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Aortoiliac hemodynamic and morphologic
adaptation to chronic spinal cord injury
Janice J. Yeung, MD,a,b Hyun Jin Kim, MS,c Thomas A. Abbruzzese, MD,b Irene E. Vignon-Clementel, PhD,c

Mary T. Draney-Blomme, PhD,c Kay K. Yeung, MD,b Inder Perkash, MD,d Robert J. Herfkens, MD,e
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Background: Reduced lower limb blood flow and resistive hemodynamic conditions potentially promote aortic inflam-
mation and aneurysmal degeneration. We used abdominal ultrasonography, magnetic resonance imaging, and compu-
tational flow modeling to determine the relationship between reduced infrarenal aortic blood flow in chronic spinal cord
injury (SCI) subjects and risk for abdominal aortic aneurysm (AAA) disease.
Methods: Aortic diameter in consecutive SCI subjects (n � 123) was determined via transabdominal ultrasonography.
Aortic anatomic and physiologic data were acquired via magnetic resonance angiography (MRA; n � 5) and cine
phase-contrast magnetic resonance flow imaging (n � 4) from SCI subjects whose aortic diameter was less than 3.0 cm
by ultrasonography. Computational flow models were constructed from magnetic resonance data sets. Results were
compared with those obtained from ambulatory control subjects (ultrasonography, n � 129; MRA/phase-contrast
magnetic resonance flow imaging, n � 6) who were recruited at random from a larger pool of risk factor–matched
individuals without known AAA disease.
Results: Age, sex distribution, and smoking histories were comparable between the SCI and control groups. In the SCI
group, time since injury averaged 26 � 13 years (mean � SD). Aortic diameter was larger (P < .01), and the prevalence
of large (>2.5 cm; P < .01) or aneurysmal (>3.0 cm; P < .05) aortas was greater in SCI subjects. Paradoxically, common
iliac artery diameters were reduced in SCI subjects (<1.0 cm; 48% SCI vs 26% control; P < .0001). Focal preaneurysmal
enlargement was noted in four of five SCI subjects by MRA. Flow modeling revealed normal flow volume, biphasic and
reduced oscillatory flow, slower pressure decay, and reduced wall shear stress in the SCI infrarenal aorta.
Conclusions: Characteristic aortoiliac hemodynamic and morphologic adaptations occur in response to chronic SCI.
Slower aortic pressure decay and reduced wall shear stress after SCI may contribute to mural degeneration, enlargement,

and an increased prevalence of AAA disease. ( J Vasc Surg 2006;44:1254-65.)
Aortic diameter increases normally as a function of age.
When diameter equals or exceeds 3 cm, however, the
abdominal aorta is considered aneurysmal.1-3 Pathologic
enlargement occurs most commonly in the distal aorta, the
region caudal to the renal arteries. Compared with more
proximal segments, the resting infrarenal aortic hemody-
namic environment is characterized by increased peripheral
resistance, increased oscillatory wall shear stress (WSS), and

From the Department of Surgery, University of Rochester,a Department of
Surgery, Division of Vascular Surgery,b Department of Mechanical Engi-
neering,c Department of Radiology,e and Department of Bioengineering,f

Stanford University, and the Palo Alto Spinal Cord Injury Unit, Palo Alto
Veterans Affairs Health Care System.d

Supported by the Paralyzed Veterans of America, the Palo Alto Institute for
Research and Education, the Lifeline Foundation, the National Science
Foundation (Grant 0205741), the National Heart, Lung and Blood
Institute (R01 HL064338-05A2), the Lucas Foundation, GE Medical
Systems, the American Heart Association, Alpha Omega Alpha Honor
Medical Society, and the University of Wisconsin Cardiovascular Research
Center.

Competition of interest: none.
Presented at the Twentieth Annual Meeting of the Western Vascular Soci-

ety, Park City, Utah, Sept. 24-27, 2005.
Additional material for this article may be found online at www.jvascsurg.

org.
Reprint requests: Ronald L. Dalman, MD, FACS, Vascular Center, Suite

H3542, Stanford University Medical Center, 300 Pasteur Dr, Stanford,
CA 94305 (e-mail: rld@stanford.edu).

0741-5214/$32.00
Copyright © 2006 by The Society for Vascular Surgery.

doi:10.1016/j.jvs.2006.08.026

1254
reduced flow.4 These “resistive” hemodynamic conditions
may predispose the infrarenal aorta to occlusive or aneurys-
mal degeneration. Major limb amputation,5 hemiparesis,6

chronic spinal cord injury (SCI),7 and severe peripheral
vascular disease8 have recently been recognized as potential
independent risk factors for infrarenal aortic disease, asso-
ciations that highlight the potential pathogenic significance
of resistive hemodynamic conditions.

In our surgical practice, we noted that aortic aneurysm
disease or a history of abdominal aortic aneurysm (AAA)
repair seemed unusually prevalent among chronic SCI pa-
tients. Among other risk factors for vascular diseases
present in SCI patients,9-13 permanent reduction in infra-
renal aortic blood flow due to denervated and immobile
lower extremities may also promote aortic degeneration.
We used magnetic resonance imaging (MRI) and compu-
tational fluid dynamics to analyze the influence of resistive
hemodynamic conditions on AAA pathogenesis in SCI
subjects and risk factor–matched ambulatory control sub-
jects.

METHODS

All protocols were designed in accordance with Good
Clinical Practice guidelines for human research and were
approved by the Institutional Review Board of Stanford
University and the Veterans Affairs Palo Alto Health Care

System (VAPAHCS). Informed consent was obtained be-

http://www.jvascsurg.org.
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fore participation. No monetary compensation was pro-
vided for study participation.

Study groups. SCI subjects were recruited from
consecutive VAPAHCS patients presenting for annual
health maintenance examinations between January 1,
1999, and August 6, 2004. Subjects participated by complet-
ing a questionnaire and undergoing a fasting abdominal ultra-
sound AAA screening examination (n � 121) or alternative
abdominal imaging studies (n � 2). Five SCI subjects also
underwent secondary magnetic resonance angiography
(MRA).

Control subjects were identified from a Health Insur-
ance Portability and Accountability Act–compliant data-
base composed of non-SCI VAPAHCS patients selected for
demographic (eg, sex and age) and social (eg, smoking
status) similarity to the overall SCI cohort. Potential sub-
jects identified at random from this database were con-
tacted by mail and a follow-up telephone call regarding
study participation. Five hundred nineteen subjects were
contacted, and 129 subjects were enrolled. Six subjects in
this group also underwent MRA examinations.

Inclusion criteria for both SCI and control subject
participation included age greater than 50 years without a
prior diagnosis of AAA disease or history of aortic or iliac
surgery. SCI subjects were eligible for participation only if
5 years or more had elapsed since injury. SCI and control
subjects were queried regarding biomorphic indices and
the presence of known risk factors for peripheral vascular
and aortic disease. SCI subjects were also queried regarding
the nature and history of their injury.

Aortic and iliac artery imaging. Each subject under-
went fasting abdominal ultrasound imaging limited to the
aorta and iliac arteries. All studies were performed by a regis-
tered vascular technologist by using either an Acuson Sequoia
(Siemens Medical Solutions, Malvern, Pa) or ATL Philips
Medical HDI 5000 machine (Royal Philips Electronics, The
Netherlands) equipped with 3.5-MHz transducers. Maxi-
mal aortic diameter was determined from anteroposterior
and lateral measurements obtained between the renal arter-
ies and aortic bifurcation. When sufficiently well visualized,
the maximum anteroposterior and lateral diameters of the
common iliac arteries were also recorded. Heart rate, sys-
tolic and diastolic blood pressures, and femoral pulse status
(present or absent) on physical examination were also re-
corded. For two SCI subjects, measurements were obtained
from vascular contrast–enhanced computed tomographic
images ordered for unrelated clinical conditions.

Clinical data analysis. Aortas with a diameter of 3.0
cm or more were classified as aneurysmal. Aortas with
diameters of 2.5 cm or more were considered to be en-
larged; this group also included subjects with AAA (�3.0
cm). Aortic diameter less than 2.5 cm was considered
normal. There was no category for smaller or hypoplastic
aortas. Iliac artery diameter measurements were divided
into aneurysmal (�1.5 cm), enlarged (�1.25 cm, includes
aneurysms), and very small (�1.0 cm) groups. Before the
initiation of the study, a sample size of 125 subjects in each

group was projected to provide sufficient power (� � .80)
to detect a difference of 12% in AAA prevalence between
SCI and control subjects. Significance was determined at
the .05 level. Continuous data were analyzed by using t
tests. Two-tailed P values were calculated for all parameters
except iliac and aortic diameter comparisons between
groups. Categorical data were analyzed with a two-tailed
Fisher exact test.

MRA and imaging. Five SCI and six control subjects
underwent additional imaging via magnetic resonance ar-
teriography. Potential angiography MRA subjects were
selected randomly from those determined to be free from
aortic or iliac aneurysms at the initial ultrasound study or
contraindications to MRI. All imaging was performed at
Stanford University’s Richard M. Lucas Center for Magnetic
Resonance Spectroscopy and Imaging by using a 1.5-T GE
Signa (GE Medical Systems, Milwaukee, Wis) magnetic res-
onance scanner. A three-dimensional fast gradient-recalled
sequence was performed after intravenous administration
of 0.2 mmol/kg of gadolinium-based contrast material,
injected at a rate of 2 to 3 mL/s starting approximately 15
seconds before the MRA scan. Scan parameters included a
repetition time of 13.9 milliseconds, an echo time of 2.8
milliseconds, and a flip angle of 40°. The previous steps
were repeated as needed to acquire a second three-dimen-
sional contrast-enhanced volumetric scan partially overlap-
ping the original three-dimensional acquisition, to span the
required anatomic range and minimize uncorrected distor-
tions.

Phase-contrast MRI (PC-MRI) techniques were sub-
sequently applied to acquire time-resolved anatomic data
and through-plane blood flow velocity maps perpendic-
ular to the aorta at the supraceliac and infrarenal levels.
Acquisitions were gated to the cardiac cycle with a 4-lead
electrocardiograph monitor, and image data were retro-
spectively reconstructed to 24 evenly spaced time points
over the cardiac cycle and corrected with a first-order
baseline correction method. Subjects were positioned
supine at rest and instructed not to breathe during image
acquisition. Scan parameters were as follows: repetition
time, 44 milliseconds, echo time, 9.6 to 9.9 millisec-
onds; flip angle, 25°; slice thickness, 3.4 to 4.2 mm
(depending on the anatomy of the subject); square field
of view, 34 � 34 cm to 40 � 40 cm; matrix dimensions,
512 � 192 pixels; and through-plane velocity encoding
gradient, 150 cm/s.

The area ratio was calculated as the ratio of the area of
the infrarenal aorta over the combined area of the left and
right iliac arteries for each subject. Each area was computed
from the image segments. The area of the left and right iliac
arteries was an averaged value over all available segmented
slices between the aortic and iliac bifurcations. Aortoiliac
image segments were also processed to calculate average
and maximum diameters. The oscillatory flow index (OFI)
was calculated for each infrarenal waveform to compare
retrograde flow in the abdominal aorta.14 OFI was calcu-

lated as
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where Q is the flow rate and T is the period of each cardiac
cycle. The OFI varies between 0 and 0.5, with an OFI value
of 0 corresponding to a unidirectional flow throughout the
cardiac cycle and a value of 0.5 corresponding to an oscil-
latory flow with a zero mean flow rate.

Generating subject-specific computer models. Subject-
specific computer models were constructed with custom
image-based modeling software by using techniques previ-
ously described.15 Briefly, path lines extracted from the
MRA data were used to position two-dimensional slice
planes normal to the vessel path. Luminal contour curves
were obtained for these slice planes by using the level set
method and lofted to create nonuniform rational B-spline
surfaces and geometric solid models. One-dimensional mod-
els were generated from the three-dimensional models ac-
cording to the path lines and the areas of the image segments.
An automatic finite element mesh generator, Meshsim (Sim-
metrix, Inc, Clifton Park, NY), was used to discretize the
models for the three-dimensional blood flow simulations
and subsequent quantification of WSS. The finite element
meshes had between 649,610 and 1,315,253 linear tetra-
hedral elements.

One-dimensional simulations. The nonlinear one-
dimensional partial differential equations governing blood
flow in deformable elastic vessels are derived from the
equations of conservation of mass, balance of momentum,
and a constitutive equation describing the material behav-
ior of the vessel walls.16,17 Because analytic solutions to
these equations cannot be obtained, a finite element
method was used to obtain approximate numeric solutions
for pressure and flow waveforms.18 The flow waveform at
the level of the supraceliac aorta, acquired from PC-MRI,
was applied as an inlet boundary condition, and impedance
spectra were prescribed at the exits of the numerical domain
as outlet boundary conditions.17 The impedance spectrum
for each outlet was generated by using Womersley’s elastic
tube theory and an asymmetric binary fractal tree model
of the distal vessels. By using vascular branching laws, a
fractal tree model from a vessel of the size of the outlet
branch to the size of capillary vessels was attained.19-21 Tree
parameters were set to ensure that the resultant infrarenal
flow rate matched measured data and that the outlet pres-
sure matched the subject’s measured mean cuff blood
pressure. Simulations were run with an element size of 0.05
cm and 500 time steps over a cardiac cycle for at least 4
cycles until periodic solutions were obtained. To compare
the pressure waveforms between SCI and control subjects,
a decay time constant (�) was calculated for each subject by
fitting an exponential function of the form e�t/� to the
pressure waveform in diastole. Large values of � are charac-

teristic of a slow diastolic pressure decay.
Three-dimensional simulations. To obtain infrare-
nal WSS, the incompressible Navier-Stokes equations were
solved for blood velocity and pressure in rigid vessels by
using a stabilized finite element method.22 The simulations
were conducted with an approximate maximum element
size of 0.09 cm and a time step of 0.0005 to 0.001 seconds
for at least three cycles until the solution became periodic.
The supraceliac flow waveform obtained from PC-MRI
data for each subject was used as an inlet boundary condi-
tion, and resistance was specified at each outlet.23 For
three-dimensional analyses, outlet resistance for each branch
vessel was computed by using a measured mean cuff pres-
sure and infrarenal flow rate, together with literature
data,24 to assign relative flow between the celiac, mesen-
teric, renal, and iliac arteries. Simulations were performed
by using this approach for resting conditions. To calculate a
daily averaged WSS, 2 hours of light exercise shear stress
were combined with 22 hours of resting shear stress for
relatively sedentary but ambulatory control subjects.25,26

The light exercise condition was simulated by increasing
the supraceliac flow rate by threefold and decreasing distal
vessel resistances to attain a sixfold increase in iliac artery
flow without causing a significant change in supraceliac
blood pressure.27 For nonambulatory SCI subjects, resting
shear stress was used as the daily averaged WSS. We quan-
tified the daily averaged WSS from the infrarenal to suprabi-
furcational aorta to compare mean infrarenal WSS values
between SCI and control subjects.

RESULTS

Subject characteristics. SCI and control subjects
were well matched for age, height, and heart rate (Table I).
Of the morphometric variables potentially relevant to AAA
pathogenesis, SCI subjects demonstrated reduced body
mass index; systolic, diastolic, and mean blood pressure;
and prevalence of hypertension. The cohorts were well
matched for smoking prevalence and intensity: 73% of the
SCI group reported smoking an average 27.7 pack-years,
whereas 62% of control subjects smoked an average 28.4
pack-years. However, 34% of the control group were cur-
rent smokers, compared with 22% of the SCI cohort.
Although SCI subjects had more chronic lower extremity
wounds, the prevalence of major lower extremity amputa-
tion (below-knee or higher), partial foot amputation, or
major abdominal trauma necessitating surgery was equal
between groups (not significant).

In the SCI group, the length of time since injury (and
subsequent profound lower extremity immobility) aver-
aged 26 � 13 years (mean � SD). Spinal injury occurred
generally at or above the T12 vertebral level. Most spinal
injuries resulted from traumatic events, including airplane,
motor vehicle, motorcycle, and bicycle accidents; falls and
diving accidents; and gunshot wounds and other combat
injuries. Nontraumatic causes of spinal injury included mul-
tiple sclerosis, amyotrophic lateral sclerosis, Pott’s disease,
arachnoid cyst, epidural abscess, and arteriovenous malfor-

mations (Table II).
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Aortic and iliac artery diameter. The average aor-
tic diameter was larger in SCI than in control subjects
(Table III). Aortic diameters 2.5 cm or more, considered
enlarged but not aneurysmal, were also more prevalent in
SCI subjects (P � .01), as were AAAs (aortic diameter �3.0
cm; P � .05). Iliac arteries were not visible in all subjects;
measurements were obtained for 168 SCI iliac arteries and
227 control iliac arteries. No significant differences were
noted between average iliac artery diameter or aneurysm
prevalence; however, there were many more very small iliac
arteries (�1.0 cm) in SCI subjects (P � .0001). When
grouped by 0.2-cm increments, aortic diameters in SCI
subjects tended to be higher than controls, whereas iliac
arteries were smaller (Fig 1). Overall, there were signifi-
cantly more AAAs, enlarged aortas, and very small iliac
arteries in SCI subjects. A total of 20 aneurysms were found
in 16 SCI subjects; 3 iliac aneurysms were found in subjects

Table I. Patient characteristics

Variable SCI subjects (n

Age (y) 62.6 (9.
Weight (pounds) 185.3 (35
Height (inches) 70.7 (3.
Body mass index (kg/m2) 26.1 (4.
Systolic blood pressure (mm Hg) 125.5 (19
Diastolic blood pressure (mm Hg) 71.6 (12
Mean arterial pressure (mm Hg) 88.0 (17
Heart rate (/min) 71.7 (12
Cholesterol (mg/dL) 179.1 (32
Family history of AAA disease 3 (2%
Prior cardiovascular procedure 13 (11
Nonhealing lower extremity wounds 44 (36
Amputation (major lower extremity) 3 (2%
Amputation (partial foot) 6 (5%
Abdominal trauma 7 (6%
Diabetes mellitus 18 (15
Years of diabetic treatment 6.03 (7)
Hypertension 46 (37
Prior abdominal imaging 73 (59
Smoking (ever) 93 (73
Smoking (current) 26 (21
Pack-years 29.2 (30

SCI, Spinal cord injury; NS, not significant; AAA, abdominal aortic aneury
Values are mean (SD) or n (%).

Table II. Locations and causes of spinal injury among
the spinal cord injury cohort

Variable No. subjects %

Level of injury
Cervical 51 43%
Cervicothoracic 1 1%
Thoracic 61 52%
Thoracolumbar 3 3%
Lumbar 2 2%

Cause of injury
Traumatic 95 79%
Medical 15 21%
who also had an AAA.
Magnetic resonance arteriography. MRA of the ab-
dominal aorta in all SCI subjects revealed a distinctive,
consistent vascular phenotype of chronic SCI: irregular and
ectatic distal aortic segments adjacent to markedly dimin-
ished iliac arteries. In contrast, control subjects displayed
smoothly tapering aortas with comparatively wider-caliber
iliac vessels and uniformly smooth walls (Fig 2). One SCI
subject’s aortic morphology (SCI 5) deviated markedly
from the other four; further investigation confirmed that
this subject had retained partial ambulatory status after his
injury through the period of the study, so he was excluded
from additional analysis. The mean diameter of the infrare-
nal aorta was 1.63 cm for SCI subjects and 1.54 cm for
control subjects (not significant). However, the mean

3) Control subjects (n � 129) P value

63.3 (8.8) NS
196.8 (40.5) .02
69.6 (2.9) �.01
28.5 (5.1) �.01

137.4 (16.6) �.01
81.2 (8.8) �.01

100.0 (9.8) �.01
70.0 (11.9) NS

191.0 (43.8) .02
12 (9%) .03
31 (24%) .01
13 (10%) �.01

3 (2%) NS
4 (3%) NS
5 (4%) NS

24 (19%) NS
6.74 (6) NS

78 (60%) �.01
41 (32%) �.01
80 (62%) NS
45 (35%) .02

28.4 (31.0) NS

Table III. Arterial diameter as a function of SCI status

Vascular status SCI Control P value

n 123 129
Aortic diameter (cm � SD) 2.3 (0.9) 2.0 (0.4) �.01
Aorta �3.0 cm (AAA) 11 (8.9%) 4 (3.1%) .04
Aorta �2.5 cm (AAA �

enlarged) 31 (25.2%) 15 (11.6%) �.01
n 168 227
Iliac diameter (cm) 1.1 (0.3) 1.1 (0.2) NS
Iliac �1.5 cm (aneurysm) 9 (5.4%) 12 (5.3%) NS
Iliac �1.25 (aneurysm �

enlarged) 26 (15.5%) 44 (19.4%) NS
Iliac �1.0 cm 80 (47.6%) 59 (26.0%) �.01

SCI, Spinal cord injury; AAA, abdominal aortic aneurysm; NS, not signifi-
cant.
Values are mean (SD) or n (%).
� 12
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SCI and 1.7 in control subjects (P � .01), thus demonstrat-
ing that the greater area ratio present in SCI subjects was
due principally to relatively reduced iliac artery diameters.

Aortoiliac segments were compared for average di-

Fig 1. Distribution of aortic and iliac artery diame

Fig 2. Magnetic resonance angiography of the abdom
Tedesco et al., Future Cardiology 2006;2(4):478 with p
ameters (Table IV, online only). The mean aortic diam-
eter (suprarenal aorta to bifurcation) for SCI subjects
was 1.87 cm, compared with 1.87 cm for control sub-
jects (not significant). However, as evident on MRA (Fig
2), SCI subjects exhibited focal aortic enlargement and

ith trend lines, spinal cord injury (SCI) vs control.

orta, spinal cord injury (SCI) vs control. Adapted from
sion from Future Medicine Ltd.
inal a
increased variation in diameter along the length of the
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aorta. SCI subjects had smaller iliac arteries, with mean
diameter of 0.70 cm, vs 0.91 cm for the control group (P
� .01).

PC-MRI volumetric data were compared between the
supraceliac and infrarenal aortic segments in the resting
supine position. There was little difference between groups
in the mean aortic flow rate. SCI subjects displayed mean
supraceliac and infrarenal flow rates of 51.51 and 13.87
mL/s respectively, whereas control subjects averaged
52.30 and 13.70 mL/s. However, the infrarenal flow wave-
form was markedly different between groups. Control sub-
jects showed triphasic flow waveforms with retrograde flow
in diastole. SCI subjects mainly displayed biphasic more
distributed flow with smaller peak values (Fig 3). Average
OFI values were 0.006 for SCI subjects and 0.173 for
control subjects (P � .01), thus signifying less oscillatory
flow in nonambulatory SCI subjects.

One-dimensional flow and pressure analyses. The
one-dimensional equations of blood flow were solved for
pressure and flow waveforms (Fig 4). Flow waveforms for
each subject varied significantly according to the imped-
ance boundary conditions prescribed at the outlet vessels.
Pressure waveforms lagged behind flow waveforms, as ex-
pected for pulsatile flow in elastic vessels. Wave morphol-
ogy was influenced by the suprabifurcation wave reflection
and pressure decay.

Infrarenal flow waveforms calculated from the one-
dimensional simulation were similar to the PC-MRI results
(Fig 5). SCI infrarenal flow waveforms displayed distrib-
uted and little retrograde or oscillatory flow with a smaller
peak value. The calculated mean OFI values were 0.032 for
SCI subjects and 0.148 for control subjects (P � .01).

Pressure waveforms were similar for all outlet vessels,
although pulse pressures increased slightly as the pressure
waves propagated toward stiffened lower extremity vessels.
The infrarenal pressure waveform was similar to the inlet
pressure waveform, without noteworthy wave reflections
from downstream vessels (Fig 5). However, SCI pressure
waveforms showed slower decay in diastole in comparison

Fig 3. Infrarenal (IR) flow waveforms, spinal cord in
imaging data were acquired for each subject at an IR slic
the flow waveform over one cardiac cycle.
with control waveforms. The average decay time constant
was 1.21 seconds for SCI subjects, vs 0.71 seconds for
control subjects (P � .01; online supplement).

Three-dimensional flow and pressure analyses. Daily
averaged WSS was computed for each model by solving the
Navier-Stokes equations of blood flow (Fig 6). Daily aver-
aged WSS in the SCI abdominal aorta was lower compared
with the control aorta with 2 hours of simulated light exercise.
Average values were 3.01 dyne/cm2 for SCI vs 7.23 dyne/
cm2 for control subjects (P � .06). Control subjects varied
widely in average aortic WSS, resulting in a nonsignificant
P value. All SCI subjects consistently showed low mean
aortic WSS.

DISCUSSION

This investigation documented characteristic mor-
phologic and functional aortoiliac adaptations present in
chronically nonambulatory patients after SCI. Although it
is impossible to confirm the sole or primary cause of these
adaptations in the absence of longitudinal observational
data, the relative influence of the SCI alone vs the loss of
ambulation secondary to SCI on aortic morphology was
suggested by SCI subject 5, who retained limited walking
ability and relatively normal aortic morphology. Little dif-
ference was noted in resting flow volume between groups,
but aortic flow patterns were markedly abnormal in SCI
subjects, characterized by reduced retrograde flow in dias-
tole, a reduced OFI, slower diastolic pressure decay, and
reduced WSS throughout the cardiac cycle.

There are approximately 250,000 persons with SCI
in the United States, with 10,000 new injuries each year. In
the mid-20th century, 80% of SCI patients died within
3 years of injury.28 Recent innovations in SCI care focus on
management of long-term complications, dramatically im-
proving life expectancy. Neoplastic, cardiovascular, and
accidental deaths are now replacing renal failure and urinary
tract complications as the most common causes for mortal-
ity after SCI.29 With improved longevity, coronary artery
disease and stroke have replaced renal and pulmonary com-
plications as the primary causes of cardiovascular morbid-

(SCI) vs control. Phase-contrast magnetic resonance
ne perpendicular to the aorta and processed to compare
jury
e pla
ity.13 Among SCI patients surviving for more than 30 years
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Fig 4. Pressure and flow waveforms from representative spinal cord injury (SCI) (top) and control (bottom)

subjects.
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after injury, 46% die of coronary heart disease,12 a signifi-
cantly higher percentage than that of age-matched and car-
diovascular risk factor–matched ambulatory patients (35%). 30

Long-term inactivity is a well-recognized vascular risk fac-
tor, leading to loss of lean muscle mass, impaired glucose
tolerance, hyperinsulinemia, and obesity. Diabetes is three
times more common in SCI patients than in the general
population,10 and lipid profiles are markedly unfavorable:
high density lipoprotein levels are lower in SCI patients and
vary inversely with injury level, whereas serum triglycerides
are increased.11 Considering the increased cardiovascular
risk factors and incidence of cardiovascular death among
this population, a finding of increased average aortic diam-
eter is particularly significant in light of the known correla-
tion between infrarenal aortic diameter and all-cause mor-
tality.31

Although overall cardiovascular disease risk is increased
in these patients, the unique hemodynamic environment of
the infrarenal aorta after SCI (permanently sedentary state)
may be a particularly significant risk factor for AAA disease.
Luminal diameter varies as a function of WSS in both
healthy and diseased arteries; arteries enlarge in response to
increased flow, whereas decreased flow reduces artery di-
ameter.32 Chronic exposure to laminar WSS of at least 5 to
10 dyne/cm2 upregulates the expression of antithrombotic,

Fig 5. Infrarenal (IR) flow and pressure waveforms, spi
at the level of the infrarenal aorta were calculated from o
antiproliferative, antiadhesive, and anti-inflammatory en-
dothelial molecular mediators and promotes endothelial
cellularity and realignment.33-36 Oscillatory, stagnant, or
complex flow vortices with low mean WSS zones occur at
branch points and bifurcations and colocalize with high-
probability areas for atherosclerotic lesions.37,38 The co-
occurrence of diminutive iliac arteries and an enlarged
infrarenal aorta, presumably due to reduced lower extrem-
ity activity and a complete absence of postexercise hyper-
emia in our SCI subjects, is not consistent with any known
flow/remodeling relationship elsewhere in the human vas-
culature. An increased prevalence of AAA disease in periph-
eral arterial occlusive disease patients has been reported and
may reflect altered aortic hemodynamic conditions second-
ary to distal vessel narrowing.39,40 Direct evidence of he-
modynamic influences on AAA disease is available from
biologically valid rodent models: creation of femoral arte-
riovenous fistulas reduces aneurysmal diameter and inflam-
mation, whereas unilateral iliac artery ligation reduces aor-
tic flow, increases aortic mural inflammation, and promotes
AAA progression.31

To ensure that aortic remodeling processes related to
inactivity were well under way in all subjects, a minimum
5-year period after SCI was required for study participa-
tion.41 The extended duration of SCI was also reassuring in
that none of the AAAs identified was likely present before

rd injury (SCI) vs control. Flow and pressure waveforms
imensional simulations.
nal co
injury, nor was trauma an inciting factor. All AAAs were
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fusiform rather than saccular, and no chronic dissections
were identified. Also, the level of SCI was typically well
above the level of the infrarenal aorta. Although 60% of SCI
subjects reported previous abdominal imaging scans (vs
31.8% of control subjects), new AAAs were still identified in
9% of participants. This seeming discrepancy was likely
because annual renal ultrasound studies obtained on these
patients are generally limited to the kidneys and urinary
collecting system. Patients with known aneurysms were
excluded from the study, so AAA prevalence in SCI patients
may be even higher than our data would suggest.

Although a correlation between time after injury and
aortic diameter or AAA prevalence would have provided
additional reassurance regarding the underlying mecha-
nism for aortic enlargement in SCI, no such relationship
was present (data not shown). Given the number of pa-
tients imaged and the relatively tight distribution of aortic
diameters present within the SCI cohort, however, this
analysis is highly likely to underestimate such a correlation.
Also, given the well-recognized relationship between age
and AAA risk, the variable age of subjects at the time of SCI
would confound potential correlations between duration of
injury and aortic diameter. Aortic diameter enlargement
may well progress at different rates in patients with SCI in

Fig 6. Daily averaged wall shear stress in computational
(SCI) vs control.
their fifth decade as compared with their second.
Most demographic, physiologic, and morphometric dif-
ferences between groups in this study were attributable to the
consequences of SCI. Hypertension is a known risk factor for
AAA, with an odds ratio (OR) of 1.23 in a prior veterans
screening study,3 but systolic, diastolic, and mean arterial
pressure or a history of hypertension necessitating medical
treatment were all lower or less frequent in SCI subjects.
Family history also increases AAA disease risk3 (OR � 1.95);
this was more common among control subjects, likely because
of a selection bias present in subjects choosing participation.
Weight and body mass index, not previously recognized as
independent AAA disease risk factors,42 were lower in SCI
subjects, likely because of reduced muscle mass after injury.
Cigarette smoking is the strongest recognized AAA risk factor
in male veteran patients, with an OR of 5.57.42 The smoking
prevalence in each cohort was comparable to those reported in
the SCI veteran and general veteran patient population at
large (76.8% and 74.2%, respectively). Current smokers are
1.5 times more likely than former smokers to have an AAA,
and after smoking cessation, the risk decreases but does not
return to baseline.3,43,44 More control than SCI subjects
reported being current smokers (34.9% vs 21.1%; P � .02).
Among the larger veteran patient population, 33.9% are cur-
rent smokers.44 The lower prevalence of smoking among our

erated models of the abdominal aorta, spinal cord injury
ly gen
SCI cohort may have been due to better medical care, more
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hospital admissions, or impaired upper extremity function.
Regardless of the reasons for or effect of social and demo-
graphic differences between the groups, however, it is clear
that a disproportionate risk related to hypertension, family, or
cigarette-smoking history does not explain the excess number
of AAAs identified in SCI subjects.

The prevalence of traditional AAA risk factors in our
control group was similar to that described in the much
larger Aneurysm Detection and Management (ADAM)
trial.3 Although AAAs were less prevalent in our controls
than in the ADAM veteran cohort (4.6%), given our com-
paratively modest sample size it is unlikely that any signifi-
cant conclusion can be drawn from this discrepancy. We
created our control group to provide concurrent compari-
sons between two patient populations within the same
medical center. Given more observations, it is likely that the
prevalence of AAA in both the SCI and controls groups
may have been higher than was reported in this study.

Iliac artery ultrasound imaging in SCI subjects is limited
by several technical factors, including a higher relative propor-
tion of truncal adipose tissue. These challenges were evi-
denced by our ability to image only 68% of iliac arteries in SCI
patients vs 88% in the control group. Although ultrasonogra-
phy did not distinguish differences in average iliac artery
diameter between groups, there were significantly more very
small iliac arteries in the SCI group, and trend line analyses
supported similar conclusions. The improved resolution capa-
bilities of MRA clearly demonstrated the reduced iliac artery
diameter characteristic of chronically nonambulatory SCI pa-
tients (Fig 2). The average iliac diameter calculations may have
been biased by the relative difficulty in imaging smaller iliac
arteries with ultrasonography, thus biasing the calculated
means toward larger numbers.

Serum markers of inflammation are also correlated with
AAA diameter and disease risk.45,46 Because of the nature
of SCI, it is unlikely that such measurements would have
been useful in differentiating AAA risk between cohorts in
this study. Chronic SCI alone has been reported to increase
C-reactive protein levels in otherwise healthy individuals,45

and our SCI cohort experienced more chronic skin lesions,
which also increase C-reactive protein. Although this was
not quantified in this study, the SCI patients almost cer-
tainly had increased underlying inflammatory tone. Further
investigation will be necessary to isolate the relative contri-
butions of chronic inflammation and sedentary hemody-
namic conditions to increased AAA risk in SCI subjects.

Because of the ability of MRA to define aortic geometry
during the acquisition of blood velocity data via cine PC-
MRI sequences, magnetic resonance provides simulta-
neous analysis of arterial structure and function. Subject-
specific anatomic and flow data provide the basis for
computational analysis of detailed spatial and temporal
variations in velocity, pressure, and shear stress.17 SCI
subjects demonstrated reduced retrograde flow in the in-
frarenal aorta. Infrarenal aortic flow waveforms were bipha-
sic, as has been observed in patients with occlusive iliac
disease,47 although no focal iliac occlusive lesions were

noted in MRA images of SCI subjects. The pressure de-
crease from the peak systolic value to end-diastolic levels
also occurred much more slowly in SCI subjects, as mea-
sured with the diastolic pressure decay time constant, �. By
using a simple Windkessel lumped parameter analog model,
the slower decay could be explained by a high downstream
resistance, high capacitance, or both. The low diastolic flow
and minimal flow reversal in the infrarenal aorta observed
for SCI subjects confirms that the aorta and iliac and
femoral arteries of SCI patients have low capacitance, thus
making the slow pressure decay attributable to high down-
stream resistance. This slow pressure decay may precipitate
the changes in the arterial wall that are characteristic of
AAA. Although systolic blood pressures were not signifi-
cantly higher in SCI vs control subjects, the SCI aorta experi-
enced higher pressures for longer times because of a slower
diastolic pressure decay. Collagen fibers are recruited in
response to repetitive pressure-related transmural stress,
and a longer load-bearing time may stimulate elastin deg-
radation, collagen recruitment, and extracellular matrix re-
modeling, all histologic features of AAA development.48,49

Aortic flow volume was equivalent between cohorts, as
would be expected in resting subjects with intact lower
extremities. On a time-averaged basis, however, significant
flow differences exist between ambulatory controls and
nonambulatory SCI subjects. Considering that modest
lower extremity exercise in older individuals increases rest-
ing aortic WSS approximately 16-fold50 and that even
sedentary, obese individuals walk on average 80 min/d or
2 km at 5 km/h in “displacement activities,”26 even mini-
mally active individuals generate at least twice the total
time-averaged WSS experienced by immobile SCI patients
during a 24-hour period. It is not known how changing
WSS throughout the day affects the endothelium. How-
ever, evidence is accumulating that repeated episodes of
short periods of exercise (and related increases in arterial
WSS) produce sustained cardiovascular benefits that may
lower the risk for or progression of AAA disease. Short daily
episodes are associated with marked reductions in all-cause
mortality and vascular-related complications in patients
with cardiovascular disease, arterial remodeling, and vascu-
loprotective endothelial phenotypes.51-53 Because of the
nature of SCI, however, activity-induced differences in
aortic flow and WSS were not considered in this study.

Additional limitations were inherent in the nature of
the study design. Because of the limited number of SCI
patients available at any given time, 5 years was required to
complete enrollment and ultrasound imaging. During that
period, we upgraded through several increasingly sophisti-
cated ultrasound platforms. Difficulties in imaging iliac
arteries in earlier studies may have been due to technical
limitations inherent in contemporary imaging equipment.
For the one-dimensional simulation, impedance was gen-
erated by using an asymmetric binary fractal tree with the
same arterial branching law for all outlets regardless of the
downstream tissue or organ. Although vascular branching
patterns vary according to the organs supplied, precise
standard measurements are not available for abdominal

organs or the lower extremities. Thus, the impedance func-
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tions derived from these data may only approximate the
actual physiological state. We have previously demon-
strated, however, that impedance boundary conditions
yield more realistic pressure and flow waveforms than pre-
scribed pressure or resistance boundary conditions de-
scribed elsewhere.17 Additional mathematical approxima-
tions include the use of an elastic constitutive equation19

and the assumptions inherent in one-dimensional theory
whereby only the axial flow velocity and an area-mean
pressure are computed.

WSS was computed by using a finite element method to
solve the three-dimensional Navier-Stokes equations in
rigid models. Current efforts are focused on solving the
three-dimensional equations of blood flow in deformable
elastic domains. The number of tetrahedral elements for
the three-dimensional simulation ranged from 649,610 to
1,315,253. We did not prove the independence of the
shear stress with respect to the mesh size, and the finite
element mesh may not have been refined enough to
resolve finer flow features, such as recirculation. However,
on the basis of our experience with similar examples and our
experimental validation studies, we believe that the meth-
ods used were the most exhaustive and realistic of those
available.54,55 Finally, flow in the infrarenal aorta may
display nonnewtonian fluid characteristics during periods
of low velocity, as occurs during diastole; however, we
assumed newtonian flow for all simulations.

Longitudinal data after infrarenal flow alterations after
initial SCI, atrophic morphologic changes in the iliac ves-
sels, and subsequent aortic dilatation and AAA do not yet
exist. Imaging and flow analysis of nonaneurysmal SCI
patients or computational models of normal aortas and
small-caliber iliac arteries may be pursued in the future.

SUMMARY

Today many SCI patients are surviving long enough to
develop age-related diseases such as AAA. In a consecutive
series, 9% of male veteran chronic SCI patients were found to
have previously unrecognized AAAs. Resting aortic hemody-
namic conditions, as determined by MRA and PC-MRI, were
markedly abnormal in SCI patients, characterized by reduced
retrograde flow in diastole, reduced oscillatory flow, slower
pressure decay in diastole, and reduced WSS throughout the
cardiac cycle. Actual time-averaged differences between am-
bulatory individuals and SCI patients, although not measured,
were likely to be much greater given the profound influence of
lower extremity ambulation on aortic WSS. Whether SCI-
specific hemodynamic conditions are the primary influence for
or a consequence of accelerated aortic remodeling and aneu-
rysmal degeneration awaits further investigation. These find-
ings, if confirmed in larger studies, provide justification for
AAA screening for SCI patients. These findings also provide
additional confirmation that lower extremity exercise is a
significant deterrent to aortic disease and AAA formation. The
precise value of exercise in preventing aortic degeneration
should be determined by a scientifically valid trial of supervised

exercise testing in patients at risk for AAA disease.37
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Table IV, online only. Average and maximum aortic and

Subject

Average aortic
diameter, suprarenal to
bifurcation (cm � SD)

Average infrarenal ao
diameter (cm � SD

SCI 1 1.8 � 0.2 1.7 � 0.1
SCI 2 1.6 � 0.3 1.4 � 0.2
SCI 3 1.8 � 0.3 1.5 � 0.1
SCI 4 2.0 � 0.3 1.8 � 0.3
SCI 5 2.0 � 0.3 1.8 � 1.1
SCI average 1.9 1.6
Control 1 1.7 � 0.3 1.4 � 0.0
Control 2 1.8 � 0.2 1.6 � 0.1
Control 3 1.9 � 0.3 1.6 � 0.1
Control 4 1.8 � 0.3 1.6 � 0.1
Control 5 2.0 � 0.4 1.5 � 0.1
Control 6 1.9 � 0.3 1.5 � 0.3
Control average 1.9 1.5
iliac diameters by MRI in SCI and control subjects

rtic
)

Maximum infrarenal
aortic diameter (cm)

Average iliac diameter
(cm � SD)

Maximum iliac
diameter (cm)

1.9 0.6 � 0.2 1.2
1.5 0.5 � 0.0 0.6
1.7 0.6 � 0.0 0.7
2.2 0.5 � 0.1 0.7
1.9 1.2 � 0.1 1.3
1.8 0.7 0.9
1.4 0.8 � 0.0 0.9
1.7 1.0 � 0.2 1.5
1.7 0.8 � 0.1 1.1
1.7 0.9 � 0.1 1.1
1.6 1.2 � 0.1 1.4
1.5 0.7 � 0.1 0.9
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