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The effects of body-weight supported treadmill training on cardiovascular

regulation in individuals with motor-complete SCI

DS Ditor*,1, MJ MacDonald1, MV Kamath2, J Bugaresti2, M Adams1, N McCartney1 and AL Hicks1

1Department of Kinesiology, McMaster University, Hamilton, Ontario, Canada; 2Department of Medicine,
McMaster University, Hamilton, Ontario, Canada

Study design: Four-month longitudinal within-subject exercise training study.
Objective: Although body-weight supported treadmill training (BWSTT) has not shown
promise as a means of improving ambulation in individuals with motor-complete spinal cord
injury (SCI), it may still improve cardiovascular health and function in this population. The
purpose of this study was to (i) investigate the effects of BWSTT on peripheral muscular
and elastic artery dimension and function and measures of heart rate variability (HRV) and
blood pressure variability (BPV) in individuals with motor-complete SCI, and (ii) to make
a preliminary examination of what factors may predict favourable cardiovascular outcomes
following BWSTT in this population.
Setting: Centre for Health Promotion and Rehabilitation, McMaster University, Hamilton,
Ontario, Canada.
Methods: Six individuals (four male, two female; age 37.7715.4 years) with chronic SCI (C4-
T12; ASIA A-B; 7.679.4 years post-injury) were included in the present investigation. Doppler
ultrasound was used to determine femoral (exercising; muscular), carotid (elastic) and brachial
(nonexercising control; muscular) artery dimension and function before and after 4 months
of BWSTT. Continuous heart rate and blood pressure were also recorded before and after
4-months of BWSTT to determine frequency domain measures of HRV and BPV; clinically
valuable indices of neurocardiac and neurovascular control, respectively.
Results: Two-way ANOVA (vessel� time) revealed no exercise-induced change in femoral or
carotid artery cross-sectional area, blood flow or resistance and no change in carotid artery
compliance following the 4 months of BWSTT compared to the nonexercising control brachial
artery. However, there was a significant exercise-induced increase in femoral artery compliance.
There were no exercise-induced changes in HRV or BPV when all participants were considered
together. However, the results suggest that the subgroup of individuals who had a substantial
heart rate response to BWSTT (n¼ 3), experienced exercise-training induced changes in HRV
reflective of a relative shift toward cardiac vagal predominance and reductions in BPV.
Conclusions: BWSTT may cause an increase in femoral artery compliance in individuals
with motor-complete SCI and therefore, should be encouraged as a means of improving
cardiovascular health in this population. BWSTT may also cause modest improvements in
measures of HRV and BPV in a select subgroup of individuals who respond to ambulation with
moderate to large increases in HR. In the present study, factors associated with a substantial
HR response to BWSTT were a propensity to orthostatic intolerance and muscular spasticity.
Spinal Cord (2005) 43, 664–673. doi:10.1038/sj.sc.3101785; published online 21 June 2005

Keywords: exercise training; neurovascular regulation; neurocardiac regulation; vascular
compliance; spinal cord injury

Introduction

Individuals with spinal cord injury (SCI) are prone to
severe cardiovascular dysfunction and an increased risk
of mortality from various cardiovascular diseases.1

Further, the risk of cardiovascular mortality appears
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to be heightened in those with more severe or complete
SCI.1,2 Although the underlying mechanisms responsi-
ble for the increased risk are not precisely understood,
the loss of mobility and reduced activity levels that
accompany severe SCI certainly contribute.
Unfortunately, complete muscular paralysis limits

the options for exercise rehabilitation, and the
current exercise strategies for individuals with com-
plete SCI have various shortcomings that may reduce
their effectiveness from a cardiovascular perspective.
Although arm ergometry may provide a significant
cardiovascular challenge for those with adequate arm
function, it does not target the vessels of lower limbs;
which contribute importantly to the increased cardio-
vascular risk in individuals with SCI.3,4 In addition,
although functional electrically stimulated (FES) ex-
ercise has shown great promise as a cardiovascular
stimulus,5–7 it carries the risks of burns to the skin,
autonomic dysreflexia and bone fracture, and further,
stimulated contractions may not be evoked in those
with lower motor neuron injuries.8 The cardiovascular
benefit of FES exercise may also be limited as
individuals with SCI are more prone to muscle
fatigue,9–11 and may only perform such exercise for
relatively short durations.11

In the last decade, body-weight supported treadmill
training (BWSTT) has shown promise as a means of
enhancing gait recovery in SCI individuals with partially
spared motor function,12–16 but not in those with motor-
complete SCI. The latter group have therefore been
generally excluded from this therapy.17–19 With respect
to cardiovascular benefit, however, BWSTT may offer
distinct advantages over other exercise interventions,
even in individuals with motor-complete SCI. First,
unlike arm ergometry, BWSTT is an upright exercise
that specifically targets the lower limbs. Second, because
of the passive nature of the exercise and the body-weight
support, this type of training can be performed for long
durations without fatigue. Finally, BWSTT may be
performed in individuals with upper or lower motor
neuron injuries and without many of the inherent risks
associated with FES exercise.
From a cardiovascular perspective, the value of

BWSTT may be best evaluated by measures of vascular
function as well as by indices of neural control of
cardiovascular regulation, as both have clinical value
and may be adversely altered after SCI. Regarding the
former, recent research has shown that individuals with
complete SCI exhibit peripheral vascular changes that
likely contribute to their increased cardiovascular risk.
Specifically, studies have found the luminal diameter to
be significantly reduced20 and the vascular resistance to
be significantly increased6,21 in the femoral artery of
individuals with complete SCI, and accordingly, resting
femoral artery blood flow may be reduced by approxi-
mately 50% compared to that of able-bodied indivi-
duals.4 Clinically, this reduction in blood flow has been
hypothesized to contribute to thrombus formation,3,4

delayed wound healing21 and an increased risk of
pressure sore formation.21 Individuals with SCI have

also been shown to suffer from a reduced compliance of
the femoral artery.20 Arterial compliance, or the ability
of an artery to expand and recoil in response to changes
in intravascular pressure, is particularly important as
it allows the vessel to accommodate pulsatile increases
in blood volume and thus confers a protective effect
against vessel wall damage.22 Clinically, reductions in
arterial compliance are thought to be a contributing
factor to vascular damage, and the associated risks of
thrombosis, myocardial infarction and stroke.23

With respect to neural regulation, power spectral
analysis of heart rate variability (HRV) and blood
pressure variability (BPV) have become commonly used,
non-invasive methods used to quantify the autonomic
control of the cardiovascular system.24–27 Regarding
HRV, successive R–R intervals obtained from electro-
cardiogram (ECG) recordings have been shown to
oscillate around two main frequencies. The high-
frequency oscillation, centred around 0.25Hz (HF;
0.15–0.40Hz) corresponds to parasympathetic outflow
to the heart via the vagus nerve,28 while the low-
frequency oscillation, centred around 0.1Hz (LF; 0.04–
0.15) has been shown to correspond to both the
sympathetic and parasympathetic outflow to the heart,
although it is much more indicative of the former.28,29

Thus, the LF:HF ratio of HRV has become an accepted
measure of cardiac sympathovagal balance. Similarly,
the LF oscillation of systolic BPV (LFSBP; 0.04–
0.15Hz), also referred to as Mayer waves, has been
shown to correspond to neurovascular control via the
sympathetic nerves.26,27 Measures of HRV and BPV
have been found to have significant clinical value, as
relatively decreased cardiac vagal predominance has
been associated with an increased risk of cardiovascular
mortality,30,31 and increased BPV and enhanced Mayer
waves are associated with end-organ damage.32,33

Previous work from our lab has shown positive changes
in HRV and BPV following BWSTT in individuals with
motor-incomplete SCI,34 however, it is unknown if
individuals with motor-complete SCI may experience
the same benefit, due to their more passive participation
in the exercise. In addition, previous work from our lab
has shown measures of HRV and BPV to be reprodu-
cible in individuals with spinal cord injury (Ditor et al,
submitted).
The purpose of this study was to investigate the effects

of a 4-month BWSTT programme on arterial dimen-
sion and function and measures of HRV and BPV in
individuals with motor-complete SCI. In addition, as the
physiological characteristics of our participants varied
widely, we made a preliminary examination of what
factors may predict favourable outcomes following
BWSTT in individuals with motor-complete SCI.

Methods

Participants
Six individuals (four male, two female; age 37.7715.4
years) with chronic SCI (C4-T12; ASIA A–B; 7.679.4
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years post-injury) were included in the present investiga-
tion. Although 10 individuals were initially recruited,
three participants withdrew from the study for personal
reasons, and one participant could not adequately
adhere to the training programme due to recurrent
health issues. All participants were recruited from an
outpatient SCI clinic at Chedoke Hospital, Hamilton,
Ontario, Canada. Participants were only included if they
were at least 1 year post-injury and were free of any
coincident cardiac disease. Recent work has shown that
the typical cardiovascular adaptations associated with
SCI (decreased vessel diameters and blood flow) occur
within the first 6 weeks postinjury, and therefore, our
participants had likely reached a plateau in terms of
these cardiovascular variables.35 Participants were also
required to be free of any musculoskeletal condition that
would contraindicate exercise training. This investiga-
tion was approved by the McMaster Medical Research
Ethics Board (MREB), and participants provided
written informed consent in accordance to MREB
guidelines. We certify that all applicable institutional
and governmental regulations concerning the ethical use
of human volunteers were followed during the course of
this research. Participant characteristics are summarized
in Table 1.

Testing protocol
Participants underwent two separate testing procedures
at baseline and after 4 months of BWSTT. Testing
session #1 consisted of Doppler ultrasound imaging
of the carotid, femoral and brachial arteries. Testing
session #2 consisted of continuous heart rate (HR) and
blood pressure (BP) data acquisition to determine
measures of HRV and BPV. For both sessions data
were acquired during supine rest. In order to minimize
external confounding stimuli, testing sessions were
conducted on separate days, and post-testing sessions
were always conducted at least 24 h after the final
training session to ensure a true resting state. In general,
testing sessions occurred between 1000 and 1700,
however, for any given participant the time of day
at each testing session never differed by more than 2 h
at pre- and post-testing. Participants were instructed
to abstain from caffeine and cigarette smoking for at
least 12 h prior to testing, and were 2 h postprandial.
Antiembolic stockings and abdominal binders were not
worn during the testing sessions, and participants were

asked to empty their urine bags prior to data acquisi-
tion. Medications were not interrupted during the study,
however, medications and dosages were identical at all
testing sessions for each participant. In addition, the
only medications that may reasonably have affected our
measures were baclofen (taken by five participants), and
ditropan (taken by two participants), which were taken
for their antispastic properties. The incidence of
cardiovascular side effects associated with these medica-
tions are very low, and often transient and only
associated with the start of treatment.36

Doppler ultrasound imaging
Upon entering the laboratory, participants were trans-
ferred onto a padded table and approximately 5–10min
of supine rest preceded any data acquisition. The
common carotid, common femoral and brachial arteries
were then imaged during supine rest.
Arterial diameters and mean blood velocities (MBV)

were estimated by a Doppler ultrasound system with
a high-resolution (5–10MHz) linear array probe (GE
Vingmed System Five), and BP was simultaneously
recorded by a Finapress cuff for subsequent determina-
tion of arterial compliance (Ohmeda 2300, Madison,
WI, USA). BP and MBV data were continuously
recorded at 200Hz and stored on a computer for later
analysis with the use of customized software (Chart 4,
Powerlab), and digital Doppler ultrasound images were
stored on the system’s internal hard drive for subsequent
manual analysis (Echopac image analysis V¼GE). The
pulsed wave Doppler sample volume gate was adjusted
to cover the width of the entire vessel to account for
the nonuniform blood velocity distribution within the
vessel. Real-time images were over two cardiac cycles,
and therefore, systolic and diastolic diameters could be
measured and used to determine mean vessel diameter
((systolicþ 2 (diastolic))/3). For each image obtained,
systolic diameter was measured three times and aver-
aged for a final value, and likewise for diastolic
diameter. In addition, three images were taken for each
artery and averaged. MBV was obtained by integration
of the area under the curve of the continuous MBV
signal over a 1-min period that included the time of
the vessel imaging. The blood flow velocity of our
system was calibrated against a corn-starch solution
pumped through tubing.37

Arterial blood flow volume (BF) was calculated as:
BF (ml/min)¼MBV (cm/s)�mean vessel cross-sec-
tional area (CSA; cm2)� 60; where CSA¼ p(mean
diameter/2)2. Arterial resistance (mmHgmin/ml) was
calculated as: Resistance (mmHgmin/ml)¼mean arter-
ial pressure (MAP)/BF. Arterial compliance was calcu-
lated as: Compliance (mm2/mmHg)¼ (systolic CSA
(mm2) � diastolic CSA (mm2))/pulse pressure (mmHg).

HR and blood pressure data acquisition for HRV
and BPV measures
Continuous recordings of HR and BP data were
obtained from each participant at baseline and after 4

Table 1 Participant characteristics

Participant Sex Age
Lesion
level

ASIA
clasification

Years post
injury

1 M 57 C6 B 6
2 F 26 C4 B 4.5
3 M 51 T12 A 4.5
4 M 28 T5 A 3
5 F 45 T9 A 26.5
6 M 19 C4 B 1
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months of BWSTT. Upon entering the laboratory, each
participant was transferred onto a padded table and
fitted with a Polar HR monitor and a finger plethysmo-
graphy (Finapres) cuff (Ohmeda 2300, Madison, WI,
USA). In an attempt to achieve steady-state resting
conditions participants lay quietly for 10min prior to
the start of data collection, which took place in a dark,
quiet room during spontaneous breathing. HR and BP
data were collected during a 20-min period of supine
rest. Participants were asked not to sleep during data
collection and although they were not disturbed during
the testing sessions, none had any problems remaining
awake. Systolic, diastolic and mean arterial pressures
(MAP¼ (SBPþ 2DBP)/3) were determined by auto-
mated ausculation at the left brachial artery (Dinamap
pro 100V2, GEMedical Systems, Tampa, FL, USA) just
prior to the 20-min period of supine rest. All subsequent
single-value BP data in the present study refer to these
measures.
HR and Finapres BP signals were sampled at 500Hz

using a 12-bit analog-digital converter (CODAS,
DATAQ Inc., Akron, OH, USA). The signals were
continuously and simultaneously displayed on an IBM
computer using WINDAQ data acquisition software
(Dataq Instruments, Akron, OH, USA). The data were
then saved on the computer hard drive and transferred
to a separate computer (Daewoo AMD-K6 processor)
equipped for HRV and BPV analysis.

Computation of HRV and BPV
A customized software program (MATLAB),38 was
used to identify a stable and noise-independent fiducial
point on all R-waves for each recording, as well as beat-
to beat values of systolic blood pressure (SBP). An RR-
interval tachogram, as well as a separate SBP tacho-
gram, were then generated from the continuous HR and
BP data, respectively. All tachograms were inspected
for ectopic beats which were subsequently removed
using a linear interpolation algorithm.38 When files were
found to contain excessive ectopic beats (45/min),
the investigator visually inspected the tachogram for
a sufficiently long period of relatively ectopic-free
segments of HR and BP data for further analysis.
Beat-to-beat HRV and BPV signals were then com-
puted, and then resampled at 2Hz using linear inter-
polation to obtain equally sampled time series. For each
data set, eight record lengths of 256 points were selected
automatically for power spectral analysis. The mean
value of the HR and BP were removed and the equally
sampled HRV and BPV signals were fed through a
second-order high-pass Butterworth filter with a cutoff
of 0.02Hz. Power spectra were then computed from the
filtered HRV and BPV signals using previously de-
scribed software.38 The computations required to
determine the power spectra are beyond the scope of
this paper, however, the algorithms are provided in
detail elsewhere.39

Final frequency domain measures represent the
average of all accepted record lengths. Oscillations

ranging between 0.04 and 0.15Hz were designated as
LF while oscillations between 0.15 and 0.40Hz were
designated as HF. The data analysis software used
allowed the investigator to accept or reject any of the
eight power spectra produced for each 20-min testing
session. Thus, the investigator could reject power
spectra showing a fusion of the LF and HF peaks, as
sometimes, albeit rarely, occurred during spontaneous
breathing. Peak values of the LF and HF components
were identified from the HRV and BPV power spectra
and expressed as (beats/min)2/Hz, and (mmHg)2/Hz,
respectively. The power of the LF and HF components
were calculated via integrating the area under each curve
and expressed as (beats/min)2 and mmHg2.

Training intervention
BWSTT apparatus The Woodway Loco-system
(Woodway USA Inc., Foster, CT, USA) is a specialized
treadmill with a built-in weight supporting system.
Participants were fitted with a harness while seated in
their wheelchairs and then wheeled up a ramp to the
treadmill. Cables were then attached to the harness, and
a pulley system was used to hoist participants into the
standing position over the treadmill. Once upright, a
second set of cables were used to connect participants to
weight stacks located at the front of the treadmill which
could be set at a predetermined percentage of each
participant’s body weight. The Woodway Loco-system
allows for a range of speeds between 0.1 and 5.0 km/h,
and speed may be adjusted by 0.1 km/h increments.
Hand-rails are attached to the treadmill, and while
participants could use these rails for balance if needed,
they were discouraged to use them to assist in weight
support. Two trainers sat at either side of the tread, and
assisted participants in the gait cycle, while a third stood
behind the participant and aided in weight shifting,
balance and general safety.

Training protocol Participants exercised at a frequency
of three times per week for 4 months. During the first
training session an appropriate amount of body-weight
support was chosen for each participant, such that he or
she could just stand on the tread without buckling at the
knees. Although participants had the opportunity to
decrease body-weight support as individually tolerated,
none of them were able to reduce their support over the
course of the training protocol. For the sake of safety,
initial treadmill speed was arbitrarily chosen at 0.5 km/
h, and the duration of ambulation at 15min (three bouts
of 5min). As the exercise was essentially passive, speed
and duration were progressed relatively quickly in the
training programme. Increases in speed were largely
dictated by the amount of spasticity in the legs, and the
trainers’ ability to move the leg through this spasticity
while maintaining proper gait mechanics and safety.
Time constraints dictated a maximum duration of
60min. Daily training HR’s were recorded in each
participant’s training log, from which an average
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training HR could be determined over the course of the
4-month training period. Also, in order to determine the
contribution of upright posture to the HR response to
ambulation, HR was determined after 5min of motion-
less upright suspension on the treadmill at baseline and
after the 4 months of BWSTT. The baseline upright HR
was determined on the third day of training to allow for
habituation to the BWS treadmill.

Statistical analysis
Potential exercise-induced changes in carotid and
femoral artery dimension and function were determined
via two-factor (vessel� time) analyses of variance
(ANOVA) with the brachial artery serving a nonexercise
control vessel. One-way ANOVA with repeated mea-
sures for time were used to determine potential exercise-
induced changes in measures of HRV and BPV, and to
compare the HR response to BWSTT between the first 2
months of training and the last 2 months. Tukey HSD
post hoc analyses were used as required to determine
specific differences between means and Pearson’s r
correlation analyses were performed to determine
possible relationships between variables. Owing to the
very preliminary nature of this research the level of
statistical significance was set at Po0.10, and through-
out the text and figures, data are presented as
means7SD. In order to identify factors that may
predict positive outcome, participants were divided into
two groups based on the HR response to ambulation;
that is, those who experienced an average training HR
greater than 100 beats/min (responders), and those who
experienced an average training HR less than 100 beats/
min (nonresponders).

Results

Programme compliance and safety considerations
The compliance rate (number of sessions completed/
number of scheduled sessions� 100) was 83.377.6%.
One individual experienced frequent syncope during
the training sessions, especially nearing the end of the
4-month protocol. One other participant developed
a stage 1 pressure sore over a vertebrae due to irritation
from the harness. The sore was detected early, covered
with a clear adhesive during the subsequent training
sessions and was not problematic. No episodes of
autonomic dysreflexia or musculoskeletal injuries
occurred in any participant during the course of the
training programme.

Cardiovascular response to BWSTT
There was no significant change in resting HR following
the 4-month BWSTT programme (Table 2), and there-
fore, pre- and post-values were averaged for the
determination of the HR response to BWSTT. Likewise,
there was no significant change in the average HR
during BWSTT when comparing the first 2 months of
training to the last 2 months, or upright HR at pre- and

post-testing. Upright HR’s were significantly higher
than resting HR’s (P¼ 0.001), and there was a further
modest but significant (P¼ 0.09) increase in HR from
the upright position to ambulation (resting: 64.476.3;
upright: 80.0711.6; ambulation: 98.1722.3 beats/min).
However, the HR response to ambulation was extremely
varied in our participants, especially in those with
tetraplegia. For example, participants with paraplegia
experienced an average HR increase of 37.1710.7%
(range 28–49%; exercise HR: 86–106 beats/min) while
those with tetraplegia experienced an average increase of
67.1739.1% (range 26–104%; exercise HR: 68–135
beats/min). Peak exercise HR’s recorded over the course
of training (range 78–168 beats/min) were significantly
higher than the average exercise HR (P¼ 0.004). Three
participants experienced an average exercise HR greater
than 100 beats/min (responders: #2: 135, #4: 106, #6:
103 beats/min), the other three experienced a much more
modest HR response to ambulation (nonresponders: #1:
68, #3: 86, #5: 93 beats/min). The distinction between
responders and nonresponders should not be confused
with the distinction between those with tetraplegia and
those with paraplegia (see Table 1), that is, the HR
response to ambulation was not simply a factor of lesion
level. Rather, greater HR responses to ambulation
seemed to occur in those with the greatest degree of
muscle spasticity and in those who were the least
tolerant of orthostatic stress. In particular, there was a
significant correlation between the percentage increase
in HR from rest to ambulation and the percentage
decrease in MAP from rest to upright posture at
baseline testing (P¼ 0.02, r¼ 0.89; Figure 1).

The effects of BWSTT on resting measures of arterial
dimension and function
Two-way ANOVA revealed no significant vessel� time
interactions suggesting no exercise-induced change
in femoral or carotid artery cross-sectional area
(Figure 2a; P¼ 0.73 and 0.59, respectively), blood
flow (Figure 2b; P¼ 0.32 and 0.68, respectively) or
resistance (Figure 2c; P¼ 0.38 and 0.82, respectively)
compared to the nonexercising brachial artery following
the 4 months of BWSTT. In contrast, although there
was no significant interaction suggestive of a change
in carotid artery compliance (P¼ 0.82), there was a

Table 2 Measures of HR and HRV before and after BWSTT

Baseline 4 months

HR 61.979.7 66.975.7
LF 630271251.9 55257882.4
HF 46477664.1 49167803.9
LF:HF 1.4570.44 1.2370.37

HR, mean heart rate (beats/min); LF, low-frequency power;
HF, high-frequency power (beats/min)2; LF:HF, low- to high-
frequency ratio
Values are means7SD
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significant vessel� time interaction (P¼ 0.07) indicating
an exercise-induced increase in femoral artery compli-
ance (Figure 2d). Finally, there were no apparent
differences between responders and nonresponders
for exercise-induced changes in arterial dimension or
function.

The effects of BWSTT on resting measures of HRV
There were no significant changes in resting LF power,
HF power or the LF:HF ratio after 4 months of
BWSTT (P¼ 0.11, 0.47 and 0.25, respectively) (Table 2).
There was, however, a suggestion that responders may
have experienced a selective, but not statistically
significant, training-induced decrease in the LF:HF
ratio (pre: 1.5370.67 versus post: 1.0470.35;
P¼ 0.14), while nonresponders showed no change (pre:
1.3770.08 versus post: 1.4170.35; P¼ 0.85) (Figure 3).
The putative reduction in the LF:HF ratio among
responders was due to increases in HF power
(4272.07785.3 versus 5203.47845.6 (beats/min)2;
P¼ 0.03) and nonsignificant decreases in LF power
(5845.771727.0 versus 4975.87868.4 (beats/min)2;
P¼ 0.27).

The effects of BWSTT on resting measures of BPV
There was no change in resting SBP, DBP or MAP
following the 4 months of BWSTT (P¼ 0.90, 0.62
and 0.74, respectively) (Table 3). Likewise, there were no
significant training-induced changes in LFSBP (P¼ 0.64)
(Table 3). However, responders seemed to experience
selective and significant training-induced decreases in
LFSBP (responders pre: 196.3720.0mmHg

2, responders
post: 158.5713.7mmHg2, P¼ 0.03; nonresponders
pre: 131.7748.7mmHg2, nonresponders post: 153.57
79.2mmHg2, P¼ 0.36) (Figure 4).

Discussion

The main finding of this study is that individuals with
motor-complete SCI may experience positive peripheral

vascular changes in the exercising lower limbs follow-
ing 4 months of BWSTT as evidenced by the increase
in femoral artery compliance following the training
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programme. This change also appeared to be quite
robust as it was observed in five of our six participants
with one individual experiencing no change. The
borderline statistical significance in the femoral com-
pliance measure was likely due to our small sample size,
as the effect size of this adaptation was very large
(ES¼ 1.01). The HRV and BPV data were not quite
as clear and suggested that only a select group of
individuals may experience changes in these measures
following BWSTT.

The effects of BWSTT on vascular dimension
and function
The factors contributing to the suggested increase in
femoral artery compliance appeared to be independent
of the HR response to exercise, as responders and
nonresponders showed similar changes. Thus, BWSTT
may promote changes in peripheral vascular compliance
in motor-complete SCI despite the relatively low HR
that may be elicited. The lack of a change in carotid
artery compliance suggests, however, that although
BWSTT was effective in causing selected local vascular
effects it was not an intense enough exercise stimulus to
cause central vascular adaptations.
From a clinical perspective, the observed increase

in femoral artery compliance may be encouraging
for individuals with complete SCI, as the relationship
between arterial stiffness and cardiovascular risk has
been well established.23,40,41 Specifically, the inability of
a vessel to expand and recoil with pressure changes
results in damage to the vessel wall, which in turn
may lead to atherosclerosis and thrombus formation.23

Vessel compliance also converts intermittent blood
flow from the heart to a more steady flow throughout
the circulation and thus, enables a more effective tissue
perfusion. As individuals with complete SCI are at an
increased risk of complications due to thrombus
formation, and pressure sore development due to poor
tissue perfusion,1 exercise-induced increases in arterial
compliance may be particularly desirable in this
population. Thus, although BWSTT may not enhance
ambulation in individuals with complete SCI, it may
promote clinically relevant improvements in vascular
compliance and should be encouraged as a possible
rehabilitation technique in this population.
The true value of BWSTT as a means of promoting

positive vascular adaptation must be made in compar-
ison to other currently available modalities for indivi-
duals with complete SCI. First, although arm ergometry
may promote central cardiovascular changes in those
with sufficient arm function, this form of exercise
becomes less beneficial in individuals with cervical
lesions.8 Further, as leg blood flow actually decreases
during arm ergometry, even in individuals with SCI
(albeit to a lesser extent),42 vascular changes of the lower
limbs would not be expected with this form of exercise.
In contrast, FES exercise has proven to be an effective
means of improving peripheral cardiovascular function
in individuals with SCI. For example, Hopman et al6

found an approximate 30% decrease in femoral artery
resistance following 6 weeks of FES cycling and an
approximate 30% increase in femoral artery blood flow
in nine participants with complete SCI. Similarly, in a
study conducted by Gerrits et al5 6 weeks of FES cycling
was associated with significant increases in femoral
artery diameter (8%) and resting mean inflow volume
(37%), and a significant decrease in femoral artery
resistance (8%). No changes were noted, however, in the
carotid artery. Finally, Nash et al7 examined the effects
of electrically stimulated ambulation exercise and
found a significant 33% increase in femoral artery
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Figure 3 Changes in the LF:HF ratio before and after 4
months of BWSTT in responders (open circles, dashed lines)
and nonresponders (closed circles, solid lines)

Table 3 Measures of BP and BPV before and after BWSTT

Baseline 4 months

SBP 114.0719.0 113.2710.1
DBP 65.7710.5 64.077.3
MAP 81.8713.1 80.477.4
LFSBP 164.0748.6 156.0750.9

SBP, systolic blood pressure; DBP, diastolic blood pressure;
MAP, mean arterial pressure (mmHg); LFSBP, low-frequency
power of systolic blood pressure (mmHg2)
Values are means7SD
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Figure 4 Changes in LFSBP before and after 4 months of
BWSTT in responders (open circles, dashed lines) and
nonresponders (closed circles, solid lines)
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cross-sectional area, accompanied by a significant 56%
increase in resting femoral artery blood flow. While,
measures of arterial compliance were not included, the
combination of stimulated contractions and upright
posture may prove to be the most effective means of
promoting cardiovascular adaptation in individuals who
can tolerate this modality. Still, FES exercise carries the
risk of skin irritation, autonomic dysreflexia and bone
fracture, and as mentioned, stimulated contractions may
not be evoked in those with lower motor neuron
injuries.8 Thus, BWSTT may be an effective alternative
for promoting positive vascular adaptations in indivi-
duals with SCI who cannot tolerate or do not have
access to FES exercise. It is of interest to note that the
present study did include one participant with a lower
motor neuron injury (#3), and this individual experi-
enced substantial increases in femoral artery compliance
and blood flow. Anecdotally, this participant also
reported an improved temperature regulation of the
legs and an improved wound healing ability. Although,
these are only single case observations they are highly
encouraging as BWSTT may prove to be a unique
means of improving vascular function in individuals
with lower motor neuron injuries. Further research is
certainly warranted to investigate this possibility.

The effects of BWSTT on HRV and BPV
In general, BWSTT did not prove to be a major central
cardiovascular stimulus for individuals with motor-
complete SCI, and as such, our participants as a whole
did not experience significant changes in measures
of HRV and BPV. As mentioned, peak exercise HR’s
recorded over the course of training were significantly
higher than the average exercise HR’s (P¼ 0.004), and
in fact only one participant failed to experience a peak
HR greater than 110 beats/min. This suggests that the
passive nature of the movement was more likely
responsible for the relatively modest HR response to
ambulation, rather than sympathetic decentralization
per se which would preclude exercise HR’s in excess of
approximately 110 beats/min. However, despite the
small sample size, the results suggest that a subgroup
of individuals may experience a substantial HR response
to this form of exercise, despite its involuntary nature,
and accordingly may experience modest changes in
measures of HRV and BPV. Thus, individuals with
motor-complete SCI who respond to BWSTT may
experience relative increases in the vagal outflow to the
heart and decreases in BPV that have been associated
with decreased risk of cardiovascular mortality and end-
organ damage, respectively.32,33,43 In the present study,
the factors accounting for the HR response to BWSTT
seemed to be the presence of muscular spasticity and a
propensity to orthostatic intolerance. The relationship
between postural hypotension and the HR response to
BWSTT was clear and demonstrated by the significant
correlation between the decrease in MAP upon upright
posture and the increase in HR from rest to ambulation.
This relationship suggests that the upright nature of

BWSTT is a key component to its potential benefits, as
it necessitates a HR response in those intolerant
of postural stress. Further support for this contention
may be that recumbent passive exercise has been shown
to evoke no HR response in individuals with SCI.44

However, the upright posture did not account for the
entire HR response to ambulation since HR’s tended
to be higher during BWSTT than during motion-
less upright posture. Factors accounting for this
further increase in HR may only be speculated upon.
Unfortunately, measures of muscle spasticity were
not conducted during ambulation, and therefore, its
contribution to the HR response is more anecdotal but
certainly clear during the training sessions. Further
research is required to examine this issue.
The autonomic adaptations that may be achieved via

BWSTT should be compared to those that may be
achieved by other available forms of exercise for
individuals with SCI. Such comparisons are difficult
due to the scarcity of literature in this area, however,
previous work from our lab has shown a 38% reduction
in the LF:HF ratio following 3 months of combined
resistance and arm ergometry in individuals with
incomplete tetraplegia (Ditor et al, unpublished ob-
servations); a comparable change to that observed by
the responders in the present study. However, the
participant characteristics varied greatly between these
two studies and further research is required to determine
the comparative efficacy of these two training techni-
ques. In summary, peripheral vascular changes were
associated with BWSTT regardless of the HR response
to ambulation. Therefore, those who do not experience
substantial increases in HR during ambulation may still
achieve vascular benefit from BWSTT, but may wish to
supplement this exercise with arm ergometry in order to
achieve improvements in neurocardiac and neurovascu-
lar control.

Conclusions

The present study is the first to provide evidence that
BWSTT is associated with increased femoral artery
compliance in individuals with motor complete SCI.
Further, this improvement in vascular function may be
achieved regardless of the HR response during ambula-
tion. BWSTT should therefore be encouraged as a
means of improving cardiovascular health in this
population, especially in those who cannot tolerate or
do not have access to FES exercise. BWSTT may also
cause modest improvements in measures of HRV and
BPV in a select subgroup of individuals who respond to
ambulation with moderate to large increases in HR. In
the present study, factors associated with a substantial
HR response to BWSTT seemed to be a propensity to
orthostatic intolerance and muscular spasticity.
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