblasts were isolated from the skin
biopsy via collagenase digestion and seeded on 225 cm2 tissue culture flasks.
Medium was exchanged three times per week. The cultures were maintained for
typically 6–8 weeks to produce collagen-rich, living, fibroblast sheets. Fibroblast
sheets were detached from the cell culture substrate and rolled (4 revolutions)
around a 4.75 mm OD stainless steel cylinder approximately 21 cm in length. The
vessels were then placed back in culture for a 12-week maturation phase to allow
the layers of the roll to fuse. This tissue was dehydrated by air drying for several
hours in a tissue culture hood, thus forming an acellular internal membrane (IM). A
second living fibroblast sheet was then rolled (4 revolutions) around the IM, and
matured in a similar fashion. At this point the vessels were removed from the
stainless steel support cylinder and used for mechanical testing. For shelf life testing,
the second maturation phase was extended by up to 28 weeks beyond the normal
completion point. Finished vessels were 17–21 cm long, and were sectioned for
mechanical testing. In all cases, the reported n refers to these test segments.

2.2. Native vessel procurement

Unused internal mammary artery (IMA) and saphenous vein (SV) segments that
were harvested from patients undergoing coronary artery bypass grafting were
placed in transport medium and stored on ice until testing. Twenty-two native
vessels (18 IMA, 4 SV) were procured from eighteen patients. All native vessel donors
(14 male, 4 female; median age 66, range 49–87 years) had one or more of the
following cardiovascular risk factors or comorbidities: renal disease, diabetes,
hypertension, coronary artery disease, myocardial infarction, or heart failure. The
study protocol was approved by the Institutional Review Board at Stanford
University, and informed consent was obtained from all patients. IMA and SV were
also procured from fresh cadavers through a tissue bank (LifeNet Health, Virginia
Beach, VA) and transported to the lab in a similar fashion. Fat and connective tissue,
if present, were dissected away to obtain access to the ends of the vessels for
Please cite this article in press as: Konig G et al., Mechanical properties
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cannulation to the test apparatus. Collateral vessels were ligated with silk sutures
and/or ligaclips, most at time of harvest.

2.3. Compliance measurements

Compliance measurements were made following the general recommendations
defined in ANSI/AAMI/ISO 7198:1998/2001 ‘‘Cardiovascular implants – tubular
vascular prostheses’’ (ANSI 7198) [21], which describes standardized testing
methods for vascular grafts. Segments of vessels approximately 6 cm in length were
tensioned to 0.460 N, and pressurized with phosphate-buffered saline (PBS). High
resolution digital images were recorded at 50 and 200 mmHg, and used to measure
the external diameter. Small ringlets from the same vessels were fixed in formalin
prior to testing to obtain geometry at rest from histology cross sections. The inside
diameter and wall thickness values at rest were obtained by analyzing calibrated
magnified pictures of the histology slides. Assuming an incompressible wall,
compliance was calculated as follows, and reported as % per 100 mmHg as specified
in the ANSI 7198 standard:

% compliance=100 mmHg ¼
�
Rip2 � Rip1

�
=Rip1

p2� p1
� 104

where p1¼ lower pressure, p2¼ higher pressure, and Ripx¼ internal radius at
pressure x, and is calculated from:

Ripx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

opx � ðRi þ t0Þ2þR2
i

q

where Ropx¼measured external radius at pressure x, Ri¼measured internal radius
at rest, t0¼measured wall thickness at rest.

Compliance measurements in human patients implanted with the Lifeline�
TEBV were made by analyzing the change in diameter of the vessel throughout the
cardiac cycle using ultrasound to visualize the graft near the midpoint. Blood
pressure during the ultrasound exam was recorded.

2.4. Burst pressure measurements

Burst pressure tests were conducted as specified in ANSI 7198. Segments of
vessels approximately 6 cm in length were cannulated and pressurized with PBS at
a rate of 80–100 mmHg/s until failure. A custom LabView (National Instruments,
Inc.) data acquisition system in conjunction with a digital pressure gauge (PG10000,
by PSI-Tronix) and a computer was used to record the pressure at a sampling rate of
3 Hz. In all cases, rupture occurred at a location away from the cannulation site.

2.5. Suture retention testing

Suture retention tests were conducted as specified in ANSI 7198. Segments of
vessels approximately 15 mm in length were cannulated onto a vertical metal
mandrel which itself was attached to a base weighing 2 kg, and placed on a digital
scale (Navigator, by Ohaus). A single 2 mm bite of 5–0 prolene suture with BV-1
needle (Ethicon Inc.) was placed at the end of the vessel segment, and pulled out at
a constant rate of 120 mm/min until failure. The force curve was measured digitally
using a LabView data acquisition system sampling the scale output at 5 Hz. The test
was repeated two more times on the same sample at locations 120 degrees apart to
obtain three values for each vessel test segment.

2.6. Dynamic fatigue test

Controlled cyclic loading of the vessels was accomplished via a closed, sterile
flow loop that was fed by a pressurized reservoir. The pressure in the reservoir was
controlled by a mechanically actuated valve and a regulated pressure source. Needle
valves up- and downstream of the reservoir tuned the fill and leak rates of the
reservoir, which allowed fine control of the pressure wave across the vessel.
Transmural pressure across the test segment was recorded using a pressure trans-
ducer (PX-26, by Omega, Inc.) and a LabView data acquisition system. Pressure was
cycled at 1 Hz at either 120/80 mmHg for 14 days or 600/300 mmHg for 3 days.
Dynamically fatigued test segments were then burst as described above and
compared to unloaded controls.

2.7. Static fatigue test

Static loading of the vessels was accomplished by using an elevated reservoir.
Pressure across the vessel test segment was intermittently monitored using a digital
pressure gauge (Model 68370-02, Cole-Parmer, Inc.). Pressure was maintained at
250 mmHg for 5 days and then test segments were burst as described above and
compared to unloaded controls.

2.8. Step-wise fatigue test

All step-wise fatigue tests were carried out on internal membranes alone; i.e. the
living adventitia layers were not added to the vessel, thus burst pressures were
approximately half of what would be expected with a full TEBV. Vessel segments
were loaded into the burst pressure apparatus and pressurized to 1200 mmHg,
of completely autologous human tissue engineered blood vessels...,
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which were expected to produce approximately 80% of the ultimate yield stress for
a saphenous vein. If after 15 min the vessel had not ruptured, the pressure was
increased to 1400 mmHg. If after an additional 15 min the vessels still had not
ruptured, the pressure was increased to 1500 mmHg until failure. Time and pressure
at failure were recorded.

2.9. Vessel ringlet pull test

A uniaxial tensioning apparatus that pulls a small ringlet of tissue to failure was
used as described by Seliktar et al [22], and an estimated burst pressure was
calculated using Laplace’s relationship as described by Nieponice et al. [16]. To
conduct the test, a 5 mm long segment of vessel was placed around two parallel
hooks made of stainless steel wire 1.5 mm in diameter. The hooks were then pulled
apart at a rate of 40 mm/min until tissue failure. The force curve was measured
digitally using a LabView data acquisition system sampling at 5 Hz. The tests were
filmed to verify that failure occurred in the middle of the tissue away from the hooks.

Student’s t test was used to evaluate statistical difference between groups.

3. Results

3.1. TEBV and native vessel morphology

A total of 282 TEBVs were produced from cells harvested from
a total of twenty five patients. There were 14 males and 11 females;
median age 62, range 26–89 years. Each TEBV was approximately
21 cm in length. The inside diameters of the TEBVs were either
2.4 mm, 4.8 mm, or 6.6 mm for radial artery, A–V shunt, and lower-
limb indications, respectively. The internal diameter of the native
vessels ranged from 1.5 mm to 4.5 mm. The wall thickness of the
TEBVs ranged from 0.2 mm (IMs only) to 0.6 mm. The wall thick-
ness of the native vessels ranged from 0.3 mm to 0.8 mm. Native
vessels and TEBVs were from similar, risk-appropriate populations;
they were older patients suffering from advanced vascular disease.
There were 18 native vessel donors (14 male, 4 female; median age
66, range 49–87 years). TEBV patient and native vessel patient
demographics are listed in Tables 1 and 2, respectively. Macro-
scopically, the TEBV was as a flexible tubular tissue with a homog-
enous appearance and an even diameter. Histological appearance of
the TEBVs showed an acellular IM wrapped by a living adventitia
(Fig. 1). The histology revealed the laminated aspect of the
construct and confirmed the fusion of individual layers of both
the IM and the adventitia, as well as the fusion of the IM with the
adventitia. As expected, living fibroblasts (as judged by the absence
of signs of necrosis or apodosis such as nuclear fragmentation and
pyknosis) were observed only in the adventitial layers. While cell
distribution was generally homogenous, a cell-rich layer of fibro-
blast of various thicknesses was seen on the outer surface of the
construct (better seen on Fig. 1C). No living cells were observed in
the devitalized IM. Endothelial cells are not observed as TEBVs used
for mechanical testing were not endothelialized. Both the IM and
the adventitia were comprised of a dense collagen network as
judged by Masson’s trichrome (Fig. 1C). The IM appears to have
more lacunae possibly caused by the removal of the fibroblast. No
elastic fibers were evident prior to implantation based on Verhoeff–
Van Gieson stain (Fig. 1D).

3.2. Mechanical properties

Individual TEBV burst pressure, compliance, and suture reten-
tion strength for all patients are included in Table 1. TEBV average
burst pressures [mmHg] were higher than native SV (3523�1159,
3503� 913, 3399� 470, for: 2.4 mm, 4.8 mm and 6.6 mm internal
diameter (i.d.), respectively versus 1599� 877, p< 0.05), but not
significantly different than native IMA (Fig. 2A; 3523�1159,
3503� 913, 3399� 470, for: 2.4 mm, 4.8 mm and 6.6 mm i.d.,
respectively versus 3196�1264, p> 0.2). Suture retention strength
[grams-force, gmf] for the TEBVs was not significantly different
than IMA (Fig. 2B; 152� 50 versus 138� 50, p> 0.5). Compliance
[%/100 mmHg] for the TEBVs prior to implantation was lower than
Please cite this article in press as: Konig G et al., Mechanical properties
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IMA (Fig. 2C; 3.4�1.6 versus 11.5� 3.9). By 6 months post-implant,
the TEBVs compliance, measured by Doppler ultrasound, had
increased to values comparable to IMA without concomitant
evidence of dilation of aneurysm formation (Fig. 2C; 8.8� 4.2
versus 11.5� 3.9). In shelf life tests, burst pressure decreased by 1–
2% per week in a linear fashion through time points out to 28 weeks
after the standard vessel maturation phase (Fig. 3).

In static fatigue tests (Fig. 4), the burst pressure for vessels
pressurized to 250 mmHg and held for 5 days (2346� 404 mmHg,
n¼ 4) was not significantly different (p¼ 0.37) than unloaded
controls (2602� 202 mmHg, n¼ 3). Similarly, cyclic loading (Fig. 5)
did not decrease the burst pressure relative to static controls for
vessels loaded at 120/80 mmHg for 14 days (3820� 453 mmHg
versus 3916�142 mmHg, p¼ 0.74) or 600/300 mmHg for 3 days
(3369� 287 mmHg versus 3502�121 mmHg, p¼ 0.43). In step-
wise fatigue tests, IMs alone burst, on average, after 25 min; 15 min
held at 1200 mmHg, then 10 min 45 s at 1400 mmHg. Unfatigued
IM controls burst at 1762� 70 mmHg (n¼ 4), which was approxi-
mately half that of standard TEBVs which include an adventitial
layer.

Ringlets of TEBVs were pulled in tension to rupture. Tensile
rupture force was 1545� 526 gmf (n¼ 16). The ringlet test gives
a theoretical burst strength (using Laplace’s relationship) of
4734 mmHg. Actual burst pressure from other segments taken from
the same TEBV was 3040 mmHg. By comparison, for native vessel
ringlet tests, theoretical versus actual burst strength was 3775
(n¼ 6) versus 3099 mmHg, respectively (Fig. 6).

4. Discussion

The poor performance of synthetics such as ePTFE and Dacron in
small diameter revascularization applications has driven 50 years
of research into strategies to bridge the gap between synthetic
materials and native vein and artery. One of the key milestones in
this effort was Bell’s landmark paper in 1986 which described the
concept of a completely biological and cell-based graft produced
in vitro [10]. While this research spawned the field of cardiovascular
tissue engineering, both Bell’s approach and other early tissue
engineered attempts have been hampered by poor mechanical
strength and a subsequent reliance upon permanent synthetic
scaffolds to provide requisite strength. Indeed, the vast majority of
the approaches described over the last 25 years is dependent upon
synthetic materials or chemically derived biological scaffolds
[23,24]. The inclusion of these exogenous materials, however,
defeats the elegance of the cell-based approach by re-introducing
materials that are thrombogenic, pro-inflammatory, or harbor
infections. Recognizing the deleterious effects of permanent
synthetic scaffolds, several groups utilize either completely autol-
ogous approaches [14,15,18,20], or partially resorbable scaffolds
[16,17,25,26]. While only two groups have recently transitioned to
human use [17,20,26], the literature is replete with TEBV models
that claim clinically relevant mechanical properties. There is,
however, no clear precedent or guideline that defines appropriate
properties to justify transition to human use. Moreover, the only
test standard designed for vascular grafts was originally written for
synthetic (i.e. ePTFE or Dacron) grafts [21]. There are also unique
challenges for lot release testing given the generally small lot sizes
associated with cell-based therapeutics. As the various research
efforts advance toward clinical use, it is therefore important to
establish consistent testing guidelines and targets that might
justify transition to human use. While few would argue that TEBVs
should ideally mimic the key mechanical properties of native
vessels, surprisingly few studies have reported the key functional
parameters of burst pressure, compliance and suture retention for
native human vessels harvested from an age and risk-appropriate
population (see Ref. [27] for review). Earlier such data on human
of completely autologous human tissue engineered blood vessels...,



Table 1
Patient demographics and individual mechanical properties of TEBVs.

Patient demographics Comorbidities Graft indication Mechanical properties

ID Gender Age Sm Diab CH PGI PGF Internal diameter
(mm)

Burst pressure
(mmHg)

Suture retention
(grams-force)

Compliance
(%/100 mmHg)

1 F 56 � � � AV 4.8 3123� 340 (n¼ 12)
(range: 2596–3759)

188� 36 (n¼ 36)
(range: 103–250)

2.8� 1.5 (n¼ 5)
(range: 0.9–4.0)

2 M 61 CS � � � � AV 4.8 2664� 347 (n¼ 10)
(range: 2102–3386)

142� 16 (n¼ 30)
(range: 113–173)

4.7� 1.0 (n¼ 5)
(range: 3.6–5.5)

3 F 68 � � � AV 4.8 4617� 426 (n¼ 12)
(range: 3969–5193)

210� 27 (n¼ 36)
(range: 163–268)

2.8� 0.7 (n¼ 6)
(range: 2.0–3.5)

4 M 77 � � � AV 4.8 3019� 594 (n¼ 12)
(range: 1675–3708)

149� 21 (n¼ 36)
(range: 87–186)

2.9� 1.9 (n¼ 6)
(range: 1.4–6.0)

5 M 29 � � � AV 4.8 3657� 268 (n¼ 12)
(range: 3143–4040)

162� 23 (n¼ 36)
(range: 103–203)

2.5� 1.9 (n¼ 6)
(range: 0.3–5.3)

6 M 78 PS � � � AV 4.8 2348� 221 (n¼ 12)
(range: 2000–2840)

75� 10 (n¼ 36)
(range: 56–103)

4.1� 3.7 (n¼ 6)
(range: 0.9–9.3)

7 M 89 � � � AV 4.8 4140� 690 (n¼ 10)
(range: 3171–4945)

221� 14 (n¼ 30)
(range: 191–256)

3.8� 1.0 (n¼ 5)
(range: 2.7–5.2)

8 F 62 CS � � � AV 4.8 2582� 330 (n¼ 6)
(range: 2111–2915)

98� 13 (n¼ 15)
(range: 77–128)

2.1� 1.8 (n¼ 3)
(range: 0.8–4.1)

9 F 58 � � AV 4.8 4424� 898 (n¼ 10)
(range: 2255–5159)

199� 23 (n¼ 30)
(range: 149–266)

2.6� 1.2 (n¼ 6)
(range: 1.1–4.5)

10 F 54 CS � � � � AV 4.8 4542� 453 (n¼ 10)
(range: 3719–5315)

112� 12 (n¼ 30)
(range: 87–146)

3.5� 0.7 (n¼ 5)
(range: 2.4–4.1)

11 M 71 � � � � AV 4.8 2412� 319 (n¼ 10)
(range: 1855–2959)

180� 21 (n¼ 30)
(range: 132–218)

3.4� 0.7 (n¼ 5)
(range: 2.8–4.4)

12 F 67 � � AV 4.8 4994� 594 (n¼ 6)
(range: 4170–5763)

212� 19 (n¼ 18)
(range: 188–250)

3.1� 0.3 (n¼ 3)
(range: 2.9–3.4)

13 F 81 � � � � AV 4.8 3426� 271 (n¼ 8)
(range: 2922–3726)

165� 22 (n¼ 24)
(range: 110–221)

4.6� 0.2 (n¼ 4)
(range: 2.9–3.4)

14 M 26 CS � � � AV 4.8 4341� 506 (n¼ 8)
(range: 3698–4957)

187� 20 (n¼ 24)
(range: 158–227)

3.6� 1.4 (n¼ 4)
(range: 2.7–5.7)

15 F 59 � � � AV 4.8 2803� 208 (n¼ 4)
(range: 2600–3045)

141� 12 (n¼ 12)
(range: 122–163)

6.1� 0.1 (n¼ 2)
(range: 6.0–6.1)

16 F 76 PS LL 6.6 3358� 499 (n¼ 5)
(range: 2870–4122)

291� 55 (n¼ 15)
(range: 159–359)

2.5� 2.6 (n¼ 3)
(range: 0.4–5.3)

17 M 62 PS � LL 6.6 3035� 315 (n¼ 5)
(range: 2691–3454)

157� 18 (n¼ 12)
(range: 130–184)

2.1� 1.1 (n¼ 3)
(range: 0.9–3.0)

18 M 75 PS � � � LL 6.6 3101� 364 (n¼ 8)
(range: 2683–3770)

131� 12 (n¼ 24)
(range: 108–152)

3.8� 2.0 (n¼ 5)
(range: 1.6–6.2)

19 M 47 PS � � � AV 4.8 4549� 380 (n¼ 4)
(range: 4120–5032)

184� 20 (n¼ 12)
(range: 154–220)

4.5� 0.2 (n¼ 2)
(range: 4.4–4.7)

20 M 77 PS � � � LL 6.6 3693�� 457 (n¼ 9)
(range: 2726–4238)

119� 15 (n¼ 24)
(range: 82–142)

4.1� 0.4 (n¼ 3)
(range: 3.7–4.5)

21 M 73 � � � LL 6.6 3650� 338 (n¼ 7)
(range: 3124–3988)

171� 12 (n¼ 18)
(range: 132–187)

2.3� 0.3 (n¼ 3)
(range: 2.0–2.7)

22 M 67 � � � � RAD 2.4 2285� 220 (n¼ 8)
(range: 2001–2617)

95� 24 (n¼ 24)
(range: 61–155)

Not performed

23 F 59 � RAD 2.4 3467� 422 (n¼ 10)
(range: 2835–4163)

138� 27 (n¼ 12)
(range: 96–182)

4.1� 0.4 (n¼ 3)
(range: 3.0–5.3)

24 F 45 � AV 4.8 3970� 515 (n¼ 20)
(range: 2842–4817)

104� 14 (n¼ 60)
(range: 70–148)

3.0� 1.5 (n¼ 10)
(range: 0.7–5.8)

25 M 57 PS RAD 2.4 4832� 897 (n¼ 8)
(range: 3880–6269)

123� 23 (n¼ 24)
(range: 57–170)

3.2� 1.2 (n¼ 4)
(range: 2.1–4.3)

Sm: smoker; PS: previous smoker; CS: current smoker; Diab: diabetes; CH: controlled hypertension; PGI: previous graft intervention; PGF: Previous graft failure; LL: lower
limb; AV: A–V shunt; RAD: radial artery replacement.
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vessels has been focused on arteries/veins harvested from younger,
healthier patients [14,28,29]. The ‘target’ for the mechanical prop-
erties of TEBVs is therefore poorly defined, and thus one of the
objectives of this study was to document the mechanical properties
of vessels harvested from risk-appropriate patients (older patients
with cardiovascular disease).

Investigators have previously proposed that the fundamental
challenge remaining in cardiovascular tissue engineering is to
demonstrate appropriate mechanical strength using age and risk-
appropriate human cells [19], since the response of cells in culture
can be highly dependent on age, disease status and species [19,30–
32]. Previously, we published initial feasibility work using human
cells and demonstrated that mechanically robust vessels could be
built from human cells absent in any other exogenous support
scaffold. While this was an important breakthrough, the work was
comprised from cells harvested from only a few patients. The
Please cite this article in press as: Konig G et al., Mechanical properties
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secondary objective of this study was therefore to expand and
detail our mechanical data from a broad base of patients with
advanced cardiovascular disease. Here we present detailed
mechanical data and our lot release criteria for the first 25 adult
patients enrolled in a trial implanting a completely autologous
tissue engineered blood vessel as either an A–V shunt or a lower-
limb bypass. It should be noted that for both trials, one of the key
inclusion criteria was a previously failed graft. This not only
suggests that the patients had an advanced state of disease, but that
they have an increased risk for graft failure [33].

4.1. Burst pressure

Burst pressure is clearly one of the key parameters that deter-
mines a vessel’s suitability for implantation. While several groups
have recently reported burst pressures for TEBVs in excess of
of completely autologous human tissue engineered blood vessels...,



Table 2
Demographics of donor patients for native vessels.

Patient demographics Comorbidities

ID Gender Age CAD Diab CH

A M 61 �
B M 75 �
C M 50 �
D M 72 � �
E M 87 �
F M 75 �
G M 73 � � �
H M 58 �
I M 62 �
J M 73 �
K F 65 �
L F 49 � �
M F 59 �
N M 53 �
O M 72 �
P M 57 � �
Q F 70 �
R M 68 �

CAD: coronary artery disease; Diab: diabetes; CH: controlled hypertension.
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2000 mmHg [15,16,18,25], the results must be weighed in light of
the geometry of the test specimens utilized and the longevity of the
scaffolds used. With respect to geometry, Laplace’s law states that
burst pressure increases linearly with decreasing diameter if the
wall thickness is kept constant (burst pressure¼material yield
stress� thickness/radius). Assuming that TEBVs are built at or near
the diffusion limitation of thickness, a 2 mm inside diameter vessel
would therefore have twice the burst pressure of a similarly built
vessel of 4 mm diameter. When reporting burst pressures, it is
therefore important to list the diameter, and to exercise caution
when extrapolating burst strength to larger diameters. In most
cases, minimum threshold burst strength would not be maintained
at larger diameters unless thickness can be increased without
Fig. 1. Histological analysis of the TEBVs. (A) H&E stain of the TEBV at 2� original magnific
stain of the TEBV at 10� original magnification. (D) Verhoeff–Van Gieson stain of the TEBV
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reaching diffusion limitations. While our mechanical test results do
not match exactly with the engineering expectations defined by
Laplace, we have exceeded 6000 mmHg for vessels at 2.4 mm,
while averaging only about 3400 mmHg for vessels at 6.6 mm.
With our own data, the lack of a more dramatic loss of burst
strength with increasing diameter is likely caused by a combination
of patient-to-patient variability and the fact that thickness
increased slightly with diameter (average thickness was 248� 69,
264� 41 and 278� 28 mm for 2.4, 4.8, and 6.6 mm i.d. TEBVs,
respectively). Patient-to-patient variations make these trends
difficult to assess, but clearly diameter is an important variable that
must be addressed in evaluating each TEBV model.

Test specimen length may also play an important role in
assessing manufacturing consistency and resistance to rupture. A
3 cm long segment built in a miniaturized bioreactor may not
accurately capture the variations in strength throughout the length
of a longer TEBV of clinically relevant length. In our case, we tested
three segments that were each at least 6 cm long taken from TEBVs
that were approximately 21 cm long. Intermediate segments were
then used for histology, suture retention testing, ringlet testing, or
archival.

In this study, native veins with a mean diameter of 2.3 mm
demonstrated an average burst pressure of just under 1600 mmHg.
This is slightly lower than the ranges defined in previous studies
[14,28,29], which is likely due to the advanced age and disease state
of the donors in this study. Using the clinical efficacy of vein grafts
as a justification, we have defined our minimum lot acceptance
criteria for burst pressure testing as 2000 mmHg.

Intra-patient variability of the sheet-based TEBVs was quite low
(average standard deviation is 435 mmHg), suggesting that the
manufacturing process had a high degree of consistency and
reproducibility. However, patient-to-patient variation is quite high.
This variation, however, is similar to that which was observed for
the native vessels. Of note is that just over 10% of the native vessel
test samples failed below 1000 mmHg. These failures were asso-
ciated with branches that were insufficiently ligated or segments
ation. (B) H&E stain of the TEBV at 10� original magnification. (C) Masson’s trichrome
at 10� original magnification.
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Fig. 2. Mechanical test results. Comparison of burst pressure, suture retention force, and compliance values between native vessels and TEBVs.
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that may have had harvest related damage. This observation
underscores the possibility that harvest related damage to the
structure of the vein or to the endothelium may contribute to both
early and mid-term in vivo failures.

Other groups have reported ringlet or strip tensile testing in
place of burst pressure to define structural properties [16,22,34–
39]. Given the simplicity of these tests and the small volume of
material destroyed for the test, we were motivated to validate this
approach to see if it could realistically be used in place of burst
pressure as a means of judging suitability for implantation. Our
data with both native vessel segments and TEBVs suggests that the
ringlet test overestimates actual burst pressure by just over 50% for
the TEBVs and 20% for the native tissue (Fig. 6). If we analyze the
testing done by others, we see that this moderate tendency to
overestimate burst pressure is consistent across several groups
with varying tissue engineering approaches (Table 3). This over-
estimation is likely due to the fact that the short ringlets are
unlikely to reflect tissue weaknesses due to small manufacturing
flaws or material heterogeneity as effectively as a burst pressure
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Fig. 3. Shelf life tests. Burst pressure tests were performed at different time points after
declined linearly by about 1–2% in burst pressure per week.
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test on a longer segment. Moreover, the assumption of tissue
incompressibility may slightly overestimate the actual burst pres-
sure, particularly for materials with a Poisson’s ratio significantly
less than 0.5. We conclude that while these tests may be useful for
early developmental testing, before being used to justify clinical use
of vascular grafts there must be strong statistical evidence linking
the two tests for any given TEBV approach. There must also be
ample demonstration of manufacturing consistency using actual
burst pressure measurements on longer segments of tissue. We are
currently collecting such data in anticipation of a reduced depen-
dence upon burst pressure measurement for lot release testing. The
lot release threshold based on theoretical burst strength (derived
from ringlet test data), however, will likely be somewhat higher
than that for the actual burst pressure to account for the tendency
for ringlet data to overestimate actual strength.

We also show that the TEBVs are relatively stable at time points
well beyond the optimum implantation date (Fig. 3). The very slow
decrease of mechanical strength observed in prolonged storage
may be due to the secretion of matrix metalloproteinases (MMPs).
15 20 25 30
 maturation time (wks)

the standard maturation time on TEBVs from four different patients. Vessel strength
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We have previously shown that MMPs are produced by the
adventitial component of the TEBV [14]. Addition of an MMP
inhibitor to the storage media may be an interesting improvement
to enhance the mechanical stability of the TEBV. Living cell-based
TEBVs require somewhat cumbersome clinical logistics in terms of
scheduling implantation, thus the stability of burst pressure as
a function of time gives moderate flexibility for coordinating
surgeries.

4.2. Suture retention and compliance

Like burst pressure testing, there is a wide range of testing
techniques used to establish suture retention strength and
compliance. We have used the international ANSI 7198 [21] stan-
dard as a guideline for both tests. Changes in bite depth, suture
thickness or the number of sutures will change the observed
strength. It is therefore important to clearly identify these variables.
Both suture retention and compliance for our TEBVs were some-
what lower than those tested for native vessels, but we have
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implanted vessels into humans with a suture retention test
strength as low as 75 gmf without surgical or post-implantation
anastomotic complication. Given the flexibility that the surgeon has
to use different sutures, increased bite depth or, most importantly,
the number of sutures placed, we have therefore established
50 gmf as our lot release criteria for further clinical trials. Compli-
ance, while implicated in long-term graft failure [40], is probably
the least important pre-implantation mechanical property, as
vessel remodeling processes will likely have profound effects on
the measured compliance [41]. In clinical studies we have
demonstrated that the compliance of our vessels increase from
g Fatigue Pressure: 600/300 mmHg
(fatigue time = 3 days)

ntrol Fatigued

dynamically fatigued ( ) at 120/80 mmHg for 14 days or 600/300 mmHg for 3 days,
d control for 120/80 mmHg, n¼ 4 for fatigue and control for 600/300 mmHg).
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Table 3
Calculated and measured burst pressures for different groups using either ringlet or strip tensile rupture testing.

Source Specimen geometry Tensile strength Diameter
(mm)

Wall thickness
(mm)

Length
(mm)

Calc. burst
pressure (mmHg)

Actual burst
pressure (mmHg)

Reported Converted
to grams-forcea

Donovan et al., 1990 [37] Ring 10.45 N 1066 5.4 0.37 5.0 NR: 2903a NM:1600b

Seliktar et al., 2000 [22] Ring 58 kPa 30 3.5 0.5 5.0 NR: 124a <500b

Vorp et al., 2003 [34] Strip 1.8 MPa 2643 33 1.8 8.0 NR: 1473a NM
McKee et al., 2003 [36] Ring NR 97 NR: 4.0b 0.36 NR: 5.0b 356 NM
Stankus et al., 2007 [35] Ring 18 MPa 2244 4.7 0.163 3.75 NR: 9368a 1750
Nieponice et al., 2008 [16] Strip 2.6 MPa 239 4.0 0.3 3.0 2127 NM
Yao et al., 2008 [38] Ring 90 kPa 87 4.0 0.93 NR: 5.0b NR: 314a 177
Native vessels (this paper) Ring 922 gmf 922 3.5 0.39 5.0 3876 3099
TEBVs (this paper) Ring 1545 gmf 1545 4.8 0.32 5.0 4735 3040

NM: not measured; NR: not reported.
a Our calculation.
b Our assumption.
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approximately 2% to approximately 9% compliance per 100 mmHg
within the first 6 months without concomitant dilation [20]. While
we test pre-implant compliance to establish a base value and then
track it in vivo at 3 month intervals, we do not use it as a release test
parameter. We previously hypothesized that this increase in
compliance is associated with either migration or trans-
differentiation of cells to form a functional smooth muscle cell
media [18]. This remodeling process may be induced by the
mechanical signaling provided by the pulsatile blood flow. Addi-
tional in vivo studies are underway to explore this hypothesis in
greater detail.

It is important to note that the compliance in native vessels is
likely linked to both elastin content and the characteristics of the
vascular media. In excluding the vascular media from our TEBV in
favor of production simplicity, we sacrifice both compliance and
vasoactivity at the time of implant. While there are clear limitations
to the interpretation of our changes in compliance post-implant
(low n, different method of measuring compliance), in vivo remod-
eling may eventually restore vasoactivity and increase compliance.

4.3. Fatigue testing

While the burst pressure test is an important indicator of the
initial strength of the vessel, it does not predict longer-term
strength which can be negatively impacted by fatigue or graft
degradation. While immune-mediated degradation is essentially
impossible to accurately model in preclinical studies (due to
species-dependent differences in cell biology and immune
responses), graft degradation due to fatigue or hydrolysis of
resorbable scaffolds can be modeled in vitro [42]. We therefore
developed static, step-wise, and dynamic fatigue testing protocols
to ensure that there were no inherent fatigue-dependent loss of
strength. With tests ranging from a few hours to 14 days, we saw
that in each case, burst strength was maintained relative to static
controls. In all tests performed pressure was cycled at 1 Hz, which is
a good approximation of physiological pulse. One possible limita-
tion to this test, however, is that in vivo pulse rate can range from
0.7 to 3 Hz. While these in vitro tests do not account for immune-
mediated degradation, they suggest that the TEBV’s burst strength
is not compromised by fatigue loading or a rate dependent appli-
cation of pressure. These results, coupled with positive animal
studies, justified our ultimate transition to human use.

4.4. Lot release testing

As cell-based therapies increasingly become a clinical reality, it
is important to establish appropriate tests to justify clinical use and
to define appropriate acceptance criteria for tests for validating the
Please cite this article in press as: Konig G et al., Mechanical properties
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mechanical and biological properties of each patient’s device prior
to implantation. Obviously, destructive lot release tests cannot be
run on vessels intended for surgery, so it is necessary to grow
parallel vessels for the release tests. In this study we establish the
burst, compliance, and suture retention properties of native vessels
harvested from humans with advanced cardiovascular disease. We
also demonstrate that the SBTE approach can consistently produce
vessels with mechanical properties that exceed those of native
veins. Finally, given the initial safety demonstrated in our clinical
implants, we propose that these tests are appropriate standards for
further human use of TEBVs.

5. Conclusions

In this study, we have demonstrated that burst pressures
exceeding those of native vein can be achieved for a tissue engi-
neered blood vessel for a wide spectrum of clinically relevant
patients. Contrary to popular belief, no external scaffolding or
synthetic supports are required to provide the requisite mechanical
properties. We also propose specific mechanical testing criteria that
may provide an appropriate benchmark for future cardiovascular
tissue engineering efforts that attempt to transition to human
clinical trials. Given the positive results in this study coupled with
positive initial clinical efficacy, we are now expanding our clinical
trials to include other indications, and, importantly, are now
shifting effort toward shortening production time, and using allo-
geneic tissues for selected patient populations that cannot tolerate
the relatively long production times for the fully autologous TEBV.
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