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activity in people with long-term spinal cord injury: a 

randomized controlled trial 
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Abstract  

Study Design: Open randomized controlled trial. 
Objective: To investigate the effects of a 16-week hybrid cycle versus handcycle exercise 
program on fitness, pulmonary function and physical activity in inactive people with 
long-term spinal cord injury (SCI). 
Setting: Two rehabilitation centers with a specialized SCI unit. 
Methods: Twenty individuals with SCI (time since injury ≥ 8 years) were randomly 
assigned to either the hybrid cycle (voluntary arm exercise combined with functional 
electrical stimulation (FES)-induced leg exercise) or handcycle group. During 16 weeks, 
both groups trained twice a week for 18–30 minutes at 65–75% heart rate reserve. 
Outcome measures obtained pre, mid and post the program were fitness (peak power 
output (POpeak), peak oxygen consumption (VO2peak), resting heart rate (HRrest) and 
wheelchair skill performance time score (PTS)), pulmonary function, and physical 
activity (distance travelled in wheelchair (WCdist) and Physical Activity Scale for 
Individuals with Physical Disabilities (PASIPD) score). Differences between pre, mid and 
post outcome measures were examined using a two-factor (time × group) mixed-
measures ANOVA. 
Results: Overall, ~40% and ~65% of the participants showed (non-significant) improve-
ments in POpeak (p = 0.11) and VO2peak (p = 0.14) following the 16-week training program, 
respectively. Furthermore, an overall reduction in HRrest (–5 ± 2 bpm; p = 0.03) and an 
overall increase in PASIPD score (6.5 ± 2.1; p = 0.002) were found after 16 weeks of train-
ing. No significant overall training effects were found for PTS, pulmonary function and 
WCdist. For all the obtained outcome measures, there were no significant differences over 
time between the two training groups. 
Conclusion: In the current study, hybrid cycling and handcycling showed similar effects 
on fitness, pulmonary function and physical activity, indicating that there were no 
additional benefits of FES-induced leg exercise above handcycle exercise. 
Trial registration: Netherlands Trial Register (NTR), no. 2855. 
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Introduction 

Many people with long-term spinal cord injury (SCI) show a seriously inactive lifestyle, 
associated with decreased fitness levels and several secondary health complications (e.g. 
cardiovascular disease and respiratory problems).17,106 Exercise training plays an 
important role in improving fitness, physical activity and health in this population.118  

Typically, exercise training in people with SCI involves upper-body activities due to 
the paralysis of the lower body. However, important limitations of upper-body exercise 
alone are the relatively small active muscle mass, inactivity of the venous muscle pump of 
the legs and deficient cardiovascular reflex responses.61 Exercise modes that combine 
voluntary arm exercise with functional electrical stimulation (FES)-induced leg exercise 
(i.e. hybrid exercise) have the potential to alleviate some of these problems by activating 
more muscle mass and subsequently providing greater exercise responses to improve 
fitness and health.9,23 Nevertheless, to date there are no randomized controlled trials that 
investigated multiple aspects (i.e. fitness, pulmonary function and physical activity) of 
hybrid exercise versus arm exercise alone in physically inactive people with SCI. 

Therefore, the purpose of this study was to investigate the effects of a 16-week hybrid 
cycle versus handcycle exercise program on fitness, pulmonary function and physical 
activity in inactive people with long-term SCI. It was hypothesized that both training 
programs would result in an improvement of fitness, pulmonary function and physical 
activity. Furthermore, it was hypothesized that hybrid cycle exercise would provide a 
greater benefit on fitness and pulmonary function than handcycle exercise, due to the 
larger muscle mass utilized during hybrid exercise. 
 

Methods 

Design 
The current study was part of a larger study of which the design was previously described 
by Bakkum et al.10 Briefly, the current study was a 16-week open randomized controlled 
trial performed in two Dutch rehabilitation centers with a specialized SCI unit. Within 
each center, participants were randomly assigned to either the hybrid cycle or handcycle 
group. The sample size calculation was performed on the main outcome measure of the 
larger study (i.e. peak power output) and revealed a group size of 18 participants. 
Outcome measures in the current study were obtained in the week before the training 
program (pre), after 8 weeks of training (mid), and in the week after (post) the program.  
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Participants  
As previously described10, participants were recruited from the databases of two Dutch 
rehabilitation centers. Inclusion criteria were: SCI ≥ 10 years; age 28–65 years; age at 
onset SCI ≥ 18 years; physically inactive (defined as a score of < 30 on the Physical Acti-
vity Scale for Individuals with Physical Disabilities (PASIPD)169); wheelchair dependent. 
Exclusion criteria were: contraindications for physical training and testing; psychiatric 
problems; plans to start another lifestyle (e.g. diet changes); insufficient knowledge of the 
Dutch language.  
 
Training devices 
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; 
Figure 4.1A) combines synchronous voluntary handcycling with asynchronous FES-
induced leg cycling. A 6-channel stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, 
the Netherlands; Figure 4.1A–I) provided the electrical stimulation via self-adhesive 50 × 
90 mm surface electrodes placed bilaterally over the quadriceps, hamstrings and gluteus 
muscles. During cycling, the stimulator received information from the crank angle 
encoder (Figure 4.1A–II) about pedal position and velocity to control the cyclic 
stimulation pattern.  

The handcycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; Figure 4.1B) 
was equipped with a wide synchronous bull-horn crank. Both cycles were equipped with 
8 gears that could be changed manually, and with quad grips for the participants who 
needed them. The front wheel of both devices was mounted on an ergotrainer (Tacx 
Flow, Technische Industrie Tacx B.V., Wassenaar, the Netherlands; Figure 4.1A–III and 
4.1B–III) adapted to the wheel size of the cycles.  
 
Training protocol 
The training protocol was also previously described by Bakkum et al.10 Briefly, during 16 
weeks, participants trained twice a week for 18 to 32 minutes (the duration of the training 
sessions increased during the program) at an intensity of 65–75% heart rate reserve 
and/or a score of 4–7 on a 10-point rating of perceived exertion scale.120 Exercise intensity 
was controlled by the participant making adjustments in cycle velocity or by the trainer 
adjusting the gear of the cycle or the resistance of the ergotrainer. In addition, during 
hybrid cycling, the current amplitude of the stimulation was adjusted manually by the 
trainer to control the degree of muscle activation. The trainer tried to induce strong 
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lower-body muscle contractions during training; however, the current amplitude was 
decreased if the participant indicated that the stimulation was too intense or if the legs 
were moving too fiercely due to the stimulation. Heart rate was recorded constantly 
during each training session using radiotelemetry (Polar, Polar Electro Inc., Woodbury, 
NY, USA), and rating of perceived exertion was assessed after each training block.  
 

 
 

Figure 4.1  The hybrid cycle (A) with the stimulator (I) and crank angle 
encoder (II), and the handcycle (B), mounted on an ergotrainer (III). 
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Outcome measures 

Fitness 
Wheelchair exercise capacity, expressed as the peak power output (POpeak) and peak oxy-
gen consumption (VO2peak), was assessed during a graded exercise test in the participant’s 
own handrim-propelled wheelchair on a motor-driven treadmill, using the protocol of 
Dallmeijer et al.38 Briefly, this protocol consisted of a 3-minute warm-up session, a 5-
minute rest interval, two submaximal exercise blocks, and an incremental test in which 
the incline of the treadmill belt was gradually increased every minute. The velocity of the 
belt was kept constant during testing, and was dependent on the participant’s physical 
capability. The test was ended when the participant could no longer maintain the velocity 
due to fatigue, or when the participant indicated that he/she wanted to stop. Directly after 
the warm-up session, a separate drag test was performed to determine the drag force, and 
subsequently the power output of the wheelchair-user system on different treadmill 
inclines, using custom made software (Technical Department Faculty of Human 
Movement Sciences, VU University, Amsterdam, the Netherlands).43 During testing, 
respiratory gas exchange was measured using open-circuit spirometry (K4b², COSMED, 
Rome, Italy), and heart rate was measured using radiotelemetry (Polar, Polar Electro Inc., 
Woodbury, NY, USA). POpeak and VO2peak were defined as the highest power output 
maintained for at least 30 seconds and the highest oxygen uptake (averaged over 30 
seconds) attained during the test, respectively. Resting heart rate (HRrest) was defined as 
the lowest heart rate (averaged over 30 seconds) of the 5-minute rest interval. In addition, 
for indirect determination of fitness, wheelchair skill performance was assessed using two 
elements (i.e. 15 meter sprint and figure-of-8 task) of a wheelchair circuit.93 The 
performance time score (PTS; total time needed for these two tasks) was used for analysis. 
Furthermore, at the end of the training program, subjectively experienced fitness level 
was assessed using one multiple-choice question where participants were asked if they 
thought their fitness level had changed due to the training sessions (answers ranged from 
‘very much reduced’ to ‘very much improved’).  
 
Pulmonary function 
The forced vital capacity (FVC), forced expiratory volume in the first second (FEV1) and 
peak expiratory flow (PEF) were obtained using spirometry (K4b², COSMED, Rome, 
Italy). Each participant completed the test at least three times. If the FVCs agreed within 
10%, no additional trials were performed. The best test was used for analysis. 
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Physical activity  
Physical activity was measured objectively with an odometer as well as subjectively with 
the Dutch Physical Activity Scale for Individuals with Physical Disabilities (PASIPD).169 
The odometer was mounted on the wheel of the participant’s daily-use wheelchair to 
record every forward and backward revolution of the large wheels during seven 
consecutive days pre and post the training program.88 Participants were asked to keep a 
diary in which they registered the number of wheel revolutions on a daily basis. The 
distance covered was calculated by multiplying the number of wheel revolutions by the 
wheel circumference. The PASIPD is a 12-item questionnaire that requests the number of 
days a week and hours a day of participation in leisure (6 items), household (5 items), and 
occupational (1 item) activities over the past seven days. Participants were asked to 
digitally fill out this questionnaire at home. 
 
Statistical analysis 
The assumption of normality of the data within groups was checked by visual inspection 
of the q-q plot and box plot; in addition, a Shapiro-Wilks test was performed. Homoge-
neity of variance was checked using the Levene’s test. In case of violations of these 
assumptions, the statistical analyses were performed on the log-transformed data. 
Independent t-tests were used to determine possible baseline differences for the outcome 
measures and personal and lesion characteristics between the two training groups. 
Differences between pre, mid and post outcome measures were examined using a two-
factor (time × group) mixed-measures ANOVA. Paired t-tests with Bonferroni correction 
were used to identify where the specific differences occurred between the three time 
points. One-way within-subjects ANOVAs with Bonferroni correction were used to 
examine the interaction effect if significant. Data are presented as mean ± standard error, 
and statistical significance was set a priori at p < 0.05.  
 
Statement of ethics 
All participants provided written informed consent indicating voluntary participation in 
this study, approved by the Medical Ethics Committee of the VU University Medical 
Center Amsterdam. We certify that all applicable institutional and governmental regula-
tions concerning the ethical use of human volunteers were followed during the course of 
this research. 
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Results  

Initially, 36 people were included, of which 20 participants completed the 16-week study 
(Table 4.1). The reasons for drop out were illness (n = 8) and lack of adherence to the 
training (n = 8). All 20 participants who completed the study recorded 100% compliance 
to the program and trained at the target exercise intensity during the program. Normal 
distribution and homogeneity of error variance were confirmed for all variables except 
for POpeak, PTS, WCdist and PASIPD score. No significant baseline differences were 
present for any of the outcome measures or personal and lesion characteristics between 
the two training groups and between the participants who dropped out and those who 
completed the training program. Due to limited hand function, one participant was not 
able to perform the graded wheelchair exercise test (no POpeak and VO2peak values were 
obtained for this participant). Furthermore, for VO2peak and WCdist, one and five 
participant(s) was/were excluded from the analysis due to missing sample(s), respectively. 
 

Table 4.1 Participants’ characteristics  

 

Participant Sex Age (yrs) TSI (yrs) Lesion 
level 

AIS Height 
(cm) 

Body mass 
(kg) 

BMI (kg/m2)

HYB         
1 M 55 34 C3 C 178 90.7 28.5 
2 M 40 12 C5 A 177 65.2 20.9 
3 M 39 13 C6 B 184 84.4 24.9 
4 M 49 31 C7 A 174 55.5 18.3 
5 M 53 10 C7 C 182 63.4 19.1 
6 M 49 27 T1 A 186 67.2 19.4 
7 M 40 18 T6 A 188 66.6 18.9 
8 M 58 24 T8 A 172 83.0 28.1 
9 M 64 18 T9 A 174 80.2 26.5 

10 M 31 14 T10 A 173 73.5 24.6 
Mean (SD)  48 (10) 20 (8)   179 (6) 73.0 (11.2) 22.9 (4.0) 

HC         
1 M 63 10 C2 D 180 73.6 22.9 
2 M 48 30 C6 C 171 91.6 31.3 
3 M 47 12 C6 C 174 80.2 26.5 
4 M 51 21 T3 A 181 72.6 22.2 
5 M 30 11 T4 A 174 73.8 24.4 
6 M 49 16 T5 A 174 75.0 24.8 
7 M 47 18 T7 A 185 82.0 24.0 
8 M 38 9 T9 A 173 60.5 20.2 
9 M 49 15 T11 A 187 58.8 16.8 

10 F 50 14 L2 A 166 67.2 24.5 
Mean (SD)  47 (9) 16 (6)   177 (7) 73.5 (9.8) 23.8 (3.8) 

Abbreviations: yrs, years; TSI, time since injury; AIS, ASIA (American Spinal Injury Association)
Impairment Scale; BMI, body mass index; HYB, hybrid cycle group; HC, handcycle group; M, male; F,
female; SD, standard deviation.  
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Fitness 
There were no significant main effects for time for POpeak, VO2peak and PTS (Table 4.2). 
However, ~40% and ~65% of the participants showed (non-significant) improvements 
over time in POpeak (Figure 4.2A) and VO2peak (Figure 4.2B), respectively. For HRrest, there 
was a significant main effect for time (Table 4.2). Post-hoc analysis revealed a significant 
reduction (p = 0.03) of 6 ± 2 bpm between the pre- and mid-test, and no further reduc-
tion (p = 1.0) between the mid- and post-test (Figure 4.2C and 4.2D). Almost 90% of the 
participants indicated that their subjectively experienced fitness level was ‘slightly’ (50%) 
to ‘very much’ (40%) improved after 16 weeks of training; only 10% of the participants 
reported no change in subjectively experienced fitness level. For all fitness parameters, no 
significant interaction effects (group × time) were found (Table 4.2). 
 
Pulmonary function 
No significant main effects for time or interaction effects (time × group) were found for 
FVC, FEV1 and PEF (Table 4.2). 
 
Physical activity 
Overall WCdist increased with 23% following the exercise program, however, this increase 
was not significant (Table 4.2, Figure 4.2E). In contrast, there was a significant main 
effect for time for PASIPD score (Table 4.2, Figure 4.2F). Post-hoc analysis revealed a 
significant increase of 88% (p = 0.002) between the pre- and mid-test, and no further 
improvement (p = 1.0) between the mid- and post-test. For both WCdist and PASIPD 
score, no significant interaction effects (time × group) were found (Table 4.2). 
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Figure 4.2  Individual values for the participants with tetraplegia (tetra) and paraplegia (para) in the 
hybrid cycle (HYB) and handcycle (HC) group for fitness and physical activity in the week before the 16-
week training program (pre), after 8 weeks of training (mid) and in the week after the training program 
(post). A, peak power output (POpeak); B, peak oxygen consumption (VO2peak); C and D, resting heart rate 
(HRrest); E, distance travelled in the wheelchair (WCdist); F, Physical Activity Scale for Individuals with 
Physical Disabilities (PASIPD) score. 
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Discussion 

An important finding of this study was that the wheelchair-specific fitness measures (i.e. 
POpeak, VO2peak and PTS) were not significantly improved following the 16-week training 
program, while the other fitness measures (i.e. HRrest and subjectively experienced fitness 
level) were, and that there were no differences over time between the two training groups 
for any of these outcome measures. The peak exercise performance was measured in a 
handrim-propelled wheelchair since, in daily life, many people with SCI are dependent 
on such a wheelchair for mobility and will therefore benefit from an increased 
wheelchair-specific fitness. Moreover, from previous research, it is already known that 
both hybrid cycle23,73 and handcycle153 exercise lead to improvements in fitness (i.e. POpeak 
and/or VO2peak) if specific (i.e. hybrid cycle or handcycle) exercise testing is used to 
evaluate this outcome measure. The reduction in HRrest (suggesting an improved 
cardiorespiratory fitness as an result of aerobic training176) and the increased subjectively 
experienced fitness observed in the current study, support these previously reported 
findings regarding the positive effects of hybrid cycle and handcycle exercise on fitness. 
However, peak wheelchair performance was not significantly improved, suggesting that 
hybrid cycling and handcyling may not be the best exercise modes to achieve desirable 
effects in wheelchair-specific fitness, and that it is better to train more specifically (i.e. 
wheelchair training). That said, ~40% and ~65% of the participants in this study showed 
non-significant improvements in POpeak and VO2peak, respectively, indicating that there 
were certainly beneficial effects of the training program on these fitness measures in a 
considerable part of the participant group. Moreover, based on normative values for 
POpeak and VO2peak in people with long-term SCI,86 at baseline, participants with 
tetraplegia and paraplegia in the current study were classified as ‘average’ and ‘fair’, 
respectively. It might be possible that greater training effects would have been found if we 
were able to include people with the poorest levels of fitness.  

For pulmonary function, no significant changes were found after 16 weeks of hybrid 
cycle or handcycle training. These results were in agreement with other studies on 
exercise training in people with SCI from which it seems that clinically relevant 
improvements in pulmonary function are not commonly found.153 

Although there was no significant change over time in wheelchair activity measured 
with an odometer, the overall increased PASIPD score indicates an improved physical 
activity level. Moreover, participants subjectively indicated that various activities of daily 
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living (e.g. transfers, transportation, housework) became easier due to an improved 
fitness level. The above-described findings regarding fitness and physical activity are 
supported by Nooijen et al.,121 who showed that increased physical activity levels are 
associated with increased fitness levels.  

Future studies should focus on how to make this type of intervention study more 
feasible and attractive for the SCI population. In the current study, it took two years to 
recruit 36 participants (313 people were assessed for eligibility) of which eventually 20 
individuals completed the study. The most important reason that people were not willing 
to participate in this study was that the training program was too time-consuming for 
them. This was also the main reason for the eight participants who dropped out due to 
lack of adherence to the training. Better facilitation of the training equipment might be a 
way to make these programs more feasible; if people have the possibility to exercise at 
home for example, they do not have to come to a rehabilitation center which would save 
travel time. The fact that eight individuals (22%) dropped out due to health problems not 
related to the intervention (e.g. bowel problems and kidney stones) indicates that people 
with SCI are vulnerable for illness, and that interventions aiming to increase fitness and 
health are important in this population. 

In conclusion, in the current study, hybrid cycling and handcycling showed similar 
effects on fitness, pulmonary function and physical activity, indicating that there were no 
additional benefits of FES-induced leg exercise above handcycle exercise. 
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