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ABSTRACT

Arterial stiffness, as measured by carotid-femoral pulse wave velocity (cfPWV), is elevated after
spinal cord injury (SCI). In the uninjured population, exercise training has been shown to reduce
arterial stiffness. In a randomized, clinical multicenter trial, we evaluated the impact of two
exercise interventions on cardiovascular disease risk factors in individuals with chronic SCI. A
total of forty-six adults with motor-complete SCI with neurological levels of injury between the
fourth cervical and sixth thoracic spinal cord segments were randomly assigned to either body
weight-supported treadmill training (BWSTT) or arm-cycle ergometer training (ACET).
Participants trained 3 days per week for 24 weeks. Exercise session duration progressed
gradually to reach 30 and 60 minutes for ACET and BWSTT, respectively. The primary outcome
was arterial stiffness, measured by cfPWV, and was measured at baseline, 12 weeks of training
and at 24 weeks. Secondary outcomes included cardiorespiratory fitness (CRF) and
cardiometabolic health measures and were measured before and after completion of training.
Fourteen participants per intervention arm completed the exercise intervention. Our results show
no effect of either exercise intervention on arterial stiffness (P = .07) and cardiometabolic health
measures (P>.36). However, peak oxygen uptake increased with ACET compared with BWSTT
(P =.04). The findings of this trial demonstrate that while 24 weeks of upper-body exercise
improved CRF in individuals with motor-complete SCI > T6, neither intervention was associated

with improvements in arterial stiffness or cardiometabolic health measures.

Keywords: Exercise; spinal cord injuries; pulse wave velocity; arterial stiffness.



INTRODUCTION

Premature cardiovascular disease (CVD) is elevated in individuals with spinal cord injury (SCI)
compared with uninjured individuals.! Individuals with a higher neurological level of injury
(NLI) and more severe SCI are at an even greater risk of developing CVD.?? This elevated risk is
ascribed to multiple risk factors such as: physical inactivity * and reduced cardiorespiratory
fitness (CRF) 3, cardiometabolic syndrome ¢, and impaired supraspinal sympathetic control.” The
latter can lead to abnormal daily blood pressure (BP) fluctuations that have recently been
associated with increased arterial stiffness,® particularly with NLI at or above the sixth thoracic
segments (> T6).” Arterial stiffness, using carotid-femoral pulse wave velocity (cfPWV),!%!! is
associated with increased CVD events and all cause-mortality in the uninjured population.'®
Previous studies have documented elevated cfPWV in the SCI population compared with

uninjured individuals.!>!3

In uninjured individuals, exercise training improves arterial health.'* Arm-cycle
ergometer training (ACET) is a common exercise modality in the SCI population, although it
may not provide a sufficient physiological stimulus to alter vascular function given its limited
influence on blood redistribution.'> In contrast to ACET, body weight-supported treadmill
training (BWSTT) with motor-complete SCI has previously been associated with cardiovascular-
related benefits including increased femoral artery compliance, improved heart rate and BP
variability.!®!” As such, we aimed to assess the hypothesis that BWSTT would have positive
effects on central arterial stiffness in individuals with chronic, motor-complete, cervical and
upper-thoracic SCI. Furthermore, we compared the effects of BWSTT and ACET on CRF and

cardiometabolic health outcomes.



METHODS

This is a prospective, multicenter, randomized clinical trial [The Cardiovascular
Health/Outcomes: Improvements Created by Exercise and education in SCI (CHOICES)]. The
trial protocol has previously been published.'® All testing and exercise training sessions were
performed at three Canadian research centers after the ethical approval of center-specific
Institutional Review Boards: International Collaboration on Repair Discoveries (ICORD) at the
University of British Columbia in Vancouver; The Lyndhurst Center, Toronto Rehabilitation

Institute — University Health Network in Toronto; and McMaster University in Hamilton.
Participants

Participants met the following inclusion criteria: adults 18—60 years of age, with traumatic, > 1
year post-injury SCI with NLI between the fourth cervical and T6 segments, motor-complete
[American Spinal Injury Association Impairment Scale (AIS A or B) according to the
International Standards for Neurological Classification of Spinal Cord Injury (ISNCSCI), 2011
version],'” and cfPWV > norm median value of age-matched uninjured individuals.?’ Exclusion
criteria included any active or history of medical issues (e.g. cardiovascular or cardiopulmonary
problems/disease) at enrolment. After obtaining written informed consent, eligible participants
were randomly assigned (1:1) into BWSTT or ACET using a central, web-based computer

randomization service (Empower: http://www.empowerhealthresearch.ca/).

Power calculation and sample size

The sample size was calculated for the primary outcome (i.e., cfPWV). Assuming exercise
differences of > 1.0 m/sec (cut-off) between both groups after the training, a significance level of

.05 and the standard deviation being 10% of the baseline cfPWV (SD =1.3), 30 participants in


http://www.empowerhealthresearch.ca/

each group were needed to attain 80% power to detect this cut-off value. This cut-off value of 1
m/sec is in line with the reported effects of exercise interventions in other high-risk
populations.?!?? This decrease in cfPWV by 1 m/sec is clinically meaningful, as this decrement

translates into a 15% reduced risk of cardiovascular mortality.'
Outcomes

Assessment of cfPWYV was collected before the commencement of the training, after 12 weeks of
training, and after training completion. CRF and cardiometabolic health measures were assessed
at baseline and after training completion. The rational for selection and methods for collection of

1'18

the outcome measures are detailed in the published protocol.'® A brief descriptions follows:

Arterial stiffness. cfPWV was measured with participants in the supine position after 10-min rest
and in accordance with recommended guidelines.!! During resting, BP was measured using an
automated device (Dinamap Carescape V1000; GE Healthcare, Buckinghamshire, UK). For a
minimum of 30-sec, carotid and femoral arterial pressure waveforms were measured on the right
side of the body using applanation tonometry (model SPT-301; Millar Instruments, Houston, TX,
USA). cfPWV was calculated by dividing 80% of the surface distance between carotid and
femoral arteries by the pulse transit time and was reported as the average from two 10-sec
sections. If the difference between the two values was > 0.5 m/sec, a third value was included
and the median of all three was reported as cfPWV. The trial team has previously demonstrated

an acceptable intra- and inter-rater reliability of this method in individuals with SCI.?

Cardiorespiratory fitness. A cardiopulmonary exercise test (CPET) on an electrically braked
arm-crank ergometer was performed. The protocol began with a two-min warm-up at workload

of 0 Watts (W) then continued with an increment of 5 or 10 W per minute for cervical and



thoracic NLI, respectively.?* The participants were instructed to maintain a cadence of 50
revolutions per minute (rpm) throughout the test. Participants continued until volitional fatigue
or inability to maintain the cadence >30 rpm. The highest oxygen uptake (VO.) of 20-second
averaging during the CPET was defined as peak oxygen uptake (VOazpeak). Peak power output
(POpeax) was determined as the workload coincidence with volitional fatigue, unless this occur
within 20-second of the beginning of the stage, otherwise the POpeax from the previous stage was
recorded. Oxygen uptake at ventilatory threshold (VO,-VT) was determined using a combination
of the three following methods ?°: the ventilatory equivalent, the excess carbon dioxide, and the
V-slope. Two independent assessors visually assessed individual participant data using each
method. If the averaged values between assessors were not within 3%, a third assessor

independently analyzed the data to resolve any conflicts in VO,-VT determination.

Cardiometabolic health measures. Glycated hemoglobin (HbA 1c¢), lipid profile (triglyceride,
total cholesterol, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein
cholesterol (HDL-C), ratio of total cholesterol: HDL-C), and blood glucose were measured. All
measurements were collected after a 12-hour overnight fast and assays were conducted in

certified clinical laboratories at each trial’s center.
Exercise interventions

Participants trained thrice weekly for 24 weeks, with a gradual progression to reach a target of 30
and 60 minutes per session for ACET and BWSTT, respectively (Figure 1). Given the duration

of this trial, as well as the associated medical and non-medical complexities with this population,
participants were provided with opportunities to complete missed exercise sessions. The intensity

of ACET was prescribed to attain a rate of perceived exertion (RPE) between 11 and 16, a



reflection of moderate-to-vigorous aerobic intensity exercise.?® Currently, there are no accepted
guidelines for the most appropriate exercise intensity/volume of BWSTT; the 60 min duration

was chosen based on prior BWSTT interventions.!”’

Statistical analyses

All statistical analyses were performed using Statistical Package for the Social Sciences (SPSS)
(version 24; IBM, Armonk, USA) and GraphPad Prism (GraphPad Prism, version 6) with
statistical significance accepted at a priori of a < .05. Linear mixed effect models were used with
the aim to determine the effects of ‘time’ and ‘time x group interaction’. Time, exercise group,
and the interaction were used as fixed factors for the model. Trial centers and model intercept
were used as random effects. The effect of pre-set covariates (i.e., sex and time since injury
[TSI]) were tested and included in the model if significant. Independent #-test and Mann-Whitney
U test were used to determine any significant differences between subgroups (e.g. participants
who completed the trial vs those who did not, participants with determined VT vs. participants
with undetermined VT). We also calculated standardized effect sizes (Cohen's d) to determine
the magnitude of differences in responses between the two groups with the following thresholds;

< 0.2 (trivial), > 0.2 (small), > 0.5 (moderate), and > 0.8 (large).

RESULTS

Participants’ enrolment across all trial centers between April 2013 and September 2017 is
summarized in a CONSORT flow diagram (Figure 2). Forty-six participants underwent
randomization (M+SD age: 42+10 years, TSI: 12+10 years). Of these, 14 participants in each

group completed all aspects of the trial (Table 1). At baseline, only one participant had HbAlc



(%) above >7.0%, 5% had elevated fasting glucose (=5.6 mmol/L), 23% had total cholesterol
values of >5 mmol//L, 34% had elevated LDL-C (>3 mmol/L), and 38% had depressed HDL-C
(<1.03 mmol/L for men and <1.29 mmol/L for women). There were no significant differences in
demographic and injury characteristics between those who did not complete all aspects of the

trial and the final sample included in the analyses (P ranged between .08 and .90).
Intervention characteristics

Participants completed the interventions within an average of 3043 and 31+7 weeks for ACET
and BWSTT, respectively (P =.77). In terms of intensity measured by RPE, ACET was
associated with a slight progression from start to end of training of 13+2 to 1442, while BWSTT
had an average of RPE of 1043 to 12+2, respectively (interaction effect; P =. 68). The training
adherence (i.e., 75% of the scheduled sessions) with ACET and BWSTT was 82% and 84% at 12

weeks and declined to 69% and 70% at 24 weeks, respectively.
Outcome measures

Changes in ¢cfPWV and BP are presented in Figure 3. There was no time x group interaction
effect or main effect of time for cfPWV (Ps =.07 and .79, respectively), with a small effect size
(d=0.47) in favor of ACET. There was a significant time x group interaction for SBP (P =.02).
Table 3 depicts changes for CRF outcomes and cardiometabolic health measures. Relative and
absolute peak oxygen uptake (VOzpeak) increased over time with ACET by 24% and 27% (with
moderate-to-large effect sizes relative to BWSTT, d = 0.80 and 0.97, respectively), whereas
these outcomes remained unchanged with BWSTT. It was not possible to determine VO-VT for
either pre or post CPET for nine participants (all with cervical SCI) out of 28 (ACET, n= 6 and

BWSTT, n = 3), their data was excluded from the submaximal analysis. Compared with the



cervical SCI participants in whom it was possible to determine VO,-VT, individuals with
cervical SCI without VO»-VT data completed the exercise test at baseline with lower relative
VO2peak and peak power output (POpeak), and they had a shorter time to fatigue; all with P < .01.
Relative and absolute VO>-VT improved with ACET group by 26% and 17% with moderate
effect sizes relative to BWSTT, d = 0.71 and 0.73, respectively. There were no significant
changes in cardiometabolic health measures over time in either group (time X group interactions;
all P> .36), with mixed standardized effect magnitudes (d = —0.35-0.17). There was a iﬁcant

main effect for Cholesterol: HDL-C ratio (P = .04).

DISCUSSION

We investigated the effects of two exercise modalities on central arterial stiffness, CRF and
cardiometabolic health measures in individuals with chronic, motor-complete, high-level SCI. In
contrast to our hypothesis, and despite the improvements in CRF with ACET group, neither

exercise intervention elicited improvements in cfPWV or cardiometabolic health measures.

Within the SCI literature, there is a considerable degree of heterogeneity in the methods
used to assess arterial health.?® A systematic review concluded that exercise interventions have
positive impacts on arterial health in individuals with SCI. However, the majority of studies
included tended to focus on peripheral arterial health (e.g. femoral blood flow velocity,
peripheral arterial compliance).?’ Only one prior case-study (participant with an acute motor-
complete, T11 SCI) reported arterial stiffness, measured by PWV .3° The authors reported that six
weeks (30 min, three times/week) of wheelchair ergometry at 50% and 80% of maximal

tolerated power improved lower limb PWYV by 5.7% (-0.5 cm/sec). Besides the lower level of
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evidence of this case-report, the discrepancy in techniques used to assess central arterial stiffness
(carotid-dorsalis/tibialis vs. carotid-femoral) and NLI, may explain the conflicting results with
respect to our null cfPWYV findings. Injuries >T6 are commonly associated with chronotropic
incompetence, reduced circulating catecholamines and splanchnic vasoconstriction.®! Individuals
with this NLI also experience abnormal BP fluctuations in the form of episodes of elevated
[autonomic dysreflexia (AD)] or reduced (postural hypotension) BP.3** Consequently, this may
in turn limit any potential arterial-related adaptations in our sample. Since this seminal review
two longitudinal studies have reported no changes in central arterial stiffness with aerobic arm
plus resistance exercise and whole-body vibration exercise in individuals with SCI.343°
Conversely, a cross-sectional study showed lower cfPWV in athletes compared to non-athletes
with SCI, possibly indicating positive effects of maintaining longer-term exercise on arterial

stiffness.>®

The above-mentioned cardiac-autonomic dysfunctions following SCI and exacerbated
arterial remodeling may hinder the potential exercise-induced central arterial health benefits
compared with that commonly seen in the uninjured population. A study conducted with non-
SCI individuals, but with chronic hypertension, showed that moderate-to-vigorous intensity
upper-body exercise three times a week for 12 weeks did not improve arterial stiffness.’” We
observed a trend for stability of cfPWV over the trial period with the ACET group. However, the
lack of a non-interventional control group impeded our ability to investigate the potential effects
of ACET in decelerating the natural increase of cfPWV with aging.'* The clinically meaningful
increase in cfPWV with BWSTT (Figure 3A) remains unclear and is opposite to our hypothesis.
While entirely speculative, verticalization with BWSTT may result in facilitating blood flow to

lower body vasculature which in turn may promote blood pooling and increase the frequency of



hypotensive events.'® Furthermore, AD may have developed secondary to peripheral stimuli (e.g.
spasticity, irritation from the harness). This aberrant BP instability (i.e., hypotension and AD) is
associated with increased central arterial stiffness following SCL.® SBP was elevated when
cfPWYV was assessed at 12 weeks in the BWSTT group, but the values of SBP of both groups
returned to the same level as they were at baseline at 24 weeks. This indicates that an increased

SBP was likely not driving the observed change in cfPWV.

The improvements in CRF with ACET in our trial confirms the positive impact of
upper-body exercise alone on CRF following SCI.*® Improved CRF in individuals with SCI is
reported to be associated with improved functional ability to perform activities of daily living,
which in turn, positively impact health-related quality of life.>* Only a small proportion of our
cohort presented with an increased cardiometabolic disease risk at baseline. Nevertheless, the
findings of this trial are in accord with previous studies regarding the effects of exercise
intervention on specific cardiometabolic health measures.>**’ A recent review also concluded
that upper-body aerobic exercise alone does not improve fasting glucose, HbAlc or lipid profile
in this population.® It is noteworthy to mention that some studies have reported improvements
with these cardiometabolic measures after BWSTT. However, these studies included motor-
incomplete SCL.*'*** Therefore, in these individuals this exercise intervention is not entirely
“passive” in nature (as in this current trial) and may augment energy expenditure by a degree of

volitional control over larger muscle groups.

This trial has a number of novel aspects — population, intervention duration, and
participant retention. We recruited SCI individuals with significant neurological impairments and
therefore the potential to experience more severe cardiovascular dysfunctions.?* The majority of

previous studies have investigated the effect of BWSTT after motor-incomplete SCI.*!*** The



current literature contains limited trials investigating the longitudinal effects of exercise
interventions in this group of individuals with high-level motor-complete SCI and elevated
arterial stiffness. For example, a study ** investigated the effect of relatively short exercise
training (i.e., 10 weeks) in only six individuals with similar injury characteristics to our cohort.
Similar to our longer-term findings, the authors reported that ACET improved CRF but not
cardiometabolic measures (i.e., fasting glucose and lipid profile). Despite the CHOICES
randomized clinical trial being a longer duration than this pre-post study, we report a noticeably

smaller attrition rate (20% vs. 40%).

The complexity of delivering a longer duration exercise intervention in individuals with
the greatest disability severity (i.e. high-level, motor-complete SCI) cannot be understated.
Despite utilizing a multicenter trial design, our enrollment numbers did not achieve our a priori
sample size target, possibly due to the tight inclusion criteria specified (i.e. the recruitment of at-
risk individuals with elevated arterial stiffness at baseline), the intensive nature of the proposed
intervention and medical considerations. Besides unanticipated enrollment issues, the CHOICES
trial also encountered challenges with maintaining training adherence, which deteriorated
especially during the latter few weeks of the intervention. This may be explained by frequent
medical issues, lack of access to public transportation, work commitment, and holidays which
are notable barriers impacting sustained exercise adherence. Despite these challenges,
emphasized in Figure 1, the CHOICES trial represents one of the largest and longest randomized
clinical trials investigating the impact of exercise in individuals with SCI. While it could be
argued the trial is underpowered, the mean delta change values with ACET group for our
primary outcome was below the threshold for a clinically meaningful improvement and revealed

a small effect size (at 6 month) relative to BWSTT where cfPWV worsened over time.



Moreover, only trivial to small changes were demonstrated for cardiometabolic measures
between exercise interventions. Therefore, we anticipate our conclusions would not be

substantially altered with the addition of further participants.

Limitations: We did not control for lifestyle factors (PA level, diet, sodium intake), which are
important to arterial health.*> However, we asked our participants to maintain their lifestyle
behaviors. The lack of a control group could be deemed a limitation as we are unable to quantify
the inherent variability in our outcome measures or compare the exercise interventions against
natural time course changes over 6 months in this population. CRF was assessed using arm-crank
ergometry, the same exercise modality as ACET, and improvements may therefore reflect a
degree of familiarization and improved mechanical efficiency rather than CRF adaptations per
se. This specificity of testing and training is supported by a previous longitudinal study that
utilized two exercise testing modalities (arm-crank ergometry and robotic BWSTT) to assess

CREF in individuals with motor-incomplete SCI.*¢

While it would have been interesting to see if
these favorable effects on CRF were transferrable across upper and lower-body exercise
modalities, performing CPET using BWSTT in motor-complete participants would not have
made physiological sense. We could have tested upper-body CRF using a different upper-body
exercise modality, i.e. wheelchair propulsion. However, an expensive wheelchair adapted

treadmill is required and there are safety/feasibility issues when testing inactive wheelchair users

with impaired upper limb function (~25% of our sample used a power wheelchair).

CONCLUSIONS


Thomas Nightingale (Sport, Exercise and Rehabilitation Sciences)
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In chronic, motor-complete, higher-level SCI, 24 weeks of 30 minutes, three times per week of
aerobic upper-body exercise improved measures of CRF. However, there were no changes in
arterial stiffness or cardiometabolic health measures after either exercise intervention. These
results may indicate that CRF is not linked to a direct determinant of central arterial stiffness or
other cardiometabolic health measures following SCI. The benefits of aerobic exercise on central
arterial stiffness should be further investigated following SCI with higher intensity exercise,
better adherence in a cohort that is earlier post injury (to determine whether there is a specific
therapeutic window to prescribe exercise). Furthermore, future studies may also want to include
a control group to investigate the impact of exercise on time-induced arterial stiffness in this SCI

population.
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