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SUMMARY

Introduction
Chapter 1 is a general introduction with an overview of the HandbikeBattle event, project 
and study. Handcycling is a popular exercise mode for manual wheelchair users during and 
after rehabilitation in the Netherlands. A previous study showed that during synchronous 
handcycling, shoulder loads at a given external power output are considerably lower 
compared with handrim wheelchair propulsion, potentially reducing the risk of upper-body 
overuse injuries. Furthermore, it was shown that during handcycling, sufficient levels of 
intensity can be reached to engage in an active lifestyle and that it is a feasible way to 
improve physical capacity already early in rehabilitation in even the most vulnerable patients 
with a tetraplegia. Other reasons for its popularity in the Netherlands include the country’s 
infrastructure (flat) and its widespread cycling culture as part of daily commuting. 

In 2013 the first edition of the HandbikeBattle event took place at the Kaunertaler 
Gletscherstraße in Austria. The event, that started with teams from eight Dutch rehabilitation 
centers, has grown over the years to an event with teams from twelve rehabilitation centers 
and more than one hundred (inter)national participants. Initially, the HandbikeBattle 
event was organized to give wheelchair users a mutual goal to start handcycle training and 
encourage them to start or keep training after the rehabilitation period and initiate an active 
lifestyle.  The HandbikeBattle project involves the preparatory phase and HandbikeBattle 
event, which includes, among others: a medical screening and graded exercise test (GXT), 
a free-living training period, a week in Austria with peers, and the HandbikeBattle event 
itself. The HandbikeBattle study is an observational cohort study that aims to monitor 
participants during and after the HandbikeBattle project up to one year after participation. 
The main aims of the studies in this thesis were to investigate the effects of participation 
in the HandbikeBattle project and event on physical capacity and quality of life, and to 
answer questions from rehabilitation professionals regarding physical capacity testing and 
handcycle training. Three main themes are addressed in this thesis: 1) Physical capacity 
testing, 2) Handcycle training, 3) Effects of participation.

Physical capacity testing
The specific aims of chapter 2 were: 1) To develop and validate predictive models for peak 
power output (POpeak (W and W/kg)) in a synchronous handcycling GXT for individuals 
with spinal cord injury (SCI); 2) To define reference values for absolute and relative POpeak 
and peak oxygen uptake (VO2peak (L/min and ml/kg/min)) in handcycling based on lesion 
level and sex. The objective was to give practitioners guidance in selecting the correct 
individualized GXT protocol for handcycling and in what is considered “normal” handcycle-
specific physical capacity in this diverse population. Participants were selected from the 
2013 – 2017 cohorts. This resulted in 128 participants with an SCI or spina bifida to be 
included. Subsequently, the group of 128 participants was randomly split into two samples: 
(1) one sample to develop the predictive models (80% of the data; model group) and (2) 
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one sample to cross-validate the models (20% of the data; validation group). Multilevel 
regression analyses were performed to develop the predictive models. It was shown that 
based on backward linear regression, sex, lesion level and handcycling training status were 
significant determinants in the prediction of POpeak (W), whereas lesion level, handcycling 
training status and body mass index (BMI) were significant determinants of POpeak (W/kg). 
These models had, however, an explained variance (R2) of only 30 – 39%. This means that 61 
– 70 % of the variability in POpeak (W and W/kg) is still unexplained. The theoretical models 
that were based on a forced-entry approach including all determinants, had a somewhat 
higher (but still relatively low) R2 of 42%. The determinants in these models were: sex, 
lesion level, handcycling training status, BMI, time since injury, lesion completeness and 
age. The four models were used to predict POpeak (W and W/kg) in the validation group 
and were compared with their actual measured POpeak. The relative agreement (intraclass 
correlation coefficient (ICC)) was fair to good (0.43 – 0.60). The absolute agreement was low, 
as shown by the wide limits of agreement in Bland-Altman plots. Therefore, these models 
should be used with caution and only in addition to expert opinion of the practitioner when 
used to make a choice between protocols.

After the medical screening and GXT, the participant will start training for the 
HandbikeBattle.  Training prescription with intensity zones based on ventilatory thresholds 
(VTs) derived from the GXT is very common in elite athletes. However, little is known 
about VT determination in non-elite individuals with SCI during a peak upper-body GXT. 
The specific aims of chapter 3 were: 1) To examine whether it is possible to detect both 
VTs in recreationally-active individuals with tetraplegia or paraplegia; 2) To examine the 
interrater and intrarater reliability of VT determination. Thirty graded arm crank ergometry 
exercise tests with 1-min increments of recreationally-active individuals (tetraplegia (N = 
11), paraplegia (N = 19)) were assessed. It was shown that 90% of VTs could be determined. 
Of the 23 undetermined VTs, two (9%) were VT1 and 21 (91%) were VT2; and seven (30%) 
related to tests in individuals with paraplegia and 16 (70%) to tests in individuals with 
tetraplegia. For individuals with paraplegia, test duration was significantly lower in tests 
where one or more VTs could not be determined. For the VTs that could be determined, 
the relative agreement within raters (intrarater reliability) was high to very high (ICC 0.88 – 
1.00). Bland-Altman plots showed a small systematic error (group level) and narrow to wide 
limits of agreement (individual level) within raters. The relative agreement between raters 
(interrater reliability) was high to very high (ICC 0.82 – 0.97). Bland-Altman plots showed a 
small systematic error (group level) and wide limits of agreement (individual level) between 
raters. These results are thus positive on group level, but it should be noted that a critical 
evaluation of the VTs at the individual level is necessary. In addition, other exercise intensity 
prescription methods, e.g. heart rate (HR) or rating of perceived exertion (RPE), should be 
considered when one or both VTs cannot be determined.

In chapter 3, the GXT was conducted with a 1-min stepwise protocol. However, 
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in the HandbikeBattle study and other upper-body exercise literature, other protocols are 
commonly used as well. Examples are the continuous ramp protocol and the 3-min stepwise 
protocol. The specific aim of chapter 4 was: To examine the effects of stage duration with 
a ramp protocol, 1-min stepwise protocol, and 3-min stepwise protocol on PO, VO2, and HR 
at both peak level and at VT1 and VT2 during synchronous arm crank ergometry in able-
bodied participants. Nineteen able-bodied participants completed a ramp, 1-min stepwise, 
and 3-min stepwise graded arm crank exercise test. It was shown that 89% of VTs could 
be successfully determined. Of the 13 undetermined VTs, two were related to the ramp 
protocol, five to the 1-min stepwise protocol, and six to the 3-min stepwise protocol. Eight 
were VT1 and five were VT2. No systematic differences for HR and VO2 were found among 
protocols, at both VTs or at peak level. At peak level, PO showed the highest value for the ramp 
protocol, followed by the 1-min and 3-min stepwise protocol. At VT1, PO was significantly 
higher for the ramp protocol compared with the 3-min stepwise protocol, but there was 
no significant difference between the ramp and 1-min stepwise and between the 1-min 
stepwise and 3-min stepwise protocols. At VT2, PO was significantly higher for both short-
stage protocols compared with the 3-min stepwise protocol. The relative agreement among 
protocols varied with low absolute agreement as shown by the small-to-large systematic 
error (group level) and wide limits of agreement (individual level) in Bland-Altman plots. 
Consequently, training zones based on PO will be different among protocols and dependent 
on the chosen protocol. Consequently, training zones based on PO at VTs assessed in short 
stage duration protocols may introduce an overestimation of PO levels for training, which 
could potentially result in overreaching. 

Handcycle training
A previous HandbikeBattle study showed that there was an increase in POpeak of 17% and 
in VO2peak of 7% over the training period on a group level. It is, however, unknown which 
training regimes or characteristics led to these improvements. The specific aims of chapter 5 
were: 1) To analyze training characteristics of the HandbikeBattle participants; 2) To examine 
the associations between training load and change in physical capacity. Sixty participants 
with complete training data were included. Multilevel regression analyses were performed 
with change in physical capacity (ΔPOpeak/kg and ΔVO2peak/kg) as outcome parameter 
and training load as determinant. Training load was calculated by multiplying the intensity 
of the training (RPE, scale 0-10) with the duration of the training in minutes. It was shown 
that participants of the HandbikeBattle study on average trained 21 ± 6 weeks, with 3.6 ± 
1.4 training sessions a week. The average duration of a training session was 86 ± 20 minutes. 
Physical capacity increased with 17 - 22% over the training period on a group level. Training 
load was not significantly associated with change in physical capacity. In addition, separate 
determinants for frequency, duration and intensity of training did not show significant 
associations with the change in physical capacity. Additional explorative analyses were 
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conducted, which showed that training intensity distribution (TID) was associated with 
change in physical capacity. When training sessions and training time were divided in three 
intensity zones (low intensity RPE ≤ 4; moderate intensity RPE 5-6; high intensity RPE ≥ 7), 
the absolute number of training sessions and time spent in the moderate intensity zone 
were significantly associated with ΔVO2peak (L/min and ml/kg/min) and %ΔVO2peak (L/min 
and ml/kg/min). Overall, apart from a lack of consistency in registration by participants, 
this study showed that there was inconsistency of training itself, due to all sorts of personal 
factors (e.g., infections, spasticity treatment), not necessarily related to the training. We 
should be aware that relatively untrained wheelchair users are a more vulnerable population 
than elite able-bodied athletes and that this is an extra complicating factor to determine 
dose-response associations between training load and change in physical capacity. 

Effects of participation
Previous cross-sectional studies showed that physical activity and participating in exercise 
are associated with quality of life. The specific aims of chapter 6 were therefore: 1) To 
examine changes in life satisfaction and mental health during five months of training prior 
to the HandbikeBattle and at four months of follow-up; 2) To examine the associations 
among changes in handcycling physical capacity and changes in life satisfaction and mental 
health during the training period. Participants were selected from the 2013 – 2016 cohorts. 
This resulted in 136 participants to be included. Multilevel regression analyses were 
performed with life satisfaction or mental health as outcome parameter. Time was included 
as determinant to study the longitudinal trajectory. Additional (multilevel) hybrid models 
were created to study the longitudinal associations between the outcome parameters and 
physical capacity (POpeak and VO2peak). Life satisfaction showed an increase during five 
months of training and did not significantly change during follow-up. Life satisfaction during 
follow-up was, however, not significantly higher than life satisfaction at the start of the 
training period. Mental health showed no change over time for the total group. An increase 
in physical capacity was longitudinally associated with an improvement in life satisfaction.  
In contrast, the change in physical capacity was not associated with change in mental 
health over time. However, subgroup analyses showed that individuals with mental health 
problems (i.e., score ≤ 72) at baseline, showed a significant improvement in mental health 
over time, which was significantly associated with an improvement in physical capacity over 
time. 

In addition to positive (short-term) effects of participation on quality of life, it was 
hypothesized that participants who completed the HandbikeBattle were likely to maintain 
an active lifestyle on the long term. This was hypothesized because the training was not lab-
based, but self-organized in their own environment, and because they potentially perceived 
less barriers as they overcame certain barriers during the training period. The maintenance 
of this active lifestyle would result in stable levels of physical capacity at long-term follow-
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up. Therefore, the specific aims of chapter 7 were: 1) To compare physical capacity one 
year after the HandbikeBattle event with physical capacity before and after the training 
period; 2) To identify determinants that influence the course of physical capacity during 
follow-up. Thirty-three participants were included from the 2017 – 2018 cohorts. Multilevel 
regression analyses were performed with physical capacity (POpeak and VO2peak) as 
outcome parameter and time as determinant.  It was shown that the improvements in 
physical capacity during the training period were sustained during long-term follow-up. 
During the training period physical capacity increased with 16 – 22%. At one-year follow-
up physical capacity showed similar levels. Several potential determinants were analyzed 
in association with the course of physical capacity during follow-up (i.e. sex, age, physical 
capacity at baseline, handcycling classification, musculoskeletal pain at baseline, exercise 
self-efficacy at baseline, competing again in the HandbikeBattle at time of follow-up). The 
only determinant that appeared to be associated with the course of physical capacity during 
follow-up, was participating in the HandbikeBattle event again at the time of follow-up. 
Participants who competed in the HandbikeBattle again at time of follow-up showed a non-
significant increase in physical capacity during follow-up, whereas participants who did not 
compete in the HandbikeBattle again, showed a significant decrease in physical capacity 
during follow-up.

In chapter 8 main findings of the chapters were summarized and discussed. This thesis adds 
to the knowledge on the role of an active lifestyle by handcycle training after rehabilitation. 
First, physical capacity testing during synchronous upper-body exercise was studied. 
Thereafter, training characteristics were analyzed and their association with change in 
physical capacity was studied. Third, effects of participation in the HandbikeBattle on quality 
of life, and long term effects on physical capacity were examined. 
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