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Abstract

Purpose: The goal of this work was to determine wall shear stress (WSS) patterns in the human
abdominal aorta and to compare these patterns to measurements of intimal thickness (IT) from

autopsy samples.

Methods: The WSS was experimentally measured using the laser photochromic dye tracer
technique in an anatomically faithful in vitro model based on CT scans of the abdominal aorta in a
healthy 35-year-old subject. IT was quantified as a function of circumferential and axial position

using light microscopy in ten human autopsy specimens.

Results: The histomorphometric analysis suggests that IT increases with age and that the
distribution of intimal thickening changes with age. The lowest WSS in the flow model was found
on the posterior wall inferior to the inferior mesenteric artery, and coincided with the region of
most prominent IT in the autopsy samples. Local geometrical features in the flow model, such as
the expansion at the inferior mesenteric artery (common in younger individuals), strongly
influenced WSS patterns. The WSS was found to correlate negatively with IT (r2= 0.3099; P =

0.0047).

Conclusion: Low WSS in the abdominal aorta is co-localized with IT and may be related to
atherogenesis. Also, rates of IT in the abdominal aorta are possibly influenced by age-related

geometrical changes.

Background localization is now generally regarded to be the result of
Since the time of Virchow, approximately 150 years ago, it ~ abnormal wall shear stresses (WSS). Therefore, a consider-
has been known that atherosclerotic lesions form at spe-  able amount of work has focused on describing arterial

cific sites in the arterial tree, such as bifurcations, branch ~ hemodynamics in simplified and idealized vascular

points and regions of curvature. The explanation for this

Page 1 of 14

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10.1186/1475-925X-2-18
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14641919
http://www.biomedical-engineering-online.com/content/2/1/18
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

BioMedical Engineering OnLine 2003, 2

Table I: Patient-Specific Abdominal Aorta Model Geometry
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Model Inlet Inferior of Renal BP  Minimum IR Dia. IMA Ostium Maximum IR Dia.  Aortic Bifurcation
Diametert 1.00 0.84 0.75 0.79 0.83 0.8l
Location* 0.0 33 4.7 53 6.0 7.5

T — Hydraulic Diameter [34] (in centimeters), * — Distance from Model Inlet (in centimeters), BP — Branch Point, IMA Ostium — Inferior Mesenteric

Artery Ostium, IR Dia. — Infrarenal (Hydraulic) Diameter.

models [1]; here we focus on the hemodynamic patterns
in the abdominal aorta [2-10].

It is known that WSS patterns depend on a sensitive way
on arterial geometry. The abdominal aorta geometry var-
ies significantly between individuals and is dependent on
sex and age [11-15]. Previous hemodynamic studies on
the abdominal aorta have primarily focused on older indi-
viduals. However, it is important to examine the hemody-
namic factors that are present in younger individuals since
they are likely to indicate the precursors to the continual
progression of aortic vascular disease exhibited in the
elderly.

The hemodynamics of the abdominal aorta inferior to the
renal arteries have not been studied in detail in a young
anatomically faithful patient-specific model, nor has a
detailed map of intimal thickening in the abdominal
aorta been made for the young and old. The objective of
this work was to measure the WSS in a model of a normal
human abdominal aorta and to determine the relation-
ship between WSS and intimal thickness (IT) measured in
human aorta autopsy samples. Of specific interest were
the locations of areas with large intimal thickening (in
autopsy samples) and regions with low WSS and with
high spatial WSS gradients (in vitro flow model). We
focused on WSS and spatial gradient of WSS since these
hemodynamic factors have been shown to alter vascular
cell function and morphology [16-18] and have been
putatively linked to the development of atherosclerosis
[19-22].

Methods and Materials

Construction of an Anatomically Faithful Flow Model

The anatomically faithful flow model of a normal human
abdominal aorta was made in the following six steps: (1)
performinga CT scan, (2) constructing a computer model,
(3) making a (scaled) stereolithography model, (4) con-
structing a mould, (5) making an alloy replica and then
(6) producing the flow model.

A CT-scan/angiogram was performed on a healthy 35-
year-old male. The 287 axial slices within the region
enclosing the abdominal aorta and iliac arteries were out-
put in jpeg format, from which the cross-sectional con-

tours of the aorta and its branches were isolated and
smoothed using software written in the MATLAB pro-
gramming environment (MathWorks, Natick, MA) using
previously published techniques [23]. The slice and spac-
ing data were then imported into a commercial CAD pack-
age (DDN, ICEM-CFD, Berkeley, CA) to create a computer
model of the lumen-wall boundary using 3-D spline sur-
faces. This surface data was scaled so that the inlet diame-
ter of the model was 1.00 cm, to optimize the model for
flow visualization. The scaled data was then exported in
the IGES file-format and sent to a rapid prototyping con-
tractor (Factotum Plastics, Mississauga, ON) to make a
stereolithography model. Selected geometrical character-
istics of the model are presented in Table 1.

A flexible silicone mould (Sylgard® 182; Dow Corning,
Midland, MI) was made using the stereolithography
model as positive. This negative mould was then used to
make a replica of the stereolithography model by melting
a low melting point alloy (Cerrolow®-117, Cerro Metal
Products, Bellefonte, PA), injecting it into the mould, and
allowing it to cool. Prior to injection, two copper stringers
were suspended in the centre of the lumen, from the cra-
nial end to the caudal end, to mechanically reinforce the
alloy model. Once solidified, the alloy cast was polished
to produce a smooth surface without surface imperfec-
tions. The four exit branches (bilateral internal and exter-
nal iliac arteries) of the final alloy model were extended
with circular sections using additional alloy metal. This
ensured that the outlets were not obscured by the outlet
attachment segments. Also, the inlet was extended and a
gradual transition was made from the inlet of the model
(which is near circular) to a circular cross-section. Based
on diameter measurements at the inferior mesenteric
artery (IMA) of the computer model (CAD surface) and
flow model, the error associated with the making of the
flow model was estimated to be less than 3%. Steps 4-6
have been used previously in our lab and are described in
more detail by Kirpalani [24] and Park [24,25].

Flow Rates and Flow Rate Validation

We studied hemodynamic patterns under steady flow
conditions corresponding to mean flow at rest and during
mild exercise [3,10]. In order to ensure physiologic hemo-
dynamic conditions within the model, it was necessary to
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Table 2: Reynolds number, flow rate and in vivo WSS by physiological condition.

Physiological condition Reynolds number

Scale model volumetric flow rate

Hagen-Poiseuille in vivo WSS at the IMAT

Rest 227
Mild Exercise 757

2.68 mL/s
8.93 mL/s

0.879 dyn/cm?
2.932 dyn/cm?

T— Values for Hydraulic Diameter of 18.7 mm.

match the Reynolds numbers in the model with the mean
Reynolds number in vivo. In turn, this required a reference
diameter. The focus of the hemodynamic investigation
was the infrarenal segment of the aorta and the abdomi-
nal aortic bifurcation, so we took the hydraulic diameter
of the aorta at the level of the IMA to be the reference
diameter. Direct measurement on the model gave this
value as 7.94 millimetres, compared to the corresponding
in vivo hydraulic diameter of 18.7 millimetres [3]. The
remaining parameters necessary for the scaling calculation
were the working fluid kinematic and dynamic viscosities
(1.89 x 10°m?/s and 1.43 x 103kg/(m s)) [26] and blood
kinematic viscosity, which was assumed to be independ-
ent of shear rate and equal to 4.0 x 10°m2/s [27]. The
required model flow rates and the corresponding in vivo
WSS values are given in Table 2, where WSS values are cal-
culated from Poiseuille flow in a tube of diameter equal to
the specified hydraulic diameter.

Wall Shear Stress Measurements

The laser photochromic dye tracer technique set-up has
previously been validated against analytical and numeri-
cal solutions of the Navier-Stokes equations [25,28]. and
has been used to measure complex arterial flows
[20,24,29,30]. Fluid displacement profiles and WSS were
analysed for the left and right midcoronal (or midfrontal)
sections and the left and right midsagittal sections (Figure
2 and Figure 3, respectively). The midcoronal sections and
midsagittal sections are approximately planar and include
the left and right walls and the anterior and posterior walls
respectively (Figure 1). To accomplish this, approximately
4000 traces were obtained and reviewed. WSS data was
smoothed using the 'csaps' function in MATLAB, a hybrid
weighted cubic smoothing spline and least squares fitting
routine. The WSS axial gradient was calculated by numer-
ical differentiation of the smoothed WSS data (Figure 2
and Figure 3) using a 2 order central difference formula
for unequally spaced data.

Histomorphometry

Histological specimens were prepared from ten abdomi-
nal aortas obtained at autopsy, typically within 48 hours
of death. Donor information is shown in Table 3. The
mean age of the subjects was 41.3 + 20.6 (mean + stand-
ard deviation) years.

All aortas were fixed unpressurized in 10% formalin for at
least 48 hours, after blood and thrombi were removed.
The remaining connective tissue around the aorta was
then carefully removed using blunt dissection. The sam-
ples were oriented using the major branches (celiac,
superior mesenteric artery (SMA), and renals) and the aor-
tic bifurcation. To mark the orientation of the aortas, sur-
gical sutures (2.0 Braided Silk - Black (K-832), Ethicon
Inc., Somerville, NJ) and India ink were used. The India
ink was used to mark the anterior surface of the aorta and
the sutures (in the adventitia or media) the left or right
side. At the bifurcation two sutures were used on one side
so that left and right could be easily differentiated.

Aortas with calcification were decalcified for 3-5 hours
using Rapid Bone Decalcifier for the Preparation of Histo-
logical Materials (Apex Engineering Products Corp., Plain-
field IL) to facilitate sectioning. Axial cross sections were
taken at approximately 4-5 millimeter intervals and then
embedded in paraffin, sectioned and stained with a Ver-
hoff elastic-Masson trichrome stain.

For the purpose of the histomorphometric analysis, the
specimens were divided into eight axial regions (See
'Schematic' on Figure 5). These axial regions were
subsequently subdivided into four circumferential regions
(anterior, posterior, left and right). Histomorphometric
measurements of intimal thickness were made from the
internal elastic lamina to the edge of the lumen using the
Leica QMC500 morphometric package, on a Leica DMRB
photomicroscope (Leica, Toronto ON). Seven evenly
spaced measurements, from the lumenal surface to the
internal elastic lamina, were taken at each of the four cir-
cumferential positions, and subsequently averaged to
obtain a representative value for each location. IT meas-
urements in regions close to small branches were avoided.
Over 12,000 measurements were made on over 450
slides.

Statistical Analyses

All statistical analyses were carried out with Prism 2.01
software (GraphPad Software Inc., San Diego CA). The
different regions of the aortas were compared using ANO-
VAs and Bonferroni's multiple comparison. Also, linear
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The alloy model of the abdominal aorta used for flow measurements. The midcoronal and midsagittal planes are shown.

regressions were done between age and IT. Findings that
exhibited P < 0.05 were deemed statistically significant.

Results

Hemodynamics

Displacement Profiles

Figure 2 and Figure 3 show the digitized and smoothed
displacement traces along the abdominal aorta flow
model in the midsagittal and midcoronal sections for rest
flow. Fluid displacement profiles in the midsagittal plane
show that the high velocity fluid distal to the IMA travels
closer to the wall with the greater curvature, the anterior
wall, while the slower moving fluid is closer to the wall
with the lesser curvature, the posterior wall (Figure 2).
This suggests that significant secondary flows were present
in the trunk of the aorta.

Since none of the displacement profiles exhibited negative
displacements, it can be deduced that no regions of signif-
icant flow separation or flow reversal were present in the
model for the flow conditions considered. The small dis-
placements of the profiles at the posterior wall close to the
bifurcation suggest that at higher Reynolds numbers a
recirculation region may develop there (Figure 3).

Wall Shear Stress and Wall Shear Stress Gradient
The WSS and WSS axial gradient under resting conditions
are shown in Figure 2 and Figure 3 for the midcoronal and

midsagittal sections. WSS increased in the proximal
region of the model until just proximal of the IMA. At the
IMA region the WSS decreased along all the walls, with the
largest decline on the posterior wall. This produced a WSS
on the posterior wall that was minimum for the whole
model. Just proximal to the abdominal aortic bifurcation
the WSS on all walls increased. The posterior, anterior, left
and right walls all experienced maximal WSS values a
small distance distal to the abdominal aortic bifurcation.
The largest WSS values were observed on the inner walls
of the flow divider. The maximal WSS value overall was
on the inner wall of the left common iliac (LCI) at the
abdominal aortic bifurcation; this region also had the
largest WSS spatial gradient in rest flow. Also, the WSS
profile in the sagittal plane in mild exercise flow for the
LCI posterior wall and LCI anterior wall were stretched in
relation to the profile in rest flow; the WSS profile had
lower WSS gradients than in rest flow. It was noted that for
the exercise flow condition, the development length on
the inner wall in the LCI was longer and the normalized
peak WSS value lower. These effects were also present in
the right common iliac (RCI), but were of much smaller
magnitude (data not shown).

Histomorphometry

Qualitative Observations

The abdominal aortas of the two youngest subjects were
generally characterized by thinner intimas. The greatest
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Figure 2
Midcoronal section displacement profiles, in vivo WSS (1) in dynes/cm?2 (data points and curve fit) and calculated in vivo WSS

spatial gradient (dt/ds) in dynes/cm?3 for resting flow. The pair of graphs at the top show the WSS along the left wall [A] and the
inner wall [B] of the LCI (left common iliac). The pair of graphs at the very top show the WSS spatial gradient along the left
wall [E] and the inner wall [F] of the LCI. The pair of graphs at the bottom show the WSS along the right wall [C] and the inner
wall [D] of the RCI (right common iliac). The pair of graphs at the very bottom show the WSS spatial gradient along the right
wall [G] and the inner wall [H] of the RCI. Profiles at the IMA (dashed oval) could not be resolved because of the IMA.

Page 5 of 14

(page number not for citation purposes)



BioMedical Engineering OnLine 2003, 2 http://www.biomedical-engineering-online.com/content/2/1/18

Sagittal (Right) - Rest

2

-
O=NWE = O -

Anterior IMA

T

Posterior

g
— MD-}I\JL.J&

TF 0
1

Sagittal (Left) - Rest

dUds
Gyues

om’

2
1
0
1
4
3

-0 - N O =

Figure 3

Right and left midsagittal section displacement profiles, in vivo WSS (t) in dynes/cm? (data points and curve fit) and calculated in
vivo WSS spatial gradient (dt/ds) in dynes/cm3 for resting flow. The graphs above the displacement profiles show the WSS [A]

[C] and the WSS spatial gradient [E] [G] along the anterior wall. The graphs below the displacement profiles show the WSS [B]
[D] and the WSS spatial gradient [F] [H] along the posterior wall. The solid arrow points to the region that exhibited the low-
est WSS. Profiles at the IMA (dashed oval) could not be resolved because of the IMA.
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Table 3: Aorta Samples — Details. Listed in the order of collection.
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Case Age Sex Cause of Death
Si 18.7 F Systemic Lupus Erythematosus, Pericarditis, Tamponade
S2 27.9 F Congenital Heart Disease /Rupture of R Pulmonary A
S3 32.1 F Acute Pancreatitis /ARDS /Sepsis
S4 63.4 M COPD, ARDS, CHF, Anemia
S5 45.9 F Double Lung Transplant / Multiorgan Failure
Sé6 79.5 M CAD Post AV Repair, Wound Sepsis, Post CABG, Cardiac Amyloidosis
S7 54.9 M ARDS/Bilateral Acute Broncho-pneumonia/ Acute Heart Graft Rejection
S8 226 M Acute Promyelocytic Leukemia / Sepsis
S9 48.8 M Bullous Emphysema/ Tension Pneumothorax/ Cardiac Arrest/ Cerebral Anoxia
SIo 19.3 M Acute Lymphoblastic Leukemia / Acute Respiratory Failure

ARDS — Adult Respiratory Distress Syndrome, COPD — Chronic Obstructive Pulmonary Disease, CHF — Congestive Heart Failure, CAD —
Coronary Artery Disease, AV — Aortic Valve, CABG — Coronary Artery Bypass Graft, R — Right, A — Artery.

R L
b
R L
Figure 4

Abdominal aorta histologic cross sections (a) a short distance
distal to the IMA ostium. S3, female, age 32.1 year old. The
fibrous intima (purple/blue) is easily distinguished from the
muscular media (red) (b) infralMA region. S|, female, age
18.7 year old. Elastic trichrome stain. L — Left, R — Right, A —
Anterior, LU — Lumen. The pairs of arrows denote the inti-
mal thickness on the posterior wall.

intimal thickening was found in infralMA region, and
more specifically on the posterior wall (Figure 4). Other
regions in these subjects exhibited minimal intimal
thicknesses.

A similar pattern was seen in the slightly older individuals
(S3 and S5), who also had noticeably thicker intimas on
the posterior wall of infralMA region (Figure 4). The older
subjects generally had considerably thicker intimas in all
regions, and in comparison to the younger subjects exhib-
ited considerably more thickening in the supraceliac
region and branch region. The thickening in the infralMA
region was not prominent alone or when compared to
other regions. In addition, the older subjects generally had
more complicated lesions. For example, S9, a 49 year old,
and S4, a 63 year old, both exhibited very complex lesions
along the length of the abdominal aorta and common
iliac arteries. S9 developed lesions on the flow divider wall
and exhibited substantial medial thinning.

Statistical Analysis

Linear regression found a significant relationship between
patient-specific mean IT and age. The coefficient of
variation (r2) of the regression was 0.5038 (P = 0.0215).
The mean thickness was defined as the thickness of all the
measurements taken in the branch region, infrarenal, and
infralMA sections; these values were used to normalize
patient IT data and will henceforth be referred to as
"patient-specific mean IT." The average of the patient-spe-
cific mean IT values for all the samples was 0.5149 mm
and the range of these values was 0.069 mm to 1.395 mm.
The relationships between normalized IT of the axial sec-
tions and age were also examined. The normalized IT by
axial position was correlated with age for the supraceliac,
branch region and infraMA sections. The supraceliac and
branch region sections had positive correlations (suprace-
liac: 12=0.5699, P = 0.0116; branch region: r2= 0.4713 P
= 0.0284). The infraIMA had a negative correlation
(infralMA: 2= 0.5771, P = 0.0108).
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Location
Figure 5

Normalized intimal thickness by (axial) location and selected P values from a Bonferroni's multiple comparison test. The boxes
denote the range between lower and upper quartile. The horizontal lines within the boxes denote the median value and the
whiskers the range of the data. IT normalization by patient-specific mean IT (BR, IR, and IIMA mean thickness). SC — Suprace-
liac, BR — Branch Region, IR — Infrarenal, IIMA — InfralMA, Cl — Mean of Common lliacs, LCI — Left Common lliac, RCI — Right
Common lliac, NLCI — Near Bifurcation LCI, NRCI — Near Bifurcation RCI. See Schematic. The supraceliac region is defined as
the superior portion of the celiac branch point to 3.5 cm proximal of it. The NRCI and NLCI regions are subsets of the RCI
and LCI regions and defined as the area in the common iliac arteries within 1.0 cm of the abdominal aortic bifurcation.

A further analysis evaluated the dependence of IT on axial
position. The aortas for this purpose were divided into
eight (axial) sections, as described above. In addition, all
IT values for the individual samples were normalized by
their patient-specific mean IT. This was done to avoid
having the older subjects, which generally have thicker

intimas, bias the data, and to thus allow comparison of
the IT of different locations. The normalized IT data by
axial location is given in Figure 5. A one-way ANOVA
(assuming a parametric distribution) was done on the
normalized data and followed by a Bonferroni multiple
comparison test. The comparison found that the intima of
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Figure 6

Box and whisker plot of the normalized intimal thickness by section and radial location (anterior/posterior). A — Anterior, P —
Posterior, SC — Supraceliac, BR — Branch Region, IR — Infrarenal, IMA — InfralMA, Cl — Mean of Common lliacs, LCI — Left
Common lliac, RCI — Right Common lliac, NLCI — Near Bifurcation LCI, NRCI — Near Bifurcation RCI. See Schematic. IT Nor-
malization by patient-specific mean IT (BR, IR and IIMA mean thickness).

Page 9 of 14

(page number not for citation purposes)



BioMedical Engineering OnLine 2003, 2 http://www.biomedical-engineering-online.com/content/2/1/18

Left - Right

4.00+

3.751

3.504

3.251

3.004

2.754

2.504

2.254

2.004

1.751 Schematic
(Anterior View) _

1.504 “' B B
1.254 —

1.004 1 . T —!7
0.754 J‘

0.504 — i l

0.254

Normalized Intimal Thickness

0.00

R SC| —
|_
|_

L SC

L BR

R BR
LIR

R IR

L IMA
R IIMA
A CI
HCI
LLCI
R LCI
L RCI
R RCI
L NLCI
R NLCI
L NRCI
R NRCI

Position

Figure 7
Box and whisker plot of the normalized intimal thickness by section and radial location (left/right). L — Left, R — Right. See Sche-
matic and refer to Figure 6 for the definition of the abbreviations. IT normalization by patient-specific mean IT.
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Normalized intimal thickness versus the in vivo wall shear stress for resting flow conditions. Regression line: y = -0.32*x+1.53;

r2= 0.3099; P = 0.0047 (2-tailed).

the infralMA section was statistically thicker than all sec-
tions, except the near bifurcation LCI section. Also, an
analysis was done to determine whether IT differed signif-
icantly by axial and circumferential position. In this anal-
ysis the (axial) sections were each subdivided into four
circumferential regions (anterior, posterior, left, right)
and compared with an ANOVA and Bonferroni multiple
comparison (Figure 6 and Figure 7). We found that the
posterior infralMA IT was significantly different from all
circumferential locations of the branch region and
supraceliac sections. The sections the posterior infralMA
did not differ statistically from the anterior infrarenal,

posterior infrarenal, right infralMA, posterior RCI, right
LCI, left near bifurcation RCI, and right near bifurcation
LCL

Wall Shear Stress and Intimal Thickening

The relationship between the IT (measured in the autopsy
samples) and the WSS (measured in the hemodynamic
model) was examined under resting flow conditions. For
this analysis the infrarenal, infralMA, and common iliac
regions (defined above) were split equally into proximal
and distal sections and thus collectively defined 6 x 4
(axial x circumferential) regions. IT thickness data in the
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iliacs was averaged to give one set of values. The WSS data
was similarly subdivided and averaged within each subre-
gion. Linear regression of regional (patient-specific mean
IT value) normalized IT on regional WSS showed that
increased IT was correlated with low WSS (12 = 0.3099; P
= 0.0047 (2-tailed); Figure 8). The above analysis was
repeated for mild exercise flow conditions, once again
yielding a covariation of normalized IT and WSS that
could not be explained by chance alone (2= 0.3692; P =
0.0016). Linear regressions of normalized IT on axial spa-
tial WSS gradient showed no correlation or statistically
significant dependencies (r2= 0.0033, P = 0.7891 for the
rest flow condition; 2= 0.0106, P = 0.6318 for the exercise
flow condition (data not shown)).

Discussion

One of the contributions of this study is that it is the first
to look at patient-specific hemodynamics in detail
throughout the entire infrarenal human aorta. Other
studies have looked at patient-specific models of the
aorto-iliac bifurcation [31-33] or have looked at popula-
tion-averaged models of the abdominal aorta [3,9,10].
Our results showed that patient-specific aortic geometrical
features, such as the expansion at the IMA, strongly influ-
ence details of the WSS pattern. This is consistent with
studies on a patient-specific abdominal aortic bifurcation
model that showed significant asymmetry in the WSS pat-
tern [32].

In our work, a key geometric factor was vessel cross-sec-
tional area, which decreased from just inferior of the renal
arteries to approximately three-fourths of the distance to
the IMA. This was accompanied by an increase in WSS.
Distal to this region, the cross-sectional area of the aorta
increased and WSS decreased. A second important geo-
metric factor was vessel curvature. Specifically, the slight
curvature of the aorta in the IMA- abdominal aortic bifur-
cation region created an elevated WSS on the anterior wall
and decreased WSS on the posterior wall. The differences
in WSS between the iliac arteries can be accounted for by
the smaller caliber and larger sagittal plane angle (with
respect to the abdominal aorta terminus) that the left
common iliac had compared to the right. The smaller WSS
gradient at the flow divider during mild exercise can be
accounted for by its similarity to flow entering a pipe from
a large reservoir [34]. This analogy also provides some
insight into why the LCI WSS pattern in mild exercise flow
is characterized by smaller gradients in the Hagen-Poi-
seuille normalized WSS (data not shown); entrance flows
at higher flow rates require greater development lengths.

Histomorphometry

The statistical analysis showed a positive correlation
between patient-specific mean IT and age. Increasing IT
with age is consistent with the belief that IT is a

http://www.biomedical-engineering-online.com/content/2/1/18

precondition for atherosclerosis [35,36], a disease that
primarily afflicts the elderly [37]. An ANOVA comparing
IT at different axial positions suggests that the infralMA
region of young individuals typically exhibits the thickest
intima and is by extension likely susceptible to atheroscle-
rotic lesion formation. A further analysis considered both
axial and circumferential variation and found the region
of highest IT to be the posterior wall of the infralMA
region.

The correlations between age and normalized IT suggest
that the rates of intimal thickening of the supraceliac,
branch region, and infraIMA sections change significantly
relative to one another with age. More specifically, the
normalized IT of the supraceliac and branch region sec-
tions was found to increase with age, while the normal-
ized IT of the infralMA section decreased with age. These
findings suggest that the supraceliac and branch region
sections thicken at a higher rate in older subjects than in
younger subjects. Conversely, the infralMA region thick-
ens at a lower rate in older subjects than in younger sub-
jects. The idea that hemodynamically-influenced intimal
thickening depends on age has been previously suggested
by others, such as Friedman et al. [22], who studied inti-
mal thickening at the abdominal aortic bifurcation in
patients of different ages.

Reasons for this age-dependence are not obvious. One
possibility is that age could influence the biology of
endothelial and mural smooth muscle cells and their
response to hemodynamic stimuli. A second possibility is
that the abdominal aorta's geometry changes with age, as
documented by  Fleischmann et  al [13].
Hemodynamically significant changes include the disap-
pearance with age of the expansion at the IMA, and
changes in taper [13,38]. The importance of caliber
change at the IMA can be seen by comparing WSS patterns
from Taylor's study [9] (where the aorta did not show this
expansion) to the results of this study.

Relationship Between Hemodynamics and Intimal
Thickening

Although patient-specific geometric features do influence
the details of WSS patterns, many large-scale hemody-
namic features are common to all infra-renal aortas. For
example, we observe high shear stresses on the aorto-iliac
flow divider, lower shear stresses on the hips (wall oppo-
site of flow divider) of this bifurcation, and a local mini-
mum in WSS slightly inferior to the IMA due to caliber
changes in the aorta. Another common feature is that aor-
tic curvature causes WSS on the posterior wall in the
infralMA region to be lower than on the anterior wall in
the same region, as reported by Long et al. [32], as well as
this study. This commonality of large-scale hemodynamic
features allows us to extract useful information by investi-
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gating relationships between our hemodynamic measure-
ments and our patient-averaged IT measurements.

Our data show that there is a statistically significant
inverse correlation between WSS and intimal thickening,
both under resting and exercise conditions. This supports
the belief that low WSS leads to IT and possibly is athero-
genic as suggested by Caro [21], and is consistent with
work from Pedersen [39,40]. It is also supported by the
observation that intimal thickening at the posterior IMA
was statistically significantly larger than elsewhere in the
infrarenal aorta. This region has the lowest WSS found in
the flow model. These conclusions differ somewhat from
inferences drawn from the pattern of lesions suggested by
Cornhill et al. [41]. In particular, the anterior infrarenal
region in the Cornhill study is a high probability area. The
reason for the difference is not clear but, may be a result
of the different methods used, i.e. sudanophilic staining
vs. intimal thickness measurements.

Limitations

No patient-specific correlations could be done, since WSS
was measured in a model of a healthy human's aorta and
compared with IT in unrelated autopsy samples. This
study made several simplifications. Differentiation
between adaptive intimal thickening [42] and atheroscle-
rotic intimal thickening was not possible in this study due
to the limited number of autopsy samples and also
because the histologic sections were stained mainly for
morphometric analysis. Further, blood was assumed to be
Newtonian, the aorta rigid, the flow steady and the flow
exiting the major branches of the aorta of secondary
importance. None of these significantly influence the
trends in the data. Dutta and Tarbell suggested Newtonian
fluid rheology results in an error of approximately 10% in
the WSS [43]. Hayashi showed that the wall motion has a
small effect on WSS [31]. It is well known that the flow
typically reverses on the posterior InfralMA wall and at the
hips of the abdominal aortic bifurcation during diastole
[6,44]. Non-steady flow patterns have been suggested to
influence IT [6,45]. These factors remain to be studied in
patient-specific models. Studies by Myers et al [23] and
Bonert et al [46] in other geometries suggest unsteady
flow WSS patterns are similar to those from steady flow
[23,46]. Lastly, a study in the pig suggests branch flow is
important if the flow is also assumed to be steady [47].
However, work by Myers et al. [23], for small branches,
and Taylor et al. [10], for large branches, suggest the main
effect of the branch flow is restricted to the region close to
the branch. The data of Taylor et al., when normalized by
the IMA Hagen-Poiseuille WSS, suggests that the branch
flow influences only the first two centimeters from the
renal branch points because the differences between rest
flow and mild exercise flow thereafter are relatively small.
This is despite the fact that the renal to suprarenal flow
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ratio is 0.46 (0.80 L/min / 1.73 L/min) and 0.19 (0.69 L/
min / 3.54 L/min) for rest and mild exercise respectively.
The reason the renal flow is likely not significant further
downstream is possibly explained by the gradual taper of
the aorta at the renal arteries. Nevertheless, both of these
factors should be investigated further in humans.

Conclusions

Local geometrical features, such as the expansion at the
IMA in the patient-specific model studied, influence WSS
patterns. IT increases with age and regions change signifi-
cantly in thickness relative to one another with age. Also,
rates of intimal thickening in the abdominal aorta are pos-
sibly influenced by age related geometrical changes. If the
anatomically faithful patient-specific model examined is
typical for young patients, low WSS on the posterior wall
inferior to the inferior mesenteric artery coincides with the
region of most prominent IT. An examination of patients
of various ages may further our understanding of athero-
sclerotic lesion development. Matching patients with
models representative of their ages may be sufficient for
reproducing the primary hemodynamic features of their
abdominal aortas. Future work could match patient mod-
els with their histomorphology.
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