
nCorresponding au
Tel.: þ39 832297386

E-mail address: f
Evaluation of the Wharton's jelly poroelastic
parameters through compressive tests on placental
and foetal ends of human umbilical cords
Francesca Gervasoa,n, Federica Boschettia,b, Giancarlo Pennatia
aLaboratory of Biological Structure Mechanics, Department of Chemistry, Materials and Chemical Engineering
“Giulio Natta”, Politecnico di Milano, Piazza Leonardo da Vinci 32, 20133 Milan, Italy
bIRCCS Istituto Ortopedico Galeazzi, Milano, Italy
 in rev

line 29
Received 20 November 2013 Received
13 March 2014
Accepted 18 March 2014 Available on
thor. Present address: Dep
; fax: þ39 832297240.

rancesca.gervaso@unisal
ised form

 March 2014
artment of Engineering for Innovation, University of Salento, Via Monteroni, Lecce 73100, Italy. 

ento.it (F. Gervaso).

http://dx.doi.org/10.1016/j.jmbbm.2014.03.016
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmbbm.2014.03.016&domain=pdf
mailto:francesca.gervaso@unisalento.it
http://dx.doi.org/10.1016/j.jmbbm.2014.03.016


1. Introduction

The umbilical cord (UC) is a cordlike structure about 50–60 cm
in length and 1–2 cm in diameter, extending from the
abdominal wall of the foetus to the placenta (that interfaces
with the maternal circulation). Its chief function is to carry
nourishment and oxygen from the placenta to the foetus and
return waste products to the placenta from the foetus. It
consists of a continuation of the membrane covering the
foetus and encloses a mucoid tissue, the Wharton's jelly (WJ),
through which one umbilical vein (UV) carries oxygenated
blood and two umbilical arteries (UA) arranged in coils
around the vein, carry unoxygenated blood. The Wharton's
jelly is a connective mucoid tissue (5% cells, 95% extra-
cellular matrix) rich in water (about 90%), described as a
three-dimensional spongy network of interlacing collagen
fibres, small woven bundles of glycoprotein micro-fibrils
apparently arranged at random.

The umbilical cord, as the lifeline to the foetus, has a
crucial importance for foetal well-being and development. In
order to guarantee blood flow to the foetus, the umbilical cord
structure is required to avoid reduction of the umbilical
vessel lumens that may occur as a result of external forces
due to foetal movements and uterine contractions. Morpho-
logical, histological and biomechanical properties of the cord
may influence the susceptibility to vascular occlusion and
their abnormal values can be associated with pathologic
conditions (i.e. preeclampsia, foetal growth restriction, dia-
betes, foetal demise).

However, so far, this complex structure has not yet been
thoroughly studied from a scientific point of view.

Most of the clinical studies examined the anatomy of the
umbilical cord with the aim of correlating the cord morphology
(e.g. UC coiling index, UC length and Wharton's jelly area) with
the pregnancy outcome (Degani et al., 2001; de Laat et al., 2005,
2006, 2007; Di Naro et al., 2001; Kashanian et al., 2006; Ochshorn
et al., 2009; Peng et al., 2006; Raio et al., 2003; Togni et al., 2007).
Furthermore, numerous studies investigated the ultra-structure
of either umbilical cord arteries and vein (Cetin et al., 2002;
Sexton et al., 1996; Stehbens et al., 2005) or matrix in healthy or
pathologic cases (Franc et al., 1998; Gogiel et al., 2003, 2005;
Romanowicz and Bańkowski, 2010a, 2010b)).

However, although an extremely sophisticated mechanism
of protection of the umbilical vessels against external forces is
expected, detailed biomechanical data are still lacking. As
underlined in a recent review by Ferguson and Dodson (2009),
the literature concerning the mechanics of the umbilical cord is
inadequate despite the fact that biomechanical studies would
be very important to understand the function of tissues of
normal and pathological umbilical cords.

The UC is subjected in utero to torsion, traction, compression
and bending due to foetal movements or cord encirclement
around foetal body parts (mainly nuchal); moreover, cord
compression is associated to uterine contractions. Previous
studies investigated the biomechanics of whole UC, measuring
tensile properties (Ghosh et al., 1984) and assessing the varia-
tion of the umbilical vein flow due to mechanical loading as
compression, twisting and longitudinal stretching (Dado et al.,
1997). Furthermore, Georgiou et al. (2001) evaluated the venous
perfusion in umbilical cords subjected to a standardized tight
encirclement force, comparing cords from normal pregnancies
and those complicated by gestational diabetes mellitus and
intrauterine growth restriction. Recently, Pennati et al. (2013)
investigated the hydraulic behaviour of the umbilical vein
during different cord compressions, suggesting a quite peculiar
non linear response: amazingly, for high cord compressions,
the pressure drop decreases when the flow rate increases. A
possible role of WJ mechanical response due to its poroelastic
behaviour was suggested to explain this occurrence, although
the specific mechanism acting during cord compression was
not demonstrated.

Referring to other poroelastic structures, finite element
modelling was applied to give insight into complex biome-
chanical behaviours of (e.g. Gupta et al., 2009; Chagnon et al.,
2010). Numerical models, though, require, the measurement
of the mechanical properties of UC components and the
definition of proper constitutive material models to be
implemented.

The mechanical behaviour of umbilical vessels has been
investigated by several authors. Bertrand et al. (1993) ana-
lysed tensile properties of both arteries and veins in circum-
ferential direction; Hellevik et al. (1998) and Li et al. (2006)
tested the umbilical veins in circumferential directions as a
basis for describing the pulse wave propagation and as
optional material for grafting, respectively; Pennati (2001)
reported the mechanical behavior of umbilical veins both in
circumferential and longitudinal direction. Conversely, a
single study investigated the biomechanics of WJ, measuring
its tensile stiffness and viscoelasticity (Pennati, 2001).

WJ reduction has been invoked as a possible cause of
foetal complications (Di Naro et al., 2001). Peng et al. (2006)
reported that a localized deficiency of Wharton's jelly and an
increase in collagen content can be found in all cases of
umbilical cord stricture that has been established as one of
the main causes of intrauterine foetal demise. The Wharton's
jelly is hence expected to play a key role in sustaining
compressive loads.

In the present study the biomechanics of the human WJ
under compression are investigated, since compressive stres-
ses are expected in vivo as a consequence of either compres-
sion, bending or torsion forces, and could compromise the
pregnancy outcome (Baergen, 2007; Takahashi et al., 2006).
Moreover, since differences may occur in mechanical proper-
ties of different segments as observed for coiling index
(Blickstein et al., 2001), measurements are performed on
samples obtained from foetal and placental ends. In particu-
lar, since WJ is extremely rich of water, a poroelastic
approach is adopted and multi-ramp confined and uncon-
fined compression tests are performed in order to obtain
material parameters.
2. Materials and methods

2.1. Sample preparation

Twenty umbilical cords were collected from term Caesarian
deliveries, after uncomplicated pregnancies, at the Obstetric
Unit of the Department of Clinical and Biological Sciences of



the University of Milan, Italy. Institutional review board
approval was obtained at the hospital. All women who
donated cord specimen for research did so voluntarily after
giving informed consent. During surgery the complete
placenta-cord system was extracted, according to the normal
medical procedure. A cord segment of roughly 30 cm was
excised, blood was heparinized and expressed from both
umbilical arteries and vein to avoid clot formation; UC was
then immersed in phosphate buffered saline (PBS: 0.15 mmol/
l NaCl; 1.54 mmol/l NaH2PO4; 2.71 mmol/l Na2HPO4, pur-
chased from Sigma-Aldrich Srl, Milan, Italy) containing pro-
tease inhibitors (PI: 1 mmol/l phenylmethyl-sulfonyl-fluoride;
2 mmol/l EDTA; 5 mmol/l benzamidine; 10 mmol/l N-ethyl-
maleimide, purchased from Sigma-Aldrich Srl, Milan, Italy)
and transported to the laboratory.

Half of the cords were used for preliminary tests, neces-
sary to define the testing protocol. The preliminary tests were
performed to assess (i) the necessity of WJ preconditioning,
(ii) the recovery time, (iii) the possibility of freezing samples
without significant changes in mechanical properties (iv) an
estimate of the tissue strain state corresponding to in utero
conditions and (v) the completion of relaxation. In summary,
the preliminary test results (data not reported) showed that:
(i) the conditioning of the tissue can be fully reached after 12
cycles; (ii) an elapsing time of 4 h between two tests on the
same sample is enough to take the tissue back to its initial
condition; (iii) WJ can be properly stored at �27 1C; (iv) after a
creep test at 2 kPa (i.e. 15 mmHg, corresponding to the UV
pressure) a strain of about 40% was measured; (v) the
asymptotic value of the stress was reached after about
20 min (ratio between stresses measured at 17 and 20 min
was approximately equal to 1 (Pennati, 2001)).

The umbilical cords subjected to the testing protocol
(n¼10) were cut in two parts (labelled as foetal and placental
according to their position, Fig.1a) about 12 cm long and
frozen at �27 1C.

At the time of mechanical testing, from each part of the
frozen cord three slices of about 1 mm of thickness were cut
off with a custom microtome and a disk of 5 mm was
obtained by punching in the cord region free of vessel lumens
or walls (Fig.1b). Two of the four slices were used for
compression tests and one for porosity measurements. The
remaining cord tissue was kept frozen for further investiga-
tions, not reported in the present study.
Foetal side

Placental
side

Fig. 1 – (a) Umbilical cord before samples preparation; the cord is
their position; (b) umbilical cord slice; the black circle in the pic
obtain the 5 mm diameter Wharton’s jelly specimen.
2.2. Compression test and porosity measurements

According to the expected biphasic behaviour of WJ and to
preliminary test results, confined and unconfined compres-
sion tests were performed following a protocol similar to the
one previously developed for articular cartilage (Boschetti
et al., 2006). The protocol consists of the following steps:
(a) thickness measurement, (b) tissue preconditioning, (c) tissue
preloading to physiological conditions, (d) multi-ramp uncon-
fined compression stress–relaxation test, (e) tissue recovery,
(f) multi-ramp confined compression stress–relaxation test
(repeating steps a–c).

First, the sample was placed between the two stainless
steel plates of a testing machine (Bose ELF 3200) equipped
with a 22 N loading cell and a constant force of 0.01 N was
applied in order to guarantee a uniform contact with the
specimen; the load was maintained until a constant displace-
ment was reached and the corresponding distance between
the two plates was recorded and assumed as the thickness of
the sample (hsample). Subsequently, twelve cycles of precon-
ditioning up to 40% strain were executed at a 0.01 mm/s
cross-head velocity, then the 40% strain was kept for 20 min
as a physiological preload: the imposed preload was neces-
sary since the Wharton's jelly exhibits a significant material
non-linearity (Pennati, 2001) and the present tests aimed to
evaluate WJ mechanical response to external loads in in utero
conditions. Finally, three further unconfined compression
ramps of 5% strain (referred to initial specimen thickness)
each followed by 20 min of relaxation, were performed.

At the end of the unconfined test, the samples were
immersed in the PBSþPI for 4 h according to the recovery
test results. The confined compression was performed pla-
cing the sample in a confining chamber with a porous floor
filled with PBSþPI and using the same protocol of the
unconfined test.

The cord slices were deprived of the amniotic cover and
the vessel walls in order to obtain the porosity of the sole jelly
component. The hydrated specimens were weighed with an
analytical balance (Sartorius, resolution: 10�5 g), dried in
oven at 40 1C for 48 h and weighed again.

The porosity was then calculated using the following

φ¼ Vwet�Vdry

Vwet
¼ Wwet�Wdry

Wwet
cut in two parts labelled as foetal and placental according to
ture indicates the area among the three vessels punched to
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Fig. 2 – Stress–relaxation response to compression test in
the confined and unconfined configuration for two WJ
samples.
where V and W are respectively the volume and the weight of
the sample in the wet and dry state and assuming the
Wharton's jelly density equal to the water one, since a
porosity around 95% is expected (Sloper et al.,1979).

2.3. Poroelastic model of WJ

The linear biphasic media theory (Mow et al., 1980) was
adopted to describe the Wharton's jelly mechanical compres-
sive behaviour. The Wharton's jelly was modelled as a
composite material consisting of two phases, a solid matrix
representing the extra-cellular matrix, and a fluid. The solid
phase was assumed incompressible and two parameters, the
Young modulus (E) and the Poisson ratio (v) describe its
isotropic linear elastic behaviour. The fluid is incompressible
and its interaction with the solid matrix is represented by the
hydraulic permeability K.

Using the equilibrium stress–strain data of the unconfined
and confined compression tests, the Young modulus (E) and
the aggregate modulus (HA) were respectively calculated as
the ratio between the asymptotic stress values and the
imposed strain values. From E and HA values, the Poisson
ratio can be analytically calculated inverting the following
relation:

HA ¼ Eð1�vÞ
ð1þ vÞð1�2vÞ

The hydraulic permeability values (K) were found by fitting
the confined stress–relaxation data to the analytical solution
and minimizing the least square differences in stress.

The confined stress–relaxation analytical solution based
on the linear biphasic theory was implemented and used to
simulate the confined stress–relaxation test:
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Where _ε0 is the strain rate and t0 is the load phase time.
In order to best-fit the data, the least squares method was

used. According to this method, the parameters of the model
function are adjusted in order to best fit the experimental
data set. The best-fit will be reached when the sum (S) of
squared residuals reaches its minimum, a residual (r) being
the difference between the experimental value and the fitted
value provided by the model.

S¼ ∑
n

i ¼ 1
ri
2

ri ¼ yi�f ðxiβÞ

The value of the permeability K was estimated for each
single ramp and then expressed as a function of strain.

2.4. Statistical analysis

For each cord the poroelastic properties of sixty WJ samples
were investigated. Twenty samples for each cord extremity
underwent compression tests and ten samples for each side
were used for the porosity measurement. The percentage of
stress relaxation was calculated as the difference between
the peak stress and equilibrium stress divided by the peak
stress. The values of the measured and calculated parameters
(HA, E, ν, K, ϕ) are reported as mean7standard deviation. The
mechanical parameters of the foetal side were compared to
those of the placental side by t-test and the differences were
considered significant when po0.05.
3. Results

The umbilical cord slices had an average thickness of
1.270.2 mm, the resulting strain rate used in the test was
therefore equal to 0.0083 s�1.

Ten WJ samples for each umbilical cord side were
weighted both in wet and dry state. The porosity resulted
equal to 93.571.7% and 88.376.0% for foetal and placental
ends respectively (n¼10 each side). The porosity at the foetal
end is therefore slightly higher than the porosity at the
placental end (significant difference, p¼0.014).

In Fig. 2 the confined and unconfined compression
responses for two samples are shown. The material exhibits
a transient stress–relaxation behaviour to the applied dis-
placement in both test configurations and is highly viscoe-
lastic showing a percentage of relaxation of �90% and �85%
in the unconfined and confined configurations, respectively.
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The equilibrium stress is reached in about 5 min in the
confined compression and in about 15 min in the unconfined
test. Moreover, in order to evaluate the stress relaxation time
in the two test configurations, the time at which the stress
reaches the 70% of its peak value was calculated for both
confined and unconfined compression. According to this
criteria, the stress relaxation time of the unconfined com-
pression results almost triple of the stress relaxation time of
the confined compression. Since the differences between the
stress–relaxation times of the two test configuration was
considerable, none statistical analysis was performed.

As expected, the peak stress in the confined configuration
is significantly higher than in the unconfined one where the
sample is free to expand radially.

The values of HA and E were calculated for each sample at
the three imposed strains and their averages and the stan-
dard deviation at both foetal and placental sides are reported
in Fig. 3. The two moduli increase with strain and, for both of
them, the placental side values are significantly lower than
the foetal side for each strain value (po0.05). The Poisson
ratio was analytically calculated from measured HA and E
values. However the coefficient of variance for these data is
so high that a possible influence of the strain value on this
parameter cannot be postulated. (Fig. 4). The fitting of a single
stress–relaxation ramp by the analytical solution is reported
in Fig.5: the adopted poroelastic model could properly fit the
experimental data. The values of the permeability, K, calcu-
lated for each single ramp are reported for foetal and
placental sides in Fig. 6; the permeability values decrease
with strain, as expected, and this behaviour is more empha-
sised for the placental side. Although the foetal side values
are lower at every strain value analysed, the differences
were statistically significant only at the lowest strain value
(i.e. 45%).
4. Discussion

A protocol for testing the Wharton's jelly of the umbilical
cord in compression was successfully developed; a poroelas-
tic approach was followed that allowed the estimation of the
WJ compressive poroelastic parameters. The porosity of the
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WJ was properly measured and the obtained mean porosity
values are in agreement with the literature results (Sloper
et al., 1979).

Stress–relaxation multi-ramp confined and unconfined
tests were successfully performed onWharton's jelly samples
excised from both placental and foetal side of ten frozen
umbilical cords.

In order to evaluate the freezing effect on the mechanical
properties of the Wharton jelly samples, preliminary tests
have been performed. Five samples underwent stress–relaxa-
tion test after and before freezing (�27 1C for 48 h). The
results were analysed in terms of peak and relaxation force
values ratio between post- and pre-freezing. The differences
between the two tested situations were not significant, there-
fore we assumed that the Wharton's jelly can be stored at
�27 1C without inducing significant variations in its biome-
chanical properties. We would like to underline that, as
reported by other authors (ref), the freezing do effect the
biochemical analysis of some biological tissues. However,
Chow and Zhang (2011), for example, in their study on the
aortic tissue, showed that freezing influences the biochemical
composition but does not influence the mechanical proper-
ties. Our study on Wharton's jelly was focused on the
mechanical properties of the tissue and none biochemical
analysis was performed. Therefore, the freezing influence on
the mechanical properties only was assessed.

The material shows a marked viscoelastic behaviour. In
the present study the WJ matrix was assumed linear elastic,
therefore, the WJ viscoelasticity was attributed merely to the
water movements through the spongy network of collagen
fibres and glycoproteins micro-fibrils. From the stress–relaxa-
tion curves it could be noticed that the WJ reaches the
equilibrium stress faster in the confined configuration than
in the unconfined configuration. During confined compres-
sion, the sample lies on a porous filter and its lateral
expansion is avoided by the confining chamber, therefore
the water movement is uniquely in the axial direction.
Conversely, during unconfined compression, the sample is
compressed between two impermeable plates, it can freely
expand radially and water moves predominantly in the radial
direction. According to these considerations and in the
hypothesis of considering only the fluid-dependent viscoe-
lasticity, it could be hypothesised that the permeability of the
Wharton's jelly is not isotropic. Therefore, since the axial
direction of the sample in the compression test is also the
axial direction of the umbilical cord it could also be specu-
lated that the permeability of the WJ in the radial direction is
lower than the permeability along umbilical cord axis. The
peak stress is of course influenced by the test configuration
and, as expected, it is higher in the confined compression in
which the sample is not free to expand radially. The confined
and unconfined compression experiments allowed to obtain
the three compression parameters (HA, E, K), according to the
poroelastic model. To the best of our knowledge, up to date,
the data reported in the present study are the first available
on the compressive properties of Wharton’s jelly, therefore a
comparison with literature is not possible. However, we can
hypothesize that the relatively high peak stress values could
be necessary to contrast possible not desired, usually rapid,
foetal movements. On the contrary, the very low stress at
equilibrium could be due to allow the regular vessel wall
motion due to the blood pressure occurring in a very long
time scale. These suppositions suggest that the Wharton’s
jelly plays an important role in the protection mechanism of
the foetus during pregnancy.

A dependence of the three material parameters (HA, E, K)
on the position (foetal and placental side) was observed,
showing a non-homogeneity in the mechanical properties
of the tissue. According to our results, the Young modulus
and the Aggregate modulus at equilibrium are significantly
higher at the foetal side where, conversely, the permeability
is significantly lower. However, although significant differ-
ences were detected between the distal and proximal Whar-
ton’s jelly compression parameters, a consistent interpre-
tation of these findings is very arduous to carry on. Li et al
(2006) investigated the differences between foetal and pla-
cental morphology and mechanical properties of the umbili-
cal cord vessels walls only, therefore, again a precise
comparison of our results with the literature is not possible.
Nevertheless, they found a significant changes between the
umbilical vein extracted at the two cord extremities, with
higher stiffness at the foetal end. This is in agreement with
our findings for the WJ. In order to give a reliable explanation
of the reasons why WJ shows non-homogeneous mechanical
properties, further investigations are needed. Future work on
the topic will include a second set of experimental tests (such
as SEM observation and ECM biochemical analyses) with the
purpose of correlating the WJ mechanical properties to the WJ
composition. Hopefully, the future findings will help to
understand why the compressive poroelastic parameters of
the foetal side of the umbilical cord are significantly different
from the placental side.

As already underlined above, in the present study,
the hydraulic permeability was estimated fitting the experi-
mental data to the analytical solution that considers the
matrix linear elastic. In our simplified model the estimated
permeability is purely attributed to the fluid movements
through the WJ matrix fibers. Actually, the matrix could
also be intrinsically viscoelastic. The permeability we esti-
mated would be, in this case, a “global value” not able
to discriminate between the fluid-dependent viscoelastic
contribution and the intrinsic viscoelastic contribution.
In order to verify the WJ matrix nature, a direct measurement



of the hydraulic permeability should, therefore, be performed
and a comparison between the measured and estimated
values carried out.
5. Conclusions

The mechanical properties in compression of the Wharton’s
jelly of the umbilical cord were investigated. A poroelastic
approach was adopted that considered the WJ a biphasic
material made of a linear elastic incompressible solid phase
and of an incompressible fluid phase. According to the
adopted biphasic model, the poroelastic parameters HA, E, K
and their dependence on the umbilical cord location (foetal or
placental side) were properly evaluated. The estimated para-
meters showed a strong dependence on the strain value
applied and on the position suggesting the existence of a
correlation between the WJ composition and the UC function
that requires further investigations.
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