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Physical capacity and physical strain in persons with tetraplegia; The 
role of sport activity 
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To determine the relationship between sport activity and physical capacity (PC) and physical 
strain (PS) during standardized activities of daily living (ADL), 25 subjects with tetraplegia 
were studied. To quantify PC, maximal power output, peak oxygen uptake and maximal 
isometric force were determined on a stationary wheelchair ergometer. PS was described as the 
highest heart rate (expressed as a percentage of the heart rate reserve), observed during 
standardized ADL tasks. Multiple regression analyses showed that sport activity, lesion level 
and completeness of the lesion were the most important determinants of PC. An inverse 
relationship was found between PS during the ADL tasks and parameters of PC. Parameters 
of PC and sport activity were significant determinants of PS. It is concluded that a higher PC 
is associated with a lower PS in daily life, and that sport activity is an important determinant 
of Pc. Although no causal relationships could be established, due to the cross-sectional 
character of this study, the results support the assumption that being physically active is 
highly important for individuals with tetraplegia. 
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Introduction 

It is well established that wheelchair bound individuals 
with a spinal cord injury (SCI) have a reduced physical 
capacity (PC), depending on several factors such as the 
lesion level, age and sex. I In particular, individuals 
with a cervical SCI, resulting in tetraplegia (TP), have 
an extremely low PC?-4 Extensive muscle paralysis, 
resulting in reduction of the function of arms, trunk 
and legs, the impaired sympathetic cardiac regulation 
and reduced venous return are the main factors 
limiting exercise capacity in TP.5-7 

In prevous studies, it has been shown that a low PC is 
associated with high peak levels of physical strain (PS) in 
daily life.8 High peak levels of physical strain were 
observed during activities of daily living (ADL) such as 
ascending a ramp, changing sheets and making 
transfers.9,lo However, the overall level of PS was 
considered too low to improve or even maintain 
cardiovascular fitness.9,lO Janssen et al8 measured PS 
also during standardized ADL in a laboratory situation, 
and found an inverse correlation between PC and PS for 
all tasks. This indicates that subjects with a lower PC 
encounter higher levels of PS in daily life. Consequently, 
significantly higher levels of PS were observed for TP, 
compared to subjects with paraplegia.8 
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The high PS during ADL in SCI is suggested to 
restrict activity in daily life, I primarily as a conse­
quence of increased fatigue and discomfort. A reduced 
level of physical activity can result, which may in turn 
lead to a further deterioration of PC. Moreover, a 
high PS in ADL increases the risk for overloading 
situations in daily life and thus the risk for musculo­
skeletal injuries II and cardiovascular diseasesY-14 To 
avoid the risk to develop a sedentary lifestyle, and to 
reduce the risk for injuries and diseases, it seems to be 
of the greatest importance to increase PC. An active 
lifestyle and sports activity appear to be relevant 
factors in the development of physical fitness, and, 
conse�uently, to independence and overall function­
ing.IS, 6 Previous studies showed that physical activity 
can improve endurance capacity and muscular 
strength in individuals with paraplegia and TP.17-20 
Higher fitness levels were also found cross-sectionally 
in subjects with SCI who were regularly involved in 
sports activities, compared to inactive subjects with 
SCI. 3 Based on the inverse relationship between PC 
and PS,8 it can be expected that improvements in PC 
due for example to sport activities will also lead to a 
reduction of PS in daily life. 

Until present, PS during ADL in TP was only 
investigated by Janssen et al8 in a mixed group of 
subjects with SCI, including only 9 TP. The present 
cross-sectional study was performed in order to gain 
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insight in the effect of sport activity on PC and PS, 
among a larger population of TP. The objectives of 
the work reported here are therefore (I) to quantify 
PC and PS during standardized ADL; (2) to establish 
the role of sport activity and other personal 
characteristics on PC and PS; and (3) to examine the 
relationship between parameters for PC and PS. 

Method 

Subjects and experimental procedure 
Twenty-five individuals with TP, (C4-5 to CS), 
participated after glvmg their written informed 
consent. To facilitate comparison with the results of 
previous studies, subjects were grouped according to 
lesion level in a high lesion level group (HL; C6 and 
higher), with 12 subjects (one female), a low lesion level 
group (LL; lower than C6), of seven male subjects, and 
a group of six subjects (two female) with incomplete 
lesions [IL; ASIA Impairment Scale: B (n= 1), C (n= 1) 
and D (n = 4)]. The number of subjects per lesion level 
is shown in Figure 1. Subjects were asked to complete 
a questionnaire in order to obtain personal data, 
including sport activity, which was defined as hours 
sport participation per week. Body weight was 
measured in sitting position on a hospital scale. Each 
subject performed a series of ADL tasks, followed by 
an isometric strength test and a maximal aerobic 
exercise test. All subjects were asked to consume a light 
meal only, and to refrain from smoking, drinking 
coffee and alcohol at least 2 h prior to testing. To 

o 2 3 4 5 
number of subjects 

Figure 1 Number of subjects per lesion level 

6 

Table 1 Subject characteristics for each lesion group 
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avoid autonomic dysreflexia during the tests, subjects 
were asked to void directly before the test. Subject 
characteristics (age, body weight, time since injury and 
sport activity) are listed in Table 1. 

Physical capacity 
PC was defined as maximal isometric force (Fiso), 
maximal power output (POmax) and peak oxygen 
uptake (V02peak). Measurements were performed on a 
computer-controlled, stationary wheelchair erg­
ometer,21 which allowed for direct measurements of 
torques applied on the rim, as well as resultant velocity 
of the wheels, for the left and right side separately. The 
wheel and hand rim radii were 0.31 and 0.26 m, 
respectively. Ergometer settings were individually 
adjusted. Seat height was standardized at 1100 elbow 
angle (lSO° defined as full extension) with the subject's 
hands on the top of the rim, and the shoulders 
(acromion) directly above the wheel axle.22 Rear 
wheel camber was set at 4°. Seat and back-rest angle 
were set at 5° (to horizontal) and 150 (to vertical), 
respectively. 

Isometric strength test 
To measure Fiso, maximal force was exerted to the hand 
rims during 5 s with both arms at top dead centre of the 
blocked rims of the ergometer. Three trials were 
performed, with a 2 min rest period in between trials. 
Torque was sampled with a frequency of 50 Hz. Effective 
isometric force (F) was calculated according to: 

F = M· r;1 (N) 

where M is the rim torque and rr is the rim radius. 
Fiso was defined as the highest mean F (averaged 

over left and right arms) over 3 s. The highest value of 
the three trials was used for further analyses. 

Maximal aerobic exercise test 
POmax, V02peak and respiratory exchange ratio (RER) 
were determined during a maximal exercise test, 
consisting of 1 min exercise bouts at a constant 
velocity of 0.S3 ms -I. Resistance level was estimated 
from Fiso using a regression equation established by 
Janssen et al (1993, POmax = 0.34 Fiso - 0.02).4 Starting 
with an exercise level of 10% of the estimated POmax, 
resistance was increased each bout in equal steps of 
10% of the estimated POmax. Subjects who were not 

High level lesion 
(n = 12) 

Low level lesion 
(n=7) 

Incomplete lesion 
(n=6) p-value 

Age (years) 
Body weight (kg) 
Time since injury (years) 
Sport activity (hrs.week-1) 

28.7 (8.4) 
75.6 (21.9) 

5.3 (3.1) 
0.7 (1.8) 

39.1 (11.7) 
79.1 (13.9) 
10.1 (11.4) 

1.4 (1.6) 

33.5 (11.2) 
63.8 (13.1) 

3.1 (0.9) 
2.3 (2.3) 

0.113 
0.304 
0.143 
0.218 



able to maintain the velocity, performed the test at a 
constant velocity of 0.56 ms -I. Visual feedback of the 
velocity was provided, and subjects were instructed to 
maintain velocity at a constant level. The test was 
terminated when the subject could no longer maintain 
the imposed velocity due to exhaustion. Verbal 
encouragement was provided during the test. Torque 
and linear velocity of the wheels (v) were measured 
during each exercise bout for 10 s, with a sample 
frequency of 50 Hz. 

Power output (PO) was calculated according to: 

PO= M· v· rw-1 (Watt) 

where rw is the wheel radius. 
For each 1 min exercise bout mean PO (sum of left 

and right arm) was calculated over 10 s (complete 
cycles only). The highest mean PO that occurred 
during the test was defined as POmax' 

Oxygen uptake and RER were measured continu­
ously during the test with an Oxycon Ox4 (Mijnhardt, 
The Netherlands). Calibration was performed prior to 
each test with reference gases. Averaged values over 
30 s were sampled. V02peak was defined as the highest 
value recorded during the test, averaged over 60 s. 

To measure the maximal heart rate (HRpeak), 
heart rate was monitored during the test with a 
Polar Sport Tester (Polar Electro Incorporation, 
Finland), set to sampling with a 5 s interval period. 
HRpeak was defined as the highest heart rate found 
during the test. 

Physical strain during ADL 
To estimate PS during ADL, the following (short­
lasting) standardized tasks were performed: ascending a 
ramp with an inclination of 3S and a length of 6 m, 
opening and closing a sliding door and washing hands. 
During these tasks heart rate was monitored with a 
Polar Sport Tester that sampled with a 5 s interval 
period. To estimate PS, heart rate was expressed as 
percentage of the individual heart rate reserve (HRR) 
according to: 

%HRR = [(HRact - HRrest)/(HRpeak - HRrest))*lOO (%) 

where HRact is the actually measured heart rate value 
and HRrest is the lowest heart rate found during the 
whole testing period. PS of a task was defined as the 
highest heart rate provoked by the task, expressed as 
percentage of the HRR.

23 To investigate PS during 
wheelchair propulsion, each subject performed an 
additional test on the wheelchair ergometer (the same 
configuration as is described above), in which 
wheelchair propulsion against a slope of OS was 
simulated. Test duration was 3 min with a constant 
velocity of 0.83 ms -I. Subjects who were not able to 
maintain this velocity, performed the test at a 
constant velocity of 0.56 ms -I. Rolling-resistance 
coefficient was set at 0.0l. The individual weight of 
the subject, plus a virtual weight of a wheelchair of 
20 kg was simulated. 
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Statistics 
One way Analysis of Variance (ANOVA, Tukey post­
hoc test) was applied to detect differences between the 
HL, LL and IL group. Pearson correlations were 
calculated over the total group to establish relation­
ships between parameters of PC and PS, and between 
parameters of PC, PS, and sport activity. Spearman 
correlation coefficients were calculated to investigate 
the relationships between lesion level (C4 was ranked 
as 1, C4-C5 as l.5, C5 as 2, and so on) and parameters 
of PC and PS. To establish the most important 
determinants of parameters of PC and PS, multiple 
regression analysis was applied, using sport activity, 
lesion level, time since injury, completeness of the 
lesion (complete = 1, incomplete = 0), age, and para­
meters of PC (for PS only) as independent variables. 
Level of significance was set at P < 0.05. 

Results 

Subjects 
Results of subject characteristics are summarized in 
Table 1. No significant differences between the HL, LL 
and IL group were found for age, body weight, time 
since injury and sport activity. Sport activity ranged 
from 0 to 6 h per week. Of all subjects, 10 participated 
in quad rugby training for 2 h per week (HL: n = 2, 
LL: n = 4, IL: n = 4). Additional sport activities of these 
subjects were wheeling (n = 4), wheelchair dancing 
(n = 1), wheelchair basketball (n = 1), table tennis 
(n = 1), and swimming (n = 1). 

Physical capacity 
Results for Fiso, PO max and V02peab relative to body 
weight, are shown in Figure 2. Significantly lower 
values for Fiso, POmax and V02peak were found in the 
HL group (0.92 N.kg-I, 0.16 Watt.kg-1 and 
7.7 ml.min.kp-I, respectively), compared to LL 
(2.27 N.kg- , 0.33 Watt.kg-I and 1l.4 ml.min.kg-I) 
and IL (l.90 N.kg-I, 0.39 Watt.kg-I and 
14.9 ml.min.kg-I). Mean peak RER was l .ll (sd: 
0.13), l .04 (sd: 0.13), and l.06 (sd: 0.10) for the HL, 
LL and IL group respectively, and showed no 
significant differences between lesion groups. After 
excluding subjects with incomplete lesions, Spearman 
correlation coefficients of 0.77 (P < O.OOI), 0.77 
(P < O.OOI) and 0.65 (P < O.OI) were found for lesion 
level with Fiso, POmax and V02peak (all relative to body 
weight), respectively (n = 19). Sport activity was found 
to correlate significantly with POmax (r = 0.67; 
P < O.OOI) and VOzpeak (r= 0.73; P < O.OOI) for the 
total group, whereas no significant correlation was 
found with Fiso' 

Regression equations, establishing determinants of 
Fiso, POmax and V02peab are listed in Table 2. 
Multiple regression analysis showed that 70% of the 
variance (r

2
) of POmax can be explained by lesion level, 

sport activity and completeness of the lesion. Of the 
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Figure 2 Physical capacity relative to body weight for subjects with a high level lesion (C6 and higher, n = 12), subjects with a 
low level lesion (lower than C6, n = 7) and subjects with an incomplete lesion (n = 6) 

Table 2 Results of multiple regression analyses to determine parameters for physical capacity [maximal isometric strength 
(Fiso), maximal power output (POmax) and peak oxygen uptake (V02peak)), using lesion level, sport activity, age, time since 
injury and completeness of lesion as independent variables 

Dependent variables 

Fiso (N.kg-1) 

POmax (Watt.kg-1) 

V02peak (ml.min.kg-l) 

Regression coefficients 
+ intercepts 

0.58 
-0.98 

0.68 
0.052 
0.087 

-0.172 
0.093 
1.43 

-3.82 
11.6 

Independent variables p-value r2 

lesion level 0.008 0.21 
completeness of lesion 0.001 0.43 

0.120 
sport acti vi ty 0.000 0.45 

lesion level 0.002 0.55 
completeness of lesion 0.004 0.70 

0.189 
sport activity 0.000 0.54 

completeness of lesion 0.009 0.66 
0.000 

Table 3 Heart rate at rest (HRrest), peak heart rate (HRpeak) and heart rate reserve (HRR) for each lesion group 

HRrest (b.min-1) 
HRpeak (b.min 1) 
HRR (b.min-1) 

High level lesion 
(n=12) 

54.9 (8.0) 
12l.l (15.7) 

65.5 (12.7) 

Low level lesion 
(n = 7) 

56.6 (6.5) 
125.7 (11.3) 

66.9 (10.0) 

Incomplete lesion 
(n=6) p-value 

59.2 (10.1) 0.587 
150.8 (25.6) 0.008t§ 

85.3 (23.3) 0.008t 

t significant differences between the high level lesion group and the incomplete lesion group. § significant differences between 
the low level lesion group and the incomplete lesion group 



% Heart Rate Reserve 
II High lesion 
. Low lesion 
• Incomplete lesion 

Figure 3 Physical strain during standardized ADL, ex­
pressed as percentage of the heart rate reserve (%HHR) for 
subjects with a high lesion level (C6 and higher, n = 12), 
subjects with a low lesion level (lower than C6, n = 7) and 
subjects with an incomplete lesion (n = 6) 

variance in V02peak. 66% can be explained by sport 
activity and completeness of the lesion. Only 43% of 
the variance of Fiso was accounted for by lesion level 
and completeness of the lesion. Age and time since 
injury were no significant determinants of Pc. 
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Physical strain during ADL 
Mean HRrest showed no significant differences between 
groups, while mean HRpeak was significantly lower for 
subjects with complete lesions (121 b.min -I for HL 
and 126 b.min-I for LL), compared to IL 
(151 b min -I, P < 0.01, see Table 3). Figure 3 displays 
the mean PS during ascending a ramp, passing a door, 
washing hands, and wheelchair propulsion. In the HL 
group, four subjects were not able to ascend the ramp 
and two subjects were not able to pass the door, due to 
their low level of Pc. Another two subjects of the HL 
group were not able to wash their hands. For the HL 
group, significantly higher values were found for PS 
during passing a door (52% HRR), washing hands 
(53% HRR) and wheelchair propulsion (77% HRR), 
compared to the other groups. 

Significant correlations were determined between 
lesion level (for complete lesions only; n = 19) and PS 
during passing a door (-0.51, P< 0.05) and wheel­
chair propulsion (-0.50, P < 0.05). Sport activity 
showed significant negative correlations with PS 
during passing a door (r = -0.42; P < 0.05), washing 
hands (r= -0.51; P<0.05) and wheelchair propulsion 
(r= -0.51; P<O.OI). 

Table 4 shows the correlation coefficients between 
PS during the standardized ADL tasks and parameters 
for PC. PS demonstrated a significant negative 

Table 4 Correlation coefficients between physical strain during standardized ADL tasks and parameters of physical capacity 
[maximal isometric strength (Fiso), maximal power output (POmax) and peak oxygen uptake (VOZpeak)] 

Fiso (N) 
Fiso (N.kg-1) 
POmax (Watt) 
POmax (Watt.kg-1) 
VOZpeak (1.min-1) 
V02peak (m1.min.kg-l) 

ns: not significant 

Ascending a ramp 
(% HRR) 

n=21 

--0.54 
--0.47 
--0.53 
--0.48 
--0.47 

ns 

Passing a door Washing hands Wheelchair propulsion 
(%HRR) (%HRR) (%HRR) 

n=23 n = 23 n=25 

--0.54 ns --0.64 
--0.58 --0.41 --0.69 
--0.57 ns --0.82 
--0.58 --0.41 --0.85 
-0.48 --0.42 --0.55 
-0.52 --0.45 --0.63 

Table 5 Results of multiple regression analyses to determine physical strain, using parameters of physical capacity [maximal 
isometric strength (Fiso), maximal power output (POmax) and peak oxygen uptake (V02peak)], lesion level, sport activity, age, 
time since injury, completeness of lesion and weight as independent variables 

Regression coefficients 
Dependent variables + intercepts 

%HRR ascending ramp --0.151 
68.4 

%HRR passing door --0.59 
58.2 

%HRR washing hands --4.10 
50.2 

%HRR wheelchair propulsion -92.6 
91.0 

Independent 
variables 

Fiso (N) 

POmax (Watt.kg-1) 

sport activity (hrs.week-1) 

POmax (Watt.kg-1) 

p-value r2 

0.011 0.29 
0.000 
0.003 0.34 
0.000 
0.013 0.26 
0.000 
0.000 0.73 
0.000 
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relationship with PC for all ADL tasks, with values 
ranging from r= -0.41 (washing hands and POmax) to 
r = -0.85 (wheelchair propulsion and POmax). A 
stronger relationship was observed for simulated 
wheelchair propulsion than for short-lasting ADL 
tasks. 

Table 5 presents the results from multiple regression 
analyses, establishing determinants of PS during 
standardized ADL tasks. Parameters of PC and sport 
activity were significant determinants of PS during 
standardized ADL, explaining 26-73% of the 
variance of PS. 

Discussion 

Physical capacity 
The low values for Fiso, POmax and V02peak illustrate 
the low PC of TP (Figure 2). The considerable inter 
individual differences indicate that, even within the 
group of persons with TP, a high degree of variation 
exists in Pc. Results for V02peak and POmax are 
consistent with �revious reports on wheelchair exercise 
testing in TP.3,4, 4-

26 Results for Fiso are in accordance 
with the values found for TP in a previous study, using 
the same experimental set Up.4 The dependency of PC 
on the level of injury (see Figure 2 and Table 2) was 
also found in previous investigations.

20,
26 

In the present study, increments per exercise bout of 
the maximal exercise test were lower than 6 Watt 
(except for one subject with an incomplete lesion), 
which is in accordance with recommendations by 
Lasko-McCarthey et al

26 to obtain optimal maximal 
exercise performance in TP. However, several (five) 
subjects did not reach one of the objective criteria for 
maximal exercise performance (ie, RER> 1.0). This 
finding indicates that these subjects were not 
maximally stressing the cardiovascular system. Appar­
ently, other factors, such as local muscular fatigue, 
may have forced the subjects to terminate the test, 
which may have resulted in an underestimation of 
HRpeako POmax and V02peak. 

Physical strain during ADL 
Absolute heart rate does not seem an adequate 
measure to estimate PS, because heart rate is usually 
lowered in persons with complete TP, due to the 
disturbed cardiac innervation.6 Heart rate expressed as 
percentage of the HHR provides a relative measure to 
estimate PS,

23 since a correction is made for 
interindividual differences in HRpeak and HRrest. 
Although all tasks were standardized as far as 
possible, there probably still remain uncontrolled 
factors, such as differences in wheelchair configura­
tions and performance speed, which might have 
influenced the results. 

PS during standardized ADL was found to be 
notably high in TP (Figure 3). This underlines the 
assumption that TP frequently encounter physically 

stressful situations in daily life. Although comparison 
is limited due to the variation in task characteristics 
and conditions, PS during ADL appeared to be higher 
than previous results in paraplegics and comparable to 
the results for TP.8 One should notice that the 
inability to perform certain tasks (ascending a ramp, 
passing a door), of several subjects with low levels of 
PC, may have yielded an underestimation of PS in the 
HL group. Whereas Janssen et al8 found the highest 
PS during making transfers, in the present study no 
transfer-tasks were investigated because most subjects 
with TP are not able to perform transfers indepen­
dently. 

The inverse relationship between PC and PS of 
short-lasting ADL (Table 4), is in good agreement 
with Jlrevious results of subjects with different lesion 
levels.8 Correlation coefficients for the short-lasting 
tasks range from -0.41 to -0.58 in the current study, 
and from -0.40 to -0.66 in the study of Janssen et 
al.8 In the present study, the correlation between PC 
and PS during simulated wheelchair propulsion 
(r= -0.55 to -0.85) was stronger than for the 
short-lasting activities, which may have been due to 
the fact that test duration (3 min) was long enough to 
reach a steady state condition, and that testing 
conditions were highly standardized. 

Sport activity 
Sport activity was the most important determinant for 
POmax and V02peak (Table 2). The considerable 
percentage of variance of PC explained by sport 
activity, lesion level and completeness of the lesion 
(POmax: 70%, V02peak: 66%), points towards the 
positive effect of sport activity on the PC of persons 
with TP. However, bias due to the cross-sectional 
character of this study should be taken into account; 
better performing persons are more likely to participate 
in sport activities. To establish causal relationships 
between physical activity and changes in PC and PS, 
longitudinal research is inevitable. 

Multiple regression analyses showed that para­
meters of PC and sport activity are the most 
important determinants of PS during ADL tasks 
irrespective of lesion level, time since injury, complete­
ness of the lesion, body weight and age (Table 5). The 
inverse relationship between PS during ADL and PC 
indicates that TP with higher PC levels and those who 
are more physically active, encounter lower levels of 
PS in daily life. In order to increase PC, individuals 
with TP should be strongly encouraged to be 
physically active, for example to participate in sport 
activities. 

Conclusion 
It is concluded that TP have an extremely low PC and 
that they encounter high levels of PS during daily life. 
The inverse relationship between PC and PS during 
ADL, the positive influence of sport activity on PC, 



and the fact that parameters of PC and sport activity 
are the most important determinants of PS, support the 
assumption that being physically active (i.e., participa­
tion in sport activity) is highly important in TP. 
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