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The aim of the present study was to verify the basic principles underlying the
prediction of VO, peak from a submaximal exercise test performed by paraple-
gics on a wheelchair ergometer and thus to propose regression equations of
VO, peak prediction. Forty-six paraplegic subjects (mean age =33.2+8.7
years) with a traumatic lesion (T1-L3) performed a graded exercise test on a
wheelchair ergometer until exhaustion. The test started with an initial workload
of 0 watts, with an increment of 6 watts per 2 minutes. Measurements included
power output (W), heart rate (HR) and oxygen consumption (VO,) throughout
the test. Linear relationships were observed between VO, and W (VO, =
0.79 + 0.02W, r =0.80, SEE =0.221min"') as well as between %VO, max
and % maximal heart rate (% VO, max=28.7+0.83 %HR, r =0.83 SEE =
10.5%). Combination of the two equations for estimating VO, peak led to a
linear relationship between the estimated and measured VO, peak. Nonetheless,
the strength and accuracy of the predlctlon were low (r =0.49, SEE =
0.29 1min~!). Participation in aerobic exercise, body mass and lean body mass,
introduced as correction factors in the regression equation, significantly im-
proved the strength and the accuracy of the prediction (r =0.85, SEE =
0.29 Imin~ 1) These results showed that the relationship between physiological
variables (VO, peak —W, %VO, peak — % max HR) during wheelchair
exercise in paraplegics are linear but, in some instances, much variability is

observed,
accuracy of VO, peak prediction.

suggesting a need for further research in order to improve the
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Introduction

Procedures of predicting maximal aerobic
power (VO, max) from a submaximal exer-
cise test were developed following the works
of Astrand and Ryhming.! Since then, many
studies have contributed to improve the
accuracy of these procedures on bicycle
ergometer>® as well as on treadmill.** Very
few studies reported procedures for the
prediction of peak oxygen consumption
(VO, peak) from a submaximal exercise

*Correspondence.

performed with the upper limbs,*’ even
though a first report on upper body exercise
was presented in 1924 by Collett and Lil-
jestrand.® The number of reports decrease if
we consider the investigations in disabled
persons such as the individuals with spinal
cord injury (SCI).>~!!

The development of procedures to predict
VO, peak was motivated by the fact that
newly spinal cord injured persons are unable
to perform a maximal exercise test during
the initial stage of rehabilitation considering
their low level of fitness following hospital-
ization, the potential adverse reaction to
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maximal exercise and the risk of vertebral
fractures. Thus, a submaximal test would be
more appropriate to assess VO, peak of
such individuals and may be helpful for the
prescription of a safe and meaningful exer-
cise program early in rehabilitation.

The most popular ergometer described in
studies on VO, peak prediction during
upper body exercise is the arm cranking
ergometer (ACE).!"? Kofsky et al'! reported
equations to predict the VO, peak with 49
paraplegic subjects using a three stage sub-
maximal and a maximal exercise test per-
formed on ACE. For 35 male subjects, the
predictive power of the submaximal test was
fair (r = 0.67). A prediction equation of
oxygen uptake from power output was
reported by Hjeltnes!’ from a three stage
submaximal exercise test performed on
ACE. A high correlation (r =0.97) was
observed but the study had a limited
number of subjects (n = 9) and the standard
error of estimate was not reported.

The concept of exercise specificity!
suggests that meaningful evaluation of
wheelchair-bound  individuals  requires
wheelchair-type activity as the exercise
mode.'" In the past, different wheelchair
devices were used to assess the exercise
capacity of persons with SCI: (1) wheel-
chairs overground®® or mounted on a
treadmill'”'® or on low-friction rollers;!*%
(2) wheelchair ergometers with a Monark-
type friction™? or an electromagnetic
braking system.??

The aim of the present study was to verify
the basic principles underlying the predic-
tion of VO, peak from a submaximal exer-
cise test performed by paraplegic subjects
on a wheelchair ergometer in order to
develop a clinical procedure of VO, peak
prediction that could be used in rehabilita-
tion.

Methods

Subjects

Basic criteria for potential inclusion in the
study were: (1) age 16-59 years; (2) male
subjects; (3) traumatic lesion; (4) lesion
level T1 or lower (corresponding to the
International Stoke Mandeville Games
Federation classes 1I-V);? (5) at least 3
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years postinjury; (6) ability to perform a
maximal exercise test on a wheelchair ergo-
meter.

Most of the subjects were recruited
through mail contact from the ‘Société
d’assurance automobile du Québec’ files.
Forty-six subjects (mean age 33.2*8.6
years) agreed to participate in the study.
More than 67% of them had sustained their
injury between 13 and 32 years of age and
mean posttraumatic period was 10.7 = 6.5
years.

Instrumentation

The wheelchair ergometer used for the
present study was designed by members of
our laboratory with the cooperation of the
Mechanical Engineering Department of
Laval University in Quebec City (Fig 1).
Basically, a standard wheelchair was
mounted on a metal frame; then, the two
wheels were coupled to an electromagnetic
braking system placed behind the seat.
Universal joints allowed the tilting of the
wheels simulating the inclination of the
individual’s wheelchair. The seat could be
electrically adjusted forward, backward, up
and down in order to simulate the subject’s
best seating. The electromagnetic braking
system kept a constant power output (ac-
curacy * 0.5 watts) whereas the individual
pushed the rim over the range of 40 to
80 revmin~!. Thus, the subjects could con-
centrate on the propelling technique rather
than the necessity to keep a constant velo-
city. Because of the inertia produced by a
metal wheel within the braking mechanism,

Figure 1 Wheelchair ergometer.



586  Paré et al

subjects reported that the wheelchair ergo-
meter nicely simulated the overground loco-
motion.

Data collection

The modified physical activity readiness
questionnaire which was that currently used
in our laboratory was included to allow the
team physician to determine in advance
subjects who would be at risk for maximal
exercise. Subjects’ blood pressure and rest-
ing EKG were recorded as part of a pretest
clinical examination conducted by the team
physician. The first physiological variables
to be recorded were the measurements
made at rest, starting with standard anthro-
pometry: height (supine position) and body
mass, allowing the computation of the
body mass index (kgm™2). Five skinfold
measurements (biceps, triceps, subscapular,
suprailiac, calf) were recorded as proposed
by Fitness Canada®* using Harpenden calip-
ers. An estimate of the percent body fat was
computed from four skinfolds (biceps,
triceps, subscapular, suprailiac) as proposed
by Womersley & Durnin.” Furthermore,
lean body mass was calculated from percent
body fat.

Wheelchair ergometry

Subjects performed a progressive exercise
test to exhaustion on the wheelchair ergo-
meter. They breathed through a low resist-
ance mouthpiece and a two-way valve
connected to a metabolic analyser (Morgan)
which determined respiratory minute vol-
ume, oxygen consumption and CO, output.
The EKG was monitored throughout exer-
cise, using a unipolar CM5 lead. Indications
to terminate exercise prior to subjective
exhaustion were as specified by the Ameri-
can College of Sports Medicine.?® The pro-
tocol included a 2 minute warm-up duration
without load (0 watt). The test started with
an initial load of Owatts at a cadence of
40 revsec™!, with an increment of 6 watts
every 2 minutes until exhaustion.

Activity measurements
The method proposed by Godin &
Shephard”’ was adapted and used as a
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simple index of leisure-time physical activ-
ity. An arbitrary total weekly score (T) was
derived by summing up the reported weekly
participation at each of the three intensity
levels (mild, moderate and strenuous),
multiplied by a corresponding anticipated
metabolic cost of 2, 4 and 7 METS, respect-
ively. This instrument has had substantial
validation in various regions of Canada.

Statistical analysis

The Systat program (version 5.0) for Macin-
tosh was used for data management and
analysis. Significance for all statistical ana-
lyses was fixed at the 0.05 level. Student’s ¢
tests were used to determine whether or not
there was a significant difference between
the predicted and measured maximal heart
rate. Simple regression was used to compute
prediction equations and to determine the
association between: (1) oxygen uptake and
power output, and (2) percentage of VO,
peak and submaximal heart rate. From the
two equations, the predicted VO, peak was
computed. Using multiple regression, the
influence of various factors (age, physical
activity, body mass, level of injury) on the
accuracy of prediction was determined.
Furthermore, residual scores were calcu-
lated in order to assess the mean percentage
of error of the predicted VO, peak.

Results

Anthropometry

Results on body composition of the sample
are presented in Table I. A large range of
body mass suggested the inclusion in the
study of subjects with different morphology.
Nonetheless, most subjects (83%) were
under the critical value?” of an increased

Table I Physical characteristics of the sample
(n = 46)

Variable X SD Minimum Maximum
Height (cm) 176.0 9.2 155.0 200.0
Body mass (kg) 70.1 13.6 41.2 111.0
BMI?* (kgm=2) 22.6 4.0 15.4 37.3
LBM® (kg) 54.6 8.3 36.5 78.0

aBody mass index. "Lean body mass.
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risk of developing cardiovascular diseases in
terms of their body mass index.?

Physical activity

Participation in physical activity is impor-
tant to the social and physical rehabilitation
of persons with SCI. Aerobic exercise was
limited to an average of one period per
week, 22 subjects (48% of the sample)
reporting no participation in such activities.
However, an average participation rate of
4.0 £3.9 times per week in all types of
formal exercise indicates that many subjects
were participating in some exercise pro-
grammes even though the development of
cardiovascular health was not a major com-
ponent of such programs (for example,
bowling, wheelchair softball). The large
range of the physical activity index (X =
16.9 £+ 14.0) confirmed that many subjects
were totally inactive (low scores) while
others had a very active leisure time (high
scores).

Response to exercise

A careful assessment of maximal values
attained by each subject during the exercise
test indicated that the end-test heart rate of
11 subjects was at least 15 beats below the
predicted maximal heart rate (220 — age)
with some extreme values at 30 beats below
the criteria. Thus, these subjects were not
considered for the prediction of VO, peak.
Table II summarizes results at maximal
exercise. All fitness variables showed a large
intersubject variability. The range of power
output was 50 watts, and 17 mlkg ! min™!
for maximal aerobic power with a value as
low as 17.3 mlkg ! min~! suggesting in some
individuals a very low level of fitness. No
significant differences of VO, peak were
observed with lesion level (over the range of
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classes II and IV). The mean heart rate
reached at maximal exercise (X = 187 + 11)
was similar to the predicted maximal heart
rate (220 — age = 187 beatsmin™!).

Oxygen consumption—power output

The first step to predict maximal aerobic
power consisted in the prediction of VO,
from power output. A regression line of
oxygen consumption on power output (W)
from submaximal wheelchair exercise was
represented by the linear equation (A).
Figure 2 shows the individual data points of
measured VO, on power output for all
subjects. Despite large variability between
subjects, a fair correlation was observed
between the two variables.

VO, (Imin~!) = 0.79 + 0.02 W(watts) (A)
(r = 0.80, SEE = 0.22)

3 T T T T

y = 0.02x + 0.79
r = 0.80 SEE = 0.22

Measured VO, (I min~ ")

0 1 1 1 I
=20 0 20 40 60 80

Power output (watts)

Figure 2 Relationships between measured VO,
and power output through a range of submax-
imal to maximal exercise.

Table II Results of maximal values from graded exercise testing performed on a wheelchair

ergometer (n = 35)

Variable X SD Minimum Maximum
Power output (watts) 38.5 13.3 18.0 66.0
VO, peak (Imin-1) 1.63 0.36 0.96 2.54
VO, peak (ml kg~! min—!) 23.9 4.6 17.3 34.8
Heart rate (beats min—!) 187 11 157 208
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% VO, peak—% maximal heart rate

The second step consisted in the prediction
of the percentage of VO, peak from a
submaximal heart rate (HR) expressed in
percentage of reserve heart rate (% MAX
HR, see below). A regression line of % VO,
peak on % MAX HR was represented by
the linear equation (B). The individual data
points of all subjects are represented in
Figure 3. Despite a fair correlation between
the two variables, there exists a lot of
variability between the subjects suggesting
differences in physiological adaptation to
exercise.

% MAX HR:
(submax) HR — (resting) HR
(maximal) HR — (resting) HR
% VO, peak = 8.75 + 0.83 % MAX HR
(r = 0.83, SEE = 10.5)

(B)

Prediction of VO, peak

Equations (A) and (B) were combined for
estimating VO, peak from a submaximal
power output and a corresponding % MAX
HR. Since maximal values are not attained
with a submaximal test, (maximal)HR was
replaced into the equation by the predicted

T T T T T T T T

y = 0.83x +8.75 .
r=0.83 SEE = 10.5°° og" 8]
o]

100
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% max heart rate

Figure 3 Relationships between % of measured
VO, peak and % heart rate through a range of
submaximal to maximal exercise.
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value (220 — AGE). Combination of the
two equations led to the regression equation
(C) of estimated VO, peak.

Estimated VO, peak (I min~")
= [(0.79 + 0.02 W)
+ (8.75 + 0.83 % MAX HR)]
X 100

©)

Comparison between measured and estim-
ated VO, peak (Fig 4) showed a fair
correlation between the two variables
(r =0.49, SEE = 0.29). Since external fac-
tors can influence the prediction of VO,
peak, procedures of stepwise multiple re-
gression were used to generate a more
accurate prediction with measured VO,
peak as a dependent variable and estimated
VO, peak, age, level of injury, body mass,
lean body mass, level of physical activity as
independent variables.

While estimated VO, peak contributed
for 24% of the explained variance in
measured VO, peak, significant contribu-
tions to the prediction were made with the
addition of lean body mass (69% of vari-
ance) or the addition of body mass and
participation in aerobic exercise (Table III)
leading to an explained variance of 73%
(r = 0.85, SEE = 0.17). In a clinical setting,

2.5 T T

y = 0.49x +0.84
r=0.24 SEE =0.29, °

Measured VO, peak (I min~"}

1.0 1.5 2.0 25
Estimated VO, peak (I min~")

Figure 4 Individual data points for comparison
of estimated VO, peak to measured VO, peak.
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TableIII The percentage of variance in ‘measured VO, peak’ explained by estimated VO, peak,

body mass and aerobic exercise (n = 35)

Step Independent variables r % variance (r2?)
1 Estimated VO, peak 0.49 0.24
2 1 + body mass 0.83 0.69
3 1 + 2 + aerobic exercise 0.85 0.73

accurate measurement of lean body mass
and aerobic exercise is not always possible.
Thus, body mass was introduced with estim-
ated VO, peak in an equation for predicting
measured VO, peak with a similar percen-
tage of explained variance (r = 0.83,
7 =0.69, SEE = 0.19) using the following
equation (D). Figure 5 shows the individual
data points of estimated VO, peak (cor-
rected value) to measured VO, peak. From
residual analysis, the mean error of the
estimate of this equation was calculated of
10.7% (SD = 8.0%).

Corrected VO, peak (1 min~!)
= —0.58 + 0.60 est VO, peak (I min~')
+ 0.018 body mass (kg) (D)

Discussion

While vigorous efforts are made by rehabili-
tation teams to allow persons with SCI to

2.5 -1 T
y =1.01x+0.01
= r=0.83 SEE =0.19 °
i [}
< o
1S o
= 20} o PRI
o o
& o Qo'
S o
2
95 ° o ° o g
@© . .
) ° °e° Without correction
= 5 o factor
o With correction
° factor
1.0 L L
1.0 1.5 2.0 2.5

Estimated VO, peak (I min~")

Figure 5 Individual data points for comparison
of estimated VO, peak to measured VO, peak
with one correction factor (body mass).

return to preinjury activities, the physio-
logical aspects of the individual’s potential
are often unknown. This is particularly true
of cardiovascular fitness, since only a few
rehabilitation centres own equipment neces-
sary for adapted exercise testing. Nonethe-
less, there is a need to develop procedures
which will allow the assessment of the
physical fitness of newly injured paraplegic
patients. The aim of the present study was
to develop a procedure for the prediction of
VO, peak using a wheelchair ergometer to
demonstrate the principle of exercise speci-
ficity. Such a procedure would be relevant
for the process of exercise prescription in
individuals who are medically stable but
who are not able to attain maximal exercise.

One of the first principles underlying the
prediction of VO, peak in paraplegic pa-
tients that should be considered is the
maximal heart rate. Since cardiac function is
relatively unaltered following a low-thoracic
or lumbar lesion, the predicted maximal
heart rate (220 — age) may theoretically be
reached by most paraplegic patients as by
nondisabled during lower body exercise. In
fact many studies have suggested that the
maximal heart rate during upper body exer-
cise reaches a few beats below the predicted
value. In a review of 17 studies on upper
body exercise (disabled and nondisabled),
Franklin® reported that maximal heart rate
reached 88% to 98% of maximal value
during lower body exercise corresponding to
a mean value of 12 beats min~! under the
prediction.

Mean maximal heart rate observed in the
whole sample suggests that the value is not
lower than 5 beats min~! of the predicted
value (220 — age). When some individuals
(n=11) who seemed not to meet the
criteria of maximal exercise are extracted,
the observed value is equal to the predicted
value. Considering such a result with some
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maximal heart rate over 200 beats min~!, we
could hypothesize that physiological adapta-
tion to maximal exercise in a substantial
number of individuals with paraplegia
(probably well trained) is similar to that
observed in nondisabled geople. In a previ-
ous study by our group,® with a sample of
many well-trained wheelchair athletes, we
observed that the predicted maximal heart
rate has been attained by a majority of
subjects. Again, in some individuals, the
maximal exercise elicited a heart rate over
200 beats min 1.

The second principle underlying the pre-
diction of VO, peak during wheelchair
exercise in paraplegic individuals is the
relationship between oxygen consumption
and power output. Most of the studies
observed a linear relationship between VO,
and power output during wheelchair exer-
cise”1431:32 as well as during arm cranking
exercise.!!'373¢ In the present study, we
observed a linear relationship between VO,
and power output and the correlation coef-
ficient (r = 0.80) suggests a fair association
even though the value did not reach that
presented in previous studies (r > 0.90).
Differences in subjects, protocols and ergo-
meters might explain this lower value.

The third principle underlying the predlc-
tion of VO, peak during wheelchair exercise
is the relationship between % VO, peak and
heart rate. Based on the works of Astrand
and Rhyming,' this relationship has been
seen as linear during lower body exercise.
Unfortunately, no studies have published
results on this relationship during wheel-
chair exercise. Our findings showed a linear
relationship between the % VO, peak and
the % of max heart rate (r = 0.83) during
submaximal exercise but the association
between the two variables was not as strong
as that presented in studies on bicycle
ergometers. >3

Interindividual differences in techniques
may explain the lower value observed dur-
ing wheelchair exercise as compared with
cycling exercise. Some of our subjects had a
very efficient propulsion technique using a
complete motion over the wheels while
other subjects used a propelling technique
over a smaller part of the wheel, diminishing
the movement efficiency. Such a discrep-
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ancy is unlikely to happen in cycling exercise
and the range of movement efficiency
among individuals is probably smaller.

The combination of the equations (A)
and (B) led to an equation predicting VO,
peak with a limited association between
measured and estimated values, suggesting
the need for introducing correction factors
in order to increase the accuracy of predic-
tion. Metz et al* suggested that a regression
equation should have a multiple r higher
than 0.70 to be acceptable for prediction of
VO, max. In cycling exercise, many factors
were used to correct the equations predict-
ing VO, max such as age, ventilation, body
mass, lean body mass, power output, blood
pressure,l-‘“”42 with a certain level of suc-
cess. In a study with an arm cranking device
in 52 subjects (including 4 paraplegic per-
sons), Chambers er al* introduced five
correction factors in an equation predicting
VO, peak, leading to a coefficient of 0.75
between predicted and measured VO, peak.
Furthermore, Rhodes et al'® used blood
pressure, age and height to improve the
prediction of VO, peak from the distance
covered during a 12-minute field test in a
group of persons with SCI (r = 0.69).

In our study, three correction factors
significantly influenced the accuracy of pre-
diction of VO, peak: body mass, lean body
mass and participation in aerobic exercise.
Conversely, the level of injury did not seem
to be a valid predictor of VO, peak.
Depending on the factors used, the regres-
sion equation of prediction showed a mul-
tiple » of 0.83 and 0.85. These correlations
are somewhat lower than those presented by
other studies!!'** which reach values in
between 0.88 and 0.97 during arm cranking
exercise. Nevertheless, in a review of 13
studies on prediction of VO, max from
lower body exercise, Kasch® found a mean
correlation of 0.62 between the predicted
and measured values (0.34 to 0.92). The
mean percentage of error in the prediction
was similar to that presented in studies on
lower body exercise. **

It is interesting to observe that lean body
mass contributes to increase the accuracy of
prediction of VO, peak. It suggests that a
larger muscle mass of upper body may allow
a higher efficiency of physiological adapt-
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ation to wheelchair exercise. Conversely, a
smaller muscle mass may induce inappropri-
ate adaptations to exercise such as a poor
muscle blood flow, a higher muscle tension
and a rapid contribution of anaerobic meta-
bolism. The most likely phenomenon that
could occur during exercise testing may be
an exaggerated response of heart rate at any
given submaximal workload, leading to a
discrepancy between measured and pre-
dicted VO, peak.

Certain limitations of the present study
should be stressed. First, the reality of the
research context did not allow us to use a
rigorous random sampling procedure; we
were only able to recruit a sample of
volunteers. So, it could be hypothesized that
our subjects had a predetermined positive
attitude toward both our study and physical
activity. Second, it has been suggested that a
multiple regression analysis such as that
used to compute the corrected VO, peak
requires a large sample. The sample size is
relatively small to answer many important
questions raised in the study. Third, we
were unable to record the preinjury physical
activity habits since many subjects could not
recall their level of physical activity at the
time of injury. However, this variable prob-
ably influenced the extent of their participa-
tion in physical activity after injury.

Despite the above limitations, our find-
ings suggest that: (1) maximal heart rate in
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paraplegics during wheelchair exercise is
similar to the predicted value (220 — age);
(2) the relationship between oxygen con-
sumption and power output is linear as well
as the relationship between % VO, peak and
heart rate during submaximal wheelchair
exercise; and (3) some correction factors
(body mass, lean body mass and participa-
tion in aerobic exercise) improve the ac-
curacy of prediction of VO, peak from a
submaximal power output and the corres-
ponding heart rate.

There is a need for further research in
order to improve the accuracy in the predic-
tion of V02 peak from a submaximal wheel-
chair exercise and to determine the relative
contribution of correction factors in the
explained variance in VO, peak. Moreover,
a study with a larger sample could deter-
mine whether or not the level and extent of
injury as well as the propelling technique
influence the prediction of VO, peak in
paraplegic persons.
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