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Research Highlights

(1) The stress, strain, elastic modulus and stress-strain curve of fresh fetal umbilical veins and
normal human fresh cadaver middle cerebral artery were measured using a longitudinal tensile test.
(2) The stress-strain relationship expression of fetal umbilical veins and middle cerebral artery was
established with regression analysis. The mechanical properties of fetal umbilical veins and middle
cerebral artery were quantitatively compared and analyzed, and the feasibility of fetal umbilical vein
transplantation for middle cerebral artery was investigated using the longitudinal tensile test.

(3) The stress-strain curve of fetal umbilical veins is similar to that of middle cerebral artery, so it can
potentially be used to repair injured middle cerebral artery.

Abstract

It is necessary to investigate the longitudinal tensile mechanical characteristics of the middle cere-
bral artery and the fetal umbilical vein prior to applying fetal umbilical vein transplantation for repair
of injured middle cerebral artery. Fifteen fresh fetal umbilical vein specimens and 15 normal human
fresh cadaver middle cerebral artery specimens were collected for longitudinal tensile testing at the
speed of 0.5 mm/min and at normal human temperature. The results showed that under 16.0 kPa
physiological stress, the strain value of fetal umbilical vein specimens was larger, while the maximal
stress and elastic modulus values were less than those of middle cerebral artery specimens. Our
findings indicate that fetal umbilical vein has good elastic properties and the stress-strain curve of
the fetal umbilical vein is similar to that of the middle cerebral artery. Fetal umbilical vein transplan-
tation can, therefore, potentially repair the injured middle cerebral artery.
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ficient. Growing evidence has confirmed that

INTRODUCTION

large-caliber artificial vessels can replace

Existing extracranial-intracranial bypass and
revascularization mainly adopts autologous
radial artery and great saphenous vein tis-
suel™@. Although autologous blood vessels
have good biocompatibility,
vessel transplantation may produce com-
plications, and source vessels may be insuf-

human large arteries®*, while small-caliber
(less than 6 mm) artificial vascular grafts are
not satisfactory as the replacement of hu-
man small arteries or veins due to thrombo-
sis and vascular occlusion caused by neoin-
timal thickening. The development of arterial
and venous substitutes, therefore, is ur-
gently needed®™*. Umbilical vein is a biolog-

autologous
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ical vascular substitute, which is characterized by exten-
sive sources, no venous branching, and good flexibility.
Increasing numbers of studies have examined the subs-
titutes for small- and medium-sized artery transplanta-
tion®**. Chen et al ™ found that the anastomotic stoma
slightly narrowed, lumens slightly widened, and blood
flow in fetal umbilical vein was smooth after human fetal
umbilical vein was transplanted with canine abdominal
aorta for 3.5 years. These findings demonstrate that
umbilical vein is suitable for medium-sized artery trans-
plantation. Many scholars have investigated the me-
chanical properties of the middle cerebral artery™?®. For
example, Li et al®” found that fetal umbilical vein can be
used as an alternative to small-caliber arterial grafts
through observations of pressure-caliber relationships
and elastic modulus of fetal umbilical vein at distal, cen-
tral, and proximal segments. Sun and colleagues®®
found that the compliance of umbilical veins was the best
at 37—40 weeks. Jiao et al ® showed that the expansion
rate of hardening middle cerebral artery wall was in-
creased under a low stress, and the vessel wall may
sharply extend with increasing pressure when the stress
is greater than 25 kPa. The hardening middle cerebral
artery is different from normal middle cerebral artery,
having a rigid tube wall and susceptibility to cerebral
vascular diseases. However, longitudinal tensile me-
chanical properties of fresh fetal umbilical veins and
normal human fresh cadaver middle cerebral artery re-
main unclear.

Progressive vascular tension is considered as a good
extension mode, and there remains considerable scope
and important clinical significance for vascular recon-
struction under longitudinal tension®®?. In this study, we
observed and analyzed longitudinal tensile mechanical
properties of fresh fetal umbilical veins and normal hu-
man fresh cadaver middle cerebral artery, in a broader
attempt to investigate the feasibility of fetal umbilical vein
graft for repairing middle cerebral artery.

RESULTS

The stress-strain curve of fetal umbilical vein and
middle cerebral artery

The longitudinal tensile test results showed that when the
stress was similar to human systolic pressure of
16.0 kPa, the strain value of the middle cerebral artery
specimens was 19%, and that of the fetal umbilical vein
specimens was an average 28.7%. When the stress
reached 200 kPa and the average strain reached 114%,
the middle cerebral artery specimens were inevitably
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ruptured. These values can therefore be regarded as the
maximal stress and strain, respectively, for the middle
cerebral artery. When the stress reached 108.0 kPa and
the average strain reached 147.7%, the fetal umbilical
vein specimens were inevitably ruptured. These values
can therefore be regarded as the maximal stress and
strain, respectively, for the fetal umbilical vein. Under the
same physiological stress, the maximal stress of fetal
umbilical vein specimens was decreased (P < 0.01),
while the maximal strain was increased compared with
the middle cerebral artery specimens (P < 0.01). Fetal
umbilical vein specimens showed lower elastic modulus
than the middle cerebral artery specimens at 13.3, 16.0
and 18.7 kPa stress (P < 0.01; Table 1).

The tensile data of all the specimens were subject to
curve fitting. The stress-strain curve of specimens in two
groups showed an exponential relationship when the
stress was 16.0 kPa, and the strain of fetal umbilical vein
group was higher than the middle cerebral artery group.
When the stress exceeded 16.0 kPa, the strain value of
specimens in the two groups increased rapidly and the
slope of the strain curve also increased as stress in-
creased. The stress-strain correlation was nonlinear, and
under continuous forces, the wall fiber gradually ex-
tended, prolonged and fractured. The stress-strain curve
in the fetal umbilical vein and middle cerebral artery was
similar (Figure 1).

The stress-strain functional relationship of fetal
umbilical vein and middle cerebral artery

The relationship between variables was investigated
among the measurement data, and total error was meas-
ured. The stress-strain functional relationship was estab-
lished using a regression analysis method, as follows:

Middle cerebral artery group:
d(¢) = 0.000 10e® — 0.006 Oe* + 0.791e* + 4.98e”

Fetal umbilical vein group:
5(g) = —0.000 6e° + 0.055 9e* —0.237e° + 4.018 2e°

DISCUSSION

One-dimensional extension is an important method for
comparison of mechanical properties of fetal umbilical
vein and middle cerebral artery. However this method
may fail and bring about error even in the same species.
Discrepancies may be explained by race, gender, age,
health condition, occupation and other individual
differences.
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Table 1 Longitudinal tensile mechanical indexes of fetal umbilical vein and middle cerebral artery specimens

Middle cerebral artery

Fetal umbilical vein

Sample  \aximal ELS EM (kPa) Maximal ELS EM (kPa)
number  syress  Maximal at16.0kPa  a At At stress  Maximal at16.0kPa At13.3 At16.0 At18.7
(kPa)  strain (%) stress (%) 13.3kpa 16.0kPa 18.7kPa  (kPa) strain (%) stress (%) kPa kPa kPa
1 201.6 115.8 18.9 81.6 84.9 88.6 106.8 146.2 28.7 53.8 55.2 57.6
2 198.4 109.6 19.2 80.2 85.2 89.2 110.4 142.8 29.2 51.7 56.6 58.2
3 192.7 114.7 18.0 82.0 83.8 87.8 116.5 148.4 27.6 54.6 54.7 56.6
4 208.1 112.6 19.2 81.7 82.8 86.9 108.4 143.7 30.1 52.4 55.9 58.8
5 196.4 118.6 20.2 82.8 85.1 89.9 99.8 148.2 27.8 52.9 54.6 57.4
6 199.2 122.6 19.8 81.4 84.6 89.4 112.1 149.1 28.2 54.3 51.3 56.9
7 206.2 117.3 18.4 80.8 83.7 87.4 109.7 148.6 29.1 51.9 55.9 57.8
8 200.4 108.6 19.3 81.8 85.6 88.2 100.8 147.1 27.6 54.1 54.9 58.4
9 199.0 110.4 20.2 82.2 83.6 88.6 114.2 150.4 29.4 53.2 56.6 56.2
10 197.4 122.2 18.1 80.6 85.2 89.4 109.6 146.9 28.6 50.8 55.8 58.9
11 196.5 108.4 19.1 81.4 84.8 87.9 112.6 151.1 29.1 54.2 57.4 57.1
12 205.4 109.8 18.0 82.8 83.7 88.2 113.2 146.8 27.2 53.8 56.8 59.2
13 202.8 117.6 19.2 81.4 85.4 89.4 98.2 152.6 30.6 54.6 54.2 58.4
14 203.4 108.9 19.2 80.8 84.7 88.1 96.5 146.0 27.8 52.9 56.8 57.8
15 102 5 112 6 182 815 85 5 879 112 7 1481 29 4 53.8 55.8 58.1

Mean+SD 200.0+4.6 114.0+4.9 19.0+0.7

81.5+0.7 84.6+1.1 88.5+0.9

108.1+6.3%147.7+2.6% 28.7+1.0°

53.2+1.1% 55.8+0.9% 57.8+0.9°

Fifteen specimens were used in each group. The difference between groups was compared using one-way analysis of variance and Sceffe’s
method. ®P < 0.01, vs. middle cerebral artery. ELS: Elastic limit strain; EM: elastic modulus.

Figure 1 Longitudinal tensile stress-strain curve of fetal umbilical vein and middle cerebral artery specimens.

When the stress is 16.0 kPa, the stress-strain curve of specimens in the two groups shows an exponential relationship. The
strain of the fetal umbilical vein was higher than that of the middle cerebral artery. When the stress exceeds 16.0 kPa, the strain
of specimens in the two groups increased rapidly and the slope of the strain curve increased as the strain increased, but the
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In this study, we collected fetal umbilical vein specimens
from the placenta of healthy women at 38—-40 weeks
pregnant via caesarean delivery, and harvested middle
cerebral artery specimens from healthy adult male ca-
davers. Both fetal umbilical vein and middle cerebral
artery were preserved with the same method, and the
tested specimens were sampled from the same site and
in the same length. All the specimens were harvested
within 24 hours prior to the experiment to maintain
freshness. Before the experiment, each specimen in the

two groups was preliminarily adjusted to the same speed.

All the aforementioned intervention measures were per-
formed to minimize data error.

Experimental and theoretical analysis showed that, tis-
sue reconstruction at longitudinal tension and extension
may restore longitudinal stress of blood vessels to nor-
mal physiological levels®®!. Our findings revealed that
large deformations occurred when the stress was less
than or equal to normal physiological stress values
(normal diastolic pressure 16.0 kPa), and the strain dis-
proportionately increased when the stress exceeded
16.0 kPa. This evidence indicates that under loading, the
strain value of middle cerebral arterial wall cannot in-
crease with increasing stress. These findings show an
exponential change. This result underlines the important
contribution to the diagnosis of patients who present with
normally performing cerebral vessels and no clinical
symptoms when blood pressure increases. Although we
only performed longitudinal tensile studies, rather than
pressure tests on fetal umbilical vein and middle cerebral
artery, we believe that both longitudinal tensile and
pressure tests aim to load the stress on the vascular wall.
Furthermore the testing speed in this study was very low
and the stress was evenly distributed on the vascular
wall, so our longitudinal tensile testing results are com-
parable to the pressure test.

The stress-strain curve is very similar between fetal um-
bilical vein and middle cerebral artery. The elastic mod-
ulus represents the arterial rigidity and elasticity, and the
distensibility coefficient is inversely proportional to elastic
modulus. The higher the elastic modulus, the lower the
distensibility coefficient, and the worse the elasticity'®*.
The elastic modulus is the reciprocal of compliance™?. At
the stress of 13.3, 16 and 18.7 kPa, the elastic modulus
of fetal umbilical vein specimens was lower than the
middle cerebral artery. This evidence indirectly reflects
good flexibility and the compliance of fetal umbilical
venous wall, which is conducive for the repair of injured
middle cerebral artery, as previously reported™?*3 %,

It is worth noting that the middle cerebral artery cannot
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rupture under normal physiological conditions, although
the maximal stress of fetal umbilical vein is less than the
middle cerebral artery. The maximum stress of fetal um-
bilical venous wall is 108.1 kPa, which is 6.75 times
higher than normal diastolic blood pressure, so it has no
impact on the application of middle cerebral artery injury
as an alterative graft material.

In this study, we observed and compared the longitu-
dinal tensile mechanical properties of fresh fetal umbil-
ical veins and normal human fresh cadaver middle ce-
rebral artery. However, there is a large difference be-
tween in vitro experiments and in vivo animal experi-
ments. The data we collected were from a limited sam-
ple size and was variable due to individual differences
seen in biological materials, however, the experimental
findings still provide information that can be used in the
clinic.

Further investigations of fetal umbilical vein transplanta-
tion for middle cerebral artery injury are warranted
through animal experiments and preliminary clinical stu-
dies.

MATERIALS AND METHODS

Design
A contrast observation regarding biomechanics.

Time and setting

Experiments were performed from August 2011 to Janu-
ary 2012 at the Mechanical Experimental Center of Jilin
University in China.

Materials

Fetal umbilical vein was harvested from healthy puerpe-
rants aged 25-32 years at 38-40 pregnant weeks
scheduled for cesarean section, from China-Japan
Friendship Hospital of Jilin University, China. According
to the Administrative Regulations on Medical Institutions,
issued by the State Council of the People’s Republic of
China®", all subjects gave informed consent following
being informed of the experimental methods involving
fetal umbilical vein prior to experiments. Fetal umbilical
vein specimens were preserved in saline (4°C) until use.
Middle cerebral artery specimens were obtained from
fresh cadavers of normal Chinese adult males, aged
25-33 years, from the Norman Bethune College of
Medicine, Jilin University, China. Middle cerebral artery
specimens were harvested within 24 hours after death
and preserved in saline (4°C).
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Methods

Preparation of fetal umbilical vein specimens

After fetal umbilical vein samples were preserved for
1 day, fifteen fetal umbilical vein specimens, 15 mm long,
were cut using a S-5 sterile operation knife (Huaian Un-
iecom Medical Supplies Co., Ltd., Xuyi, Jiangsu Province,
China).

Preparation of middle cerebral artery specimens
After middle cerebral artery samples were preserved for
1 day, 15 middle cerebral artery specimens, 15 mm long,
were cut for further use.

Tensile test

The thickness and diameter of each specimen were
measured using a reading microscope (Changchun Third
Optical Instrument Factory, Changchun, Jilin Province,
China). Fetal umbilical vein specimens ranged from
0.198-0.206 mm in thickness and 2.92-3.06 mm in di-
ameter, while middle cerebral artery specimens were
0.201- 0.212 mm thick, and had a diameter of 3.02-3.10
mm. Two groups of specimens were preliminarily ad-
justed as previously described® and underwent longitu-
dinal tensile tests using a MODEL55100 type automatic
control electronic universal testing machine (Changchun
Research Institute for Mechanical Science Co., Ltd.,
Changchun, Jilin Province, China) at the controlled
temperature of 36.5 £ 1°C. Specimens were continuously
sprayed with physiological saline to maintain tissue hu-
midification. After the test was completed, the maximal
load, maximal stress, maximal strain, and elastic mod-
ulus were automatically calculated by the computer, and
a stress-strain curve was plotted.

Statistical analysis

Measurement data were expressed as mean + SD and
analyzed using SPSS 16.0 software (SPSS, Chicago, IL,
USA). The difference between groups was compared
with one-way analysis of variance and Scheffe’s method.
P < 0.05 was considered a significant difference. The
stress-strain relation expression was established with
regression analysis method.
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