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Sport and exercise in rehabilitation
In 1944, prominent neurosurgeon Ludwig Guttmann started treating veterans from World 
War II at the Stoke Mandeville Spinal Injuries Unit in England. At that time, permanent 
hospitalization and low survival rate were accepted for people with a spinal cord injury (SCI). 
Guttmann was rebelling against this common practice and introduced sport and exercise 
into the rehabilitation program. He believed that sport and exercise played a vital role in 
physical and mental rehabilitation and that it was a pathway that could help people with 
a disability to be happier, achieve independence and gain confidence 1. Guttmann was the 
founding father of the Paralympic Games as we know it today. Nowadays, science supports 
his believes and the role of sport and exercise in physical and mental rehabilitation 2–6. 

Exercise is Medicine®
In 2007 the American College of Sports Medicine (ACSM) together with the American Medical 
Association launched the worldwide Exercise is Medicine® initiative with the purpose to 
make physical activity assessment and exercise prescription a standard part of the disease 
prevention and treatment paradigm for all patients 7–10. Physical inactivity is defined as a global 
public health problem, with 3.2 million deaths each year attributable to physical inactivity 11. 
While physical inactivity is a widespread problem in the able-bodied population, individuals 
with a disability often are even less physically active, with the lowest activity levels among 
individuals with an SCI 12. It is shown that the majority of the SCI population does not meet 
the ACSM guidelines of at least 30 minutes of moderate-intensity physical activity per day 
and that they spend only 3.4% of time per day on dynamic activities, compared with 9.9% 
for able-bodied controls 12. In addition to an inactive lifestyle, the resting metabolic rate 
is 14-27% lower in individuals with SCI compared with able-bodied individuals due to the 
reduced fat-free mass and altered sympathetic nervous system activity 13. As a result, their 
total daily energy expenditure is reduced, which corresponds with a higher chance of being 
overweight or obese. Five years after discharge only 25% of individuals with an SCI have a 
body mass index (BMI) within the recommended level (BMI < 22), and 54% is obese (BMI 
≥ 25) 14,15. It is not surprising that metabolic syndrome is common in wheelchair users with 
an SCI. Metabolic syndrome is defined as a combination of at least three of the following 
characteristics: abdominal obesity, high blood pressure, high triglycerides, low high-density 
lipoprotein cholesterol and high fasting glucose 16. A previous large Dutch SCI cross-sectional 
study reported metabolic syndrome in 39% of participants with long-standing SCI (N=223) 17. 
These physical problems are associated with a high prevalence of cardiometabolic disease, 
which is the leading cause of mortality in individuals with an SCI 18–21. Physical activity 
and exercise are associated with a decrease in body mass, abdominal obesity, high blood 
pressure and cholesterol levels 14,21–24. Therefore, exercise interventions to increase physical 
activity and physical capacity are recommended in this population 25,26. 
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Physical capacity of wheelchair users
Physical capacity is the combined outcome of muscle strength, respiratory function and 
cardiovascular function (figure 1) 27,28. The gold standard to measure physical capacity is a 
graded exercise test (GXT) until volitional exhaustion with outcome parameters peak oxygen 
uptake (VO2peak, L/min) and peak power output (POpeak, W). POpeak is dependent on the 
exercise mode and type of exercise test. Therefore, specificity of testing is recommended. 
In this thesis outcome parameters are (change in) POpeak and VO2peak, measured as peak 
(handcycling) capacity. They are referred to as physical capacity or cardiorespiratory fitness, 
depending on the chapter.

Muscle strength

Respiratory function

Cardiovascular function

POpeak

VO2peak

Physical capacity

Figure 1. Components of physical capacity. Adapted from the thesis of Janneke Haisma 2008: Physical 
capacity and complications during and after inpatient rehabilitation for spinal cord injury 29. 

In general, wheelchair users have a low physical capacity compared with able-bodied 
individuals. This is due to a lower muscle mass and lower efficiency of the muscles in the 
upper body compared with the lower body, and to an inactive lifestyle. In addition, the type 
and severity of the impairment affect the individual’s physical capacity. Most research on 
physical capacity in wheelchair users is performed among people with SCI. Results showed 
that in particular individuals with a cervical SCI have a very low physical capacity due to 
extensive muscle paralysis and loss of sympathetic control under the lesion level 30–32. A low 
physical capacity is not only associated with high physical strain during activities of daily 
living 2,3, but also with a lower chance to return to work 5,6 and a lower life satisfaction 4.  
Therefore, interventions to increase physical capacity are important.  One of the exercise 
options for wheelchair users is handcycling. 
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Handcycling as an exercise mode during and after rehabilitation
Handcycling is a common exercise mode for wheelchair users during and after rehabilitation 
in the Netherlands. This has several reasons. The first reason is that handcycling induces 
a cardiorespiratory strain that is sufficient to improve physical capacity. A previous study 
showed that during inpatient rehabilitation patients spent 77% of time at an intensity 
>40% heart rate reserve (HRR) during handcycling, which was the highest percentage of all 
therapy modalities 33. Second, handcycling can be a good way to improve physical capacity 
in patients with SCI already early in rehabilitation and even in the most vulnerable patients 
with a tetraplegia 34. Third, handcycling offers the possibility to cover larger distances 
outdoors for a longer duration and at higher speeds than handrim wheelchair propulsion 
due to the higher mechanical efficiency and lower energy cost during submaximal exercise 
35. Last, the mean contact force in the shoulder is up to 41% lower during handcycling with 
a synchronous attach-unit crank system compared with handrim wheelchair propulsion at 
the same workload 36. Due to the continuous closed-chain movement, the forces are more 
evenly distributed over the full cycle during handcycling, in contrast to the high peak forces 
during the short push phase in wheelchair propulsion 36. As a result, relative muscle forces of 
the rotator cuff muscles are lower during handcycling, which might reduce the development 
of overuse injuries in the shoulder 36. 

Handcycling history and configurations
Today handcycling has become a popular sport for manual wheelchair users 37. The first 
handcycle already dates, however, from as early as 1655. The German watchmaker Stephan 
Farfler invented the manumotive carriage, which was a wooden chair on a tricycle construction 
with an asynchronous crank propulsion mechanism (figure 2). The first handcycles had an 
asynchronous propulsion mode, more closely resembling bicycling. This is in contrast to 
the synchronous propulsion mode of handcycles in the present day. It is hypothesized that 
asynchronous propulsion influences the steering direction much more than synchronous 
propulsion leading to the need for stabilizing muscle activation which goes at the cost of a 
higher energy consumption 38–40. Consequently, gross mechanical efficiency and POpeak are 
higher during synchronous handcycling 35,38,39,41,42. In a lab-based setting with the equipment 
fixed to the wall and where steering is not an issue, differences between propulsion modes 
are less clear. In this thesis, most chapters are based on data collected in a lab-based setting 
with a synchronous crank propulsion mode. 
 For handcycling purposes outside, several configurations exist. First, the attach-unit 
crank systems are commonly used for activities of daily living and recreational purposes. 
This system consists of an extra (fifth) wheel with a synchronous cranking device that can be 
attached to the daily handrim wheelchair 44. 
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Figure 2. The wooden manumotive carriage with asynchronous arm crank propulsion designed by 
watchmaker Stephan Farfler (1655) 43. 

Second, the synchronous rigid-frame handcycles that serve sport purposes. Two main sport 
configurations can be distinguished within the rigid-frame handcycles: the recumbent 
(arm power (AP)) model and the kneeling (arm trunk power (ATP)) model (figure 3 A and B 
respectively). Competitive handcycling is conducted following a classification system based 
on distinctive impairment-based classes 45. Dependent on the handcycling class (i.e., the 
impairment-associated functional ability), the individual will ride a recumbent or kneeling 
handcycle. In handcycling, five sport classes are distinguished: H1 is the class with the 
highest degree of impairment and H5 with the least. H1 and H2 handcyclists have limitations 
in arm-hand function, trunk, and pelvis/legs. H3 has no limitations in arm-hand function, 
but has limitations in trunk and pelvis/legs. H4 has no limitations in arm-hand function and 
trunk, but has no or very limited lower-limb function, whereas H5 has incomplete loss of 
lower-limb function. H1 – H4 athletes use a recumbent handcycle, whereas H5 athletes use 
a kneeling handcycle 45.
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A

B

Figure 3. A. recumbent handcycle sports model. B. A kneeling handcycle sports model 46.

Handcycling in a kneeling handcycle results in a higher POpeak due to the recruitment of the 
trunk muscle mass, the higher range of movement of the trunk and gravitational forces 47–49. 
However, handcycling in a kneeling handcycle has a higher physical strain and lower gross 
mechanical efficiency, and is disadvantageous with respect to air drag 47,49. 

HandbikeBattle
The HandbikeBattle event is an annual uphill handcycling mountain time trial in Austria 
among teams of Dutch rehabilitation centers. The HandbikeBattle project involves the 
preparatory phase and HandbikeBattle event, which includes, among others: a medical 
screening and 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 origin of the HandbikeBattle event
Handcycling is a popular exercise mode for wheelchair users during and after rehabilitation 
in the Netherlands. This is partly due to the above-mentioned reasons, and partly to the 
infrastructure (flat) and strong cycling culture as part of the daily commuting and recreation 
in the Netherlands. Another phenomenon that contributed to the formation of the 
HandbikeBattle event, is the widespread and popular Dutch tradition of raising awareness 
and money for charity by cycling up a steep mountain road in the Alps. An example 
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of a very popular annual event (14th edition in 2019) is the “Alpe d’HuZes” 50. Each year 
5000 participants cycle up the Alpe d’Huez (six times in a row) to raise money for cancer 
research in the Netherlands. Two Dutch rehabilitation centers (Heliomare 2010 – 2012 and 
Rijndam 2011 – 2012) participated in the Alpe d’HuZes with a handcycle team consisting 
of former rehabilitation patients. Around the same time, a handcycle team from another 
rehabilitation center (De Hoogstraat) climbed the Col de la Colombière. In 2011 the idea 
arose to organize a handcycling event in the Alps among teams from Dutch rehabilitation 
centers. Rogier Broeksteeg (Rijndam), Abel ten Hoorn (De Hoogstraat), Linda Valent and 
Mechteld Hagoort (Heliomare) were the original founders of the event. 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 51.

The Kaunertaler Gletscherstraße in Austria is the stage setting for the event, with 
two large wheelchair-user friendly accommodations at the foot of the climb. The Kaunertaler 
Gletscherstraße is a steep climb (figure 4). The start is at 1287 m altitude and the finish is 
at 2150 m altitude. The total length is 20.2 km. In the middle of the track is a reservoir with 
approximately 5 km of semi-flat road. The remainder of the track is uphill with percentages 
around 10-12%. It is a serious climb, which is comparable to Mont Ventoux or Alpe d’Huez. 

Finish

Distance (km)

A
lti

tu
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 (m
)

Start

Reservoir

Figure 4. A global impression of the height profile of the Kaunertaler Gletscherstraße. The start of the 
HandbikeBattle race is at 1287 m altitude and the finish is at 2150 m altitude.
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In June 2013 the first edition of the HandbikeBattle was a fact. All eight Dutch rehabilitation 
centers with a specialized SCI unit participated, with in total 49 participants. The 
HandbikeBattle became an annual event in June. In the last edition (2019) the event had 
grown to a total of 112 participants, of which 66 participants were part of a team of one 
of twelve participating Dutch rehabilitation centers, and 46 participants were individual 
participants. Individual participants are persons that participated in previous editions of 
the event and are determined to experience it once more, or (non-elite) international 
handcyclists. In previous editions, handcyclists from Norway, Switzerland, Belgium and the 
United States of America participated individually.

Apart from all the volunteers in the organization, it is the large base of support 
from all rehabilitation professionals from the Dutch SCI rehabilitation network, later 
supplemented with four other rehabilitation centers, that made the event a consistent 
success*. 

*The Netherlands has a rich history in SCI rehabilitation research. The Dutch SCI rehabilitation clinical 
research network (SCIONN) is a multicenter and multi-disciplinary collaboration among all eight Dutch 
rehabilitation centers with a specialized SCI unit, academic research groups, the Dutch Flemish Spinal 
Cord Society (DUFSCoS) and the Dutch SCI patient organization (Dwarslaesie Organisatie Nederland 
(DON)). The research collaboration started in 1999 with the research program “Restoration of mobility 
in spinal cord injury rehabilitation” (among which the multi-center Umbrella Project)52  funded by 
ZonMW. The Umbrella project was a large prospective cohort study in which patients with SCI were 
followed during inpatient rehabilitation up to five years after discharge. In 2010 a second multi-center 
research program started called “Active LifestyLe Interventions in aging Spinal Cord injury” (ALLRISC) 53 
funded by ZonMW and Fonds NutsOhra. The four projects in this ALLRISC program focused on follow-
up care and long-term effects of SCI on active lifestyle, fitness, health, participation and quality of 
life. This strong clinical research network among the eight specialized SCI rehabilitation centers in the 
Netherlands (which is still present today) was the foundation for the start of the HandbikeBattle study 
in 2013. This also explains the  large percentage of HandbikeBattle participants with an SCI. 
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Participating handcycle teams from Dutch rehabilitation centers in 2019

Adelante Beatrixoord Heliomare

De Hoogstraat Libra Reade

Revant Rijndam Roessingh

Sint Maartenskliniek Tolbrug Vogellanden
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The HandbikeBattle project
Although the HandbikeBattle has a competition element, this is not its main focus. Initially, 
the HandbikeBattle event was organized to give wheelchair users a mutual goal to start 
handcycle training (with peers). In this way, the founders hoped to encourage wheelchair 
users to start or continue training after the rehabilitation period and initiate an active lifestyle. 
The therapists from the rehabilitation centers ask potential participants during inpatient or 
outpatient rehabilitation whether they would like to participate in the event in the next year, 
or former patients contact their rehabilitation center themselves, asking about possibilities 
to join. Reasons for selection of potential participants are diverse. Some participants were 
active in endurance sports before their injury and could use some guidance during training, 
whereas most participants have a very limited sporting background and are new in the 
handcycling sport. As a result, most participants are relatively untrained handcyclists at the 
start of the training period. Next to training sessions with peers, participants are supposed 
(to learn) to take initiative and train independently at home or with family and friends. 
They should make arrangements with the municipality to obtain funding to buy or borrow 
their own rigid-frame handcycle, and find sponsors to finance their travel costs to and stay 
in Austria. The therapists from the rehabilitation centers facilitate this process by giving 
team members assistance and organizing weekly or monthly (training) meetings. In this way, 
participants meet peers and learn a lot from the whole project (and from their peers). In 
addition, during training weekends and the week in Austria they encounter new situations 
during activities of daily living and learn from peers how to overcome these barriers. They do 
not only push physical and mental boundaries during the race, but the idea is that during the 
whole project they improve their social network, learn from peers, see what perseverance 
and determination gives them, and find confidence to actively participate and pursue even 
higher goals in life. The main goal of the HandbikeBattle is, therefore, not to win, but to 
participate in the whole project and eventually reach the finish line at the day of the race. 
Participants may need up to seven hours to complete the climb (figure 5). During the project 
and event elite handcyclists Jetze Plat and Mischa Hielkema serve as role models, giving 
advice and providing training clinics. 

The start of the HandbikeBattle study
Given the large (research) network that formed the foundation of the HandbikeBattle event, 
it is not surprising that an observational cohort study was started to investigate the effects 
of participation in the HandbikeBattle with the first edition in 2013. Sonja de Groot (Reade) 
and Linda Valent (Heliomare) initiated the study. Teams from all rehabilitation centers 
participated in the study. The study became a large collaboration among (rehabilitation / 
sports) physicians, researchers and therapists of all centers, together with the DON, the Dutch 
cycling federation (KNWU) and handcycle and wheelchair company Double Performance®. 



General introduction

19

Figure 5. Histogram with race times of all par�cipants of the HandbikeBattle event 2013 – 2019 
(N=616). The fastest handcyclists finish in just over the hour (e.g., elite handcyclist Jetze Plat). Mean 
race �me is: 3:56 ± 1:24 (hh:mm). 

In 2016 research funding became available from Revalidatiefonds (currently: HandicapNL), 
that together with funding from S�chting Mitialto, Heliomare and University Medical Center 
Groningen of the University of Groningen, resulted in a PhD trajectory of four years with this 
thesis as final outcome. 

Overarching aim of the study
The overarching aim of the study was to carefully monitor all participants physically and 
mentally. The results of this monitoring process could be used to: 1) inform the rehabilitation 
centers about the results and use these results to optimize training prescription; 2) 
gain knowledge about the effects of handcycle training on general, physical and mental 
health, and understand the associations among these health outcomes; 3) implement this 
knowledge into rehabilitation practice. Page 1
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Participants
For each annual cohort, all HandbikeBattle team participants from the rehabilitation centers 
were asked to join the study. All participants voluntarily signed an informed consent form. 
The study was approved by the Local Ethics Committee of the Center for Human Movement 
Sciences, University Medical Center Groningen, University of Groningen, the Netherlands 
(ECB/2012_12.04_l_rev/Ml). Given the fact that most individual participants already had 
participated in a previous year and due to logistics and possible extra costs for these 
participants, the individual HandbikeBattle participants were not asked to join the study. 
This resulted in 48 – 72 new study participants with different impairment types each year 
(figure 6). 

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

100%

2013 2014 2015 2016 2017 2018 2019

Spinal cord injury Amputation Multi trauma Spina bifida Other

Figure 6. Distribution of impairment types among HandbikeBattle study participants in each year. 
“Other” includes, among others: cerebral palsy, neuromuscular disease, stroke and chronic pain 
syndrome.  

The study set-up
The study had a prospective cohort design, starting from the start of the training period (T1), 
up to one year after participating in the HandbikeBattle event (T4) (figure 7). 
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START T1

Jan

T2

May/June

T3

Nov 

T4

June

Training

Medical screening

Physical tests
Questionnaires

Physical tests
Questionnaires

Questionnaires Physical tests
Questionnaires

HBB event: the mountain time trial in Austria
HBB project: medical screening, free-living training (with peers, guided by rehabilitation center), week in Austria 

among peers, participation in the HBB event
HBB study: 4 test occasions with physical tests and questionnaires, monitoring training sessions with Strava. 

Aim: to study the effects of participating in the HandbikeBattle project for new participants

June

Figure 7. The set-up of the HandbikeBattle (HBB) study for each cohort. The study had four main 
testing moments: T1 to T4. In 2020 the HandbikeBattle event did not take place due to COVID-19. 
Measurements and study data of the HandbikeBattle study cover years 2013-2019.

Testing moment 1 (T1): start of the training period
Medical screening. Each participant (team and individual) was submitted to a medical 
screening and performed a recent valid GXT to allow participation in the event. If there 
appeared to be a medical contra-indication to exercise (apparent from the screening or 
GXT), the participant was excluded from the HandbikeBattle project (and study) by the 
rehabilitation center. The medical screening was performed by a rehabilitation physician or 
sports physician at the rehabilitation center. The screening comprised a medical anamnesis 
and physical examination, including blood pressure, body mass, waist circumference 
measurements and ECG. Team participants were included by their respective rehabilitation 
center around January.
Graded exercise test. Respiratory function was measured and a handcycling / arm crank 
GXT until volitional exhaustion was performed at the rehabilitation center. Depending 
on the rehabilitation center, the GXT was performed with the use of an arm ergometer 
(Lode Angio, Groningen, the Netherlands), or a sport handcycle attached to the Tacx roller 
(Tacx, Terneuzen, the Netherlands) or Cyclus 2 ergometer (RBM eletronik-automation 
GmbH, Leipzig, Germany). All tests were performed in synchronous mode of cranking. A 
guideline and instructions were provided to the test assistants of all centers to make the 
tests as uniform as possible. Either a 1-min stepwise protocol or continuous ramp protocol 
was used, depending on the preference and practice of the test assistant in the different 
rehabilitation centers. The testing mode and protocol were consistent within participants 



Chapter 1

22

over time. Multilevel regression analyses were performed during all statistical procedures 
to make corrections for possible differences among rehabilitation centers. 

Data from the team participants were collected for the study. In addition, for study 
purposes, team participants were asked to take part in the following measurements:
Questionnaires. A set of questionnaires was sent to the participants around the same time as 
the GXT took place at T1. The questionnaires took participants 30 – 45 minutes to complete 
in total. Participants were invited by email with a link and filled out the questionnaires in 
their own time at home. The set of questionnaires comprised: questions on sporting history 
and training aims, Musculoskeletal pain 54, Exercise self-efficacy 55,56, Life satisfaction 57,58, 
Mental health 59,60, Illness cognition questionnaire 61, Purpose in life test 62, Stage of change 
63, the adjusted Physical Activity Scale for Individuals with Physical Disabilities (PASIPD) 64, 
Disability management 65,66, Body satisfaction 67,68, and questions on activities of daily living. 

Training period
Guidance during the training period was provided by therapists from the respective 
rehabilitation centers, but otherwise the training period was free-living, i.e., no specific 
training program was provided by the researchers. After the GXT at T1, participants 
started to train indoors and outdoors. The training was done individually or together 
with HandbikeBattle participants from the same rehabilitation center. Training diary: All 
participants were asked to monitor all their sporting activity with an online app (Strava) or a 
training diary on paper. Participants were asked for each training session to write down: the 
type of training (e.g. handcycling or strength and conditioning), the duration of the training 
session in minutes, and the intensity of the training with Rating of Perceived Exertion (RPE) 
on a scale from 0 – 10 69. In addition, during the training period, each month participants 
received a short questionnaire with questions about musculoskeletal pain and overuse 
injuries. 

Testing moment 2 (T2): after the training period, just before the event
In May / June blood pressure, body mass, waist circumference and respiratory function 
were measured again. In addition, a GXT with the same equipment and protocol as T1 was 
performed at the rehabilitation center of the participant. Around the same time, the same 
set of questionnaires was sent to the participants by email, supplemented with questions 
on evaluation of the training period. 

Testing moment 3 (T3): four months after the event
In October / November, a (short term) follow-up measurement took place. The same set 
of questionnaires was sent to the participants by email, supplemented with questions on 
losses or benefits of participating in the project. 
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Testing moment 4 (T4): one year after the event
In June, one year after the event, a (long term) follow-up measurement took place. The 
same set of questionnaires was sent to the participants by email. In addition, rehabilitation 
centers were asked to perform a final GXT with the same equipment and protocol. This was 
only possible in a subset of the rehabilitation centers due to logistics (T4 GXT was in the 
same time period as T2 GXT of the next cohort) and financial reasons (there was no extra 
financial compensation for these GXTs available). 

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. In order to study the main aims, this thesis follows three themes: 1) 
Physical capacity testing, 2) Handcycle training, 3) Effects of participation. 

Physical capacity testing
The outcome of the GXT at T1 forms the basis for individualized training. The preferred 
GXT duration is 8 – 12 minutes 70 in which the anticipated POpeak defines the step size 
or ramp slope of the protocol. However, it is hard to estimate each individual’s POpeak 
prior to testing, due to the highly diverse individuals participating in the HandbikeBattle. As 
such, many determinants could play a role, for example: sex, age and lesion level 31,32,71. It 
is, however, essential to select the right individualized protocol as the protocol itself affects 
actual peak performance 70,72,73. When the step size or ramp slope is too small or too large 
and, consecutively, test time is too long or too short, it will be unclear whether the “true” 
peak physical capacity is reached 70,72,74,75. Moreover, training guidelines based on these 
peak values will be non-optimal 70,72,74,75. Therefore, a predictive model for POpeak based 
on participant characteristics could be helpful in the selection of the right individualized 
protocol. The specific aims of chapter 2 were, therefore: 1) To develop and validate predictive 
models for peak power output (POpeak (W and W/kg)) in a synchronous handcycling GXT 
for individuals with SCI; 2) To define reference values for absolute and relative POpeak and 
peak oxygen uptake (VO2peak) in handcycling based on lesion level and sex. 

After the GXT has been performed, individualized training schemes can be based 
on the results of the GXT. Training prescription with intensity zones based on ventilatory 
thresholds (VT) is very common in elite able-bodied training literature. The first ventilatory 
threshold (VT1) is a physiological point during exercise at which a nonlinear increase 
in carbon dioxide (CO2) production occurs, coinciding with the first increase in lactate 
production 76. The second ventilatory threshold (VT2) represents the onset of exercise 
induced hyperventilation with respect to VCO2 as a reaction to metabolic acidosis, which 
coincides with the maximal lactate steady state 76,77. These VTs provide boundaries that 
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allow to set individualized training zones: zone 1 at low intensity (below VT1), zone 2 at 
moderate intensity (between VT1 and VT2), and zone 3 at high intensity (above VT2) 77,78. 
A subset of the rehabilitation centers uses these VTs to determine the intensity zones for 
their participants. However, this training principle has been developed in studies on lower-
body exercise with able-bodied participants and athletes, and little or no research has been 
done regarding the reliability of VT determination in upper-body GXT in recreationally-
active individuals with SCI. The specific aims of chapter 3 were therefore: 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. 

In chapter 4, the influence of protocol design on the attainment of both VTs and 
peak physical capacity was investigated. The three commonly used protocols within the 
HandbikeBattle study were compared among a group of able-bodied participants: ramp 
protocol, versus 1-min stepwise protocol, versus 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. 

Handcycle training
A previous HandbikeBattle study showed that on group level there was an increase in POpeak 
of 17% and in VO2peak of 7% between T1 and T2 79. It is, however, unknown which training 
regimes led to these improvements. To gain knowledge about training regimes, monitoring 
training load is essential. In essence, training load can be divided in two categories: external 
training load and internal training load 80. In (hand)cycling, external training load is often 
represented by the training stress score (TSS) based on PO 81. Internal training load measures 
are, for example, the training impulse (TRIMP) based on heart rate reserve (HRR) 82 or the 
session rating of perceived exertion (sRPE) 69. The TSS is an objective measure of training load, 
but it can only be determined in handcycle training sessions, and not during, for example, 
strength and conditioning. Moreover, power meters should be installed in the hub or crank, 
which is expensive for such a large group of handcyclists. TRIMPHR is less expensive, but not 
feasible for participants with a tetraplegia as training intensity based on HR is not applicable 
due to the altered sympathetic response to exercise 83. TRIMPsRPE would, therefore, be the 
preferred method to monitor training load in a large cohort of HandbikeBattle participants. 
In a previous HandbikeBattle study, training load monitoring based on TSS, TRIMPHR, and 
TRIMPsRPE, were compared in a subgroup during handcycle training 84. Partial correlation 
coefficients were very large (r = 0.77 - 0.81) between TRIMPsRPE and TRIMPHR, and TRIMPsRPE 

and TSS. The dose-response relationship between TRIMPsRPE and change in physical capacity 
is, however, unclear. Therefore, 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 the change in physical capacity. 
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Effects of participation
Previous cross-sectional studies showed that physical activity and participating in exercise 
are associated with quality of life 85–92. Previous studies also showed that, for example in 
people with SCI, life satisfaction is reduced and mental health problems are more common 
compared with the general population 93–95. Most of these studies, however, reported 
cross-sectional associations, and longitudinal studies are, unfortunately, scarce. A previous 
longitudinal study showed that an increase in physical capacity was associated with an 
increase in life satisfaction in individuals with SCI 4. It was hypothesized that participating 
in the HandbikeBattle project would result in an increase in life satisfaction and mental 
health, and that the increase in physical capacity would be longitudinally associated with 
this increase in life satisfaction and mental health.  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.

With respect to physical capacity, several studies showed positive effects of 
exercise on upper-body physical capacity in wheelchair users 79,85,96. Exercise maintenance 
on the long term is, however, a challenge. Long-term follow-up studies among wheelchair 
users are scarce, which is unfortunate as long-term follow-up data are essential to gain 
knowledge on determinants of maintenance and relapse in physical activity behavior. It 
was hypothesized that participants who completed the HandbikeBattle would maintain 
an active lifestyle because the training was not lab-based but self-organized in their own 
environment, and because they experience 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-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. 

In chapter 8, the main findings and conclusions of each chapter are summarized 
and discussed. 
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