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Background: Spinal cord injury (SCI) is associated with both a state of chronic inflammation and an increased prevalence
of cardiovascular disease (CVD). These disorders are closely linked and have been shown to negatively influence one another.
Participation in regular exercise has been shown to be an effective intervention strategy in the treatment of each of these disorders.
For individuals with SCI who may lack the lower limb motor capabilities to perform certain traditional exercise modalities,
functional electrical stimulation (FES) cycling may provide an effective alternative. Objective: The purpose of this study was to
examine the effects of 12 weeks of FES training performed 3 times per week on physiological indices of cardiovascular function as
well as molecular indices of inflammation and cardiovascular health. Methods: Ten individuals with chronic SCI were included.
Measures of central and peripheral cardiovascular function as well as hematological and immunological markers were assessed
before and after the 12-week exercise program. Results: Enhancements in exercise performance as well as a corresponding
increase in peripheral cardiovascular function were achieved, as shown by a significant 34% increase in pulse volume (P = .04)
and trends toward increases in cross-sectional area (P = .09) and arterial inflow volume (P = .11) of the common femoral artery.
Despite this, no change in any hematological or immunological markers was evident. Conclusion: Although the efficacy of
FES exercise in enhancing exercise performance (time and distance to fatigue) and peripheral cardiovascular function has been
reaffirmed, no alterations in any molecular indices of cardiovascular risk were achieved. Key words: cardiovascular disease,

chronic inflammation, functional electrical stimulation, spinal cord injury

ardiovascular disease (CVD) is one of the

most prevalent health complications after

spinal cord injury (SCI), with morbidity
and mortality rates exceeding those from renal
and pulmonary complications."” The loss of
physical function and lack of accessible options
for participation in physical activity often result
in the adoption of a more sedentary lifestyle,
making individuals with SCI more prone to a
variety of metabolic conditions such as obesity,
type 2 diabetes, and hyperlipidemia.** In addition
to directly contributing to the risk of CVD, each of
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these conditions is independently associated with
an inflammatory state"™® and may contribute to
the chronic inflammatory status typically observed
after SCL.”*

There is a well-established bidirectional
link between inflammation and CVD whereby
atherosclerotic plaques associated with CVD are
influenced by and also further induce elevations
in proinflammatory mediators.” A number of
proinflammatory mediators have the ability to
induce vasoconstriction, thereby increasing shear
force on vessels and the likelihood of endothelial
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damage.'"” Further, as proinflammatory mediators
increase chemotaxis and the production of
adhesion molecules, they may act to increase
leukocyte infiltration to the damaged areas,
which increases the risk of plaque formation
and/or worsens preexisting plaques.’® These
plaques, in turn, contribute to a greater state of
inflammation. Such an influence demonstrates the
role that chronic inflammation after SCI plays in
the development of CVD and provides a rationale
for the use of inflammatory markers as estimates
of cardiovascular risk."

Considerable evidence exists to suggest that
a suitably designed exercise program may help
attenuate or reverse many aspects of CVD
after SCI, including abnormalities in glucose
homeostasis, lipid lipoprotein profiles, and
cardiovascular fitness.'? Regular exercise has also
been consistently demonstrated to produce anti-
inflammatory effects in able-bodied individuals as
aresult of a unique exercise-induced inflammatory
response and improvements in metabolic health."
Therefore, if exercise can be performed at a
high enough intensity, it may produce similar
improvements in individuals with SCI. The
primary caveat concerning exercise as a treatment
or preventative measure for CVD is that many

Table 1. Participant characteristics

individuals with SCI lack the motor capabilities
required to perform traditional exercises such as
arm ergometry. The use of functional electrical
stimulation (FES) cycling provides an opportunity
for individuals to participate in exercise that
may not otherwise be possible. It also provides
a means of enhancing blood flow to the lower
limbs, providing peripheral cardiovascular
benefits not afforded by arm ergometry."* Multiple
physiological systems have been shown to benefit
from FES cycling, including cardiovascular,'>'®
respiratory,'®"” muscular,'®'"” and skeletal systems.'®
In previous studies, investigators have evaluated
the cardiovascular benefit of FES training after
SCI on aspects such as vascular dimension,?
femoral artery blood flow,***' and myocardial
atrophy.” Each of these studies has utilized FES
cycling performed 3 times weekly for durations
ranging from 4 to 8 weeks. Despite the various
cardiovascular benefits achieved in these studies,
none have assessed changes in molecular indices of
immunological and cardiovascular health.

In this study, we examined the effects of 12
weeks of FES cycling on physiological measures of
cardiovascular function and on molecular indices
of cardiovascular and immunological health in
individuals with chronic SCI. We hypothesized

Participantno.  Age, years Sex

injury, years

Time since

Level of injury AIS

1 39
2 26 M
3 51 F
4 26 M
5 35 M
6 35 M
7 49 M
8 55 M
9 34 M
10 42 M

20 C5 C
3 T8 A

5 T8 C
0.5 C5 A
21 Cé C
0.5 Cé B
15 C5 C
17 C5 B
3 T11 A
0.5 C4 A

Note: AIS = American Spinal Injury Association Impairment Scale; F = female; M = male.



that this training intervention would result in
improvements in both physiological measures of
cardiovascular function and molecular indices of risk.

Methods
Participants

Participant characteristics are described in
Table 1. Ten community-dwelling individuals with
chronic (>6 months) SCI, aged 26 to 55 years,
were recruited for participation in the study. All
participants had neurologically stable injuries
with severities ranging from American Spinal
Injury Association Impairment Scale (AIS) A to
C and levels ranging from C5-T11. Participants
were excluded from the study if there was evidence
of a lower motor neuron injury, active infectious
disease, symptoms of autonomic dysreflexia
caused by stimulation, or excessive spasticity that
precluded the use of the FES cycle.

Exercise protocol

The exercise protocol consisted of FES cycling
ergometer training performed on the RT-300
rehabilitation system (Restorative Therapies,
Baltimore, MD). Training was performed 3 times
per week for 12 weeks. Electrical stimulation
was provided to the hamstrings, gluteal muscles,
and quadriceps via 2 X 4 self-adhesive surface
electrodes. Electrical stimulation was provided as
biphasic square wave pulses, 500 ps in duration,
at 50 Hz, in a coordinated sequence, allowing for
cyclic patterns of muscle contractions resulting
in a cycle motion. Each session began with a
I-minute passive warm-up period during which
no electrical stimulation was provided to the
muscles. After the warm-up period, progressive
stimulation of the leg muscles began, allowing
active FES movement. Participants with some
degree of lower limb motor control were permitted
to contribute to the cycling motion along with the
assistance of the electrical stimulation. The FES
cycling exercise then continued at a predetermined
stimulation amplitude (ranging from 50 to 140
mA), pulse width (500 ps), frequency (50 Hz),
and target speed depending on individual pain
tolerance, until muscle fatigue was eventually
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sensed by the ergometer. The ergometer sensed
muscle fatigue after the predetermined stimulation
(measured in milliamps) reached 100% and the
participant was unable to maintain the target
speed (as assessed by a reduction in revolutions per
minute). Specifically, when the participant’s speed
dropped 5 or more rpm below the target speed
for 2 consecutive seconds, the ergometer sensed
fatigue and stopped stimulation. After this point,
the participant underwent the final 2-minute
passive cool-down period whereby the cycling
motion was produced by motor support only. This
was followed by a 5-minute rest period before the
next training bout was attempted. Throughout the
12-week intervention, the stimulation amplitude
and target cycling cadence (rpm) were increased
based on individual pain tolerance and ability,
ultimately achieving the maximum stimulation of
140 mA and a speed of 35 to 49 rpm. Increasing
the stimulation amplitude induced a stronger
muscle contraction, allowing participants to
cycle against greater resistance and at greater
speeds. The duration of any given session was also
gradually increased, based on the amount of time
stimulation could be tolerated and the participant’s
ability to withstand fatigue (1 to 45 minutes).
Once the participant achieved 45 minutes of FES
cycling without fatigue for 3 consecutive days,
the resistance provided by the FES ergometer was
increased by 1 unit (1.2 Nm increments). The
percentage of resistance during any given session
was altered to maintain the stimulation in the 90%
to 95% range. This allowed for a level that would
challenge the participant while avoiding early
fatigue, because an inappropriately high resistance
and corresponding increase in stimulation (to
100%) may lead to an earlier onset of muscle
fatigue and drop in speed.

Doppler ultrasound measures of
cardiovascular function

Central measures of cardiovascular function were
assessed before and after the exercise intervention
and included cross-sectional area (CSA) of the
aorta, measured at the left ventricular output track,
stroke volume (SV), and cardiac output (CO).
Peripheral measures of cardiovascular function
included CSA of the common femoral artery
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(CFA), pulse volume (PV) of the CFA, and arterial
inflow volume of the CFA. Peripheral vascular
ultrasonography was performed by a single
examiner as described by Nash et al.”? Images
were acquired using a 2.5-MHz transducer on a
Sonos 5500 ultrasound platform (Hewlett-Packard
Sonos 5500 system, Cheshire, MA). The femoral
artery was imaged in short axis at the level of the
saphenofemoral venous junction, and the maximal
internal diameter was measured. CSA of the femoral
artery was calculated using the formula A = mr?.
Pulsed Doppler images of femoral artery flow
were then obtained by positioning a 1- to 2-mm
sample volume within the femoral artery. Care was
taken to ensure that the angle of the insonating
beam was parallel to flow as demonstrated by
color Doppler imaging. The Doppler envelope was
traced to allow determination of the velocity time
integral (VTI) and peak systolic velocity of femoral
arterial flow. Femoral artery volume per beat was
calculated as: Volume = CSA x VTI.

Measurement of hematological and
immunological markers

Blood samples were drawn from participants,
under fasting conditions, by means of standard
venipuncture. Each whole blood sample was
collected aseptically by a trained phlebotomist or
nurse into anticoagulant-free tubes (for serum
preparation). The samples were allowed to clot for
30 minutes then centrifuged at 3,400 rpm for 10
to 15 minutes. The serum was then separated into
plastic vials and frozen at -20°C until just before
immunoassay via enzyme-linked immunosorbent
assay (Quantibody Human Array kit; Raybiotech
Inc., Narcross, GA). All assays were sent to a

Table 2. Exercise performance

certified commercial laboratory for quantification
(Raybiotech Inc.).

Immunological markers of interest included the
acute-phase reactant and C-reactive protein, as well
as a panel of cytokines including interleukin-1o
(IL-1ov), IL-1B, IL-4, IL-6, IL-8, IL-10, monocyte
chemoattractant protein-1 (MCP-1), interferon
gamma (IFN-y), and tumor necrosis factor alpha
(TNF-ov). These inflammatory proteins have been
shown to be elevated in the sera of individuals
with SCI and may be indicative of cytokine
dysregulation or a protective autoimmunity.’
Proinflammatory cytokines such as TNF-a, IL-6,
and CRP have also been shown to be associated
with many forms of cardiac disease’ and, as such,
were also examined as an indication of risk of
cardiac disease. Additionally, levels of cholesterol,
high-density lipoprotein (HDL), low-density
lipoprotein (LDL), and triglycerides were each
quantified as indicators of cardiovascular risk.

Statistical analysis

Differences between preintervention and
postintervention values were assessed by means of a
paired-sample f test. Statistical significance was set
at P < .05 for all tests, which were conducted using
IBM SPSS version 20 (IBM Corp., Armonk, NY).

Results
Exercise performance

The results of the performance measures are
described in Table 2. All participants experienced
improvements in performance over time with no
adverse events. Subjects were required to meet an

Total Total Average

time, min distance, km speed, rpm Total bouts Average resistance, Nm  Average stimulation, mA
First 3 sessions

76.17 + 38.11 16.03 £ 8.29 36.43 £2.99 11.6 +£2.91 0.0£0.0 106.51 + 16.60

Last 3 sessions

121.91 £ 16.33 34.10 £ 6.51 46.51 + 5.46 4.10 +2.85 5.20 £ 6.37 134.00 £ 12.65

Note: All data are expressed as mean * standard deviation (N = 10 subjects).



adherence rate of at least 85% to be included in
the study. Summary statistics show that across all
subjects, total distance achieved increased from
16.03 + 8.29 km within the initial 3 bouts to 34.10
+ 6.51 km during the final 3 bouts [#(9) =7.39, P =
.00]. This was also accomplished with progressively
fewer bouts (initial mean = 11.60 to final mean
= 4.10), indicating that participants were able to
travel longer distances before experiencing fatigue
and required fewer breaks [#(9) = 7.23, P = .00].
Average stimulation was also increased from an
initial level of 106.51 mA to a final level of 134.00
mA, and average resistance was increased from an
initial level of 0.0 Nm to a final level of 5.20 Nm.

Doppler ultrasound measures of
cardiovascular function

The results for both central and peripheral
cardiovascular changes are described in Table 3.
There was a significant increase in femoral
artery PV after the 12-week exercise intervention
as values increased by 34% from an average
preintervention value of 4.25 + 0.81 mL to 5.69
+ 2.06 mL (P = .04). Trends toward increases in
CSA and arterial inflow volume of the CFA were
also observed with respective changes of 0.36 +
0.09 cm? to 0.42 £ 0.11 cm? (P = .09) and 360.40
+ 125.56 mL/min to 481.51 + 195.10 mL/min
(P = .11). No alterations were observed for any
measures of central cardiovascular function after
the intervention (Table 3).

Hematological and immunological measures

The results for changes in hematological and
immunological measures are described in Tables 4
and 5. No significant changes were observed for
any hematological or immunological measures
after the 12-week intervention.

Discussion

Considerable evidence suggests that a suitably
designed exercise program can help improve
the impaired immunological and cardiovascular
status of persons with SCI.>** A number of studies
have also established physiological benefits after
FES exercise training related to aspects such as
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increased lower limb muscle mass,* increased

vascular dimension,” and improved femoral
artery blood flow.?>*' Despite these positive
findings, it may be ill advised to assume that
such physiological changes translate into actual
reductions in the risk of corresponding CVD. Such
a link between exercise-induced improvements
in physiological outcomes and actual reductions
in disease risk is often assumed but is not well
established in the literature. The findings of this
study highlight this concept.

Itis important to note that this study successfully
demonstrated exercise-induced improvements
in exercise capacity and lower limb blood
flow. Improvements in exercise capacity were
demonstrated by significant increases in total
exercise duration, distance, and speed, while the
number of bouts needed to complete each session
was significantly reduced. Likewise, exercise-
induced improvements in lower limb blood flow
were demonstrated with a 17% increase in resting
femoral artery diameter (CSA), a 34% increase in
PV within the femoral artery, and a 34% increase
in resting femoral artery blood flow (arterial inflow
volume) (see Table 3). Such findings correspond
to previous findings whereby improvements in
femoral artery blood flow of 30% to 40% were
demonstrated after long-term FES cycling.?**!
Thus, the exercise protocol employed was sufficient
to induce a training effect, and any lack of benefit
in molecular indices cannot be attributed to an
insufficient intensity or volume of the FES cycling
protocol used in this study. It should be noted
that an FES cycling program may simply not be of
high enough intensity to induce such molecular
changes or a program of longer duration may be
required. It is also possible that other clinical risk
factors not assessed in this study may have been
reduced. However, the fact that the molecular
indices showed no change after the intervention
highlights the important fact that physiological
improvements, such as enhanced peripheral blood
flow, do not necessarily translate to a reduction in
clinical risk.

There is a well-established link between
immune markers and cardiac risk,” and
individuals with SCI have elevations in both
of these domains as compared with their able-
bodied counterparts.*”” The American Heart
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Table 3. Doppler ultrasound measures of cardiovascular function

Measure Pre FES Post FES
Central

Aortic CSA, cm? 3.61 +0.38 3.60 £ 0.40
Stroke volume, mL 75.23 + 15.53 77.89 + 8.49
Cardiac output, L/min 4.78 + 1.09 4.86 +0.76
Peripheral

CSA, cm? (CFA) 0.36 = 0.09 0.42+0.11
Pulse volume, mL (CFA) 4.25 + .81 5.69 +2.06"
Arterial inflow volume, mL/min (CFA) 360.40 £ 125.56 481.51 £ 195.10

Note: All data are expressed as mean + standard deviation (N = 10 subjects). CFA = common femoral artery;
CSA = cross-sectional area; FES = functional electrical stimulation.

P <.05.

Table 4. Immunologic measures

Healthy able-bodied basal

Measure, pg/mL Pre FES Post FES concentrations
IL-1o 3.29+3.52 3.25+3.65 1.4
IL-1B 3.87 £5.12 3.30 £ 4.78 3.2
IL-4 27.74 £27.20 29.06 +26.15 0.6+0.8
IL-6 6.29 £ 4.65 6.90 + 4.55 20+23
IL-8 1.20£1.21 1.93 £2.34 29.3
IL-10 25.36 +33.96 35.36 + 53.76 0.0+ 0.0
IL-13 10.96 + 9.36 10.90 + 8.66 15.0
MCP-1 250.44 +73.33 292.67 £50.02 41.5
IFN-y 36.77 £ 30.04 51.55 + 60.05 3.7+28.7
TNF-a 25.62 +49.64 29.89 £ 63.99 64+7.1
CRP 12.59 + 14.06 6.78 £5.25 ~3.0

Note: All data are expressed as mean + standard deviation (N = 10 subjects). Values for healthy able-bodied basal concentrations
referenced from Davies et al’, Kim et al,” and Kleiner et al.”’ CRP = C-reactive protein; FES = functional electrical stimulation;
IFN-y = interferon gamma; IL = interleukin; MCP-1 = monocyte chemoattractant protein-1; TNF-o. = tumor necrosis factor

alpha.

Association has set clinical guidelines for CRP
with values above 3.0 mg/L corresponding to high
CVD risk." Although CRP levels were reduced by
46% across all subjects after the intervention, the

change was not significant and postintervention
values remained in the category of high CVD
risk. Additionally, other inflammatory markers
related to CVD,?® such as IL-6 and TNF- levels,



Table 5. Hematological measures
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Healthy able-bodied

Measure, mg/dL Pre FES Post FES concentrations
Cholesterol 77.04 +17.82 79.56 + 15.84 <93.6
HDL cholesterol 18.72 + 4.86 18.72 £ 5.4 >18

LDL cholesterol 43.74 £ 12.78 46.26 £9.54 <63
Triglycerides 32.58 £ 16.74 31.68 +12.42 <30.6

Note: All data are expressed as means * standard deviation (N = 10 subjects). Values for healthy able-bodied
lipid concentrations referenced from Genest et al.*> FES = functional electrical stimulation; HDL = high-density

lipoprotein; LDL = low-density lipoprotein.

were elevated across all participants compared
with previously reported values from healthy
able-bodied control subjects (2.0 £ 2.3 and 6.4 +
7.1)7 and were not reduced after the intervention
(see Table 4). Lastly, blood lipid levels were
assessed as indicators of cardiovascular risk.
Increases in HDL cholesterol and decreases in
LDL cholesterol levels have been shown to be
associated with a reduced risk of CVD?’; however,
no alterations in any blood lipids were evident
after the intervention (see Table 5).

As such, the results of this study indicate that
despite a substantial improvement in exercise
performance and corresponding improvements
in peripheral blood flow, 12 weeks of thrice
weekly FES cycling was not sufficient to cause a
corresponding reduction in clinical risk in terms of

any of hematological or immunological markers of
cardiovascular disease.

Conclusion

Opverall, the results of this study confirm that
12 weeks of FES exercise training is associated
with a strong exercise training response (time and
distance to fatigue) as well as positive physiological
adaptations to lower limb vascular dimension and
resting blood flow. However, despite the efficacy of
FES exercise in this regard, there were no alterations
in any molecular indices of cardiovascular risk.
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