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Abstract
Background/Objective: The purpose of the study was to determine whether arterial diameter, flow-
mediated dilatation (FMD), and arterial range are affected by spinal cord injury (SCI). We assessed arm
(radial) and leg (posterior-tibial) arteries that are comparable in size and function to determine whether (a)
arterial function is reduced in individuals with SCI vs nondisabled subjects and (b) decrements to SCI arterial
function are greater in the legs vs arms.

Participants: Eighteen men with chronic (9.8 6 6.3 years) SCI (T2 to T11; American Spinal Injury
Association A) and 13 nondisabled subjects matched for age (33.1 6 4.8 vs 29.8 6 8.2 years old,
respectively), height, and weight (BMI ¼ 25.3 6 5.8 vs 26.6 6 5.5 kg/m2, respectively).

Methods: Radial and posterior tibial artery B-mode ultrasound images were continuously captured to
measure resting diameter, occluded diameter, and postischemic diameters. Hierarchical linear modeling
accounted for the nested experimental design.

Results: Individuals with SCI have lower systemic (arm þ leg) FMD than nondisabled subjects (9.3% vs
12.3%, respectively; P¼ 0.035), primarily because of reduced leg FMD (11.5 6 3.1% vs 7.0 6 2.8% for SCI
arms vs legs, respectively; P ¼ 0.010). Persons with SCI also had lower arterial range than nondisabled
subjects (0.79 vs 1.00 mm, respectively; P ¼ 0.043), primarily because of the legs (0.81 6 0.09 vs 0.56 6

0.11 mm for SCI arms vs legs, respectively; P ¼ 0.030).

Conclusion: Leg arterial function seems to deteriorate at greater rates compared to the arms for individuals
with SCI. Interventions to improve cardiovascular health should include measurements taken in the legs.
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INTRODUCTION

Cardiovascular disease prevalence is approximately 200%

greater for persons with spinal cord injury (SCI)

compared with nondisabled counterparts (1). Unfortu-

nately, limited research is available to describe the

pathogenesis of cardiovascular disease after SCI. There

is a particular need to identify whether deterioration of

arterial function is more pronounced in arteries below

lesion level. Because of paralysis below the lesion and

subsequent disuse of these limbs, lower extremity arterial

function may be at particular risk for deterioration.

A popular noninvasive assessment of arterial function

is brachial artery flow-mediated dilation (FMD) (2). FMD

reflects the ability of the endothelium to relax vascular

smooth muscle in response to increased blood velocity–

induced shear stress (3). Reduced FMD is an early marker

of atherosclerosis (2), a surrogate marker of cardiovascu-

lar function (2,4), and a predictor of future cardiovascular

complications (5,6). Given the incidence of cardiovascu-

lar disease (CVD) after SCI, it may be surprising that

normal brachial artery FMD has been reported (7).

Retention of upper extremity function may explain these

discrepant findings. The legs, however, are mostly
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inactive, which in turn may lead to greater declines in
arterial function within these limbs. So why did De Groot
el al (7) find normal femoral artery FMD in SCI? Direct
comparisons between the femoral and brachial arteries
are difficult. Compared with the brachial artery, the
notably larger femoral artery has different structural
composition and decreased dilatory capacity to increases
in shear stress stimuli (8). There remains a need to
compare upper vs lower extremity arterial function using
arteries similar in size and function.

Arterial function is also reflected using resting arterial
size (9). However, assessments solely limited to resting
arterial size may lead to erroneous conclusions. Structural
remodeling may, in part, explain the 45% to 50%
reduction in SCI femoral diameter (10,11), although
changes in sympathetic tone after SCI may also
contribute (12,13). Arterial size may be more accurately
indicated through an arterial ‘‘physiological’’ operating
range (14,15) that represents the physiological minimum
to maximum diameter range. Decreased arterial range
has been shown in nondisabled subjects with peripheral
artery disease (14) but remains to be measured in
patients with SCI.

For the purpose of this study, we define ‘‘arterial
function’’ using 3 surrogate markers: (a) resting diameter,
(b) FMD, and (c) arterial range. The purpose of this study
was to assess arm (radial) and leg (posterior-tibial)
arteries that are comparable in size and function and
determine whether (a) arterial function is reduced in
individuals with SCI compared with nondisabled subjects
and (b) decrements to SCI arterial function is greater in
the legs vs arms. Our hypotheses were (a) arterial
function is reduced in individuals with SCI vs controls
and (b) SCI results in greater reductions to arterial
function in the legs relative to arms.

METHODS
Subjects
Eighteen men with chronic SCI and 13 nondisabled
control subjects were tested. All subjects were non-
smokers. None of the subjects suffered from disease or
disabilities other than SCI. Patients with SCI had
complete American Spinal Injury Association (ASIA) A
spinal cord lesions of traumatic origin at levels between
T2 and T12. Time since injury was at least 2 years (9.8 6

6.3 years). Four subjects were medicated with oxy-
butynin chloride (Ditropan), 3 with baclofen, and one
subject took Duragesic (fentanyl transdermal system),
Slo-niacin, gabapentin (Neurontin), buspirone (BuSpar),
Dulcolax, and albuterol. We used a rating scale (range 0–
4) to measure spasms ‘‘. . .by the number of sustained
flexor and extensor muscle spasms over a 1-hour period,’’
(ie, 0 ¼ none, 4 ¼ .10 spontaneous spasms per hour).
Four subjects reported a 0 rating, 8 had a rating of 1
(vigorous sensory and motor stimulation results in
spasms), and 6 had a rating of 2 (occasional spontaneous
spasms and easily induced spasms). This study was

conducted with the approval of the Institutional Review
Boards at the University of Georgia and Shepherd Center
(Atlanta), and all subjects provided written informed
consent.

Protocol
This cross-sectional study was conducted at the University
of Georgia and the Shepherd Center (Atlanta). Protocols,
equipment, and the ultrasound technician were identical
between locations. Subjects reported for testing after
fasting for 12 hours. Subjects were asked to consume
water ad libitum. After reading and signing the study
protocol and consent forms, subjects rested in supine
position for at least 10 minutes. We induced changes in
arterial diameter by proximal cuff occlusion of the
dominant limb for 5 and then 10 minutes. The 10-
minute occlusion period, administered on return to
resting diameter, provided the minimum and maximal
diameters used to calculate arterial range. Blood
pressures and heart rates taken from the opposing arm
were measured using a semi-automated device (Data-
scope, Montvale, NJ). Recordings were taken after 10
minutes of supine rest, at the end of occlusion, and 5
minutes after occlusion.

Ultrasound Diameter Measurements
Diameter measurements were made using a high-resolu-
tion portable B-mode ultrasound imaging machine (GE
Logiq book, GE Medical, Milwaukee, WI) with a 7- to 13-
MHz linear probe. The radial artery was imaged at the
midpoint of the forearm, and the posterior tibial artery
was 3 to 5 cm superior to the calcaneus. Magnification
and focal zone settings were adjusted to optimize
imaging of the proximal and distal vessel wall. Image
focus was maintained throughout the entire experiment
using a specialized probe-holding device. High-quality
MPEG2 recordings of the entire experiment were made
using a Dell Laptop PC equipped with a video capture
device (ADS technologies, Cerritos, CA). Video files
collected at 30 frames per second were converted into
JPEG images. JPEG images provide comparable accuracy
for ultrasound image measurements compared to the
DICOM (Digital Imaging and Communications in Med-
icine) standard (16). Images were analyzed off-line using
semiautomated edge-detection software custom written
to interface with National Instruments Lab view software
(Figure 1). Analysis was not done in a blinded manner,
but the use of an automated computer program
minimized potential bias in analysis. Reported resting
diameters represent the average from 2 minutes of rest.
Minimum diameters represent the last 30 seconds of
ischemia. Maximum diameters were calculated from the
average of the 3 largest adjacent diameters after cuff
release. In our laboratory, between-day coefficients of
variation for measurements of diameter ranging from rest
to maximal diameters are 2% to 3% (17).
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Measures of Arterial Function
FMD was calculated as (5-minute maximum diameter �
resting diameter)/resting diameter 3 100, where the 5-
minute maximum diameter represents the maximum
diameter after 5 minutes of proximal ischemia.

Briefly, a pneumatic tourniquet placed around the
limb proximal to the insonated artery was rapidly inflated
(1–2 seconds) to a pressure of approximately 100 mmHg
above systolic blood measured from the opposing arm.
Previous studies have shown that use of a proximal cuff
provides a larger effect size than using a distal cuff and
may be a better predictor of cardiovascular disease than
FMD with a distal cuff (18). The determination of minimal
diameter when transmural pressure in the artery is near
zero is also attainable. Immediately after cuff release, we
visualized the hyperemic response using velocity color
imaging to ensure that artery focus was maintained
during ischemia.

Arterial range was calculated as maximum diame-
ter � minimum diameter, where the maximum diameter
was after 10 minutes of proximal ischemia. Our
laboratory has shown that the minimal diameter occurs
within 3 to 5 minutes after proximal cuff ischemia (15)
and that 10 minutes of ischemia induces the maximal
physiological diameter (15).

Statistical Analysis
Between-group physical characteristics were analyzed
using univariate ANOVA with SPSS 13 for Windows. Arm
and leg arterial function outcomes were analyzed

through hierarchical linear modeling (HLM) with the
HLM6 (SSI, Lincolnwood, IL) statistical package. A key
application of HLM relates to the capacity for accounting
for correlated measures by recognizing the nested data
structure. Briefly, separate 2-level hierarchical linear
models were built to compare resting diameters, FMD,
and arterial range in individuals with SCI and nondisabled
subjects. For each model arm and leg measurement, sites
(level 1) were nested within each subject (level 2). The
level 1 unconditional (ie, no covariates) model was
specified as follows:

Ysi ¼ p0i þ p1iMsi þ esi

where p
li

is the slope parameter representing the
difference between arm and leg scores. The intercept
parameter (p

0i
) represents arterial function for person i

when M
si
¼ 0 (ie, the composite [arm þ leg] arterial

function score), because measurement site was group
centered.

These parameters (p
0i

and p
1i

) become outcomes at
level 2:

p0i ¼ b00 þ r0i

p1i ¼ b10

where r
0i

is the unique increment associated with
individual i, indicating that the individual means are
allowed to randomly vary. Level 2 outcomes were used
for hypothesis testing. The variance of the slope was
constrained to zero. A limitation to the current data set is

Figure 1. Examples of the image analysis for measuring arterial diameters. B-mode images of (A) resting, (B) minimum,
and (C) maximum diameters are shown. (Bottom) Representative plot of arterial diameter in response to 10 minutes of
proximal ischemia. Images were captured at a rate of 30 images per second. Arterial range was calculated by
subtracting the minimum diameter from the maximum diameter.
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that only 2 measures (arm and leg) were made per
individual for each outcome, limiting the model to 1
randomly varying coefficient at level 1.

Model construction for each arterial function out-
come followed 2 stages: (a) development of a measure-
ment model and (b) inclusion of a grouping variable to
test for differences between nondisabled and SCI groups.
The grouping variable was subsequently included as
uncentered so that each group has their own intercept/
composite (arm þ leg) arterial function outcome and
their own slope (difference between arm and leg).

To evaluate the effect of duration of injury, the best-fit
measurement models identified above were used as initial
models. Duration of SCI injury was included uncentered
at level 2. Nondisabled subjects were coded as 0 years of
injury. Subsequently, to partial out the variance caused by
age, age was grand-centered at level 2.

Statistical significance is defined as P , 0.05. All P
values reported are two-tailed.

RESULTS
Subject Characteristics
One case of dysreflexia occurred during the testing of an
individual with SCI, resulting in data exclusion. We
excluded 2 additional subjects because of missing leg
data. We used the remaining 18 SCI and 13 nondisabled
subjects for data analysis. Table 1 shows subject

characteristics. We found no significant differences for
age, height, or weight between groups.

Resting Arterial Diameters
The HLM model for resting diameters (Table 2) shows
larger diameters for the SCI than nondisabled controls
(P ¼ 0.037). Within individuals, for both groups, arm
and leg diameters were not significantly different. There
was not significant between-group random variance.
Therefore, while we found a small difference between
groups for resting diameters, resting diameter could be
included as a fixed covariate in subsequent FMD and
arterial range models to control for the between-group
differences.

Flow-Mediated Dilation
Calculated as a percentage, FMD was 12.9 6 3.5% and
12.0 6 5.2% in the arms and legs of nondisabled
subjects, respectively. FMD was 11.5 6 3.1% and 7.0 6

2.8% in the arms and legs of individuals with SCI. For
statistical analysis and for presentation, we use FMD as
the absolute diameter adjusted for initial diameter. Figure
2A shows the actual measured values, and Figure 2C
shows the model derived FMD values for the arms and
legs of SCI and nondisabled subjects. Table 3 shows the
results of HLM analysis. Patients with SCI have lower FMD
than nondisabled subjects (P¼ 0.035). The reduced FMD
in the individuals with SCI is primarily caused by reduced
leg FMD (P ¼ 0.010).

Arterial Range
Figure 2B shows the unadjusted measured values, and
Figure 2D shows the model-derived arterial range values
for the arms and legs of SCI and nondisabled subjects.
Table 4 shows the results of HLM analysis. As above
for FMD, model 2 normalizes arterial range to group-
centered resting diameters. Patients with SCI have lower
arterial range values than nondisabled subjects (P ¼
0.043). The reduced arterial range in the individuals
with SCI was primarily caused by reduced leg arterial
range (P ¼ 0.030).

Table 1. Subject Characteristics

ND SCI

N 13 18
Age (years) 29.8 (8.2) 33.1 (4.8)
Height (in) 70.5 (3.3) 70.6 (2.9)
Weight (kg) 84.2 (14.3) 81.0 (18.7)
BMI (kg/m2) 26.6 (5.5) 25.3 (5.8)

Values are means (SD).
All individuals with SCI were complete ASIA A and averaged 9.8
6 6.3 years postinjury. ND, nondisabled.

Table 2. HLM Model Fit for Resting Diameters

Fixed Effects Estimated P

Intercept ND Mean b
00

2.74 ,0.001 �Mean (armþleg) for ND
SCI Mean b

01
0.19 0.074 �SCI(armþleg) ¼ ND(armþleg)

Slope P1 ND L ¼ A b
10

�0.05 0.731 � leg ¼ arm for ND
SCI L ¼ A b

11
�0.09 0.640 �leg ¼ arm for SCI

Random Variance Estimated P

Level 2 Between U0 0.013 0.223 �Between-group random variance
Level 1 Within E 0.142 �Within-group random variance

Final model for resting diameters.
L, leg; A, arm.
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Change in FMD and Arterial Range With Years
of SCI
Duration of SCI injury was substituted for the SCI
grouping variable at level 2 to explore the relationships
between injury time and arterial function. Model 1 for
each arterial function measure (FMD and arterial range)

was identical to the final FMD and arterial range models
presented above. Figure 3 shows the final models, which
summarize the predicted change in arm and leg arterial
function measures with duration of injury. Model
parameters are shown in Tables 5 and 6. Arm FMD
(1.4%/year) and arterial range (1.1%/year) decreased at

Figure 2. FMD and arterial range measurements as absolute diameters in the arms and legs of individuals with SCI and
nondisabled individuals. (A) Original data for FMD represented by the absolute diameter size after 5 minutes of
ischemia. (B) Original data for arterial range. (C) HLM FMD transformed data accounting for differences in resting
diameter. (D) HLM arterial range transformed data accounting for differences in resting diameter. *P , 0.05, within-
group differences between arm and leg scores. Original data shown in A and B are mean and SD. The HLM model-fit
values are mean and SE and correspond to models shown in Tables 4 and 5.

Table 3. HLM Model Fit for Flow-Mediated Dilation

Fixed Effects

Unconditional Conditional

Estimated P Estimated P

Intercept ND Mean b
00

0.299 ,0.001 0.337 ,0.001 �Mean (armþleg) for ND
SCI Mean b

01
�0.064 0.035 �SCI(armþleg) ¼ ND(armþleg)

Slope P1 ND L ¼ A b
10

�0.097 ,0.001 �0.025 0.406 �leg ¼ arm for ND
SCI L ¼ A b

11
�0.106 0.010 �leg ¼ arm for SCI

Slope P2 Rest_D b
20

0.110 0.006

Random Variance Estimated P Estimated P

Level 2 Between U0 0.003 0.015 0.003 ,0.001 �Within-group random variance
Level 1 Within E 0.009 0.006 Between-group random variance

Unconditional and the final conditional models are shown for FMD.
L, leg; A, arm.
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slower rates than leg FMD (1.8%/year) and arterial range
(2.6%/year). When included as a level 2 covariate, patient
age does not significantly explain any additional variance
for either model.

DISCUSSION
This study found reduced FMD and arterial range in
individuals with SCI compared with nondisabled subjects.
In addition, we found greater decreases in FMD and
arterial range below compared with above the SCI lesion.

Flow-Mediated Dilation
For more than a decade, brachial artery FMD has been
widely used as a global arterial function index (2,4). Few
studies have evaluated FMD in arteries other than the
brachial artery. Because we found greater decreases in
FMD in the legs compared with the arms for patients with
SCI, our results suggest that lower extremity arteries
require assessment. The retention of upper extremity
function likely explains the lack of deterioration for SCI

radial arteries. Patients with paraplegia mostly rely on

upper body function for performing daily activities.

Because individuals with SCI actively use their upper

extremities, blood flow patterns may be such that the

blood vessels retain their functional function status

because of normal shear stressor activity (19,20).

FMD can be calculated as (a) post-only score, (b)

change score, (c) fraction, or (d) covaried for resting

diameter. We calculated FMD as absolute diameter

change and covaried for resting diameters. The rationale

was 3-fold: (a) our 3 measurements (resting diameters,

FMD, arterial range) could be easily compared; (b) the

data were less likely to become nonnormally distributed;

and (c) measurement variation was reduced. FMD is

commonly presented as a fraction (the percentage

change in diameter), whereas using resting diameter as

a covariate is more likely to adjust for bias because of

resting values (21–23). A simulation study found the

greatest statistical power for the ANCOVA approach out

Table 4. HLM Model Fit for Arterial Range

Fixed Effects

Unconditional Conditional

Estimated P Estimated P

Intercept ND Mean b
00

0.892 ,0.001 1.003 ,0.001 �Mean (armþleg) for ND
SCI Mean b

01
�0.190 0.043 �SCI(armþleg) ¼ ND(armþleg)

Slope P1 ND L ¼ A b
10

�0.323 ,0.001 �0.161 0.067 �leg ¼ arm for ND
SCI L ¼ A b

11
�0.253 0.030 �leg ¼ arm for SCI

Slope P2 Rest_D b
20

0.161 0.143

Random Variance Estimated P Estimated P

Level 2 Between U0 0.039 ,0.001 0.037 ,0.001 �Between-group random variance
Level 1 Within E 0.058 0.049 �Within-group random variance

Unconditional and final conditional models are shown for arterial range.
L, leg; A, arm.

Figure 3. (A) FMD and (B) arterial range plotted against years of SCI injury. Nondisabled subjects are dummy-coded to
have 0 years of injury. Values correspond to models shown in Tables 5 and 6.
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of the 4 methods listed above, with fraction scores
resulting in the lowest power (22).

A limitation of our study is that we were unable to
measure the hyperemic response in the posterior tibial
artery because of restrictions of the portable ultrasound

machine used. Previous studies have stressed the
importance of correcting for differences in blood flow
responses (shear rate) when measuring FMD (8,17,24–

26) . However, in previous studies, we found no evidence
that hyperemic blood velocity after cuff ischemia was
reduced in patients with SCI (10,27). We do agree that

future studies would benefit from the measurement of
blood velocity and calculation of shear rates.

Resting Arterial Diameters
Resting diameters in both extremities were approximately
7% larger for SCI vs nondisabled subjects. Physical

characteristic (body size) could not explain this small
difference because the groups were not different. The

posterior-tibial artery seems to contrast with the SCI
femoral artery, which undergoes major vascular atrophy

(37%–50%) (10,11,28). However, our group has pre-
viously found the decrease in femoral arterial diameter to

be proportional to leg muscle atrophy in these patients

(10). Because the distal posterior tibial artery primarily
serves the foot, the relative lack of atrophy of tissues in the

foot may help explain why the posterior tibial artery did
not show signs of atrophy. Nonetheless, while only small

difference were found between groups, resting diameters
can still be used to explain a notable portion of variation

when statistically comparing groups (21–23). For exam-

ple, resting diameters have been shown to negatively
correlate with FMD, in large part because of the affects of

initial diameter size on the shear stress gradient after
ischemia (8,26). Results from our HLM model show that

there was no random variation between groups, support-
ing the decision to use resting diameters as a fixed

covariate for our FMD and arterial range models.

Table 6. Estimated Effect of SCI Injury Duration on Arterial Range

Fixed Effects

Unconditional Conditional

Estimated P Estimated P

Intercept Arm b
00

0.892 ,0.001 0.951 0.000 �Mean (armþleg) for ND
Arm*Yrs b

01
�0.011 0.136 �SCI(armþleg) ¼ ND(armþleg)

Slope P1 Leg b
10

�0.306 ,0.001 �0.195 0.011 �leg ¼ arm for ND
Leg*Yrs b

11
�0.020 0.024 �leg ¼ arm for SCI

Slope P2 Rest_D b
20

0.181 0.122 0.201 0.029

Random Variance Estimated P Estimated P

Level 2 Between U0 0.0411 ,0.001 0.0412 ,0.001 �Between-group random variance
Level 1 Within E 0.055 0.0479 �Within-group random variance

Unconditional and final conditional models are shown for change in arterial range with years of SCI injury.

Table 5. Estimated Effect of SCI Injury Duration on Flow-Mediated Dilation

Fixed Effects

Unconditional Conditional

Estimated P Estimated P

Intercept Arm b
00

0.299 ,0.001 0.324 0.000 �Mean (armþleg) for ND
Arm*Yrs b

01
�0.004 0.054 �SCI(armþleg) ¼ ND(armþleg)

Slope P1 Leg b
10

�0.086 ,0.001 �0.059 0.038 �leg ¼ arm for ND
Leg*Yrs b

11
�0.005 0.151 �leg ¼ arm for SCI

Slope P2 Rest_D b
20

0.118 0.006 0.123 0.004

Random Variance Estimated P Estimated P

Level 2 Between U0 0.004 0.001 0.0031 0.002 �Between-group random variance
Level 1 Within E 0.007 0.0069 �Within-group random variance

Unconditional and final conditional models are shown for change in FMD with years of SCI injury.
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Arterial Range
Arterial range was reduced by 5.2% (P ¼ 0.043) in the
arms and by 35.1% (P ¼ 0.030) in the legs of SCI
compared with nondisabled controls. We observed that
reduced SCI arterial range was predominantly caused by
larger minimum diameters. The same phenomenon was
observed in nondisabled persons with peripheral vascular
disease (14). The impaired capacity of the arteries to relax
during proximal ischemia when transmural pressure is at
a minimum likely reflects arterial stiffening. Maximal
(physiological) leg diameters, however, did not differ
between groups. After 10 minutes of ischemia, there is
a resultant maximal physiological blood velocity stimulus
for both nondisabled and SCI groups (27), and sub-
sequently, maximal physiological dilation (unpublished
observations). Naylor et al (25) found that maximal
dilation was achieved with a combination of ischemia,
exercise, and the use of an endothelium-independent
vasodilator (nitroglycerin). However, they also found 10
minutes of ischemia to induce a near maximal response,
supporting the use of a single ‘‘noninvasive’’ physiolog-
ical intervention. Nonetheless, we also acknowledge that
supraphysiological responses (eg, as attained by nitro-
glycerin) may provide additional information concerning
arterial structure.

Arterial Function Rate of Change
While our study used a cross-sectional design, we did find
evidence that duration of injury correlated with reduced
FMD and arterial range. We found that arm FMD
decreases by 1.2% per year, whereas arterial range does
not significant decline. The magnitude of decrease for leg
artery FMD and arterial range was 1.8% and 2.6% per
year, respectively. The addition of subject age as a model
covariate did not significantly alter these relationships.
These data contrast the findings by De Groot et al (11),
who assessed the time-course of vascular adaptations to
inactivity and paralyses in humans. They found signifi-
cantly reduced diameters and blood flow within 6 weeks
after SCI, with no further changes up to 13 months.
However, these arterial adaptations (to the femoral
artery) have been closely linked to muscle atrophy (10)
and may not adequately reflect changes to ‘‘arterial
function.’’ Furthermore, while structural adaptations may
occur within a relatively short period, the capacity of an
artery to respond to hemodynamic stimuli may continue
to diminish. Interestingly, De Groot et al did find that
carotid and brachial artery diameter and flow were similar
in SCI vs nondisabled controls, supporting the notion
that the lower extremities are at particular risk.

Limitations
A limitation to our analysis of change in arterial function
with duration of injury was the use of nondisabled subjects
to approximate arterial function before SCI. It is not feasible
to test individuals with SCI before injury, but our results
support the need for additional studies to evaluate injury

duration and arterial function. A limitation to the in-
terpretation of our findings of impaired arterial function in
people with SCI is that we were not able to separate out the
potential effects of sympathetic nervous system (SNS)
dysfunction and disuse caused by paralysis. Disuse is
a known cardiovascular disease risk factor, and our results
are consistent with those found after lower limb suspension
(29) or bed rest (30). While exaggerated SNS activity is
thought to result in endothelial dysfunction (13), the effects
of impaired SNS function are less clear. In able-bodied
humans who undergo thoracic sympathectomy, endothe-
lial function seems to be either not altered or enhanced
(31–33). In SCI, injury above the T6 level results in
significantly reduced SNS outflow and supraspinal control
to the lower extremity blood vessels, whereas with injury
below T6, there is generally sufficient sympathetically
innervated vasculature to limit the hemodynamic manifes-
tations of SNS dysfunction. Eight of our subjects had SCI
below T6 and 10 had SCI above T6. While we found no
correlations between injury level and arterial function, our
subject pool was limited in number, and the effects of injury
level on arterial function warrants further attention.

CONCLUSIONS
This study provides evidence that individuals with SCI
have impaired arterial function measured as decreased
FMD and arterial range. The legs were found to be
impaired to a greater extent than the arms. Therefore,
assessments of cardiovascular disease risk should include
measurements of arteries below the lesion level. Further-
more, interventions to improve cardiovascular health in
persons with SCI should target the lower extremities.
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