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Abstract

Atherosclerosis is a diffuse arterial disease developing over many years and resulting in a complicated three-dimensional arterial
morphology. The arterial wall material properties have been demonstrated to show regional alterations with atheroma development
and growth. We present a mechanical analysis of diseased arterial segments reconstructed from intravascular ultrasound images in
order to quantitatively identify regional alterations in the elastic constants with atherosclerotic lesions. We employ a finite element
and a displacement sensitivity analysis to divide the arterial segment into regions with different material properties and use an
optimization algorithm to identify the elastic constants in these regions. The results with regional variations identified with this
method correlated qualitatively with the extent and location of atherosclerotic lesions identified by visual inspection of the affected
arteries. The optimized elastic modulus in regions affected by early atherosclerotic lesions ranged from 90.9 to 93.0 kPa where as
the corresponding magnitudes in normal arterial segments ranged from 97.9 to 101.0 kPa. This method can be potentially employed
to identify the extent and location of atherosclerotic lesions in a systematic analysis and may potentially be used for the early
detection of lesion growth.
 2003 IPEM. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

The arterial wall is structurally inhomogeneous and
exhibits incompressible and non-linear anisotropic
material properties. The wall material constitutive
relationship and the regional material property alter-
ations with the onset of atherosclerotic lesions have been
the subject of numerous investigations [1]. Arterial wall
is a composite consisting of the intima, media, and the
adventitia surrounded by the connective tissue. Classical
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studies of Bergel [2,3] to determine the incremental elas-
tic modulus with the assumption of an artery as a thick-
walled isotropic and homogeneous non-linear elastic
material have demonstrated that the arteries become
stiffer with increased transmural pressure between 20
and 240 mm Hg. The constitutive relationship has been
expressed with exponential [4], polynomial [5] and log-
arithmic [1] relationships for the above range of trans-
mural pressures. The arterial wall has also been demon-
strated to exhibit anisotropic behavior with varying
elastic constants in the radial, circumferential, and axial
directions [6,7] and requires identification of an increas-
ing number of material constants in the constitutive
relationship. On the other hand, Weizsacker and Pinto
[8] as well as Dobrin [7] suggest that the arterial wall
can be treated as isotropic within the physiological range
of deformation.

Atherosclerosis is a diffuse and highly variable pro-



290 K.B. Chandran et al. / Medical Engineering & Physics 25 (2003) 289–298

cess with lesion composition and distribution varying as
a function of circumferential and axial location. This dis-
ease is characterized by the subintimal accumulation of
extracellular lipids, fibrous tissue, smooth muscle cells,
and calcium. Previous work has demonstrated that
atherosclerosis alters normal arterial wall morphology
[9] and mechanical properties [10,11]. Hayashi [1]
reviewed studies evaluating the effect of atherosclerosis
on vascular mechanics and the reported results were
found to be conflicting and inconclusive. In atheroscler-
otic primate models, the elastic modulus has been shown
to decrease with plaque development. Specifically, Hay-
ashi et al. [12,13] and Pynadath and Mukherjee [14] have
reported an increase in the elastic modulus with athero-
sclerosis, whereas other [15–17] report a decrease in
stiffness with the disease. The conflicting reports can be
attributed to the variations in experimental and analysis
techniques employed, as well as variations in arteries
and species studied.

In order to assess the arterial wall material properties
and regional variations with the development of atheros-
clerotic lesions, the deformation pattern of the arterial
segment must be measured for a specified load. Intravas-
cular Ultrasound (IVUS) imaging provides comprehen-
sive information connecting the 3D morphology and the
deformation characteristics of the arterial segments [18].
Data obtained from IVUS images have been employed
to determine the regional alterations in material proper-
ties with atherosclerotic lesions at various stages of
development [19].

In our laboratory, we have reported on the 3D recon-
struction of vascular segmental geometry from 2D ultra-
sound images coupled with mechanical analysis in order
to assess regional changes in material property with
atherosclerotic lesions. Vonesh et al. [20] obtained
human arterial specimens postmortem from patients 50
years or older exhibiting varying degrees of atheroscler-
osis. The 3D reconstruction was obtained in an in vitro
model where known transmural pressure loads were
applied. Finite element analysis was performed to predict
the 3D deformation of the segments with an assumed
elastic constant throughout the segment and the same
was compared with the measured deformation. An opti-
mization algorithm was employed to alter the assumed
elastic constants regionally to minimize the error
between the computer predicted and actual deformation
in order to assess segmental material property alter-
ations. The regions with altered material property pre-
dicted by the analysis were correlated with histological
data on the harvested specimens. The results predicted
that the segments with early lipidous lesions become less
stiff compared to non-diseased segments. However,
Vonesh et al. [20] arbitrarily divided the arterial segment
into four quadrants and analyzed material property dif-
ferences between the preset regions.

Since atherosclerotic lesions are diffuse, such arbitrary

segmentation of the affected region is not a realistic rep-
resentation of the complex geometry and material
characteristics. An objective method must be developed
to systematically specify different material properties for
groups of finite element mesh to provide a more accurate
representation of regional variations in the force-defor-
mation behavior in normal and diseased segments. We
present a technique incorporating a displacement sensi-
tivity analysis in our methodology in order to achieve
the stated goal and have demonstrated the feasibility of
such an approach in vivo by employing an animal model
of atherosclerosis.

2. Experiments and methods

2.1. In vivo data acquisition

For this study, Yucatan miniswine (n = 3; weight 20–
25 kg) were used. This animal model has been well
established for developing atheroma similar to that found
in human circulation. The institutional Animal Care and
Use Committee of Northwestern University approved
the animal studies. All animal and handling procedures
strictly conformed to the “Guide for the care and use of
laboratory animals” (National Institutes of Health Publi-
cation No. 85-23, 1996). After anesthetizing the animals,
the right/left carotid and right/left femoral arteries were
exposed with neck and groin incisions and markers
placed under initial sterile surgery. These markers ident-
ified the region of endothelial denudation for subsequent
IVUS imaging following the development of lesions.
Due to endothelial denudation, these pigs develop ather-
oma at these locations. In this model, endothelial denu-
dation with a high cholesterol diet causes atheroma for-
mation similar, if not identical, to the atheroma
formation in humans. Percutaneous angioplasty was per-
formed in one carotid and one ileofemoral artery chosen
randomly to denude the endothelium (contra-lateral
arteries served as control). Following surgery, the animal
was subjected to a hypercholesterolemic diet regimen for
a period of six weeks for the development of atheroscler-
otic lesions similar to that in humans [21,22]. After the
six-week period, the animal was prepared for acute sur-
gery with appropriate anesthesia administration. A Mil-
lar pressure transducer (Millar Instruments, Inc., Hous-
ton, TX) was inserted through an arteriotomy and the
blood pressure was recorded. An IVUS catheter (20
MHz, 3.2F: Boston Scientific Scimed, Maple Grove,
MN) was then inserted through arteriotomy to image the
vascular wall in the arterial segment of interest. The
IVUS catheter probe was withdrawn at a constant rate
of 0.5 mm/s while the images of the vascular segment
were continuously recorded. ECG obtained during the
experiments served as time reference between the
recorded pressure signals and the IVUS images. An
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example of an IVUS image with the intimal and adventi-
tial border tracings along with the recorded ECG and
pressure signals is included in Fig. 1. The heart rate in
these animals ranged from 90–140 beats per minute
(average—120 bpm). Given the pullback speed of 0.5
mm/s with 60 frames (30 images) per sec, we obtained
data for two consecutive beats in 0.5 mm (1 sec) of the
catheter pullback. Thus we obtain approximately 15
images in one cardiac cycle.

At the conclusion of the data acquisition, the animals
were sacrificed with saturated KCl and the imaged
arteries were excised. The intimal surface of the arteries
was exposed by means of a longitudinal cut of the
arterial segments and the intimal surfaces were vis-
ualized with the aid of a microscope for evidence of
lesions.

Fatty and fibrofatty streaks and thrombi were easily
differentiated on the intimal surface by this method. In
cases where degrees of fibrofatty deposits were larger
and could not be appropriately evaluated, the arterial
segments were subsequently sectioned and evaluated
under the microscope to determine if calcified compo-
nents were also present within the fatty tissue. For early
atheromatous lesions that were being qualitatively evalu-
ated, this is an acceptable technique [23]. The extent and
location of the lesions were schematically represented
for subsequent comparison with the regions of optimized
material properties used in the analysis described below.
Visual inspection is a very good method to grossly deter-
mine the predominance of material type in the early
atheroma (fibrous, fatty, or fibro-fatty). This qualitative
description does not specify the exact percentage of each
material component.

2.2. Optimization method for identification of vascular
material property

The IVUS images were digitized from the resulting
videotape at 1 mm intervals along the longitudinal axis
over a 20 mm length of the employed arteries. The

Fig. 1. An intravascular ultrasound image showing the cross-sectional view of a femoral artery and the manually traced intimal and adventitial
contours (left), and the recorded ECG and pressure signals for the same artery (right).

arterial segments studied were relatively straight (no
curvature). The catheter pullback will result in images
obtained to be parallel to each other from the imaging
catheter and were used for the reconstruction of the vas-
cular segment geometry during the diastolic and systolic
phases in the cardiac cycle. A three-dimensional Finite
Element model with an assumed initial elastic constant
was employed to compute the deformation of the vascu-
lar segment using the commercial finite element software
ANSYS (version 5.5). The deformation of the recon-
structed vascular geometry was computed from the end
diastolic to the end systolic phase with the corresponding
pulse pressure applied as the static load at the intimal
surface. The computer predicted deformation of the
geometry is compared with the measured deformation
from the image data. A finite element mesh of the
employed arterial structure consisted of 480 tetrahedron
elements and 504 nodes, as shown in Fig. 2. A single
layer of elements was used along the arterial wall thick-
ness. The finite element input data was generated from
each digitized slice such that each of 12 intimal and
adventitial nodes were selected at 30 degree increments
with respect to the origin at the center of the first slice
using the Cartesian coordinate system. The arteries
deform from the end diastolic to the end systolic
geometry due to the pulse pressure applied as the load
on the intimal surface. The pulse pressure measured
from the recorded pressure signals was specified in the
analysis. The wall material was assumed to be homo-
geneous, and isotropic with assumed initial Young’s
modulus (100 kPa). This value was chosen from the data
for the Young’s modulus under normal physiological
pressure presented by Bergel [2]. The arterial wall was
assumed to be nearly incompressible and hence a Pois-
son ratio of 0.49 was specified throughout the wall thick-
ness. The optimization problem is based on the compari-
son of computed and measured displacement of the
nodes from end diastole to end systole. In this analysis,
we assume that the predominant deformation of the
artery is in the radial direction and that any tangential
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Fig. 2. Three-dimensional Finite Element model of an arterial seg-
ment generated from IVUS image data in vivo.

(rotational) motion is negligible. Nodes along the axial
direction at the first and last slice were fixed as boundary
conditions. That is, the proximal and distal ends of the
arterial wall were fixed from movement along the axial
direction. Additionally, x-direction movements of all
nodes lying on the y-axis and y-direction movements of
all nodes lying on the x-axis were constrained in the first
and last slices in order to restrain rotation of the arteries
during the deformation. The first two and last two slices
(i.e., four out of 20) were not included in the optimiz-
ation model to avoid errors due to the boundary con-
dition restraints.

The difference in nodal displacements between the
simulation model and the actual experimental data at the
intimal and adventitial regions was calculated and
defined as the error ‘e’ using the relationship

e � (1)

�m
i � 1

�[ui�(xis�xid)]2 � [vi�(yis�yid]2 � [wi�(zis�zid)]2

where, ui, vi and wi represent displacement of i th node
in the x, y and z directions, respectively. In Eq. (1), xis,
yis and zis are the experimentally measured end systolic
stage coordinates of the ith node, while xid, yid and zid

are the end diastolic coordinates. The difference rep-
resents the actual displacement in the respective coordi-
nate directions between end diastolic and end systolic
stages.

A sensitivity analysis method was implemented to
obtain sensitivities of displacements with respect to
material properties. The resulting displacement sensi-

tivity values were employed to segment the arterial wall
into various regions. Using the Adjoint Variable method,
the sensitivity of the displacement ui with respect to the
Young’s modulus Ej at any finite element �j can be cal-
culated using

∂uk

∂Ej

� ��
�j

e(l)
∂C
∂Ej

e(z)d� (2)

where �(l) is the strain at element �j when a unit force
is applied at node j along the direction of ui and C rep-
resents Modulus tensor for linear elasticity. In addition,
�(z) is the computed strain at element �j for the orig-
inally applied load. Using the sensitivity Eq. (2), the fol-
lowing sensitivity matrix can be obtained:
∂u
∂E

� (3)

�
∂u1 /∂E1 ∂v1 /∂E1 ∂w1 /∂E1 ∂u2 /∂E1 % ∂um /∂E1 ∂vm /∂E1 ∂wm /∂E1

� � � � � � �

∂u1 /∂Ei ∂v1 /∂Ei ∂w1 /∂Ei % � � �

� � � � � �

∂u1 /∂En ∂v1 /∂En ∂w1 /∂En % % ∂um /∂En ∂vm /∂En ∂wm /∂En

�
n×3m

In Eq. (3), u = [u1, v1, w1, …, um, vm, wm]T, E = [E1,
E2,…, En]T, where ui, vi and wi are the displacement of
ith node in the x, y, and z directions, respectively, and m
and n represent the total number of nodes and
elements, respectively.

To make sure that accurate sensitivity is obtained, the
sensitivity results in Eq. (3) that were obtained using the
Adjoint Variable method in Eq. (2) were compared with
the results of the Finite Difference method by perturbing
the Young’s modulus of a typical atherosclerotic femoral
arterial segment by 0.01, 1 and 5% and reasonable agree-
ment was observed. In the comparison, 100% implies
accurate sensitivity. For a randomly chosen node of a
typical atherosclerotic femoral arterial segment, for
instance, the comparison between the Adjoint Variable
method and the Finite Difference method for the x-direc-
tion displacement sensitivity was 105, 124 and 128%
with the perturbations of the Young’s modulus for the
amounts of 0.01, 1 and 5%, respectively.

Before the optimization problem is formulated for the
system identification, the arterial wall was divided into
several regions based on the sensitivity information. For
this purpose, the displacement in the radial direction of
the employed artery at each node

ri � �u2
i � v2

i (4)

is used. In Eq. (4), the displacement wi in axial direction
of the employed artery was not included since the value
was significantly smaller compared to ui and vi. The
design sensitivity of ri in Eq. (4) is

∂ri

∂Ej

�
1
ri
�ui

∂ui

∂Ej

� vi

∂vi

∂Ej
� (5)
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Then, each row of the sensitivity matrix in Eq. (3) was
reduced into one value by adding the sensitivities in
every row using the formula in Eq. (5) to obtain the
column vector

∂r
∂E

� �
�m

i � 1

∂ri

∂E1

�m
i � 1

∂ri

∂E2

�

�m
i � 1

∂ri

∂El

�

�m
i � 1

∂ri

∂En

�
n×1

(6)

where,

r � �m
i � 1

ri.

Using the sensitivity vector in Eq. (6), the regions are
categorized based on the similar sensitivity values into
13 regions. The rationale behind this approach is that the
system identification cost function in Eq. (1) is the sum
of the square of the errors.

The system identification problem to determine the
regional mechanical property of the employed artery
based on the displacement sensitivity analysis can be
defined by minimizing the cost function subject to the
thirteen design variable constraints as

minimize e �

�m
i � 1

�[ui�(xis�xid)]2 � [vi�(yis�yid]2 � [wi�(zis�zid)]2(7)

subject to 104�Ei�109dyne /cm2,

i � 1,%,13

For each 3-D arterial model, the Young’s modulus E i,
i = 1 - 13, was calculated for 13 discrete regions that
was categorized based on the regional sensitivity factor
(Si) for each group computed from Eq. (6). The system
identification process using updated regional Young’s
modulus and regional sensitivity values are continued
until the optimum cost is obtained. The detailed flow
chart of the partitioning of the regions of arterial segment
based on sensitivity analysis and system identification
for regional material property assessment is provided in
Fig. 3.

3. Results

In order to demonstrate the feasibility of the method
for identifying normal and diseased segments, we
applied this methodology to data obtained from three
animals with induced atherosclerotic lesions. In one ani-
mal, the lesion was induced in one femoral artery while
the contra-lateral artery was used as a control. In the
other two animals, the lesion was introduced in one
carotid while the contra-lateral artery was used as a con-
trol. Using the sensitivity and systems identification
method described above, elastic moduli were determined
for 13 regions in the normal and diseased arterial seg-
ments from these studies. Even though 13 regions were
identified, our results showed that elastic constants in
several regions were very close to each other. Hence,
several adjacent regions with nearly equal elastic con-
stants were coalesced such that in each arterial segment,
three to five groups with different material properties
were identified.

In order to display the regions with different material
constants, a longitudinal cut was made on each artery
model and the intimal surface of the left and right seg-
ments were displayed. Regions of different elastic con-
stants were then displayed by color-coding as shown in
Fig. 4. The corresponding elastic constants in these
regions (mean ± S.D.) are shown below each of the
arterial segment figures. The results for the normal and
diseased femoral arterial segments are displayed in Fig.
4A. The top left panel shows the material property distri-
bution in the normal artery (right femoral) and the right
panel for the artery (left femoral) with the lesion. The
schematic representation of the extent and location of
the fibrous/calcific plaque from the visual inspection in
the left femoral artery is also included in the figure. In
the right femoral artery, only thrombus or blood clot was
observed without any atherosclerotic plaque in the
arterial wall. In the normal artery, the material constants
were similar in all the three regions with magnitudes
close to 100 kPa whereas in the diseased segments, the
elastic modulus in the regions shaded yellow were about
10% smaller than in the other regions. The magnitudes
of the elastic modulus represented by the various colors
are included below each of the figures for ease in
interpretation. A qualitative correlation between the
regions identified with reduced elastic constants and the
region identified with fatty and fibrous plaques from vis-
ual inspection can be observed from this figure.

Similar results from the analysis of the two carotid
vessels are displayed in Panels B and C in Fig. 4. In the
case of the third animal, the image data from the normal
artery was not used in the analysis. The image data for
this case showed that the catheter and the artery were
similar in size and the lumen was not visible. This is
probably in part due to vasoconstriction around the cath-
eter that we occasionally encounter. Once again, it can
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Fig. 3. Flow chart of numerical analysis algorithm including the partitioning the regions of arterial segment based on sensitivity analysis and
system identification analysis of regional elastic modulus to minimize displacement error (Si is the regional sensitivity factor).

be observed that in the normal carotid artery (animal 2),
as verified by the visual inspection of the excised vessels
to confirm the absence of atherosclerotic lesions, our
analysis method results in a uniform material property
throughout the segment. On the other hand, the material
property demonstrated regional variations in segments
with the presence of lesions, and a qualitative correlation
between regions with reduced elastic constant values and
the regions identified to have fibrous or lipidous plaques
can be observed.

To demonstrate that the developed design sensitivity
analysis and system identification technique to identify
regional changes in arterial wall material properties with
early atherosclerosis gives reasonable results, the absol-
ute displacement error for each slice for a typical
example of Femoral artery before and after the appli-
cation of the analysis is given in Fig. 5. The error was
normalized with respect to the mean diameter of the
artery at end systole (4.3 mm for this artery). The nor-
malized mean (± S.D.) error value was 1.1 (± 0.43) with
the initially assigned uniform mechanical property (100
kPa). After the optimized regional mechanical proper-
ties, the normalized mean (± S.D.) error value was
reduced to 0.3 (± 0.22).

4. Discussion

We have presented a method for the systematic assess-
ment of regional differences in the arterial wall material
property with the development of atherosclerotic lesions.
We have demonstrated the feasibility of the method in an
animal model with early stages of atherosclerotic lesion
development. Morphologically realistic three-dimen-

sional geometry of the carotid and femoral arterial seg-
ments in a miniswine model with induced atherosclerotic
lesions was reconstructed from IVUS images. With the
measured pulse pressure applied as the load in a finite
element analysis and optimization algorithm, we com-
puted the regional distribution of the elastic constants
based on the minimization of the error between the com-
puter predicted and the actual deformation of the vessel
segment. In order to objectively divide the regions with
different material properties, we employed a displace-
ment sensitivity analysis. We demonstrated the feasi-
bility of the method by applying this technique with data
obtained from the femoral and carotid arteries with
induced atherosclerosis in one artery while the contra-
lateral artery served as control. In this preliminary study,
we compared the results of different material property
in various regions from the analysis of the diseased
artery with the extent and location of the lesions ident-
ified by visual inspection.The results presented in this
work demonstrated that:

1. The elastic constants in the normal artery did not
exhibit regional variations. In the normal arteries
without any atheroma lesions, regional differences in
material property would not be anticipated.

2. In the case of arteries with early atherosclerotic
lesions, our analysis identified regions with reduced
elastic constants, and these regions qualitatively cor-
related with those visually identified with lipidous and
fibrous early atherosclerotic lesions.

The intravascular ultrasound (IVUS) images presented
in this study, we believe, can provide sufficient resol-
ution for the miniswine animal model as outlined below.
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Fig. 4. Color-coded regional variation in arterial wall material property determined from the mechanical analysis compared with the corresponding
schematic of the extent and location of the lesion determined from the visual inspection of the excised arterial specimens. Panel A: Femoral artery;
Panel B and C: Carotid arteries. The left columns of Panels A and B demonstrate the material property distribution in normal (control) artery and
the right column in arteries with the lesions. The magnitudes of the elastic constants are included below the figures.

The weight range for the animals was 20–25 kg and
arterial diameter from 1.5 to 3.0 mm. The video monitor
is approximately 512 × 512 pixels with the IVUS images
approximately 400 × 400 pixels. The scan size was
approximately 6 mm with a resolution set so that each
mm is 70 pixels. Coronary arteries are known to increase
15% in a cardiac cycle and peripheral arteries by 20%
in the absence of severe/diffuse atherosclerosis.
Assuming a 20% change for these arteries throughout
the cardiac cycle, this change is 7 pixels. Missing one
pixel will cause an error of up to 15%. The measurement

error of 15% is a random error since some of the
measurements will be larger and some smaller. The
results of the measurements error is against finding a
difference in the elastic modulus (it would tend to min-
imize the true difference) as it is a random error. It is
likely that a random error of 15% will attenuate a true
difference (of about 10% in this study) in the elastic
modulus. However, the fact that we observed a consist-
ent change in every artery of a similar degree suggests
that it may indeed be a real change. A larger number of
studies with histological analysis will help to quantitat-
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Fig. 5. Absolute displacement error for each slice for Femoral—1
(atherosclerotic) artery.

ively determine the statistical significance of the pre-
dicted elastic modulus alterations. With atheroma forma-
tion, the walls become thicker and the total arterial
diameter increases (although the change in diameter over
the cardiac cycle decreases). Hence we should be able
to evaluate more mature atherosclerotic lesions in an eas-
ier and more accurate fashion. As the results are prelimi-
nary as indicated in the text, and normal wall thickness
in this animal model is the “worst case scenario” , we
believe that this methodology is acceptable and will be
accurate to follow atheroma development.

A number of studies have been reported in the litera-
ture on the alterations in material properties with the
onset and development of atherosclerotic disease. Most
of the earlier work was confined to global changes in
material properties at the site of the lesion. A review of
the previous work by Hayashi [1] indicated that several
of the published studies indicated stiffening of the artery
with the lesion while others demonstrated a reduction in
stiffness. The controversy on the direction of the
material property alterations can be attributed to the seg-
ments and species studied, the stage of the growth of the
lesion, as well as the analysis technique employed.

It is well known that the atherosclerotic lesions
develop diffusely in arteries and result in a complicated
three-dimensional morphology. Thus any material pro-
perty alterations will also show regional variations and
a more detailed analysis is necessary. Moreover, as the
lesion develops from early involvement of lipids,
developing into fibrous, fibro-fatty and calcific plaques,
the material properties will also alter depending upon the
stage of the development of the lesion. We have pre-
viously reported on a finite element analysis and optim-
ization algorithm in order to determine the regional alter-
ation in material properties with atheroma development
[20]. By in vitro force-deformation studies on atheros-
clerotic cadaveric arteries, we demonstrated that the
arterial wall becomes less stiff in regions with early
atherosclerotic involvement, with a reduction in elastic

modulus of about 60% compared to those in the normal
segments. However, in our mechanical analysis, we arbi-
trarily divided the vascular segment into four quadrants
and restricted differences in elastic constants to those
pre-specified regions. In the present work, we have
removed that arbitrary division of the arterial segments
into pre-specified number of regions by using a displace-
ment sensitivity analysis technique.

It is important to compare the results from the present
work with results reported previously. Lee et al. [11]
determined the uniaxial compressive stiffness by in vitro
mechanical testing of atheroma caps from the abdominal
aorta of human specimens at autopsy and showed that
fibrous and calcified caps were two and five times stiffer,
respectively compared to non-fibrous caps. However, the
same group [24] performing similar in vitro mechanical
testing showed that the circumferential tangential modu-
lus is not significantly affected by the degree of cellu-
larity and calcification determined by histologic charac-
terization. More recently, de Korte et al. [19] performed
in vitro studies on diseased human femoral and coronary
artery specimens subjected to static intraluminal press-
ures in the physiological range and measured the radial
strains using IVUS elastography. With this method, they
demonstrated that different strain values were found with
fibrous, fibro-fatty, and fatty plaque components. Their
results showing increased strain magnitudes (tissue
becoming less stiff) with fibrous lesions qualitatively
agree with the results of the present study. The computed
pressure-strain modulus for the fibrous tissue was found
to be about twice that for the fatty tissue. It should be
noted that the pressure-strain modulus is computed from
the change in radius for a given static transmural press-
ure, but does not take into account the thickness of the
vessel wall. Hayashi et al. [13] induced atheroma in a
rabbit model by using endothelial denudation and high
cholesterol diet similar to that described in the present
study. The vascular segments were excised from the ani-
mals and subjected to transmural pressures of 20, 100,
and 180 mm Hg in an in vitro experimental set up. For
each transmural pressure, the increase in diameter was
measured and used in the calculation of the incremental
elastic modulus. Their results suggested that the
incremental elastic modulus increased by 50–100% in
animals with vascular segments with greater than 80%
area fraction stained by Sudan IV in histological analy-
sis. The study described in the present work differs in
two aspects from the studies described by de Korte et
al. [19] and Hayashi et al. [13]. In the in vitro studies
described by de Korte et al. and Hayashi et al., the con-
nective tissue is removed from the excised arteries and
the deformation measured in vitro under static transmu-
ral pressure loading. The deformation of the arteries
measured in vivo in our study accounts for the effect of
connective tissue and surrounding structures that the
artery comes into contact. Our animal model for
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inducing atherosclerosis was similar to that used by Hay-
ashi et al. [13] even though we used a miniswine model
compared to rabbit model used by Hayashi. In addition,
we employed IVUS imaging in vivo to compute the
deformation due to physiological pulsatile pressure and
employed a finite element analysis to predict the
regional variation in material properties. In this prelimi-
nary study, we did not perform a detailed histological
study to differentiate between various components of
atheroma quantitatively and hence we did not attempt to
characterize the difference in material properties
between fibrous, fatty, and fibro-fatty tissues. Our results
suggest that the elastic modulus differed by about 10%
in regions affected by atheroma compared to the normal
arterial segments. As aptly pointed out by Hayashi et al.
[13], the reported results are highly dependent upon the
methods used for measurement and analysis of elastic
properties, species, vascular site, and stage of athero-
sclerosis. Our methodology has the potential of analysis
of regional differences in material properties with lesions
at various stages of development utilizing in vivo ultra-
sound images and pressure data. This analysis technique
may be potentially employed to detect the onset of
lesions in early stages when interventions can be
employed to arrest or reverse the process.

There are some limitations of the present study. In
this preliminary analysis to establish the application of
displacement sensitivity analysis with finite element and
optimization algorithms to identify regional material
property alterations, we did not perform detailed histo-
logical analysis to characterize or quantitative determine
the lesion extent and composition. A qualitative com-
parison of the results from the mechanical analysis to
the regions identified with the presence of lesions from
visual inspection demonstrates a reasonable correlation.
Studies with detailed quantitative comparisons are
necessary to further validate the method.

In this preliminary analysis, we also invoked several
assumptions on the material characteristics of the arterial
wall. Even though the wall is a non-linear anisotropic
composite, we assumed the material to be linearly elastic
in the deformation of the artery under physiological pul-
satile pressure. Previous studies by Dobrin [7] as well
as Weizsacker and Pinto [8] have suggested that under
physiological loading, the arterial wall can be treated as
isotropic. Our interest was to identify regions with alt-
ered material properties in the presence of a lesion. We
therefore assumed the artery to behave as a linear elastic
material where alterations in the Young’s modulus can
be analyzed using the method described in this study.
The arterial wall is also known to be visco-elastic with
the viscous component of about 10%. However, since
we employed a static finite element analysis for the
deformation between end diastole and end systole, the
effect of viscosity was not incorporated in the present
analysis. The arterial wall is also subjected to residual

stress [25,26] and it has been suggested that the residual
stress will alter the pressure-deformation behavior of the
arteries under physiological loading. Analysis performed
in our laboratory has suggested that the effect of residual
stress on the pressure-strain behavior under physiologi-
cal loading [27] is only important in arteries where the
wall thickness to radius ratio is less than about 0.07. Our
aim was to assess alterations in material properties in
regions with lesions relative to non-diseased wall
regions. Accordingly we did not incorporate the effect
of residual stress into this analysis.

In this preliminary study, we also assumed the arterial
wall to be made of a single layer and hence alterations
in material properties along the thickness of the vessel
wall were neglected. More detailed histological studies
to determine the lesion involvement along the wall thick-
ness and repeating the analysis with several layers in
the finite element model will be necessary to study the
variation in the material properties along the wall thick-
ness with lesions at various stages of development. As
this was an initial attempt to determine in vivo material
property determination, our data analysis was retrospec-
tive. We did not apply these methodologies prospec-
tively on another data set to validate our results.

Incorporation of these features for a more quantitative
characterization of the effect of lesion growth and devel-
opment on regional alterations in wall material properties
and prospective comparisons are ongoing in our labora-
tory.
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