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A systematic review of exercise as a therapeutic intervention to
improve arterial function in persons living with spinal cord injury
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Study design: All randomized controlled trials, prospective cohort, case-controlled, pre-post studies
and case reports that assessed exercise interventions, which influence arterial structure and function

after spinal cord injury (SCI), were included.
Objective:
persons with SCI.
Setting:
(e.g. MEDLINE, EMBASE).

To review systematically the evidence for exercise as a therapy to alter arterial function in

Literature searches were conducted for appropriate articles using several electronic databases

Methods: Three independent reviewers evaluated each investigation’s quality, using the Physiotherapy
Evidence Database Scale for randomized controlled trials and Downs and Black Scale for all other
studies. Results were tabulated and levels of evidence assigned.

Results: A total of 283 studies were found through the systematic literature search. Upon review of the
articles, 27 were included. The articles were separated into those investigating arterial benefits, resulting
from either acute bouts of exercise or long-term exercise interventions. The ability of both acute
and long-term exercise interventions to improve arterial structure and function in those with SCI was
supported by limited to moderate methodological quality. Upper body wheeling is the most commonly
examined exercise therapy for improving arterial function. It appears from the evidence that a variety of
exercise interventions, including passive exercise, upper body wheeling, functional electrical stimulation
and electrically stimulated resistance exercise, can improve arterial function in those living with SCI.
Conclusions: Although the quality and volume of evidence is low, the literature supports exercise as a

useful intervention technique for improving arterial function in those with SCI.
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Introduction

Cardiovascular disease is a leading cause of death in those
with spinal cord injury (SCI).'= Increased vascular stiffness is
thought to cause an amplified pulse pressure, a reduction in
pressure buffering,* propagate increased ventricular tension
and is a primary marker of cardiovascular disease risk.>®
Increasing vascular stiffness is related to advancing age,”®
poor nutrition,”'® smoking,'""'? excessive alcohol consump-
tion,?!'¥1* other chronic conditions (such as heart disease)'®
and low levels of physical activity.!® Owing to the lack of
mobility and the loss of autonomic regulation, people with
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SCI are particularly susceptible to alterations in both
central and peripheral vascular function.'”?° Moreover, it
has been shown recently that those with SCI have increased
vascular stiffness when compared with able-bodied (AB)
individuals.?'??

Shortly after an SCI, femoral artery diameter and leg blood
flow decrease significantly,®® eventually by up to 50% in
comparison to AB individuals.?* It is thought that the loss of
voluntary muscle contraction below the lesion level reduces
blood flow to the legs: due to both a lack of oxygen demand
and reduced release of metabolically stimulated vasodilatory
signals (carbon dioxide, potassium, hydron, adenosine, and
so on).>® Another potential mechanism is a loss of the
physical lengthening and shortening of muscle tissue, which
inhibits the muscle pump and reduces the arterio-venous
pressure gradient across the muscle bed.?*?® Finally, in
response to inactive muscular tissue and chronically reduced
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blood flow demand, the arterial system reacts by reducing
the diameter®® and the capillary density,*® causing an
increase in vascular resistance and leading to decreased
venous capacitance and compliance.>!

The loss of autonomic control below the lesion level
appears to influence vascular stiffness as well. Although
sympathetic denervation would be expected to increase
vascular elasticity owing to a reduction in vascular tone, it
appears that this occurs only in a transient nature,>” and with
long-term autonomic denervation, affected vessels increase
stiffness as compared with pre-injury levels.** Supporting this
idea is evidence showing that reduced autonomic presence in
denervated limbs increases expression of endothelin-1 and
reduces expression of nitric oxide, which would lead to
increased arterial stiffness and resistance.>*

It is well established that physical exercise generally
improves cardiovascular health®*¢ and has been shown to
improve arterial function in a variety of populations,
disorders and disease states.”**? Several papers have been
published on the influence exercise has on cardiovascular
function in those with SCI (see review of Warburton et al.3°).
The purpose of this systematic review is to present a synopsis
of the scientific literature investigating the usefulness
of various exercise strategies to improve vascular function
in denervated limbs of those with SCI. We hypothesize that
there will be strong support for the therapeutic vascular
benefits of exercise training in persons living with SCI.
Furthermore, we expect that exercise modalities, which
employ electrical stimulation of denervated muscle, will
have stronger support as compared with techniques, which
allow passive motion of denervated limbs.

Methods

A keyword literature search for all scientific publications
from 1950 to present investigating the influence of exercise
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on vascular stiffness was conducted using the following
online databases: MEDLINE, EMBASE, Cochrane Library,
ACP Journal Club, DARE, CCTR, CMR, HTA, NHSEED,
PsycINFO, SPORTDiscus and CINAHL. Population key
words—spinal cord injuries, spinal cord injury, paraplegia,
tetraplegia and quadriplegia—and vascular function key-
words—vascular stiffness, vascular compliance, vascular
function, vascular elasticity, vascular resistance, arterial
stiffness, arterial compliance, arterial resistance, arterial
function, arterial elasticity, endothelial function, artery
stiffness, artery compliance, artery function, artery elasticity,
blood flow, arterial flow, leg blood flow, femoral artery flow
and femoral blood flow—as well as exercise phrases—exer-
tion, exercise, movement, locomotion, running, jogging,
swimming, walking, dependent ambulation, motor activity,
muscle contraction, isometric contraction, isotonic contrac-
tion, weight lifting, exercise therapy, physical, physical
activity, body weight supported treadmill training (BWSTT)
and functional electrical stimulation (FES)—were paired by
permutation. A total of 283 papers were found, after which
duplicates, review papers, letters to the editor, those not in
English and those not evaluating arterial function outcomes
were removed from the sample leaving a total of 26 articles
(Figure 1). Two additional papers***! were added to the
sample as a result of cross-referencing, leaving a total of
28 articles.

An evaluation of the methodological quality of each article
was completed by two independent reviewers (AP, AC) and
confirmed by a third reviewer with expertise in systematic
reviews (DW) using either the 11-item PEDro Scale*?
(randomized controlled trials; RCT) or the Down and Black
Tool** (non-RCTs). The highest and therefore most metho-
dologically strong score attainable for a given research article
is 10 for the PEDro Scale and 27 for the Down and Black Tool.
Higher points indicate a superior methodological
quality. Further, the level of evidence was evaluated using a
five-level scale*® (simplified form of Sackett),** where level 1

283 potential articles after
keyword search

\, Articles removed from systematic review

_\, Articles added to systematic review

2 studies added

232 doubles, reviews, letters to the
editor and non-English language

17 not examining arterial
function or structure

6 not investigating an exercise
intervention

2 investigating de-training of
atrophy (using SCI as control)

28 studies included in
systematic review

Figure 1 Flow of studies through systematic review.
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(the highest level of evidence) = RCT with a PEDro score >6;
level 2 =an RCT with a PEDro score <5, a non-randomized
prospective-controlled study, or a cohort study; level 3=a
case—control study; level 4 =a pre- and post-test or a case
series; and level 5 (the lowest level of evidence)=an
observational report or case report with only a single
subject.** There was no minimum sample size owing to the
low number of publications in SCI research. Librarians from
the University of British Columbia and all authors approved
this systematic process and methodology. Ranking scores
were performed in duplicate, after which any discrepancies
were solved by discussion.

Results

The articles selected for investigation were categorized into
two groups: Acute Exercise and Non-Acute Exercise. Within
the Acute Exercise group, the Down and Black Tool scores
ranged from 10 to 19 out of 27 (limited to moderate
methodological strength).**=*® The lone RCT*® categorized
within the Non-Acute Exercise group received a PEDro Scale
score of six out of 10 (good methodological quality),*°
whereas the remaining studies ranged from 10 to 20 out of
27 on the Down and Black Scale (considered limited to
moderate methodological quality).*¢

Acute exercise techniques

Fourteen papers investigated the vascular effects of a single
acute exercise bout. Eight articles were prospective control
trials®1#1°1-56 and six were pre-post design.*®>’~°! Papers
investigating acute exercise included: passive leg exercise
(n=3),557% FES (n=3),°*>>%° single muscle electrical
stimulation (n=1),°® upper body continuous aerobic ex-
ercise (arm cycling or wheeling) (n=>5),3!4%415258 acute
combined arm passive leg exercise (n=1)°' and stretch-
induced contractions (n=1).5! Tables 1 and 2 are a summary
of published investigations researching the effect of acute
exercise on arterial function in SCI individuals.

Acute passive leg exercise. Passive leg exercise, or the
application of external forces on denervated limbs with the
purpose of causing motion, is the simplest technique for
lower body exercise in the SCI population.>® Three papers
investigated the vascular effect of passive exercise on arterial
function in SCI participants. One examined the influence of
passive range of motion physiotherapy on leg blood flow in
paraplegics (PARA) and tetraplegics (TETRA).®® This article
showed that leg blood flow increases very little, if at all, in
response to passive leg movement administered by a
physiotherapist.°® The other two studies from this group
investigated passive cycling (denervated legs are strapped to
pedals and pedals are mechanically rotated) and showed
disagreement in their results. Ter Woerds et al.>* measured
arterial function before, during and after 10 min of passive
leg movements, and 20 min of passive leg cycling for PARA
and AB individuals. These authors showed no change in
femoral blood flow or leg vascular resistance (calculated as
mean arterial pressure divided by leg blood flow) for either
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Table 1 Results of the OVID (MEDLINE, EMBASE, ACP, Cochrane
Library, DARE, CCTR, CMP, HTA, NHSEED) literature search

No. Searches (29 July 2010) Results
Population of interest
1 Spinal cord injuries.mp. 52021
2 Tetraplegia.mp. 16354
3 Spinal cord injury.mp. 46520
4 Paraplegia.mp. 32551
5 Quadriplegia.mp. 16 684
QOutcome variable
6 Femoral blood flow.mp. 733
7 Femoral artery flow.mp. 744
8  Leg blood flow.mp. 2645
9 Blood flow.mp. 407 721
10 Arterial flow.mp. 4488

11 Vascular stiffness.mp. 549
12 Vascular compliance.mp. 1079
13 Vascular function.mp. 6835
14 Vascular elasticity.mp. 128

15 Arterial stiffness.mp. 6037
16  Arterial compliance.mp. 3132
17 Arterial resistance.mp. 1639
18  Arterial function.mp. 886
19 Arterial elasticity.mp. 588
20  Endothelial function.mp. 20067
21 Artery stiffness.mp. 772
22 Artery compliance.mp. 4224
23 Artery function.mp. 386
24 Artery elasticity.mp. 320
25  Vascular resistance.mp. 99579
Intervention strategy
26 Exertion.mp. 68 664
27 Exercise.mp. 438789
28 Movement.mp. 427 687
29  Locomotion.mp. 66937
30 Running.mp. 73171

31 Jogging.mp. 3073

32 Swimming.mp. 39218
33 Walking.mp. 84149
34  Dependent ambulation.mp. 2033
35 Motor activity.mp. 102057
36 Muscle contraction.mp. 153083
37 Isometric contraction.mp. 25546
38 Isotonic contraction.mp. 1465
39  Weight lifting.mp. 7573
40 Exercise therapy.mp. 42460
41 Physical activity.mp. or motor activity 181669

42 Body weight supported treadmill training.mp. 205

43 Functional electrical stimulation.mp. 2596
Combined population of interest search terms
44 Tor2or3or4or5 95880
Combined outcome variable search terms
45 6or7or8or9or10or11or12or13or14or 502194
150r16 or 17 or 18 or 19 or 20 or 21 or 22 or
23 or 24 or 25
Combined intervention strategy search terms
46 26 or 27 or28 or29 or 30 or 31 or 32 0or 33 or 34 1335723

or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42 or
43

Combined population of interest, outcome variable and intervention strategy
search terms
47 44 and 45 and 46 266

Please note this does not include the results of the EBSCO (PsychINFO,
SPORTDiscuss and CINAHL) literature search.
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Table 2 Effect of acute exercise interventions on arterial dynamics in SCI

Author, year, country, study design, sample size

Methods

Outcome

Ballaz et al.>”

France

D & B Score=16/27
Pre—post level 4 N=15

Ter Woerds et al.>?

The Netherlands

D & B Score=13/27
Prospective control trial level 2
N=16 (8 SCI, 8 AB)

Dela et al.>*

Denmark

D & B Score=14/27
Prospective control trial level 2
N=16 (10 SCI, 6 AB)

Bidart and Maury °'-2

France

D & B Score=11/27
Prospective control trial level 2
N=16 (9 SCl, 7 AB)

Bidart and Maury>'>2

France

D & B Score=10/27
Prospective control trial level 2
N=23 (14 SCl, 9 AB)

Burkett et al.>®

USA

D & B Score=12/27
Pre-post level 4

N=20 (16 PARA, 4 TETRA)

Phillips et al.>®

USA

D & B Score=12/27
Pre—post level 4
N=8

Nash et al.>®

USA

D & B Score=10/27
Prospective control trial level 2
N=10 (5 SCl, 5 AB)

Hopman et al.?'

The Netherlands

D & B Score=14/27
Prospective control trial level 2
N=10 (10 SCI, 10 AB)

Population: T3-L1 SCI

Intervention: 10-min passive leg exercise bout
(target of 40r.p.m.)

Outcome measures: Maximum and minimum
femoral artery blood flow velocity, mean blood
flow velocity, velocity index (peripheral resistance)
before and after 10-min passive cycling (within 7s
of cycling cessation)

Population: T2-L1 SCI

Intervention: 10-min passive leg movements and
20-min passive cycling (35r.p.m.) bouts
performed by physiotherapist (hip, knee, ankle)
Outcome measures: Beat-by-beat blood pressure
Common femoral artery velocity and diameter
(echo Doppler)

Population: C6-T5 SCI

Intervention: 15 min of low-intensity FES followed
by 15 min of higher work rate FES (both at
50r.p.m.)

Outcome measures: Leg blood flow (femoral artery
and vein catheterization). Beat-by-beat blood
pressure. Common femoral artery velocity and
diameter

Population: Above T9 SCI

Intervention: Manual stretch-induced contractions
of the gastrocnemius

Outcome measures: Resting and contracting
gastrocnemius blood flow (disappearance rate of
133-Xenon)

Population: PARA

Intervention: 4 min of upper limb muscular
exercise performed in the supine position (50 W)
Outcome measures: Relative foot blood flow (strain
gauge plethysmography)

Population: C4-L3

Intervention: Maximal arm cycle stress test
(minute-by-minute increase in intensity)
Outcome measures: Leg blood flow (toe
plethysmography)

Population: C6-T12

Intervention: Five minutes hybrid exercise at 60%
VO, peak and 80% VO, peak. Both trials were
completed with FES at 0 A (arms only), 40 A and
80A (50r.p.m. arm cranking generated intensity
not met by FES in legs)

Outcome measures: Leg blood flow (toe
plethysmography)

Population: TETRA, age and gender-matched AB
Intervention: Thirty-min FES at matched work rate
Outcome measures: Ankle/brachial indices

Population: T4-T12, gender-matched controls
Intervention: Twenty-five minutes arm crank
exercise at 50% of the individual’s maximum load
Outcome measures: Both common femoral artery
blood flow (estimated from diameter and blood
velocity), and pulsatility index (peripheral
resistance) were measured at rest and every 5min
during arm exercise (echo Doppler)

1.

2.
3.

Increased maximum and mean femoral
blood flow velocity

Decreased velocity index

No change in heart rate

No changes in any vascular measures (leg
vascular resistance, total vascular
resistance, leg blood flow) after 10-min
passive leg movements or passive cycling

Leg blood flow increased at low intensity
over rest in both TETRA and PARA, but did
not increase further at higher work rate as
it did in AB controls

Leg vascular resistance and total peripheral
resistance decreased as compared to rest
at low intensity in both PARA and TETRA.
Only TETRA showed further decrease in
TPR at higher work rate

Similar muscle blood flow in response to
contractions between SCI and AB

Blood flow increases to legs during upper
body exercise in SCI, but decreases to legs
in AB individuals during the suggestion of
exercise and stays low during

Increased blood flow during exercise
(vasodilatation)

Reduced blood flow after exercise
(vasoconstriction)

Increased leg blood flow during exercise
(vasodilatation)

Leg blood flow increased with increasing
intensity of exercise (%V0O,) and FES
intensity

Leg blood flow was increased with hybrid
exercise in comparison to arms only for
both intensities

No difference in ankle/brachial index
between TETRA and AB at rest
Ankle/brachial index elevated in AB, but
not in TETRA

Maximum blood velocity, diameter and
blood flow of the common femoral artery
were reduced in SCl as compared with AB.
Minimum velocity and peak pulsatility
index significantly reduced in SCI group
No change in femoral blood flow,
diameter or mean velocity occurred in SCI
with arm exercise

Blood flow increased with exercise in AB

group
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Table 2 Continued

Author, year, country, study design, sample size

Methods

Outcome

Svensson et al.®®
Sweden

D & B Score=16/27
Pre—post level 4
N=6

Olive et al.>®

USA

D & B Score=15/27
Prospective control trial level 2
N=17 (9 SCI, 8 AB)

Seifert et al.®'
Germany

D & B Score=14/27
Pre-post level 4
N=8

Hopman et al.*!

Netherlands

D & B Score=13/27
Prospective control trial level 2
N=30 (15 SCI, 15 AB)

Kinzer and Convertino*°

USA

D & B Score=19/27
Prospective control trial level 2
N=10 (5 SCI, 5 AB)

Population: C5-T8 SClI

Intervention: Passive movement performed by
physiotherapist. 10 min, 30 repetitions per minute
of maximal passive flexion—extension in all joints
of leg

Outcome measures: Arterial blood flow (venous
occlusion plethysmography) was measured on
treated and un-treated legs after 5 and 30
repetitions on one leg. Measures were made on
both treated and un-treated legs during 39
separate sessions over 3—4 weeks

Population: Nine males (C5-T1)

Intervention: Surface electrical stimulation of right
quadriceps femoris muscle. Three bouts (low,
moderate and high intensity at work to rest ratios
of 1:6, 1:4 and 1:2, respectively). Each bout was
3-min duration

Outcome measures: Blood flow was measured in
femoral artery (Doppler ultrasound) after exercise
bouts

Population: Eight males (T6-L1)

Intervention: Hybrid - 30 repetitions of active arm
against resistance and 30 passive repetitions of the
anterior tibial muscle by a physiotherapist
Outcomes measures: Blood flow was measured in
tibilias anterior muscle using radioactive isotope
disappearance technique

Population: 10 males (T4-T12)

Intervention: Twenty-five minutes arm crank
exercise at 50% of the individual’s maximum load
Outcomes measures: Blood flow was measured in
common femoral artery (Doppler ultrasound) at
rest and every 5min during exercise

Population: (T6-T11), age, gender (all male),
weight and peak arm—crank oxygen uptake
matched controls

Intervention: Ten minutes of arm cycling

at 35W

Outcome measures: Leg blood flow (heart rate
multiplied by leg pulse volume), leg fluid
accumulation (impedance plethysmography)

1.

Blood flow to both treated (69%) and un-
treated leg (59%) was increased on most
occasions

No difference occurred in blood flow
between groups after 5 or 30 repetitions

Peak femoral blood flow increased with
increasing intensity

Peak blood flow not different between
groups at any exercise intensity

Blood flow of tibialis anterior increased
after hybrid exercise

In SCI group, femoral artery blood flow,
mean velocity and diameter did not
change with exercise

In AB group, femoral artery blood flow and
mean velocity increased during exercise
with no change in arterial diameter

At rest, maximal blood flow velocity,
arterial diameter and blood flow of the
femoral artery was significantly reduced
in SCI

Leg fluid accumulation significantly
increased in SCI, but decreased in AB
There was a nonsignificant increase in leg
blood flow after exercise in both SCI

and AB

Abbreviations: AB, able bodied; D & B Score, Downs and Black quality score; FES, functional electrical stimulation; PARA, paraplegic; SCI, spinal cord injury; TETRA,

tetraplegic; TPR, true positive rate.

group during or after (0, 1, 2, 5 or 10min post-exercise)
either of the passive exercise modalities. In contrast, Ballaz
et al.>” reported that leg blood flow (measured using Doppler
ultrasound) increased in PARA after 10min of passive
cycling. These authors acknowledged the discrepancy and
inferred a number of methodological differences between
studies to account for marked disparities (such as higher
cadence, continuous exercise without 10-s rest periods for
flow measurements, larger sample size and optimal force arm
length to involve the maximum musculature for a given
pedal rotation).%”

Conclusions: There is level 4 evidence (indicating available
evidence but without comparable groups) that a single bout
of passive leg exercise increases leg blood flow,>” whereas
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there is level 253 (debatable but reliable results) and level 4
evidence® suggesting no change in leg blood flow or leg
vascular resistance in response to passive leg exercise. As only
three papers have published results on leg blood flow
changes in response to passive leg exercise, further research,
incorporating various exercise intensities and force arm
lengths with adequate sample sizes, is warranted.

Acute FES exercise. FES involves muscle stimulators placed
over motor points in denervated musculature activated in a
synchronized manner as to functionally manipulate an
exercise device (e.g. a cycle ergometer). FES is one of the
most widely studied rehabilitation techniques for the SCI



population. The application of FES has shown promise for a
variety of SCl-related issues including obesity®®> and muscle
atrophy.®® A total of three papers have investigated acute
arterial function changes in response to FES.>*°%%? Nash
et al.>® showed similar ankle/brachial index (the ratio of
blood pressure in the lower legs to the blood pressure in the
arms) at rest between age- and gender-matched AB and
TETRA men. After an acute 30-min bout of FES, however,
ankle/brachial index in AB men increased with no change in
TETRA. These findings were explained by increased lower
body blood pooling after exercise or decreased vascular
response post-exercise in TETRA.>®

The remaining two papers measuring arterial function in
response to acute bouts of FES showed increased leg blood
flow after exercise. In the investigation by Phillips et al.,*
pre—post exercise changes in toe photoelectric plethysmo-
graphy were used to estimate changes in leg blood flow in
SCI participants (C6-T12). The participants performed two
different FES intensities (40 mA, 80 mA) in conjunction with
arm crank exercise (hybrid), and adjusted resistance to create
an intensity of 60 or 80% of VO, peak (four trials total).
These authors reported significantly elevated leg blood flow
after hybrid exercise and increasing blood flow with increas-
ing hybrid exercise intensity, suggesting that leg blood flow
in SCI is intensity dependent.>® Dela et al.>* also showed
increased leg blood flow with FES and no difference in leg
blood flow or leg oxygen uptake between TETRA, PARA or AB
after 15min of low-intensity FES. However, for those with
SCI, these variables leveled off and did not increase at the
higher FES intensity as was noted in the AB group.

Conclusions: There is level 2 evidence®*> (reliable results
but debatable) suggesting that FES exercise can improve
arterial function in those with SCI. Studies examining acute
bouts of FES illustrate its usefulness in identifying vascular
changes in those unable to willfully contract musculature.
The findings of the three studies investigating SCI arterial
function in response to FES show that lower body exercise of
this modality can cause an increase in leg blood flow in both
TETRA and PARA. It appears that further investigations
involving a variety of intensities and durations of FES are
needed to clarify disagreement in the dose-response rela-
tionship between exercise and arterial dynamics in SCI. In
addition, to maximize potential arterial benefits, different
modalities (specifically concurrent arm cranking (hybrid) vs
resting upper body) need to be compared.

Acute single muscle electrical stimulation. One article investi-
gated the influence of single muscle electrical stimulation on
arterial dynamics in those with SCL.>® This study illustrated
that electrical stimulation of the quadriceps femoris leads to
increased femoral artery blood flow. In addition, these
authors showed that femoral blood flow increases with
increasing exercise intensity in SCI participants, suggesting a
dose-response relationship.

Conclusions: Currently, there is level 4 (available evidence
but without comparable groups) evidence suggesting that
single muscle leg electrical stimulation improves femoral
artery blood flow in those with SCI. Only one study has
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investigated this type of intervention (n=17, 9 SCI, 8 AB);
therefore, there is a great need to examine further the effect
of single muscle electrical stimulation on arterial dynamics
in those with SCI.

Acute arm exercise. Upper body exercise for individuals
with SCI is a relatively inexpensive and simple technique
to increase physical activity. The arterial changes in SCI
persons induced by acute bouts of upper body exercise
have been studied in five314041:5258 articles. Three papers
from this group investigated blood flow changes in response
to arm cranking.***'*? The common finding from this
group of investigations is that the ability of the denervated
vasculature to locally regulate blood volume and redistribute
it to working muscles (i.e. the upper body during arm
cycling) is impaired. Bidart and Maury®®> showed no
change in leg blood volume (plethysmography) during
1min of arm cranking in SCI, whereas leg blood volume
decreased substantially during the same exercise in AB.
Kinzer and Convertino*® showed that leg blood volume
increases after 10 min of arm cycling in SCI, but decreased in
AB. Hopman et al.*! illustrated convincingly the impaired
local regulation in denervated lower limbs by showing that
both the rate of leg blood volume changes and the absolute
level of leg blood volume were significantly reduced in SCI as
compared with an AB control group during 25 min of arm
cycling.

In addition to investigating leg blood volume changes, leg
blood flow was also measured during upper body cycling
exercise in four of the five papers.®*>5>5% Kinzer and
Convertino* as well as Bidart and Maury>®> and Burkett
et al.>® showed increases in leg blood flow during upper body
arm cycling at moderate**>? and maximal®® intensity levels
(durations of 4-15min). The results of Kinzer and Con-
vertino®® as well as Burkett et al.,>® however, failed to show
significant changes, and work by Bidart and Maury>? did not
include a statistical analysis or original data. Hopman et al.?!
took this line of research a step further and illustrated that
there is no statistically significant increase in femoral artery
blood flow during 25 min of upper body cycling. The data
from this paper, however, does show a trend of increasing
mean femoral artery blood flow velocity, with no change in
arterial diameter (flow = velocity x diameter).3!

Conclusions: There is level 2 evidence***!52 (reliable
results but debatable) showing that local blood volume
regulation in denervated limbs is impaired during upper
body cycling in SCI. In addition, there is level 2 evi-
dence***%8 (reliable results but debatable) suggesting that
leg blood flow increases during upper body cycling; however,
these conclusions were not verified statistically. There is
however level 2 evidence showing that leg blood flow does
not increase to a statically significant level during upper
body cycling exercise.?! More research is needed to clarify
the minimum duration and intensity of arm exercise
required to improve leg blood flow. Also, more research is
required with regard to changes in leg blood flow during
upper body cycling with larger sample sizes and relevant
statistical analyses.*'

Spinal Cord



Arterial dynamics and spinal cord injury
AA Phillips et al

Acute combined arm passive leg exercise. Only one study has
examined arterial function after a single bout of active arm
exercise combined with passive leg movement.%! This
pre—post investigation showed that blood flow measured by
double isotope disappearance rate increased in the tibialis
anterior after simultaneous 30 repetition bouts of arm
movement against resistance and passive leg movement
performed by a physiotherapist.

Conclusions: There is currently one paper with level 4°'
evidence (available evidence but without comparable
groups) that reported increased leg blood flow in response
to combined arm exercise and passive leg movements. With
such limited data, it is difficult to interpret the value of this
exercise technique. Further research is required in this area.

Stretch-induced contractions. One study has investigated the
changes in arterial structure and function in response to
stretch-induced contractions of denervated limbs in those
with SCL®! The investigation by Bidart and Maury, which
describes manually stretching the gastrocnemius to induce a
spasmodic reflex contraction, found similar local blood
flow responses in the gastrocnemius after stretch-induced
contractions in AB and PARA. The authors also noted that
because there was no quantitative comparison of the
strength of spasmodic manual stretch reflex to voluntary
contraction of the AB group, quantitatively comparing the
blood flow response is speculative.

Conclusions: There is currently one paper with level 2
(debatable but reliable results) evidence investigating blood
flow changes in response to stretch-induced contractions.>!
With such limited data, it is difficult to interpret the value of
this exercise technique. More research needs to be completed
investigating®*°® the acute vascular changes in response to
stretch-induced contractions.

Exercise training interventions

Fifteen papers met the systematic search criteria that
examined changes in arterial function and structure result-
ing from exercise training (i.e. non-acute exercise) interven-
tions. Two articles were case—control studies,®”’® 11 were of
the pre—post design,?*”'~’> one was a case report and one
was an RCT. The Non-Acute Exercise category (n=15)
included passive leg exercise (n=1),*" FES (n=5),%%7%7"3
upper body exercise (n=2),5%7% an electrically stimulated
resistance training regimen (n=3),%*%7%% hybrid exercise
(n=23)"7*7% and BWSTT (n=1).%* Table 3 is a summary of
published investigations examining the effect of non-acute
exercise on arterial function in those with SCI.

Passive leg exercise. Only one study investigated the effect of
a passive, non-acute exercise program on arterial function in
PARA.* This study showed that an un-supervised 6-week
home-based passive cycling intervention improves femoral
artery hemodynamic response (ultra-sound derived femoral
blood flow velocity) in those with SCI (n=9) after 10-min
passive cycling exercise (P=0.01), but does not change
resting femoral artery blood flow (P=0.08). The control
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group (n=38), which continued their habitual daily routine,
showed no change in either measure.

Conclusions: There is currently level 1 evidence*® (highly
reliable) supporting a passive leg exercise program as a
technique to improve vascular function in PARA. Although
only one study has investigated this intervention technique,
the high level of evidence suggests that routine passive
exercise improves lower body vascular function in PARA.
There is a need to investigate long-term passive cycling
exercise programs with larger sample sizes that include
TETRA.

FES. Several investigations have examined the effect of
non-acute FES training for improving arterial dynamics in
SCI. All five papers investigating FES cycling showed
significant improvements in vascular function in both PARA
and TETRA. Overall, FES has led to increased femoral artery
blood flow,”%”%7® improved small artery compliance,®
femoral artery compliance,’> normalized femoral flow-
mediated dilatation,”” reduced leg vascular resistance’® and
improved hyperemic response.”® According to work by De
Groot et al.,** a minimum of 2 weeks FES training is required
for arterial dynamic improvements (femoral artery
flow-mediated dilatation); however, trends start to appear
after the first week. After 4 weeks of FES training, femoral
arterial compliance and femoral artery blood flow showed
statistically significant improvements.

Conclusions: Based on the available evidence, including a
level 3 (ref. 70) (somewhat reliable) investigation, there is
promising support for the use of long-term FES training in
improving vascular health in SCI.

Arm exercise. Two papers have evaluated the effect of non-
acute upper body (arm) exercise on arterial function in SCI
participants. Jae et al.* compared intima-media thickness,
compliance and B stiffness index (a measure of arterial
elasticity) of the common carotid artery between 28 PARA
competitive athletes and 24 age-matched recreationally
active AB controls finding no differences between
groups. In addition, Tordi et al.”® published a case study
examining the aortic pulse wave velocity values of a single
SCI participant before and after 6 weeks of upper body
endurance training (30min, 3 times per week) showing
significant improvements in central aortic stiffness
post-training.

Conclusions: These studies appear to suggest that long-term
upper body exercise can improve arterial structure and
function in those with SCI. The study design (level 3°° and
level 57° evidence (somewhat reliable-to reliable)) of these
investigations illustrates the need for prospective research
examining the influence of non-acute upper body exercise
on arterial dynamics in SCI participants with larger sample
sizes and proper controls.

Electrically stimulated knee extension. Electrically stimulated
knee extension, which involves electrical stimulation of the
denervated musculature to increase strength, has been
investigated by three studies as a potential technique for
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Table 3 Effect of non-acute exercise interventions on arterial dynamics in SCI

Author, year, country, study design,

sample size

Methods

Outcome

Gerrits et al.”!

The Netherlands
D& B Score=14/27
Pre—post level 4
N=9

De Groot et al.”?

The Netherlands
D & B Score=10/27
Pre—post level 4
N=14 (6 SCI, 8 AB)

Jae et al.%®

South Korea

D & B Score=17/27
Case—control level 3
N=52 (28 SCI, 24 AB)

Hopman et al.”?

The Netherlands

D & B Score=14/27
Pre—post level 4
N=9

Thijssen et al.”*

The Netherlands

D & B Score =20/27
Pre—post level 4
N=9

Thijssen et al.”®

The Netherlands

D & B Score=16/27
Pre—post level 4
N=10

Ballaz et al.*®
France
Score=6/10
RCT level 1
N=17

Ditor et al.%*

Canada

D & B Score=14/27
Pre—post level 4
N=6

Population: C4-T8 SCI

Intervention: 30-min FES training 3 times per week for
6 weeks. Resistance altered to allow a cadence of
50r.p.m.

Outcome measures: Arterial diameter, peak systolic
inflow volume, mean inflow volume and velocity index
(peripheral resistance) were evaluated at the common
carotid and femoral arteries after 20 min of femoral
artery occlusion

Population: T4-L2 SCI

Intervention: 30 min of single leg daily FES training for
4 weeks (2-s stimulation followed by 3-s rest)
Outcome measures: Arterial diameter, arterial
compliance, FMD (superficial femoral artery) and
mean wall shear rate of the common femoral artery,
brachial artery and carotid artery (echo Doppler).
Measurements performed at 1, 2 and 4 weeks

Population: Below T6 SCI

Group characteristics: SCI trained was physically active
competitive wheelchair athletes. AB were
recreationally active age-matched controls

Outcome measures: Common carotid artery intima—
media thickness, arterial compliance and B stiffness.
Aortic augmentation index (applanation tonometry of
radial artery)

Population: T4-T12 SCI

Intervention: 30-min FES training 3 times per week for
6 weeks

Outcome measures: Blood flow and vascular resistance
of calf and forearm (occlusion plethysmography),
common femoral artery diameter, blood flow (color-
coded Doppler)

Population: C5-T12 SCI

Intervention: 25-min hybrid training 2 times per week
for 6 weeks (tested after 2 and 6 weeks of training). Six
weeks of detraining (tested after 1 and 6 weeks no
training)

Outcome measures: Blood flow and vascular resistance
of thigh and forearm (occlusion plethysmography),
common femoral artery diameter, blood flow (echo
Doppler). Brachial and femoral FMD (echo Doppler)

Population: T1-T12 SCI

Intervention: 30-min hybrid training 2-3 times per
week for 4 weeks (8-12 sessions).

Outcome measures: Blood flow and vascular resistance
(occlusion plethysmography), FMD, diameter (echo
Doppler)

Population: T3-T12 SCI

Intervention: Passive cycling training 6 times per week
for 6 weeks (up to 30 min at 50r.p.m.)

Outcome measures: Maximum and minimum femoral
artery blood flow velocity (duplex Doppler) before and
after 10 min of passive cycling

Population: C4-T12 SCI

Intervention: Progressive increase from 15 to 60 min
BWSTT training 3 times per week for 16 weeks
Outcome measures: Beat-by-beat blood pressure,
mean femoral and carotid artery blood flow velocity
and cross-sectional area. From this calculated femoral
and carotid blood flow, compliance and resistance

—_

After training, femoral artery showed increased
diameter, peak systolic inflow volume, mean
inflow volume and reduced velocity index

No change in any vascular measures of the
common carotid artery after training

After training, hyperemic response improved
(increased peak systolic inflow volume and
velocity index)

Before training arterial compliance was decreased
in the common carotid artery and femoral artery,
whereas FMD was elevated in SCI patients when
compared with AB

Arterial compliance and endothelial function of
the brachial artery was not different between
groups

FES training led to an increase in trained leg
femoral artery compliance after 4 weeks

FMD was reduced in trained leg femoral artery
after 2 weeks training

No difference in any arterial values between
groups

At baseline (N=11), arterial blood flow reduced
and leg vascular resistance increased in SCI vs AB
control

Within SCI (N=11), arterial blood flow elevated
in and vascular resistance reduced in arms vs legs
After training (N=9), 30% increase in leg blood
flow (no change in blood pressure). Reduced leg
vascular resistance

After 2 weeks hybrid training, increased thigh
baseline and peak blood flow, increase femoral
artery diameter, decrease in common femoral
artery FMD

After 1 week of detraining, baseline and peak
blood flow, vascular resistance and common
femoral artery diameter returned to baseline
levels. FMD did not return to baseline levels after
6 weeks detraining

Increased baseline and peak thigh blood flow.
Decreased thigh baseline vascular resistance and
diameter of the common femoral artery

No change in FMD of superficial femoral artery
No change in calf or forearm vascular parameters

After 6 weeks passive cycling, no difference in
vascular characteristics between trained and
untrained group at rest (P=0.08)

After 10-min passive cycling, there was increased
mean femoral artery blood flow velocity and a
reduction in velocity index (peripheral resistance)

Increase in femoral artery compliance
No change in any other femoral or carotid arterial
characteristics

Spinal Cord
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Table 3 Continued

Author, year, country, study design, Methods Outcome

sample size

Zbogar et al.® Population: C4-T7 SCI 1. Increase in small artery compliance

Canada Intervention: 30-min FES training (50r.p.m.), 3 times 2. No change in large artery compliance

D & B Score=18/27 per week for 12 weeks

Pre—post level 4 Outcome measures: Large and small artery compliance

N=4

Tordi et al.”® Population: T11 SCI 1. Decrease in both upper body and lower body

D & B Score=13/27 Intervention: 30-min wheelchair ergometry pulse wave velocity after training

Case report level 5 (alternating between moderate and high-intensity

N=1 short bouts), 3 times per week for 6 weeks
Outcome measures: Carotid-wrist and carotid-ankle
pulse wave velocity

Nash et al.5® Population: T4-T11 SCI 1. Increased resting common femoral cross-sectional

USA Intervention: Parastep training (FES with aid of walker), area, computed pulse volume and arterial inflow

D & B Score=10/27 3 times per week for 12 weeks (32 sessions). Duration volume. Peak systolic velocity not significantly

Pre—post level 4 based on comfort of the participant different (P=0.083)

N=12 Outcome measures: Femoral artery end diastolic 2.  After 5-min thigh occlusion femoral pulse volume,
diameter and flow-velocity profiles at rest and after 5- flow velocity integral and arterial inflow volume
min thigh occlusion increased after training

Nash et al.”® Population: C5-C7 SCI 1. Atrest trained SCI subjects had increased femoral

D & B Score=15/27 Group characteristics: SCl-trained group used FES peak systolic volume, cross-sectional area and

Case control level 3 training for 0.4-7 years. SCl-untrained group had not inflow volume as compared with untrained SCI

N=30 (20 SCI, 10 AB) used FES. Control consisted of 10 age-matched AB subjects
Outcome measures: Femoral artery end diastolic 2. After 5-min thigh occlusion femoral peak systolic
diameter and flow—velocity profiles at rest and after 5- volume, cross-sectional area and inflow volume
min thigh occlusion was elevated in trained SCI vs untrained

3. Both resting and post-occlusive femoral artery
cross-sectional area was reduced in SCI trained vs
AB. No other vascular parameters differed
between SCI trained and AB

Sabatier et al.® Population: C5-T10 SCI 1. No changes in any vascular measures after

USA Intervention: Neuromuscular electrically stimulated training

D & B Score=15/27 resistance training. Four sets of 10 dynamic knee

Pre—post level 4 extensions. Two times per week, 18 weeks

N=5 Outcome measures: femoral artery end diastolic
diameter and flow-velocity profiles at rest and after 5-
min thigh occlusion

Taylor et al.>* Population: 5 males, 2 females, mid to low thoracic 1. Thigh blood flow increased 115% after training

England Treatment: FES preparation program (knee extension), 2. SCI thigh blood flow after training was similar to

D & B Score=10/27 progressive intensity and duration, 12-week duration that found in AB

Pre-post level 4 Outcome measures: Thigh blood flow (electrical

N=7 impedance plethysmography)

Stoner et al.®” Population: 5 males; C5-T10; treatment: NMES- 1. FMD and arterial range improved

USA induced resistance training; the quadriceps femoris 2. Resting diameter did not change

D & B Score=16/27
Pre—post level 4
N=5

muscle group of both legs were trained 2 times per
week with 4 x 10 repetitions of unilateral, dynamic
knee extensions for 18 weeks

Outcome measures: FMD and resting diameter and
arterial range (maximum-minimum diameter) of the
posterior tibial artery

Abbreviations: AB, able bodied; BWSTT, body weight supported treadmill training; D & B Score, Downs and Black quality score; FES, functional electrical
stimulation; FMD, flow-mediated; PARA, paraplegic; RCT, randomized controlled trials; SCI, spinal cord injury; TETRA, tetraplegic.

improving arterial structure and function in those with
SCI.2467.68 Two studies’ training regimen consisted of
exercise 2 days per week, for 8 weeks. In the first study,
improved quadriceps strength was found, but no improve-
ments in femoral arterial structure or function (artery
diameter, hyperemic response, exercise blood flow re-
sponse).®® In the follow-up study from the same group,
improved femoral artery flow-mediated dilatation was
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elevated after the training regimen.®’ Another study per-
formed by Taylor et al.,** which used a progressive 3-month
long knee extension exercise with the aim of allowing
standing, illustrated increased muscle thickness and thigh
blood flow.

Conclusions: It appears from level 4 evidence?*%”%® (avail-
able evidence but without comparable groups) that electri-
cally stimulated knee extension increases quadriceps



strength and improves some measures of lower body
arterial function in those with SCI. More research is needed
with SCI controls to verify the potential benefits of this
therapy.

Hybrid exercise. A total of three studies investigated the
effects of a long-term hybrid training intervention on arterial
dynamics in those with SCI. Of those studies, two used FES
cycling of the legs with voluntary arm cranking,’*”* whereas
the third study used a modified approach, which employed
FES at the legs to assist with walking, while simultaneously
supporting ones’ self using a walker to provide semi-
autonomous ambulation.®® These studies reported improve-
ments in femoral vascular function and structure for both
TETRA’* and PARA participants,®®”> including increased
baseline femoral artery blood flow,”*7”* cross-sectional area,®®
peak blood flow,”> diameter,”* flow-mediated dilatation’*
and post-occlusion hyperemic response.’®’5 The depen-
dency of these improvements on the exercise intervention
is highlighted by Thijssen et al.,’* who showed that
improvements occur after only 2 weeks of hybrid training
and all vascular changes (with the exception of flow-
mediated dilatation) disappear after just 1 week of
de-training.

Conclusions: Hybrid exercise is a useful tool for improving
vascular function in those with SCI. As of yet, no investiga-
tion has compared FES with hybrid exercise to identify
whether hybrid exercise yields more vascular function gains
than traditional FES training, particularly considering the
increased cost of hybrid exercise equipment. The low level of
evidence®®’%”% (level 4—limited reliability) for literature
investigating the effect of long-term FES exercise interven-
tions on arterial function and structure highlights the need
for valid control groups.

Body weight-assisted treadmill training. Only one study
examined the arterial function changes resulting from a
non-acute program of BWSTT. Ditor et al.®* showed 4
months of training 3 days per week using BWSTT improved
femoral arterial compliance, but did not increase femoral
artery blood flow or carotid vascular compliance in those
with TETRA or PARA.

Conclusions: Tt appears from this level 4 evidence®*
(available evidence but without comparable groups), which
showed that femoral artery compliance was increased, that
BWSTT has the potential to improve vascular function in SCI
participants. More studies are needed, however, with
relevant (i.e. those with SCI) control subjects using varying
intensities, protocols and levels of injury to clarify the
maximum and minimum potential benefit, as well as
timeline of functional gains for a given population.

Discussion

The purpose of this review was to compile and evaluate
relevant literature examining the effect of various modes of
exercise on arterial dynamics in those with SCI. We also
separated articles into those investigating the effects of acute
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bouts of exercise and others investigating vascular changes
from a multiple-session (non-acute) training intervention.
As access to patients with low incidence disabilities such as
SCI is very limited”” and the level of participation in physical
activity within this population is lower than that of the AB
population,’®’® there is hesitation from researchers to
design studies where half the willing and available partici-
pants would receive no intervention. Therefore, most
research designs investigating SCI and exercise or physical
activity involve poorly matched controls if present at all
(level 2-5 evidence®®). Testing the experimental group before
and after a control phase, once the exercise intervention
has been completed, may be a viable alternative,
which would improve the level of evidence for studies
limited in sample size.

Taking into consideration the lack of valid controls (i.e.
those with SCI), the evidence still supports exercise as a
viable method of improving vascular function in those with
SCI. Following that, based on the available evidence, FES and
hybrid exercise are the most promising types of exercise
for improving arterial dynamics as they have been shown to
increase femoral artery blood flow, reduce arterial stiffness
and improve hyperemic response.®>’'~® Finally, according
to the available literature, to increase vascular health in
those with SCI, hybrid or FES training with increasing levels
of intensity should be performed a minimum of two times
per week and continued indefinitely. Improvements in
arterial structure and function begin to appear as early as
1 week into training and after 8 weeks show a range of
arterial health benefits.

It should be noted that there is significant disagreement
with regard to the ability of passive leg exercise to improve
denervated arterial function, specifically femoral artery
blood flow.**357 In a published Letter to the editor,®°
Hopman'’s group, which had shown no increase in femoral
artery blood flow in response to passive leg exercise,
questioned the results and methodology of work published
by Ballaz et al’>’ showing opposite results. Although
no definitive conclusion resulted from this discussion, the
influence of the muscle pump at increasing femoral artery
flow in response to passive exercise was implicated as the
potential mechanism. Research from our laboratory supports
this concept and has shown the cardiac output to increase
during passive exercise in patients with SCL®! Further, others
have shown the muscle pump to play a relatively small but
significant role in leg blood flow during passive movement
in AB individuals.®? Also, Ballaz et al.*® provided follow-up
literature illustrating that long-term passive exercise inter-
ventions lead to significantly improved vascular function.
This literature®>31-83 strongly suggests that passive leg
exercise increases femoral artery blood flow in people with
SCI. Further research, with concurrent femoral artery flow
measurements and isolated passive knee extension/flexion,
is required to resolve this disagreement.

Finally, consideration must be given to the muscle groups
stimulated while using FES. Three of the five papers
used electrical stimulation sites at the hamstring, gluteal
and quadriceps muscles,®>”"7® whereas De Groot et al.”?
used tibialis anterior, gastrocnemius and quadriceps. Thijs-
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sen et al.”® have shown that when using FES, only the
stimulated muscle tissue receives any improved arterial
function or structure. Therefore, muscle groups used for
electrical stimulation may be an important consideration
when designing a rehabilitation program.

Conclusions

Cardiovascular disease, the primary cause of the death in
those with SCI, is often overlooked in the SCI population
owing to the multitude of other health issues and the focus
on regenerating motor function. According to the available
literature, exercise (upper body, electrically stimulated and
passive modalities) improves arterial function in those with
SCI. It cannot be overstated that more research should be
performed investigating exercise as a means to improve
arterial function in those with SCI as there is a clear shortage
of published articles examining this relationship. Many
exercise modalities have been explored by a single published
article, and often studies lack matched or relevant control
groups. Future investigations exploring exercise as a ther-
apeutic rehabilitation technique for individuals with SCI
should include the cost of, and accessibility to, equipment.
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