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Electrical stimulation-evoked resistance exercise therapy improves arterial

health after chronic spinal cord injury

L Stoner*,1, MJ Sabatier1, ET Mahoney1, GA Dudley1 and KK McCully1

1Department of Kinesiology, University of Georgia, Ramsey Center, Athens, GA, USA

Study design: Repeated measures training intervention.
Objectives: To evaluate the effects of neuromuscular electrical stimulation (NMES)-induced
resistance exercise therapy on lower extremity arterial health in individuals with chronic,
complete spinal cord injury (SCI). We define ‘arterial health’ using three surrogate markers: (a)
resting diameter, (b) flow-mediated dilation (FMD), and (c) arterial range.
Setting: Department of Kinesiology, University of Georgia, USA.
Methods: We assessed five 3675-year-old male individuals with chronic, complete SCI before,
during, and after 18 weeks of training. The quadriceps femoris muscle group of both legs were
trained twice a week with 4� 10 repetitions of unilateral, dynamic knee extensions. The health
of the posterior tibial artery was assessed using a B-mode ultrasound unit equipped with a high-
resolution video capture device. Proximal occlusion was used to evoke ischemia for 5min and
then for 10min. FMD was calculated using the peak diameter change (above rest) following
5min occlusion. Arterial range was calculated using minimum (during occlusion) and maximum
diameters (post 10min occlusion). Hierarchical linear modeling accounted for the nested
(repeated measures) experimental design.
Results: FMD improved from 0.0870.11mm (2.7%) to 0.1870.15mm (6.6%) (P¼ 0.004),
and arterial range improved from 0.3670.28 to 0.9470.40mm (P¼ 0.001), after 18 weeks of
training. Resting diameter did not significantly change.
Conclusions: Home-based, self-administered NMES resistance exercise therapy consisting of
80 contractions/week improved FMD and arterial range. This provides evidence that resistance
exercise therapy can improve arterial health after SCI, which may reduce the risk of future
cardiovascular disease.
Spinal Cord (2007) 45, 49–56. doi:10.1038/sj.sc.3101940; published online 23 May 2006

Keywords: spinal cord injury; arterial health; flow-mediated dilation; neuromuscular electrical
stimulation; exercise; resistance training

Introduction

A prospective mortality study recently published in this
journal reported diseases of the circulatory system to
be the most common cause of death among persons
with spinal cord injury (SCI).1 The authors also
reported that the excess mortality associated with
chronic SCI is potentially related to treatable factors.
For instance, increasing physical activity decreases the
risk of cardiovascular disease by up to 50% in sedentary
healthy non-disabled individuals.2–5 Similar cardiovas-
cular benefits should be attainable for persons with SCI
if physical activity can be increased.

Among paraplegic subjects, voluntary exercise is
limited to the upper body. Although upper body exercise

has been demonstrated to produce cardiovascular
benefits,6–11 it also heightens the already high prevalence
of wrist and shoulder pain.12 Therefore, many forms of
electrically stimulated exercise therapy have been used
to train the legs in persons with SCI, and have been
shown to evoke improvements in exercise capacity,13,14

body composition and metabolic profiles,15,16 blood
flow parameters,17–19 total peripheral conductance,20

and femoral artery diameter.19 To date, most electrically
stimulated exercise therapy studies have been endurance
based. However, Dudley et al21 developed a resistance
exercise program, using neuromuscular electrical stimu-
lation (NMES), to evoke unilateral, dynamic knee
extensions. Resistance exercise increased muscle mass
by 37% in patients with complete SCI. Still, it is not
clear what impact resistance training therapy might
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have on the risk of cardiovascular disease in individuals
with SCI.

Cardiovascular disease is associated with reduced
arterial reactivity as well as increased arterial stiffness.
Arterial reactivity is typically measured as the ability
of an artery to increase its size (diameter) in response
to an increase in blood velocity, that is, flow-mediated
dilation (FMD). Arterial stiffness has been measured
in a number of ways, including as a change in the
physiological operating range of an artery. In a previous
study, we found that FMD and arterial range were
significantly lower in the legs of patients with SCI versus
controls, even though the arms were similar between
groups.22 These findings suggest that interventions to
improve SCI cardiovascular health should target the
lower extremities.

The purpose of this study is to evaluate the effects of
NMES-induced resistance exercise therapy on lower
extremity arterial health in male individuals with
chronic, complete SCI. We define arterial health using
three surrogate markers: resting diameter, FMD, and
arterial range. As this arterial segment does not feed the
muscle mass (quadriceps femoris) activated by the
NMES, any adaptations should represent generalized
lower extremity adaptations. We hypothesized that 18
weeks of exercise therapy would improve our markers of
arterial health. In companion studies, we evaluated the
influence of NMES-induced resistance exercise therapy
on muscle size, intramuscular fat, insulin resistance,23

muscle fatigue resistance, and femoral artery size.23,24

Methods

Subjects
Five individuals with chronic (13.476.5 years) spinal
cord lesions of traumatic origin at levels between C5
and T10 (American Spinal Injury Association ASIA: A)
were tested. The average age was 35.674.9 years, and
height and weight were 178.878.2 cm and 76.67
21.5 kg, respectively. None of the subjects had a diag-
nosis of disease or disabilities other than SCI. All
subjects were non-smokers and reported stable health
status before study entry, that is, no reports of health
complications for at least 6 months prior. Subjects were
asked not to make changes to their physical activity
levels or dietary habits during the course of the study.
Subjects had not used NMES-induced resistance
exercise training of their thighs before inclusion in this
study. This study was conducted with the approval of
the Institutional Review Board at The University of
Georgia and informed consent was obtained from all
subjects before the start of the study.

Training
The surface NMES-induced resistance training was
performed as previously described.21,25 After familiari-
zation with procedures, patients were provided with an
electrical stimulation unit (Richmar Theramini 2, Inola,

OK, USA) and ankle weights. Training was performed
2days per week for 18 weeks at the patient’s residence,
with an investigator providing instruction by telephone
for each session. Exercise consisted of four sets of 10
unilateral, dynamic knee extensions using 30Hz trains
of 450 ms biphasic pulses. The work/rest ratio was
5 second-on/5 second-off with 3min rest between sets.
Current from the stimulator was manually increased in
2–3-s intervals to evoke full knee extension and then
decreased to allow the leg to return to the (relaxed)
starting position. For the first 2 weeks of training,
subjects used only the weight of their leg for resistance.
For the remaining 16 weeks, subjects increased the load
about the shin by 0.9–1.8 kg per week.

Arterial health protocols
The health of the posterior tibial artery was assessed at
weeks 0, 8, 12, and 18. Subjects reported for testing after
fasting for 12 h, and were asked to consume water ad lib.
Arterial images were continuously captured using a
B-mode ultrasound unit equipped with a high-resolution
digital video capture device. Arterial health was assessed
by measuring the size (diameter) of the artery at rest and
in response to ischemia-induced reactive hyperemia.
Resting measurements were recorded for 1min follow-
ing 10min of supine rest. Ischemia was evoked using
proximal cuff occlusion of the dominant limb for 5 and
then for 10min.

Flow mediated dilation (FMD) was calculated as:

5 min peak diameter � resting diameter

where the 5min peak diameter represents the largest
diameter measurement made after 5min of proximal
ischemia. Resting diameter was also used as a covariate
to adjust for between- and within-subject differences due
to resting values.

Arterial range was calculated as

maximumdiameter � minimumdiameter

where the maximum diameter was the largest diameter
after 10min of proximal ischemia. A previous study
from our laboratory found that 10min of ischemia
induces a maximal physiological diameter response.26

Arterial constriction was calculated as

ðmaximumdiameter
� resting diameterÞ=arterial range�100

as has been previously reported.26 The maximal
diameter represents the largest diameter measurement
made after 10min of proximal ischemia.

Blood pressures and heart rates taken from the
opposing arm were measured using a semi-automated
device (Datascope, Montvale, NJ, USA). Recordings
were taken after 10min supine rest, at the end of occlu-
sion, and 5min post-occlusion.

Proximal occlusion
Briefly, a pneumatic tourniquet placed around the limb
proximal to the insonated artery was rapidly inflated
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(1–2 s) to a pressure of approximately 100mmHg above
the systolic blood pressure measured from the opposing
arm. The 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.27 The proximal cuff allowed the determina-
tion of minimal diameter when transmural pressure
in the artery is near zero. Immediately post-cuff release,
the hyperemic response was visualized using velocity
color imaging to ensure that focus was maintained
during ischemia.

Ultrasound diameter measurements
B-mode images were captured using a portable high-
resolution ultrasound unit (GE Logiq book, GE Medical,
Milwaukee, WI, USA) equipped with a 7–13mHz linear
probe. Measurements were made on the posterior tibial
artery 3–5 cm superior to the calcaneus. The posterior
tibial artery allowed for ease of proximal cuff inflation.
Magnification and focal zone settings were adjusted to
optimize imaging of the proximal and distal vessel walls.
Image focus was maintained throughout the entire
experiment by using a specialized probe-holding device.
High-resolution MPEG2 recordings of the entire experi-
ment were made using a Laptop PC equipped with video
capture device (ADS technologies, Cerritos, CA, USA).
Movie files collected at 30 frames per second were
converted into JPEG images and subsequently used to
make 30 diameter measurements per second. JPEG
images provide comparable accuracy for ultrasound
image measurements compared to the DICOM (Digital
Imaging and Communications in Medicine) standard.28

Images were analyzed offline using semi-automated
edge-detection software custom written to interface with
National Instruments Lab view software (see Figure 1).
Reported resting diameters represent the average from
1min of rest. Minimum diameters represent the average
from the last 30 s of ischemia. Previous studies from
our laboratory have shown that the minimal diameter
occurs within 3–5min after proximal cuff ischemia.26

Peak (post 5min occlusion) and maximum (post 10min
occlusion) diameters were calculated from the average of
the three largest adjacent diameters post-cuff release. In
our laboratory, between-day coefficients of variation for
measurements of diameter ranging from rest to maximal
diameters are 2–3%.29

Statistical analysis
Arterial health outcomes were analyzed through hierar-
chical linear modeling (HLM) with the HLM6 (SSI,
Lincolnwood, IL, USA) statistical package. A key appli-
cation of HLM relates to the capacity to account for the
repeated measures nested within each subject.30 Model
assumptions and graphing functions were undertaken
using SPSS 13 for windows (SPSS Inc., Chicago, IL,
USA).

Separate two-level hierarchical linear models were
built in order to assess resting diameters, FMD, and
arterial range over the course of the training study.
HLM was used to account for the correlated measures
by nesting the repeated measurements (level-1) within
each subject (level-2). Initially, for each arterial health
outcome, an unconditional model equivalent to a one-
way ANOVA with random effects was fit. This
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Figure 1 Examples of the image analysis for measuring arterial diameters. B-mode images of resting (a), minimum (b), and
maximum (c) diameters are shown. Representative plot of arterial diameter in response to 10min of proximal ischemia (d). Images
are captured at a rate of 30 images per second. Arterial range is calculated by subtracting the minimum diameter from the
maximum diameter
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unconditional model included a random intercept
(initial value) and slope (change per week) to determine
whether random variance existed across subjects for
these parameters. The intercept was subsequently ‘fixed’
if random variance did not exist. For the FMD model
only, resting diameters were included group-centered at
level-1. This served two purposes: (1) FMD is expressed
as change in diameter relative to resting diameter as per
convention, and (2) differences in FMD that occur over
time within subject due to changes in resting diameter
are controlled. The group aggregate of resting diameters
was subsequently included at level-2 of the FMD model.
Including a given covariate at level-1 controls for
within-subject differences, whereas the aggregate of a
covariate at level-2 may account for between-subjects
variance. The same process was then followed for the
arterial constriction covariate. The degree to which an
artery is constricted relative to it’s operating range may
change independent of any arterial remodeling that may
occur. Adjusting for this variable ensues that we can
assess change in arterial health independent of the level
of constriction.

FMD can be represented using (a) a post-only score,
(b) a change score, (c) a fraction, or (d) resting diameter
as a covariate. We calculated FMD as absolute diameter
change and co-varied for resting diameters. The
rationale was three-fold: (a) the three measurements
(resting diameters, FMD, arterial range) could be easily
compared, (b) the data are less likely to become non-
normally distributed, and (c) measurement variation
is reduced. Although FMD is commonly presented as
a fraction (the percentage change in diameter), using
resting diameter as a covariate is more likely to adjust
for bias due to resting values.31–33 Greater statistical
power can be obtained by using resting diameter as a
covariate.31–33

Statistical significance was defined as Po0.05. SCI
patients were expected to have improvements in all
arterial health measures; therefore hypothesis testing
was directional and all P-values reported are one-tailed.
All values are presented as means7SD.

Results

All subjects used no load during the first 2 weeks. Load
was gradually increased to 6.971.4 kg at the end of 18-
weeks. No significant changes in health status were self-
reported during the course of the training program.

Arterial diameters
Measurements of resting diameter as well as the
minimum and maximum diameters over the 18 week
duration of the study are shown in Figure 2. There was
no significant change in resting diameter with the
training program, based on a mean change per week
of �0.00570.008mm (P¼ 0.276 from HLM model).
The minimum diameter showed a significant decrease (ie
improved capacity to relax), and the maximal diameter
showed a significant increase over the 18-week study.

Flow-mediated dilation
FMD values are shown in Figure 3. Calculated as a
percentage from the raw data, FMD was 2.773.6% at
the onset of the study, and was 6.675.9% after 18
weeks of training. Table 1 shows the results of HLM
analysis for unconditional, adjusted with resting dia-
meters, and adjusted for differences in arterial constric-
tion models. With the unconditional model, changes in
FMD did not reach significance (P¼ 0.095). However,
adjusting for variance due to resting diameters meant
that FMD did significantly increase with NMES train-
ing (P¼ 0.028). Adjusting FMD to arterial constriction
further reduced the P-value for the change in FMD over
the course of NMES training (P¼ 0.004).

Arterial range
Arterial range showed a 163% improvement after 18
weeks of training (Figure 3). Table 2 shows the results of

Figure 2 Baseline, minimum, and maximum diameters for
weeks 0, 8, 12, and 18. Values are group means and error bars
are SD. Note: resting values are positively offset on the X-axis

Figure 3 Arterial range and FMD for weeks 0, 8, 12, and 18.
Values are group means and error bars are SD. Note: arterial
range values are positively offset on the X-axis. The % values
represent the group mean FMD in percentage terms for each
week of measurements
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HLM analysis for arterial range unconditional (model 1)
and final (model 6) models. Both the unconditional
(P¼ 0.015) and final models (P¼ 0.001) found signifi-
cant increases in arterial range. The two HLM models
show that there were significant differences in range
values between subjects at the onset of the study, but
that the rate of increase per week was similar across
individuals.

Discussion

Eighteen weeks of self-administered NMES-induced
resistance exercise therapy significantly increased FMD
and arterial range of the posterior tibial artery in
chronically and completely injured male SCI indivi-
duals. These improvements were seen in an arterial
segment that does not feed the muscle mass (quadriceps
femoris) activated by NMES. Improvements in these
markers of arterial health highlight the potential of this
therapy for reducing the risk of cardiovascular disease
after complete SCI. The fact that this therapy can

be safely self-administered in one’s residence makes
it especially appealing.

Flow-mediated dilation
As FMD has been used as an index of arterial health,34–36

improvements in FMD suggest that arterial health was
improved as a result of 18 weeks of therapy. Interest-
ingly, the ending values of FMD in this study were still
lower than those we obtained in able-bodied subjects
(6.675.9 versus 12.075.2%, respectively) for our
previous study,22 suggesting that further improvements
may be possible.

A limitation of our study is that we did not measure
the magnitude of the hyperemic response post-ischemia.
Previous studies have stressed the importance of
correcting for the hyperemic response (shear stress)
when measuring FMD.29,37–40 The small size of the
artery limited our capacity to measure blood velocities.
However, in a companion study, we made measure-
ments in the femoral artery simultaneous to the poster-
ior tibial artery measurements for the current study. We

Table 1 HLM model fit for flow mediated dilation (FMD)

Uncond. Cond. (+)AC

Est. P Est. P Est. P

Fixed effects
Intercept FMD b00 0.05 0.20 0.06 0.07 0.05 0.06 K Mean initial (pre-training) FMD
Slope P1 Week b10 0.01 0.10 0.01 0.03 0.01 o0.01 K Mean change per week

Ave_Rest_D b01 �0.02 0.00 �0.02 0.01 K Mean change per 1 unit Rest_D
Slope P2 Rest_D b20 �0.19 0.27 K Mean change per 1 unit Rest_D
Slope P3 AC b30 0.00 0.01 K Mean change per 1 unit AC

Random variance
Level 2 Between U0 0.01 0.22 K Between-group initial FMD random variance

Week U1 0.00 0.04 K Between-group change FMD random variance
Rest_D U2 0.30 0.01 0.22 0.01 0.26 0.01 K Between-group Rest_D random variance

Level 1 Within E 0.01 0.01 0.00 K Within-group random variance

Unconditional and conditional models are shown for FMD. The final model adjusts for weekly differences in arterial constriction
% (AC%)

Table 2 HLM model fit for arterial range

Uncond. Cond.

Est. P Est. P

Fixed effects
Intercept Range b00 0.33 0.02 0.33 0.03 K Mean initial (pre-training) Range
Slope P1 Week b10 0.03 0.02 0.03 o0.01 K Mean change per week

Random variance
Level 2 Between U0 0.02 0.32 0.04 0.01 K Between-group initial Range random variance

Week U1 0.00 40.50 K Between-group change Range random variance
Level 1 Within E 0.05 0.05 K Within-group random variance

Unconditional and conditional models are shown for arterial range
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did not find any evidence that blood velocity was altered
as a result of training.24 Furthermore, in our previous
studies, we found no evidence that hyperemic blood
velocity after cuff ischemia was reduced in patients with
SCI versus non-disabled controls.41,42 We do agree that
future studies would benefit from measurement of blood
velocity and calculation of shear rates.

Arterial range
In contrast to FMD, arterial range improvements
brought the individuals with SCI close to those of
the able-bodied individuals we previously assessed
(0.94070.399mm compared to 0.91870.266mm,
respectively).22 This notable improvement occurred
despite no change in resting diameter.

The marked change in arterial range may reflect two
different arterial characteristics. Arterial range is deter-
mined from both maximal and minimal diameters.
Maximal diameter reflects the ability of the artery to
dilate in response to increased blood velocity (shear
stress). The actual mechanism(s) behind the dilation of
the artery with 10min proximal ischemia may be
multifactorial. But 10min of proximal ischemia should
produce a maximal hyperemic response in both able-
bodied and SCI individuals.38,42 The changes in mini-
mum diameter may well reflect a completely different
aspect of arterial function. The decrease in arterial size
with a proximal cuff may reflect the stiffness of the
artery as well as the general size of the artery. If both
the dilating ability of the artery (maximal diameter) and
the stiffness of the artery (minimum diameter) changed
with exercise therapy, then the resulting arterial range
will show even larger improvements than a variable like
FMD that reflects only one factor. Although arterial
range is a relatively novel measurement,26,43 our study
suggests that it might be useful for monitoring changes
in arterial function.

It is worth noting that we saw improvements in
arterial range and FMD despite no change in resting
diameter. These findings contrast previous studies
showing functional electrical stimulation (FES) to
increase resting femoral artery diameter.18,19 These
conflicting findings may be explained by two factors:
(1) the femoral artery is a large conduit, which directly
supplies the quadriceps, the muscle being served during
the FES training, (2) reductions in resting femoral artery
diameter (B40–50%) have been closely linked to
quadriceps muscle atrophy.41 The posterior tibial artery
serves foot tissue, and this most likely explains why
it does not see major atrophy.22 Foot tissue is not
subject to major atrophy after SCI and is unlikely
to hypertrophy owing to quadriceps activation. Taken
together, these findings suggest that assessments solely
using resting diameter to indicate arterial size may lead
to erroneous conclusions. Assessments of arterial size
should include measurements of the arterial ‘physio-
logical’ operating range26,43 in addition to measure-
ments of resting diameter.

NMES-induced arterial health improvements
Arterial adaptations associated with exercise may be
induced through a direct shear-stress mechanism related
to increased blood flow,44–46 or indirectly through
reductions in cardiovascular disease risk factors, for
example, blood lipids, circulating factors such as
oxidants, blood pressure, blood glucose, and body fat.
Although we did not measure cardiovascular disease
risk factors, a recent study found that FMD improves
after short-term exercise (8 weeks) without moderation
of said factors.47 The posterior tibial artery would
though, as it is fed by the femoral artery, have indirectly
experienced increase in blood flow. Blood flow was
found to increase B3–5 fold through the femoral artery
during NMES-induced resistance exercise training (M
Sabatier, personal communication). The endothelial
cells of the posterior tibial artery would therefore have
been repeatedly exposed to increases in shear stress.

To our knowledge, no study has investigated the
potential arterial health benefits of resistance exercise
for persons with SCI. Endurance exercise interventions
have been shown to improve markers of arterial
health in able-bodied as well as persons with SCI.48–51

However, it must be acknowledged that endurance
exercise likely results in high blood flow conditions that
are sustained for the duration of the exercise bout. One
explanation for the improvements seen in our study is
that the extreme inactivity associated with SCI makes
the arteries especially sensitive to the changes in blood
flow associated with resistance exercise. Future studies
will be needed to better understand the relationship
between the training stimulus and improvements in
arterial health in persons with SCI.

Limitations
Although the improvements in arterial health with
training were significant and were seen in all subjects,
a potential limitation of our study was the small number
of SCI persons recruited. Future studies are needed
in order to determine how well NMES training may
work for a broader range of subjects, including those
with differing durations of injury, levels of injury, and
characteristics such as age or gender. Further study is
also needed to project the effects of this exercise
modality on inactivity-related disease incidence.

Conclusions

Our findings show that home-based, self-administered
NMES-induced resistance exercise therapy can improve
FMD and arterial range in individuals with complete
SCI. These improvements support the use of this simple
and inexpensive therapy to lessen cardiovascular disease
risk after complete SCI. In companion studies, the
same subjects showed improved muscle mass, muscle
fatigue resistance, and insulin action. Taken together,
these findings suggest that meaningful health benefits
are attainable through resistance-based leg exercise
therapy in people with SCI.

Electrical stimulation, arterial health, and SCI
L Stoner et al

54

Spinal Cord



Acknowledgements

This work was supported by NIH HL65179, HD39676, and
HD39676S-2.

References

1 Garshick E et al. A prospective assessment of mortality in
chronic spinal cord injury. Spinal Cord 2005; 43: 408–416.

2 Balady GJ et al. Acsm’s Guidelines for Exercise Testing and
Prescription sixth edn Lippincott Williams and Wilkins:
Philadelphia 2000.

3 Wannamethee SG, Shaper AG. Physical activity in the
prevention of cardiovascular disease: an epidemiological
perspective. Sports Med 2001; 31: 101–114.

4 Blair SN et al. Physical activity, nutrition, and chronic
disease. Med Sci Sports Exer 1996; 28: 335–349.

5 Erikssen G et al. Changes in physical fitness and changes in
mortality. Lancet 1998; 352: 759–762.

6 El-Sayed MS, Younesian A. Lipid profiles are influenced
by arm cranking exercise and training in individuals with
spinal cord injury. Spinal Cord 2005; 43: 299–305.

7 El-Sayed MS, Younesian A, Rahman K, Ismail FM,
El-Sayed Ali Z. The effects of arm cranking exercise and
training on platelet aggregation in male spinal cord
individuals. Thromb Res 2004; 113: 129–136.

8 Jacobs PL, Nash MS, Rusinowski JW. Circuit training
provides cardiorespiratory and strength benefits in persons
with paraplegia. Med Sci Sports Exerc 2001; 33: 711–717.

9 Nash MS, Jacobs PL, Mendez AJ, Goldberg RB. Circuit
resistance training improves the atherogenic lipid profiles
of persons with chronic paraplegia. J Spinal Cord Med
2001; 24: 2–9.

10 Cooney MM, Walker JB. Hydraulic resistance exercise
benefits cardiovascular fitness of spinal cord injured. Med
Sci Sports Exerc 1986; 18: 522–525.

11 Jacobs PL, Mahoney ET, Nash MS, Green BA. Circuit
resistance training in persons with complete paraplegia.
J Rehabil Res Dev 2002; 39: 21–28.

12 Subbarao JV, Klopfstein J, Turpin R. Prevalence and
impact of wrist and shoulder pain in patients with spinal
cord injury. J Spinal Cord Med 1995; 18: 9–13.

13 Jacobs PL et al. Evaluation of a training program for
persons with Sci paraplegia using the parastep 1 ambula-
tion system: part 2. Effects on physiological responses to
peak arm ergometry. Arch Phys Med Rehabil 1997; 78:
794–798.

14 Krauss JC et al. Effects of electrical stimulation and upper
body training after spinal cord injury. Med Sci Sports
Exerc 1993; 25: 1054–1061.

15 Klose KJ et al. Evaluation of a training program for
persons with sci paraplegia using the parastep 1 ambula-
tion system: part 1. Ambulation performance and anthro-
pometric measures. Arch Phys Med Rehabil 1997; 78:
789–793.

16 Block JE et al. Electrically-stimulated muscle hypertrophy
in paraplegia: assessment by quantitative Ct. J Comput
Assist Tomogr 1989; 13: 852–854.

17 Hopman MTE, Groothuis JT, Flendrie M, Gerrits KHL,
Houtman S. Increased vascular resistance in paralyzed
legs after spinal cord injury is reversible by training. J Appl
Physiol 2002; 93: 1966–1972.

18 Nash MS et al. Evaluation of a training program for
persons with sci paraplegia using the parastep 1 ambula-
tion system: part 5. Lower extremity blood flow and

hyperemic responses to occlusion are augmented by
ambulation training. Arch Phys Med Rehabil 1997; 78:

808–814.
19 Gerrits H, de Haan A, Sargeant A, van Langen H,

Hopman M. Peripheral vascular changes after electrically
stimulated cycle training in people with spinal cord injury.
Arch Phys Med Rehabil 2001; 82: 832–839.

20 Hooker SP et al. Physiologic effects of electrical stimula-
tion leg cycle exercise training in spinal cord injured
persons. Arch Phy Med Rehabil 1992; 73: 470–476.

21 Dudley GA, Castro MJ, Rogers S, Apple Jr DF. A simple
means of increasing muscle size after spinal cord injury:
a pilot study. Eur J Appl Physiol Occup Physiol 1999; 80:
394–396.

22 Stoner L et al. Upper versus lower extremity arterial
function after spinal cord injury. J Spinal Cord Med 2006;
29: 138–146.

23 Mahoney ET et al. Changes in skeletal muscle size and
glucose tolerance with electrically stimulated resistance
training in subjects with chronic spinal cord injury. Arch
Phys Med Rehabil 2005; 86: 1502–1504.

24 Sabatier MJ et al. Electrically stimulated resistance training
in SCI individuals increases muscle fatigue resistance but
not femoral artery size or blood flow. Spinal Cord 2005; 44:
227–233.

25 Bickel CS, Slade JM, Dudley GA. Long-term spinal cord
injury increases susceptibility to isometric contrac-
tion-induced muscle injury. Eur J Appl Physiol 2004; 91:
308–313.

26 Black C, Vickerson B, McCully K. Noninvasive assessment
of vascular function in the posterior tibial artery of healthy
humans. Dyn Med 2003; 2: 1.

27 Vogel RA, Corretti MC, Plotnick GD. A comparison of
brachial artery flow-mediated vasodilation using upper and
lower arm arterial occlusion in subjects with and without
coronary risk factors. Clin Cardiol 2000; 23: 571–575.

28 Hangiandreou NJ, James EM, McBane RD, Tradup DJ,
Persons KR. The effects of irreversible JPEG compression
on an automated algorithm for measuring carotid artery
intima–media thickness from ultrasound images. J Digit
Imaging 2002; 15: 258–260.

29 Stoner L, Sabatier M, Edge K, McCully K. The relation-
ship between blood velocity and conduit artery diameter,
and the effects of smoking on vascular responsiveness.
J Appl Physiol 2004; 96: 2139–2145.

30 Raudenbush SW, Bryk AS. Hierarchical Linear Models:
Applications and Data Analysis Methods (Advanced Quan-
titative Techniques in the Social Sciences) 2nd edn SAGE
Publications: Thousand Oaks, CA 2001.

31 Tu YK, Blance A, Clerehugh V, Gilthorpe MS. Statistical
power for analyses of changes in randomized controlled
trials. J Dent Res 2005; 84: 283–287.

32 Vickers AJ. The use of percentage change from baseline
as an outcome in a controlled trial is statistically ineffi-
cient: a simulation study. BMC Med Res Methodol 2001;
1: 6.

33 Twisk J, Proper K. Evaluation of the results of a
randomized controlled trial: how to define changes between
baseline and follow-up. J Clin Epidemiol 2004; 57: 223–228.

34 Neunteufl T et al. Systemic endothelial dysfunction is
related to the extent and severity of coronary artery
disease. Atherosclerosis 1997; 129: 111–118.

35 Anderson TJ et al. Close relation of endothelial function in
the human coronary and peripheral circulations. J Am Coll
Cardiol 1995; 26: 1235–1241.

Electrical stimulation, arterial health, and SCI
L Stoner et al

55

Spinal Cord



36 Celermajer DS et al. Non-invasive detection of endo-
thelial dysfunction in children and adults at risk of athero-
sclerosis. Lancet 1992; 340: 1111–1115.

37 Lind L, Johansson K, Hall J. The effects of mental stress
and the cold pressure test on flow-mediated vasodilation.
Blood Press 2002; 11: 22–27.

38 Naylor LH, Weisbrod CJ, O’Driscoll G, Green DJ.
Measuring peripheral resistance and conduit arterial
structure in humans using doppler ultrasound. J Appl
Physiol 2005; 98: 2311–2315.

39 Silber HA et al. Why is flow-mediated dilation dependent
on arterial size? Assessment of the shear stimulus using
phase-contrast magnetic resonance imaging. Am J Physiol
Heart Circ Physiol 2005; 288: H822–H828.

40 Mitchell GF et al. Local shear stress and brachial artery
flow-mediated dilation: the framingham heart study.
Hypertension 2004; 44: 134–139.

41 Olive JL, Dudley GA, McCully KK. Vascular remodeling
after spinal cord injury. Med Sci Sports Exerc 2003; 35:
901–907.

42 Olive JL, McCully KK, Dudley GA. Blood flow response
in individuals with incomplete spinal cord injuries. Spinal
Cord 2002; 40: 640–646.

43 Harris LM et al. Vascular reactivity in patients with
peripheral vascular disease. Am J Cardiol 1995; 76: 207–212.

44 Imamura M et al. Repeated thermal therapy improves
impaired vascular endothelial function in patients

with coronary risk factors. J Am Coll Cardiol 2001; 38:

1083–1088.
45 Prior BM, Lloyd PG, Yang HT, Terjung RL. Exercise-

induced vascular remodeling. Exerc Sport Sci Rev 2003; 31:
26–33.

46 Dinenno FA et al. Regular endurance exercise induces
expansive arterial remodelling in the trained limbs of
healthy men. J Physiol (London) 2001; 534: 287–295.

47 Green DJ et al. Exercise-induced improvement in endo-
thelial dysfunction is not mediated by changes in cv
risk factors: pooled analysis of diverse patient popu-
lations. Am J Physiol Heart Circ Physiol 2003; 285:

H2679–H2687.
48 O’Sullivan SE. The effects of exercise training on markers

of endothelial function in young healthy men. Int J Sports
Med 2003; 24: 404–409.

49 Gokce N et al. Effect of exercise on upper and lower
extremity endothelial function in patients with coronary
artery disease. Am J Cardiol 2002; 90: 124–127.

50 Thijssen DH, Heesterbeek P, van Kuppevelt DJ, Duysens
J, Hopman MT. Local vascular adaptations after hybrid
training in spinal cord-injured subjects. Med Sci Sports
Exerc 2005; 37: 1112–1118.

51 De Groot PC, Crozier J, Rakobowchuk M, Hopman M,
MacDonald M. Electrical stimulation alters fmd and
arterial compliance in extremely inactive legs. Med Sci
Sports Exer 2005; 37: 1356–1364.

Electrical stimulation, arterial health, and SCI
L Stoner et al

56

Spinal Cord


	Electrical stimulation-evoked resistance exercise therapy improves arterial health after chronic spinal cord injury
	Introduction
	Methods
	Subjects
	Training
	Arterial health protocols
	Proximal occlusion
	Ultrasound diameter measurements
	Statistical analysis

	Results
	Arterial diameters
	Flow-mediated dilation
	Arterial range

	Discussion
	Flow-mediated dilation
	Arterial range
	NMES-induced arterial health improvements
	Limitations

	Conclusions
	Acknowledgements
	References


