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Aims and outline of this thesis

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 clinical rehabilitation practice regarding physical capacity testing and 
handcycle training. Taken together, this resulted in three themes with the following specific 
aims:

Physical capacity testing
1. To develop and validate predictive models for peak power output (POpeak (W and 

W/kg)) in a synchronous handcycling graded exercise test (GXT) for individuals with 
spinal cord injury (SCI) (chapter 2). 

2. To define reference values for absolute and relative POpeak and peak oxygen 
uptake (VO2peak) in handcycling based on lesion level and sex (chapter 2).

3. To examine whether it is possible to detect both ventilatory thresholds (VTs) in 
recreationally-active individuals with tetraplegia or paraplegia (chapter 3).

4. To examine the interrater and intrarater reliability of VT determination (chapter 3).
5. To examine the effects of stage duration with a ramp protocol, 1-min stepwise 

protocol, and 3-min stepwise protocol on PO, VO2, and heart rate (HR) at both peak 
level and at VT1 and VT2 during synchronous arm crank ergometry (chapter 4). 

Handcycle training
6. To analyze training characteristics of the HandbikeBattle participants (chapter 5). 
7. To examine the associations between training load and the change in physical 

capacity (chapter 5). 

Effects of participation
8. 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 (chapter 6). 
9. To examine the associations among changes in handcycling physical capacity and 

changes in life satisfaction and mental health during the training period (chapter 
6).

10. To compare physical capacity one year after the HandbikeBattle event with physical 
capacity before and after the training period (chapter 7). 

11. To identify determinants that influence the course of physical capacity during 
follow-up (chapter 7).
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Summary and interpretation of main findings

Physical capacity testing
In chapter 2 the objective was to give practitioners guidance in selecting the correct 
individualized GXT protocol for handcycling and give insight in what is considered a “normal” 
handcycle-specific physical capacity in this diverse population. However, the developed 
predictive models had a relatively low explained variance (R2), with a R2 of 42% for the best 
model. Validation of the models showed a fair to good relative agreement but a low absolute 
agreement between the predicted and measured POpeak. Therefore, the models should be 
used with caution and only in addition to expert opinion of the practitioner when there is 
indecisiveness in what protocol to choose. Moreover, it should be noted that the models are 
only applicable to individuals with SCI, that the models are not based on individuals with a 
very low or very high physical capacity (i.e., elite athletes), and that women and individuals 
with a tetraplegia were underrepresented in the study. 

The follow-up question would be why such a large proportion of unexplained 
variance remained. This could partly be due to the variation in measurement set-up and 
protocols among the eleven rehabilitation centers. Standardization of test setting and 
protocol to pursue homogeneity might further improve the predictive models. Second, 
the measurement of certain included determinants could be improved. For example, with 
the available 104 participants in the model development group, it was only possible to 
define lesion level based on two categories (>Th6 and ≤Th6), whereas including three or 
four categories in the model could have been more discriminative. In addition, an objective 
measure of daily physical activity or exercise might explain a larger part of the variance than 
self-reported handcycle training hours alone. 

Other factors that might improve the model include isometric arm strength and 
anaerobic PO. Isometric arm strength and anaerobic POmean during a 30-s sprint were 
found to have an explained variance of 66% and 81% in persons with SCI conducting peak 
handrim wheelchair ergometry 1. In a follow-up study by De Groot et al. a predictive model 
for POpeak was constructed in asynchronous arm ergometry (N=93) with the following 
determinants: anaerobic POmean, age, sex, body mass index (BMI), injury level and time 
since injury (TSI), which led to a higher explained variance (R2 = 76%) than in chapter 2 2. 
Validation of the model showed a relative agreement (ICC) of 0.89 2. It should be noted that 
although inclusion of the anaerobic POmean resulted in improved predictive models and a 
Wingate test is a relatively low time burden, it involves extra testing. Ideally, readily available 
or very easy to test determinants are used. In clinical practice, i.e., in most rehabilitation 
centers in the Netherlands, practitioners choose the protocol of the individual participant 
out of a set of three or four existing protocols. For example, ramp protocols with a slope of 
1W/12s (50W after ten minutes), 1W/6s (100W after ten minutes) or 1W/4s (150W after 
ten minutes). It is, therefore, not necessary to predict the exact POpeak. The developed 
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predictive models of chapter 2 are less precise than was aimed for, but they could support in 
the decision of which of these protocols to choose. For clinical practice, it would especially 
be helpful when the prediction is based on a practical set of determinants. For example, 
researchers from the University of Miami found evidence that the ability to perform a floor 
to chair transfer would likely attain a POpeak of at least 0.8W/kg body weight 3,4. A next step 
could be to further investigate these kind of associations between functional ability tests 
and physical capacity to eventually provide more personalized protocols and outcomes. 
 In chapter 3 the feasibility of determination of VTs and their interrater and intrarater 
reliability were studied for a peak arm crank test in recreationally-active individuals with SCI. 
The results showed that 90% of VTs could be determined, which is comparable to what 
is described for able-bodied individuals and athletes with SCI 5–8. Although these results 
seem promising, we have to realize that compared with able-bodied leg exercise, relatively 
untrained individuals with an SCI have unique characteristics in terms of upper-body training 
and testing. This is for example reflected in the small range between resting values and peak 
values in individuals with SCI, and those with tetraplegia in particular. This small range could 
be a complicating factor in the determination of VTs 7,9.  For example, the mean VO2peak in 
chapter 3 was 1.50 ± 0.64 L/min for individuals with a paraplegia, and 0.76 ± 0.32 L/min for 
individuals with a tetraplegia. Especially the latter leaves little variation if one assumes a 
resting metabolic rate of 0.25-0.29 L/min 9. In able-bodied men with the same age, VO2peak 
would be 2.69 ± 0.36 L/min 10. VO2 at VT1 for individuals with paraplegia was 0.74 – 0.76 
L/min, and for individuals with a tetraplegia 0.47 - 0.53 L/min. In able-bodied men with 
the same age, this would be 1.08 – 1.61 L/min 10,11. Setting the resistance of the first step 
too high in the GXT might complicate determination of VT1, whereas peripheral fatigue 
may result in premature termination of the test and complicate determination of VT2. In 
a previous arm crank ergometry study with untrained individuals with SCI, VT1 could be 
detected in all individuals with a paraplegia, but only in 68% of individuals with tetraplegia 
9. Individuals without observable VT1 completed the GXT with lower POpeak and VO2peak 
than individuals with an observable VT1 9. In chapter 3, the same patterns were observed: 
most of the VTs that could not be determined were VT2s and related to tests in individuals 
with tetraplegia. Although the overall success rate in chapter 3 was still 90%, for 7 out of 11 
tests of individuals with tetraplegia, one or both raters could not determine one or both VTs. 

Multiple follow-up questions come to mind and are, so far, unanswered. It is, 
for example, unknown what the day-to-day variability of VO2, HR and PO at VTs is in this 
population.  It is necessary to gain knowledge about this aspect before change in VO2, HR 
or PO at VTs can be used as outcome parameter for the dose-response relationship with 
training 9,12. This could be done with, for example, repeated graded exercise testing with 
several days in between. Moreover, we now make the assumption that training intensity 
prescription based on VTs is the best method in this population of wheelchair users with an 
SCI. However, other options to set training intensity should be further considered in relation 



General discussion

167

to VTs in more systematic research, and other options should be available if one or both VTs 
cannot be determined. One of these options is training based on %POpeak. This is feasible 
in handcycling as power output can be measured with a device in the cranks or hub. Next 
to %POpeak, and %Heart Rate Reserve (%HRR) in those with lower lesions (<Th1), setting 
intensity based on subjective measures such as RPE or the talk test are possibilities for this 
population and should be further investigated 13,14. Also, the sensitivity to training load in 
this population is important to study. Since handcycling has a distinctly higher efficiency and 
POpeak compared to handrim wheelchair propulsion15, the role of exercise mode on VTs is 
important to understand as well. A similar question holds for the choice of GXT protocol, as 
was studied in chapter 4. 

The set-up of chapter 4 closely resembles chapter 3, but the GXTs were conducted 
in healthy able-bodied individuals and the focus was on determining VTs while employing 
three different GXT protocols during arm cranking. In chapter 4 PO was different at peak 
level and at VTs among the three protocols. No significant differences were found in HR and 
VO2 at peak level and at VTs but absolute agreement in HR and VO2 was low among protocols, 
so protocols should never be used interchangeably when evaluating change in physical 
capacity longitudinally within a participant. PO at peak level and VTs was higher for the 
short-stage protocols than the 3-min stepwise protocol. Consequently, training prescription 
based on PO at VTs assessed in short-stage protocols might give an overestimation with 
training zones that could potentially result in overreaching. In the future this study should 
be repeated with a patient population that is dependent upon arm exercise. In addition, 
it should address these differences in PO among protocols and the clinical implications 
of these differences for e.g. individuals with SCI. For example, a training study could be 
conducted where two matched groups of persons with paraplegia receive the exact same 
training regime except in one group intensity is set based on a 1-min stepwise protocol, 
whereas in the other group intensity is set based on a 3-min stepwise protocol for the GXT. 
Primary outcome parameters would be improvement in physical capacity, the occurrence 
of pain and overuse injuries, and indicators for overreaching. It is especially important for 
individuals with tetraplegia to investigate the clinical implications of the overestimation of 
PO at the VTs in short-stage protocols for two reasons: 1) it is likely that the GXT will be 
conducted with a short-stage protocol as a 3-min stepwise protocol with relatively long test 
duration is suggested to be less feasible for individuals with tetraplegia, because peripheral 
fatigue will limit them, 2) individuals with tetraplegia are more likely to train based on PO 
at the VTs as training based on HR at the VTs is often not applicable due to the altered 
sympathetic response to exercise 16. 

Handcycle training
Participants of the HandbikeBattle trained free living. Therefore, monitoring training effort 
is crucial to understand the dose-response associations of handcycle training. In chapter 5 
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it is shown that participants of the HandbikeBattle train on average 21 ± 6 weeks, with 3.6 ± 
1.4 training sessions a week. The average duration of a training session was 86 ± 20 minutes. 
Training load based on session Rating of Perceived Exertion (TRIMPsRPE) 

17 was not significantly 
associated with change in physical capacity. In addition, individual characteristics of training 
dose, i.e., frequency, duration and intensity also showed no significant association. This is 
unfortunate, as TRIMPsRPE would be a practical tool to use in rehabilitation practice as it 
is easy to use, cheap, applicable to all types of training and gives an overall measure of 
the perceived effort by the participant. The results of chapter 5 are, however, in line with 
previous research in able-bodied athletes that neither showed unequivocal associations 
between TRIMPsRPE and change in physical capacity 18–21. In addition, other training load 
parameters such as different HR-based TRIMP methods and the training stress score (TSS) 
based on PO, showed no significant associations with change in POmax in able-bodied 
cyclists 22,23. Compared with previous able-bodied literature, the participant group in 
chapter 5 was heterogeneous with, among others, different disability types, the training 
period was relatively long and varied in length among participants, and there was a variety 
of sports activities according to their diaries (e.g., handcycling, wheelchair basketball etc.). 
In addition, several participants had to stop training for several days or weeks due to urinary 
tract surgery, spasticity treatment, infections and pressure ulcers. We should be aware that 
untrained wheelchair users are a more vulnerable population than elite able-bodied athletes 
and that this is an extra complicating factor in any study on exercise and training effects, 
indeed complicating the presence of uniform associations between training load and change 
in physical capacity. In general, it is unsatisfactory that dose-response relationships are not 
clear as athletes, coaches, researchers and also rehabilitation professionals want to know: 
at what intensity, frequency and duration should an athlete/patient train to achieve the best 
response? What is the optimal training regime? We should, however, be aware that training 
adaptation comprises of a very complex interplay among numerous (temporal) factors. 
Examples of factors are: fatigue, sleep, nutrition, mental state, stress (work-life balance), 
genetics and motivation. Additional factors that might be applicable to wheelchair users and 
potentially affecting training availability over time are, for example, recurrent infections, 
fluctuating pain (related or not related to training), bowel / bladder problems and pressure 
ulcers. In addition, numerous choices can be made in terms of training characteristics, for 
example, the number of training sessions in a week, how to work towards a goal and build 
training load during a certain period (i.e. periodization), the type of training (e.g. strength 
training, low-intensity cardio training, high intensity interval training (HIIT)), the quality of 
the training session (e.g., the weight and number of repetitions during strength training, the 
intensity and duration of intervals during HIIT). 

In this respect, the TRIMPsRPE has the advantage compared with other training 
load parameters that it gives an overall representation of the individual’s perception of 
training, potentially taking into account physical, psychological and environmental factors 
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24. Disadvantages are that the TRIMPsRPE does not take into account the variability of intensity 
within a training session and the specific content of the training session. For example, 
a training session of one hour with a stable intensity might have a RPE 6, whereas HIIT 
training with alternated very high and very low intensity might also score an average RPE 
6. In addition, a training session of 60 minutes with RPE 5 will give a TRIMPsRPE of 300 AU, 
whereas a training session of 100 minutes with RPE 3 will also give a TRIMPsRPE of 300 AU. In 
a recent editorial in British Journal of Sports Medicine, the authors advocated a continuous 
and prospective monitoring approach which consists of a combination of objective 
physiological measures (heart rate, power output), subjective measures (RPE), psychological 
measures (stress, coping) and lifestyle-related factors (sleep, nutrition) 25. As a next step, 
an individualized approach based on these factors would be ideal for training prescription. 
However, it should be really easy to understand and fill out for participants or patients, 
otherwise it will be too time consuming and not feasible during or after rehabilitation and/
or training practice. In short, for future HandbikeBattle studies it is recommended to use 
(as a minimum) a combination of subjective (RPE) and objective (heart rate, power output) 
measures and monitor pain after each training. 

Effects of participation
In chapter 6 the objective was to describe changes in quality of life (life satisfaction and 
mental health) over time and to study longitudinal associations between quality of life 
and physical capacity. Life satisfaction increased and this increase was associated with 
an increase in physical capacity, whereas mental health only increased in a subgroup 
with mental health problems (i.e., score ≤ 72) at baseline. The question remains which 
underlying mechanisms are responsible for this association between physical capacity and 
life satisfaction. A direct association might be possible, i.e., the feeling of increased capacity, 
strength etc. might give an increased life satisfaction. However, other mediating factors 
might also play a role. One hypothesis is that an increase in physical capacity has a positive 
effect on functional independence and activities of daily living, which might have a positive 
effect on life satisfaction 26–29. A second hypothesis is that an increase in physical capacity has 
a positive effect on body image (i.e., satisfaction with physical functioning and appearance), 
which might have a positive effect on life satisfaction 30–32. It should further be noted that 
an increase of physical capacity is probably not the only determinant for the increase in 
life satisfaction. It is hypothesized that, for example, peer support and increase in social 
network during the training period might be important determinants for life satisfaction 
as well 33. In a next step, it would be interesting to look at effects of participation from a 
different perspective. Previous HandbikeBattle studies have shown an increase in physical 
capacity on a group level. It is, however, unknown what is considered a meaningful effect 
on an individual level. In other words, what is the smallest change in physical capacity that 
an individual defines as important (minimal clinical important difference (MCID) 34) and how 
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does that affect daily life? For example, if an individual always needs help with a certain 
transfer, and following a subsequent training period, physical capacity increased with 15W 
which allows him/her to perform the transfer independently, this change in physical capacity 
may indeed be meaningful. 
 On another note, it is mostly unknown why certain participants remain active 
in handcycling (or other sports) after the HandbikeBattle, whereas others quit sports or 
dramatically decrease their time spent on sport activity. One hypothesis on why certain 
participants show a decrease in sport activity and/or a physically active lifestyle after the 
event is that they are fully (perhaps too much) engaged in the project, and set everything 
aside to train for the event during the training period. This is feasible for a limited period 
of time, but after the event they return to their normal life as it was before the project. It 
is a future challenge, not only for the HandbikeBattle, but for all exercise interventions, to 
engage participants in such a way that training and physical activity remain integrated into 
their daily life on the long term. In chapter 7 it was shown that physical capacity remained 
stable one year after participation in the HandbikeBattle event. This course of physical 
capacity was, however, mainly caused by the subgroup of participants that participated 
in the HandbikeBattle event again at the time of follow-up. The follow-up question would 
then be why certain participants choose to pursue this goal again, whereas others do not35. 
Goal setting in general should be investigated further, as pursuing a new goal (for example 
handcycling up the Mont Ventoux or Stelvio, or a less straining and more social touring-
event) might be even more effective or motivating than participating in the HandbikeBattle 
again. From another perspective, it might be that the competitive element plays a role (i.e., 
improve finish time compared to last year (i.e., by training more or differently, losing weight 
etc.) or reach the finish before a team mate), or unique aspects of the HandbikeBattle 
event itself such as the social and nostalgic aspect (i.e., experience the surroundings of 
the Kaunertal again, meeting peers from last year etc.). In a recent HandbikeBattle study, 
a follow-up survey was sent to all participants of the 2013 – 2017 editions (N=203) 36. The 
response rate was 47% (N=96). Forty-four (46%) participated in the event once, whereas 52 
(54%) participated multiple times in the HandbikeBattle event. They were asked in which 
domains they had experienced benefits or losses of participation in the HandbikeBattle 
project (domains: fitness, health, handcycling, activities in daily life, personal development). 
Most responders reported they experienced benefits in fitness (90%), handcycling (87%), 
personal development (81%), activities in daily life (66%) and health (64%). Very few 
participants experienced loss in health (8%), fitness (5%), personal development (1%), 
handcycling (1%), and activities in daily life (1%). Twenty percent of the respondents who 
participated in the HandbikeBattle only once experienced losses, which is in contrast to the 
only 2% of those who participated multiple times (p ≤ 0.01). In addition, participants were 
asked about barriers of current sport participation. Sixty percent experienced no personal 
barriers and 64% experienced no environmental barriers. The personal barriers that were 
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mentioned most frequently were lack of time (31%), less able to practice sport due to the 
disability (17%) and pain (15%). The most frequently mentioned environmental barriers 
were: transport to sport accommodation takes a lot of time (19%) and not having enough 
fellow athletes (16%). Those who participated less in sports indicated more personal (p ≤ 
0.01) and environmental barriers (p = 0.02), compared to those participating more in sports. 
The group that participated only once in the HandbikeBattle experienced more personal 
barriers than the group that participated multiple times (p ≤ 0.01) 36. This expresses the 
potential benefits of the HandbikeBattle for a given subsample of participants, however this 
may also be the consequence of the personal characteristics of those individuals. Future 
research is important here. The guided HandbikeBattle training period gives participants 
and therapists the opportunity to identify and take away barriers for long-term exercise 
adherence, but who at the start does or who does not pick up this challenge is still open for 
debate. 

Practical implications

Physical capacity testing
Specificity of testing is very important and should be task-specific. As a consequence, 
wheelchair-specific physical capacity should be measured during a GXT in a wheelchair 
on a wheelchair ergometer or treadmill, whereas handcycling physical capacity should be 
measured during a synchronous handcycling GXT. In addition, individualization of the GXT 
protocol is very important to attain the true peak physical capacity. It is, however, hard 
to determine which individualized protocol should be used for a particular participant in 
advance. The predictive models developed in chapter 2 are imperfect but can be supportive 
to the decision of which protocol to choose. A typical example is given below (textbox 
1). After conducting the individualized GXT, an individualized training regime should be 
developed. In chapter 3 it was shown that for the majority of individuals with SCI the VTs 
can be determined with a high to very high interrater and intrarater reliability. Therefore, 
defining training intensity zones based on VTs is feasible in the SCI population. However, 
the large random error within and between raters, and the number of VTs that could not be 
determined in individuals with tetraplegia show that training schemes based on VTs should 
be clinically evaluated at the individual level (textbox 2). If the training intensity based on 
VTs is either too high or too low, VT determination should be critically evaluated and possibly 
determined again in order to prevent over- or undertraining of that individual. 
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Typical example: prediction of POpeak (W) based on the theoretical model of chapter 2.

Male participant, 20 years of age.
Has a SCI level Th10, AIS A, TSI is 2 years. 
His BMI is 20 kg/m2. He participated in handcycle training for 5 hours a week during the past three 
months. 
The sports physician in the rehabilitation center wants to perform a GXT but is unsure whether he 
should choose the 1W/6 s or 1W/4 s ramp protocol. What is the predicted POpeak?

POpeak (W) = 107.05 – (41.13 * sex) + (26.67 * lesion level) + (1.82 * handcycle training) + (0.52 * BMI) 
+ (0.18 * TSI) + (10.92 * completeness) – (0.59 * age). 

Sex   0 = male
   1 = female
Lesion level  0 = above Th6
   1 = equal to / below Th6
Handcycle training  Hours / week during the past three months
TSI   Years
Completeness  0 = motor complete (AIS A / B)
   1 = motor incomplete (AIS C / D)

POpeak = 107.05 – (41.13*0) + (26.67*1) + (1.82*5) + (0.52*20) + (0.18*2) + (10.92*0) – (0.59*20) = 
142 W. 
If the rehabilitation center uses four different ramp protocols, e.g. with a slope of 1W/12 s, 1W/6 s, 
1W/4 s or 1W/3 s, based on this prediction it is advised to choose the 1W/4 s protocol (equals 150W 
after 10 minutes). 
If the participant would achieve this POpeak, according to the reference values he would be in the 
category “good” compared with other HandbikeBattle participants. 

NB. In order to evaluate effects of training over time it is very important to choose the exact same 
protocol at T2. Do not use this prediction model again at T2.  
Textbox 1.

“Based on the graded exercise test in my rehab center I have to train at these heart rate values. 
However, this cannot be correct. When I train, my heart rate gets easily higher than these values, I am 
not even sweating and I can easily talk. What are the correct intensity zones for me?”  
Female participant, 51 years old, SCI Th4. 
Textbox 2. 
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For individuals with tetraplegia it is suggested to collect RPE during every step of the GXT 
to be able to train based on RPE if one or both VTs could not be determined. In addition, it 
would be interesting to study the associations between training intensity zones based on 
VTs and the talk test in individuals with SCI. During the talk test, a participant has to repeat 
a certain text at several time points during exercise. If the participant can speak comfortably 
the talk test is positive and the intensity is assumed to be below VT1. At higher intensities 
the participant will equivocate (at VT1), and eventually not speak comfortably (negative 
talk test, at VT2) 37–39. Whether this also applies to individuals with SCI during upper-body 
exercise remains subject for future research. In a previous study with individuals with 
paraplegia it was shown that the point at which they no longer could talk comfortably was at 
an intensity of 75 ± 15 %VO2 reserve which is considered vigorous intensity 14. This intensity 
is considered sufficient to improve fitness and this is the first indication that the talk test 
could indeed be helpful in a population with SCI if the training intensity is unknown or if 
the intensity based on the VTs does not seem to be correct. The talk test is, like RPE, an 
easy to use measure without the need for expensive equipment. In addition, by applying 
the talk test, the participant becomes aware of the intensity and learns to feel how his/her 
body responses to exercise. Chapter 3 and chapter 4 both show that standardization within 
participants over time is important. If a second GXT is conducted after the training period to 
evaluate training effects, it is crucial to have the same rater(s) assessing the VTs (chapter 3) 
and to use the same GXT protocol (i.e., the same set-up, setting, starting load, step duration 
and step size) over time (chapter 4). 

Handcycle training
Training for the HandbikeBattle is unique in a sense that participants train towards a goal that 
is not comparable to the training sessions itself, but far beyond. The HandbikeBattle track is 
long and the intensity is high on a large part of the track due to the inclination. In a previous 
HandbikeBattle study 17 participants were monitored with heart rate belts during the race 
40. Their average race time was 3:38 ± 1:19 (hh:mm). The intensity of the race was based on 
HRR. Five zones were defined according to the American College of Sports Medicine 41: very 
light (<30% HRR), light (30-39% HRR), moderate (40-59% HRR), vigorous (60-89% HRR), near 
maximal (90-100% HRR). The participants exercised most of the time at a vigorous intensity 
(73% of time) (figure 1). It has to be noted that the time that participants stopped to rest 
and/or drink/eat were included in the results. 
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5% very light - light 18% moderate 73% Vigorous 4% near maximal

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 1. Exercise intensity distribution of the HandbikeBattle race based on %heart rate reserve 
(N=17) 40.   

One could argue that in order to be prepared for such a physical and mental challenge, 
the training sessions should at least partly resemble this duration and intensity. Although 
the Netherlands is flat, we know from anecdotal evidence that a lot of participants tried 
to mimic the steep climb by training in the hills in the south of the Netherlands, the dunes 
of the coastal line, or by repeatedly climbing bridges and training with extra heavy weights 
in their handcycle. In the beginning, i.e., during the GXT at T1, several participants were 
relatively untrained and limited in their peak performance due to peripheral fatigue. 
Therefore, some of the rehabilitation centers advised to perform strength training twice 
a week in the beginning of the training period. So far, we have not studied the effects of 
strength training in the HandbikeBattle population, but we know from previous studies that 
strength training has a positive effect on body composition, VO2peak, anaerobic and aerobic 
POpeak, muscle strength and shoulder pain in wheelchair users 42–44. 

In chapter 5 it is shown that the dose-response relationship between training load 
and change in physical capacity is not straightforward. Additional explorative analyses showed 
that training in the moderate intensity zone (zone 2, RPE 5-6) was positively associated with 
change in VO2peak and VO2peak/kg (figure 2). In future studies, we should take a closer 
look into these associations with, for example, HR monitoring during the training sessions in 
order to account for variability of the intensity within the training sessions and the quality of 
the training (e.g. a continuous training might have an overall RPE 5, whereas a HIIT training 
might also have an overall RPE 5). In addition, the combination of monitoring tools would be 
preferable as, for example, an increase in RPE in combination with a decrease in HR may be 
indicative of overreaching 45,46.  Another interesting focus could be the associations among 
training load and changes in submaximal responses. A previous study showed significant 
associations between training load and change in PO at the lactate thresholds (LTs) 22.  In this 
respect, the individualized TRIMP (iTRIMP) is found to be most consistently associated with 
changes in submaximal responses 18,22,47. The iTRIMP is a HR-based training load parameter 
in which an (exponential) individual weighting factor is introduced based on the individual’s 
blood lactate response to incremental exercise 47. The iTRIMP has shown to be associated 
with changes in velocity at LT1 (r = 0.68 - 0.87) and LT2 (r = 0.74 - 0.78) in running and 
hurling 18,47 and with changes in PO at LT1 (r = 0.81) and LT2 (r = 0.77) in cycling 22. It should 
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be evaluated whether this method is feasible in a rehabilitation setting. 

0 – Rest 
1 

Zone 1 2 – Easy 
3 
4 – Somewhat hard 

Zone 2 5 – Hard VT1

6 

7 – Very hard VT2
Zone 3 8 

9 – Nearly maximal 
10 – Maximal effort 

Figure 2. Training intensity distribution. Three intensity zones based on RPE 0-10 scale. VT = ventilatory 
threshold. Adapted from Seiler et al. 48

Another important point that has not been touched upon in this thesis is the occurrence of 
(shoulder) pain and overuse injuries related to training. Although in previous literature 49 it 
is suggested that handcycling is less prone to lead to shoulder overload, it may play a role in 
training adherence and training activities, while participants are daily handrim wheelchair 
users in most cases. In previous years we made an attempt to monitor these aspects in 
relation to training, but it appeared very difficult to draw any conclusions. Ideally these 
aspects should be monitored very frequently (i.e., after each training session). In addition, 
it should be clear whether the pain is acute or chronic, and whether it is related to training 
(intensity, frequency, duration) or the ergonomic set-up of the handcycle, or the wheelchair, 
or daily life activities or a combination of these factors. The fact that these aspects are 
self-reported makes it more difficult to interpret, because of missing data and because 
participants do not always know what kind of overuse injury they have (in contrast to reports 
of the team physician / physiotherapist in a professional sports team). Easy to use apps or 
training logs might increase compliance with monitoring in the HandbikeBattle population. 

Effects of participation
The effects of participation in the HandbikeBattle are positive on a group level. There is 
an increase in physical capacity 50, an increase in life satisfaction which is associated with 
physical capacity (chapter 6), and the increase in physical capacity is sustained on the long 
term (chapter 7). It would be helpful, for implementation purposes and generalization 
of these findings, to gain more knowledge about the included population. What are the 
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(subconscious) mechanisms that play a role in the decision of the therapists in whether 
a participant might be suitable to start training for the event, whereas others are not? 
Very likely, several potential participants refused the invitation to join the HandbikeBattle 
project. What are the characteristics of these participants? In addition, within the included 
population, there is a drop-out rate of 17% before T2. Reasons for drop-out include 
medical reasons such as infections or pressure ulcers, but also motivational reasons or 
the inability to combine training with other daily activities such as work and family life. 
In chapter 6 it was shown that in a subgroup with low mental health scores (i.e. ≤ 72), 
their mental health improved during the training period and that this improvement was 
associated with improvement in physical capacity. These findings suggest that an increase 
in cardiorespiratory fitness might have a positive effect on mental health in individuals with 
lower mental health scores at baseline. Moreover, this finding suggests that a low mental 
health is not necessarily a contra-indication to participate. In addition, non-participants also 
had a low mental health score, indicating the thin line between participants and drop-outs. 
More intensive (mental health) guidance might be warranted for individuals with low mental 
health; this may prevent them from dropping out during the training period. Chapter 7 
shows that remaining physically fit on the long term is a challenge. These long-term follow-
up data are essential to gain knowledge on effects of exercise and training as well as on 
determinants of maintenance and relapse in physical activity behavior. How people feel 
during and after exercise may be critical in determining whether they continue 51. Which 
factors determine whether people like the actual training and thus continue to do so? It 
could be the activity itself, the physiological phenomena that go with it, or for example, 
training with peers and an increased social network. Unravelling these factors would aid in 
the implementation of physical activity and sport in daily life on the long term. 

Limitations and recommendations

The limitations of the study can be summarized in one word: heterogeneity. Participants 
were included from twelve rehabilitation centers. Therefore, GXTs were conducted by 
different physicians/test assistants, with different equipment and testing environment, 
different protocols and all participants had a unique training period. Individualization is key, 
but standardization of testing equipment and protocol (i.e., ramp versus 1-min stepwise) 
would probably have resulted in less unexplained variance in, for example, chapter 2 and 
chapter 5. Moreover, the selection of participants by the rehabilitation centers is more or 
less a black box: why is a certain (former) patient found suitable for participating in such 
an event, and another patient not? In addition, patients with a very low physical capacity 
due to high co-morbidity will be less likely to be found suitable (or be able) to start training. 
Moreover, a substantial part of individuals might not be motivated to be involved in such 
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a challenge. In other words: for which (former) patients will challenges like this work, and 
for which individuals will this not work? In the future, more information is needed about 
inclusion, for example: how many individuals were approached to participate but refused, 
and why? What were the reasons for drop-out? It would also be interesting to compare 
certain characteristics of the HandbikeBattle SCI population with the general Dutch SCI 
population. 
 In line with this, the current observational design of the study has its limitations. 
We have to acknowledge that certain questions cannot be answered with this design. From 
a certain research perspective, a more controlled set-up may have been favorable with 
fixed training regimes and a control group. However, we must be aware that the study is 
secondary to the HandbikeBattle event. The HandbikeBattle was perceived as an experiment 
of life with largely unknown outcomes, thus making our prospective observational design 
very befitting. The philosophy of the event is that participants learn to take initiative and 
train together with peers and at home with guidance from the rehabilitation centers. The 
purpose is that training is incorporated in daily life and that participants remain active on 
the long term. In the past years, the therapists from the rehabilitation centers have refined 
this process for their participants. By changing the design of the study to a lab-based 
controlled set-up, these effects will be lost. Given the multifactorial nature of the study 
and large quantity of data, for future HandbikeBattle research questions and studies, the 
possibility of data science technologies should be explored. 

As an additional remark, due to the COVID-19 pandemic, the HandbikeBattle event 
in 2020 did not take place. The monitoring of training in the 2020 cohort was, therefore, 
incomplete and T2 did not take place. In addition, the T4 measurement of the 2019 cohort 
did not take place. For chapter 7 this resulted in fewer participants than anticipated. 
 Besides these limitations with subsequent recommendations there are also some 
general recommendations for future HandbikeBattle research.

From physical capacity testing to training
In order to further optimize individualized training, the translation from GXT (protocol) to 
training should be investigated further. For example, it should be investigated whether the 
talk test could be a valuable and valid marker to set intensity in individuals with an SCI, and 
whether it could be used during training sessions in individuals with tetraplegia. 

Handcycle training and overuse injuries
In-depth training analyses during the training period are necessary to gain more knowledge 
about the dose-response relationship between training load and the increase in physical 
capacity, and associations of this and other daily life activities in regular handrim wheelchair 
use with overuse injuries. Today there is no indication for increased musculoskeletal overuse 
risks in handcycling 49,52,53; handcycling is even seen as a preventive mode of exercise by 
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some 54. Yet it cannot be neglected that individuals who are dependent on upper-body 
loading in a wheelchair-dependent life might develop overuse injuries. This requires 
continued research. This should, however, be simple and realistic. For example, with an 
easy to use app or sensors that automatically store data. Ideally, a combination of subjective 
and objective internal and external training load measures are measured. A combination 
of RPE and HR would be valuable to observe decoupling patterns (i.e., high RPE with low 
HR). In addition, power meters during training are valuable for individuals with tetraplegia 
such that a combination of PO and RPE can be monitored. With respect to the development 
and prevention of overuse injuries, next to training load, optimal handcycle configuration 
is indispensable. Future studies should look further into the best individualized ergonomic 
set-up with the lowest risk of overuse injuries and best performance 55,56. 
 Gaining more insight into the physiological demands of an uphill race such as 
the HandbikeBattle would help in the decision of what would be the best training regime 
for these individuals. For example, a power balance model can be used to predict the power 
output needed to finish a race within certain time limits 57. In previous years, power output 
(W) data during the race were collected in a subgroup of participants that, together with 
data from the GXT, can be used to develop such a predictive power model. 

Long-term exercise adherence
Which positive effects of training or change in physical capacity are responsible for (long-
term) exercise adherence? Examples of topics that should be further investigated are effects 
on body image, activities of daily living and social inclusion. A large part of the success of 
why participants commit to training and keep (or quit) training, might be due to (the lack of) 
social inclusion and peer support. Unfortunately, this was not investigated in the previous 
HandbikeBattle studies. From anecdotal evidence we know that former HandbikeBattle 
participants form “teams” themselves to compete in the HandbikeBattle event again 
next year (as individual participants, irrespective of the rehabilitation center). Or they 
start planning additional challenges themselves such as handcycling the Berlin Marathon 
or Mont Ventoux. In addition, in the last years handcycle clubs have grown in number, 
became affiliated to regular cycling clubs and are spread throughout the Netherlands (from 
16 clubs in 2012 to 22 in 2020) (figure 3). Moreover, the Dutch handcycling competition 
(NHC) has grown from 7 annual competition events in 2012 to 16 in the 2020 season (March 
– September, that was planned before COVID-19) 58. It all comes back to the question of 
which participants stay active in handcycling after the HandbikeBattle, and why. It would be 
interesting to further investigate whether training for and participating in the HandbikeBattle 
event meets the six experiential aspects of participation: 1) autonomy (feeling in control and 
capable of continuing training after the HandbikeBattle), 2) belongingness (being part of 
a group/community), 3) challenge, 4) engagement (feeling involved), 5) mastery (learning 
from others), 6) meaning (show to themselves / family / society that they are capable of 
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doing more than they previously thought)36,59. 

Figure 3. Handcycle clubs in the Netherlands

The mission of the HandbikeBattle

The mission of the HandbikeBattle is threefold: 1) to encourage wheelchair users to initiate 
or keep training after the rehabilitation period, 2) to learn from others and gain confidence 
to achieve other goals in life, 3) to show that not only elite able-bodied athletes are capable 
of incredible performances, but recreationally-active wheelchair users as well. Have we 
achieved these goals? In general, I would say: yes! Most participants really train for the 
event and part of the participant group remains active. Unfortunately, we only know from 
anecdotal evidence that participants learn much more than only handcycle training (textbox 
3). For some participants it is a life-changing experience. On a group level we know that 
physical capacity and life satisfaction increased and participants experienced benefits in 
several domains such as personal development (81%) and activities in daily life (66%)36,50,60. 
In the future it would be really interesting to focus on whether participants reach their 
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individual goals that they have set at the start of the training period (textbox 4). 

“Crossing the finish line is a very emotional moment. Through the HandbikeBattle I relived my whole 
rehabilitation period. It took me weeks after the Battle before I had processed everything. I am another 
person now. My self-image is more positive and I gained confidence. I deal with setbacks different 
than before. And these are only the mental aspects. Because I started training for the HandbikeBattle 
I became aware of my (unhealthy) lifestyle. Now I eat healthier and I do a lot of exercise. I notice that 
my body has a higher capacity and that I recover faster from illnesses”. Male participant, 39 years old, 
SCI Th9. 
Textbox 3. 

The HandbikeBattle event does not reach everybody. Individuals with a very low physical 
capacity or with cardiovascular contra-indications will not participate. In addition, 
individuals who really dislike exercise and are not motivated to train, will also not 
participate. The question remains how we could reach those individuals. Other life-style 
interventions might be better suited such as home-based training with an app 61 or a healthy 
lifestyle rehabilitation training program 62,63. In addition, in the future we might think of an 
additional less “extreme” event next to the HandbikeBattle, and promote the membership 
of a handcycle club. Such that these individuals have a common goal to train for and might 
experience benefits of achieving this goal in several domains of life. Moreover, it is perhaps 
(physically and mentally) too soon for patients early in clinical rehabilitation to commit to 
a challenge like the HandbikeBattle or another strenuous training program, but it is very 
important that they know that these initiatives exist, for example by watching videos of the 
event and talking with peers with the same impairment who participated in these training 
initiatives such that they experience early in rehabilitation what is possible, and that they 
become motivated and have a (long-term) goal to work towards. It is the responsibility of the 
rehabilitation field to facilitate this process and to ensure that patients become acquainted 
with different sport activities and/or a physically active lifestyle early in rehabilitation.  

What is your personal goal in the HandbikeBattle?
“I would like to increase fitness, have a lot of social contact with my team mates, become proud of 
myself, and conquer the mountain!” Male participant, 60 years old, amputation.
Textbox 4. 
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Reflections on the HandbikeBattle project and its role in the rehabilitation field

The HandbikeBattle is THE example of a large collaboration network in rehabilitation. The 
HandbikeBattle is an event where rehabilitation teams compete against each other, but 
everyone who is involved knows that it is about fraternization and mutual support (although 
we have to be realistic that everybody is grumpy that Rijndam Racers won again in 2019…). 
Team members become friends for life and therapists and participants keep cycling together 
after the event. Several participants from one team train together with other teams, and the 
GXTs of three teams are conducted in one rehabilitation center (without being bothered by 
rivalry or market forces). The strength of the event is the commitment of the rehabilitation 
centers and their individualized approach. This event bridges the gap in the rehabilitation 
field in the Netherlands at all levels. In addition to patients and therapists, policy makers, 
managers and directors are discussing and networking at the HandbikeBattle finish line in 
their lycra cycling clothes, and, let us be honest, wipe away a tear when a participant crosses 
the finish line. This is what the rehabilitation field in the Netherlands should look like. The 
HandbikeBattle is an event for everybody. We hope to see you all again at the finish line in 
June 2021.
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