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Background 
Physical activity provides fundamental health benefits in the general population, and appears to 
be even more essential in people with chronic physical disabilities [1]. Physical inactivity, 
observed in a large part of the general population, is a serious risk factor for developing several 
health complications (e.g. cardiovascular disease (CVD), obesity, diabetes type II) and an 
important cause of mortality [2]. Due to physical impairments, people with chronic disabilities 
are mostly less physically active and fit than the general population, and consequently have an 
even higher risk for developing these health complications [3,4]. 

Compared to other populations with physical disabilities, people with spinal cord injury 
(SCI) have among the lowest physical activity and fitness levels [5,6]. An SCI is a damage to the 
spinal cord, caused by a trauma (e.g. falls or traffic accidents) or non-trauma (e.g. cancer or 
infections) [7]. As a result of the injured spinal cord, the communication between the brain, 
spinal cord and peripheral nerves is disrupted, leading to senso-motoric and autonomic 
dysfunction below the lesion level. Due to the motoric dysfunction, manifested by muscle 
paralysis, many individuals with SCI (~80%) become lifetime wheelchair users [8]. As a 
consequence of the paralysis and wheelchair dependency, many people with SCI have a seriously 
inactive lifestyle, associated with deconditioning and a high incidence of secondary health 
complications (e.g. CVD, metabolic syndrome, chronic low-grade inflammation, visceral 
adiposity, osteoporosis and muscle atrophy) [9-12], negatively influencing functioning, 
participation and quality of life (QoL) [13].  

Because of the improved medical care, life expectancy after SCI has considerably 
improved over the last few decades [48]. However, an additional problem is that people aging 
with SCI and those with long-term SCI have even greater difficulties with staying physically 
active and fit, consequently leading to a greater risk for the development of secondary health 
complications and a further reduction of participation and QoL [14,15]. Avoiding the above-
described downward spiral, that appears to worsen with age and duration of injury, is crucial for 
people with long-term SCI.   

A rehabilitation aftercare system that covers the lifespan in people with SCI has been 
suggested, including preventive actions and interventions to preserve a long-term active lifestyle 
and physical fitness, and to decrease the frequency, duration and severity of secondary health 
complications [13]. In this context, self-management and regular exercise seem to play an 
important role, since ‘self-management is power’ and ‘Exercise is Medicine’ [16-20]. It has been 
demonstrated that self-management is effective in preventing several health problems and 
modifying behavior, especially when active learning strategies are included [49]. Participation in 
regular exercise activities has also been shown to promote a range of health benefits, including 
improved physical fitness and prevention or reduction of several secondary complications [16, 
30, 53, 54].  

Currently, there is no structured SCI-specific aftercare system operational in the 
Netherlands, and there is insufficient knowledge on the relations between physical activity, 
fitness and secondary complications, and the effectiveness of intervention strategies to improve 
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these facets in people with long-term SCI. To get more insight in these relations and to examine 
different interventions, the multicenter and multidisciplinary research program ‘Active LifestyLe 
Rehabilitation Interventions in long-term Spinal Cord injury (ALLRISC)’ was conducted [21]. 
 
Research program ALLRISC 
The research program ALLRISC was embedded in the active Dutch SCI clinical research 
network, financially supported by The Netherlands Organization for Health Research and 
Development (ZonMw). This well-organized network is a multicenter and multidisciplinary 
collaboration among the 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). Fourteen years ago, it started as the 
multicenter research program ‘Restoration of Mobility in SCI Rehabilitation’ that mainly 
focused on the clinical rehabilitation phase and up to five years after discharge [50-52]. Building 
upon the outcomes and experience of this previous clinical research program, ALLRISC focused 
on the long-term impact of SCI on active lifestyle, fitness, health, participation and QoL, and on 
interventions to maintain and improve these facets in the context of lifelong rehabilitation 
follow-up care. 

ALLRISC consisted of four research projects (one cross-sectional study and three 
randomized-controlled trials (RCTs)) focusing on the same program-wide outcome measures 
(i.e. physical activity, fitness, health, participation and QoL), as well as on project-specific 
measures, following the ICF model (Figure 1) [21, 22]. The primary aims of ALLRISC were (1) 
to obtain a better understanding of the importance and requirements of regular rehabilitation 
aftercare in the context of long-term preservation of an active lifestyle, fitness, health, 
participation and QoL in people with long-term SCI, and (2) to develop evidence-based 
components and guidelines for an adequate SCI-specific rehabilitation aftercare plan in the 
Netherlands.   
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Figure 1. Health status in spinal cord injury, based on the ICF model [21,22] 
 
 
 

The cross-sectional study (study 1, [23]) aimed to describe the prevalence of several 
secondary health complications (e.g. urinary tract and bowel problems, spasticity and pressure 
ulcers), and the impact of these complications on the program-wide outcome measures in a group 
of 300 individuals with long-term SCI. All eight Dutch rehabilitation centers with a specialized 
SCI unit participated in this study. Since the intervention studies were expected to be most 
relevant for people with low physical activity levels, Study 1 participants were invited to 
participate in one of the three RCTs if they met the inclusion criterion ‘physically inactive’ (i.e. 
score of <30 on the ‘Physical Activities Scale for Individuals with Physical Disabilities 
(PASIPD)) [24]. 

The three RCTs aimed to investigate the effects of a 16-wk self-management (study 2, 
[25]), low-intensity wheelchair exercise (study 3, [26]) and hybrid cycle exercise (study 4, [27]) 
intervention on the program-wide and project-specific outcome measures. The self-management 
intervention, performed in four of the eight Dutch rehabilitation centers, focused on problem-
solving ability, proactive coping, education and self-efficacy. The experimental group (N=40) 
received individual and group teaching and counselling sessions, while the control group (N=40) 
only received oral and written information (knowledge transfer). Study 3, performed in two other 
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rehabilitation centers, focused on the upper-body overuse paradigm. To avoid overuse of the 
upper-body musculoskeletal system, the intensity of exercise should not be too high in people 
with SCI. Therefore, a low-intensity (30% heart rate reserve) wheelchair exercise intervention 
(N=20) was evaluated, and compared with a non-trained control group (N=20). Study 4, 
performed in the final two rehabilitation centers, is central in the current thesis. 
 
ALLRISC study 4: Effects of hybrid cycling 
ALLRISC study 4 focused on the lower-body disuse paradigm. Due to paralysis of the lower 
limbs, exercise in people with long-term SCI predominantly involves activities of the non-
paralyzed upper body [28]. Manual wheelchair exercise used to be one of the most frequently 
used exercise modes in people with SCI [55,56]. However, handrim wheelchair propulsion was 
found to be highly mechanically inefficient [57] and stressing to the upper body [58,59], often 
leading to overuse of the upper-body musculoskeletal system (including discomfort and pain), 
and consequently impaired functioning. To (partly) prevent these overuse problems, a handcycle 
can be used as a better alternative for upper-body exercise since handcycling is more 
mechanically efficient and less stressing to the upper-body than manual wheelchair propulsion 
[59, 60]. Nowadays, the handcycle is a commonly used mobility device and upper-body exercise 
mode in the Netherlands, already introduced during clinical rehabilitation [6]. Many Dutch 
people with SCI  have an add-on handcycle together with their wheelchair that can be easily used 
for exercise and indoor and outdoor mobility (Figure 2). 

However, several physiological factors related to SCI and upper-body exercise alone (e.g. 
handcycling), including the relatively small active muscle mass, inactivity of the skeletal muscle 
pump of the legs and insufficient cardiovascular reflex responses, may reduce desired (aerobic) 
training effects [61]. Moreover, due to the specificity principle, it is likely that upper-body 
training alone would not notably contribute to the prevention or improvement of several 
secondary complications in the lower limbs, such as osteoporosis, muscle atrophy, and vascular 
dysfunction [29,30].  
 

 
Figure 2 The add-on handcycle for voluntary upper-body exercise 
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Functional electrical stimulation (FES) can be used to reactivate the paralyzed lower-limb 
musculature and consequently reduce some of the above-mentioned problems. FES is a 
technique that uses computer-generated low-level electrical pulses to stimulate the contraction of 
targeted muscles through surface electrodes strategically placed over these muscles [63]. Since 
the early 1980s, this technique became a promising aid for the rehabilitation of people with SCI 
[61]. The most common system for lower-extremity FES exercise is the leg cycle ergometer, 
which is pedaled via FES-induced contractions of the paralyzed quadriceps, hamstrings and 
gluteus muscle groups [62]. The computer of the ergometer controls all the stimulation 
parameters, including the magnitude, frequency and sequence of the electrical stimulation in 
order to produce a fluid pedaling motion. The most common commercially available leg cycle 
ergometer in use is the ERGYS Clinical Rehabilitation System (Therapeutic Alliances, Inc., 
Fairborn, OH; Figure 3).  

A major advantage of FES-induced leg exercise over voluntary arm exercise alone is that 
it can activate a large muscle mass that otherwise would be passive due to paralysis. This can 
potentially provide benefits to improve lower-limb integrity, increase the circulation by 
activating the skeletal muscle pump of the legs, and induce larger aerobic exercise responses. 
Various studies on FES-induced leg exercise have indeed found beneficial effects on aerobic 
fitness [30-34], lower-extremity bone mineral density (BMD) [35], muscle mass and strength 
[12,36] and vascular function [37]. Thus, these findings suggest that FES-induced leg exercise 
may positively influence deconditioning and secondary health complications (e.g. lower-body 
osteoporosis, muscle atrophy and vascular dysfunction) in people with SCI.  
 

 
 
Figure 3 The cycle ergometer for FES-induced leg exercise.  
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To further increase the active muscle mass and subsequently provide greater aerobic 
exercise responses, a hybrid mode of exercise can be used in which voluntary arm exercise is 
combined with FES-induced leg exercise. This was previously done by attaching a separate arm 
crank ergometer to the FES system (e.g. the ERGYS) [38,40,64]. However, more recent 
technological developments have introduced more user-friendly hybrid exercise devices as 
alternatives for in- and outdoor exercise [39, 42]. One of these hybrid exercise devices is the 
BerkelBike (BerkelBike B.V., St, Michielsgestel, the Netherlands) that combines synchronous 
handcycling with asynchronous FES-induced leg cycling (Figure 4). Despite the potentially 
greater benefits of hybrid exercise over arm exercise alone, this commercially available hybrid 
cycle is not yet as commonly used as the handcycle in Dutch SCI rehabilitation. 

Several intervention studies on hybrid exercise (i.e. rowing or cycling) showed positive 
effects on fitness [41-45] and vascular function [46,47]. However, limitations of these studies 
were the absence of a control group (except for Mutton et al. [44]), the relatively small number 
of participants, and the fact that only one aspect of hybrid exercise (i.e. fitness or vascular 
function) was investigated. To date, there is insufficient knowledge of (1) the integrated effects 
of hybrid exercise on the ICF levels of functions and anatomical properties, activities and 
participation in people with long-term SCI, and (2) the potential greater benefits over upper-body 
exercise alone. 
 

 
 
Figure 4 The hybrid cycle for combined FES-induced leg and voluntary arm exercise 
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Therefore, the purpose of ALLRISC study 4 was to investigate the effectiveness of a 16-
wk hybrid cycle versus handcycle exercise program on the program-wide outcome measures (i.e. 
physical activity, fitness, health, participation and QoL), as well as on project-specific measures 
(i.e. metabolic syndrome, inflammatory status, visceral adiposity, immune function, lower-body 
soft tissue composition and BMD, bone turnover markers and vascular function) in inactive 
people with long-term SCI. During this 16-wk RCT, both the experimental (hybrid cycle) and 
control (handcycle) group trained twice a week for 18-30 min in one of the two rehabilitation 
centers with a specialized SCI unit (Reade Amsterdam or St. Maartenskliniek Nijmegen). 
Outcome measures were obtained in the week before the training program (T1), after 8 weeks of 
training (T2), in the week after (T3), and 26 weeks after the training program (T4). 
 

 
 
Figure 5 Design of ALLRISC study 4 

Aim and outline of this thesis 
The aim of the current thesis was to evaluate the effectiveness of the above-described 16-wk 
RCT on a selection of the obtained outcome measures (i.e. fitness, physical activity, CVD risk 
factors, and lower-body soft tissue composition and BMD).  

In chapter 2 of this thesis, the experimental design of ALLRISC study 4 is extensively 
described. To get more insight in the metabolic and cardiorespiratory responses during hybrid 
cycling versus handcycling at equal subjective exercise intensity levels, a cross-sectional study 
was conducted parallel to the RCT, of which the results are presented in chapter 3. In chapter 4, 
the effects of the 16-wk RCT on fitness and physical activity are evaluated. Chapter 5 describes 
the effectiveness of the RCT on different CVD risk factors (i.e. metabolic syndrome, 
inflammatory status and visceral adiposity). To be able to examine training effects on knee 
BMD, we developed a new method to measure proximal tibia and distal femur BMD using dual-
energy X-ray absorptiometry (DXA). This method, as well as the reliability of it, is described in 
chapter 6. Chapter 7 evaluates the effects of 16-wk hybrid cycle versus handcycle exercise on 
lower-body tissue composition and proximal tibia and distal femur BMD. Finally, in chapter 8, 
the main findings of this thesis are summarized and discussed, and implications for clinical 
practice and recommendations for future research are provided. 
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ABSTRACT 
Purpose: Physical activity in people with long-term spinal cord injury (SCI) is important to stay 
fit and healthy. The purpose of this study is to evaluate the effects of hybrid cycle training (hand 
cycling in combination with functional electrical stimulation-induced leg cycling) on fitness, 
physical activity and health among a group of inactive people with long-term SCI.  
Method: This study will be a 16-week multicenter randomized controlled trial (RCT) with a 26-
week follow-up. Forty inactive people, aged 28 to 65, with paraplegia or tetraplegia for at least 
10 years, will be randomly assigned to either an experimental group (hybrid cycle group) or 
control group (hand cycle group). During 16 weeks, both groups will train twice a week 30 
minutes at an intensity of 65-75% of their heart rate reserve. The primary outcome measure is 
fitness. Secondary outcome measures are physical activity and health-related parameters. The 
primary and secondary outcome measures will be assessed just before the training programme 
(T1), after 8 weeks of training (T2), directly after (T3), and 26 weeks after the training 
programme (T4). 
Conclusion: The results of this RCT may provide future implications for exercise prescription 
that preserve long-term functioning in people with SCI. 
 
INTRODUCTION 
With today’s specialized medical care, life expectancy of people with a spinal cord injury (SCI) 
has considerably improved. However, many people with long-term SCI show a seriously inactive 
lifestyle, associated with deconditioning and secondary health complications (e.g. pressure sores, 
osteoporosis, and cardiovascular disease), resulting in a reduced participation and quality of life 
[1-2]. It is important to avoid this downward spiral that threatens persons with long-term SCI. 
Therefore, the research programme “Active LifestyLe Rehabilitation Interventions in long-term 
Spinal Cord injury” (ALLRISC) was developed to address inactive lifestyle, deconditioning, and 
secondary complications in people who have a SCI for at least 10 years [3-4]. The current study 
is part of ALLRISC and focuses on the lower-body disuse paradigm [4]  

Exercise for individuals with SCI has traditionally involved upper-body activities (e.g. 
hand cycling) due to their lower-limb paralysis. Unfortunately, this approach can limit successful 
health outcome since the dynamics of conventional arm exercise are not conducive to the 
development and maintenance of the superior levels of fitness that can be achieved with leg 
exercise. In addition, arm exercise alone may not markedly contribute to the prevention of some 
common secondary complications such as lower-limb muscle atrophy, osteoporosis, pressure 
sores, and a host of cardiovascular disorders [5-6]. Several physiological factors related to SCI 
and arm exercise may account for some of these problems including: the relatively small muscle 
mass available, deficient cardiovascular reflex responses, and inactivity of the skeletal muscle 
pump of the legs. Due to the specificity of exercise principle, arm exercise alone would be 
expected to do little to prevent lower-body deterioration.  
 Use of the paralyzed lower-limb musculature, accomplished through functional electrical 
stimulation (FES), could alleviate some of these problems. A major advantage of FES-induced 
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exercise of the paralyzed legs over voluntary arm exercise is that it can utilize a large muscle 
mass that otherwise would be dormant. This can potentially provide benefits to improve the 
integrity of the paralyzed lower limbs, augment the circulation by activating the skeletal muscle 
pump, as well as elicit relatively large exercise responses for better aerobic training capability. 
One of the developed exercise techniques uses a computer-controlled leg cycle ergometer which 
is pedalled via FES-induced contractions of the paralyzed lower-limb muscle groups. Several 
studies suggest benefits not only on physical capacity and endurance [7-11], but also on vascular 
[12], muscle [13-14], and bone systems [15] in the lower extremities. Altogether, these studies 
have shown evidence strongly suggesting that this type of exercise can offer multiple therapeutic 
benefits, encompassing improved physical fitness, as well as reduced risk of acquiring secondary 
health complications.  
 To further activate more muscle mass and subsequently provide greater exercise 
responses to enhance aerobic fitness training capability, a hybrid mode of exercise consisting of 
FES-induced leg exercise combined with voluntary arm exercise can be used (e.g. rowing or 
cycling) [16-18]. Several training studies performed on hybrid exercise suggest benefits on 
aerobic capacity [19-23] and vascular characteristics [24-25]. However, these studies had 
relatively small sample groups (6 to 11 participants) and investigated only one aspect of hybrid 
training (e.g. aerobic capacity or vascular function). Moreover, these studies had no control 
group (except for Mutton et al. [22] where participants acted as their own control). There are no 
randomized controlled trials (RCT’s) to date that investigated multiple aspects of hybrid cycle 
training in people with long-term SCI. 

Therefore, the aim of this RCT is to examine the effectiveness of a 16-week hybrid cycle 
training programme compared to a 16-week hand cycle training programme among a group of 
forty inactive people with long-term SCI on fitness health, and physical activity. 
 
METHODS 
Participants  
The participant group will consist of forty inactive individuals, aged 28-65, with paraplegia or 
tetraplegia for at least 10 years (age at onset SCI ≥ 18 years). People will be qualified as 
‘inactive’ if their score on the Physical Activities Scale for Individuals with Physical Disabilities 
(PASIPD) [26] is lower than the 75th percentile of a Dutch cohort study population [27]. 
Individuals will be eligible to be included if they are dependent on a handrim-propelled 
wheelchair, and if they have a spastic paralysis as well as no or limited sense in the lower 
extremity. Individuals will be excluded if they have contra-indications for physical training and 
testing (such as pressure sores, serious cardiovascular problems, or severe musculoskeletal 
complaints), or psychiatric problems that could interfere with the study. Individuals will also be 
excluded if they have plans to start another lifestyle (e.g. changes in physical activity and diet) in 
the months that the experiment is going on or if they have insufficient knowledge of the Dutch 
language to understand the purpose and protocol of the study. These eligibility criteria will be 
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checked by the research assistant in a telephone interview with the participant and by the 
rehabilitation physician during a thorough screening. 
 Potential participants will be selected from the databases of the two participating SCI-
specialized Dutch rehabilitation centres: Reade Amsterdam and St. Maartenskliniek Nijmegen. 
An information letter will be sent to these people to inform them about the study. All participants 
have to provide written informed consent indicating voluntary participation in the study. 
Participants can withdraw from the study at any time for any reason if they wish to do so, 
without any consequences. Reasons for withdrawal will be registered. The study has been 
approved by the Medical Ethics Committee of the VU University Medical Centre Amsterdam. 
 
Design 
This study will be a 16-week RCT with a 26-week follow up, performed in two rehabilitation 
centres between November 2011 and November 2013. Within each rehabilitation centre, 
participants will be randomly assigned to either the experimental group (hybrid cycle group) or 
control group (hand cycle group). A blinded independent researcher will provide the allocation in 
sealed envelopes. The experimental group will receive a 16-week hybrid cycle training 
programme, while the control group will receive a 16-week hand cycle training programme 
(figure 1). The primary outcome measure is fitness. Secondary outcome measures are physical 
activity and health-related parameters. The primary and secondary outcome measures will be 
assessed just before the training programme (T1), after 8 weeks of training (T2), directly after 
(T3), and 26 weeks after the training programme (T4).  
 

 
 Figure 1 Experimental design of the study (intervention and measurements) 
 



18 

 

Training device 
The hybrid cycle  
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; figure 
2) combines synchronous hand cycling with asynchronous FES-induced leg cycling. The 
backrest and seat position can be adjusted to the participant’s anthropometry. The feet can be 
fastened in the foot pedals. A 6-channel stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, 
the Netherlands; figure 2A) provides electrical stimulation via self-adhesive 50 x 90 mm surface 
electrodes (Stimex, Pierenkemper GmbH, Germany) placed bilaterally over the quadriceps, 
hamstrings and gluteus muscles. The stimulator receives information from the crank angle 
encoder (figure 2B) about pedal position and velocity to control the cyclic stimulation pattern. 
The stimulator has five preset stimulation programs (program test, 1, 2, 3 and 4), each with 
different FES firing angles and stimulation frequency (program test: 20 Hz; program 1-4: 35 Hz). 
In all programs, pulse duration is 400 µs and maximal current amplitude is 150 mA. During 
cycling, the legs move together with the arms and the current amplitude of the electrical 
stimulation can be changed manually with steps of 15 mA. When the leg musculature fatigues, 
arm activity can take over the entire propulsion. The hybrid cycle is equipped with 8 gears that 
can be changed manually. If necessary, it is possible to equip the hybrid cycle with quad grips. 
 
The hand cycle 
The hand cycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; figure 3) is equipped 
with a wide synchronous bull-horn crank and with 8 gears that can be changed manually. The 
hand cycle can be equipped with quad grips, if necessary.  
 

                             
Figure 2 The hybrid cycle with  
stimulator (A) and crank angle encoder (B)                     Figure 3 The hand cycle 
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Training protocol 
Participants will perform 32 training sessions within a continuous period of 16 weeks. Each 
training session will consist of a short warm-up and cool-down period. After the warm up, the 
interval training protocol for that training session will start (table 1). During the training period, 
total cycle time will increase from 18 to 32 min. To provide sufficient recovery time, at least one 
day of rest will be scheduled in between training days. A week before the first training session, 
participants will perform a graded exercise test in their own handrim-propelled wheelchair to 
measure their maximal exercise responses (see section on ‘Primary outcome measure’). Based on 
this test, the training load will be chosen such that the participant achieves an average heart rate 
response of 65-75% heart rate reserve (HRR) during training.  

The first training will be a practice session, during which participants can become 
familiarized with cycling on either the hybrid cycle or hand cycle. This familiarization session is 
particularly important for the hybrid cycle group, since what tested here is the participant’s 
response to the different stimulation programs. Based on this session, the trainer will choose a 
stimulation program that will be used in further training sessions.  

Training sessions will be performed on an Ergotrainer (Tacx Flow, Technische Industrie 
Tacx B.V., Wassenaar, the Netherlands) adapted to the wheel size of the hybrid cycle and hand 
cycle. During training, heart rate will be monitored using radiotelemetry (Polar, Polar Electro 
Inc., Woodbury, NY) to ensure the proper training intensity is maintained as the training 
progresses. Since the use of heart rate as an indicator for training intensity can be unreliable in a 
part of the tetraplegic population [28], rating of perceived exertion (RPE) will serve as a 
subjective measure of training intensity. RPE will be measured after each training block and 
should be 4-7 on the Borg’s 10-point scale [29].  

Training intensity can be controlled by the participant making adjustments in cycle 
velocity or by the trainer adjusting the gear of the cycle or the resistance of the ergotrainer. In 
addition, during hybrid cycling the current amplitude of the stimulation can be adjusted manually 
by the trainer to control the degree of muscle activation. The trainer will try to induce strong 
muscle contractions during training. However, if the legs are moving too fiercely due to the 
stimulation or if the participant indicates that the stimulation is too intense, the trainer will 
decrease the current amplitude. Before and immediately after the training session, participants 
will be asked to report local pain and/or complaints. If serious musculoskeletal complaints occur, 
the researcher can decide to withdraw a participant from the study.  
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                   Table 1 Interval training protocol. Reps: repetitions 
 

 
 
 
Primary outcome measure 
The primary outcome measure in this study is fitness, which we define as the peak power output.  

Peak power output (POpeak) will be assessed during a graded exercise test in the 
participant’s own handrim-propelled wheelchair on a motor-driven treadmill using the protocol 
of Dallmeijer et al. [4]. First, participants will perform a 3-min familiarization and warm-up 
session, followed by a 5-min rest interval. Then, two 3-min submaximal exercise blocks on two 
different constant workloads, with a 2-min rest period between blocks, will be performed to 
determine submaximal exercise responses. After the two submaximal blocks and a 2-min rest 
interval, the workload will be increased every minute by increasing the incline of the treadmill 
belt. The velocity of the treadmill belt will be held constant during testing, and depends on the 
participant’s physical capability. The test will end when the participant can no longer maintain 
the velocity due to fatigue, or when the participant indicates that he/she wants to stop. Before the 
test, a separate drag test will be performed to determine the drag force (Fdrag) of the wheelchair-
user system on different inclines using the protocol of Van der Woude et al. [30]. Power output 
(PO) will be calculated from Fdrag and the velocity of the belt (v), according to: PO (W) = Fdrag 

(N) * v (m/s). POpeak will be defined as the highest PO maintained for at least 30 s. During 
testing, respiratory gas exchange will be measured using open circuit spirometry (K4b², 
COSMED, Rome, Italy). Heart rate will be measured using radiotelemetry (Polar, Polar Electro 
Inc., Woodbury, NY). 
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Secondary outcome measures 
The secondary outcome measures are physical activity and health-related parameters (metabolic 
syndrome, vascular structure and function, and bone mineral density of the distal femur and 
proximal tibia).  

Physical activity will be measured objectively with an odometer as well as subjectively 
with the Dutch Physical Activities Scale for individuals with Physical Disabilities (PASIPD). 
The odometer will be mounted on the wheel of the participant’s wheelchair to record every 
forward and backward revolution of the large wheels during 7 consecutive days [31]. Participants 
will be asked to keep a diary in which they register the number of wheel revolutions on a daily 
basis. The distance covered will be calculated by multiplying the number of wheel revolutions by 
the wheel circumference. The Dutch PASIPD will be used to subjectively assess physical activity 
[26]. This 12-item questionnaire requests the number of days a week and hours a day of 
participation in leisure (6 items), household (5 items), and occupational (1 item) activities over 
the past 7 days. Participants will be asked to fill in this questionnaire at home. 

Metabolic syndrome is defined as having ≥ 3 of the following symptoms: abdominal 
obesity (waist circumference > 102 cm for males, > 88 cm for females), high blood pressure (> 
130/85 mm Hg or use of medication for hypertension), high triglycerides (≥ 1.7 mmol/L), low 
high-density lipoprotein cholesterol (< 1.03 mmol/L for males, < 1.29 mmol/L for females), high 
fasting plasma glucose (≥ 5.6 mmol/L or use of medication for hyperglycemia) [32]. Waist 
circumference will be measured using a tape measure with the participant in supine position. 
Blood pressure will be taken on the right arm in a sitting position. Fasting blood samples will be 
taken to determine levels of triglycerides, high-density lipoprotein cholesterol, and plasma 
glucose.  

Vascular structure and function will be measured under standardized conditions using 
high resolution ultrasound (T3000, Terason, Burlington, MA). Wall thickness and diameter will 
be examined across arteries in the neck, arm and leg [33]. Forearm blood flow and vascular 
resistance will be measured using venous occlusion plethysmography [34]. Physiological (flow-
mediated dilation (FMD)) and pharmacological vasodilation (nitroglycerine (NTG)) will be 
examined after occlusion. 

Bone mineral density (BMD) of the distal femur (DF) and proximal tibia will be 
measured using dual energy X-ray absorptiometry (DXA; Hologic Discovery, Hologic Inc., 
Waltham, Mass). DF and PT are common fracture sites in people with SCI [35]. However, PT 
and DF are not standard measurement sites and will therefore be scanned and analyzed as a 
‘forearm’ [36]. In addition, biochemical markers of bone turnover (CTX and P1NP) will be 
determined from fasting blood samples [37-38]. 
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Other outcome measures 
Besides the primary and secondary outcomes, several other outcome measures will be assessed, 
among others things, for comparison with the other three ALLRISC studies. These other 
outcome measures will not be fully described, but will only be mentioned here: wheelchair skill 
performance [39-40], pulmonary function [41], immune function (immunoglobulin A [42]), 
inflammatory state (C-reactive protein, interleukins 6 and 10 [43]), health-related quality of life 
(World Health Organization Quality of Life- 5 [44]), participation (Utrecht Scale for Evaluation 
of Rehabilitation- Participation [45] ), mood (Hospital Anxiety and Depression Scale [46]), sleep  
quality (Pittsburgh Sleep Quality Index [47]),  fatigue (Fatigue Severity Scale [48]), upper 
extremity pain (Wheelchair User’s Shoulder Pain Index [49-50]), bowel function (Neurogenic 
Bowel Dysfunction Score [51]), functional independence (Spinal Cord Independence Measure 
III [52]), self-efficacy (Spinal Cord Injury- Exercise Self-Efficacy Scale [53]; Self-Efficacy in 
Wheeled Mobility Scale [54]). 
 
Statistical analysis 
The sample size was calculated with the formulas given by Twisk [55] on the main outcome 
measure peak power output. This calculation, based on data of a preliminary study [41,56], 
revealed that a group size of 18 was required to detect a difference of 9 W between the 
experimental and control group on the main outcome measure. The power was 0.8 and the alpha 
was set at 0.05. With an expected drop-out of 10-15%, we aim to recruit at least 20 participants 
per group. Descriptive statistics will be used for the outcome measures and for the relevant 
participant characteristics. Student t-tests will be performed to evaluate group differences at 
baseline. Multifactor analysis of variance with repeated measures will be used to determine 
differences in change over time (treatment effect) between the experimental and the control 
group. To assess the potential relationship between outcome measures, a multivariate multi-level 
regression analysis will be performed. The level of significance will be set at 0.05. The data will 
be analyzed with the Statistical Package for the Social Science, version 18.0 (SPSS Inc, Chicago, 
Illinois, USA). 
 
DISCUSSION 
This paper outlines the design of a multicentre RCT that examines the integrated effects of a 
hybrid cycle training intervention in physically inactive people with long-term SCI on fitness, 
health, and physical activity. During hybrid cycling, upper-body exercise is combined with FES-
induced exercise of the paralyzed lower body. We expect this training modality to be more 
effective in preventing deconditioning and several secondary health problems compared to arm 
exercise alone (e.g. hand cycling). The results of this study may provide future implications for 
exercise prescription that preserve long-term functioning in people with SCI. 
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ABSTRACT 

Objective: To compare the metabolic rate and cardiorespiratory response during hybrid cycling 
versus handcycling at equal subjective exercise intensity levels in people with a spinal cord 
injury (SCI). 
Design: Cross-sectional study.  
Setting: Amsterdam Rehabilitation Research Centre | Reade, Amsterdam, the Netherlands. 
Methods: On separate days, nine individuals with a motor complete paraplegia or tetraplegia 
(eight men, age 40±13 years, time since injury 12±10 years) performed 5-minute bouts of hybrid 
cycling (day 1) and handcycling (day 2) at moderate (level 3 on a 10-point rating of perceived 
exertion (RPE) scale) and vigorous (RPE level 6) subjective exercise intensity while respiratory 
gas exchange was measured by open-circuit spirometry and heart rate was monitored using 
radiotelemetry. 
Outcome measures: Metabolic rate (calculated with the Weir equation) and cardiorespiratory 
response (heart rate, oxygen pulse and ventilation). 
Results: Overall, the metabolic rate during hybrid cycling was 3.4 kJ (16%) higher (P = 0.006) 
than during handcycling. Furthermore, compared to handcycling, the overall heart rate and 
ventilation during hybrid cycling was 11 bpm (11%) and 5.3 l/minute (18%) higher (P = 0.004 
and 0.024), respectively, while the oxygen pulse was the same (P = 0.26). 
Conclusion: Hybrid cycling induces a higher metabolic rate and cardiorespiratory response at 
equal RPE levels than handcycling, suggesting that hybrid cycling is more suitable for fighting 
obesity and increasing cardiorespiratory fitness in individuals with a SCI. 
 
INTRODUCTION 
People with a spinal cord injury (SCI) have a reduced total daily energy expenditure, which can 
partly be explained by reduced physical activity levels as a result of their paralysis and 
subsequent wheelchair dependency.1 The serious inactive lifestyle in people with a SCI is 
associated with low cardiorespiratory fitness levels, obesity, and obesity-related disorders (e.g. 
diabetes and cardiovascular disease).2-4 Furthermore, it is known that the work intensity of 
activities of daily life is not sufficient to improve or maintain the cardiorespiratory fitness and 
fight obesity in individuals with a SCI.5-6 Therefore, it is important that people with a SCI 
perform exercise training at sufficiently high metabolic rates.  

However, due to the lower-limb paralysis, exercise training in people with a SCI often 
involves upper-body activities (e.g. handcycling),7-8 which may limit successful health outcome 
due to the relatively small active muscle mass, inactivity of the skeletal muscle pump of the legs 
and deficient cardiovascular reflex response.9 To alleviate these problems, the paralyzed lower-
limb musculature can be added to the upper-body exercise by functional electrical simulation 
(FES). Compared to upper-body exercise alone, this hybrid mode of exercise training (e.g. 
hybrid cycling) has the potential to induce higher levels of metabolic rate.9-11  

The metabolic rate an individual is able to exercise at for a certain period is largely 
dependent on the subjectively experienced exercise intensity, which can easily be assessed with a 
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rating of perceived exertion (RPE) scale.12 In people with a SCI, this method  seemed to be an 
appropriate measure for exercise intensity during moderate to vigorous steady-state exercise.13-14 
Due to the limited active muscle mass, upper-body exercise alone may provoke high RPE levels 
at relatively low metabolic rates. Hybrid exercise might be a way to increase the metabolic rate 
as well as the cardiorespiratory response while exercising at equal RPE levels; however, this has 
not been investigated yet. 

Therefore, the aim of this study was to compare the metabolic rate and cardiorespiratory 
response during hybrid cycling versus handcycling at equal RPE levels in a group of individuals 
with a SCI. It was hypothesized that, due to the larger muscle mass available, hybrid cycling 
would lead to a higher metabolic rate and cardiorespiratory response and would therefore be 
more effective in fighting obesity and increasing cardiorespiratory fitness. 

 
 
METHODS 
Participants 
Nine individuals with a motor complete paraplegia or tetraplegia (Table 1) were recruited from 
the database of the local rehabilitation center, and participated in this study which was approved 
by the Medical Ethics Committee of the VU University Medical Centre Amsterdam. All 
participants provided written informed consent indicating voluntary participation in this study. 
Individuals with a spastic paralysis and absent or limited sense in the lower body were eligible to 
be included if they responded well (visible muscle contractions and no discomfort in the lower 
extremities) to FES for at least 5 consecutive minutes. Individuals were excluded if they had 
contra-indications for physical testing, such as pressure sores, serious cardiovascular problems, 
or severe musculoskeletal complaints. Participants refrained from strenuous exercise for at least 
48 hours before the tests. Furthermore, participants were requested to consume their last meal at 
least two hours prior to testing, and to avoid caffeine and alcohol consumption in the 24 hours 
before testing. 
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Table 1 Demographics of the participants 

Abbreviations: m: male; f: female; yrs: years; TSI; time since injury; AIS: ASIA (American 

Spinal Injury Association) Impairment Scale; BMI: body mass index; SD: standard deviation 

 
Study design 
This cross-sectional study was performed in the local rehabilitation center. During the first 
measurement occasion, all participants performed an exercise protocol on a hybrid cycle; during 
the second measurement occasion, an exercise protocol was performed on a handcycle (see 
section on “Protocol” and Figure 3 for more details regarding the different exercise protocols). 
To provide sufficient recovery time, 48-72 hours of relative rest was scheduled in between 
measurement occasions. 
 
Exercise modalities  
 
Hybrid cycle 
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1) combines synchronous handcycling with asynchronous FES-induced leg cycling. A 6-channel 
stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 1A) provides 
the electrical stimulation via 12 self-adhesive 50 x 90 mm surface electrodes (Stimex, 
Pierenkemper GmbH, Ehringshausen, Germany) placed bilaterally over the quadriceps, 
hamstrings and gluteus muscles. The stimulator receives information from the crank angle 

Participant Gender Age (yrs) TSI (yrs) Lesion level AIS Height (cm) Weight (kg) BMI (kg/m²) 

1 m 53 11 C7 C 180 65 20 

2 m 40 19 T6 A 187 66 19 

3 m 56 4 T7 A 176 85 27 

4 m 25 4 T8 A 193 70 19 

5 m 55 34 C3 C 175 91 30 

6 m 30 12 T11 A 185 74 22 

7 f 40 4 C7 C 186 68 20 

8 m 31 6 C8 A 180 59 18 

9 m 26 10 C6 A 189 78 22 

Mean (SD)  40 (13) 12 (10)   183 (6) 73 (10) 22 (4) 
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encoder (Figure 1B) about pedal position and velocity to control the cyclic stimulation pattern. 
The stimulator has five preset stimulation programs, each with the same pulse duration (400 µs) 
and maximal current amplitude (150 mA), but with different stimulation frequencies (20-35 Hz) 
and FES firing angles. During cycling, the current amplitude of the electrical stimulation can be 
changed manually with steps of 15 mA. The hybrid cycle is equipped with 8 gears, and if 
necessary, quad grips can be mounted. 
 
The handcycle 
The handcycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; Figure 2) is equipped 
with a wide synchronous bull-horn crank and with 8 gears that can be changed manually. If 
necessary, the handcycle can also be equipped with quad grips.  

The front wheel of both cycles was mounted on an ergotrainer (Tacx Flow, Technische 
Industrie, Tacx B.V., Wassenaar, The Netherlands; Figure 1C and 2A) that was adapted to the 
wheel size of the cycles.  

 

                        
 
Figure 1 The hybrid cycle with the  
stimulator (A) and crank angle encoder  
(B) mounted on a ergotrainer (C).               Figure 2 The handcycle mounted on a ergotrainer (A). 

 
Protocol 
Each measurement session consisted of a 2-minute warm-up and cool-down session of voluntary 
handcycling in the specific test cycle (in case of the hybrid cycle this meant that the legs were 
moved passively). After the warm up, the first 5-minute exercise bout was performed at 
moderate subjective exercise intensity (RPE level 3 on the Borg category-ratio 10 (CR10) 
scale),12 and after a 5-minute rest interval, the second 5-minute exercise bout was performed at 
vigorous subjective exercise intensity (RPE level 6; Figure 3). 
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Before starting with the hybrid cycle test, first the participant’s response to the five 
different stimulation programs was tested to examine the most suitable program for exercise 
testing. Since each program has different stimulation parameters (as described in the section on 
‘Exercise modalities), individuals may response differently to these programs; for example, it 
might be that a specific stimulation program induces discomfort in the lower limbs or a less 
smooth cycling motion. Based on subjective observations of the researcher and the perception of 
the participant, the program that produced the smoothest cycling motion without inducing 
discomfort was selected. 

Before testing, the researcher extensively explained the Borg CR10 scale to the 
participants and indicated that the imposed RPE levels should reflect their overall perceived 
exertion (integrated sensation of central and peripheral stress). The participants were asked to 
maintain the imposed RPE levels as good as possible during all 5-minute exercise bouts. In order 
to do so, at any time during cycling participants were able to adjust the cycle velocity or ask the 
researcher to adjust the gear of the cycle or the resistance of the ergotrainer; in addition, during 
hybrid cycling the current amplitude of the stimulation could be adjusted manually by the 
researcher to control the degree of muscle activation. The researcher tried to induce strong 
lower-body muscle contractions; however, the current amplitude was decreased if the legs were 
moving too fiercely due to the stimulation or if the participants indicated that the stimulation was 
too intense.  

During testing, respiratory gas exchange was measured using open-circuit spirometry 
(K4b², COSMED, Rome, Italy), heart rate was monitored using radiotelemetry (Polar, Polar 
Electro Inc., Woodbury, NY, USA), and power output was measured using a power meter 
(PowerTap Pro+, CycleOps, Madison, WI, USA) that was mounted on the front wheel of both 
cycles.  

 

 
Figure 3 Exercise protocol. Warm-up and cool-down sessions consisted of voluntary handcycling 
alone in the specific test cycle. 
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Outcome measures 
The main outcome measures of this study were the metabolic rate and cardiorespiratory 
response. The metabolic rate (kJ/minute) was calculated with the Weir method: 3.942 × VO2 

(l/minute) + VCO2 (l/minute) × 4.182,15 where VO2 (l/minute) and VCO2 (l/minute) were the 
average oxygen uptake and carbon dioxide emission during the last minute of the steady-state 
exercise bouts, respectively. Measures for cardiorespiratory response were heart rate, oxygen 
pulse (a surrogate for stroke volume and arteriovenous oxygen difference) and ventilation (VE); 
the average heart rate (bpm) and VE (l/minute) over the last minute of the bouts were used for 
analysis. Oxygen pulse (ml/beat) was calculated by dividing VO2 (l/minute) by the heart rate 
(bpm).  A secondary outcome measure was the power output (W) over the last minute of the 
exercise bouts. 

 
Statistics 
The assumption of normality was checked by visual inspection of the q-q plot and box plot of the 
data within the groups.; in addition, a Shapiro-Wilks test was performed on the data. Since there 
were no violations of these assumptions, the effect of exercise modality (hybrid cycling, 
handcycling) and subjective exercise intensity (RPE level 3 , RPE level 6) on the outcome 
measures was examined with two-way repeated measures ANOVA. If there was a significant 
interaction (or tendency to an interaction), paired t-tests were used to examine this interaction 
and to calculate the 95% confidence interval for each difference between the means. Partial eta 
squared (ηp

2) was calculated to determine the effect size.  
 
RESULTS 
Metabolic rate 
There was a significant main effect for both exercise modality (F(1,8) = 13.55, P = 0.006, ηp

2 = 
0.63) and exercise intensity (F(1,8) = 23.73, P = 0.001, ηp

2 = 0.75). Overall, compared to 
handcycling, the metabolic rate during hybrid cycling was 3.4 kJ/minute [1.3, 5.6] higher; and 
compared to RPE level 3, the metabolic rate at level 6 was 6.7 kJ/minute [3.5, 9.9] higher (Figure 
4). The interaction between exercise modality and exercise intensity was also significant (F(1,8) 
= 5.98, P = 0.04, ηp

2 = 0.43). Follow-up analyses on the significant interaction revealed that the 
difference in metabolic rate between hybrid cycling and handcycling was higher at RPE level 6 
(4.4 kJ/minute [1.8, 7.0]) than at level 3 (2.5 kJ/minute [0.4, 4.5]). Furthermore, the difference in 
metabolic rate between RPE level 3 and 6 was higher for hybrid cycling (7.7 kJ/minute [3.9, 
11.4]) than for handcycling (5.8 kJ/minute [3, 8.5]).  
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Figure 4 Absolute metabolic rate (mean + standard error) for handcycling (dark grey) and hybrid 
cycling (light grey) at RPE levels 3 and 6 (*P < 0.05; **P < 0.01).  
 
 
Cardiorespiratory response 
Heart rate 
A significant main effect was found for both exercise modality (F(1,7) = 18.18, P = 0.004, ηp

2 = 
0.72) and exercise intensity (F(1,7) = 19.28, P = 0.003, ηp

2 = 0.73). Overall, compared to 
handcycling, mean heart rate during hybrid cycling was 11 bpm [5, 18] higher; and compared to 
RPE level 3, mean heart rate at level 6 was 21 bpm [10, 32]  higher (Figure 5A). A tendency to 
an interaction effect was found (F(1,7) = 4.18, P = 0.08, ηp

2 = 0.37). Follow-up analyses revealed 
that the difference in heart rate between hybrid cycling and handcycling was higher at RPE level 
6 (17 bpm [7, 27]) than at level 3 (3 bpm [-6, 12]). Furthermore, the difference in heart rate 
between RPE level 3 and 6 was higher for hybrid cycling (27 bpm [12, 41]) than for handcycling 
(15 bpm [7, 23]). 
 
Oxygen pulse 
There was a significant main effect for exercise intensity (F(1,7) = 15.96, P = 0.005, ηp

2 = 0.70). 
Overall, the mean oxygen pulse at RPE level 6 was 1.25 ml/beat [0.51, 1.99] higher than at level 
3 (Figure 5B). No significant main effect for exercise modality (F(1,7) = 1.49, P = 0.26, ηp

2 = 
0.18)  or interaction effect (F(1,7) = 0.47, P = 0.51, ηp

2 = 0.06) was found. 
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Ventilation 
There was a significant main effect for both exercise modality (F(1,8) = 7.77, P = 0.024, ηp

2 = 
0.49) and exercise intensity (F(1,8) = 65.22, P < 0.001, ηp

2 = 0.89). Overall, compared to 
handcycling, mean VE during hybrid cycling was 5.3 l/minute [0.9, 9.6] higher; and compared to 
RPE level 3, mean VE at level 6 was 12.9 l/minute [9.3, 16.7] higher (Figure 5C). The interaction 
between exercise modality and exercise intensity was also significant (F(1,8) = 11.315 P = 0.01, 
ηp

2 = 0.59). Follow-up analyses on the significant interaction revealed that the difference in VE 
between hybrid cycling and handcycling was higher at RPE level 6 (7.7 l/minute [2.6, 12.8]) than 
at level 3 (2.8 l/minute [-1.4, 6.9]). Furthermore, the difference in VE between RPE level 3 and 6 
was higher for hybrid cycling (15.5 l/minute [10.4, 20.5]) than for handcycling (10.5 l/minute 
[7.7, 13.3].        

    
Figure 5 Cardiorespiratory response (heart rate (A), oxygen pulse (B) and VE  (C)) during 
handcycling (dark grey) and hybrid cycling (light grey) at RPE levels 3 and 6 (*P < 0.05; **P < 
0.01). Values are mean + standard error.  



35 

 

Power output 
There was a significant main effect for exercise intensity (F(1,7) = 35.21, P = 0.001, ηp

2 = 0.83). 
Overall, compared to RPE level 3, the power output at RPE level 6 was 13.86 W [8.34, 19.38], 
higher. No significant main effect for exercise modality (F(1,7) = 1.12, P = 0.32, ηp

2 = 0.14)  or 
interaction effect (F(1,7) = 1.60, P = 0.25, ηp

2 = 0.19) was found. 
 
DISCUSSION 
An important result of this study was that the metabolic rate during hybrid cycling was higher 
than during handcycling at equal RPE levels (Figure 4). Several other studies also found higher 
metabolic rates during hybrid exercise versus arm exercise alone,9,16-17 and stated that this was 
caused by the larger active muscle mass during hybrid exercise. In these studies, power output 
was used to standardize the exercise intensity; however, since RPE was not measured, it 
remained unclear how the participants subjectively experienced the exercise intensity during the 
relatively short (i.e. 10 minutes) exercise bouts. It might be possible that the higher metabolic 
rates in the above-mentioned studies also coincided with higher RPE levels. If this was the case, 
it is likely that these metabolic rates could not be maintained during a longer exercise period (e.g. 
30-60 minutes), resulting in a necessary decrease in metabolic rate to be able to finish the 
exercise period. Eventually, it might be possible that the average metabolic rate over that certain 
exercise period will be nearly the same for both exercise modalities. The additional value of the 
current study is that it was demonstrated that the higher metabolic rate during hybrid cycling was 
achieved while ‘feeling the same’ as during the handcycling bouts. A secondary finding was that 
the absolute difference in metabolic rate between both exercise modalities was higher at RPE 
level 6 compared with level 3 (Figure 4). Hence, the above-described results show that people 
with a SCI expend more energy during hybrid cycling than during handcycling, and that this 
benefit becomes higher at increased RPE levels. These findings suggest that hybrid exercise 
might be more suitable for fighting obesity than arm exercise alone (when energy intake is kept 
constant). However, more research is needed regarding the required duration, frequency and 
intensity of exercise to fight obesity.   

The higher metabolic rate during hybrid cycling coincided with a higher VE and heart rate 
(Figure 5). Since other studies9,16,18-19 found higher stroke volumes during hybrid exercise 
compared with arm exercise alone, indicating an increased cardiac volume loading as a result of 
the activation of the leg muscle pump, oxygen pulse was also expected to be higher during 
hybrid cycling; However, in this study, oxygen pulse did not differ between exercise modalities 
(Figure 5). Nevertheless, the higher VE and heart rate at a similar oxygen pulse indicate that 
hybrid cycling gives a higher training stimulus to the heart and lungs compared with 
handcycling, suggesting that hybrid cycling is more suitable for increasing cardiorespiratory 
fitness. 

Despite the higher metabolic rate during hybrid cycling, no difference in external power 
output was observed, which can be explained by the fact that hybrid cycling is less efficient than 
handcycling.16  
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A possible limitation of this study was that the type of cycling was not randomized (each 
participant started with the hybrid cycle protocol). This might have caused systematic differences 
between measurement occasions (e.g. learning effect regarding Borg scale interpretation). 
However, it was not expected that randomization of the exercise modes would have changed the 
results and outweighed the positive effects of the much larger muscle mass that is used during 
hybrid cycling.  Another limitation was that the exercise bouts during which the outcome 
measures were determined were relatively short (i.e. 5 minutes). During the 5-minute bouts, all 
participants responded very well to the FES, but we know that this response often decreases over 
time. In daily practice, people should exercise for a much longer period to obtain desirable 
training effects.20 From the current study, it remained unclear whether the metabolic rate and 
cardiorespiratory response during hybrid cycling are still higher during a longer exercise period 
where relatively untrained lower-limb muscles become fatigued over time. Therefore, future 
research is needed to examine whether the beneficial effects of hybrid cycling on metabolic rate 
and cardiorespiratory response still hold during longer exercise periods (e.g. 30 minutes), 
keeping in mind that it might be necessary to first properly train the lower-limb musculature to 
ensure strong muscle contractions over the entire exercise period. 

Altogether, the results of the current study suggest that people with a SCI should 
implement hybrid exercise training in daily life. Hybrid/FES exercise is not only good to lose 
weight and to become and stay fit, many other studies also suggest benefits on vascular,21-23 
muscle24-25 and bone systems26 in the lower extremities.  
 
CONCLUSION 
This study demonstrated that hybrid cycling induces a higher metabolic rate and 
cardiorespiratory response at equal RPE levels compared with handcycling, suggesting that 
hybrid cycling is more suitable for fighting obesity and increasing cardiorespiratory fitness in 
individuals with SCI. 
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ABSTRACT  
Study Design: Open randomized-controlled trial. 
Objective:: To investigate the effects of a 16-wk hybrid cycle versus handcycle exercise program 
on fitness, pulmonary function and physical activity in inactive people with long-term SCI. 
Setting: Two rehabilitation centres. 
Methods: Twenty individuals (SCI ≥ 8 years) were randomly assigned to either the hybrid cycle 
(voluntary arm exercise combined with functional electrical stimulation (FES)-induced leg 
exercise) or handcycle group. During 16 weeks, both groups trained twice a week for 30 minutes 
at 65-75% heart rate reserve. Outcome measures obtained pre, mid and post the program were 
fitness (peak power output (POpeak), peak oxygen consumption (VO2peak), resting heart rate 
(HRrest) and wheelchair skill performance time score (PTS)), pulmonary function, and physical 
activity (distance travelled in wheelchair (WCdist) and Physical Activities Scale for Individuals 
with Physical Disabilities (PASIPD) score). Changes were examined using a two-factor mixed-
measures ANOVA. 
Results: For all outcome measures, there were no significant interaction effects. Overall, ~40% 
and ~65% of the participants showed (non-significant) improvements in POpeak (P=0.11) and 
VO2peak (P=0.14) following the 16-wk training program, respectively. Furthermore, an overall 
reduction in HRrest (5 ± 2 bpm; P=0.03) and an overall increase in PASIPD score (6.5 ± 2.1; 
P=0.002) were found after 16 weeks of training. No training effects were found for PTS, 
pulmonary function and WCdist.  
Conclusion: In the current study, hybrid cycling and handcycling showed similar effects on 
fitness, pulmonary function and physical activity, indicating that there were no additional 
benefits of the FES-induced leg exercise over handcycle training alone. 
 
 
 
INTRODUCTION  
Many people with long-term spinal cord injury (SCI) show a seriously inactive lifestyle, 
associated with decreased fitness levels and several secondary health complications (e.g. 
cardiovascular disease and respiratory problems)1,2. Exercise training plays an important role in 
improving fitness, health and active lifestyle in this population3.  
 Typically, exercise training in people with SCI involves upper-body activities due to the 
paralysis of the lower body. However, important limitations of arm exercise alone are the 
relatively small muscle mass available, inactivity of the venous muscle pump and deficient 
cardiovascular reflex responses4. Exercise modes that combine voluntary arm exercise with 
functional electrical stimulation (FES)-induced leg exercise (i.e. hybrid exercise) have the 
potential to alleviate some of these problems by activating more muscle mass and subsequently 
providing greater exercise responses to improve fitness and health5,6. Nevertheless, to date there 
are no randomized controlled trials (RCTs) that investigated multiple aspects (i.e. fitness, 
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pulmonary function and physical activity) of hybrid exercise versus arm exercise alone in 
physically inactive people with SCI. 
 Therefore, the purpose of this study was to investigate the effects of a 16-wk hybrid cycle 
versus handcycle exercise program on fitness, pulmonary function and physical activity in 
inactive people with long-term SCI. It was hypothesized that both training programs would result 
in an improvement of fitness, pulmonary function and physical activity. Furthermore, it was 
hypothesized that hybrid cycle exercise would provide a greater benefit on fitness and pulmonary 
function than handcycle exercise alone, due to the larger muscle mass utilized during hybrid 
exercise. 
 
MATERIALS AND METHODS  
Design 
The current study is part of a larger study of which the design was previously described by 
Bakkum et al. (2013)7 Briefly, this study was a 16-wk open RCT performed in two Dutch 
rehabilitation centers with a specialized SCI-unit. Within each center, participants were 
randomly assigned to either the hybrid cycle group or handcycle group. The sample size 
calculation was performed on the main outcome measure of the larger study (i.e. peak power 
output) and revealed a group size of 18 participants. Outcome measures in the current study were 
obtained in the week before the training program (pre), after 8 weeks of training (mid), and in the 
week after (post) the program.  
 
Participants  
As previously described7, participants were recruited from the databases of two Dutch 
rehabilitation centres. Inclusion criteria were: spastic SCI ≥ 10 years; age 28-65 years; age at 
onset SCI ≥ 18 years; physically inactive (Physical Activities Scale for Individuals with Physical 
Disabilities (PASIPD)8 score < 30); wheelchair dependent. Exclusion criteria were: 
contraindications for physical training and testing; psychiatric problems; plans to start another 
lifestyle (e.g. diet changes); insufficient knowledge of the Dutch language.  
 
Training devices 
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A) combines synchronous voluntary handcycling with asynchronous FES-induced leg cycling. 
A 6-channel stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A-I) provided electrical stimulation via self-adhesive 50 x 90 mm surface electrodes placed 
bilaterally over the quadriceps, hamstrings and gluteus muscles. During cycling, the stimulator 
received information from the crank angle encoder (Figure 1A-II) about pedal position and 
velocity to control the cyclic stimulation pattern.  

The handcycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; Figure 1B) was 
equipped with a wide synchronous bull-horn crank. Both cycles were equipped with 8 gears that 
could be changed manually, and with quad grips for the participants who needed them. The front 
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wheel of both devices was mounted on an ergotrainer (Tacx Flow, Technische Industrie Tacx 
B.V., Wassenaar, the Netherlands; Figure 1A-III and 1B-III) adapted to the wheel size of the 
cycles.  

 

 
Figure 1 The hybrid cycle (A) with the stimulator (I) and crank angle encoder (II), and the 
handcycle (B), mounted on an ergotrainer (III). 

 
Training protocol 
The training protocol was also previously described by Bakkum et al. (2013)7. Briefly, during 16 
weeks, participants trained twice a week for 18 to 32 min (the duration of the training sessions 
increased during the program) at an intensity of 65-75% heart rate reserve (HRR) and/or a score 
of 4-7 on a 10-point rating of perceived exertion (RPE) scale9. Exercise intensity was controlled 
by the participant making adjustments in cycle velocity or by the trainer adjusting the gear of the 
cycle or the resistance of the ergotrainer. In addition, during hybrid cycling the current amplitude 
of the stimulation was adjusted manually by the trainer to control the degree of muscle 
activation. The trainer tried to induce strong lower-body muscle contractions during training; 
however, the current amplitude was decreased if the participant indicated that the stimulation 
was too intense or if the legs were moving too fiercely due to the stimulation. Heart rate was 
recorded constantly during each training session using radiotelemetry (Polar, Polar Electro Inc., 
Woodbury, NY), and RPE was assessed after each training block.  
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Outcome measures 
Fitness 
Wheelchair exercise capacity, expressed as the peak power output (POpeak) and peak oxygen 
consumption (VO2peak), was assessed during a graded exercise test in the participant’s own 
handrim-propelled wheelchair (within participants, tire pressure, seating position etc. were kept 
constant over time) on a motor-driven treadmill, using the protocol of Dallmeijer et al. (2005)10. 
Briefly, this protocol consisted of a 3-min warm-up session, a 5-min rest interval, two 
submaximal exercise blocks, and an incremental test in which every minute the incline of the 
treadmill belt was increased with 0.36°. The velocity of the belt was kept constant during testing, 
and was dependent on the participant’s physical capability. The test was ended when the 
participant could no longer maintain the velocity due to fatigue, or when the participant indicated 
that he/she wanted to stop. Directly after the warm-up session, a separate drag test was 
performed to determine the drag force (Fdrag), and subsequently the PO of the wheelchair-user 
system on different treadmill inclines, using custom made software (Technical Department 
Faculty of Human Movement Sciences, VU University Amsterdam)11. During testing, 
respiratory gas exchange was measured using open circuit spirometry (K4b², COSMED, Rome, 
Italy), and heart rate was measured using radiotelemetry (Polar, Polar Electro Inc., Woodbury, 
NY). POpeak and VO2peak were defined as the highest PO maintained for at least 30 s and the 
highest VO2 (averaged over 30 s) attained during the test, respectively. Resting heart rate (HRrest) 
was defined as the lowest heart rate (averaged over 30 s) of the 5-min rest interval.  

In addition, for indirect determination of fitness, wheelchair skill performance was 
assessed using two elements (i.e. 15 m sprint and figure-of-8 task) of a wheelchair circuit12. The 
performance time score (PTS; total time needed for these two tasks) was used for analysis. 
Furthermore, at the end of the training program, subjectively experienced fitness level was 
measured using one multiple-choice question where participants were asked if they thought their 
fitness level had changed due to the training sessions (answers ranged from ‘very much reduced’ 
to ‘very much improved’).  
 
Pulmonary function 
The forced vital capacity (FVC), forced expiratory volume in the first sec (FEV1) and peak 
expiratory flow (PEF) were obtained using spirometry (K4b², COSMED, Rome, Italy). Each 
participant completed the test at least three times. If the FVC’s agreed within 10%, no additional 
trials were performed. The best test was used for analysis. 
 
Physical activity  
Physical activity was measured objectively with an odometer as well as subjectively with the 
Dutch PASIPD8. The odometer was mounted on the wheel of the participant’s daily-use 
wheelchair to record every forward and backward revolution of the large wheels during 7 
consecutive days pre and post the training program13. Participants were asked to keep a diary in 
which they registered the number of wheel revolutions on a daily basis. The distance covered 
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was calculated by multiplying the number of wheel revolutions by the wheel circumference. The 
PASIPD is a 12-item questionnaire that requests the number of days a week and hours a day of 
participation in leisure (6 items), household (5 items), and occupational (1 item) activities over 
the past 7 days. Participants were asked to digitally fill out this questionnaire at home. 
 
Statistical analysis 
The assumption of normality of the data within groups was checked by visual inspection of the 
q-q plot and box plot; in addition, a Shapiro-Wilks test was performed. Homogeneity of variance 
was checked using the Levene’s test. In case of violations of these assumptions, the statistical 
analyses were performed on the log-transformed data. Independent t-tests were used to determine 
possible baseline differences in the outcome measures between groups. Differences between pre, 
mid and post outcome measures were examined using a two-factor (time x group) mixed-
measures ANOVA. Paired t-tests with Bonferroni correction were used to identify where the 
specific differences occurred between the three time points. One-way within-subjects ANOVAs 
with Bonferroni correction were used to examine the interaction effect if significant. Data are 
presented as mean ± standard error (SE), and significance was set a priori at p < 0.05.  
 
Statement of ethics 
All participants provided written informed consent indicating voluntary participation in this 
study, approved by the Medical Ethics Committee of the VU University Medical Center 
Amsterdam. We certify that all applicable institutional and governmental regulations concerning 
the ethical use of human volunteers were followed during the course of this research. 
 
RESULTS  
Initially, 36 participants were included, of which 20 people completed the 16-wk study (Table 1). 
The reasons for drop-out were illness (N=8) and lack of adherence to the training (N=8). All 20 
participants who completed the study recorded 100% compliance to the program and trained at 
the target exercise intensity during the program. Normal distribution and homogeneity of error 
variance were confirmed for all variables except for POpeak, PTS, WCdist and PASIPD score. No 
significant baseline differences were present for any outcome measure or personal and lesion 
characteristics between the two training groups and between participants who dropped out and 
participants who completed the training program. Due to limited hand function, one participant 
was not able to perform the graded wheelchair exercise test (no POpeak and VO2peak values were 
obtained). Furthermore, for VO2peak and WCdist, one and five participants were excluded from the 
analysis due to missing samples, respectively.  
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Table 1 Participants’ characteristics  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Abbreviations: yrs, years; TSI, time since injury; AIS, ASIA (American Spinal Injury 
Association) Impairment Scale; BMI, body mass index; HYB, hybrid cycle group; HC, 
handcycle group; M, male; F, female; SD, standard deviation. 
 
 
 
 
 
 
 
 
 
 
 

Participant Sex Age 
(yrs) 

TSI 
(yrs) 

Lesion 
level 

AIS Height 
(cm) 

Body mass 
(kg) 

BMI 
(kg/m2) 

HYB         

1 M 55 34 C3 C 178 90.7 28.5 

2 M 40 12 C5 A 177 65.2 20.9 

3 M 39 13 C6 B 184 84.4 24.9 

4 M 49 31 C7 A 174 55.5 18.3 

5 M 53 10 C7 C 182 63.4 19.1 

6 M 49 27 T1 A 186 67.2 19.4 

7 M 40 18 T6 A 188 66.6 18.9 

8 M 58 24 T8 A 172 83.0 28.1 

9 M 64 18 T9 A 174 80.2 26.5 

10 M 31 14 T10 A 173 73.5 24.6 

Mean (SD)  48 (10) 20 (8)   179 (6) 73.0 (11.2) 22.9 (4.0) 

         
HC         

1 M 63 10 C2 D 180 73.6 22.9 

2 M 48 30 C6 C 171 91.6 31.3 

3 M 47 12 C6 C 174 80.2 26.5 

4 M 51 21 T3 A 181 72.6 22.2 

5 M 30 11 T4 A 174 73.8 24.4 

6 M 49 16 T5 A 174 75.0 24.8 

7 M 47 18 T7 A 185 82.0 24.0 

8 M 38 9 T9 A 173 60.5 20.2 

9 M 49 15 T11 A 187 58.8 16.8 

10 F 50 14 L2 A 166 67.2 24.5 

Mean (SD)  47 (9) 16 (6)   177 (7) 73.5 (9.8) 23.8 (3.8) 
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Fitness 
There were no significant main effects for time for POpeak, VO2peak and PTS (Table 2). However, 
~40% and ~65% of the participants showed improvements over time in POpeak (Figure 2A) and 
VO2peak (Figure 2B), respectively. For HRrest, there was a significant main effect for time (Table 
2). Post-hoc analysis revealed a significant reduction (P = 0.03) of 6 ± 2 bpm (8%) between the 
pre- and mid-test, and no further reduction (P = 1.0) between the mid- and post-test (Figure 2C 
and 2D). For all fitness parameters, no interaction effects were found (Table 2). Almost 90% of 
the participants indicated that their subjectively experienced fitness level was ‘slightly’ (50%) to 
‘very much’ (40%) improved after 16 weeks of training; only 10% of the participants reported no 
change in subjectively experienced fitness level.  
Pulmonary function 
No significant main effects for time or interaction effects were found for FVC, FEV1 and PEF 
(Table 2). 
 
Physical activity 
Overall WCdist increased with 23% following the exercise program, however, this increase was 
not significant (Table 2, Figure 2E). In contrast, there was a significant main effect for time for 
PASIPD score (Table 2, Figure 2F). Post-hoc analysis revealed a significant increase of 88% (P 
= 0.002) between the pre- and mid-test, and no further improvement (P = 1.0) between the mid- 
and post-test. For both WCdist and PASIPD score, no significant interaction effects were found 
(Table 2). 
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Table 2 Fitness, pulmonary function and physical activity 

Values are mean ± standard error (SE). Abbreviations: HYB, hybrid cycle group; HC, handcycle group; POpeak, peak power output; 
VO2peak, peak oxygen consumption; HRrest, resting heart rate; PTS, performance time score; FVC, forced vital capacity; FEV1, forced 
expiratory volume in the first sec; PEF, peak expiratory flow; WCdist, distance travelled in the wheelchair; PASIPD, Physical Activity 
Scale for Individuals with Physical Disabilities; x, not measured at the mid-test; 1N = 9 HYB, 10 HC; 2N = 8 HYB, 10 HC; 3N = 8 
HYB, 7 HC. 

N = 10 HYB, 10 HC Whole group HYB HC P values 

Fitness Pre Mid Post Pre Mid Post Pre Mid Post Main effect 
time 

Interaction 
effect 

POpeak (W)1 45.4 (6.1) 50.3 (5.7) 49.2 (5.5) 39.5 (9.5) 44.5 (9.5) 45.4 (8.5) 50.7 (7.9) 55.6 (6.9) 52.5 (7.3) 0.11 0.39 

VO2peak (L/min)2 1.32 (0.12) 1.43 (0.13) 1.41 (0.12) 1.19 (0.20) 1.25 (0.24) 1.33 (0.21) 1.43 (0.16) 1.57 (0.12) 1.48 (0.14) 0.14 0.33 

HRrest (bpm) 76 (2) 70 (3) 71 (2) 73 (4) 68 (4) 70 (3) 78 (2) 71 (3) 72 (4) 0.03 0.82 

PTS (s) 18.9 (3.1) 18.6 (2.8) 18.1 (2.6) 22.2 (5.9) 21.9 (5.3) 20.9 (4.9) 15.5 (1.6) 15.2 (1.2) 15.3 (1.3) 0.41 0.41 

            
Pulmonary function            

FVC (L) 4.0 (0.2) 4.0 (0.2) 4.0 (0.2) 4.0 (0.4) 3.9 (0.4) 3.9 (0.4) 4.0 (0.2) 4.0 (0.2) 4.0 (0.2) 0.80 0.95 

FEV1 (L) 3.3 (0.2) 3.3 (0.2) 3.3 (0.2) 3.3 (0.4) 3.3 (0.4) 3.2 (0.4) 3.2 (0.2) 3.2 (0.1) 3.2 (0.1) 0.52 0.83 

PEF (L/s) 7.0 (0.3) 7.1 (0.4) 6.9 (0.4) 6.7 (0.5) 6.8 (0.7) 6.8 (0.8) 7.2 (0.3) 7.2 (0.3) 6.9 (0.3) 0.58 0.48 

            
Physical activity            

WCdist (km)3 27.8 (6.9) x 34.3 (7.1) 27.1 (12.1) x 30.0 (6.9) 28.7 (6.7) x 39 (13.5) 0.30 0.78 

 

 

 

PASIPD score 8.0 (1.5) 15.1 (2.7) 14.5 (2.5) 6.3 (1.9) 16.6 (3.9) 15.5 (3.3) 9.7 (2.4) 13.6 (3.8) 13.5 (4.0) 0.002 0.10 
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Figure 2 Individual values for: A, peak power output (POpeak); B, peak oxygen consumption 
(VO2peak); C, D, resting heart rate (HRrest); E, distance travelled in the wheelchair (WCdist); F, 
Physical Activity Scale for Individuals with Physical Disabilities (PASIPD) score. HYB, hybrid 
cycle; HC, handcycle; tetra, tetraplegia; para, paraplegia. 
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DISCUSSION  
An important finding of this study was that the wheelchair-specific fitness measures (i.e. POpeak, 
VO2peak and PTS) were not significantly improved following the 16-wk training program, while 
the other fitness measures (i.e. HRrest and subjectively experienced fitness level) were, and that 
there were no differences over time between the two training groups for any of these measures. 
The peak exercise performance was measured in a handrim-propelled wheelchair since, in daily 
life, many people with SCI are dependent on such a wheelchair for mobility and will therefore 
benefit from an increased wheelchair-specific fitness. Moreover, from previous research, it is 
already known that both hybrid cycle14,15 and handcycle16 training lead to improvements in 
fitness (i.e. POpeak and/or VO2peak) if specific (i.e. hybrid cycle or handcycle) exercise testing is 
used to evaluate these outcome measures. The reduction in HRrest (suggesting an improved 
cardiorespiratory fitness as an result of aerobic training17) and the increased subjectively 
experienced fitness observed in the current study, support these previously reported findings 
regarding the positive effects of hybrid cycle and handcycle training on fitness. However, peak 
wheelchair performance was not significantly improved, suggesting that hybrid cycling and 
handcyling may not be the best exercise modes to achieve desirable effects in wheelchair-
specific fitness, and that it is better to train more specifically (i.e. wheelchair training). That said, 
~40% and ~65% of the participants in this study showed improvements in POpeak and VO2peak, 
respectively, indicating that there were certainly beneficial effects of the training program on 
these fitness measures in a considerable part of the participant group. Moreover, based on 
normative values for POpeak and VO2peak in people with long-term SCI18, at baseline, participants 
with tetraplegia and paraplegia in the current study were classified as ‘average’ and ‘fair’, 
respectively. It might be possible that greater training effects would have been found if we were 
able to include people with the poorest levels of fitness.  

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

Although there was no significant change over time in wheelchair activity measured with an 
odometer, the overall increased PASIPD score indicates an improved physical activity level. 
Moreover, participants subjectively indicated that various activities of daily living (e.g. transfers, 
transportation, housework) became easier due to an improved fitness level. The above-described 
findings regarding fitness and physical activity are supported by Nooijen et al.19, who showed 
that increased physical activity levels are associated with increased fitness levels.  

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

In conclusion, in the current study, hybrid cycling and handcycling showed similar effects on 
fitness, pulmonary function and physical activity, indicating that there were no additional 
benefits of the FES-induced leg exercise over handcycle training alone. 
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ABSTRACT 
Objective: Examine the effects of a 16-wk hybrid cycle versus handcycle exercise program on 
cardiovascular disease (CVD) risk factors in people with spinal cord injury (SCI). 
Participants: Nineteen individuals with SCI≥8 years. 
Design: Multicenter randomized-controlled trial. Both the hybrid cycle (n=9) and handcycle 
group (n=10) trained twice a week during 16 weeks in the specific cycle. Outcome measures 
obtained pre and post the program were MetS components (waist circumference (WC), systolic 
(SBP) and diastolic (DBP) blood pressure, high-density lipoprotein cholesterol (HDL-C), 
triglycerides (TG) and insulin resistance), inflammatory status (C-reactive protein (CRP), 
interleukin (IL)-6 and 10, and visceral adiposity (trunk and android fat).  
Results: Overall significant reductions were found for WC (p=0.001), DBP (p=0.03), insulin 
resistance (p=0.006), CRP (p=0.05), IL-6 (p=0.04), IL-6/IL-10 ratio (p=0.03), and trunk (p=0.04) 
and android (p=0.02) fat percentage. No significant main effects for time were observed for SBP, 
TG, HDL-C, IL-10, and trunk and android fat mass. For all outcome measures, there were no 
significant differences over time between groups. 
Conclusion: Hybrid cycling and handcycling have similar beneficial effects on different MetS 
components, inflammatory status and visceral adiposity, indicating that there were no additional 
benefits of FES-induced leg exercise above handcycle training alone. 
 
 
INTRODUCTION 
With today’s specialized medical care, life expectancy of people with spinal cord injury (SCI) 
has considerably improved (1). Despite this, mortality rates in people with SCI remain high 
compared with non-disabled people (2). Cardiovascular disease (CVD) is the leading cause of 
mortality in the SCI population and occurs more in this population than in people without SCI 
(3). An important contributor for this increased risk of CVD is the fact that several CVD risk 
factors, such as metabolic syndrome (MetS), chronic low-grade inflammation and visceral 
adiposity are more prevalent in people with SCI than in people without SCI (4, 5, 6). The 
inactive lifestyle observed in many individuals with SCI is strongly associated with the higher 
prevalence of these risk factors (7). 
 MetS is a condition characterized by clustering of the following CVD risk factors: 
abdominal obesity, hypertension, high triglycerides (TG), low high-density lipoprotein 
cholesterol (HDL-C) and insulin resistance (8). The chronic low-grade elevation in plasma 
concentrations of pro-inflammatory mediators (e.g. C-reactive protein (CRP) and interleukin-6 
(IL-6)) is suggested to play an important role in development of insulin resistance and 
atherosclerotic plaque (9, 10). Low-grade inflammation is therefore strongly associated with the 
abnormalities experienced in MetS and the pathophysiology of CVD development (11). 
Consequently, the suppression of chronic inflammation is an important factor in reducing CVD 
risk in people with SCI.  
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 Participation in regular exercise training has been shown to promote a range of anti-
inflammatory benefits in non-disabled individuals, including reduced visceral adiposity (12). 
However, in SCI, the anti-inflammatory benefits of exercise training may be lower due to the 
lower-limb paralysis and the reliance on the relatively small muscle mass activated during upper-
body activities (e.g. handcycling and wheelchair propulsion) (13). Despite this, cross-sectional 
analyses have shown positive relationships between chronic inflammation and physical activity 
levels in this population (5, 14). The circulating cytokine response to upper-body exercise in 
non-SCI and thoracic SCI is also of a similar magnitude to that observed following lower-body 
exercise (15). Therefore, increasing physical activity by participating in regular exercise training 
may provide a protective effect against chronic inflammation and CVD risk in people with long-
term SCI. 
 To date, no intervention studies have examined the effect of long-term upper-body 
exercise training on chronic inflammation in people with SCI. The activation of the paralyzed 
lower-limb musculature via functional electrical stimulation (FES)-evoked cycle training has 
previously been shown to significantly reduce plasma concentrations of the inflammatory 
mediators CRP, IL-6 and tumor necrosis factor-alpha (TNF-α) (16). The performance of 
combined FES-evoked leg exercise and voluntary upper-body exercise (i.e. hybrid exercise) has 
the potential to augment the anti-inflammatory response even further since a larger muscle mass 
is activated than during FES-evoked leg exercise or upper-body exercise alone (17). 
 The potential greater effect of hybrid exercise training over handcycle training on CVD 
risk factors requires investigation. Therefore, the aim of this study was to examine the effects of 
a 16-wk hybrid cycle versus handcycle training program on MetS components, resting 
inflammatory status  and visceral adiposity in people with long-term SCI.  
 
 
METHODS 
Trial design 
The experimental design of the current study (which is part of a larger study) was previously 
described by Bakkum et al. (18). Briefly, this study was a 16-wk open, explanatory, parallel-
group randomized-controlled trial (RCT) performed in two Dutch rehabilitation centers (Reade 
Amsterdam and St. Maartenskliniek Nijmegen). Within each rehabilitation center, block 
randomization (fixed block size of 6; allocation ratio of 1:1; no stratification) was used to assign 
the participants to either the experimental group (hybrid cycle group) or control group 
(handcycle group). A blinded independent researcher provided the allocation in sequentially 
numbered, opaque, sealed and stapled envelopes. After the included participants completed all 
baseline measurements, the principal investigator opened the envelopes and allocated the 
participants to the intervention. The sample size calculation was performed on the main outcome 
measure of the larger study (i.e. peak power output) and revealed a group size of 18 participants.  
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Participants  
As previously described (18), participants were recruited from the databases of two Dutch 
rehabilitation centers with a specialized SCI-unit (Reade Amsterdam and St. Maartenskliniek 
Nijmegen) and were eligible for inclusion if they met the following criteria: time since injury 
(TSI) ≥ 10 years, age at onset SCI ≥ 18 years, age 26-65 years, dependent on a wheelchair for 
daily mobility, spastic paralysis, no or limited sensation in the lower body, physically inactive. 
People were qualified as ‘physically inactive’ if their score on the Physical Activities Scale for 
Individuals with Physical Disabilities (PASIPD) (19) was lower than the 75th percentile (<30) of 
a Dutch cohort study population (20). Exclusion criteria were: contraindications for physical 
training and testing (e.g. pressure sores, severe cardiovascular problems), psychiatric problems 
that could interfere with study participation, plans to change current lifestyle habits (e.g. physical 
activity or diet) during the experimental training period, insufficient knowledge of the Dutch 
language to understand the purpose and protocol of the study. Due to difficulties with recruiting 
the intended number of participants, one year after trial commencement, the inclusion criterion 
TSI ≥ 10 years was reduced to TSI ≥ 8 years. All participants provided written informed consent 
indicating voluntary participation in this study, approved by the Medical Ethics Committee of the 
VU University Medical Center Amsterdam. 
 
Training devices 
Hybrid cycle  
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A) combines synchronous voluntary handcycling with asynchronous FES-induced leg cycling. 
A 6-channel stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A-I) provided electrical stimulation via self-adhesive 50 x 90 mm surface electrodes placed 
bilaterally over the quadriceps, hamstrings and gluteus muscles. During cycling, the stimulator 
received information from the crank angle encoder (Figure 1A-II) about pedal position and 
velocity to control the cyclic stimulation pattern.  

The handcycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; Figure 1B) was 
equipped with a wide synchronous bull-horn crank. The front wheel of both devices was 
mounted on an ergotrainer (Tacx Flow, Technische Industrie Tacx B.V., Wassenaar, the 
Netherlands; Figure 1A-III and 1B-III) that was adapted to the wheel size of the cycles. Both 
cycles were equipped with 8 gears that could be changed manually, and quad grips for those 
participants who needed them. 
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Figure 1 The hybrid cycle (A) with the stimulator (I) and crank angle encoder (II), and the 
handcycle (B), mounted on an ergotrainer (III). 

 
Training protocol 
The training protocol was previously described by Bakkum et al. (18). Briefly, participants 
performed 32 interval training sessions within a continuous period of 16 weeks. During the 
program, the duration of the training sessions increased from 18 to 32 minutes. To provide 
sufficient recovery time, at least one day of rest was scheduled in between training days. 
Following a graded exercise test to exhaustion, the training intensity was set to attain a heart rate 
response of 65-75% heart rate reserve during training. Since the use of heart rate as an indicator 
for training intensity can be unreliable in some individuals with tetraplegia (21), rating of 
perceived exertion (RPE) served as a supplementary measure of training intensity; a target RPE 
of 4-7 on the Borg’s 10-point scale (22) was required during training. Training intensity was 
controlled by the participants making adjustments in cycle velocity or by the trainer adjusting the 
gear of the cycle or the resistance of the ergotrainer. In addition, during hybrid cycling the 
current amplitude of the electrical stimulation was adjusted manually by the trainer to control the 
degree of muscle activation. The trainer tried to induce strong muscle contractions throughout 
training, however, if the legs were moving too fiercely due to the stimulation or if the participant 
indicated that the stimulation was too intense, the trainer decreased the current amplitude. Heart 
rate was recorded constantly during each training session using radiotelemetry (Polar, Polar 
Electro Inc., Woodbury, NY), and RPE was assessed after each training block. 
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Outcome measures  
The outcome measures in the current study (i.e. MetS, inflammatory status and visceral 
adiposity) were obtained in the week before (pre) and after (post) the 16-wk training program.  
 
Metabolic syndrome  
MetS was defined as having ≥ 3 of the following symptoms: abdominal obesity (waist 
circumference (WC) > 102 cm for males, > 88 cm for females); high blood pressure (> 130/85 
mm Hg or use of medication for hypertension); high TG (≥ 1.7 mmol/L); low HDL-C (< 1.03 
mmol/L for males, < 1.29 mmol/L for females); insulin resistance, identified by ≥ 1 of the 
following: high fasting glucose (≥ 5.6 mmol/L) or insulin (≥ 139 pmol/L) levels, homeostasis 
model assessment of insulin resistance (HOMA-IR) ≥ 4.0, or use of medication for 
hyperglycemia (8, 23). Supine WC was measured three times at the level of the umbilicus using 
a tape measure, and the average was used for data analysis. Blood pressure was taken on the left 
arm in a sitting position using an automatic device; the average blood pressure of three 
measurements was used for data analysis. After a 12-hour overnight fast, blood samples were 
taken from an antecubital vein into 3 mL lithium heparin (HDL-C and TG), 2 mL 
fluoride/oxalate (glucose) and 6.0 mL clot activator (insulin) tubes (BD Vacutainer). Within 2 
hours after collection, the blood samples were spun down in a centrifuge at 1800g for 10 minutes 
at room temperature. Subsequently, plasma TG and HDL-C were determined using an enzymatic 
colorimetric assay, using the reagents GPO-PAP and HDL-C plus, respectively (Roche 
diagnostics, Mannheim, Germany). Determination of plasma glucose was done by the 
hexokinase method (Gluco-quant, Roche diagnostics, Mannheim, Germany). Serum 
concentrations of insulin were determined using an immunometric assay (Luminescence, Advia 
Centaur, Siemens Medical Solutions Diagnostics, USA). Glucose and insulin values were used to 
calculate HOMA-IR (24).  
 
Inflammatory status 
Fasting blood samples were collected from an antecubital vein into 6 mL BD Vacutainer K2E 
(EDTA) tubes. Within 2 hours of blood collection, plasma was isolated by centrifugation at 
1800g for 10 minutes at room temperature, and subsequently aliquoted and stored at -80 ºC. At 
the end of the study, plasma concentrations of CRP, IL-6 and IL-10 were determined using 
quantitative sandwich-type enzyme-linked immunosorbant assay (ELISA) kits (CRP: IBL 
international, Hamburg, Germany; IL-6 and IL-10: R&D systems, Abingdon, UK), according to 
the manufacturers’ instructions. The resting pro/anti-inflammatory ratio was calculated by 
dividing resting plasma IL-6 concentration by resting plasma IL-10 concentration. All samples 
were analyzed in duplicate. The within assay coefficients of variation for the analyses performed 
were as follows: CRP: 3.65%; IL-6: 3.83%; IL-10: 2.71%. 
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Visceral adiposity 
Dual-energy X-ray absorptiometry (DXA; Hologic Discovery, Hologic Inc., Waltham, Mass) 
was used to determine trunk and android fat, which highly correlates (R = 0.65 to 0.90) with 
visceral fat measured by computed tomography (CT) (25, 26 , 27). Whole-body imaging was 
acquired according to the manufacturer’s instructions with the participants in the supine position. 
The trunk and android region were automatically defined using the analytic software 
accompanying the system (Apex 13.3.3). Since the DXA device was only available in 
Amsterdam, DXA measurements were only performed in the group that trained in Reade 
Amsterdam (Table 1). 
 
Statistical analysis 
The assumption of normality was checked by visual inspection of the q-q plot and the box plot of 
the data within the groups. A Shapiro-Wilks test was also performed on the data. Homogeneity 
of variance was checked using the Levene’s test. In case of violations of these assumptions, the 
statistical analyses were performed on the log-transformed data. Normal distribution and 
homogeneity of error variance were confirmed for all variables except for insulin, HOMA-IR, 
CRP, IL-6, IL-10 and IL6/IL10-ratio. Independent sample t-tests were employed to determine 
potential baseline differences in the outcome measures between the hybrid cycle and handcycle 
group. Differences between pre and post exercise training measurements were examined using a 
two-factor (time x group) mixed measures ANOVA. Data are presented as mean ± standard error 
(SE). Significance was set a priori at p < 0.05. All data were analyzed using the statistical 
package IBM SPSS for Windows version 20 (SPSS inc, Chicago, IL). 
 
RESULTS 
Between November 2011 (start recruitment) and August 2013 (end recruitment), 36 participants 
(17 hybrid cycle, 19 handcycle) were included of which 19 people (9 hybrid cycle; 10 handcycle) 
completed the 16-wk study (Table 1). The main reasons for drop-out were illness and lack of 
adherence to the training. All 19 participants who completed the study (32 sessions) recorded 
100% compliance to the program. For the insulin and HOMA-IR analysis, 3 participants (1 
hybrid cycle; 2 handcycle) were excluded due to missing samples. For the inflammatory status, 3 
participants (2 hybrid cycle; 1 handcycle) were excluded due to the presence of underlying 
urinary tract infection or missing sample. No significant baseline differences were present for 
any of the outcome measures and demographic and clinical characteristics between the two 
intervention groups.  
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Table I Participants’ characteristics  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Abbreviations: yrs, years; TSI, time since injury; AIS, ASIA (American Spinal Injury 
Association) Impairment Scale; BMI, body mass index; PASIPD, Physical Activities Scale for 
Individuals with Physical Disabilities; M, male; F, female; SE, standard error. *Dual-energy X-
ray absorptiometry (DXA) data available. 

 
 
 
 
 
 
 
 
 

Participant Sex Age 
(yrs) 

TSI 
(yrs) 

Lesion 
level 

AIS Height 
(cm) 

Body mass 
(kg) 

BMI 
(kg/m2) 

PASIPD 
score 

Hybrid cycle          

1* M 55 34 C3 C 178 90.7 28.5 5.7 

2 M 39 13 C6 B 184 84.4 24.9 2.4 

3* M 49 31 C7 A 174 55.5 18.3 1.3 

4* M 53 10 C7 C 182 63.4 19.1 2.1 

5 M 49 27 T1 A 186 67.2 19.4 2.8 

6* M 40 18 T6 A 188 66.6 18.9 1.8 

7 M 58 24 T8 A 172 83.0 28.1 20.9 

8* M 64 18 T9 A 174 80.2 26.5 6.0 

9 M 31 14 T10 A 173 73.5 24.6 8.2 

Mean (SE)  49 (3) 21 (3)   179 (2) 73.8 (3.8) 23.1 (1.4) 5.7 (2.1) 

          
Handcycle          

1* M 63 10 C2 D 180 73.6 22.9 5.9 

2* M 48 30 C6 C 171 91.6 31.3 9.2 

3 M 47 12 C6 C 174 80.2 26.5 1.7 

4* M 51 21 T3 A 181 72.6 22.2 1.8 

5 M 30 11 T4 A 174 73.8 24.4 15.6 

6 M 49 16 T5 A 174 75.0 24.8 16.7 

7* M 47 18 T7 A 185 82.0 24.0 1.0 

8 M 38 9 T9 A 173 60.5 20.2 23.2 

9 M 49 15 T11 A 187 58.8 16.8 14.7 

10* F 50 14 L2 A 166 67.2 24.5 7.4 

Mean (SE)  47 (3) 16 (2)   176 (2) 73.5 (3.1) 23.8 (1.2) 9.7 (2.4) 
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Metabolic syndrome 
As shown in Table 2, an overall significant reduction of 3.1 cm (3.5%) in WC was found 
following the 16-wk training program. Figure 2A shows that the training benefits were greater in 
individuals with a high WC at the beginning of the training program.  For diastolic blood 
pressure (DBP), an overall significant reduction of 4 mm Hg (7.0%) was observed (Table 2). 
Furthermore, there was an overall significant decrease of 26% in both insulin and HOMA-IR 
(Table 2). As shown in Figure 2C, the reduction in HOMA-IR was achieved in almost all 
participants. No significant main effects for time were found for systolic blood pressure (SBP), 
TG, HDL-C and glucose (Table 2). However, in ~65% of the participants TG was reduced 
(Figure 2B). For all the MetS components, no significant differences over time between groups 
were found (Table 2). 
 
Inflammatory status 
Overall, significant reductions of 0.45 mg/L (16.1%), 0.64 pg/mL (26.1%) and 2.97 (31.2%) 
were found for CRP, IL-6 and IL-6/IL-10 ratio, respectively; for IL-10, there was no significant 
main effect of time (Table 2). For all the inflammatory markers, no significant differences over 
time between groups were found (Table 2). Figure 2D shows that almost all participants showed 
a decrease in CRP. As demonstrated in Figure 2E and 2F, participants with high pre-training IL-
6 values and IL-6/IL-10 ratios showed greater reductions than participants with low pre-training 
values. 
 
Visceral adiposity 
An overall significant reduction of 3.6% and 4.7% was observed for trunk and android fat 
percentage, respectively; however, there were no significant differences over time between the 
two training groups for these outcome measures (Table 2; Figure 2G and 2H). No significant 
main effects or interaction effects were found for trunk and android fat mass (Table 2).  
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Table II Metabolic syndrome, inflammatory status and visceral adiposity 

Values are mean ± standard error (SE). Abbreviations: HYB, hybrid cycle group; HC, handcycle group; MetS, metabolic syndrome; 
Δ, mean pre-post difference; WC, waist circumference; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; 
HDL-C, high-density lipoprotein cholesterol; HOMA-IR, homeostasis model assessment-estimated insulin resistance; CRP, C-reactive 
protein; IL-6, interleukin-6; IL-10, interleukin-10. *Analysis was performed on N = 8 HYB, 8 HC

 Whole group  HYB  HC  P values 

MetS components 

(N = 9 HYB, 10 HC) 

Pre Post Δ Pre Post Δ Pre Post Δ Main effect 
time 

Interaction 
effect 

WC (cm) 90.7 (2.8) 87.5 (2.4) -3.1 (0.8) 91.8 (4.7) 87.8 (4.0) -3.9 (1.3) 89.7 (3.5) 87.3 (2.9) -2.5 (1.0) 0.001 0.38 

SBP (mm Hg) 116 (3) 120 (4) +4 (3) 112 (6) 117 (9) +5 (5) 119 (4) 123 (3) +4 (4) 0.18 0.92 

DBP (mm Hg) 71 (2) 66 (3) -4 (2) 69 (3) 63 (4) -6 (3) 72 (3) 70 (4) -3 (3) 0.03 0.31 

TG (mmol/L) 1.4 (0.1) 1.3 (0.1) -0.2 (0.1) 1.7 (0.2) 1.4 (0.2) -0.3 (0.1) 1.2 (0.2) 1.1 (0.1) -0.1 (0.2) 0.15 0.49 

HDL-C (mmol/L) 1.2 (0.1) 1.3 (0.1) +0.1 (0.1) 1.1 (0.1) 1.2 (0.1) +0.1 (0.1) 1.4 (0.2) 1.4 (0.2) 0.0 (0.1) 0.30 0.35 

Glucose (mmol/L) 5.5 (0.2) 5.4 (0.2) -0.1 (0.1) 5.7 (0.3) 5.8 (0.4) +0.1 (0.1) 5.3 (0.2) 5.1 (0.2) -0.2 (0.2) 0.68 0.17 

Insulin (pmol/L)* 63.6 (6.9) 47.4 (6.0) -16.5 (4.8) 72.7 (10.6) 56.0 (9.5) -18.9 (9.4) 54.6 (8.5) 40.5 (7.3) -14.3 (4.0) 0.004 0.65 

HOMA-IR* 2.3 (0.3) 1.7 (0.3) -0.6 (0.2) 2.8 (0.5) 2.2 (0.6) -0.6 (0.4) 1.9 (0.3) 1.3 (0.2) -0.5 (0.2) 0.006 0.44 

Inflammatory status 

(N: 7 HYB, 9 HC) 
           

CRP (mg/L) 3.32 (1.05) 2.79 (1.03) -0.45 (0.17) 3.91 (1.75) 3.20 (1.68) -0.71 (0.36) 2.86 (1.36) 2.47 (1.38) -0.39 (0.18) 0.05 0.92 

IL-6 (pg/mL) 2.45 (0.49) 1.81 (0.31) -0.64 (0.32) 2.51 (0.91) 1.88 (0.58) -0.63 (0.59) 2.40 (0.57) 1.76 (0.36) -0.64 (0.36) 0.04 0.93 

IL-10 (pg/mL) 0.27 (0.02) 0.31 (0.03) +0.03 (0.02) 0.29 (0.03) 0.29 (0.04) 0.00 (0.02) 0.26 (0.02) 0.32 (0.05) +0.06 (0.04) 0.29 0.16 

IL-6/IL-10 ratio 9.52 (2.13) 6.55 (1.49) -1.97 (1.45) 8.07 (2.33) 7.23 (2.47) -0.84 (2.45) 10.65 (3.40) 5.96 (1.92) -3.70 (2.07) 0.04 0.54 

Visceral adiposity 

(N: 5 HYB, 5 HC) 
           

Trunk fat (kg) 11.5 (1.2) 11.0 (1.3) -0.5 (0.3) 9.7 (1.6) 9.2 (1.5) -0.5 (0.5) 13.2 (1.7) 12.7 (1.7) -0.5 (0.5) 0.20 0.99 

Trunk fat (%) 30.6 (2.0) 29.5 (2.0) -1.1 (0.4) 27.5 (2.7) 25.9 (2.3) -1.5 (0.7) 33.7 (2.5) 33.0 (2.5) -0.7 (0.5) 0.04 0.41 

Android fat (kg) 2.3 (0.3) 2.3 (0.3) -0.1 (0.1) 2.0 (0.4) 1.9 (0.4) -0.1 (0.1) 2.6 (0.4) 2.6 (0.4) 0.0 (0.2) 0.47 0.68 

Android fat (%) 36.0 (2.4) 34.3 (2.2) -1.7 (0.5) 33.4 (2.9) 31.3 (2.6) -2.1 (0.5) 38.6 (3.7) 37.2 (3.3) -1.3 (1.0) 0.02 0.52 
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Figure 2 Individual values for metabolic syndrome, inflammatory status and visceral adiposity in 
the week before (pre) and after (post) the 16-wk training program. A, waist circumference (WC); 
B, homeostasis model assessment of insulin resistance (HOMA-IR); C, triglycerides (TG); D, C-
reactive protein (CRP); E, interleukin (IL)-6; F, IL-6/IL-10 ratio; G, trunk fat percentage; H, 
android fat percentage. HYB, hybrid cycle; HC, handcycle; tetra, tetraplegia; para, paraplegia. 
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DISCUSSION 
The main findings of this study were that both the 16-wk hybrid cycle and handcycle training 
program showed positive effects on different MetS components (WC, DBP, insulin and HOMA-
IR), inflammatory status (CRP, IL-6 and IL-6/IL-10 ratio), and visceral adiposity (trunk and 
android fat percentage). Moreover, there were no notable benefits of the FES-induced leg 
exercise above handcycle training alone.  
 
Metabolic syndrome 
At the start of the intervention program, 16% of the participants who completed the program met 
the criteria for MetS. In comparison with cross-sectional studies on the prevalence of MetS in 
people with SCI (e.g. 23), this percentage is relatively low. As stated in the introduction, it is 
well documented that people with SCI have impaired levels of several MetS components (e.g. 
HDL-C and insulin) (5, 6). However, for the group of participants in this study, the mean values 
for all the MetS components were not elevated. Since there were no significant baseline 
differences between the individuals who dropped out and the individuals who completed the 
training program, it might be suggested that the participants who were enrolled in this study were 
relatively healthy compared to the average population with long-term SCI. Despite this, there 
were still positive training effects on different MetS components in this participant group. For 
example, the reduction in WC suggests that exercise training (i.e. hybrid cycling and 
handcycling) reduces abdominal obesity. At the start of this study, 3 of the 19 participants met 
the criteria of abdominal obesity. After 16 weeks of training, only 1 participant still met these 
criteria, but this person showed a reduction of 11 cm (9.4%) in WC. Another important result of 
this study was the reduction in insulin and HOMA-IR, indicating a reduced insulin resistance. 
Several other studies have also found positive effects of exercise on insulin resistance (28, 29, 
30) while some studies have not (e.g. 31). In contrast, no significant changes were found for the 
lipids TG and HDL-C. That said, looking at the individual data, ~65% of the participants showed 
reductions in TG (Figure 2C). These findings are in accordance with a systematic review (22 
studies were included) by Carlson et al. (32) who concluded that there is insufficient evidence 
that exercise alone improves lipid disorders in people with SCI. It requires further investigation 
to examine whether a combined exercise and dietary intervention is the optimal method for 
improving lipid spectrum in people with SCI. Together with the reduced DBP, the above-
described findings suggest that exercise training has the potential to reduce several components 
within the MetS in inactive people with long-term SCI. 
 
Inflammatory status 
In the current cohort, resting inflammatory status was typical of untrained chronic SCI 
population groups (5, 33). Accordingly, 50% of the participants displayed resting inflammatory 
profiles symptomatic of an increased risk of CVD (IL-6 > 2 pg/mL; CRP > 3 mg/L). However, a 
large heterogeneity was present in resting values, suggesting SCI and physical inactivity alone 
are not solely responsible for a chronic inflammatory state. In this study, both exercise 
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interventions resulted in a significant improvement in inflammatory status. These findings are 
consistent with those of Griffin et al. (16), who reported a significant reduction in resting IL-6 
and CRP concentration following 10-wk FES-cycling training. Hybrid exercise has previously 
been shown to induce a greater acute IL-6 response (17) and greater energy expenditure (34) 
than hand cycling exercise alone at a matched workload. However, both exercise modalities in 
the current study resulted in a similar significant reduction in inflammatory status (IL-6 and 
CRP).  
 
Visceral adiposity 
The mean values for visceral adiposity in this study were relatively low compared to the values 
reported in a study by Emmons et al. (35) who assessed visceral adiposity in people with SCI and 
able-bodied (AB) persons. This again supports the assumption that the participant group in the 
current study was relatively healthy. Despite this, a significant reduction in trunk and android fat 
percentage was found, suggesting that exercise training has the potential to reduce visceral 
adiposity. This finding was in accordance with a study by Gorgey et al. (36). Since DXA 
measurements are relatively expensive and time-consuming, researchers might also consider 
using the anthropometric measure WC (which is a reliable surrogate of visceral adiposity in able-
bodied persons (5)) as a measure of visceral adiposity. 
 
Hybrid cycle versus handcycle 
The similar improvement in different CVD risk factors suggests that the relatively small 
available muscle mass during arm exercise alone is not a limiting factor for the reduction in CVD 
risk factors when exercise is performed on a regular basis at a sufficient intensity. The finding 
that handcycle exercise alone provides a sufficient training stimulus and that there were no 
notable benefits of the added FES-induced leg exercise, promote handcycling as a cheaper and 
more accessible exercise mode for reducing CVD risk factors than hybrid cycling. However, 
Bakkum et al. (34) have demonstrated that hybrid cycling induces higher metabolic and 
cardiorespiratory responses at equal subjective exercise intensity levels than handcycling, 
suggesting that hybrid cycling might be more suitable for fighting obesity and increasing 
cardiorespiratory fitness in individuals with SCI. Moreover, the addition of FES-induced leg 
exercise to handcycling has the potential to provide supplementary benefits on vascular (37) and 
musculoskeletal systems (38) in the lower extremities.  
 
Limitations 
A possible limitation of this study was that the lower-limb muscles of the participants in the 
hybrid group were relatively untrained at the beginning of the program, resulting in muscle 
fatigue during cycling. If the leg musculature becomes fatigued over time, the arms will take 
over the entire propulsion. To ensure strong lower-limb muscle contractions over the entire 
exercise period (i.e. 30 min), a conditioning phase for the paralyzed legs (i.e. FES-induced leg 
cycling only) for the participants in the hybrid group could have been performed. The training 
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effects might have been larger if all participants were able to complete 30 min of continuous leg 
exercise at the start of the hybrid cycle program. Another limitation was the relatively high drop-
out rate (47%) in this study, however, it is not expected that this would have influenced the 
results since there were no baseline differences between the group that dropped out and the 
group that finished the training the program. Nevertheless, the high drop-out rate might also say 
something about the feasibility of this type of exercise intervention in people with long-term 
SCI. Firstly, it was difficult to recruit participants (only l1.5% of the people who received an 
invitation letter eventually participated), and secondly, it was hard to keep the participants in the 
program. The most mentioned reason for not participating and drop out was that the exercise 
intervention was too time consuming and could not easily be implemented in the daily life of 
these people. Therefore, future studies should consider how to make exercise interventions more 
feasible and attractive for this population. For example, better facilitation of the training 
equipment might save time; if people can exercise at home, this would mean that they do not 
have to travel to a rehabilitation center several days a week. 
 In conclusion, this study demonstrated that hybrid cycling and handcycling have similar 
beneficial effects on several CVD risk factors, including MetS components, inflammatory status 
and visceral adiposity, indicating that there were no notable benefits of the FES-induced leg 
exercise above handcycle training alone. 
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ABSTRACT 
Purpose: To assess the intra- and inter-rater reliability of a standardized protocol for measuring 
proximal tibia and distal femur bone mineral density (BMD) using dual-energy X-ray 
absorptiometry (DXA).  
Methods: Ten able-bodied individuals (7 male) participated in this study. During one 
measurement session, the knee of each participant was scanned twice by rater 1 using DXA. 
Both scans were analyzed twice by rater 1 as well as once by a second rater. Intraclass 
correlation coefficients (ICCs), standard error of measurements (SEMs) and smallest detectable 
differences (SDDs) were calculated for the outcome measures proximal tibia and distal femur 
BMD. A decision study was performed to determine the effect of study protocol adjustments (i.e. 
increasing the number of scan repetitions, or scan analyses by the same rater) on SEM and SDD 
values. 
Results: High intra- and inter-rater ICCs (0.97-0.98) were found for both proximal tibia and 
distal femur BMD. Low SEMs (0.017-0.028 g/cm²) and SDDs (0.047-0.077 g/cm²) were found, 
with a slightly better result for proximal tibia BMD. Increasing the number of scan analyses by 
the same rater did not markedly reduce SEM and SDD values, while increasing the number of 
scan repetitions did. 
Conclusions: Proximal tibia and distal femur BMD can be reliably assessed with this method.  
 
INTRODUCTION 
Osteoporosis of the lower extremities is a severe secondary complication in people with a spinal 
cord injury (SCI) causing an increased risk of (low-impact) fractures, especially in the proximal 
tibia and distal femur1-2. To manage this so-called immobilization osteoporosis, bone mineral 
density (BMD) should therefore be measured at these specific sites3. 

Dual-energy X-ray absorptiometry (DXA) is a commonly used technique to measure 
BMD, to diagnose and manage osteoporosis, as well as to predict fracture risk4.  There are 
standard clinical DXA protocols available to accurately measure whole body and regional (i.e. 
hip, lumbar spine and forearm) BMD5; however, the proximal tibia and distal femur are not 
standard measurement sites, and can therefore only be measured using a customized protocol. 

In the literature, there is not much consistency regarding these customized protocols to 
measure knee BMD. A large variety was observed in: (1) type of DXA scan algorithm: several 
studies have used different modified lumbar spine6-7 or forearm8 scan protocols, while others 
have used the small-animal program9-10; (2) region of interest (ROI) settings: several studies 
have used anatomical markers for the ROI setting (e.g. the ROI’s height is the same size as the 
fibular head)6-8, while others have used the same fixed sizes for all participants (e.g. the proximal 
7 cm of the tibia)10-11; (3) knee placement: in most studies the knee was scanned frontally with 
the participants in the supine position6-7, 9-10, while in one study the participants were placed in 
the lateral position8.  

Besides the above-described inconsistency concerning the methods used to measure 
proximal tibia and distal femur BMD, many studies lack important methodological details (e.g. 
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regarding scan and analysis software used, and ROI settings), making it impossible for other 
researchers to reproduce these protocols9, 11-13. Moreover, most methods were not tested on 
reliability7, 9-10, 12-13.  

Therefore, the purpose of this study was to assess the intra- and inter-rater reliability of a 
standardized method for measuring proximal tibia and distal femur BMD using DXA. Moreover, 
it was investigated whether this protocol could be optimized. Results of this study might lead to 
better osteoporosis diagnosis and management in people with disabilities and diseases where the 
knee is affected (e.g. SCI, cerebral palsy, Duchenne muscular dystrophy and knee osteoarthritis). 
 
METHODS 
Participants 
Ten able-bodied persons (7 male; mean age 35 (25-58) years; mean body mass 75.3 (56.4−91.2) 
kg; mean height 183.9 (167.0−193.7) cm; no history of knee fractures) provided written 
informed consent and participated in this study which was approved by the Medical Ethics 
Committee of the VU University Medical Center Amsterdam.  
 
Scan procedure 
Proximal tibia and distal femur BMD measured using DXA (Hologic Discovery, Hologic Inc., 
Waltham, Massachusetts, USA). After thorough discussions with radiologists and Hologic, we 
hypothesized that an adapted forearm scan protocol is most suitable for knee measurements, 
since the knee anatomically has more similarities with the forearm than with the lumbar spine or 
a small animal. Moreover, since for many people with SCI it is inconvenient to maintain a lateral 
position, scans were performed with the participants in supine position. 

A radiologic technologist (rater 1) positioned the participant’s non-dominant leg into the 
correct alignment and rotation: the leg was placed in full extension, and the foot was endorotated 
(to reduce overprojection of the tibia and fibula as much as possible) and strapped in a foot 
positioner (Figure 1). The knee was scanned frontally using the forearm scan protocol, such that 
both the patella and fibular head were completely visible in the scan, and that the joint space of 
the knee was horizontal (Figure 2); participants were repositioned and scans were repeated by 
rater 1 until these criteria were met. In case of movement artefacts, the scan was also performed 
again.  

During one measurement session, for each participant the above-described scan 
procedure was performed twice by rater 1 to obtain a total of two proper knee scans per person. 
Between repeated scans, the participants stepped down from the DXA table and were then 
completely repositioned by rater 1. Scan time was approximately 30 s, and exposure to radiation 
was less than 0.2 µSv per scan14. 
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Figure 1. Scan position for measuring left proximal tibia and distal femur BMD using DXA; the 
participant was placed in the supine position with the left leg fully extended and the foot 
endorotated and strapped in a foot positioner. 

 
 

 
 

Figure 2. A frontally scanned knee where both the patella and fibular head are completely visible 
in the scan. R1 is the ROI of the proximal tibia; R2 and R3 are the ROIs of the distal femur, with 
the height of R2 matching the height of R1 and R3 including R2 and the entire patella. 
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Analysis 
Following the advice of Hologic, the proximal tibia and distal femur were analyzed using the 
forearm subregion analysis protocol. The automatic bone detection function was used to shade 
all bone pixels in the scan and the image was corrected manually for erroneously included or 
excluded bone pixels; fibula bone pixels were excluded. To take anthropometrical differences 
among people into account, the ROIs were set to anatomical markers. The distal horizontal edge 
of the ROI of the proximal tibia (R1) was placed at the most distal point of contact between the 
fibular head and the tibia, and the proximal horizontal edge was placed at the upper edge of the 
fibular head (Figure 2). For the distal femur, two ROIs (R2 and R3) were set to also examine the 
effect of the patella on the reliability of the measurement, with R2 including only a part of the 
patella and R3 including R2 and the entire patella. The bottom horizontal edge of both R2 and 
R3 was positioned at the top of the space between the femoral condyles, with the height of R2 
matching the height of R1, and the proximal horizontal edge of R3 placed at the upper edge of 
the patella (Figure 2).  The width of R1-R3 was set outside the bone area but inside the soft 
tissue area (no air was included). After setting R1-R3, the analytic software accompanying the 
system (Apex 13.3.3) automatically performed the BMD calculations. The above-described scan 
and analysis method could also be applied with other types of DXA scanners (e.g. GE Lunar) 
that have the option for sub-regional forearm analysis.  

To be able to assess the intra- and inter-rater reliability of the protocol, both scans of each 
participant (a total of 20 scans) were analyzed twice by rater 1, as well as once by a second 
radiologic technologist (rater 2). Both raters performed the analyses completely independent 
from each other and were first extensively trained in how to perform the analysis protocol. 

 
Statistics 
Descriptive statistics (model based mean and standard error) were calculated for proximal tibia 
(R1) and distal femur (R2 and R3) BMD. The intra- and inter-rater reliability were assessed 
according to generalizability theory, which is based on analysis of variance15-16. Variance 
components were obtained from a random effects design and the method of restricted maximum 
likelihood, using the VARCOMP procedure in IBM SPSS Statistics 20. With these variance 
components, the intra- and inter-rater intraclass correlation coefficient (ICC), standard error of 
measurement (SEM), and smallest detectable difference (SDD) were calculated for the outcome 
measures R1-R3. The meaning of the different variance components, and the formulas for 
calculating the intra- and inter-rater ICC, SEM and SDD are presented in Table 1.  

To examine whether the study protocol could be optimized, a decision study was 
performed to determine the effect of study protocol adjustments (i.e. more scan repetitions, or 
more scan analyses by the same rater) on SEM and SDD values15-16.  
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Table 1: Meaning of the variance components; and formulas for 
calculating the intra- and inter-rater intraclass correlation coefficient 
(ICC), standard error of measurement (SEM), and smallest detectable 
difference (SDD) 

 σ²p Variance between participants 

   σ²s:p Variance between scans within the participants 

σ²r Variance between raters 

  σ²pr Variance due to interaction of participants and raters 

    σ²sr:p Variance due to interaction of scans and raters within  

 the participants 

  σ²e Variance due to pure measurement error  

ICCintra (σ²p + σ²r + σ²pr ) / (σ²p + σ²s:p + σ²r + σ²pr + σ²sr:p + σ²e) 

ICCinter  σ²p  / (σ²p + σ²s:p + σ²r + σ²pr + σ²sr:p + σ²e) 

  SEMintra  √(σ²s:p + σ²r + σ²pr + σ²sr:p + σ²e) 

  SEMinter  √(σ²s:p + σ²sr:p + σ²e) 

        

SDDintra/inter 
 1.96 × √2 × SEMintra/inter 

 
 
 
 
RESULTS 
 
Reliability 
The estimates of the variance components obtained from the variance components analysis 
appear in appendix 1. The model based means, ICCs, SEMs and SDDs for proximal tibia (R1) 
and distal femur (R2, R3) BMD are presented in Table 2. High intra-rater ICCs (0.98) and low 
SEMs (0.017-0.028 g/cm²) and SDDs (0.047-0.077 g/cm²) were found for R1-R3, with a slightly 
better result for R1. No difference was found between R2 and R3. For the inter-rater reliability, 
almost identical ICC (0.97-0.98), SEM (0.018-0.028 g/cm²) and SDD (0.051-0.077 g/cm²) values 
were found (Table 2).  
 
Optimization of the protocol 
Increasing the number of scan analyses by the same rater only marginally improved (by a few 
thousandths) SEM and SDD values. However, increasing the number of scan repetitions did lead 
to markedly improved SEMs and SDDs (Table 3). For example, using 4 scans instead of one 
scan will reduce the SEMs and SDDs for R2 and R3 by half their size.  
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Table 2: Model based mean (SE), and intra- and inter-rater reliability parameters for proximal tibia and 
distal femur BMD measurements 
   intra-rater   inter-rater 

BMD (g/cm²) Model based mean (SE) ICC SEM SDD  ICC SEM SDD 

R1  0.770 (0.035) 0.98 0.017 0.047  0.97 0.018 0.051 

R2  1.067 (0.062) 0.98 0.028 0.077  0.98 0.028 0.077 

R3  1.026 (0.055) 0.98 0.028 0.077   0.98 0.028 0.077 
SE: standard error; BMD: bone mineral density; R1: region of interest of the proximal tibia; R2 and R3: 
regions of interest of the distal femur; ICC: intraclass correlation coefficient; SEM: standard error of 
measurement; SDD: smallest detectable difference.  

 
 
Table 3: Decision study results: the effect of increasing the number of scans on SEM and SDD values 
   1 scan  2 scans   4 scans 

 BMD (g/cm²) Model based mean (SE) SEM SDD  SEM SDD  SEM SDD 

 R1  0.770 (0.035) 0.017 0.047  0.012 0.033  0.008 0.023 

R2  1.067 (0.062) 0.028 0.077  0.020 0.054  0.014 0.038 

R3 1.026 (0.055) 0.028 0.077   0.020 0.054   0.014 0.038 
SE: standard error; BMD: bone mineral density; R1: region of interest of the proximal tibia; R2 and R3: regions 
of interest of the distal femur; SEM: standard error of measurement; SDD: standard detectable difference. 
Example: when the knee is scanned 4 times (hypothetical study protocol adjustment) instead of once, the SEMs 
and SDDs for R2 and R3 will be reduced by half their size. 
 
 
 
Appendix: Estimates of the variance components 

  R1 R2 R3 

σ²p 122.46 380.30 299.12 

σ²s:p 2.58 6.72 7.38 

σ²r 0 0 0.03 

σ²pr 0.55 0 0.08 

σ²sr:p 0.04 0 0 

σ²e 0.21 0.96 0.33 

Values are ×10-4; R1: region of interest of the 
proximal tibia; R2 and R3: regions of interest of the 
distal femur. 
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DISCUSSION 
The purpose of this study was to examine the intra- and inter-rater reliability of a standardized 
DXA protocol to assess proximal tibia and distal femur BMD. Our results demonstrate that, with 
this method, both sites can be reliably assessed (high intra- and inter-rater ICCs (0.97-0.98); 
Table 2). Moreover, small BMD differences can be detected with this protocol (SDDs: 0.047-
0.077; Table 2), that can be optimized by increasing the number of scan repetitions (Table 3). 

Shields et al. (2005)6 have examined the inter-rater (4 raters) reliability of a standardized 
DXA-method for measuring proximal tibia and distal femur BMD in 22 people with a SCI, using 
a customized lumbar spine protocol. Compared to our study (Table 2), they have found a similar 
ICC for the distal femur (0.98), but a slightly lower ICC for the proximal tibia (0.89); no SEM 
and SDD values were reported. The difference in the ICC for the proximal tibia might be due to 
differences in the ROI settings; in the study of Shields et al. (2005), the height of the ROIs was 
based on the femur length while the height of the ROIs in our study was based on the fibular 
head; moreover, in their study different anatomical landmarks were used to set the horizontal 
edges of the ROIs.  

In the current study, the intra and inter-rater SDDs were 0.047-0.051 for proximal tibia 
and 0.077 for distal femur BMD (Table 2), which means that an individual improvement of at 
least 0.047-0.051 g/cm² (≈6-7%) and 0.077 g/cm² (≈7-8%) in proximal tibia and distal femur 
BMD, respectively is necessary to detect a real improvement. In intervention studies where 
BMD changes of less than 6.6-7.2% are already expected to be clinically relevant, we would 
recommend performing more scan repetitions to reduce the SDDs. For example, the SDDs for 
R2 and R3 can be reduced to approximately half their size (≈3.7%) by performing four scans 
instead of one scan (Table 3). However, in intervention studies, it should be realized that soft 
tissue changes around the knee (e.g. as an effect of an intervention strategy17) can negatively 
influence the reliability of the measurement. Furthermore, repositioning the individual’s leg from 
day to day may contribute to a reduced reliability18. To reliably assess real treatment effects, it is 
therefore important that repeated measures are performed by experienced radiologic 
technologists following a clearly standardized scan and analysis protocol.  

 Since the ICCs, SEMs and SDDs for R2 and R3 were the same in this study (Table 2), it 
would be sufficient to analyze only one of these two distal femur ROIs to reliably measure distal 
femur BMD. Since R2 is easier to set (only the bottom edge has to be set), we recommend using 
this region in further research. It seems that the patella did not affect the reliability of the distal 
femur measurement; however, including the patella in the analysis will lead to an overestimation 
of distal femur BMD. This problem was not mentioned in other studies that frontally scanned the 
knee to measure distal femur BMD6-7, 11-13. A possible way to exclude the patella from the 
analysis and purely measure distal femur BMD is to laterally scan the individuals, which was 
done by Henderson et al. (2010)8. However, as stated before, since scanning laterally can be 
inconvenient for people with a SCI, we choose to scan the knee frontally.  

This study was performed in able-bodied persons whose legs could easily be positioned 
in the appropriate alignment and rotation and who were able to keep that position during 
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scanning. However, when scanning people with a SCI, it should be taken into account that the 
positioning of the legs can sometimes be difficult due to contractures or neurogenic heterotopic 
ossification in the hip, knee or ankle19-20, which might influence the reliability of the 
measurement. In case of contractures or neurogenic heterotopic ossification, it should be ensured 
that the knee is extended and the foot is endorotated as far as possible (extra straps can be used if 
necessary). Another complication that can occur during scanning people with a SCI is (severe) 
spasticity of the legs21, causing motion artefacts in the scan. In that case, the scan should be 
performed again immediately when the spasticity has disappeared. It is assumed that spasticity 
would not be a major problem during scanning since the very short scan time considerably 
reduces possible movement artefacts.  

In conclusion, this standardized DXA scan protocol can: reliably measure proximal tibia 
and distal femur BMD; detect small BMD differences (6-8%); be optimized by increasing the 
number of scan repetitions. Therefore, this method has the potential to diagnose and manage 
osteoporosis in people with disabilities and diseases where the knee is affected (e.g. SCI, 
cerebral palsy, Duchenne muscular dystrophy and knee osteoarthritis). 
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ABSTRACT  
Trial design: Open, explanatory, parallel-group randomized-controlled trial. 
Setting: Rehabilitation center. 
Participants: Physically inactive and wheelchair-dependent individuals (aged 26-65) with 
spastic spinal cord injury (SCI) ≥ 8 yrs (age at onset SCI ≥ 18 yrs). 
Interventions: The experimental group received a 16-wk hybrid cycle (voluntary arm exercise 
combined with functional electrical stimulation (FES)-induced leg exercise) training program, 
while the control group received a 16-wk handcycle program. Outcome measures were obtained 
in the week before and after the training program. 
Objective: Investigate the effects of hybrid cycle training on soft tissue composition (lean and 
fat mass) of the legs, proximal tibia and distal femur bone mineral density (BMD), and bone 
turnover markers (procollagen type 1 amino-terminal propeptide (P1NP) and cross-linked C-
telopeptide (CTX)).  
Randomization: block randomization (block size 6; allocation ratio 1:1). 
Results: Thirty-six participants were included, of which 20 individuals (10 hybrid cycle, 10 
handcycle) completed the study and were analyzed for all outcome measures. Following the 16-
wk program, lean mass of the legs was increased with 0.86 ± 0.26 kg (P=0.029) in the hybrid 
cycle group, and decreased with 0.78 ± 0.27 kg (P=0.045) in the handcycle group. For fat mass 
of the legs, an overall reduction of 0.35 ± 0.13 kg (P=0.03) was found. For proximal tibia and 
distal femur BMD, no significant main effects for time were observed. Furthermore, there was an 
overall reduction of 3.6 ± 1.7 µg/L (P=0.05) in P1NP and no significant difference over time 
(P=0.53) for CTX. However, no significant differences over time between the two training 
groups were found for leg fat mass, proximal tibia and distal femur BMD, P1NP and CTX. 
Conclusion: Hybrid cycling leads to improvements in soft-tissue composition of the legs but 
does not improve knee BMD and bone turnover makers. 
Trial registration: Netherlands Trial Register (NTR), no. 2855. 
 
 
INTRODUCTION 
Adverse soft tissue composition changes and bone mineral density (BMD) loss in the lower 
extremities are common complications in people with long-term spinal cord injury (SCI) (1,2). 
The soft tissue composition changes (i.e. muscle atrophy and increased adiposity) are associated 
with several metabolic disorders, such as insulin resistance and cardiovascular disease (3,4). The 
BMD loss results in osteoporosis (5), leading to an increased risk of (low-impact) fractures, 
especially in the proximal tibia and distal femur (6,7).  

Inactivity of the lower extremities is an important factor in this sublesional change in 
body composition. From previous research, it is known that reactivating the paralyzed lower-
limb musculature by functional electrical stimulation (FES) can improve soft tissue composition 
in people with long-term SCI (8). Moreover, it is known that mechanically reloading the bones 
by activating the paralyzed muscles, alters the activity and balance between osteoblasts (bone  
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formation) and osteoclasts (bone resorption), which consequently results in BMD improvements 
(9). Therefore, exercise training of the lower limbs is important to prevent or reverse lower-body 
adverse soft tissue composition changes and BMD loss in people with long-term SCI. 

Several studies were performed to examine the effects of FES-induced leg exercise alone 
on lower-body soft tissue composition (8) and knee (proximal tibia and/or distal femur) BMD 
(e.g. 10-12). In these studies, the outcome measures were assessed using dual-energy X-ray 
absorptiometry (DXA), a commonly used technique to measure whole body and regional body 
composition. Standard DXA protocols are available to accurately measure soft tissue 
composition of the legs. However, proximal tibia and distal femur BMD are not standard 
measurement sites, and can therefore only be measured using a customized DXA protocol. In 
literature, there is inconsistency regarding the adapted scan and analysis protocols used to 
measure knee BMD, and many of the described protocols lack important methodological details 
(e.g. 10,12) and were not tested on reliability (10-12). Therefore, Bakkum et al. (13) developed a 
reliable DXA method that can detect small proximal tibia (~0.05 g/cm2) and distal femur (~0.08 
g/cm2) BMD changes over time. Besides the above-described inconsistency regarding the 
methods used to measure knee BMD, there is inconsistency regarding the effectiveness of FES 
training on knee BMD; some studies found positive training effects (10,11), while others did not 
(e.g. 12).  
 In addition to BMD measurements, biochemical markers of bone turnover can be 
determined in blood to assess metabolic activity of bone tissue (14). Unlike differences in BMD, 
changes in markers of bone formation (e.g. procollagen type 1 amino-terminal propeptide 
(P1NP)) and bone resorption (e.g. cross-linked C-telopeptide (CTX)) can occur in a relatively 
short period of time (15). Therefore, assessment of these bone turnover markers might be of 
additional value when investigating the effectiveness of a training intervention on knee BMD.  

To activate more muscle mass and subsequently provide greater exercise responses, a 
hybrid mode of exercise can be used in which FES-induced leg exercise is combined with 
voluntary arm exercise (16). This type of exercise has not been extensively investigated yet, but 
has the potential to cause greater health benefits than arm exercise or FES-induced leg exercise 
alone due to the relatively large active muscle mass. To date, there are no studies that examined 
the effects of hybrid exercise on lower-extremity body composition and bone turnover markers 
in people with long-term SCI. Therefore, the aim of this randomized-controlled trial (RCT) was 
to investigate the effectiveness of a 16-wk hybrid cycle training program on soft tissue 
composition (lean and fat mass) of the legs, proximal tibia and distal femur BMD, and bone 
turnover markers (CTX and P1NP) in people with long-term SCI. 
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METHODS 
Trial design 
The current study is part of a larger clinical trial (registered in Netherlands Trial Register (NTR), 
no. 2855) of which the experimental design has previously been described by Bakkum et al. (17). 
Briefly, this study was a 16-wk open, explanatory, parallel-group RCT performed in two Dutch 
rehabilitation centers (Reade Amsterdam and St. Maartenskliniek Nijmegen). Within each 
rehabilitation center, block randomization (fixed block size of 6; allocation ratio of 1:1; no 
stratification) was used to assign participants to either the experimental group (hybrid cycle; 
voluntary arm exercise combined with FES-induced leg exercise) or control group (handcycle; 
voluntary arm exercise alone). A blinded independent researcher provided the allocation in 
sequentially numbered, opaque, sealed and stapled envelopes. After the included participants 
completed all baseline measurements, the principal investigator opened the envelopes and 
allocated the participants to the intervention. The sample size calculation was performed on the 
main outcome measure of the larger study (i.e. peak power output) and revealed a group size of 
18 participants. Measurements in the current study were performed in the week before (pre) and 
after (post) the training program.  
 
Participants  
As previously described (17), participants were recruited from the databases of two Dutch 
rehabilitation centers with a specialized SCI-unit (Reade Amsterdam and St. Maartenskliniek 
Nijmegen). Inclusion criteria were: spastic tetraplegia or paraplegia; time since injury (TSI)  ≥ 10 
years; age 28-65 years; age at onset SCI ≥ 18 years; physically inactive; dependent on a 
wheelchair; and no or limited sensation in the lower extremity. Exclusion criteria were: 
contraindications for physical training and testing (e.g. severe cardiovascular or musculoskeletal 
complaints); psychiatric problems; plans to start another lifestyle (e.g. diet and physical activity 
changes); insufficient knowledge of the Dutch language. These eligibility criteria were checked 
by a research assistant in a telephone interview with the participant, and subsequently by a 
rehabilitation physician during a thorough screening. People were qualified as ‘physically 
inactive’ if their score on the Physical Activities Scale for Individuals with Physical Disabilities 
(PASIPD) (18) was lower than the 75th percentile of a Dutch cohort study population (19). Due 
to difficulties with recruiting the intended number of participants, one year after trial 
commencement, the inclusion criterion TSI ≥ 10 years was reduced to TSI ≥ 8 years. 
 
Ethics statement 
All participants provided written informed consent indicating voluntary participation in this 
study, approved by the Medical Ethics Committee of the VU University Medical Center 
Amsterdam (registration no. 2011/90). 
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Training devices 
The hybrid cycle (BerkelBike Pro, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A) combines synchronous voluntary handcycling with asynchronous FES-induced leg cycling. 
A 6-channel stimulator (Impuls, BerkelBike B.V., St. Michielsgestel, the Netherlands; Figure 
1A-I) provided electrical stimulation via self-adhesive 50 x 90 mm surface electrodes placed 
bilaterally over the quadriceps, hamstrings and gluteus muscles. During cycling, the stimulator 
received information from the crank angle encoder (Figure 1A-II) about pedal position and 
velocity to control the cyclic stimulation pattern.  

The handcycle (Speedy-Bike, Reha-Technik GmbH, Delbrück, Germany; Figure 1B) was 
equipped with a wide synchronous bull-horn crank. Both cycles were equipped with 8 gears that 
could be changed manually, and with quad grips for those participants who needed them. The 
front wheel of both devices was mounted on an ergotrainer (Tacx Flow, Technische Industrie 
Tacx B.V., Wassenaar, the Netherlands; Figure 1A-III and 1B-III) that was adapted to the wheel 
size of the cycles. 

 

 
Figure 1 The hybrid cycle (A) with the stimulator (I) and crank angle encoder (II), and the 
handcycle (B), mounted on an ergotrainer (III). 
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Training protocol 
The training protocol has also previously been described by Bakkum et al. (17). Briefly, 
participants performed 32 interval training sessions within a continuous period of 16 weeks. 
During the program, the total exercise time during the training sessions increased from 18 to 32 
minutes. Following a graded exercise test to exhaustion, the training intensity was set to attain a 
heart rate response of 65-75% heart rate reserve (HRR) during training. Since the use of heart 
rate as an indicator for training intensity can be unreliable in individuals with tetraplegia (20), 
rating of perceived exertion (RPE) served as a supplementary measure of training intensity; a 
target RPE of 4-7 on the Borg’s 10-point scale (21) was required during training. Exercise 
intensity was controlled by the participant making adjustments in cycle velocity or by the trainer 
adjusting the gear of the cycle or the resistance of the ergotrainer. In addition, during hybrid 
cycling the current amplitude of the stimulation was adjusted manually by the trainer to control 
the degree of muscle activation. Each session, the trainer tried to induce strong lower-limb 
muscle contractions; however, the current amplitude was decreased if the legs were moving too 
fiercely due to electrical stimulation or if the participants indicated that the stimulation was too 
intense. Heart rate was recorded constantly during each training session using radiotelemetry 
(Polar, Polar Electro Inc., Woodbury, NY), and RPE was assessed after each training block. 
Before and immediately after each training session, participants were asked to report local pain 
and/or complaints.  
 
Outcome measures 
Soft tissue composition 
Whole-body DXA (Hologic Discovery, Hologic Inc., Waltham, Mass) imaging was used to 
measure lean and fat mass (kg) of the legs. Measurements were performed according to the 
manufacturer’s instructions with the participants in the supine position. The left leg and right leg 
region were automatically defined using the analytic software accompanying the system (Apex 
13.3.3). For data analysis, left and right leg measurements were summed. 
 
Bone mineral density 
Proximal tibia and distal femur BMD (g/cm2) were measured using the method of Bakkum et al. 
(2014) (13), briefly explained here. Participants were placed in the supine position on the DXA 
table. The non-dominant leg was placed into the correct alignment and rotation: the knee was 
extended as far as possible, and the foot was endorotated (to reduce overprojection of the tibia 
and fibula) and strapped in a foot positioner. Then, the knee was scanned frontally using the 
forearm scan protocol of the DXA device, such that both the patella and fibular head were 
completely visible in the scan, and that the joint space of the knee was horizontal (Figure 2). 
Subsequently, proximal tibia and distal femur BMD were analyzed using the forearm subregion 
analysis protocol. The automatic bone detection function was used to shade all bone pixels in the 
scan, and the image was corrected manually for erroneously included or excluded bone pixels; 
fibula bone pixels were excluded. The distal edge of the region of interest (ROI) of the proximal 
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tibia (R1) was placed at the most distal point of contact between the fibular head and the tibia, 
and the proximal horizontal edge was placed at the upper edge of the fibular head (Figure 2). For 
the distal femur (R2), the bottom horizontal edge was positioned at the top of the space between 
the femoral condyles, with the height of R2 matching the height of R1 (Figure 2). The width of 
both ROIs was set outside the bone area but inside the soft tissue area (no air was included). 
After setting the ROIs, the analytic software of the system automatically performed the BMD 
calculations. 

All above-described DXA scan procedures and analyses were performed by the same 
experienced radiologic technologist. Since the DXA device was exclusively available in 
Amsterdam, the measurements were only performed in the group that trained in rehabilitation 
center Reade Amsterdam (Table 1).  

 

 
Figure 2 A frontally scanned knee. R1 is the region of interest (ROI) of the proximal tibia, and 
R2 is the ROI of the distal femur, with the height of R2 matching the height of R1. 

 
Bone turnover markers 
After a 12-hour overnight fast, blood samples were collected from an antecubital vein into 6.0-
mL BD Vacutainer clot activator tubes. Within two hours of blood collection, the samples were 
centrifuged at 1800g for 10 minutes at room temperature. Subsequently, the serum was separated 
into aliquots and stored at -80°C. All serum specimens were assayed in one session at the end of 
the study to reduce inter-assay variability. Serum concentrations of P1NP (µg/L) and CTX 
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(ng/L) were determined using radioimmunoassay (Orion Diagnostica, Espoo, Finland) and 
immunometric assay (Roche Diagnostics Corporation, Indianapolis, IN, USA) kits, respectively, 
according to the manufacturer’s instructions. All samples were analyzed in duplicate. The within 
assay coefficients of variation for P1NP and CTX were 4% and 5%, respectively. 
 
Statistical analysis 
The assumption of normality of the data within groups was checked by visual inspection of the 
q-q plot and box plot; in addition, a Shapiro-Wilks test was performed. Homogeneity of variance 
was checked using the Levene’s test. In case of violations of these assumptions, the statistical 
analyses were performed on the log-transformed data. Independent t-tests were used to determine 
potential baseline differences in the outcome measures between groups. Differences between pre 
and post exercise measurements were examined using a two-factor (time of measurement x 
group) mixed-measures ANOVA. If an interaction effect was found, paired t-tests were used to 
examine this interaction. Data are presented as mean ± standard error (SE), and significance was 
set a priori at p < 0.05. All data were analyzed using the statistical package IBM SPSS for 
Windows version 21 (SPSS inc, Chicago, IL). 
 
RESULTS 
Between November 2011 (start recruitment) and August 2013 (end recruitment), 36 participants 
were included (17 hybrid cycle, 19 handcycle), of which 20 individuals (10 hybrid cycle, 10 
handcycle) completed the study and were analyzed for all outcome measures (Figure 3). Reasons 
for drop out were illness (3 hybrid cycle, 5 handcycle) and lack of adherence to the training (4 
hybrid cycle, 4 handcycle). Besides temporary muscle soreness due to exercise training, no 
serious adverse events were reported as a consequence of the training program. All 20 
participants who completed the study (32 sessions) recorded 100% compliance to the program. 
DXA measurements were performed in 12 (7 hybrid cycle, 5 handcycle) individuals (Table 1). 
The assumptions of normality and homogeneity of error variance were confirmed for all 
variables except for proximal tibia and distal femur BMD. No significant baseline differences 
were present for any outcome measure or personal and lesion characteristics between the two 
training groups, and between the individuals who dropped out and the individuals who 
completed the 16-wk training program. For both soft tissue composition of the legs and bone 
turnover markers, 1 participant of the hybrid cycle group was excluded from the analysis due to 
missing data. 
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Figure 3 Flow diagram of the process through the phases of the randomized controlled trial. 
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Table 1 Participants’ characteristics 

 

 

 

 

 

 

 

 

 

 

 

Abbreviations: yrs, years; TSI, time since injury; AIS, ASIA (American Spinal Injury 
Association) Impairment Scale; BMI, body mass index; HYB, hybrid cycle; HC, handcycle;      
M, male; F, female; SD, standard deviation. *Dual-energy  X-ray absorptiometry (DXA) data 
available. 

 

 

 

Participant Gende
r 

Age 
(yrs) 

TSI 
(yrs) 

Lesion 
level 

AI
S 

Height 
(cm) 

Body 
mass (kg) 

BMI 
(kg/m²) 

HYB         
1* M 55 34 C3 C 178 90.7 28.5 
2* M 40 12 C5 A 177 65.2 20.9 

          3 M 39 13 C6 B 184 84.4 24.9 
4* M 49 31 C7 A 174 55.5 18.3 
5* M 53 10 C7 C 182 63.4 19.1 

          6 M 49 27 T1 A 186 67.2 19.4 
7* M 40 18 T6 A 188 66.6 18.9 
8* M 58 24 T8 A 172 83.0 28.1 
9* M 64 18 T9 A 174 80.2 26.5 

         10 M 31 14 T10 A 173 73.5 24.6 
Mean (SD)  48 

 
20 (8)   179 

 
73.0 

 
22.9 (4.0) 

         HC         
1* M 63 10 C2 D 180 73.6 22.9 
2* M 48 30 C6 C 171 91.6 31.3 

          3 M 47 12 C6 C 174 80.2 26.5 
4* M 51 21 T3 A 181 72.6 22.2 

          5 M 30 11 T4 A 174 73.8 24.4 
          6 M 49 16 T5 A 174 75.0 24.8 

7* M 47 18 T7 A 185 82.0 24.0 
          8 M 38 9 T9 A 173 60.5 20.2 
          9 M 49 15 T11 A 187 58.8 16.8 

10* F 50 14 L2 A 166 67.2 24.5 
Mean (SD) 

 

 

 

 

 

 47 (9) 16 (6)   177 
 

73.5 (9.8) 23.8 (3.8) 
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Soft tissue composition  
For lean mass of the legs, a significant interaction effect was found; lean mass in the hybrid cycle 
group was increased with 0.86 ± 0.26 kg (P = 0.029), while lean mass in the handcycle group 
was reduced with 0.78 ± 0.27 kg (P = 0.045) following the 16-wk training program (Table 2, 
Figure 4). For fat mass of the legs, a significant overall reduction of 0.35 ± 0.13 kg, and no 
significant interaction effect (group x time) was observed (Table 2, Figure 2).  
 
Bone mineral density 
For both proximal tibia and distal femur BMD, no significant main effects for time or group x 
time interactions were found (Table 2). 
 
Bone turnover markers  
As shown in Table 2, there was a significant overall reduction of 3.6 ± 1.7 µg/L in P1NP and no 
significant main effect for time for CTX. For both P1NP and CTX, there were no significant 
differences over time between the training groups.  

 
 

Figure 4 Individual pre and post training values for lean mass legs (A), fat mass legs, P1NP (C) 
and CTX (D). HYB, hybrid cycle; HC, handcycle. 
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Table 2 Soft tissue composition, bone mineral density and bone turnover markers 

 
Values are mean ± SE. Δ: mean difference between pre and post; HYB, hybrid cycle; HC, handcycle; STC, soft tissue composition; 
BMD, bone mineral density; BTM, bone turnover markers; P1NP, procollagen type 1 amino-terminal propeptide; CTX, cross-linked 
C-telopeptide. 1n=6 HYB; 5 HC; 2n=7 HYB; 5 HC; 3n=9 HYB; 10 HC. 

 Whole group Δ HYB Δ HC Δ P values  

 Pre Post  Pre Post  Pre Post  Main effect 
time 

Group x time 
interaction  

STC-legs (kg)1            

Lean 13.25 (1.12) 13.37 (1.17) +0.11 (0.31) 13.38 (1.34) 14.24 (1.56) +0.86 (0.26) 13.10 (2.06) 12.32 (1.84) -0.78 (0.27) 0.84 0.002 

Fat 7.41 (0.67) 7.05 (0.66) -0.35 (0.13) 6.10 (0.51) 5.81 (0.50) -0.30 (0.15) 8.97 (0.97) 8.55 (0.99) -0.41 (0.23) 0.03 0.67 

            BMD (g/cm²)2            

Proximal tibia 0.448 (0.043) 0.445 (0.045) -0.004 (0.005) 0.418 (0.054) 0.417 (0.054) -0.001 (0.006) 0.492 (0.073) 0.483 (0.081) -0.005 (0.009) 0.26 0.33 

Distal femur 0.643 (0.070) 0.645 (0.069) +0.001 (0.006) 0.563 (0.081) 0.572 (0.082) +0.009 (0.005) 0.756 (0.114) 0.747 (0.111) -0.006 (0.012) 0.92 0.25 

            BTM3            

P1NP (µg/L) 41.9 (3.0) 38.2 (2.7) -3.6 (1.7) 44.4 (4.9) 39.8 (4.2) -4.7 (3.3) 39.6 (3.6) 36.7 (3.6) -2.9 (1.4) 0.05 0.63 

CTX (ng/L) 326.3 (28.1) 337.9 (34.6) +11.5 (17.0) 370.1 (48.5) 379.0 (64.5) +8.9 (29.9) 287.0 (27.4) 300.9 (30.0) +13.9 (17) 0.53 0.88 
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DISCUSSION 
Soft tissue composition 
An important result of this study was that the soft tissue composition of the legs changed in both 
the hybrid cycle and handcycle group following the 16-wk training program; lean mass increased 
in the hybrid group and decreased in the handcycle group, and fat mass decreased in both groups. 
In contrast to the unexpected decrease in lean mass of the legs in the handcycle group, the 
increase in muscle mass as a consequence of the FES-induced leg cycling in the hybrid group is 
supported by previous research (8). Since muscle atrophy of the lower limbs is an important risk 
factor for developing pressure ulcers (a common secondary complication in SCI) (22), improving 
the lower-body musculature by hybrid cycling might be a way to reduce the risk of pressure 
sores. Furthermore, it seems that hybrid cycling has no additional beneficial effect on lower-
body adiposity over handcycling alone  (when exercising at a similar exercise intensity and for 
the same duration), suggesting that fat loss is a systemic effect of exercise training.  
 
Bone mineral density 
The overall baseline proximal tibia and distal femur BMD values of the participants in the 
current study (0.448 ± 0.043 g/cm2 and 0.643 ± 0.070 g/cm2, respectively) were only slightly 
lower than the baseline values of the participants with long-term SCI in the study of Chen et al. 
(0.553 ± 0.079 g/cm2 and 0.718 ± 0.066 g/cm2, respectively) (10). Compared to the able-bodied 
persons measured by Chen et al. (10), proximal tibia and distal femur BMD of the individuals in 
the current study was ~50% lower. This finding is in accordance with the literature, reporting a 
rapid and linear decrease in lower-body BMD in the acute phase, and a newly reached, ~50% 
lower steady-state BMD level two years post injury (23, 24).  

With the DXA method used in this study, the smallest detectable difference over time is 
~0.05 g/cm2 for proximal tibia and ~0.08 g/cm2 for distal femur BMD. The non-significant BMD 
changes over time found in this study ranged from +0.009 to -0.006 g/cm2 and may therefore be 
attributed to measurement error. As stated in the introduction, some previous studies found 
positive effects of FES exercise on knee BMD in people with long-term SCI (10,11), while 
others did not (e.g. 12). From a systematic review about the non-pharmacological treatment and 
prevention of bone loss in SCI (25), it seems that the studies that found BMD improvements 
after FES training are those with a longer training period (12 months), or higher training 
frequency (5x/week) or stimulus intensity. Thus, possible explanations for the fact that no BMD 
improvements were found in this study, might be the relatively short training period (i.e. 16 
weeks), or relatively low training frequency (i.e. twice a week) or stimulus intensity.  
 
Bone turnover makers 
In the current study, the P1NP and CTX values of the participants with long-term SCI were 
within age-related limits for able-bodied persons (26), indicating a normal rate of bone turnover. 
In contrast, Paker et al. (27) found that serum CTX levels were elevated in people with acute SCI 
(TSI < 1 year). Furthermore, 16 weeks of hybrid cycle or handcycle exercise training did not 
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improve PN1P and CTX. Moreover, the fairly small alterations observed in these bone turnover 
markers, including the significant reduction in P1NP, cannot be considered as clinically relevant. 
This finding was supported by Astorino et al. (28) who found that neither P1NP nor CTX levels 
were changed as a consequence of 6 months of exercise training. The above-described findings 
support the assumption that bone turnover reaches a new steady state in people with long-term 
SCI, now stabilizing around a ~50% lower bone mass.  

 
Limitations 
A limitation of this study was the relatively high drop-out rate (44%); 16 of the 36 enrolled 
individuals dropped out immediately after allocation to the training group (n=3) or during the 
experimental trial (n=13). Since no baseline differences for any outcome measure or personal 
and lesion characteristics were found between the individuals who dropped out and those who 
completed the 16-wk training program, it is not expected that the high drop-out rate would have 
affected the results of the current study. However, together with the difficulty of recruiting a 
sufficient number of participants (after two years, only 36 of the 313 invited people eventually 
participated), the fact that 44% of the included individuals dropped out, questions the feasibility 
of this type of training intervention in persons with long-term SCI. The most frequently heard 
reason for not willing to participate and withdrawal from the study due to lack of adherence to 
the training, was that the intervention was too time-consuming. Therefore, in future exercise 
intervention studies in people with SCI, it should be carefully considered how the interventions 
can be made as feasible and attractive as possible. For example, offering the opportunity to train 
at home would save travel time to a rehabilitation or training center. Moreover, 50% of the 
dropouts, had to stop due to health problems (e.g. kidney stones or urinary tract infections), 
suggesting that the current study population is vulnerable for illness.  

Another limitation of this trial might be the relatively short training period (16 weeks), and 
low training frequency (2 times a week) and stimulus intensity. To realize improvements in bone 
metabolism (i.e. BMD and bone turnover markers), Biering-Sørensen et al. (23) recommended 
that the FES-induced leg exercise should be at least 2-3 times a week and probably has to be 
maintained for the long-term. However, considering the above-described difficulties with 
recruiting the intended number of participants and keeping the participants in the trial, it is 
questionable if an exercise program of a longer duration and higher training frequency would 
have been feasible. On the other hand, the stimulus intensity during the hybrid cycle exercise 
could have been increased by first conditioning the paralyzed legs (i.e. by FES-induced leg 
cycling only) of the participants in the hybrid group. The lower-limb musculature of the 
participants in this study was relatively deconditioned at the beginning of the trial, which 
sometimes resulted in rapid lower-limb muscle fatigue during hybrid cycling (the arms had to 
take over the entire propulsion). The training effects might have been larger if strong lower-limb 
muscle contractions were ensured over the entire exercise session from the beginning to the end 
of the training intervention.  

 



91 

 

Conclusion 
The beneficial effect of hybrid cycling over handcycling observed in this study was the increased 
muscle mass of the legs. Furthermore, both the 16-wk hybrid cycle and handcycle training 
program led to a reduced fat mass of the legs, but did not improve proximal tibia and distal 
femur BMD and the bone turnover markers CTX and P1NP. Future studies on hybrid cycling 
that aim for improvements in knee BMD and markers of bone turnover should conduct training 
interventions of a longer duration, or higher training frequency or stimulus intensit 
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The aim of this thesis was to evaluate the integrated effects of hybrid cycling versus handcycling 
on fitness, physical activity and health in physically inactive people with long-term spinal cord 
injury (SCI). To achieve this goal, a 16-wk randomized controlled trial (RCT) was conducted in 
two Dutch rehabilitation centers with a specialized SCI unit. During 16 weeks, both the 
experimental (hybrid cycle) and control (handcycle) group trained twice a week for 18-30 min at 
an intensity of 65-75% of their heart rate reserve (HRR) or a score of 4-7 on a 10-point rating of 
perceived exertion (RPE) scale. Outcome measures were obtained in the week before the training 
program, after 8 weeks of training, and in the week after the training program. Parallel to this 
multicenter RCT, two cross-sectional studies were performed to (1) examine the metabolic and 
cardiorespiratory response during hybrid cycling versus handcycling at equal subjective exercise 
intensity levels, and (2) assess the reliability of a standardized method to measure proximal tibia 
and distal femur bone mineral density (BMD) using dual-energy X-ray absorptiometry (DXA). 
In the current chapter, the main findings of these studies are summarized and discussed in 
relation to the existing literature. Furthermore, implications for clinical practice and 
recommendations for future research are provided.  
 
Effects of hybrid cycling versus handcycling 
In chapters 4, 5 and 7, the effects of the current 16-wk RCT on fitness, physical activity and the 
health-related parameters cardiovascular disease (CVD) risk factors, lower-body soft tissue 
composition and knee BMD are presented. The most important findings of these chapters were 
that (1) following 16 weeks of twice-weekly exercise, both the hybrid cycle and handcycle group 
showed positive effects on aspects of fitness, physical activity, CVD risk factors and lower-body 
soft tissue composition, and (2) these positive effects over time were not significantly different 
between the two training groups (except for lean mass of the legs), indicating that for the 
outcome measures studied there were no additional benefits of the functional electrical 
stimulation (FES)-induced leg exercise over handcycling alone. Below, these findings are 
extensively discussed. 
 
Fitness and physical activity  
In chapter 3 it was demonstrated that hybrid cycling induces higher metabolic and 
cardiorespiratory responses than handcycling when exercising at equal subjective exercise 
intensity levels. Previous studies also found higher metabolic rates during hybrid exercise versus 
arm exercise alone and stated that this was caused by the larger active muscle mass during hybrid 
exercise [1-3]. However, in these studies, power output was used to standardize the exercise 
intensity and it remained unclear how the participants subjectively experienced the exercise 
intensity. It might be possible that the higher metabolic rates in these studies also coincided with 
higher RPE levels. Chapter 3 demonstrated that the higher metabolic and cardiorespiratory 
responses during hybrid cycling were achieved while ‘feeling the same’ as during handcycling. 
Based on these findings, it was hypothesized that hybrid cycling was more suitable for increasing 
cardiorespiratory fitness in people with long-term SCI than handcycling. However, as described 
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in chapter 4, no significant difference over time between the hybrid cycle and handcycle training 
group was found for fitness. A possible explanation for this finding is provided in the section on 
‘Training protocol’.  

In chapter 4 it was also demonstrated that the wheelchair-specific fitness (wheelchair 
exercise capacity, expressed as peak power output (POpeak) and peak oxygen consumption 
(VO2peak)) was not significantly improved following the 16-wk training program, while the 
cardiorespiratory fitness (expressed as resting heart rate) and subjectively experienced fitness 
were. In the current RCT, exercise capacity was determined during an incremental test in a 
manual wheelchair since, in daily life, many people with SCI are dependent on such a wheelchair 
for mobility [4] and were therefore expected to benefit from an increased wheelchair-specific 
fitness. Moreover, previous studies have already demonstrated that both hybrid cycle [5,6] and 
handcycle [7] exercise can lead to improvements in POpeak and VO2peak if these outcome 
measures are assessed during a specific exercise test (i.e. hybrid cycle or handcycle test, 
respectively). However, in the current trial, POpeak and VO2peak were not significantly increased 
following 16 weeks of training, suggesting that hybrid cycling and handcycling may not be the 
best exercise modes to improve wheelchair-specific fitness and that it might be better to train 
more specifically (i.e. wheelchair training). That said, ~40% and ~65% of the participants in this 
study showed improvements in POpeak and VO2peak, respectively, indicating that the training 
program certainly beneficially influenced these fitness measures in a considerable part of the 
participant group. Moreover, the significantly improved resting heart rate and subjectively 
experienced fitness also indicate beneficial effects of hybrid cycle and handcycle training on 
fitness. 

Although there was no beneficial effect on objectively measured wheelchair activity 
following the 16-wk RCT, the overall increased score on the Physical Activity Scale for 
Individuals with Physical Disabilities (PASIPD) suggests an improved physical activity level 
(chapter 4). Moreover, many participants in our study indicated that several activities of daily 
living (e.g. transfers, transportation and housework) became easier due to a subjectively 
experienced improved fitness as a consequence of the training program. The above-described 
findings regarding fitness and physical activity are supported by Nooijen et al. [8], who showed 
that increased physical activity levels are associated with increased fitness levels in people with 
SCI. 

 
Cardiovascular disease risk factors 
Chapter 5 demonstrated that both the 16-wk hybrid cycle and handcycle exercise program led to 
improvements in several CVD risk factors, including metabolic syndrome components (waist 
circumference, diastolic blood pressure and insulin sensitivity), inflammatory status (C-reactive 
protein (CRP), interleukin (IL)-6 and IL-6/IL-10 ratio) and visceral adiposity (trunk and android 
fat percentage). In contrast to trunk and android fat mass, the fat percentage of these regions, as 
well as the waist circumference (a reliable surrogate of visceral adiposity [9]) significantly 
decreased, suggesting that both hybrid cycle and handcycle exercise have the potential to reduce 
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visceral fat and improve body composition in people with long-term SCI. This finding was in 
accordance with a study by Gorgey et al. [10], who found a reduced visceral adiposity after 12 
weeks of twice-weekly FES-induced leg training in people with SCI. Furthermore, the overall 
significant improvement in insulin sensitivity was supported by several other studies on the 
influence of exercise on insulin sensitivity [11-13]. Finally, the improved inflammatory status 
was consistent with the findings of Griffin et al. [14], who reported a significant reduction in 
resting IL-6 and CRP following a 10-wk FES-induced leg cycle training program. In contrast to 
the above-described positive effects of exercise, no significant training effects were found for the 
lipids triglycerides and high-density lipoprotein cholesterol. In a systematic review by Carlson et 
al. [15], it was concluded that there is yet insufficient evidence that exercise alone improves lipid 
disorders in people with SCI and that it requires further investigation to examine whether a 
combined exercise and dietary intervention is the optimal method for improving the lipid 
spectrum in this population. 
 
Lower-body soft tissue composition and bone mineral density 
Of all outcome measures analyzed in this thesis, the only significant difference over time 
between the two training groups was found for lean mass of the legs; an increase was found in 
the hybrid cycle group, while a decrease was observed in the handcycle group (chapter 7). In 
contrast to the unexpected decrease in lean mass in the handcycle group, the increase in lean 
mass as a consequence of the FES-induced leg exercise in the hybrid cycle group is supported by 
the literature [16]. Since muscle atrophy of the lower limbs is an important risk factor for 
developing pressure ulcers (a common secondary complication in SCI, [17]), improving the 
lower-body musculature by hybrid cycling might be a way to reduce the risk of pressure sores. 
Since fat mass of the legs equally decreased in both groups, it seems that hybrid cycling has no 
additional beneficial effect on lower-body adiposity over handcycling alone, suggesting that fat 
loss is a systemic effect of exercise training.  

In chapter 7 it was also shown that proximal tibia and distal femur BMD, assessed with 
the in chapter 6 described reliable DXA scan and analysis protocol, did not significantly change 
over time. In the literature, there is inconsistency regarding the effectiveness of FES-induced leg 
exercise on knee BMD in people with long-term SCI; some studies found positive training 
effects [18,19], while others did not [e.g. 20]. It seems that the studies that found improvements 
in knee BMD are those with a longer training period (12 months), higher training frequency (five 
times a week), or higher power output of the legs [21]. In addition to the BMD measurements, 
the bone turnover markers procollagen type 1 amino-terminal propeptide (P1NP) and cross-
linked C-telopeptide (CTX) were determined in blood. The fairly small alterations observed in 
these bone turnover markers following the 16-wk training program, including the significant 
reduction in P1NP, cannot be considered as clinically relevant. This finding was supported by 
data from Astorino et al. [22] who found that neither P1NP nor CTX levels were changed as a 
consequence of 6 months of exercise in people with SCI. 
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Other outcome measures and long-term training effects  
As presented in chapter 2, besides the outcome measures analyzed in this thesis, numerous other 
outcome measures were obtained in the current RCT (e.g. vascular structure and function, quality 
of life, participation and immune function). Moreover, to examine the long-term training effects, 
all outcome measures were obtained 26 weeks after the end of the exercise intervention. The 
other outcome measures obtained in this RCT as well as the 26-wk follow-up data have not been 
evaluated yet. For some of the other outcome measures, it is assumable that hybrid cycling 
would induce greater benefits than handcycling alone. For example, based on previous studies on 
hybrid cycling [23,24], it was hypothesized that the vascular structure (wall thickness and 
diameter) in the legs would improve in the hybrid cycle group, while it would remain unchanged 
in the handcycle group. Furthermore, it was hypothesized that possible beneficial effects of the 
16-wk exercise intervention could only be preserved on the long-term if the participants stayed 
physically active after the intervention. However, for now this is only speculation. Therefore, in 
the coming years, all the other outcome measures obtained in this RCT as well as the long-term 
training effects are intended to be analyzed and published by researchers of the Dutch clinical 
SCI rehabilitation network (www.scionn.nl). 
 
Randomized controlled trials in SCI research 
There is a strong demand for clinical trials to determine the effectiveness of interventions on 
different health problems (e.g. deconditioning, CVD risk and osteoporosis) in people with long-
term SCI. The focus of these trials should be on the underlying mechanisms responsible for 
adaptations to training in this vulnerable population, and a relatively long training period may be 
needed to detect substantial training effects [21,25]. Since the RCT is considered as the gold 
standard for a clinical trial, in the current thesis, the effects of hybrid cycle versus handcycle 
exercise on fitness, physical activity and health were investigated in a 16-wk RCT. However, in 
practice, carrying out this RCT turned out to be fairly difficult.  

Beforehand, it was expected that it would not be easy to recruit the intended number of 
40 participants for the trial. To increase our chances, we chose to conduct the RCT in two 
rehabilitation centers with a specialized SCI unit in different parts of the Netherlands. Potential 
participants were selected from the databases of these centers following strict inclusion criteria. 
Initially, 313 people were assessed for eligibility, of which eventually 36 persons were randomly 
assigned to one of the two intervention groups. The two most important reasons why people were 
excluded from trial participation were: (1) they did not meet the strict eligibility criteria of the 
study, and (2) they were not able or willing to participate since the training program was too 
time-consuming for them. Because of the problems with enrolling participants, after one year, a 
slight adaptation to the inclusion criteria was deemed necessary; the time since injury was 
reduced from 10 to 8 years and the age at onset of the SCI was reduced from 18 to 16 years. 
Thanks to these adjustments, eventually three more participants were enrolled. 

Besides the difficulty of including a sufficient number of participants, it was hard to keep 
the participants in the training program. Of the 36 participants who were recruited over a period 

http://www.scionn.nl/
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of two years, 16 individuals dropped out immediately after allocation to the training group or 
during the experimental trial. Reasons for drop out were illness and lack of adherence to the 
training. Despite the thorough medical screening preceding inclusion and the relatively good 
health status of the participants (as discussed in chapter 4 and 5), almost 50% of the drop outs 
had to stop due to health problems not related to the training program (e.g. pressure ulcers, bowel 
problems and kidney stones), indicating that people with long-term SCI are vulnerable for 
illness, and that interventions aiming to promote health are important in this population. The 
people who dropped out due to lack of adherence to the training indicated that the program was 
too time-consuming for them. However, since no baseline differences for any of the outcome 
measures or personal and lesion characteristics were observed between the group that dropped 
out and the group that completed the training program, it is not expected that the relatively high 
drop-out rate (44%) would have affected the findings of this study. Nevertheless, the large 
number of drop outs, as well as the difficulty to recruit a sufficient number of participants, 
questions the feasibility of the current RCT.  

Therefore, future studies should consider how to make clinical trials more feasible and 
attractive for people with long-term SCI. First, for each future clinical trial in people with SCI, it 
should be carefully considered whether the RCT is definitely the most suitable experimental 
design to examine treatment effects. As a matter of fact, clinical researchers are increasingly 
addressing questions for which the RCT may not be feasible, practical or ethical [44,45]. In case 
RCTs cannot be easily implemented in settings or with participants of interest, West et al. [45] 
suggest to use a strong alternative experimental design (e.g. a randomized encouragement design 
or observational study) instead of changing the treatment or study population so that an RCT 
may be implemented. Thus, using alternative research designs might improve the feasibility of 
clinical trials in people with SCI. Furthermore, better facilitation of the training equipment might 
be a way to make these trials more feasible; for example, if people have the possibility to 
exercise at home, they do not have to come to a rehabilitation center for each training session, 
which saves considerable travel time and effort. However, since in total there were only three 
hybrid cycles available in the rehabilitation centers and there was no money available to buy 
more cycles, it was impossible to facilitate all participants. For the handcycle group, this would 
have been easier since more handcycles were available in the rehabilitation centers and most 
participants had their own handcycle. In that case, participants should only have been provided 
with an ergotrainer, which is relatively affordable. Besides the difficulty of facilitating the 
training equipment, exercising at home might bring along some additional problems. For 
instance, if people are instructed to train alone, it is more difficult for the researcher to control 
whether all participants correctly perform the exercise protocol. Furthermore, many people in the 
hybrid cycle group would need help with properly attaching the electrodes over the muscle 
groups, making transfers from their wheelchair to the hybrid cycle and vice versa, positioning the 
legs in the foot pedals and controlling the electrical stimulation. Considering the above-
mentioned issues regarding exercising at home, in the current RCT, it was chosen to train the 
participants in the rehabilitation center. In this way, trainers were able to properly standardize the 
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training protocol and help participants throughout the exercise sessions. Finally, offering the 
opportunity to exercise in the evenings and weekends might be another way to make these 
interventions more feasible for people with long-term SCI. This would especially be ideal for 
people with a full-time job who want to participate but are not able to train during office hours.  
 
The graded exercise test 
To be able to compare the effects on fitness with the other two ALLRISC intervention studies 
(described in chapter 1), exercise capacity was assessed during a graded exercise test in a manual 
wheelchair on a motor-driven treadmill [26]. In the other ALLRISC exercise intervention study, 
a 16-wk low-intensity wheelchair exercise program was performed [42]; thus, exercise testing 
was specific to the training sessions. However, this was not the case in the current RCT where a 
hybrid cycle or handcycle training program was performed.  

At the start of this study, it has been considered to also include an incremental exercise 
test in the specific training set-up (either a hybrid cycle or handcycle) to examine potential 
positive effect on fitness. Valent et al. [27] described a standardized protocol to measure peak 
exercise capacity during a discontinuous graded peak exercise test in the handcycle on a motor-
driven treadmill. However, in the literature there is a lack of good standardized hybrid cycle 
exercise testing protocols. In one study, an ergotrainer (Tacx, Technische Industrie Tacx B.V., 
Wassenaar, the Netherlands) was used to increase the workload every min with steps of 10 W, 
and after 10 min with 20 W [5]. We have extensively tested this protocol with our own Tacx 
ergotrainers and concluded that it was not possible to gradually increase the power output with 
this device. We have also tried to perform a hybrid cycle exercise test on the treadmill, following 
the handcycle protocol of Valent et al [27]. However, the main problem with hybrid cycling on a 
treadmill was that when the electrical stimulation was increased, the cycle speed became higher 
than the speed of the treadmill belt (which was kept constant during testing), sometimes resulting 
in risky situations where the front wheel of the cycle hit the front of the treadmill.   

Besides the difficulty of performing a well-standardized hybrid cycle incremental test, 
another, more ethical reason for not including an additional exercise test was that we did not 
want to overload the participants with measurements. The people participating in the current 
RCT already had to come to the rehabilitation center 36 times (32 training sessions and four 
measurement days) and to the hospital twice (for vascular or DXA measurements). Since two 
different incremental exercise tests have to be performed on separate days, with at least 72 hours 
of relative rest in between the tests to provide sufficient recovery time, a second exercise test 
would have meant that the participants had to come to the rehabilitation center another four times 
and that the total duration of the RCT was increased with about two weeks.  
 
The training protocol 
In the current RCT, an interval training protocol (exercise blocks alternated with absolute rest 
blocks) was used since previous studies suggested that these protocols are very convenient to 
prevent early muscle fatigue and soreness during training [28,29]. Furthermore, this type of 
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protocol was expected to allow more people with a tetraplegia to complete the training program. 
During the 16-wk training period, total cycle time was gradually increased from 18 to 32 min 
and resting time between the exercise blocks was decreased from 2 to 1 min. Each session 
consisted of a short warm-up and cool-down period, including handcycling only. In practice, this 
training protocol turned out to be very suitable since all participants were able to complete the 
training sessions. Besides temporary muscle soreness due to exercise, no serious adverse events 
(e.g. severe musculoskeletal complaints) were reported as a consequence of the 16-wk training 
program. Occasionally, participants indicated that the muscle soreness (mostly occurring in the 
shoulders) was a limiting factor during training. In that case slight adjustments to the protocol 
were made (e.g. increasing the resting time between the exercise blocks) to be able to complete 
the total cycle time of that training session. Sometimes, an extra resting day was advised by the 
trainer to allow the participant to fully recover from the training session.   

The current training program was largely based on the American College of Sports 
Medicine’s guidelines for aerobic training programs in people with disabilities (i.e. frequency 3 x 
30 min, duration 8-12 weeks, intensity 70% HRR, [30]). Initially, the intention was to train three 
times a week, following these guidelines; however, to increase the chance of including a 
sufficient number of participants and decrease the chance of drop outs and non-compliance, a 
training frequency of two times a week was considered to be more feasible in this physically 
inactive population with long-term SCI. In hindsight, considering the difficulties with the 
inclusion and the high drop-out rate in the current RCT, we believe this was a good choice. 
Based on previous studies [5-6,23,24], a training period of 16 weeks was considered to be 
sufficient to detect substantial effects on fitness, physical activity and health. However, for some 
outcome measures (e.g. knee BMD [21]), a longer training period might have been necessary to 
find significant and clinically relevant changes. Nevertheless, similar to a higher training 
frequency, a longer period of training might have resulted in even more difficulties with 
inclusion and a higher drop-out rate and non-compliance [31,32].  

To ensure that the imposed exercise intensity of 65-75% HRR was maintained throughout 
the exercise program, heart rate was continuously monitored during training. The RPE, serving 
as a supplementary measure of exercise intensity, had to be 4-7 on a 10-point scale [33] and was 
assessed after each exercise block. All participants were very well capable to train at the target 
exercise intensity during the program, and to control the intensity by making adjustments in 
cycle speed and gear setting. As described in chapter 2, the HRR calculation was based on the 
incremental exercise test in the wheelchair. During the first training session, the calculated heart 
rate range was used to impose the exercise intensity. However, in practice it sometimes appeared 
that this range did not match the imposed RPE; mostly, an underestimation was made. In these 
cases, the heart rate range was adjusted to the participant’s subjectively experienced exercise 
intensity. Beforehand, we knew this could occur in people with tetraplegia [27], however, it also 
happened in those with paraplegia. A logical explanation for this is the fact that a wheelchair 
exercise test was used to calculate the heart rate range; during wheelchair propulsion, often lower 
peak physiological exercise responses (e.g. heart rate and VO2) are achieved than during hybrid 
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cycling or handcycling [43]. Therefore, specific exercise testing might have been better to 
properly set the objective training intensity. In the preceding section on ‘The graded exercise 
test’, it is explained why we chose not to include an exercise test in the specific training set-up 
next to the wheelchair test. Besides heart rate and RPE, other indicators to monitor exercise 
intensity during hybrid cycling and handcycling could have been used, such as power output. 
Since the use of heart rate as an indicator of training intensity can be unreliable in people with 
tetraplegia, exercising at a certain percentage of POpeak might have been more suitable than 
exercising at a certain percentage of HRR in this population [27]. However, at the start of the 
current RCT, there were no valid and reliable power meters (such as the SRM system (Schoberer 
Rad Messtechnik, Jülich, Welldorf, Germany) or PowerTap (CycleOps, Madison, WI, USA)) 
available in both rehabilitation centers. Moreover, as for heart rate, in case of using power output 
as an indicator of training intensity, specific exercise testing should have been performed to 
prevent under- or overestimation of POpeak. 

The people who were assigned to the hybrid cycle group immediately started the 16-wk 
hybrid cycle exercise protocol. However, a problem was that the lower-limb muscles of these 
people were relatively untrained at the beginning of the training program, often resulting in rapid 
lower-limb muscle fatigue during cycling. If the leg musculature becomes fatigued during hybrid 
cycling, voluntary arm activity takes over the entire propulsion and the legs will only move 
passively together with the arms. Since there were no power measurement systems available to 
separately measure the power output contributions of the legs, it remained unclear to what extent 
the legs contributed to the total power output (measured with the ergotrainer) during hybrid 
cycling. The effects of hybrid cycling might have been larger if strong lower-limb muscle 
contractions (i.e. large power output of the legs) were ensured over the entire exercise session 
and during the whole training program. For this purpose, first a conditioning phase for the 
paralyzed legs (e.g. FES-induced leg cycling or resistance training of the quadriceps muscles 
[41]) for the people in the hybrid cycle group could have been performed. 

 
Clinical implications  
Based on the current thesis and the existing literature [34,35], it can be stated that staying 
physically active is essential to prevent deconditioning in people with long-term SCI. In chapters 
4, 5 and 7 it was demonstrated that both the hybrid cycle and handcycle are effective exercise 
modalities to improve aspects of fitness, physical activity and health in this vulnerable 
population. This finding was supported by several other studies on the effects of hybrid cycling 
[5,6,23,24] and handcycling [36-38] in people with SCI. The hypothesis that hybrid cycling 
would induce larger beneficial effects than handcycling alone due to the larger active muscle 
mass was not supported in this thesis; except for an increase in lean mass of the legs, there were 
no notable benefits of the added FES-induced leg exercise, promoting handcycling as a cheaper 
and more accessible exercise mode for improving fitness, physical activity and health in people 
with long-term SCI. However, in chapter 3 it was demonstrated that hybrid cycling induces 
higher metabolic and cardiorespiratory responses at equal subjective exercise intensity levels 
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than handcycling, suggesting that hybrid cycling is more suitable for fighting obesity and 
increasing cardiorespiratory fitness in people with long-term SCI. Moreover, the addition of 
FES-induced leg exercise to arm exercise alone has been shown to provide supplementary 
benefits on vascular [23,24] and musculoskeletal systems [16,39,40] in the lower extremities. 
Considering these potential greater benefits of hybrid exercise over arm exercise alone, people 
with SCI should implement hybrid exercise (e.g. cycling or rowing) next to their other physical 
activities (e.g. wheelchair propulsion or handcycling) in daily life.  

However, in the Netherlands, hybrid exercise modalities are not yet commonly used in 
clinical rehabilitation and SCI aftercare. Many rehabilitation professionals and people with SCI 
are not completely familiar with the potential greater benefits of hybrid exercise over upper-body 
exercise alone. In only two of the eight Dutch rehabilitation centers with a specialized SCI unit 
there is a hybrid cycle available, and compared to the other mobility and exercise devices 
available in these centers (e.g. the handcycle), this cycle is not used very often. An important 
practical reason for this is that hybrid cycle exercise takes relatively much time due to the 
placements of the electrodes and the transfers that need to be made. Moreover, since the 
purchase of hybrid exercise modes is relatively expensive and not covered by the Dutch 
insurance companies, not everybody is in the position to acquire such a cycle, making it difficult 
for people with SCI to maintain hybrid exercise for the long term. 

Therefore, alternative methods for hybrid exercise should be considered. As previously 
stated in this thesis, FES-induced leg exercise in people with SCI is essential to prevent lower-
body deterioration, and should be introduced early during clinical rehabilitation and maintained 
throughout the lifespan of these people. However, it might be more convenient and feasible to 
use this technique separately from the conventional upper-body activities (e.g. handcycling and 
wheelchair sports). For example, a relatively easy and cheap way to activate the paralyzed lower-
limb musculature is to use a custom-made FES shorts (Axiobionics, Ann Arbor, MI, USA), 
containing embedded surface electrodes with build-in leads that can be connected to a portable 
stimulator (NeuroPro, Axiobionics, Ann Arbor, MI, USA) [46]. These FES shorts can be worn 
under normal pants and the electrodes are automatically aligned over the gluteal and hamstring 
muscles when putting them on. 

To conclude, clinical rehabilitation should focus on the prevention of deconditioning in 
people with SCI, and offer a model of lifetime follow-up rehabilitation in this population. In this 
context, FES-induced leg exercise (either hybrid exercise or leg exercise alone) plays a crucial 
role.  
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Main conclusions 
- The metabolic and cardiorespiratory responses during hybrid cycling are higher than 

during handcycling when exercising at equal subjective exercise intensity levels. 
- Both the 16-wk hybrid cycle and handcycle exercise intervention led to positive effects 

on aspects of fitness, physical activity and health.  
- Except for an increase in lean mass of the legs, there were no notable additional benefits 

of the hybrid cycle intervention over the handcycle intervention. 
- In future studies on the effects of hybrid exercise, first a conditioning phase of the 

paralyzed legs should be performed. 
- Specific graded exercise testing should be used to properly set objective training 

intensity. 
- To be able to include a sufficient number of participants and to prevent a high drop-out 

rate and non-compliance, future research should consider how to make exercise 
interventions more feasible and attractive for people with long-term SCI.  

- FES-induced leg exercise should be introduced early during clinical rehabilitation and 
maintained throughout the lifespan of people with SCI. 

- Clinical rehabilitation should focus on the prevention of deconditioning in people with 
SCI. 

- Clinical rehabilitation should offer a model of lifetime follow-up rehabilitation for people 
with SCI. 
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