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Study design: Cross-sectional study comparing healthy subjects with age and gender matched
subjects with spinal cord injury (SCI, injury levels from C5 to T12).
Objectives: To compare the acute cardiorespiratory responses and muscle oxygenation trends
during functional electrical stimulation (FES) cycle exercise and recovery in the SCI and
healthy subjects exercising on a mechanical cycle ergometer.
Setting: Seven volunteers in each group participated in one exercise test at the Rick Hansen
Center, University of Alberta, Edmonton, Canada.
Methods: Both groups completed a stagewise incremental test to voluntary fatigue followed
by 2 min each of active and passive recovery. Cardiorespiratory responses were continuously
monitored using an automated metabolic cart and a wireless heart rate monitor. Tissue
absorbency, an index of muscle oxygenation, was monitored non-invasively from the vastus
lateralis using near infrared spectroscopy.
Results: The healthy subjects showed signi®cant (P50.05) increases in the oxygen uptake
(V
.
O2), heart rate (HR) and ventilation rate (V

.
E) from rest to maximal exercise. The SCI

subjects showed a twofold increase in V
.
O2 (P40.05), a threefold increase in V

.
E (P50.05) and

a 5 beats/min increase in HR (P40.05) from the resting value. The SCI subjects demonstrated
a lesser degree (P50.05) of muscle deoxygenation than the healthy subjects during the
transition from rest to exercise. Regression analysis indicated that the rate of decline in muscle
deoxygenation with respect to the V

.
O2 was signi®cantly (P50.05) faster in the SCI subjects

compared to healthy subjects.
Conclusions: FES exercise in SCI subjects elicits: (a) modest increases in the cardiorespiratory
responses when compared to resting levels; (b) lower degree of muscle deoxygenation during
maximal exercise, and (c) faster changes in muscle deoxygenation with respect to the V

.
O2

during exercise when compared to healthy subjects.
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Introduction

Functional electrical stimulation (FES) is a technique
which allows persons with spinal cord injury (SCI) to
perform functional tasks such as rudimentary
walking,1 rowing2 and cycle exercise3,4 with their
paralyzed extremities. Studies that have evaluated the
acute physiological responses to incremental FES
cycle exercise in persons with SCI have indicated
that the oxygen uptake (V

.
O2), ventilation rate (V

.
E),

cardiac output (Q
.
), heart rate (HR) and stroke

volume (SV) show modest increases from resting
levels in both paraplegics and quadriplegics.3 ± 6

However, the factors contributing to the increase in
whole body V

.
O2 during FES cycle exercise in subjects

with SCI are not known. It is possible that the
elevated V

.
O2 during this exercise mode in SCI

subjects could be the result of: (a) an increase in
aerobic metabolism of the muscles that are electri-
cally stimulated, and/or (b) an elevated metabolic rate
in the tissues indirectly involved during such
involuntary exercise; eg the heart and lungs.
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Early muscle fatigue is a common factor limiting the
success of FES exercise programs. It is likely that both
central and peripheral factors which determine the
V
.
O2 of the tissue are implicated in this phenomenon.

Individuals with SCI have a hypokinetic circulation;5,6

ie a reduced Q
.

for a given V
.
O2. This results in a

signi®cant reduction in oxygen transported to the
tissues when compared to their able-bodied counter-
parts. The hypokinetic circulation has been attributed
to a signi®cantly lower SV and HR, particularly in
individuals with quadriplegia.5,6 It has been reported
that following SCI, skeletal muscle undergoes sig-
ni®cant physiologic and histologic changes.7 ± 9 These
include a reduced capillary density, a lower mitochon-
drial density in the existing motor units, and a relative
increase in Type II motor units which have a lower
oxidative capacity than the Type I motor units.
Collectively, the central and peripheral changes
resulting from SCI could reduce the muscle oxygena-
tion levels thereby resulting in premature fatigue. It is
important, therefore, that localized muscle oxygena-
tion levels be evaluated during FES exercise in persons
with SCI. This would also lead to a better under-
standing of the acute physiological e�ects of this
exercise mode on paralyzed muscle, thereby enabling
us to design appropriate rehabilitation programs to
minimize fatigue and maximize the bene®ts to the
client.

Near Infra-red Spectroscopy (NIRS) is a valid and
reliable technique for measuring relative changes in
skeletal muscle oxygenation during exercise.10,11 NIRS
is based on the di�erential absorption properties of
hemoglobin and myoglobin in the near infra-red
range, ie at wave lengths between 700 and 1000 nM.
At 760 nM hemoglobin is in the deoxygenated form,
whereas at 850 nM it is in the oxygenated state. The
di�erence in NIRS signal between these two wave
lengths re¯ects the relative change in oxygenation in
the small blood vessels namely the arterioles,
capillaries and venules. The sum signal at these two
wave lengths indicates the relative change in blood
volume. NIRS is unable to di�erentiate between the
hemoglobin and myoglobin signals in vivo because the
absorption spectra of these two chromophores (light
absorbing compounds) overlap. However, in vitro
studies have demonstrated that approximately 75%
of the deoxygenation is due to the release of oxygen by
hemoglobin, while the balance is due to the release of
oxygen by myoglobin.12 One of the limitations of
NIRS is that localized muscle oxygen uptake cannot
be determined because the path length of the NIRS
signal cannot be quanti®ed during dynamic exercise.11

However, since NIRS is able to identify relative
changes in skeletal muscle oxygenation during
exercise, it has been used extensively to evaluate
trends in skeletal muscle oxygenation during a variety
of exercise modes in healthy subjects as well as a
variety of clinical populations.13 This includes patients
with heart failure,12,14 ± 16 peripheral vascular disease17

and chronic compartmental syndrome.18,19

To date, NIRS has not been used to examine muscle
oxygenation trends in persons with SCI. This study
was designed to compare the acute cardiorespiratory,
metabolic and muscle oxygenation responses between
healthy subjects performing cycle ergometry with those
of SCI subjects during FES cycle exercise. In light of
the lower oxygen transport, delivery and utilization
characteristics that have been well documented in SCI
subjects, it was hypothesized that the degree and rate
of deoxygenation in the vastus lateralis muscle
measured by NIRS would be signi®cantly lower in
the SCI subjects compared to the healthy counterparts.

Methods

Subjects
Written informed consent was obtained from seven
healthy and seven SCI volunteers for this study. The
subjects in the two groups were matched for age and
gender. Some pertinent physical characteristics are
presented in Table 1. Each subject completed the
Physical Activity-Readiness Questionnaire (PAR-Q)
prior to testing to screen for medical/physical
problems that could preclude exercise testing.20 Any
individual who responded positively to the PAR-Q was
not allowed to participate in the study. All the SCI
subjects had an upper motor neuron injury with
complete lower limb paralysis. At the time of testing,
four of these subjects were training on the FES cycle
ergometer, two had some experience on this instrument
and one had never used it. The exclusion criteria for
the SCI subjects were those that preclude FES: (a)
autonomic dysre¯exic response to FES;21 ie greater
than 50% rise of mean arterial blood pressure above
resting value or a blood pressure 4180/110; (b)
pressure sore on buttock or heel precluding 30 min of
sustained sitting; (c) less than 908 of hip ¯exion or knee
¯exion range of motion; (d) fecal or urinary
incontinence with electrical stimulation; (e) severe leg
spasticity (Modi®ed Ashworth Scale grade 4); and (f)
sensory sparing such that FES stimulation causes
intolerable pain. Subjects in both groups were assured
freedom to withdraw from testing at any time. If any
medical complication occurred, it was appropriately
investigated and treated by a physician.

Test protocols
All the subjects performed a group speci®c incremental
cycling exercise test. The healthy subjects used a
stationary friction loaded cycle ergometer (Monark
Model 834, Made in Sweden) and the SCI subjects
used an ERGYS II FES cycle ergometer (Therapeutic
Technologies Inc., Alpha, OH, USA). In the healthy
group, the test was initiated with a 2 min rest stage
while the subject was seated on the cycle ergometer.
During this period, baseline metabolic and NIRS
measurements were recorded. Exercise then com-
menced with 2 min of free pedaling at 50 rpm,
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followed by 2 min stages in which the resistance was
increased by 1 kp. The incremental exercise test was
terminated when the maximum oxygen uptake
(V
.
O2max) or voluntary fatigue was attained. The

criteria22 for V
.
O2max were attainment of two of the

following three criteria: (a) leveling o� or decline in the
V
.
O2 with increasing work rate; (b) attainment of the

age predicted maximum heart rate (220 ± age, years),
and (c) a respiratory exchange ratio 41.10. Upon
completion of the test, the subjects were allowed to
recover for 4 min in the following manner: 2 min of
active recovery (pedaling without resistance) and 2 min
of passive recovery (no pedaling) while remaining
seated on the ergometer.

The SCI subjects performed cycle exercise on the
ERGYS II FES cycle ergometer. Pedaling was
induced by means of computer sequenced transcuta-
neous electrical stimulation of the leg extensor
muscles (gluteus maximus and quadriceps) at a
stimulation frequency of 50 Hz and current varying
between 10 and 132 mA. Electrodes coated with
barrier gel were applied over each muscle belly.
During FES cycling, a sensor continuously mon-
itored pedaling cadence such that electrical stimula-
tion produced a maximum of 50 rpm. As muscle
fatigue occurred and cadence slowed, the intensity of
the electrical stimulus was gradually increased to
maintain the cadence at 50 rpm. In the SCI group,
the maximum resistance a subject could attain was a
multiple of 1/8 kp. In this study, ®ve subjects could
attain a maximum of 1/8 kp whereas one subject
could attain 2/8 kp maximum and another 4/8 kp.
The subjects followed a stage wise incremental
protocol to voluntary exhaustion which was similar
to that used for the healthy subjects. The ®rst 2 min
was a rest stage, which was followed by FES assisted
cycling for 2 min with no resistance (ie free
pedaling). The subject then cycled against a

resistance starting at 25% of the individual maximal
workload, increasing by an additional 25% every
2 min for four total stages. A minimum cadence of
50 rpm was maintained during the test. When the
pedaling cadence fell below 40 rpm and electrical
stimulation was maximal, the investigator provided
some assistance to maintain the pedaling cadence at
50 rpm. This procedure is consistent with that
previously described by Krauss et al.23 During
recovery, the subjects performed 2 min of passive
pedaling (investigator turning the pedals; no elec-
trical stimulation) against no resistance followed by
2 min of resting recovery.

Metabolic and cardiorespiratory measurements
Metabolic and cardiorespiratory measurements were
continuously monitored during the test using an
automated metabolic measurement cart (MMC Hor-
izon, Sensormedics Corporation, CA, USA). The
metabolic cart was calibrated using commercially
available precision gases (16% oxygen, 4% carbon
dioxide; 100% nitrogen). The calibration was veri®ed
at the end of the test to ensure accuracy of the data.
The volume transducer was calibrated using a
calibrated syringe. Respiratory gas exchange data
were collected in the mixing chamber mode. The
metabolic cart was programmed to present the
following results every 15 s: absolute V

.
O2 (L/min),

relative V
.
O2 (ml/kg/min), V

.
E (L/min), and respiratory

exchange ratio (RER). The HR was recorded during
the last 10 s at each work stage using a wireless
monitor (Sport Tester, Polar Pacer, Finland). The
following variables were calculated from these data: (a)
oxygen pulse (O2 pulse, ml/beat) as the ratio between
absolute V

.
O2 and HR, and (b) ventilatory equivalent

for oxygen (V
.
E/V

.
O2 ratio) as the ratio between V

.
E and

absolute V
.
O2.

Table 1 Characteristics of subjects

Subject Gender Age (years) Weight (kgs) Injury level Injury duration (years) FES training

H-1 F 28 73 N/A N/A N/A
H-2 M 33 85 N/A N/A N/A
H-3 M 29 80 N/A N/A N/A
H-4 M 42 91 N/A N/A N/A
H-5 F 48 70 N/A N/A N/A
H-6 M 48 80 N/A N/A N/A
H-7 M 65 91 N/A N/A N/A
SCI-1 F 26 61 T9 1 None
SCI-2 M 31 83 C5 13 Previous
SCI-3 M 31 55 C5 10 Concurrent
SCI-4 M 43 110 C5 10 Previous
SCI-5 F 50 71 T8 18 Concurrent
SCI-6 M 50 74 T4 29 Concurrent
SCI-7 M 65 87 T12 3 Concurrent

H=Healthy; SCI=Spinal Cord Injured; N/A=Not Applicable
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Near infrared spectroscopy measurements
NIRS measurements were continuously recorded
during the rest, incremental exercise, and recovery
stages using a commercial device (Runman, NIM Inc.,
PA, USA). The NIRS consists of three components:12

a probe with two tungsten lamps and two silicone
diodes which record the tissue absorbency at 760 and
850 nM; an ampli®er which magni®es the absorbency
signal and displays it in millivolts; and a physiological
recorder. In this study, the instrument was interfaced
with an A/D board to process and record the tissue
absorbency signal at a frequency of 30 Hz as
previously described.24 Prior to testing, the instrument
was calibrated ®rst at 760 nM and then at 850 nM as
suggested by the manufacturer. Muscle oxygenation
measurements were undertaken from the right vastus
lateralis muscle according to procedures described by
Belardinelli et al.25 The probe was placed on the skin
over a motor point of the muscle, about 12 ± 14 cms
from the anterior border of the knee, parallel to the
major axis of the thigh. A piece of clear plastic was
placed between the skin and the NIRS photo detectors,
to prevent any possible distortion of the signal due to
the accumulation of sweat on the diodes. A tensor
bandage was used to secure the NIRS probe to the
thigh without occluding blood ¯ow to the muscle.
Upon completion of the exercise and recovery phases
of the test, the raw NIRS data were averaged over 15 s
intervals so that these would correspond with the
cardiorespiratory measurements obtained with the
metabolic measurement cart. The values of tissue
absorbency were plotted for the rest, incremental
exercise and recovery stages to obtain a pro®le of the
muscle oxygenation trend for each subject. The
minimum value of tissue absorbency recorded during
the incremental test was considered to be the maximum
amount of deoxygenation in the muscle.11

Statistical analysis
Two way repeated measures analysis of variance
(group by exercise stage) was used to make between
group comparisons for the following variables of
interest: absolute V

.
O2, relative V

.
O2, HR, V

.
E, RER,

O2 pulse, V
.
E/V

.
O2 ratio and minimum tissue absor-

bency. For between and within group analysis, the ®rst
four exercise stages were analyzed since all the subjects
(healthy and SCI) were able to attain this work stage.
The Sche�e post hoc procedure was used to examine
di�erences between the two groups. Multiple regression
analysis was used to examine the relationship between
V
.
O2 and tissue absorbency during the transition from

rest and the ®rst four work stages and to compare the
slopes of the regression equations between the healthy
and SCI subjects. Values were considered to be
signi®cant at the 0.05 level of con®dence. CSS
Statistical computer programs were used to perform
these analyses (Release 3.0, Tulsa, OK, USA).

Results

Physiological responses
The physiological and tissue oxygenation responses at
rest and during peak exercise in the healthy and SCI
subjects are summarized in Table 2. The trends for the
V
.
O2, HR and V

.
E during rest, exercise and recovery for

both groups of subjects are illustrated in Figures 1 ± 3
respectively. In the healthy subjects the V

.
O2, HR and

V
.
E increased systematically from rest to maximal

exercise. The V
.
O2 and HR increased linearly with the

work rate until the ®nal stage of exercise, whereas the
V
.
E increased in a curvilinear manner. None of these

subjects reached the age predicted maximal HR
(2207age, years), suggesting that the exercise test
was terminated due to localized fatigue. However, they

Table 2 Physiological responses at rest and during peak exercise in the two groups

Healthy Spinal cord injured
Variable Rest Peak Rest Peak

Oxygen uptake
L.min71

0.40+0.11 3.08+0.95* 0.32+0.10 0.65+0.18

Oxygen uptake
ml.kg71.min71

4.6+0.9 38.2+9.3* 4.1+0.8 8.3+2.1

Ventilation rate
L.min71

12.3+4.7 130.4+22.7* 11.1+3.6 31.6+14.4*

Heart rate
beats.min71

73+9.8 175+6.7* 78+7.4 83+8.2

Respiritory exchange
ratio

0.89+0.09 1.33+0.09* 0.92+0.11 1.24+0.12*

Oxygen pulse
ml.beat71

5.5+1.2 17.5+5.6* 4.1+1.0 7.8+2.4

Ventilatory equivalent
for oxygen

30.8+3.7 42.1+6.1* 33.4+5.2 47.5+8.4*

Tissue absorbancy
millivolts

9+29 7303+146* 720+18 7202+189*

*Indicates signi®cantly di�erent from the resting value for the same group of subjects
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all exceeded the RER criterion of 1.10 suggesting a
maximal e�ort on their part. In the SCI subjects, the
pattern of the physiological responses during the
incremental work stages di�ered from that observed

in the healthy subjects. The V
.
O2 showed a small

increase at each FES work stage and at the ®nal stage
the value was approximately twice the resting value.
This di�erence, however, between the peak and resting
value was not signi®cantly di�erent (P40.05) in these
subjects. It is interesting to note that the increase in
V
.
O2 in the SCI subjects was not accompanied by a

linear increase in HR as was observed in the healthy
subjects. A slight increase in HR was observed from
rest to the ®nal work stage (approximately 5 beats/min,
P40.05) until the test was terminated due to fatigue.
The V

.
E increased signi®cantly from rest with the peak

values being approximately three times the resting
values. With the exception of one SCI subject, all of
them attained the criterion RER of 1.10 which is
indicative of maximal exercise. Signi®cant di�erences
were observed between the two groups for each of
these responses during exercise and recovery.

Muscle oxygenation trends
The trends in muscle oxygenation during the incre-
mental work stages in the healthy and SCI subjects are
illustrated in Figure 4. In the healthy subjects, there
was an initial increase in tissue absorbency (ie
increased oxygenation) at the onset of exercise
(usually within the ®rst few seconds), which was
followed by a systematic decrease (ie decreased
oxygenation) with increasing work rate. There was a
tendency for the tissue oxygenation to level o� as the
maximum work rate was attained in some subjects
(note: this leveling o� is not illustrated in the ®gure
because the data of seven subjects is averaged and only
data for the four work stages is plotted). During active
recovery, there was a very rapid increase in tissue
absorbency towards the baseline value during the ®rst
2 min. This was followed by a further increase above
the resting base line value during the remaining 2 min
of passive recovery with a leveling o� towards the end
of this period. In the SCI subjects, the tissue
absorbency trend di�ered from that observed in the
healthy subjects. At the onset of FES exercise, the

Figure 1 Oxygen uptake during the incremental work stages
and recovery in the healthy and spinal cord injured subjects.
The asterisk (*) indicates a signi®cant di�erence (P50.05)
between the healthy and spinal cord injured subjects at that
work stage. See text for details

Figure 2 Heart rate during the incremental work stages and
recovery in the healthy and spinal cord injured subjects. The
asterisk (*) indicates a signi®cant di�erence (P50.05)
between the healthy and spinal cord injured subjects at that
work stage. See text for details

Figure 3 Ventilation rate during the incremental work stages
and recovery in the healthy and spinal cord injured subjects.
The asterisk (*) indicates a signi®cant di�erence (P50.05)
between the healthy and spinal cord injured subjects at that
work stage. See text for details

Figure 4 Tissue absorbency trends during the incremental
work stages and recovery in the healthy and spinal cord
injured subjects. The asterisk (*) indicates a signi®cant
di�erence (P50.05) between the healthy and spinal cord
injured subjects at that work stage. See text for details
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initial increase in tissue absorbency was not evident.
Rather, there was an immediate decline in tissue
absorbency of the vastus lateralis muscle that tended
to remain stable for the remaining work stages. This
trend was unlike the steady decline that was observed
in the healthy subjects with increasing work rate. The
minimum tissue absorbency observed in these subjects
was signi®cantly lower when compared to the healthy
subjects. During the 2 min of active recovery, there was
a modest increase in tissue absorbency towards the
base line value. This was followed by a more gradual
increase during the ®nal 2 min of passive exercise. In
the healthy subjects, the relative change in blood
volume (determined by the sum of the 760 and 850 nM
signals) demonstrated a tendency for a small but
systematic increase with increasing work rate, whereas
in the SCI subjects this was not evident.

Results of the multiple regression analysis indicated
that the common variance between the V

.
O2 and tissue

absorbency during the transition from rest to the four
work stages in the healthy subjects was best described
by a linear model (r2=0.94), whereas in the SCI
subjects the data were best represented by a curvilinear
model (r2=0.66). However, in order to compare the
rate of tissue absorbency between the two groups of
subjects, the slopes and intercepts of the linear model
were used for analysis. It is evident from the regression
equations for the two groups presented in Figure 5
that the rate of decline in tissue absorbency per unit
change in V

.
O2 was signi®cantly faster in the SCI

compared to the healthy subjects. The value of the
intercept was not signi®cantly di�erent between the
two groups (note: the di�erence in the slope of the two
regression lines is not visualized because the scales for
the V

.
O2 on the X axis are di�erent).

Discussion

Cardiorespiratory responses during incremental exercise
The peak cardiorespiratory responses observed during
FES cycling exercise to voluntary exhaustion observed
in the SCI subjects are within the range of values
previously reported.3,6,26 In the current study the V

.
O2

increased by 100% (P40.05) and was accompanied by
a threefold increase in the V

.
E (P50.05) and small

increase in HR (5 beats/min, P40.05) when compared
to the resting values. Figoni et al3 and Hooker et al6

reported signi®cant increases in each of these variables
during FES exercise in SCI subjects. The most likely
reason for the discrepancy between the present study
and the ones cited is that the V

.
O2 and HR values

recorded prior to the onset of exercise in this study
were spuriously high. This could be attributed to the
anticipation of exercise which is known to elevate the
physiological responses under resting conditions.27 Had
these values been comparable to those reported in the
studies cited, it is likely that these increases would also
be signi®cant. It should be pointed out that the
subjects in the current study included three quad-

riplegics and four paraplegics. Figoni et al3 compared
the peak cardiorespiratory responses during FES cycle
exercise between quadriplegics and paraplegics and
reported similar trends in these responses in both
groups. The paraplegics attained a higher power output
than the quadriplegics (15 W vs 9 W) which resulted in
values of V

.
O2, HR and V

.
E that were higher by 19%,

13% and 22% respectively. The authors attributed
these di�erences in the peak hemodynamic responses to
the autonomic integrity of the cardiorespiratory system
rather than di�erences in levels of aerobic metabolism.

Hooker et al28 demonstrated a signi®cant widening
of the mixed (a ± v) O2di� during submaximal FES
cycle exercise in SCI subjects when compared to the
resting value. This implies an increased oxygen
extraction from the blood, which could be due to
increases in aerobic metabolism of the muscles
activated by FES and those indirectly (eg the heart
and respiratory muscles) involved in exercise. Figoni et
al3 compared the acute physiological responses during
passive and active FES leg cycle exercise in subjects
with SCI. They observed no signi®cant increases in
V
.
O2, HR and V

.
E above the resting levels during

passive exercise, whereas the FES leg exercise elicited
signi®cant increases in each of these variables. The

Figure 5 Regression between the absolute oxygen uptake
and the tissue absorbency during the incremental work stages
in healthy and spinal cord injured subjects. Note: The slope
of the regression line was signi®cantly steeper in the spinal
cord injured subjects compared to that of the healthy
subjects. This is not visible in the ®gure because of the
smaller range of the oxygen uptake values on the X axis for
the spinal cord injured subjects
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researchers concluded that the active muscular
contractions induced by FES were essential for
inducing the elevated metabolic and cardiorespiratory
responses in these subjects.

It is likely that part of the increase in whole body
V
.
O2 during the FES exercise was due to enhanced

aerobic metabolism in the respiratory muscles, as
evidenced by an increase in the V

.
E observed in the SCI

subjects. Direct quanti®cation of the V
.
O2 of the

respiratory muscles during exercise is di�cult. How-
ever, previous research indicates that the value
increases exponentially with exercise intensity and
ventilation rate. At rest and during light exercise, the
V
.
O2 of the respiratory muscles is approximately 4% of

the whole body V
.
O2, whereas during maximal exercise

this value increases to 10% to 12%, due to large
increases in the depth and frequency of breathing. It
also seems that the proportion of the V

.
O2 consumed

by the respiratory muscles is signi®cantly higher in the
SCI subjects compared to healthy subjects. This is
because the ventilatory equivalent for oxygen (V

.
E/V

.
O2

ratio), which is an index of the economics of
ventilation, seems to be higher in the former group.
The values of the V

.
E/V

.
O2 ratio for the healthy vs SCI

subjects during the transition from rest through the
four work stages were: 32.5 vs 37.5, 17.6 vs 34.1, 20.0
vs 40.4, 20.1 vs 39.7 and 35.9 vs 4.0 respectively. It is
interesting to note that the ratio was consistently
higher in the SCI subjects compared to the healthy
subjects. Muraki et al29 compared the cardiorespira-
tory responses during passive cycle exercise between
healthy subjects and those with SCI. They reported
that the V

.
O2 was signi®cantly higher in the healthy

subjects compared to the SCI subjects at pedaling
cadences of 20 and 40 rpm. However, under each of
these conditions, the V

.
E was similar in the two exercise

groups, implying that the V
.
E/V

.
O2 ratio was higher in

the SCI group. It should be noted that the
investigators cited29 used passive cycle exercise by
®xing the subject's limbs to the pedals of the cycle
ergometer which were driven by a motor. Whether the
physiological responses during this type of passive
exercise di�ers from FES exercise is not known.

Muscle oxygenation trends
The muscle oxygenation trends during exercise and
recovery observed in the healthy subjects were similar
to those previously reported for this exercise mode.24,25

The increased oxygenation at the onset of exercise has
been attributed to a redistribution of existing blood
¯ow within the muscle25 and/or increased skin blood
¯ow.30 The systematic decrease in oxygenation with
increasing intensity implies a greater release of oxygen
by hemoglobin/myoglobin via the Bohr e�ect.11,25 The
leveling o� in muscle oxygenation observed in some
subjects at near maximal work rates suggests a
peripheral limitation to exercise. Some important
di�erences were observed in the muscle oxygenation
trends between the healthy and SCI subjects. In the

SCI subjects, the initial increase in muscle oxygenation
at the onset of exercise was not evident. Instead, there
was an immediate decrease in muscle oxygenation
during the free pedaling period, and thereafter, the
level of muscle deoxygenation remained fairly stable
throughout the remaining work stages. It is unclear
whether the di�erences in tissue oxygenation at the
onset of exercise between the two groups were due to
di�erences in redistribution of intramuscular blood
volume25 and/or increased skin blood ¯ow.30 The
relative changes in blood volume, as indicated by the
sum of the NIRS signal at the two wave lengths,
showed a small but systematic increase in the healthy
subjects but minimal change in the SCI subjects.

The fact that there was a decrease in muscle
oxygenation during the initial work stages of FES
exercise indirectly suggests that there was some active
aerobic metabolism occurring in the paralyzed muscle
of the SCI subjects. Further evidence that correlates
the NIRS response with femoral blood oxygenation
levels10,31 and alterations in cytochrome oxidase
activity (an enzymatic marker for aerobic metabo-
lism)32 are needed to con®rm these ®ndings. It should
be pointed out that the absolute amount of oxygen
consumed by these muscles cannot be quanti®ed by
NIRS because the path length of the signal is not
known.10,11 Di�culties associated with the scattering
of photons once they penetrate the muscle tissue and
the changing geometry of the muscle during exercise
make this evaluation di�cult.

The minimum tissue absorbency value observed in
the SCI subjects was signi®cantly lower than that
observed in the healthy subjects. This suggests that the
magnitude of muscle deoxygenation (ie the release of
oxygen by hemoglobin and myoglobin) was lower in
the SCI subjects compared to the healthy subjects.
This could be attributed to the fact that the motor
units of the paralyzed skeletal muscles of long-term
SCI patients undergo a transformation from the Type
I units that have a greater oxidative capacity to the
Type II units which have a lower oxidative capacity.
After the initial decline in tissue absorbency in the SCI
subjects, the values remained fairly stable during the
remaining work stages, implying that muscle deoxy-
genation had leveled o�. It is likely, therefore, that the
energy requirements during the latter stages of FES
exercise were met by anaerobic metabolism. This is
supported by the observations of Hooker et al28 who
reported that blood lactate accumulation during
30 min of submaximal FES exercise was unusually
high for the power output and V

.
O2 in persons with

quadriplegia and paraplegia. It should be noted that
accumulation of lactate has been implicated in muscle
fatigue,33 and this may be contributing factor in the
premature fatigue that is commonly observed in FES
programs.

The current observations indicated that although
the magnitude of muscle deoxygenation was lower in
the SCI subjects, the rate at which the deoxygenation
occurred per unit change in V

.
O2 was signi®cantly
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faster in the SCI subjects. Barstow et al34 reported that
the oxygen uptake kinetics (ie the time required to
reach a submaximal steady state oxygen uptake)
during FES exercise and recovery were signi®cantly
slower in subjects with SCI when compared to healthy,
sedentary and ambulatory individuals. They attributed
this to a reduced aerobic capacity of the stimulated
muscles (preponderance of Type II motor units as
indicated above) and/or an impaired cardiovascular
response to the exercise stimulus. The fact that the
tissue absorbency leveled o� after the free pedaling
period and during the four work stages support the
®ndings of the researcher cited. The lack of the central
cardiovascular command due to disruption of the
sympathetic stimulation to the myocardium in the SCI
subjects would reduce their overall oxygen transport
capacity.35 The fact that the heart rate was
signi®cantly lower in the SCI subjects during the
work stages supports this observation.

The results of the current study should be
interpreted with caution for two reasons. Firstly, the
maximum amount of deoxygenation of the vastus
lateralis muscle induced by arterial occlusion was not
determined for each subject. Recent studies31,36 have
used a resting cu� ischemia protocol (6 ± 8 min of cu�
ischemia using a blood pressure cu� in¯ated to
250 mmHg) to establish maximum tissue deoxygena-
tion levels and have expressed the degree of
deoxygenation during exercise relative to this level.
This was not done in this study in light of the ®ndings
of Chance et al,11 who reported that the application of
cu� ischemia to the vastus lateralis muscle following
maximal exercise increased the maximum deoxygena-
tion level by only 3%. This suggests that the muscle
was nearly maximally deoxygenated at the point of
exhaustion. Secondly, the degree of deoxygenation
could have been in¯uenced by di�erences in the
thickness of the skinfold layer between the two
groups of subjects. It is likely that the SCI subjects
had a thicker skinfold layer surrounding the vastus
lateralis muscle8 due to signi®cant atrophy of the
skeletal muscle following the injury. Studies that have
examined the in¯uence of skinfold thickness on tissue
deoxygenation using NIRS have indicated that the
thickness of the fat layer ranging from 4 to 10 mm
could result in a threefold di�erence in the tissue
absorbency measurement.37,38 In this study, skinfold
thickness at the NIRS measurement site was not
recorded, and therefore, the values could not be
corrected for this variable in the two groups of
subjects. It should be noted, however, that the NIRS
probe of this instrument is designed to have a
penetration depth, which is approximately 60% of
the distance between the light source and the optodes,
or a penetration equivalent to 2.5 ± 3 cm. It appears
that despite signi®cant muscle atrophy and concomi-
tant increase in skinfold fat in SCI subjects, this
penetration depth seems to be su�cient to obtain
proper NIRS recordings from the vastus lateralis
muscle in this population. It is recommended that

future studies comparing the tissue oxygenation status
between SCI and healthy subjects: (a) utilize the cu�
ischemia protocol to establish di�erences in the
absolute degree of deoxygenation between these two
groups, and (b) measure skinfold thicknesses at the
NIRS measurement site to evaluate the in¯uence of
skinfold thickness on the tissue absorbency measure-
ments.

In conclusion, the results of this study indicated that
FES cycle exercise induced modest increases in the
V
.
O2 and V

.
E in subjects with SCI. These increases,

however, did not result in a signi®cant increase in the
HR. Signi®cant di�erences were observed between the
healthy and SCI subjects for the deoxygenation trends
during exercise and recovery. Although the SCI
subjects demonstrated a smaller absolute change in
muscle deoxygenation, the rate of change with respect
to the change in absolute V

.
O2 was signi®cantly faster

in the SCI subjects. This was most likely due to the
greater recruitment of the Type II motor units which
are predominant in SCI subjects following injury.
During recovery from exercise, muscle reoxygenation
appeared to be delayed in the SCI subjects when
compared to the healthy subjects. These observations
support previous ®ndings in oxygen uptake kinetics
between these two groups of subjects.
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