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Increased matrix metalloproteinase 9 activity correlates with

flow-mediated intraluminal thrombus deposition and wall

degeneration in human abdominal aortic aneurysm

Annie A. Ducas, MD, MSc,a David C. S. Kuhn, PhD,b Lauren C. Bath, BSc Med,c Richard J. Lozowy, PhD,b and

April J. Boyd, MD, PhD,a Manitoba, Canada
ABSTRACT
Objective: We have previously demonstrated that human abdominal aortic aneurysm (AAA) rupture occurs in zones of
low wall shear stress where flow recirculation and intraluminal thrombus (ILT) deposition are increased. Matrix
metalloproteinase-9 (MMP-9) is involved in the pathogenesis of AAA via its lytic effect on collagen and elastin. We hy-
pothesize that flow-mediated ILT deposition promotes increased local inflammatory and MMP-9 activity that leads to
AAA wall degeneration. The purpose of this study was to examine the correlation between predicted pulsatile flow
dynamics and regional differences in MMP-9, elastin, collagen, and ILT deposition in human AAA.

Methods: Full-thickness aortic tissue samples were collected from 24 patients undergoing open AAA repair. Control
infrarenal aortic tissue was obtained from 6 patients undergoing aortobifemoral bypass. Full-thickness aortic tissue and
ILT were assessed for MMP-9 levels using a cytokine array assay. Histologic and immunohistochemical assessment of
inflammation, collagen and elastin content, and MMP-9 levels were also measured. Three-dimensional AAA geometry
was generated from computed tomography angiogram (CTA) images using Mimics software and computational fluid
dynamics was used to predict pulsatile aortic blood flow.

Results: The majority of AAA showed eccentric ILT deposition which was correlated with predicted recirculation blood
flow (R2 ¼ e0.17; P < .05). The regions of high ILT were associated with significant increases in inflammation and loss of
elastin and collagen compared with regions of low ILT, or with control tissue. MMP-9 was significantly higher in areas of
high ILT deposition compared with areas devoid of ILT. Tissue MMP-9 was correlated with the thickness of ILT deposition
(R2 ¼ 0.46; P < .05), and was also present in high levels in thick compared with thin ILT.

Conclusions: We have shown a correlation between flow-mediated ILT deposition with increased tissue levels of MMP-9
activity, increased inflammatory infiltrate, and decreased elastin and collagen content in stereotactically sampled human
AAA, suggesting that ILT deposition is associated with local increases in proteolytic activity that may preferentially
weaken and promote rupture at selected regions. (JVSeVascular Science 2020;1:190-9.)
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Rupture of an abdominal aortic aneurysm (AAA) has
high morbidity and mortality. Although the decision to
repair an AAA is based on size, this single measure fails
to address AAA that rupture below size thresholds or
that reach extreme sizes without rupture; nor does it
explain why AAA in females are more likely to rupture
at smaller relative sizes. Furthermore, this single static
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measure of aortic diameter does not take into consider-
ation the dynamic interactions between physical forces
of pulsatile blood flow and biomatrix of the aortic wall.

Pulsatile blood flow may result in unsteady turbulent
stresses that produce regions of high and low wall shear
stress (WSS) that may contribute to AAA formation.1-3

Typically, AAA exhibit a dominant flow channel with an
associated zone of recirculation flow similar to that of
any flow channel that has a sudden expansion. We
have previously demonstrated that AAA wall expansion
occurs predominantly at the location of maximal flow
impingement,4 whereas AAA rupture occurs in zones of
low WSS where the flow recirculation and intraluminal
thrombus (ILT) deposition were increased.5 Increased
thrombus ILT content has been associated with more
rapid AAA expansion.6,7 Autopsy specimens from
humans with ruptured AAA showed that rupture tends
to occur in the posterior-inferior region and not typically
at the site of maximal aortic diameter.8 In addition, AAA
tended to rupture in regions of higher ILT burden in 80%
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ARTICLE HIGHLIGHTS
d Type of Research: Basic science research
d Key Findings: Human abdominal aortic aneurysm
(AAA) tissue was harvested (n ¼ 24) in a stereotactic
manner and compared with control (n ¼ 6) infrarenal
aorta to assess the effect of predicted regional he-
modynamics on local matrix metalloproteinase
(MMP)-9, elastin, and collagen levels. The location of
intraluminal thrombus (ILT) was positively correlated
with predicted recirculation flow in human AAA. Tis-
sue MMP-9 was significantly higher in areas of high
ILT deposition (45.1 6 5.0 ng/mg protein) compared
with areas devoid of ILT (31.2 6 4.00 ng/mg protein)
(P < .05) and was strongly positively correlated with
the thickness of ILT deposition (R2 ¼ 0.46; P < .05).
Elastin and collagen degradation were also signifi-
cantly correlated with increased MMP-9 tissue levels.

d Take Home Message: There are significant regional
increases in aortic tissue MMP-9 levels in human
AAA that are correlated with recirculation blood
flow, high ILT deposition, and elastin and collagen
degradation.
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of cases.8 Because the primary source of oxygen for the
aortic wall is luminal blood flow, it has been suggested
that increased ILT deposition disrupts oxygen diffusion
to the adventitial layer9 and may subsequently lead to
aortic wall degeneration, expansion, and rupture.
Of the factors involved in AAA growth and rupture, ma-

trix dissolution is an essential pathophysiologic mecha-
nism. The critical role of metalloproteinase-9 (MMP-9)
activity in the pathogenesis of AAA has long been recog-
nized.10 MMP-9 is thought to be the most important
MMP involved in pathogenesis of AAA via its lytic effect
on collagen and elastin.11 Plasma MMP-9 levels are
increased in AAA,12 and more MMP-9 mRNA is present
in aneurysmal than in normal aortic tissue.13 In addition,
MMP-9 levels are significantly elevated in ruptured AAA,
particularly at the site of rupture compared with other
sites in the aortic wall.14,15

Khan et al examined the correlation between ILT thick-
ness and the levels MMP-9 and tissue inhibitor of MMP-9
in 35 human AAA.16 They reported a statistically signifi-
cant correlation between ILT thickness and the concen-
tration of tissue inhibitor of MMP-9 and MMP-9, but this
finding was based on a single sample from each AAA
and only at the area of maximal ILT deposition, because
they did not sample other regions of the AAA.
We hypothesize that flow recirculation promotes

increased ILT deposition, which in turn promotes
increased local inflammatory MMP-9 activity leading to
increased elastin and collagen degradation in the AAA
wall. The purpose of this study was to examine the corre-
lation between predicted pulsatile blood flow dynamics,
using computational fluid dynamics (CFD), and observed
ILT deposition patterns in stereotactically sampled hu-
man AAA with regional differences in aortic wall MMP-
9, elastin, and collagen. Understanding the correlation
between aortic blood flow and enzymatic wall decom-
position would vastly improve our understanding the
mechanisms involved in the development, growth and
rupture of AAA.

METHODS
Patient population. Twenty-four consecutive patients

(18 men, 6 women) undergoing open AAA repair for an
AAA 5.0 cm or larger were enrolled in this study; one pa-
tient was a planned pilot case used to assess the safety of
multisite aortic tissue harvest and those data are not
included. All patients were consented to open AAA
repair, either owing to a lack of endovascular aneurysm
repair suitability or based on patient preference; full-
thickness aortic biopsies were taken. Control aortic tis-
sue was collected from nonaneurysmal infrarenal aorta
of patients undergoing aortobifemoral (ABF) bypass for
nonaneurysmal, aortoiliac occlusive disease (n ¼ 6). Pa-
tient demographics were collected, including age, sex,
cardiovascular risk factors, and smoking history. All
except one AAA patient underwent preoperative
computed tomography angiogram (CTA) imaging. The
CTA images were used to assess AAA morphology and
for CFD analysis of infrarenal aortic blood flow. Control
patients undergoing ABF were used for tissue analysis
only and did not undergo CFD flow assessment, as most
had near distal aortic occlusion.

Tissue harvest. At the completion of AAA repair, but
before sac closure, six full-thickness AAA tissue sam-
ples of approximately 1 � 1 cm, were biopsied by the
vascular surgeon in stereotactic manner covering all
regions of the AAA wall; with the exception of the
posterior midline (Fig 1). ILT was harvested first at the
same stereotactic locations and processed separately
from AAA tissue. Control tissues were harvested at the
time of ABF bypass from the anterior wall of the
normal appearing, nonaneurysmal, infrarenal aorta
within 1 cm of the renal arteries (Fig 1). We attempted
to harvest closest to the renal arteries and any spec-
imen with associated ILT was rejected. All specimens
were divided into two sections immediately after
removal; one was placed in liquid nitrogen and the
second in 4% buffered formalin. All AAA harvest sites
were closed with absorbable suture and the aortic sac
and retroperitoneum were closed in the standard
fashion. The ABF harvest site was incorporated into the
aortic bypass. The location and thickness of thrombus
were recorded for all stereotactic sites in each patient
from CTA images. All tissue samples were collected
with express written consent under study protocol REB
B2013:130, University of Manitoba.



Fig 1. Schematic showing location of full-thickness
abdominal aortic tissue sampling (sites 1-6 for abdominal
aortic aneurysm [AAA] tissue). C denotes location of con-
trol tissue sampling in patients undergoing aortobifemoral
(ABF) bypass for aortoiliac occlusive disease. Aortic tissues
and associated ILT were collected at ¼ (samples 1 and 3), ½
(samples 5 and 6), and 3/4 (samples 2 and 4) of the distance
from the renal arteries.
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Histologic analysis. A total of six full-thickness speci-
mens for each of 24 AAA patients and all six of the
control patients were processed for routine histology in
the standard fashion. Control and AAA tissues for each
tissue site were stained with hematoxylin and eosin to
assess for inflammatory infiltrate, or with Verhoeff-Van
Geison for assessment of collagen and elastin content.
Slides were examined at a magnification of �100
to �200. Multiple pictures7-10 were taken of the slides to
represent the tissue sample. For all hematoxylin and
eosin-stained tissues, a quantitative analysis was per-
formed to estimate the amount of nucleated cells within
the samples. Nucleated cells where assumed to be
neutrophils, monocytes, lymphocytes, and fibroblasts,
and represent inflammation within the tissue. A Zen Pro
Image Analyzer (Zeiss, North York, Ontario, Canada) was
used to assess the degree of inflammation and the
collagen and elastin content by an examiner blinded to
the study group. The designation of minimal (0%-20%),
moderate (20%-70%), or abundant (>70%) inflamma-
tion, collagen, or elastin were assigned to the sample by
taking the average of all the pictures analyzed for each
sample. A number value of 1 to 3 was then assigned as
minimal (1), moderate (2), or abundant (3) to allow
comparison of regional differences.
MMP-9 immunohistochemistry. MMP-9-total, MMP-9-
active, and anti-MMP-9 monoclonal antibodies were
assessed in paraffin-blocked histologic specimens of
AAA and control tissues according to the protocol of
Novus Biologicals (MMP-9, 4A3, NBP2-13173). Blocking of
the endogenous enzyme was performed in the dark with
a horseradish peroxidase/biotin protocol with 3%
hydrogen peroxide in methanol mixture. Antigen
retrieval with sodium citrated buffer was carried out
before immune-staining. Applying a primary antibody
and control IgG was preceded by determining the cor-
rect concentration and dilutions of each MMP-9-total,
MMP-9-active, and IgG that were needed to obtained
appropriate analysis of aortic tissue MMP-9. Control IgG
dilution was carried out according to the product
data sheet of 1:1000 (Novus Biologicals, Littleton, Colo;
NB720-B).
MMP-9 content was also assessed using a Zen Image

Capture Processor to quantitatively assess the amount
MMP-9 total and active staining on each tissue sample
at a magnification of �100. Each slide had one tissue
stained with MMP-9 (total or active) and one tissue sam-
ple stained with IgG and analyzed to ensure the staining
process was accurate and did not pickup background
antigens. Multiple pictures (3-5) were taken of the slides
to represent the tissue sample as a whole. An analysis
was performed for each sample to estimate the amount
of MMP-9 that was present within the samples by a
blinded examiner. The designation of minimal (0%-
20% total area), moderate (20%-70% total area), or abun-
dant (>70% total area) amounts of MMP-9 were assigned
to the sample by taking the average of all the pictures
analyzed for each sample. A number value of 1 to 3 was
then assigneddminimal (1), moderate (2), or abundant
(3)dto the samples to allow further analysis.

Measurement of tissue MMP-9. AAA tissues that had
been stored at e80�C were weighed and then placed
in a mortar. Liquid nitrogen was poured onto the tissue
and it was ground into a fine powder using a pestle.
Then 1200 mL (30 mL/mg of tissue) of 0.1% Triton-X-100
50 mmol/L Tris-HCl lysis buffer was added to the
ground tissue and allowed to sit for 15 minutes. The
protein extract was then transferred into 1.5 mL micro-
fuge tubes and spun for 20 minutes at 13,000 rpm. The
supernatant protein was pipetted into a new 1.5 mL
microfuge tube and sonicated for 10 seconds. The pro-
tein was then stored in aliquots at e80�C until analyzed.
Protein analysis was performed in the standard fashion
using a bovine serum albumin protein assay.17

Aortic tissue and ILT were separately assessed for MMP-
9 levels in triplicates using a multiplex immunoassay
analyzed with a BioPlex 200 Magnetic Luminex Perfor-
mance Assay (Eve Technologies, Calgary, Canada). Spec-
imen MMP-9 levels were quantified via extrapolation
from a curve of purified standards. All samples were



Table. Demographics of abdominal aortic aneurysm (AAA) and control patients

Variables AAA (n ¼ 24) Control (n ¼ 6) P value

AAA size, cm 6.21 (60.24) e e

Age, years 71 (67) 63 (66) .43

Male sex 14 (67) 3 (38) .22

Ever smoked 19 (90) 7 (88) >.99

Current smoker 9 (43) 3 (38) >.99

Previous smoker 10 (48) 4 (50) >.99

Hypertension 13 (62) 4 (50) .68

Diabetes mellitus 9 (43) 2 (25) .67

Statin use 16 (76) 4 (50) .21

Peripheral vascular disease 3 (14) 8 (100) <.001a

Chronic obstructive pulmonary
disease

4 (19) 1 (13) >.99

Cerebrovascular accident 2 (10) 1 (13) >.99

Coronary artery disease 9 (43) 1 (13) .02a

Chronic kidney disease 1 (5) 0 (0) .48
aP # .05.
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centrifuged before aliquoting. The aliquot (200 mL) was
drawn from the middle of the sample. The sensitivity of
the assay was 5.7 pg/mL. MMP-9 levels in tissues and
plasma are expressed in nanograms per milligram of
protein.

CFD. CFD was used to predict pulsatile aortic blood
flow. Thin-slice (2.5 mm) CTA images of AAA were ob-
tained. Three-dimensional AAA geometry was generated
from CTA images using Mimics software (version 14.0;
Materialise, Plymouth, Mich). The open source unstruc-
tured finite-volume code OpenFOAM-2.2.2 (OpenCFD
Ltd, Bracknell, U) was used to directly solve the governing
equations for flow. To simplify the geometry, visceral
arterial branches were excluded. At the inlet of the aortic
neck an approximation of a physiologic blood flow was
implemented using the procedure outlined in Les et al.18

The flow rate was fixed at Q ¼ 15.7 mL se1, which is
equivalent to a resting cardiac output of 5 L/min. A uni-
form velocity based on the typical arterial pulse profile
was implemented at the upstream inlet boundary and at
the outlet boundaries, downstream in the iliac arteries, a
reference pressure of 0 was imposed. Blood was
modeled as an incompressible Newtonian fluid. The
arterial walls were assumed to be rigid with a no-slip
condition. The initial flow field is set to zero and statis-
tics were collected after five pulses simulated to remove
the effect of initial flow conditions.

Statistical methods. An independent t test was used to
compare regional differences in MMP-9 levels between
regions of high and low ILT deposition. Pearson correla-
tion coefficients were calculated to determine the rela-
tionship between ILT deposition and MMP-9 levels, and
between flow velocity and ILT deposition. Values were
considered statistically significant at a P value of .05 or
less.

RESULTS
Study population. Patient demographics for AAA and

control patients are displayed in the Table. Of the orig-
inal 24 patients, 23 patients were included in final anal-
ysis. There were no adverse results from harvesting
multiple full-thickness aortic specimens for the pilot
patient or for any of the study patients. One patient’s
tissues were harvested but were excluded when blood
flow calculations could not be made owing to severe
renal insufficiency and the lack of contrast imaging. Of
the remaining 23 AAA patients, 17 were male and 6 were
female. The average AAA size was significantly greater in
males at 6.8 6 1.2 cm compared with females at 5.6 6

0.5 cm (P < .05).
The aortic tissue from six patients (three men and three

women) undergoing ABF bypass grafting for aortoiliac
occlusive disease served as control infrarenal aortic tis-
sue. The control patients tended to be younger at 63 6

6 compared with 716 7 years in AAA patients. All controls
had peripheral arterial disease, which was the indication
for intervention, and none had an associated AAA. Smok-
ing was a significant factor in 96% with AAA, and in 100%
of control patients. There was significantly more coronary
artery disease in AAA patients compared with control
but there were no other significant differences between
AAA and control patients (Table).

ILT deposition. Of the 23 patients included in the final
analysis, 21 of the AAA had associated ILT and 2 AAA
were devoid of ILT. Of the 21 with ILT, 4 had dense



Fig 2. A, Axial computed tomography angiography (CTA) of an abdominal aortic aneurysm (AAA) showing
eccentric intraluminal thrombus (ILT) deposition. White arrow indicates ILT location. B, A cross-section of the flow
velocity profile. Black arrow indicates location of ILT. Red indicates higher velocity flow (m/sec). C, Silhouette of
AAA showing location of CTA cross section (black line). D, Silhouette of AAA with blue showing flow lumen and
grey indicating ILT deposition. E, Velocity streamlines for AAA. ILT deposition in white. Note recirculation flow
(blue end of spectrum) is adjacent to ILT deposition.

Fig 3. Negative correlation between predicted blood flow
velocity and intraluminal thrombus (ILT) deposition (R ¼
e0.42; P < .05).
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circumferential ILT and 17 had eccentric ILT deposition.
Fig 2 shows an axial CTA of an AAA with eccentric ILT
deposition with a cross-section of the predicted flow
velocity profile. The velocity profile shows recirculating
flow adjacent to ILT deposition, with the dominant flow
channel impacting on the contralateral side of the AAA.
In the 17 patients with eccentric ILT, a correlation be-
tween ILT deposition and predicted blood flow velocity is
shown in Fig 3. This shows a weak but negative correla-
tion (R2 ¼ e0.17) between ILT thickness and flow velocity
in AAA with eccentric ILT.
In AAA with dense circumferential ILT (n ¼ 4), flow was

characterized by more laminar flow with a small flow
channel through the ILT (Fig 4, A). In AAA without ILT
(n ¼ 2), AAA blood flow was characterized by strong recir-
culation flow involving the entire aortic lumen (Fig 4, B),
unlike those with eccentric ILT where there was a domi-
nant flow channel with an adjacent zone of recirculation
flow.

Histology and MMP-9 immunohistochemistry. There
were significantly higher inflammatory cell scores in his-
tologic specimens of aortic wall in aneurysmal tissue
from either ILT-rich (2.8 6 0.4) or ILT-deplete (2.4 6 0.5)
regions compared with control tissue scores (1.7 6 0.4) (P
# .05; Fig 5, A). There was a non-significant trend toward
higher inflammation in ILT-rich compared with the ILT-
deplete regions. Elastin and collagen was staining was
more prominent in control tissue at (2.6 6 0.5) and (2.3 6

0.6), respectively, compared with ILT-rich (1.3 6 0.8) and
(1.5 6 0.9) tissues (P # .05), but not with ILT-deplete (2.1 6
0.3) and (1.86 0.6) regions (Fig 5, A). Fig 5, B, shows typical
aortic histology showing inflammatory cells, elastin and
collagen staining, and immunohistochemistry for MMP-
9. In aneurysmal tissue, regions of high active MMP-9
were negatively correlated with lower levels of elastin
and collagen staining (Fig 6).

MMP-9 tissue activity. MMP-9 was significantly higher
in areas of high ILT deposition (45.1 6 5 ng/mg pro-
tein) compared with areas devoid of ILT (31.2 6

4 ng/mg protein) (P < .05). Aortic tissue MMP-9



Fig 4. A (a), Axial computed tomography angiography (CTA) of an abdominal aortic aneurysm (AAA) showing
circumferential intraluminal thrombus (ILT) deposition. White arrow indicates flow lumen. b, A cross section of the
flow velocity profile. Black arrow indicates location of ILT. Red indicates higher velocity flow (m/sec). c, Silhouette
of AAA showing location of horizontal transection (black line). d. Silhouette of AAA from (a) with blue showing
flow lumen and grey indicating ILT deposition. e, Velocity streamlines for an AAA. ILT deposition in white. Dotted
line indicates regions of ILT deposition. Flow is uniform without recirculation. B (a), Axial CTA of AAA showing no
ILT deposition. (b) A cross-section of the flow velocity profile. Red indicates higher velocity flow (m/sec). (c)
Silhouette of an AAA showing the location of horizontal transection (black line). (d) Silhouette of an AAA with blue
showing the flow lumen. (e) Velocity streamlines show vortex flow involving entire AAA lumen.
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levels in control aorta were significantly lower than in
AAA tissue (13.2 6 7 ng/mg protein) (Fig 7). Tissue
MMP-9 was strongly correlated with the thickness of
ILT deposition (R2 ¼ 0.46; P < .05; Fig 8). In cases
where there was no ILT, MMP-9 levels were uniform
throughout the aneurysm with a mean of 18.6 6

9 ng/mg protein. In those with dense circumferential
ILT, MMP-9 was 39.2 6 11 ng/mg protein, uniform
throughout the AAA, and not statistically different
when compared with areas of high ILT in patients
with eccentric ILT deposition. MMP-9 was also present
in high levels in ILT (50 6 9 ng/mg protein), particu-
larly in areas of greatest ILT deposition; those areas
with typically 1 cm or more of ILT. In regions where
ILT was present, but very scant (#0.5 cm), MMP-9
levels were significantly lower at 13 6 4 ng/mg
protein.
DISCUSSION
Until recently, ILT was thought to passively accumulate

in AAA, and possibly provide protection against rupture
by reducing peak wall stress.19 There is increasing evi-
dence that ILT is biologically active and may promote
aortic wall degeneration and rupture, either by stimu-
lating inflammatory and proteolytic mechanisms,10,11

and/or by providing a barrier to aortic wall oxygenation
increasing local oxidative stress.9 Using CFD, we have pre-
viously shown that AAA tend to rupture at areas of flow
recirculation, where there is higher ILT deposition.5 Au-
topsy studies have also shown that AAA rupture occurs
through regions of maximal ILT deposition in 80% of
cases.8 In the present study, we have demonstrated
regional differences in MMP-9 activity in human AAA
that are associated with different blood flow and ILT
deposition patterns. In particular, we have shown that



Fig 5. A, Inflammation, elastin, and collagen scores for control, low intraluminal thrombus (ILT), and high ILT
abdominal aortic aneurysm (AAA) regions (*P < .05). B (a), Routine hematoxylin and eosin staining of AAA tissue.
Black arrow shows nucleated inflammatory cells. (b) Van Geisson staining shows with yellow arrow showing
collagen and black arrow showing elastin fibers. Immunohistochemistry for matrix metalloproteinase (MMP)-9-
total in control (c) and AAA tissue (d). Black arrow indicates with brown areas staining positive for MMP-9.

Fig 6. Negative correlation between high, moderate, and
low total and active matrix metalloproteinase (MMP)-9 vs
high, medium, and low (a) elastin content and (b)
collagen content in abdominal aortic aneurysm (AAA)
tissue. (Elastin: R ¼ e0.43 [total] and R ¼ e0.47 [active];
P < .05). (Collagen R ¼ e0.23 [total] and r ¼ e0.37 [active];
P < .05).
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areas of flow recirculation are associated with greater ILT
deposition, increased inflammatory activity, increased
elastin and collagen degradation, and increased MMP-9
activity.
Unlike other studies, we used a stereotactic AAA tis-

sue sampling method that sampled aortic tissue and
ILT from the entire AAA in the same manner in all sub-
jects and allowed an accurate correlation between
computational hemodynamics, the degree of ILT depo-
sition, and AAA wall degenerative changes. In addition,
unlike studies that have used thoracic aorta from au-
topsy of healthy, non-age-matched controls, we used
age-matched, nonaneurysmal infrarenal aortic tissue
as control. The control aorta was taken from a visually
normal section of the infrarenal aorta in those under-
going ABF bypass for aortoiliac occlusive disease.
Even in aortic occlusion, the aorta nearest the renal ar-
teries tends to be spared significant inflammation.
Although it could be argued that infrarenal aortic tis-
sue in patients with severe aortoiliac disease is not
entirely normal, the infrarenal aorta serves as a better
control than that of non-aged-matched thoracic aorta;
as the thoracic aorta is comprised of different embry-
onic cells, has different responses to various cytokines
and growth factors,20 and has a different elastin and
collagen ratio.21,22 More importantly, the infrarenal
aorta is more prone to aneurysmal degeneration and
is completely dependent on luminal to abluminal
diffusion of nutrients and oxygen.9 In control infrarenal
aorta, we found very little inflammation and no ILT
deposition despite the fact that the distal aorta and
iliac arteries were significantly atherosclerotic. Elastin
and collagen were also well-preserved in our control
aortic tissue.



Fig 7. Matrix metalloproteinase (MMP)-9 levels in control aortic tissue and in abdominal aortic aneurysm (AAA)
with regions of high and no intraluminal thrombus (ILT) deposition (*P < .05 compared with control tissue; þP < .05
compared with high ILT).

Fig 8. Matrix metalloproteinase (MMP)-9: levels (ng/mg protein) in abdominal aortic aneurysm (AAA) in areas of
absent and high intraluminal thrombus (ILT) deposition in 17 patients with eccentric ILT deposition. Right upper
insert, Correlation between MMP-9 level and ILT deposition. R ¼ 0.68 (P < .05).
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This study was limited by a small sample size; however,
considering that the bulk of AAA repair and treatment for
aortoiliac occlusive disease is predominantly endovascular,
we had a relatively high number of open cases to provide
adequate aortic tissue, especially considering thatmajority
of AAA had eccentric ILT deposition, allowing a direct
stereotactic comparison of MMP-9 levels within AAA.
This study was also limited by our computational as-

sumptions. We used CFD to predict luminal flow and
did not take into consideration the effect of flow on
wall motion or wall stress; however, we have previously
demonstrated that low WSS and low velocity recircula-
tion flow are typical of high ILT locations and of the site
of AAA rupture.5

Ninety-one percent of AAAs in this study had associ-
ated ILT. The majority of our cohort of patients exhibited
an eccentric pattern of aortic ILT deposition. CFD assess-
ment of flow in AAA with eccentric ILT deposition
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showed that ILT was significantly associated with zones
of recirculation; whereas, the dominant flow channel
and location of flow impingement were rarely associated
with ILT deposition. In AAA that were completely devoid
of ILT, flow typically did not separate into a dominant
flow channel with a zones of recirculation. We found
that AAA with no ILT showed higher velocity vortex
flow within the entire lumen, suggesting that ILT deposi-
tion required slower recirculation flow for deposition of
ILT to occur. Turbulent or recirculating blood flow has
also been associated with platelet activation and in-
creases ILT deposition.23,24

In cases with dense circumferential ILT, flow was more
laminar and similar to that in the nonaneurysmal aorta.
We have previously examined ILT deposition over time
in human AAA25 and showed that ILT deposition is a dy-
namic process building increasing ILT in varying regions
over time. It is not known why some AAA have relatively
greater amounts of ILT but it may reflect a slower AAA
growth with longer deposition times.
ILT was a common feature in more than 90% of cases in

this study. In addition, ILT itself had higher levels of MMP-
9 in regions where there was a greater thickness of depo-
sition. Regions with absent ILT showed significantly lower
levels of MMP-9, less inflammation, and a better preser-
vation of elastin and collagen; however, they still showed
higher levels of MMP-9 compared to control aorta.
We know that ILT develops from the deposition of

blood-borne factors, such as platelets, red blood cells,
white blood cells, and fibrin in the lumen of AAA26; how-
ever, it is not known why some AAA regions are spared
ILT, but the process seems to be flow-mediated, suggest-
ing that a longer resident time of blood-borne particles
may favor deposition.27 Flow-mediated ILT deposition is
not the only factor. This multifactorial process of ILT
development is demonstrated in the inhomogeneous
make-up of ILT, with luminal layers showing higher in-
flammatory cell content compared with abluminal
layers, which are virtually devoid of cells.26 This heteroge-
nous make-up of the ILT likely reflects the fact that
luminal layers of ILT have been most recently deposited.
In addition, Siennicka et al28 have shown inhomogeneity
of coagulation and fibrinolytic activity in human AAA
depending on ILT thickness. There is also evidence that
abluminal layers of ILT have higher levels of MMP-9,29

suggesting that MMP-9 in the deeper ILT layers is not
due to circulating factors, but rather to factors in the
adjacent degenerating aortic wall.

CONCLUSIONS
This work was the first to correlate computationally-

derived hemodynamic changes with increased ILT depo-
sition and tissue MMP9 levels in human AAA. Using CFD
we have demonstrated that human AAA typically have
blood flow patterns characterized by a dominant flow
channel and a flow impingement location, that is
relatively devoid of ILT, and a zone of recirculation flow
that was significantly associated high ILT deposition
and significantly higher MMP-9 tissue levels. Further,
these areas of high ILT were associated with local AAA
wall degeneration as evidenced by increased elastin
and collagen loss. It is possible that ILT deposition results
in relative hypoxia, especially if the vasa vasorum is
already affected by inflammation, that preferentially
weakens the underlying aortic wall ultimately leading
to rupture. The initial factors that lead to early aortic dila-
tion and altered flow that may precipitate ILT deposition
are still not understood. These results suggest that flow-
mediated ILT deposition may promote local increases
in proteolytic activity that may preferentially weaken
and promote rupture at selected regions. Understanding
the interaction between ILT deposition and proteolytic
degradation of the aortic wall is an exciting area of inves-
tigation that may lead to targeted therapies for AAA and
may ultimately lead to a more accurate assessment of
AAA rupture risk.
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