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Abstract—Atherosclerosis is a major risk factor for cardio-
vascular disease. However, mechanisms of interaction of
atherosclerotic plaque development and local stiffness of the
lamellar structure of the arterial wall are not well established.
In the current study, the local Young’s modulus of the wall
and plaque components were determined for three different
groups of healthy, mildly diseased and advanced atheroscle-
rotic human abdominal aortas. Histological staining was
performed to highlight the atherosclerotic plaque compo-
nents and lamellar structure of the aortic media, consisting of
concentric layers of elastin and interlamellar zones. The force
spectroscopy mode of the atomic force microscopy was
utilized to determine Young’s moduli of aortic wall lamellae
and plaque components at the micron level. The high
variability of Young’s moduli (E) at different locations of
the atherosclerotic plaque such as the fibrous cap (E = 15.5±
2.6 kPa), calcification zone (E = 103.7±19.5 kPa), and lipid
pool (E = 3.5±1.2 kPa) were observed. Reduction of elastin
lamellae stiffness (18.6%), as well as stiffening of interlamel-
lar zones (50%), were detected in the diseased portion of the
medial layer of abdominal aortic wall compared to the
healthy artery. Additionally, significant differences in the
stiffness of both elastin lamellae and interlamellar zones were
observed between the diseased wall and disease-free wall in
incomplete plaques. Our results elucidate the alternation of
the stiffness of different lamellae in the human abdominal
aortic wall with atherosclerotic plaque development and may
provide new insight on the remodeling of the aortic wall
during the progression of atherosclerosis.

Keywords—Aortic media, Young’s modulus, Lamellar struc-
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INTRODUCTION

The aorta is the largest vessel in the human circu-
latory system. The proper function of the aorta de-
pends directly on its elastic behavior which may change
during physiologic and pathologic processes such as
aging, hypertension, and atherosclerosis.2,6 It has been
noted that for normotensive and hypertensive patients,
the abdominal aorta has a greater involvement with
the disease of atherosclerosis than the thoracic aorta.19

The existence of complex flow near the aortic bifur-
cation may trigger atherosclerotic plaque formation in
the abdominal aorta.8,46 The correlation between the
progression of atherosclerotic plaque in the abdominal
aorta and coronary heart disease has been reported.25

The tunica media is the main load-bearing layer of
the aortic wall, which is characterized by concentric
lamellar structures. Such lamellar structure is built by
the repetition of a structural unit through the thickness
of the media. Each lamellar unit consists of an elastin
layer and an adjacent interlamellar zone in which
smooth muscle cells (SMCs) and extracellular matrix
(ECM) fibers, mainly collagen type I and III, are
found.52 Elastin fibers engage at low blood pressures
while collagen fibers bear the load at higher tensions.5

It is demonstrated that elastin constitutes up to 22% of
the dry weight of the human aorta.11 This abundant
elastin content allows the aorta to stretch when the
ventricle contracts and ejects blood during the systolic
phase to maintain and deliver blood flow throughout
the entire cardiac cycle.

It is well established that arteries are remodeled in
response to new circumstances through persistent
changes in composition and size, to maintain their
proper function and reduce the possibility of patho-
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logic conditions.51 Previous studies suggested that the
induction of non-physiologic ranges of wall tensile
stress and wall shear stress respectively due to pulsatile
blood pressure and pulsatile blood flow may lead to
arterial wall remodeling.28,42 It was shown that with
thickening and hardening of the arterial wall, circum-
ferential stress within hypertensive aortic wall remains
essentially unchanged in comparison with normoten-
sive arteries.34,44 For instance, in hypertensive rats the
number of lamellar units remains constant, while the
thickness of interlamellar zones increases.34

Although aortic stiffness has been typically exam-
ined at the level of the whole vessel using tensile
test,18,26 there is a growing interest in characterizing
mechanical properties of the aorta at the micron scale.1

Accessing this information is vital because the lamellar
units which govern the overall stiffness of the aorta are
detectable at this length scale. Moreover, the
mechanical characterization of atherosclerotic plaques
mostly developed in the abdominal aorta is important.
It is well established that micromechanical properties
of the arterial wall and atherosclerotic plaque can
influence the orientation, migration, proliferation, and
differentiation of both endothelial cells and
SMCs13,24,29,53 and may play a role in vascular disease
development.29 For instance, it has demonstrated that
increasing matrix stiffness promote endothelial per-
meability by destabilizing cell–cell junction and up-
grade leukocyte transmigration into the vessel wall
which is crucial for atherosclerotic plaques develop-
ment.24 It is also of special interest to investigate
mechanical properties of the lamellar structure of the
abdominal aorta during plaque development. Consid-
ering the heterogeneous structure of atherosclerotic
lesions, it is difficult to measure the mechanical prop-
erties of the arterial wall and atherosclerotic plaque
components with tensile test.35 Consequently, there is a
need to develop reliable, quantitative methods to ob-
tain the mechanical properties of vascular tissue at the
micro-scale.1

Atomic force microscopy (AFM) indentation has
introduced as a useful technique for the imaging and
mechanical characterization of biological tissues in
micro and nano-scales.10,12,21,48 AFM utilizes a sharp
probe mounted on a compliant cantilever which allows
probing of the surface of biological samples at small
indentation depths and low forces. The high spatial
resolution of AFM can provide a framework to
determine local mechanical properties of the arterial
wall and plaque components.21,48 Using nano-inden-
tation Ebenstein et al. determined the stiffness of fi-
brous tissue, calcification and the blood clot in human
atherosclerotic carotid arteries and demonstrated that
nano-indentation is a suitable method for the charac-

terization of heterogeneous plaque tissue.15 Lundkvist
et al. measured the elastic and viscoelastic properties of
healthy femoral arteries using AFM indentation.31

AFM test was also used to measure the Young’s
modulus of the subendothelial matrix in bovine carotid
arteries. The results showed that the Young’s modulus
of the endothelium and sub-endothelium layers are
very similar.39 Tracqui et al. and Hayenga et al.
reported the regional elastic properties of murine
aortic plaques using AFM.21,48 Moreover, using fre-
quency-modulated AFM, significant changes were
observed in the elastic and viscoelastic properties of
both elastic lamellae and adjacent interlamellar spaces
in female sheep aorta with aging.2

To the best of our knowledge, the effect of
atherosclerosis disease on the lamellar structure of
human abdominal aortic wall has not examined. In the
present study, using AFM indentation, we quantified
the stiffness of elastin lamellae and inter-lamellar zones
within the medial layer of abdominal aorta for healthy,
mildly diseased and advanced atherosclerotic samples.
Moreover, the stiffness of abdominal aortic wall in
diseased parts and disease-free segments of incomplete
plaques was compared based on its lamellar
microstructure. Additionally, precise data relevant to
the micromechanical properties of atherosclerotic pla-
que components within human abdominal aorta pre-
sented.

MATERIALS AND METHODS

Sample Preparation

At autopsy, 20 human aortas were harvested within
5 h postmortem from individuals who died due to
post-accident complications (Fig. 1a). The study pro-
tocol and the use of material from human subjects
were approved by Ethics Committee of Baghiatallah
Hospital, Tehran, Iran. Samples were held in ion-free
phosphate-buffered saline (PBS) solution at a temper-
ature of 4 �C immediately after removal to minimize
tissue degradation. Then, samples were frozen using
liquid nitrogen and kept at – 80 ºC. As others have
highlighted, freezing does not affect essential
mechanical properties of the arterial tissue.38,48 From
each sample, two cryo-sections with 20 lm thickness
were taken from the distal part of abdominal aortas for
indentation test and adsorbed on to glass slides.
Moreover, two serial sections with 5 lm thickness were
extracted for histological examination from the adja-
cent tissue of each 20 lm-thick section.48 Figure 1b
shows a typical 20 lm-thick aortic section prepared for
probing by AFM.
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Histological Examination

Histological staining was performed to provide
precise information about atherosclerotic plaque
composition and arterial wall structure during AFM
testing. The extracted 5 lm thickness sections were
dehydrated and stained with Hematoxylin and Eosin
(H&E) and Verhoeff Van Gieson (VVG). H&E stain-
ing was performed to highlight the general morphology
and different components of atherosclerotic plaques
including fibrous cap, lipid pool, and calcium deposits.
On H&E sections, connective tissues and calcified de-
posits were identified respectively by pink and blue hue
and lipid droplets characterized by the area of the
residual cholesterol crystals.17 VVG staining was used
to distinguish elastin lamellae from interlamellar zones
in the abdominal aortic wall.9 After staining, slides
were photographed by a transmitted light microscope
(Leica DMLB2) equipped with a digital camera (Leica
DFC 480).

The type of atherosclerotic plaques was determined
according to the published protocol.43 Then samples
were categorized into three different groups of healthy,
mildly atherosclerotic (Lesion types II, III and IV) and
advanced atherosclerotic arteries (Lesion types V, VI).
As can be seen in Table 1, there were no significant
differences between the average ages of subjects allo-
cated to different groups.

Figure 2a represents a VVG staining of the
abdominal aortic wall consists of elastin lamellae (dark

areas) and interlamellar zones (light zones). To find the
volume fraction of elastin lamellae in the abdominal
aortic wall section, resultant images of VVG staining
were converted to black and white using ImageJ soft-
ware (Fig. 2b). After the elimination of plaque section
together with small artifacts from the image, the ratio
of black pixels number (elastin lamellae) to total
number of pixels was calculated as a volume fraction
of elastin lamellae (fI). The volume fraction of inter-
lamellar zone (fII) was determined as below:

fII ¼ 1� fI ð1Þ

To minimize location dependency, the volume
fractions were measured in several locations and the
average value was used in further calculations.45

AFM Indentation

The force-spectroscopy mode of the AFM
(Nanowizard III, JPK Instruments AG, Germany) was
utilized to apply nano-indentation. Three hours before
the test, prepared slides with 20 lm thickness were
transferred to PBS solution for freeze-thawing of
samples. Slides were placed on the petri dish and
immobilized. Then, PBS solution was added, and the
petri dish was placed on the AFM stage. All experi-
ments were made in liquid medium (PBS soluble) at
room temperature. Samples were indented by a
CSC17/noAl cantilever (MikroMasch, USA) with a

(a) (b)

FIGURE 1. Sample preparation prior to the test. (a) An aortic sample obtained by autopsy. (b) A typical slice of abdominal aorta
prepared for AFM testing.

TABLE 1. Subject information and characteristics of examined samples.

Sample Healthy artery Initial plaques Advanced plaques ANOVA P value

Abdominal aorta

Number 6 8 6

Age 35.6 ± 4.1 39.3 ± 4.9 41.3 ± 4.3 0.112 (NS)

Hypertension – 2 1

Diabetic mellitus – – 2
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nominal spring constant of 0.15 N/m and a conical
shaped tip. Based on thermal noise calibration
method,23 the spring constant of the cantilever was
calculated as 0.15 ± 0.07 N/m.

Before conducting AFM tests, several straight lines
were considered as indentation paths in the histological
images throughout regions of interest within the sam-
ples. As suggested previously,48 AFM tests were per-
formed at different locations by line scan and the
results were reported as a function of distance. An area
of 10 9 10 lm2 was selected for indentation of 10
points in each site. The Young’s modulus was calcu-
lated for all points, and the average value was reported
for each site. Then, histological images were compared
with data acquired from the indentation tests and used
for determination of indentation sites. The average of
measurements at several sites within each component
of atherosclerotic plaque and arterial wall was reported
as the Young’s modulus of each constituent. Due to
the correlation between AFM and histological images,
an accurate identification of the AFM probed site was
made.

Tests were conducted on both atherosclerotic pla-
ques and arterial walls. Samples from cross sections of
atherosclerotic plaques were divided into eccentric and
concentric plaques. Four different areas including cal-
cification zone, fibrous cap, lipid pool and intimal
fibrosis were specified in atherosclerotic plaques. To
further elaborate, the fibrosis tissue beneath the plaque
was distinguished from the fibrous cap and its stiffness
was reported under the title of intimal fibrosis region.
For eccentric atherosclerotic plaques, the arc of the
artery circumference that was free of disease was
determined and indentation tests were performed on

both disease-free and diseased parts of the abdominal
aortic wall to examine effects of plaque formation on
the elastic properties of the abdominal aortic wall.
Considering the lamellar structure of the aortic media,
distinct Young’s moduli were determined for elastin
lamellae and interlamellar zones.

Data Analysis and Mechanical Characterization
of Atherosclerotic Aortas

In the course of indentation, the cantilever tip
interacts with the sample and deflects. This deflection is
measured by the positioning of the laser beam which is
reflected off the cantilever arm. The cantilever arm is
attached to a piezoelectric element able to move in the
lateral and vertical directions. The indentation depth
(d) is calculated as:

d ¼ ðd� d0Þ � ðz� z0Þ ð2Þ

where (d) and (z) represent deflection of the cantilever
tip and position of piezoelectric crystals and d0 and z0
stand for cantilever deflection and the piezoelectric
position on the contact point of the tissue surface and
tip. For small deflections, the cantilever can be con-
sidered as a linear spring. Hence, by knowing the
cantilever deflection and spring constant, the applied
force can be determined using Hooke’s law.16 A typical
force–indentation curve is shown in Fig. 2c. By
applying the Hertz model to the force–displacement
curves, the Young’s modulus of samples can be
determined. The Hertz model assumes the sample to be
an isotropic and linear elastic material and neglects the
interaction between the indenter and sample.27 The
assumption of linear elasticity for biological tissues is

(a) (b)

FIGURE 2. (a) The VVG Staining of an aortic media. Dark regions in the tissue section represent elastin lamellae and light-colored
regions denote interlamellar zones, including collagen fibers and SMCs (Layer II); (b) For volume fraction computation, each image
was converted to black and white, the artifacts were removed by filtering and the proportion of number of black pixels (elastin
lamellae) to the total number of pixels was defined as the volume fraction. For this typical mildly diseased abdominal aorta, the
volume fraction of elastin lamellae is equal to 24%.
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only valid for small deformations such as conditions of
AFM indentation test. Hence, the Young’s modulus
acquired by AFM indentation may be considerably
different to those obtained by other compression tests
in which the range of strains are considerably higher.10

Considering the geometrical shape of the cantilever
tip, different constitutive equations have been sug-
gested for calculation of Young’s modulus based on
applied force and indentation depth. The force–in-
dentation equation for conical cantilever tip can be
written as:

F ¼ 2 tanðaÞ
pð1� l2SampleÞ

ESampled
2 ð3Þ

In this equation, F and d respectively show force
and indentation depth, parameter E represents the
Young‘s modulus and l the Poisson’s ratio of the
sample.30 Considering the incompressibility of soft
biological tissues, the Poisson’s ratio of samples was
assumed to be 0.5. Parameter a represents the cone
angle half angle, which was 20� for the cantilever used
in our experiments.

Statistical Analysis

Considering the normal distribution of the majority
of data obtained by AFM test, the results were ex-
pressed as mean and standard deviation of Young’s
moduli for each specified location. The t test analysis
was carried out to compare Young’s modulus values
between the paired groups. For conducting statistical
analysis to compare three groups of healthy, mildly
diseased and advanced atherosclerotic arteries, one-
way ANOVA test was performed. The statistical sig-
nificance level was considered to be P = 0.05.

RESULTS

The Stiffness of Aortic Wall and Plaque Components in
Typical Samples

Figure 4 provides histological images (H&E stain-
ing) and histograms of Young’s moduli of typical
healthy and atherosclerotic abdominal aortas. The
indentation test was performed by line scan (dash line
in Fig. 4) and the results related to typical locations
were represented in the histograms. For a typical
healthy abdominal aorta, shown in Fig. 4a, the aver-
age Young’s moduli for 5 different sites at the lamellar
structure of the arterial wall are presented in the his-
togram. It was observed that the average Young’s
modulus within the areas 1, 3 and 5 located on the
elastin sheets was greater than the calculated values
within the areas 2 and 4 located on the interlamellar
spaces. Consequently, our data on the stiffness of
healthy abdominal aorta can be divided into two
groups, the upper range related to the stiffness of
elastin sheets and the lower range related to the space
between them.

For a typical atherosclerotic abdominal aorta with
initial plaque shown in Fig. 3b, the calculated average
Young’s modulus of interlamellar zones (Locations 2
and 4) was less than 40% of the reported value for the
elastin lamellae (Locations 1 and 3). The average
Young’s modulus at the thickened intima formed by
fibrous tissue, SMCs and lipid droplets (Location 5
and 6) was about half of that of interlamellar zones
within the tunica media. Of special interest is that the
standard deviation of Young’s modulus at intimal
fibrosis of initial abdominal aortic plaques was rela-
tively small, which means this component can be
considered generally homogeneous.

FIGURE 3. Measuring the Young’s modulus of atherosclerotic plaque components based on AFM test. (a) Spatial variables for
determination of plaque stiffness. The indentation depth d is related to the imposed displacement z and cantilever deflection d. (b)
A typical force-indentation curve which is related to an elastin sheet within abdominal aorta media.
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Figure 4c represents histological images of a typical
advanced atherosclerotic lesion within the abdominal
aorta and the related histograms which display the
Young’s moduli of specific regions of the arterial wall
and atherosclerotic plaque. The fracture of elastin
membranes, as well as the suppression of the media
layer underneath the atherosclerotic plaque, was

observed in the histological images. Large amounts of
collagen fibers were detected in the diseased intima;
however, elastin fibers were scarce in the atheroscle-
rotic intima. The average Young’s modulus at inter-
lamellar spaces (Location 1 and 3) reached to nearly
half of Young’s modulus of elastin lamellae within the
media layer (Location 2). The calculated Young’s

Sample Histological image Histogram

(a)

(b)

(c)
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FIGURE 4. The location of AFM test specified on the stained abdominal aorta arteries. Related histograms represented the
calculated Young’s modulus in specified locations. The horizontal axis of histograms represents the indentation location number
and the vertical axis indicates the average calculated Young’s modulus within the zone. (a) The H&E staining of a cross section of
healthy abdominal aorta and the related histogram. (b) The H&E staining of a cross section of mildly atherosclerotic lesion within
abdominal aorta and the related histogram. (c) The H&E staining of a cross section of an advanced atherosclerotic plaque within
abdominal aorta and the related histogram.
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modulus at the fibrous tissue beyond the lipid pool
(Location 4) was higher than the Young’s modulus at
the fibrous cap (Location 9). The minimum and max-
imum values of Young’s moduli were those of the lipid
pool (Location 5, 8) and calcification zone (Location 6)
respectively.

The Stiffness of Healthy, Mildly Diseased and Advanced
Atherosclerotic Arteries

Figure 4 shows results of Young’s moduli of typical
abdominal aortas and the overall results of all subjects
are presented in Table 2. The average and standard
deviation values of calculated Young’s moduli at dif-
ferent locations of the arterial wall and plaque com-
ponents for all examined subjects are shown in Table 2
together with statistical analyses to compare Young’s
moduli of three groups of subjects. Considering the
large number of probed sites which were chosen ran-
domly, the presented results were independent of
locations of indentation. Except for intimal fibrosis in
the mildly diseased samples, results not only indicated
a significant heterogeneity in mechanical properties of
atherosclerotic plaques, but also showed large varia-
tions in Young’s moduli within plaque components. It
was found that the lipid pool and calcification zone are
the softest and stiffest components of atherosclerotic
plaques. Moreover, the fibrosis tissue within
atherosclerotic plaques became significantly stiffer with
plaque progression. In addition, a significant difference
was found between the stiffness of fibrous cap and the

fibrosis tissues beneath the lipid pool in the advanced
atherosclerotic plaques (P< 0.05).

The stiffness of elastic lamellae and interlamellar
zones within the diseased parts of media layer of initial
atherosclerotic lesions in the abdominal aorta was
comparable with that in normal arteries. However,
there were significant differences between Young’s
moduli of elastin lamellae and interlamellar zones of
mildly atherosclerotic and advanced atherosclerotic
abdominal aortas (P< 0.05). With the formation and
development of atherosclerotic plaques, the stiffness of
elastin sheets of the aortic wall quantified by their
Young’s modulus decreased almost 18.6% and con-
versely, the stiffness of interlamellar zones increased up
to 50%, which might be respectively related to the
disruption/degeneration of elastin fibers and collagen
deposition. Moreover, the average volume fraction of
elastin lamellae was determined for healthy arteries,
mildly diseased arteries, and advanced atherosclerotic
lesions (Table 2). A gradual reduction of volume
fraction of elastic lamellae (P> 0.05) with atheroscle-
rotic plaque development was observed.

Comparing the Stiffness of Diseased and Disease-Free
Portions of the Aortic Wall

Of particular interest is to investigate effects of
plaque development on the mechanical properties of
media layers both in diseased and disease-free portions
of the arteries. Table 3 compares the average Young’s
modulus of disease-free segments and diseased parts in

TABLE 2. The mean and standard deviations of elastic modulus (kPa) at various regions of healthy, mildly atherosclerotic and
advanced atherosclerotic abdominal aorta arteries based on AFM test.

Different groups Statistical analysis

Group A:

healthy samples

Group B: mildly

diseased samples

Group C: advanced

atherosclerotic lesions

t test t test ANOVA

P value P value P value

A–B B–C A–B–C

Volume fraction 26.3% 24.5% 22.1%

Elastin lamellae 38.7 ± 4.1 (kPa)

9 sites

36.2 ± 4.4 (kPa)

12 sites

31.5 ± 3.6 (kPa)

8 sites

0.2006 (NS) 0.0220 (*) 0.0046 (*)

Interlamellar zones 10.6 ± 3.1 (kPa)

10 sites

12.7 ± 3.6 (kPa)

11 sites

15.9 ± 3.7 (kPa)

8 sites

0.4645 (NS) 0.0238 (*) 0.0092 (*)

Intimal fibrosis – 7.9 ± 2.9 (kPa)

9 sites

19.1 ± 3.4 (kPa)

6 sites

– 0.0001 (*) –

Lipid pool – – 3.5 ± 1.2 (kPa)

7 sites

– – –

Fibrous cap – – 15.5 ± 2.6 (kPa)

8 sites

– – –

Calcified zone – – 103.7 ± 19.5 (kPa)

6 sites

The lamellar structure was considered for the medial layer of the abdominal aorta and four different zones were specified in the advanced

atherosclerotic plaques. The number of probed sites on each component are stated. The elastic moduli of fibrous tissue beneath the plaque in

advanced atherosclerotic lesions were separated from the fibrous cap and reported under the title of intimal fibrosis. Parameter * describes

the statistically significant difference between compared groups.
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mildly diseased and advanced atherosclerotic abdom-
inal aortic samples. In aortas with advanced plaques, a
significant increase in the stiffness of the interlamellar
zones (corresponding to higher Young’s modulus) and
a significant decrease in the stiffness of elastin lamellae
were observed in diseased parts of the arterial wall
compared to disease-free segments (P< 0.05). Statis-
tical analysis did not show significant alteration in the
Young’s moduli of elastin lamellae and interlamellar
spaces between healthy arteries (Table 2) and disease-
free segments of atherosclerotic lesions (P> 0.05).
However, a gradual increase of Young’s modulus of
interlamellar zones and a decrease of elastin lamellae
stiffness in disease-free segments of abdominal aortic
media can be observed in comparison with healthy
arteries. Hence, it can be concluded that the formation
and progression of atherosclerotic plaques not only
affects the stiffness of media layer behind the plaque
but also influence the stiffness of disease-free parts of
abdominal aortic media to a lesser extent.

DISCUSSION

It has been demonstrated that the AFM technique is
a powerful tool for quantitatively assessing the local
stiffness differences in soft tissues.2,21,39,48 Using AFM,
we provided new insights into the behavior of the
abdominal aorta in response to formation and pro-
gression of atherosclerotic plaque. To the best of our
knowledge, this is the first study which shows how the
stiffness of both elastin lamellae and interlamellar
zones within human abdominal aortic media change
during atherosclerotic plaque development. Moreover,
the Young’s moduli of different components of
atherosclerotic plaques within the abdominal aorta
were determined. The range of data obtained regarding
the Young’s moduli of human abdominal aortic wall
and plaque components is comparable with the results
of others achieved by indentation tests on animal
models of atherosclerosis.21,33,48 For instance, using a
scaled-up version of an AFM instrument, Matsumoto

et al. demonstrated that in compression the elastin
lamellae are approximately 2.5 times stiffer than the
interlamellar regions in porcine thoracic aortae.33 The
higher stiffness of elastin lamellae compared to inter-
lamellar zones under AFM tests can be related to the
presence of collagen fibers at interlamellar zones which
can tolerate tension but are unable to bear loads under
compression.21 In fact, although it is accepted that
collagen fibers are stiffer than elastin fibers in tension,
they are not stiffer in compression or at low strains at
which AFM indentation is performed.21

While AFM indentation provides local and com-
pressive properties of the arterial wall and atheroscle-
rotic plaque components, the tensile test measures the
bulk and tensile properties of the tissue. Consequently,
the presented Young’s modulus in this study cannot
describe the elastic response of the arterial tissue to the
physiological range of blood pressure and is consis-
tently lower than those obtained by tensile tests due to
inherent differences between methods.35 However, our
results are in agreement with those obtained by tensile
tests qualitatively.22,32,47 For instance, although using
the presented results in a finite element model lead to
the overestimation of stress distribution within
atherosclerotic arteries, it can introduce the locations
of stress concentration accurately. It was found that
with the development of the atherosclerotic plaque, the
homogeneity of the atherosclerotic intima fade and the
consequent stiffness gradient in advanced atheroscle-
rotic plaques can lead to stress concentration. The
Young’s modulus of the lipid pool in comparison with
the other components is markedly lower, which may
result in a stress concentration in the neighboring stiff
fibrous tissue. This corresponds to the formation of
cracks in the fibrous cap and further propagation to-
wards the lipid pool,40 a phenomenon that causes
vulnerability of the plaque and the subsequent critical
conditions. The existence of the calcification zone, as
the stiffest component of atherosclerotic plaques,
intensifies stress concentration and elevates the risk of
plaque rupture.40,50

TABLE 3. The mean and standard deviation values of elastic modulus (kPa) of disease-free segments and diseased portions of
media layer in mildly diseased and advanced lesions within abdominal aorta.

Indentation

location

Mildly diseased samples Advanced atherosclerotic lesions

Disease-free wall

segment (kPa)

Diseased part of

the wall (kPa)

t test Disease-free

wall segment

Diseased part of

the wall (kPa)

t test

P value P value

Elastin lamellae 38.5± 5.2(kPa)

12 sites

36.2± 4.4(kPa)

12 sites

0.254 (NS) 37.7± 5.4(kPa)

8 sites

31.5± 3.6(kPa)

8 sites

0.0241 (*)

Interlamellar zones 10.9± 4.8(kPa)

12 sites

12.7± 3.6(kPa)

12 sites

0.658 (NS) 11.9± 4.3(kPa)

8 sites

15.9± 3.7(kPa)

8 sites

0.0456 (*)

The number of probed sites on each component are presented.
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Considering the high heterogeneity of atheroscle-
rotic lesions, the main practical implication of AFM
indentation is obtaining data regarding the local stiff-
ness variation in the lamellar structure of the arterial
wall and atherosclerotic lesion components with pla-
que development. To further elaborate, for determi-
nation of mechanical properties of plaque components
using tensile test, it is required to separate different
components of atherosclerotic plaques which can be
challenging by considering the heterogeneous structure
of atherosclerotic plaques.22 Moreover, there is no
investigative technique at present to measure the
Young’s modulus of different lamellae of abdominal
aortic media using tensile test. However, the tensile test
might have an advantage in determining tensile prop-
erties of the arterial wall and plaque tissue in a broad
range of loading up to rupture35 compared to AFM
indentation, which is limited in compressive properties
in low load range.10,35 Hence, while elastin fibers are
highly deformable and show lower Young’s modulus
in tensile tests compared to collagen fibers, they appear
stiffer under indentation tests.21 Consequently, the
interlamellar zone of the arterial wall with high colla-
gen content appears softer than elastic lamellae as in
previous findings achieved by compressive test on
animal samples.21,33,48 This is due to the mesh-like
structure of interlamellar zones with collagen fibers
that deflect under compression3,21 compared to the
dense sheets of elastin fibers in the axial direction of
arteries. Using tensile tests on whole aortic segments
and continuum based modeling, the higher contribu-
tion of elastic lamellae in lower pressures and the
gradual engagement of collagen fibers was shown
before.44

A significant finding in our study was that the for-
mation and progression of atherosclerotic plaques af-
fect mechanical properties of the aortic wall. This
alternation was characterized by considering the
lamellar structure of the aortic media. It was found
that the Young’s modulus of elastin lamellae within
diseased segments of the abdominal aortic wall
decreased considerably with atherosclerotic plaque
development. It is well known that elastin sheets in the
aortic wall play an important role in its elastic
behavior in response to physiological ranges of blood
pressure.5 Hence, considering the role of elastin
lamellae in the aortic wall distensibility and capacitive
effects, the degeneration of elastin lamellae can influ-
ence the proper function of the abdominal aorta.

Furthermore, it was found that the stiffness of
interlamellar zones within diseased parts of abdominal
aortic media increased significantly with the formation
and development of atherosclerotic plaques. Stiffening
of interlamellar zones might be due to the incremental
build-up of collagen fibers synthesized by SMCs.7 The

alternation of wall tensile stress during atherosclerotic
plaque development may trigger stiffening of inter-
lamellar zones.44 The overall state of stress across the
arterial wall, obtained by the superposition of cir-
cumferential stress caused by blood pressure and the
inherent residual stress, might adjust the production of
ECM by SMCs. It is well established that the profile of
stress across the arterial wall is approximately uni-
form.20 This uniform profile ensures that SMCs across
the healthy arterial wall experience almost similar
tension.20,44 However, with formation and progression
of the atherosclerotic plaque, SMCs of different parts
of arterial wall may experience a wide range of stresses.
For instance, with the eccentric progression of
atherosclerotic plaques, due to the unsymmetrical
geometry, the circumferential stress induced in the
diseased wall and the diseased-free wall may be sig-
nificantly different. The non-physiological ranges of
stress and strain in different parts of aortic media may
trigger migration, proliferation, and phenotype
changing of SMCs from contractile to proliferative14

leading to more synthesis of collagen fibers (especially
type I and V36) by SMCs and subsequent stiffening of
interlamellar zones of aortic media.37

With the histological examination of the abdominal
aortic wall, the average volume fractions of elastin
lamellae and interlamellar zones in healthy, mildly
diseased and advanced atherosclerotic abdominal
aortas were determined. The gradual reduction of the
volume fraction of elastin lamellae with atherosclerotic
plaque development was detected. Considering the
greater volume fraction of interlamellar zones com-
pared to elastin lamellae (about 4 times) in both
healthy and atherosclerotic abdominal aortas, it can be
suggested that interstitial layers have a major contri-
bution to the overall stiffness of the abdominal aorta.
Furthermore, it was observed that the percentage of
stiffness alternation in the interlamellar regions is
higher than elastin lamellae during atherosclerotic
plaque development. The greater sensitivity of inter-
lamellar zones may be related to the existence of SMCs
which sense the alternation of mechanical stresses and
regulate the synthesis of the extra-cellar matrix to re-
turn their mechanical environment to the physiological
range.

Ideally, to survey alterations in the stiffness of pla-
que components and arterial wall during atheroscle-
rosis progression, in vivo follow-up of the subject
would be necessary. New techniques have proposed for
measuring the global stiffness of atherosclerotic arter-
ies in vivo4; however, these techniques cannot provide
data regarding the alteration of the local stiffness of
different constituents of the arterial wall and
atherosclerotic plaque. Additionally, AFM test can
only be performed at limited indentation depths and is
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unable to determine the mechanical properties of the
arterial wall and atherosclerotic plaques at physiolog-
ical strains. Hence, the non-linear mechanical behavior
of the plaque tissue may not be captured. Moreover,
measuring at small strains might lead to
underestimation of the tissue stiffness, as the collage-
nous fibrous tissue often displays strain-stiffening
behavior in tension through uncrimping and gradual
engagement with an elevation of the strain. Despite
limitations, AFM indentation is highly accurate in
determining very local properties of highly inhomo-
geneous atherosclerotic plaques which is almost
impossible to be obtained by tensile tests. This allows a
detailed study of mechanical properties in different
locations of plaque components during plaque devel-
opment which are under impression of cellular events
such as smooth muscle migration, alterations in the
phenotypes of endothelial and smooth muscle cells due
to change in stress distribution within the diseased
arterial wall and the consequent ECM synthesis/
degradation with further plaque progression.

In healthy arteries, intima is a thin layer of
endothelial cells attached to a basal membrane. With
formation and progression of atherosclerotic plaques,
the thickness and stiffness of intimal layer increase.49

The main structural components of atherosclerotic
intima are fibrous tissue, calcification and lipid pool.
Collagen types I, III, IV, and V can be found in the
diseased intima. Although collagen type I is dominant,
deposits of collagen type IV are frequently observed in
the fibrous cap of plaques.3 We measure the stiffness of
this constitutes in the mildly diseased and advanced
atherosclerotic arteries. It can be a good idea to com-
pare the stiffness of the basal membrane of intima
among healthy, mildly diseased and advanced
atherosclerotic arteries. However, the basal membrane
of intima is hard to locate and this measurement was
beyond the scope of this paper. Moreover, for aniso-
tropic materials such as arterial tissue, the Young’
modulus obtained by the indentation test is a com-
posite quantity and can be affected by the loading
direction.41 However, like others,15,48 we measured
Young’s modulus of aortic tissue in just circumferen-
tial planes of the vessel and indented the samples in the
perpendicular direction. Indentation of the aortic tis-
sue from different planes and directions and consid-
ering the anisotropy of the vessel wall might be
examined in further studies.

CONCLUSION

In the current study, by the micromechanical char-
acterization of the abdominal aortic wall in healthy,
mildly diseased and advanced atherosclerotic arteries,

it was demonstrated that atherosclerotic plaque
development results in the stiffening of interlamellar
zones and softening of elastin lamellae in diseased
portions of the abdominal aortic wall. Moreover, the
stiffness of different components of the atherosclerotic
plaque such as lipid pool, calcification zone, and fi-
brous cap was determined. In conclusion, the
mechanical evaluation of the lamellar structure of
atherosclerotic abdominal aortic media in diseased
parts and plaque-free segments elucidates the
mechanobiological responses of the abdominal aorta
and may provide new insight in the remodeling of the
abdominal aortic wall with atherosclerotic plaque
development.
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