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1 Introduction

Vascular inflammation is an established marker of cardiovascular pathogenesis, but
its role on arterial tissue biomechanics is not well understood. Inflammation has
been identified as a risk factor for many adverse cardiovascular events [1], and is
associated with increased risk even in apparently healthy individuals [2]. Inflam-
mation is now widely regarded as a major contributing factor in the pathogenesis
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of atherosclerosis [3, 4]. The inflammatory process is also associated with the
development of aneurysms [5]. Furthermore, aneurysms with acute inflammation
have been demonstrated to exhibit an increased rate of expansion [6–8].

These diseases involve extensive vascular remodelling changes to tissue biome-
chanics, but outside of gross changes to artery behaviour little work has been done
on isolating the effect of inflammation on tissue biomechanics. There is a wealth
of literature associating the presence of both acute and chronic inflammation with
increased arterial stiffness as indicated by in-vivo measurements such as pulse-
wave velocity (PWV) [9–12] but the mechanisms behind this remain unclear.
Furthermore, while measurements such as pulse-wave velocity can illustrate the
gross behaviour of arterial biomechanics under physiologic loading conditions, the
precise effects of inflammation on the biomechanics of arteries remain relatively
unexplored. The use of liposaccharides as a means for producing animal models
of inflammation is well established. Intra-amniotic delivery of LPS to the fetus
is widely used to model perinatal inflammation, though very few studies have
examined the effect of this inflammation on cardiovascular biomechanics; though
induced perinatal inflammation has been shown to alter haemodynamics and induce
structural changes in the heart and small vessels [13–20].

The development of reliable constitutive models of the artery is necessary in
order to better comprehend the mechanical component of cardiovascular disease
pathogenesis [21], as well as providing insight into the complex biomechanical
behaviours induced during therapeutical interventions such as arterial clamping and
angioplasty [22]. The aim of this project was to develop constitutive models for the
aorta of LPS-treated and non-treated lambs, so as to assess the impact of perinatal
inflammation on arterial biomechanics. Changes in the arterial stiffness can lead to
arterial remodelling and dysfunction, and so its characterization can provide insight
into the nature of inflammatory processes, as well as being used to describe long
term changes in arterial structure due to active vascular remodelling processes.

2 Methods

2.1 Subjects

Intra-amniotic LPS has been shown to impact the cardiovascular development of
mouse [23] and rat [13] animal models, as well as impair function, alter the heart
structure and induce expression of the inflammatory markers cytokine interleukin-
1B and tumour necrosis factor in the myocardium of sheep [18, 24]. Foetal lambs
were exposed to intra-amniotic injections of either saline (control group n D 4) or
4 mg Escherichia coli LPS (2 mg/mL: Sigma-Aldrich; 055:B5) (LPS group, n D 6)
2 days prior to operative operative preterm delivery at 129 days gestation. Lambs
were then ventilated for 7 days, and then euthanized via 150 mg/kg of intravenous
pentobarbitone (Valabarb, Jurox, Australia) for post-mortem. The aortas from each
preterm lamb were excised for mechanical testing.
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2.2 Test Protocol

Due to the small size of the excised specimens, mechanical testing was conducted
via uniaxial loading of a ring-shaped specimen with a custom-built uniaxial test rig.
While uniaxial tension experiments are insufficient to fully characterize the three-
dimensional constitutive stress–strain relations of biological materials, these tests
can provide useful descriptive information of the mechanical behaviour [25].

Testing was conducted within 24 h of excision. Ring-shaped samples were
prepared by cutting the tubular specimen (i.e. the aorta) into smaller sections of
an approximate width of 1.5 mm via circumferential cuts normal to the central
axis (average of 8 rings per aortic specimen). Wall thickness (mean D 1.01 mm),
sample width (mean D 1.58 mm) and ring circumference (mean D 12.8 mm) were
measured optically via ImageJ. Average wall thickness was taken as the mean of 8
measurements, average wall width taken as the mean of 5 measurements and vessel
circumference measured directly with the measurement tool. The sample was then
mounted between two parallel metal wires and pre-stretched to the configuration
shown in Fig. 1 and preconditioning applied via loading–unloading cycles until a
repeatable displacement–force curve was obtained, as is standard for uniaxial testing
of biological soft tissues [26]. Preconditioning was conducted to a maximum strain
of 0.2 in all samples, and a repeatable mechanical response was noted after five
loading–unloading cycles. Before testing, images of the sample were again taken to
measure the initial distance between the pins (as shown in Fig. 1).

Fig. 1 Schematic of a uniaxial tension test of an arterial ring in the (a) reference and (b) deformed
configuration, and corresponding photograph of loaded specimen. Reproduced from [25]
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The approximate strain is calculated by measuring the displacement between the
two wires [27, 28]. The average stretch ratio in the circumferential direction �™avg is
most simply determined by:

�� avg D l C �rw

lo C �rw
(1)

where rw is the radius of the cylindrical wire and l and lo are the distances between
the centres of the wires. Wires were coated in oil so as to minimize friction at
the boundaries, and stress induced by friction was neglected from the analysis.
The sample was then extended at a constant rate of 0.1 mm/s until failure whilst
continuously measuring displacement and force.

2.3 Data Analysis

As the constitutive relations derived are intended to describe the mechanical
behaviour and allow for comparison between LPS-treated and control specimens,
data was processed in terms of the global stretch ratio consistently across specimens
[29]. It was assumed that the effects of any friction and bending stiffness would
be either negligible or relatively consistent across samples. Upon pre-loading the
sample force was noted to be approximately 0.01 N, as compared to an average
failure force of 2 N, indicating that the effect of bending stiffness was relatively
low. Thus, assuming the ring is free to move along the wire boundary, nominal
stress (Savg) will be given by:

Savg D Fexp

2 � Aavg
(2)

where Aavg is the average cross-sectional area of the ring, assumed to be rectangular,
Aavg D t � w, and Fexp is the measured tension. However, while the width of each
ring could be assumed constant, wall thickness around the ring was shown to vary
significantly, with some rings showing a variation in wall thickness up to 30%.
Thus, the assumption of constant cross-sectional area throughout the ring is invalid.
Assuming the ring breaks at the smallest cross-sectional area, with the data of
specimens which broke near the wires or in a region distinct from that of lowest
cross-sectional area discarded, the nominal stress at the smallest cross-sectional area
(Sb) can be determined from experimental data via:

Sbexp D Fexp

2 � Ab
(3)

where Ab is the smallest initial cross-sectional area, as calculated at the smallest
thickness. In order to derive a stress–strain relationship, it is necessary to relate the
global average stretch (�avg) to a stretch local to the point of failure (�b). Assuming
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circumferential force (F� ) is constant throughout the ring, circumferential stress will
be proportional to the initial cross-sectional area:

F� D Savg� Aavg D Sb� Ab (4)

If we assume isotropy and incompressibility, the strain energy function can be
expressed in terms of the first and second invariants of the Green strain tensor [30]:

W D �
W .I1; I2/ (5)

Assuming no shear, under uniaxial tension the strain invariants are given by:

I1 D �1
2 C 2

�1

; I2 D 2�1 C 1

�1
2

(6)

where �1 is the stretch in the direction of loading �� . An Ogden model [31] with
N D 1 proved a good fit (R2 � 0.97) for the data while utilizing few parameters,
given as follows:

W D �

˛

�
�˛

1 C �˛
2 C �˛

3 � 3
�

(7)

With nominal stress being given by:

S1 D �

�1

�
�˛

1 � �
�˛
2

1

�
(8)

where [�, ˛] are the particular coefficients of a given strain energy function. For
the given strain levels, the use of higher order models is not warranted, as indicated
by the goodness of fit. Determining the stretch ratio at the region of smallest cross-
sectional area (�b) is a not entirely trivial matter. In this particular case, �b was
determined via substituting Eq. (8) into the relation given by Eq. (4), such that:

�
�˛

b � �
�˛
2

b

�

�b
D Aavg

Ab
�

�
�˛

avg � �
�˛
2

avg

�

�avg
(9)

For the given measurements of Ab, Aavg and the range of values determined from
displacement data [�avg], an initial guess was made of the constitutive parameters
[�, ˛] and used to compute corresponding local stretch values [�b]. These values
of stretch were then used to compute Sb as per Eq. (8). Model calibration was
conducted via minimizing the error between this curve Sb��b and the curve derived
from experimental data Sbexp � �b, as determined from Eq. (3). Error was computed
via a least squares method weighted towards the low-strain region:

Error D
X �

1 � Smodel

Sexp

�2

(10)
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Error was weighted towards the low stress/strain region, as data in this region is
of more physiological relevance than that in the very high strain region. In addition,
data in the high stress–strain region is also influenced by factors not accounted
for in the model, such as tissue damage occurring prior to tissue failure. The
resultant fitted parameters [�, ˛] were then used to compute a new local stretch
as described above which was then input into Eq. (9), and this approach iterated
until successive error between computed constitutive parameters was negligible.
All model calibration was conducted via a custom MATLAB script. While initial
guesses for the constitutive parameters were at first selected arbitrarily, to reduce
calibration time the initial guesses were then set to values approximate to those
determined for early samples; [� D 2 � 10�4, ˛ D 10].

Shear modulus in the undeformed state was derived from the Ogden model via:

�o D 1

2
�˛ (11)

3 Results

Data from ten specimens (cut into approximately eight rings each) were utilized
(control n D 4, LPS-treated n D 6). LPS-treated lambs demonstrated a trend
towards higher wall thickness, though this finding was not significant (p > 0.35),
with aortic specimens from the control group having an average of thickness of
0.977 ˙ 0.073 mm and LPS-treated group 1.076 ˙ 0.079 mm (see Fig. 2).

Force-extension data of rings cut from a single specimen showed high consis-
tency (Fig. 3). Incorporation of the local stretch as determined by Eq. (9) affected the
estimates of the Ogden parameter � by up to 15%, and had no appreciable effect on
determination of the parameter ˛ (�0.1%). Fig. 4 illustrates the stress-stretch curve
as assessed by taking a constant cross-sectional area compared to the stress-stretch
curve computed with a locally determined stretch, for a representative sample.

The average constitutive parameters determined for the Ogden model were
not significantly different between groups (see Table 1, Fig. 5), although �

Fig. 2 Average wall
thicknesses of the aorta for
both the control and
LPS-treated groups with
standard deviations
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Fig. 3 Experimental force–displacement curves taken from a representative specimen (LPS-
treated)

trended higher in the LPS-treated group (� D 7.77 � 10�4 ˙ 6.96 � 10�4

versus 4.43 � 10�4 ˙ 3.67 � 10�4; p > 0.4). The ˛ parameter showed no
difference between groups (p > 0.85), with an average of 12.78 ˙ 0.58 MPa
(control D 12.96 ˙ 2.145, LPS-treated D 12.65 ˙ 3.378). A difference was
noted in the initial shear modulus, being higher in the LPS-treated group
(4.48 � 10�3 ˙ 3.71 � 10�3 MPa versus 2.70 � 10�3 ˙ 2.23 � 10�3 MPa),
although again variation was high and the finding was non-significant (p > 0.4).

4 Discussion and Conclusion

The relation between inflammation and cardiovascular disease is widely re-
searched, yet little data exists on the biomechanical impact of inflammation on
the aorta. Previous studies suggest that inflammation stiffens the aorta [32, 33];
however, these previous studies use in-vivo pulse-wave velocity with inherent
assumptions on aortic morphology, and not physical biomechanical ex-vivo testing.
Our preliminary ex-vivo data suggests that LPS-induced systemic inflammation
during foetal development does not greatly affect the biomechanical behaviour
(i.e. stiffness) of the aorta, as assessed by vessel constitutive parameters. The
development of these constitutive models provides valuable data on the precise
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Fig. 4 Representative stress-stretch curves from a single sample (LPS-treated): (a) stress-stretch
curve derived from the average stretch throughout the ring specimen; (b) stress-stretch curve at the
smallest cross-sectional area as computed during model calibration and (c) the Ogden model fit to
the computed stress-stretch curve at smallest cross-sectional area

Table 1 Collected values of constitutive parameters and initial shear modulus. Statistical signifi-
cance was not reached in any case

Group – � (MPa) ˛ �o(MPa)

Control Mean 4.43 � 10�4 12.96 2.70 � 10�3

Standard Dev ˙3.67 � 10�4 ˙2.145 ˙2.23 � 10�3

LPS-treated Mean 7.77 � 10�4 12.65 4.48 � 10�3

Standard Dev ˙6.96 � 10�4 ˙3.378 ˙3.71 � 10�3

effects on mechanical behaviour of perinatal inflammation. Although there was
on average a trend for LPS-treated arteries to be stiffer in the low-strain region,
a significant change in stiffness expected was not demonstrated. The majority of
prior studies employ pulse-wave velocity as an indicator of bulk stiffness, and thus
care must be taken when comparing this data to the material stiffness given by the
elastic modulus as measures of bulk stiffness are dependent on the thickness of the
artery [34].
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Fig. 5 Average constitutive parameters (a) � and (b) ’ computed for both LPS-treated and control
groups, with standard deviation

There are limitations to our work and it is possible the induced systemic
inflammation was insufficiently present in the foetal cardiovascular system—either
in severity or duration—to provoke a significant change in the biomechanics of the
aorta. The constitutive parameters determined are primarily intended for comparison
between treatment groups, and thus have not taken into account the potential impact
of boundary friction on the parameter values. For a more precise determination
of constitutive parameters, finite element method should be used [35]. The study
was further limited by the number of specimens; due to the high variability in
material properties between subjects, more data would be required to ascertain
what, if any, correlation exists between systemic foetal inflammation and arterial
biomechanics. This data represents a preliminary cohort, with testing of additional
subjects currently underway. As this article is focussed on assessing the passive
biomechanical response of the artery as an indication of structural remodelling, it
necessarily neglects the active response of the artery, largely mediated via nitric
oxide production [10].

In conclusion, this is the first study to assess the impact of inflammation on the
biomechanical response of the aorta, using ex-vivo test methods. We show that in
our preliminary cohort, inflammation does not significantly impact aortic stiffness,
and the preterm lamb can be represented by a first order Ogden constitutive model.
Further testing is needed to conclusively determine the effect of inflammation on
aortic biomechanics.
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