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Objectives: To describe wheelchair-specific anaerobic work
capacity, isometric strength and peak aerobic work capacity
of physically inactive people with long-term spinal cord injury using outcomes of tests that are feasible for use in rehabilitation centres, and to determine associations among these
fitness components.
Design: Cross-sectional study.
Participants: Manual wheelchair users with spinal cord injury for at least 10 years, who were inactive based on a norm
score of a physical activity questionnaire (n = 29; 22 men; 20
with paraplegia; median age 53 years).
Methods: Participants performed 3 exercise tests in their
own wheelchair to determine: highest 5-s power output over
15-m overground sprinting (P5–15m); highest 3-s isometric
push-force (Fiso); and peak power output (POpeak) and
peak oxygen uptake (VO2peak) over a peak test.
Results: Median (interquartile range) was in P5–15m 16.1
W (9.4–20.9); in Fiso 399 N (284–610); in POpeak 40.9 W
(19.1–54.9); and in VO2peak 1.26 l/min (0.80–1.67). Correlations among outcomes of fitness components were weak
(r = 0.50–0.67, p < 0.01), except for P5–15m with POpeak
(r = 0.79, p < 0.001).
Conclusion: All fitness components measured in this sample
were at relatively low levels, implying a specific need
for interventions to improve wheelchair-specific fitness.
The weak-to-moderate associations among components
imply that separate tests should be used when monitoring
wheelchair-specific fitness in rehabilitation centres.
Key words: paraplegia; physical fitness; tetraplegia; wheelchairs; work power; aerobic capacity; mechanical efficiency;
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Introduction
The maintenance of wheelchair-specific fitness is considered
important for many people with spinal cord injury (SCI), as
most depend on a manual wheelchair in daily life (an estimated
81% in the Netherlands) (1, 2). Wheelchair-specific fitness,
defined as physical fitness measured during manual wheelchair propulsion tests, has a positive association with health,
participation and quality of life of people with SCI (3–5).
Physically inactive people with long-term SCI are a group that
is specifically expected to suffer from low wheelchair-specific
fitness (6). This group not only has an inactive lifestyle that
has been associated with lower wheelchair-specific fitness (7),
but also has a relatively high incidence of secondary health
complications that can lead to reduced wheelchair-specific
fitness (8–10).
Descriptions of wheelchair-specific fitness of inactive people
with long-term SCI are limited (11–13). A detailed description
of wheelchair-specific fitness should include anaerobic work
capacity, isometric strength, and peak aerobic work capacity,
as these fitness components are assumed to reflect the capacity
needed in essential wheelchair activities such as propelling a
long distance, propulsion over uneven surfaces, and ascending
a ramp (14). Such a description is not yet available for inactive
people with long-term SCI using outcomes of tests feasible for
use in rehabilitation centres. Feasible tests are a prerequisite for
systematic fitness monitoring in rehabilitation centres, which
can support maintenance of fitness (1, 15).
Furthermore, it is not clear if and how wheelchair-specific
fitness components are associated in inactive people with
long-term SCI performing tests that are feasible for use in
rehabilitation centres. If the outcomes of different components
are strongly associated, it implies that separate tests for each
component are not necessary, since an outcome of 1 component
could be used to predict another, which may reduce measurement burden (16–18). Furthermore, strong associations may
also imply that different exercise forms can improve various
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wheelchair-specific fitness components of inactive people
with long-term SCI; for example, strength exercise improving
peak aerobic work capacity or endurance exercise improving
isometric strength (16, 17, 19). Strong associations among
wheelchair-specific anaerobic work capacity, isometric strength
and peak aerobic work capacity have already been found in
a group with long-term SCI (r = 0.81–0.90), but in this study
laboratory-based wheelchair ergometer tests were used (16).
The aims of this cross-sectional study were i) to describe
levels of wheelchair-specific anaerobic work capacity, isometric
strength and peak aerobic work capacity of a group of physically
inactive people with long-term SCI using outcomes of tests that
are feasible for use in rehabilitation centers; and ii) determining associations among the group’s fitness components. Our
hypotheses were to find i) relatively low fitness levels when
compared to previous studies in people with SCI such as those
on lab-based tests (13, 20, 21); and ii) strong associations among
components similar to those found using lab-based tests (16).

Methods
Participants, procedures and outcomes in this cross-sectional study
were part of baseline measurements in a multi-centre randomized
controlled trial (RCT) on low-intensity wheelchair exercise (22).
Participants
Participants were physically inactive people with a long-term SCI who
were community-dwelling manual wheelchair users (Table I). Longterm SCI was defined by a time since injury > 10 years, while physical
inactivity was defined by a score on the Physical Activity Scale for
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Individuals with Physical Disabilities (PASIPD) < 75th percentile of a
Dutch cohort with SCI (23). Participants were included after providing
voluntary agreement, written informed consent and eligibility screening (22). Exclusion criteria comprised: cardiovascular contraindications (for example systolic blood pressure > 180 mmHg and metabolic
conditions such as uncontrolled diabetes and thyrotoxicosis); musculoskeletal complaints contraindicating manual wheelchair propulsion;
mental contraindications; and insufficient mastery of Dutch language
(22, 24). The study was approved by the medical ethical committee
of the VU University Medical Center (Amsterdam, The Netherlands)
and the 2 participating rehabilitation centres.
Procedures and outcomes
On a single day in a standardized procedure (22), participants performed 3 exercise tests in their own wheelchair: a 15-m overground
sprint test with an instrumented wheel; an isometric-push test; and a
graded peak exercise test on a treadmill. These tests were used to assess wheelchair-specific anaerobic work capacity, isometric strength,
and peak aerobic work capacity, respectively.
Anaerobic work capacity (15-m test). Anaerobic work capacity was
determined in a 15-m overground sprint test in the participants’ own
wheelchairs, similar to a protocol in a pilot study on able-bodied people
(25). This protocol was based on a 15-m sprint test used in previous
SCI cohort studies as part of a wheelchair skill test battery (5, 26). The
right rear wheel of the participant’s wheelchair was replaced with an
instrumented wheel that sampled 3-dimensional forces and moments
applied to the handrim throughout the test at 200 Hz (OptiPush, MAX
Mobility, Antioch, USA). The left wheel was replaced with an inertiacompensated wheel. Total weight of the wheels was 11.4 kg.
The outcome was the highest mean unilateral power output over
successive 5-s intervals of the 15-m test (P5–15m) (25). Concurrent
validity of P5–15m was seen as acceptable given its strong association
with outcomes on a Wingate-like test on a wheelchair ergometer found
in a pilot study (r = 0.75–0.77) (25).

Table I. Participants’ characteristics
Total
N

Para
n

Tetra
n

Para vs Tetra
p

Group size
Men/women
Complete/incompletea
AIS A/B/C/D
C4–6/C7–8/Th1–9/Th10–L5
Married or partner/single
Cohabiting/not cohabiting
Employed/not employed
Low/medium/high education level
Help in daily-self care/no helpb
Help in household/no helpb

29
22/7
20/9
17/3/7/2
5/4/13/7
18/11
19/10
20/9
14/13/2
17/12
25/4

20
15/5
15/5
14/1/4/1
0/0/13/7
12/8
13/7
13/7
9/10/1
9/11
18/2

9
7/2
5/4
3/2/3/1
5/4/0/0
6/3
6/3
7/2
5/3/1
8/1
7/2

1.00
0.40
N.A.
N.A.
1.00
1.00
0.68
N.A.
0.04
0.57

Median (IQR)

Median (IQR)

Median (IQR)

Age, years
Height, m
Body mass, kg
BMI, kg/m2
Time since injury, years
Age at onset SCI, years
PASIPD, MET h/weekc

57 (45–63)
1.80 (1.69–1.86)
88 (78–100)
28 (25–32)
17 (14–29)
30 (23–44)
8.0 (4.2–14.6)

54 (44–61)
1.79 (1.69–1.85)
89 (82–102)
28 (25–33)
18 (14–28)
30 (22–43)
9.2 (6.9–15.2)

63 (43–65)
1.80 (1.65–1.93)
82 (74–99)
27 (17–38)
14 (13–33)
30 (25–49)
4.7 (1.6–12.9)

0.30
0.80
0.37
0.56
0.80
0.69
0.15

Statistical comparison based on Fisher’s tests and Mann-Whitney U tests (p < 0.05).
a
Para defined as lesion < Th1; Complete defined as motor complete lesion (39).
b
Help from partner and/or healthcare professional.
c
PASIPD < 30 used as the criterion for being physically inactive (22); missing in n = 2 (paraplegia: n = 1).
AIS: American Spinal Injury Association Impairment Scale (39); BMI: body mass index; SCI: spinal cord injury; MET: metabolic equivalent; PASIPD:
Physical Activity Scale for Individuals with Physical Disabilities (23); Para: paraplegia; Tetra: tetraplegia; IQR: interquartile range; N.A.: Fisher’s
tests not applicable.
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Wall

Wheelchair with participant
Push direction
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Force transducer (1000 N)

Anchor point 2

Rope 1

Fig. 1. Set-up of the isometric wheelchair push-test (see
(22) for a photograph). The participant’s wheelchair
was blocked by attaching it, via a system of ropes and
a pulley, to a one-dimensional strain gauge transducer.
A computer received the signal of the strain gauge
transducer so that force could be determined at 100 Hz.

Rope 2
Wheel axle

Pulley (lightweight)

A/D converter + computer

Anti-slip mat

Isometric strength (isometric-push test). Isometric strength was determined using a protocol in which participants performed a maximal
isometric contraction for 5 s with their hands on top of their handrims,
while their wheelchair with regular wheels was attached via a rope and
a force transducer to a wall (22, 27). The set-up is shown in Fig. 1.
During the test, an investigator held the front castors of the wheelchair
on the floor. The participant performed 3–5 trials of the test interspersed
with 2-min rest periods between trials.
In data processing, the force was doubled as the transducer was
connected to only 1 of the 2 anchor points (Fig. 1). The outcome of the
isometric wheelchair push-test was the highest mean consecutive 3-s
force interval over 3 successful trials (Fiso, a bilateral force outcome),
similar to a wheelchair ergometer test (13).
Peak aerobic work capacity (peak exercise test). Peak aerobic work
capacity was determined with a protocol similar to that used in previous SCI cohort studies on people with SCI (26, 28). The protocol
consisted of: familiarizing the participant with treadmill propulsion
including determination of treadmill velocity during the tests, that is
< 0.56, 0.56, 0.83 or 1.11 m/s; a drag test to determine a participant’s
power output at each inclination angle of the treadmill; 2 blocks of 3
min of submaximal treadmill propulsion; and an incremental exercise
test in which the inclination angle of the treadmill increased every
minute by about 0.3° until the participant could no longer maintain
treadmill velocity (26).
Outcomes were mean power output over the last 30 s of the test
(POpeak) and the highest mean 30-s oxygen uptake over the test
(VO2peak). As a reference for peak performance, the highest 30-s
respiratory exchange ratio over the test was determined, in addition
to assessing the rate of perceived exertion immediately after the test
(scale of 0–10) (29).
Statistical analysis
Descriptive statistics were determined over the total group as well as
subgroups with paraplegia and tetraplegia for all participant characteristics and outcomes. All data of the total group was normally distributed
based on tests for skewness and kurtosis (p < 0.10), in contrast to data
for the subgroups with paraplegia and tetraplegia. For descriptive pur-

poses, participant characteristics and outcomes of the subgroups were
compared using Fisher’s tests and Mann-Whitney U tests (p < 0.05).
Over the total group, Pearson’s r was calculated among P5–15m,
Fiso, POpeak and VO2peak. High correlations were defined as r ≥ 0.90,
moderate as r = 0.70–0.90 and weak as r < 0.70 (30). Significance was
set at p < 0.05.

Results
Participants
The majority of the 29 participants were middle-aged and
had a complete paraplegia for approximately 17 years. Mean
activity scores were as low as 4.7 metabolic equivalents (MET)
h × week, while only 2 participants engaged in sports (either
2 h of badminton or 1 h of handcycling). Other demographics
and lesion characteristics are described in Table I.
Procedures
Participants used wheelchairs with a rear wheel diameter
of 0.61 (n = 21), 0.64 (n = 4) or 0.66 m (n = 4), while all tyre
pressures were set at 6 × 105 Pa. All participants used regular
handrims, except for 2: a participant with a complete T11
lesion used handrims integrated with the wheel rim, and 1
participant with an incomplete C4 lesion used handrims with
rods perpendicular to the handrim.
All participants performed all tests according to protocol,
except for the 15-m test (n = 2) and peak test (n = 1). The 15-m
test could not be performed by a participant with an incomplete T3 lesion due to the instrumented wheels not fitting the
wheelchair axle of the participants’ wheelchair, while the participant with the incomplete C4 lesion was not able to use the
instrumented wheels given the need for handrims with rods. A

Table II. Description of wheelchair-specific fitness: outcomes over the total group and subgroups with paraplegia and tetraplegia
Total
P5–15m, W
Fiso, N
POpeak, W
VO2peak, l/min

Para

Tetra

Para vs Tetra

Median (IQR)

n

Median (IQR)

n

Median (IQR)

n

p

16.1 (9.4–20.9)
399 (284–610)
40.9 (19.1–54.9)
1.26 (0.80–1.67)

23
28
28
28

18.3 (14.5–26.4)
525 (334–677)
51.2 (36.3–59.0)
1.52 (1.07–1.75)

17
19
19
20

8.0 (4.8–15.5)
211 (128–375)
18.7 (8.3–33.1)
0.68 (0.54–1.07)

6
9
9
8

0.02
< 0.001
< 0.001
0.01

Statistical comparison based on Fisher’s tests and Mann-Whitney U tests (p < 0.05).
P5–15m: highest 5-s power output over 15-m overground sprinting (unilateral); Fiso: highest 3-s isometric push-force (bilateral); POpeak: peak power
output; VO2peak: peak oxygen uptake; Para: paraplegia; Tetra: tetraplegia; IQR: interquartile range.
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1200

100

2.5

50

1200

2

40

1000

80

2

40

1000

10

0.5
0

Para

0

Tetra

600
400

0

Tetra

40
20

200
Para

60

Para

Tetra

0

Para

1.5
1

0

20
10

0.5

Tetra

30

Fiso (N)

20

800

POpeak (W)

1

30

Fiso (N)

1.5

P5−15m (W)

50

VO2peak (L/min)

2.5

P5−15m (W)

VO2peak (L/min)
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Para

0

Tetra

Para

Tetra

participant with an incomplete C6 lesion preferred to perform
the peak test without the mask used to determine VO2peak. In
addition, missing data due to technical problems occurred in
POpeak (n = 1), P5–15m (n = 4) and Fiso (n = 1). Table II shows
the resulting sample sizes.

peak aerobic work capacity, compared with previous studies
in people with SCI such as those using laboratory-based tests
(13, 20, 21). Variance over the group was high for all outcomes.
Weak-to-moderate associations were found among the group’s
wheelchair-specific fitness components (r = 0.50–0.79).

Description of outcomes

Description of wheelchair-specific fitness

In the total group, median P5–15m was 16.1 W, median Fiso
399 N, median POpeak 40.9 W and median VO2peak 1.26 l/min
(Table II and Fig. 2). Variance over the group was high for all
outcomes (Fig. 2). Although the subgroup with paraplegia had
significantly higher outcomes than the subgroup with tetraplegia
(Table II), overlap between these subgroups was apparent: some
participants with tetraplegia had outcomes equal to or higher
than those with paraplegia (Fig. 2).
Mean respiratory exchange ratio in the peak test was
> 1.00 for the total group (median [interquartile range]: 1.02
[0.91–1.12]), indicating that mean peak aerobic performance
was reached. Mean rate of perceived exertion on a 0–10 scale
was 6 for the total group (interquartile range 5–9).

Anaerobic work capacity in our study was lower than in studies
on more active people with SCI in which a similar 5-s power
output outcome was determined in laboratory-based Wingate
tests of 20 or 30 s (20, 21). In part, this may be due to a lower
resistive load in our overground-sprint test compared with the
body-mass standardized load in the Wingate test. Regardless
of fitness level, power output outcomes seem to be lower in
wheelchair sprint tests with less resistive load (25, 31). P5–
15m has only been determined in novice able-bodied people
(mean 38.1 W) (25), and was much higher than found in the
groups with paraplegia and tetraplegia in our study (approximately 2–4 times, respectively). Lower wheelchair-specific
anaerobic work capacity of people with SCI has been associated with higher physical strain during activities of daily
living (ADL) (32).
The study group had relatively low wheelchair-specific isometric strength, for example in comparison with a study with
normative values based on active as well as inactive people
with SCI performing laboratory-based wheelchair ergometer
tests (13). The mean Fiso of the subgroups with paraplegia and
tetraplegia would be placed in the lower to middle categories of
this norm study (13). Isometric strength has been determined
in an inactive group with SCI performing laboratory-based
wheelchair ergometer testing, and found to be similarly low
as in our study (on average 288 N vs 211 N in our study) (11).

Correlations among outcomes of fitness components were all
significant but weak (r = 0.50–0.67, p < 0.01), except for P5–
15m with POpeak (r = 0.79, p < 0.001) (Table III, Fig. 3). A
moderate-to-high correlation was found within outcomes of the
peak exercise test (POpeak with VO2peak: r = 0.89, p < 0.001).
Discussion
The study group had relatively low outcome levels for wheelchair-specific anaerobic work capacity, isometric strength and

Table III. Associations among fitness components: Pearson’s r among outcomes in the total group
POpeak
VO2peak
P5–15m
Fiso

VO2peak

600
400
200

Fig. 2. Description of wheelchair-specific fitness: outcomes of individual participants. Dots represent a participant’s outcome. Bars represent medians
of the subgroups with paraplegia and tetraplegia. P5–15m: highest 5-s power output over 15-m overground sprinting; Fiso: highest 3-s isometric pushforce; POpeak: peak power output; VO2peak: peak oxygen uptake; Para: paraplegia; Tetra: tetraplegia.

Associations among fitness components

800

P5–15m

r

95% CI of r

n

r

95% CI of r

n

r

95% CI of r

n

0.89**
0.79**
0.64**

0.77–0.95
0.55–0.91
0.35–0.82

27
22
28

0.67*
0.50*

0.35–0.85
0.15–0.74

22
27

0.55*

0.17–0.79

22

*p < 0.01, **p < 0.001.
POpeak: peak power output; VO2peak: peak oxygen uptake; P5–15m: highest 5-s power output over 15-m overground sprinting; Fiso: highest 3-s
isometric push-force; 95% CI: 95% confidence interval.
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P5−15m (W)
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Paraplegia
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0

R2 =0.41 (p<0.001)
r =0.64 (p<0.001)
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POpeak (W)
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r =0.79 (p<0.001)

0

0
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Fig. 3. Associations among fitness components: illustration with scatter plots, linear regression lines, correlation coefficients (Pearson’s r) and explained
variance (R2) for POpeak with P5–15m and Fiso. P5–15m: highest 5-s power output over 15-m overground sprinting; Fiso: highest 3-s isometric pushforce; POpeak: peak power output.

Reduced wheelchair-specific isometric strength has been associated not only with higher strain in ADL (32), but also with
increased upper-body pain (33).
Wheelchair-specific peak aerobic work capacity was also
relatively low, as exemplified by the relatively low POpeak
in comparison with previous studies on people with SCI using
similar outcomes (12, 13, 28, 34). POpeak in the subgroup with
paraplegia would be ranked in the lowest category of a study
on norm values of fitness of people with SCI including both
active as well as inactive people (13). The mean POpeaks in
the subgroups with paraplegia (51 W) and tetraplegia (19 W)
were approximately 30% lower than the mean POpeak determined in a systematic review of studies on fitness of people
with paraplegia (74 W) and tetraplegia (26 W) (12). Such low
POpeak values are alarming, as POpeak has been negatively
associated with strain during ADL, health, participation and
even quality of life (3–5, 32). Furthermore, mean POpeak in
our study (41 W) was approximately equal to that of a group of
people at the start of inpatient SCI rehabilitation (35 W) (28).
That group showed an increase in mean POpeak to 52 W at
discharge from inpatient rehabilitation, which was eventually
maintained up to 5 years after discharge (56 W) (28). It seems
that the people in our study never reached such a level of POpeak or, alternatively, they might not have been able to maintain
it over their relatively long SCI-lifespan due to an inactive
lifestyle and/or incidence of secondary health complications
that can lead to reduced wheelchair-specific fitness (7–10).
An explanation for the group’s highly variable fitness levels
might be found in the group’s variance in factors such as age,
gender, body mass, physical activity levels, time since injury,
lesion level and completeness (13), in addition to factors such
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as spinal deformities and history of secondary health complications (9). This remains a topic for future study, given the
cross-sectional design and relatively small sample size in our
study. For example, cross-sectional studies on larger samples
of inactive people with long-term SCI can be used to study
the participant and lesion characteristics in multiple regression
analyses (13). The influence of activity and fitness-impairing
secondary complications on fitness in people with long-term
SCI can further be investigated using longitudinal designs.
Although a comprehensive review was beyond the scope of
this study, it seems that physically inactive people with longterm SCI are a group in the population with SCI with relatively
low wheelchair-specific anaerobic work capacity, isometric
strength and peak aerobic work capacity. Possible causes for
these low levels may lie in their inactive lifestyle and higher
incidence of fitness-impairing secondary complications with
increasing time since injury (7–10).
Associations among the fitness components
Associations among the group’s wheelchair-specific fitness
components were lower than found in a previous study in
which people with SCI performed laboratory-based wheelchair
ergometer tests (r = 0.81–0.90) (16). A possible explanation
for this may be found in differences between our tests and
the ergometer tests. For example, the 15-m overground sprint
test has been suggested to depend more on skill than the 30-s
wheelchair ergometer sprint test, as high handrim velocities
may occur in an overground sprint that are prevented in the
ergometer test due to a body-mass standardized load (25). The
higher dependence on skill in the 15-m test might therefore
have resulted in a relatively weak association between an-
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aerobic work capacity and the other fitness components. This
skill dependence might also partly explain why associations
among the fitness components in our study were lower than
found in most previous studies on people with SCI performing
non-wheelchair specific fitness tests, such as arm cranking and
strength-dynamometry tests (17, 19).
Although associations among the fitness components in the
present study were weaker than in previous studies on people
with SCI, they do appear to be stronger than what has been
found in able-bodied groups (16, 18, 35). In these groups, no
or weaker associations were apparent among upper-body and
lower-body fitness components of able-bodied people (16,
18, 35). A possible explanation for this difference is that, on a
group level, wheelchair users with SCI are more homogenous
in their development of upper-body aerobic, lactic and alactic metabolism compared with upper-body and lower-body
metabolism of able-bodied people (36). Wheelchair users
with SCI always depend on their upper-body in daily life, for
example in ADL, such as propelling a long distance (aerobic),
ascending a ramp (lactic) and body-weight transfers (alactic)
(14, 36). A more homogenous development of aerobic, lactic
and alactic metabolism might be specific for disability groups,
as relatively strong associations were also found among
lower-body fitness components of people with cerebral palsy
compared with able-bodied people (18). Another explanation
for the difference found in able-bodied people might be the
coordination problems and low muscular strength levels in
groups with tetraplegia and cerebral palsy (18). Low strength
and coordination levels could limit oxygen transport during a
peak test due to impediment of local muscle blood flow, leading
to a relatively strong association between peak aerobic work
capacity and strength (17).
Anthropometrics, such as body mass, have been suggested
to influence associations among fitness components (16).
Therefore, we checked whether correlations were different
among outcomes divided by body mass, and found that correlations were similar to those shown in Table II (e.g. r = 0.83
for POpeak/kg with P5–15m/kg vs r = 0.79 for POpeak with
P5–15m). Other possible influences on associations among
fitness components require further study in a larger sample,
for example on heterogeneity over a group in fitness levels,
lesion characteristics and physical activity levels (17, 18, 27).
Implications and limitations
The low fitness levels found in our study imply that physically
inactive people with long-term SCI are a group in the population with SCI that is in specific need of interventions to improve
wheelchair-specific fitness. Low-intensity wheelchair exercise
training may be such an intervention, since it might lead to
less dropout and upper-body overuse in a deconditioned group
(22). Furthermore, the low fitness levels in our study suggest
that rehabilitative aftercare models are needed to prevent low
wheelchair-specific fitness in people with long-term SCI (6).
Systematic monitoring of wheelchair-specific fitness after
inpatient rehabilitation could be part of such a model, since
it can support the maintenance of fitness (1). Maintaining
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wheelchair-specific fitness in people with long-term SCI can
help to support health, participation in society and quality of
life (3–5, 9). Monitoring can also help to target those in most
need of interventions; this need may differ between inactive
people with long-term SCI, as indicated by the high variance
in fitness in our study.
For systematic monitoring, tests feasible for use in rehabilitation centres are recommended (15), such as the tests used
in our study. The relatively weak associations among fitness
components imply that separate tests are needed to assess
each component when monitoring wheelchair-specific fitness
of inactive people with long-term SCI. For example, it does
not appear to be possible to predict performance on a peak
wheelchair exercise test using the 15-m test or isometric-push
test, due to the weak correlations among outcomes of the tests.
However, P5–15m can provide a rough estimate of POpeak,
which can be used for the purpose of individualizing power
output increments in a peak wheelchair exercise test. For example, estimating that an inactive person with long-term SCI
needs only small increments in the peak test can help them to
reach peak performance, which was difficult for some participants with tetraplegia in our study (mean respiratory exchange
ratio of the subgroup with tetraplegia = 0.88). Whether peak
performance was reached during the 15-m test and isometricpush remains a topic for future study, as parameters indicating
peak performance are not yet available for these tests.
A limitation of our study might be generalization to the
inactive population with long-term SCI given the relatively
small sample size and possibility of selection bias. Participants
participated voluntarily in our study, following invitation,
based on archival information from rehabilitation centres
and a patient organization (22). It is possible that people with
somewhat higher fitness levels did not participate due to work
or social obligations, while people with very low fitness levels
may have experienced too many barriers to be able to visit the
rehabilitation centre and perform exercise tests (37).
A set-up was chosen with participants using their own
wheelchair, since it was expected that wheelchair configuration
would be optimal and support reaching peak performance in
the tests. However, a limitation of this type of testing is that
wheelchair configuration differs between participants. For
example, variation between participants in horizontal axle
position could have influenced wheelchair propulsion in the
15-m test and peak test (38), while results in the isometricpush test might have been influenced by variation in the ratio
between the handrims and wheel radii. Furthermore, it remains
unclear whether the results for peak aerobic work capacity were
influenced by between-participant variation in peak inclination
angle, as varying inclination angles are suggested to influence
propulsion technique (38).
Care should be taken when interpreting P5–15m as an outcome of wheelchair-specific work capacity, given the role of
wheelchair skill in the 15-m test (25). However, nearly all of
the participants were able to perform the 15-m test and reached
P5–15m in the first 5 s of the test, including those with the lowest fitness levels. This suggests that the additional weight of the
J Rehabil Med 47
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instrumented wheels did not limit the performance of participants with the lowest fitness levels, which was also indicated
by the non-significant difference in time over the 15-m sprint
with and without the instrumented wheels (respectively, 8.2 s
[7.2–10.8] vs 8.1 s [7.1–9.9], Z = –1.25 p = 0.21; these times
recorded as part of wheelchair skills tests in the RCT) (22).
Conclusion
Physically inactive people with long-term SCI seem a group in
the population with SCI with relatively low wheelchair-specific
anaerobic work capacity, isometric strength and peak aerobic
work capacity. This implies they are a group in the population
with SCI in specific need of interventions to improve wheelchairspecific fitness. The weak-to-moderate associations among their
fitness components imply that separate tests should be used for
each component when monitoring wheelchair-specific fitness
with the 15-m test, isometric-push test and peak exercise test.
Acknowledgements
*ALLRISC group name:
Ferry Woldring, University Medical Center Groningen, Center for
Rehabilitation, Department of Rehabilitation Medicine, The Netherlands.
Linda Valent (PhD), Heliomare, Rehabilitation Center, Wijk aan Zee,
The Netherlands.
Hans Slootman (MD), Heliomare, Rehabilitation Center, Wijk aan
Zee, The Netherlands.
Willemijn Faber (MD), Heliomare, Rehabilitation Center, Wijk aan
Zee, The Netherlands.
For their assistance in measurements, the authors would like to thank
Anita Fijen and Joke Sprik of rehabilitation centres “Heliomare” and
“Beatrixoord” as well as a large group of (under)graduate students including Thijs Hoogantink, Karin Lubberding, Jacqueline Pot and Marco
Soesman. We thank the technical personnel of the Center of Human
Movement Sciences (University of Groningen, University Medical Center
Groningen) for technical assistance and Riemer Vegter (MSc) for support
with figure layout.
The study was part of research programme “ALLRISC” (6), which is
supported financially by “Fonds NutsOHRA” under the responsibility of
the “ZonMw” (project number 89000006).
The authors certify that they have no affiliations with, or involvement
in, any organization or entity with any interest in the subject matter or
materials discussed in this article.

References
1. Haisma JA, Bussmann JB, Stam HJ, Sluis TA, Bergen MP, Dallmeijer AJ, et al. Changes in physical capacity during and after inpatient
rehabilitation in subjects with a spinal cord injury. Arch Phys Med
Rehabil 2006; 87: 741–748.
2. Post MW, van Asbeck FW, van Dijk AJ, Schrijvers AJ. Services
for spinal cord injured: availability and satisfaction. Spinal Cord
1997; 35: 109–115.
3. de Groot S, Dallmeijer AJ, Post MW, Angenot EL, van den BergEmons RJ, van der Woude LH. Prospective analysis of lipid profiles
in persons with a spinal cord injury during and 1 year after inpatient
rehabilitation. Arch Phys Med Rehabil 2008; 89: 531–537.
4. van Koppenhagen CF, Post M, de Groot S, van Leeuwen C, van
Asbeck F, Stolwijk-Swuste J, et al. Longitudinal relationship be-

J Rehabil Med 47

tween wheelchair exercise capacity and life satisfaction in patients
with spinal cord injury: A cohort study in the Netherlands. J Spinal
Cord Med 2014; 37: 328–337.
5. van Velzen JM, van Leeuwen CM, de Groot S, van der Woude LH,
Faber WX, Post MW. Return to work five years after spinal cord
injury inpatient rehabilitation: is it related to wheelchair capacity
at discharge? J Rehabil Med 2012; 44: 73–79.
6. van der Woude LH, de Groot S, Postema K, Bussmann JB, Janssen TW; ALLRISC, Post MW. Active LifestyLe Rehabilitation
interventions in aging spinal cord injury (ALLRISC): a multicentre
research program. Disabil Rehabil 2013; 35: 1097–1103.
7. Nooijen CF, de Groot S, Postma K, Bergen MP, Stam HJ, Bussmann
JB, et al. A more active lifestyle in persons with a recent spinal
cord injury benefits physical fitness and health. Spinal Cord 2012;
50: 320–323.
8. Krause JS. Aging after spinal cord injury: an exploratory study.
Spinal Cord 2000; 38: 77–83.
9. Haisma JA, Bussmann JB, Stam HJ, Sluis TA, Bergen MP, Post
MW, et al. Physical fitness in people with a spinal cord injury: the
association with complications and duration of rehabilitation. Clin
Rehabil 2007; 21: 932–940.
10. Hitzig SL, Campbell KA, McGillivray CF, Boschen KA, Craven
BC. Understanding age effects associated with changes in secondary health conditions in a Canadian spinal cord injury cohort.
Spinal Cord 2010; 48: 330–335.
11. Dallmeijer AJ, Hopman MT, Angenot EL, van der Woude LH. Effect of training on physical capacity and physical strain in persons
with tetraplegia. Scand J Rehabil Med 1997; 29: 181–186.
12. Haisma JA, van der Woude LH, Stam HJ, Bergen MP, Sluis TA,
Bussmann JB. Physical capacity in wheelchair-dependent persons
with a spinal cord injury: a critical review of the literature. Spinal
Cord 2006; 44: 642–652.
13. Janssen TW, Dallmeijer AJ, Veeger DJ, van der Woude LH. Normative values and determinants of physical capacity in individuals
with spinal cord injury. J Rehabil Res Dev 2002; 39: 29–39.
14. Fliess-Douer O, Vanlandewijck YC, Van der Woude LH. Most
essential wheeled mobility skills for daily life: an international
survey among paralympic wheelchair athletes with spinal cord
injury. Arch Phys Med Rehabil 2012; 93: 629–635.
15. de Groot S, Bevers G, Post MW, Woldring FA, Mulder DG, van
der Woude LH. Effect and process evaluation of implementing
standardized tests to monitor patients in spinal cord injury rehabilitation. Disabil Rehabil 2010; 32: 588–597.
16. Janssen TW, van Oers CA, Hollander AP, Veeger HE, van der
Woude LH. Isometric strength, sprint power, and aerobic power
in individuals with a spinal cord injury. Med Sci Sports Exerc
1993; 25: 863–870.
17. Kofsky PR, Shephard RJ, Davis GM, Jackson RW. Muscle strength
and aerobic power – a study of lower-limb disabled males. Int
Rehabil Med 1985; 7: 151–155.
18. de Groot S, Dallmeijer AJ, Bessems PJ, Lamberts ML, van der
Woude LH, Janssen TW. Comparison of muscle strength, sprint
power and aerobic capacity in adults with and without cerebral
palsy. J Rehabil Med 2012; 44: 932–938.
19. Zoeller RF Jr, Riechman SE, Dabayebeh IM, Goss FL, Robertson
RJ, Jacobs PL. Relation between muscular strength and cardiorespiratory fitness in people with thoracic-level paraplegia. Arch Phys
Med Rehabil 2005; 86: 1441–1446.
20. van der Woude LH, Bakker WH, Elkhuizen JW, Veeger HE, Gwinn
T. Anaerobic work capacity in elite wheelchair athletes. Am J Phys
Med Rehabil 1997; 76: 355–365.
21. Hutzler Y. Anaerobic fitness testing of wheelchair users. Sports
Med 1998; 25: 101–113.
22. van der Scheer JW, de Groot S, Postema K, Veeger DH, van der
Woude LH. Design of a randomized-controlled trial on lowintensity aerobic wheelchair exercise for inactive persons with
chronic spinal cord injury. Disabil Rehabil 2013; 35: 1119–1126.

Fitness of inactive subjects with long-term SCI
23. de Groot S, van der Woude LH, Niezen A, Smit CA, Post MW.
Evaluation of the physical activity scale for individuals with
physical disabilities in people with spinal cord injury. Spinal Cord
2010; 48: 542–547.
24. ACSM. ACSM’s Guidelines for exercise testing and prescription.
6th edn. Philadelphia: Lippincott, Williams & Wilkins; 2000.
25. van der Scheer JW, de Groot S, Vegter RJ, Veeger DH, van der
Woude LH. Can a 15m-overground wheelchair sprint be used to
assess wheelchair-specific anaerobic work capacity? Med Eng
Phys 2014; 36: 432–438.
26. Kilkens OJ, Dallmeijer AJ, De Witte LP, Van Der Woude LH, Post
MW. The wheelchair circuit: construct validity and responsiveness
of a test to assess manual wheelchair mobility in persons with
spinal cord injury. Arch Phys Med Rehabil 2004; 85: 424–431.
27. Arabi H, Vandewalle H, Pitor P, de Lattre J, Monod H. Relationship between maximal oxygen uptake on different ergometers,
lean arm volume and strength in paraplegic subjects. Eur J Appl
Physiol Occup Physiol 1997; 76: 122–127.
28. van Koppenhagen CF1, de Groot S, Post MW, Van Asbeck FW,
Spijkerman D, Faber WX, et al. Wheelchair exercise capacity in
spinal cord injury up to five years after discharge from inpatient
rehabilitation. J Rehabil Med 2013; 45: 646–652.
29. Borg GA. Psychophysical bases of perceived exertion. Med Sci
Sports Exerc 1982; 14: 377–381.
30. Vincent WJ, Weir JP. Statistics in kinesiology. 4th ed. Champaign,
IL: Human Kinetics; 2012.
31. Veeger HE, van der Woude LH, Rozendal RH. Within-cycle
characteristics of the wheelchair push in sprinting on a wheelchair
ergometer. Med Sci Sports Exerc 1991; 23: 264–271.

337

32. Janssen TW, van Oers CA, Veeger HE, Hollander AP, van der
Woude LH, Rozendal RH. Relationship between physical strain
during standardised ADL tasks and physical capacity in men with
spinal cord injuries. Paraplegia 1994; 32: 844–859.
33. van Drongelen S, de Groot S, Veeger HE, Angenot EL, Dallmeijer
AJ, Post MW, et al. Upper extremity musculoskeletal pain during
and after rehabilitation in wheelchair-using persons with a spinal
cord injury. Spinal Cord 2006; 44: 152–159.
34. Shiba S, Okawa H, Uenishi H, Koike Y, Yamauchi K, Asayama
K, et al. Longitudinal changes in physical capacity over 20 years
in athletes with spinal cord injury. Arch Phys Med Rehabil 2010;
91: 1262–1266.
35. de Groot S, van der Scheer JW, van der Windt JA, Nauta J, van
der Hijden LJC, Luigjes L, et al. Hand rim wheelchair training:
effects of intensity and duration on physical capacity. Health
2013; 5: 9–16.
36. van der Woude LH, Bouten C, Veeger HE, Gwinn T. Aerobic work
capacity in elite wheelchair athletes: a cross-sectional analysis.
Am J Phys Med Rehabil 2002; 81: 261–271.
37. Ginis KA, Hicks AL. Exercise research issues in the spinal cord
injured population. Exerc Sport Sci Rev 2005; 33: 49–53.
38. Cowan RE, Nash MS, Collinger JL, Koontz AM, Boninger ML.
Impact of surface type, wheelchair weight, and axle position on
wheelchair propulsion by novice older adults. Arch Phys Med
Rehabil 2009; 90: 1076–1083.
39. Kirshblum SC, Burns SP, Biering-Sorensen F, Donovan W, Graves
DE, Jha A, et al. International standards for neurological classification of spinal cord injury (revised 2011). J Spinal Cord Med
2011; 34: 535–546.

J Rehabil Med 47

