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Blood ¯ow response in individuals with incomplete spinal cord injuries

JL Olive*,1, KK McCully1 and GA Dudley1

1University of Georgia, Department of Exercise Science, Athens, Georgia, GA 30602, USA

Study design: Cross sectional comparison, control group.
Objective: To determine if incomplete spinal cord injured patients (SCI) have an abnormal
blood ¯ow response to cu� ischemia compared to able-bodied individuals (AB).
Setting: Academic institution.
Methods: Blood ¯ow in ®ve chronic incomplete SCI patients (C4 ±C5) and 17 able bodied
individuals was measured in the common femoral artery using quantitative Doppler
ultrasound (GE LogiQ 400CL) at rest and after distal thigh cu� occlusion of 2, 4 and
10 min to investigate whether blood ¯ow or vascular control were di�erent in SCI's and AB.
Results: Blood ¯ow and the diameter of the common femoral artery at rest were similar in
incomplete SCI and AB. Peak ¯ow after 10 min of cu� ischemia (the highest found) was also
comparable between incomplete SCI and AB. The half-time for recovery of blood ¯ow to
baseline after 2, 4 or 10 min of ischemia was 50% longer for incomplete SCI compared to
the AB (P=0.023). In addition, peak blood ¯ow after 2 and 4 min of ischemia relative to
the maximum, 10 min value (2/10 and 4/10 ratios) was lower in incomplete SCI compared to
AB (0.65+0.06 vs 0.76+0.15, P=0.029 and 0.75+0.10 vs 0.89+0.11, P=0.014,
respectively).
Conclusion: This study demonstrated that incomplete spinal cord injured patients have
impaired vascular control seen as a slower return to resting ¯ow after cu� ischemia and
reduced sensitivity to ischemia relative to maximum ¯ow. However, incomplete SCI patients
did not demonstrate impaired ¯ow capacity as seen in complete SCI patients suggesting that
smaller cardiovascular abnormalities are seen with incomplete versus complete SCI injury.
Impaired vascular control may serve to limit exercise capacity and may contribute to
increased cardiovascular disease. Impaired circulation could contribute to impaired muscle
function and poor cardiovascular health in incomplete SCI's, although these ®ndings need to
be replicated in a study with more subjects.
Sponsorship: Paralyzed Vetrans Association and NIH grants HL65179 and HD33738.
Spinal Cord (2002) 40, 639 ± 645. doi:10.1038/sj.sc.3101379
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Introduction

Spinal cord injury (SCI) results in profound changes
within the a�ected limbs. Within several months of
injury, skeletal muscle mass and muscle ®ber size can
be a half to one third the size of that of able-bodied
subjects (AB).1,2 In addition, several studies have
reported chronic SCI patients to have femoral artery
diameters and maximal blood ¯ow with 5 min of cu�
ischemia that are 50% of AB individuals.3,4 These
peripheral circulatory and skeletal muscle adaptations
may contribute to the increased risk of cardiovascular

disease in SCI patients.5 Kocina et al 6 have indicated
that electrical stimulation has the potential to improve
overall cardiovascular ®tness. However, muscles in
people with SCI have been shown to be more
fatiguable than those in AB controls,1,7 possibly due
to their impaired circulation.8 Thus, the increased
fatigability of SCI muscle might be an impediment to
using electrical stimulation to improve cardiovascular
®tness.

As many as 55% of SCI patients have incomplete
injury, in that they retain some (reduced) motor and/
or sensory function in the a�ected limbs.9 Incomplete
injuries are associated with quicker stabilization after
injury and a greater extent of recovery than complete
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injuries.9 ± 11 Previous studies have measured arterial
blood ¯ow in SCI patients with complete injuries.3,4

Very little research has been done investigating
individuals with incomplete injuries. One might predict
that incomplete SCI individuals would show similar
de®cits in blood ¯ow as complete SCI patients,
although perhaps less in magnitude.

Reactive hyperemia (cu� ischemia) is one of the best
methods to study hemodynamics in SCI patients for
several reasons.3,4 First, resting metabolic demands are
so low that resting blood ¯ow might be of little
diagnostic value. Second, blood ¯ow during exercise is
in¯uenced by cardiac output, making changes in
peripheral vascular function hard to separate out.
Finally, incomplete SCI patients could have di�culty
exercising at adequate intensities to stimulate maximal
blood ¯ow. Reactive hyperemia has been extensively
used as a research tool. Sensitivity to reactive hyperemia
has received less attention, however, even though it
provides additional insight into vascular function. In
light of the aforementioned, the purposes of this study
were to determine if incomplete SCI patients had
reduced peak blood ¯ow and reduced arterial diameters
compared to AB individuals. In addition, we tested the
hypothesis that SCI results in reduced sensitivity to
reactive hyperemia. Lastly, we wanted to determine if
there are di�erences in cu� duration that are needed to
elicit a peak reactive hyperemic response in SCI's or AB.

Methods

Subjects
Five patients with incomplete chronic SCI and 17 AB
subjects volunteered to participate in the study. The
AB group was recruited from the university community
while the SCI's were recruited from the Shepherd
Center in Atlanta, Georgia. SCI patient's injuries were
at the C4 ±C5 level and all had been injured for 1 to 3
years (Table 1). The SCI patients had not been injured
for an extended time and thus, would be expected to
have few long-term complications. All SCI individuals
had some sensory and motor control in the a�ected
limbs. Four of the ®ve were ambulatory (one with a
walker) while the remaining subject had moderate
movement but relied on a wheelchair. None of the
subjects reported regular physical activity. The SCI

group was mobile and thus, was more active than
complete SCI injured individuals that have been tested
in previous literature, however, they were less mobile
than the control group. All subjects were tested after a
low fat meal and none had any history of disease or
other confounding factors. The study was conducted
with the approval of the Institutional Review Board at
the University of Georgia.

Protocol
Subjects were asked to abstain from fatty foods for at
least 6 h prior to testing. This was done to eliminate
the potential for diet to confound the results.12 Height,
weight and age were recorded. Subsequently, subjects
rested in a supine position for 10 ± 15 min prior to
testing. The experimental arrangement is shown in
Figure 1. Blood pressure was measured in the arm
using an automated blood pressure machine (Data-
scopeA). Resting diameter and blood ¯ow were
measured in the common femoral artery using Doppler
ultrasound. Three trials of leg ischemia were performed
by in¯ating a cu� about the distal thigh. There was
5 min of recovery between trials. The durations of cu�
ischemia were 2, 4 and 10 min. Preliminary studies
suggest that there is no order e�ect for duration of cu�
ischemia. Thus, longer durations of ischemia were done
last to minimize discomfort to the subject. Ischemia
was induced in the distal thigh and leg by in¯ation of a
blood pressure cu� distal to the probe to a pressure
100 mmHg above systolic. Cu� in¯ation and de¯ation
were rapid (1 ± 2 s) and performed using a Hokanson
device. In addition, continuous recordings of blood
pressure were used to ascertain if blood pressure
changes occurred during the test as a result of cu�
ischemia (Finapres, OhmedaB). Following ischemic
tests, leg volume was determined.

Blood ¯ow Blood ¯ow was measured in the common
femoral artery using quantitative Doppler ultrasound

Table 1 SCI descriptives

Subjects LOI ASIA DOI Gender

1
2
3
4
5

C4
C5
C5
C5
C5

D
D
D
C
D

1
3
3
2
2

M
M
F
M
M

Notes: LOI ± location of injury; DOI ± duration of injury
(years)

Figure 1 Experimental arrangement used on the lower leg.
The subject was positioned supine on an exam table. A blood
pressure cu� was placed above the knee. Blood ¯ow was
measured in the common femoral artery proximal to the cu�
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(GE LogiQ 400CLC). A linear array transducer was
used at a frequency of 6 MHz. The imaging site was
located on the upper third of the thigh and was marked
to ensure replication of probe placement. Doppler
measurements were made proximal to the cu� to
ensure that the vessel placement was maintained
throughout cu� occlusion. Resting diameter was
measured in the axial view during diastole. Pulsed
Doppler ultrasound was recorded in the longitudinal
view using an insonation angle of 608. The velocity
gate was set to include the entire arterial diameter.
Measurements were made continuously and averaged
over two heartbeats. All data were saved to magnetic
optical disks for storage and analysis.

Doppler waveforms were analyzed to determine
maximum (Vmax) and minimum (Vmin) velocity, the
time average maximum velocity (Tmax), and time
average mean velocity (Tmean). All calculations were
done by GE's advanced vascular program software for
the LogiQ 400CL. Waveforms that were not auto-
matically measured by the computer were manually
traced to determine velocities. B mode images were
marked and measured to determine the diameter
throughout the test (DIA). Peak systolic blood ¯ow
(Max BF) was calculated by the product of vessel
cross sectional area and Tmax. Mean systolic blood
¯ow (Mean BF) was calculated by the product of
vessel cross sectional area and Tmean. Blood ¯ow
values were saved and recorded every 5 ± 10 s during
the ®rst minute and then every 15 ± 20 s during the last
4 min of recovery. A total of 20 ± 30 measurements
were made for each cu� duration.

Maximum blood ¯ow was determined as the highest
Max BF for each ischemic test. As the 10 min cu�
duration always had the largest Max BF values, this
value was used to compare maximum blood ¯ow
between SCI and AB groups. The half time to
recovery was determined as the time where blood ¯ow
dropped to one half the magnitude between maximum
¯ow and resting ¯ow.

Vascular control Vascular control was evaluated by
two di�erent measurements. First, the halftime for
recovery of peak ¯ow to baseline after 2, 4 and 10 min
of ischemia was used to indicate the ability of the arteries
to resume resting vascular tone. Second, reactivity was
assessed as the peak blood ¯ow response to 2 and to
4 min of cu� ischemia relative to the peak blood ¯ow
response to 10 min of ischemia (2/10 and 4/10).

Leg volume Leg volumes were calculated from
measurements of fat thickness by Doppler ultrasound
and by circumference measurements of the leg. Doppler
images of the thickness between skin to muscle fascia
were attained every 3 cm over the medial gastrocne-
mius and over the anterior tibialis to determine the
amount of subcutaneous fat. Total area of the leg was
determined from the circumference measured and fat
thickness. Based on this information fat volume, lean
volume, and total volume was calculated.

Analysis
Independent samples t-tests (SPSS version 9.0) were
conducted on all data to compare di�erences between
the two groups. The data were analyzed to verify
normality and to test for any outliers. Levene's test was
conducted to determine equality of variances and was
corrected if inequality was found. All analyses were
conducted at a signi®cance level of 0.05. Repeated
measures ANOVA's were calculated to determine if
maximal blood ¯ow or half time to recovery was
signi®cantly di�erent between the AB and SCI groups
across all time intervals.

To our knowledge no research has looked at
vascular function in individuals with incomplete SCI
injury, thus, it is di�cult to determine the sample size
needed to determine adequate power. However, based
on prior literature with individuals with complete SCI
injury large decreases have been found in blood ¯ow
and diameter size.13 Based on this literature a sample
size of ®ve individuals would give a power of 0.80 at a
signi®cance level of a=0.05.

Results

Resting
No signi®cant di�erences were found between the AB
group and the SCI group for age, height, weight, total
leg volume, lean leg mass, or fat leg mass (Table 2).
SCI patients resting blood ¯ow per 100 g of lean tissue
(normalized ¯ow) was 53% greater than AB
(t(17)=72.326, P=0.033, d=1.09) (Table 3). No
other signi®cant di�erences were found between groups
at rest.

Post cu� ischemia
All subjects were able to tolerate cu� occlusion. There
were no signi®cant di�erences between SCI and AB
groups in heart rate or blood pressure during or
immediately after any of the cu� occlusions. During
cu� ischemia blood ¯ow was reduced to �25% of
resting ¯ow instead of zero because of the proximal
placement of the Doppler probe relative to the cu�.
Upon release of the cu�, there was an initial burst of
blood ¯ow with the ®rst heartbeat and then a large
hyperemic response. Ignoring the ®rst heart beat, the

Table 2 Subject descriptives ± means and standard devia-
tions

AB SCI

Age (years)
Height (m)
Weight (kg)
Diameter (cm)
Total leg vol (cm3)
Lean vol. (cm3)
Fat free vol. (cm3)

36.4 (4.0)
1.78 (0.10)
85.0 (21.6)
0.61 (0.11)
2389 (549)
1683 (440)
706 (168)

43.0 (7.2)
1.71 (0.11)
76.3 (15.4)
0.56 (0.17)
2026 (408)
1392 (287)
635 (282)
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¯ow response increased to a peak value 4 ± 17 s after
release of the cu� and then returned to resting values
(Figure 2). The peak ¯ow response was dependent
upon duration of ischemia (10 min44 min42 min,
F(2,36)=88.866, P50.001, Z2=0.117). There was no
signi®cant di�erence in time to peak ¯ow response
between groups across all time periods. Max BF was
not signi®cantly di�erent between SCI and AB groups
for all ischemic durations. When blood ¯ow was
normalized to lean leg volume, there was no di�erence
between the SCI and AB groups (Figure 3).

We found that the time to return to resting ¯ow also
increased with increasing duration of ischemia for each
group (10 min44 min42 min). The time it took for
¯ow to decline from peak to resting for any cu�
occlusion was �50% longer in the SCI patients
compared to AB controls F(1,18)=6.131, P=0.023,
Z2=0.254 (Table 4 and Figure 4). The sensitivity of
vasodilatation, as measured by the ratio of peak ¯ow
after 2 and 4 min relative to 10 min of ischemia (2/10
and 4/10, respectively), was signi®cantly lower in SCI
patients (t(16.9)=2.389, P=0.029, d=0.99 and t(20)=
2.680, P=0.014, d=1.41 respectively, see Figure 5).

Table 3 Resting blood ¯ow data ± means and standard
deviations

AB SCI

Vmax (m/sec)
Vmin (m/sec)
DIA (cm)
Max BF (ml/sec)
Max BF normalized

(ml/100 g/min)

0.99 (0.21)
0.27 (0.33)
0.61 (0.11)
2.78 (1.41)
9.71 (3.78)*

0.91 (0.30)
0.20 (0.25)
0.56 (0.17)
3.22 (2.23)
14.90 (5.60)

*Signi®cantly di�erent from SCI, P=0.033

Figure 2 Maximum blood ¯ow response for three di�erent
cu� durations of the femoral artery of an SCI individual

Figure 3 Normalized maximal blood ¯ow response in SCI
and AB individuals. Values are means and SD

Table 4 Half time to recovery ¯ow ± means and standard
deviations (range)

2 min cu� 4 min cu� 10 min cu�

AB

SCI*

10.9+4.7
(3±19)

16.4+7.3
(10±27)

20.1+11.0
(11±49)

30.1+16.9
(16±49)

50.6+15.1
(13±64)

75.7+30.5
(45±115)

*Signi®cantly di�erent between groups across all cu�
durations at P=0.023

Figure 4 Time in seconds for blood ¯ow to return to half of
resting values in AB and SCI. Values are means and SD.
*Signi®cantly di�erent between groups across all cu�
durations at P=0.023

Figure 5 Dose response for AB compared to SCI. Response
measured as 2/10 and 4/10 min ratio of maximal blood ¯ow.
Values are means and SD. *Signi®cant at P=0.05 level
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Discussion

The primary ®nding of this study was that incomplete
SCI patients had evidence of abnormal vascular
control. This was indicated by prolonged recovery of
¯ow after ischemia and reduced ¯ow sensitivity to
ischemia via ratios of peak ¯ow. Abnormal vascular
control has not been reported previously in SCI
patients. However, abnormal vascular control has been
seen in a variety of conditions including: aging,14,15

race,16,17 hypercholesterolemia,18,19 obesity,20 dia-
betes21 ± 24 and examples of muscle deconditioning after
14 ± 20 days of bed rest.24 ± 27 Furthermore, untrained
individuals have been shown to have poor orthostatic
tolerance when compared to trained individuals.25

Spinal cord injury provides an extreme case of disuse
re¯ected by the abrupt, marked atrophy of the a�ected
muscles1 and ultimately a predominant shift towards
type 2 ®bers.26 Decreased physiological response in
relation to inactivity has been seen in patients that
have been immobilized and has been related to muscle
atrophy or a decrease in capillarization.27 Thus,
decreased activity of incomplete SCI's may be one
possible explanation for the impaired vascular function
found in this study.

Physical activity was not quanti®ed in this study.
However, it is likely that the SCI group was still
inactive relative to our controls. The SCI's verbally
reported less physical activity than the AB group.
Furthermore, two of the members of the SCI group
were reliant on a chair or walker and the others
reported some sort of assistance needed in some
activities of daily life. Reduced activity levels in the
SCI's were not consistent with the lack of change in
leg volume or composition as seen in this study.
However, physiological changes in circulation do not
require signi®cant reductions in muscle composition.
Perhaps more sensitive measurements of muscle mass,
such as magnetic resonance imaging techniques, may
have detected changes in leg volume or composition in
incomplete SCI's.

Other explanations have been provided as to why
vascular function may be altered. Kamiya et al28

believed that vasodilation was attenuated because of
increases in muscle sympathetic nervous activity,
impairment of b-adrenergic vasodilation, and impair-
ment of nitric oxide release. Still others have indicated
that the interruption of neurological impulses causes
metabolic changes in blood vessels which result in
altered venous competence.29 Lastly, another possible
explanation could be a decrease in nitric oxide release
from the endothelium due to inactivity,30 or disease
status.23 A decrease in nitric oxide or in the number of
receptors for nitric oxide would result in a diminished
sensitivity to cu� occlusion. A possible hypothesis to
explain our ®ndings is that incomplete SCI individuals
have reduced sympathetic tone. This hypothesis is
supported by the ®ndings of Houtman et al31,32 in
which sympathetic nervous system response was
altered in SCI's compared to AB. Still others have

found that resting sympathetic tones is unaltered in
quadriplegics but it was postulated to be dampened or
altered under some conditions.33

Two di�erent approaches were used to assess
altered vascular control in this study, halftime to
recovery and the ratios of peak ¯ow. The half time to
recovery has been used as an index of activity related
changes in vascular control. Previous studies have
shown slower half time to recovery in patients who
were immobilized,34 detrained,27 and in patients with
vascular disease.35 We also used a novel method of
assessing vascular control, the ratios of peak ¯ow (2/
10 and 4/10). This approach was modeled after in vitro
studies and in situ pharmacological studies that assess
¯ow responses to various infused concentrations of
vasoactive substances.36 Deconditioning has been
shown to cause an attenuation in ¯ow increase with
acetylcholine infusion.37 Our results are consistent
with these ®ndings of decreased sensitivity to vasodi-
lating substances, and did not require invasive
procedures. The various cu� durations also provided
us with information regarding SCI response to reactive
hyperemia. Our results indicated that peak reactive
hyperemia in incomplete SCI individuals can be
obtained with 10 min of cu� duration and that the
response is similar to those found in AB individuals.

Interestingly, we did not ®nd evidence of reduced
¯ow capacity in incomplete SCI patients. Previous
studies on complete SCI patients reported large (50%)
decreases in femoral artery diameter and ¯ow
capacity.3,4 Our ®ndings indicate that blood ¯ow when
normalized to muscle mass and femoral artery
diameter was 8% lower in the SCI's but not
statistically signi®cant. These ®ndings could possibly
be explained by a low sample size but even if the
sample size were increased one would not expect to
®nd as large changes in the incomplete SCI patients
compared to the previous literature of complete SCI's.
Smaller changes in the incomplete SCI patients may
re¯ect the lesser degree of inactivity in these patients
compared to the complete tetraplegics and paraplegics
studied by Nash and Hopman, respectively3,4 or a
shorter duration of injury. Flow capacity is important
for exercise capacity; however, it is not the only
determinant of cardiovascular function. Vascular
control has also been shown to be impaired in black
subjects compared to white subjects, even though both
groups had similar ¯ow capacity.36 Impaired ¯ow
control despite similar ¯ow capacity was suggested as
a cause of insulin insensitivity, hypertension, and
increased risk of cardiovascular disease.5 More
research investigating vascular control and atrophy
in incomplete SCI's is needed, as many of the injuries
reported are incomplete injuries.

One of the limitations to this study was the small
number of incomplete SCI patients. Had the e�ect size
been as large as the e�ect size seen in previous
complete SCI studies (femoral artery diameters 50%
less than control),13 the sample size used in this study
would have had adequate power (b50.80). In
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addition, the small e�ect sizes of blood ¯ow capacity
and diameters may not be of functional signi®cance.
More likely to be of functional signi®cance would be
the variables that we did ®nd statistically signi®cant,
such as the 50% decrease in half time to recovery.

There are several consequences of abnormal
vascular control in incomplete SCI patients. The ®rst
is that it might contribute to insulin insensitivity and
hypertension.5 The second is that it might decrease
oxygen delivery and contribute to muscle fatigue.
Muscle fatigue is multifactoral,8 but impaired oxygen
delivery has been shown to contribute to increased
rates of fatigue.38 Consistent with this suggestion are
studies that have suggested that long term SCI patients
have increased fatiging that is not explained by
reduced oxidative enzymes.39,40

In summary, this study is one of the ®rst to examine
incomplete SCI, who make up as much as 55% of all
SCI patients. These ®ndings suggest that incomplete
spinal cord injured patients have impaired vascular
control. However, incomplete SCI patients did not
demonstrate impaired ¯ow capacity as seen in
complete SCI patients suggesting that smaller cardio-
vascular abnormalities are seen with incomplete versus
complete SCI injury. Impaired vascular control may
serve to limit exercise capacity and may contribute to
increased cardiovascular disease. Lastly, this study
provided evidence that 10 min of cu� occlusion
produces similar maximal reactive hyperemia e�ects
in incomplete SCI and AB individuals. Future studies
will be needed to con®rm these ®ndings, as well as to
test if impaired vascular control is important in the
function and health of these patients. If these results
were con®rmed, improving peripheral arterial function
would be an important part of any treatment program
for SCI patients.
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