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Abstract 35 
 36 
This study evaluated the effect of a low-intensity norm duration synchronous handcycle 37 

wheelchair training in untrained able-bodied women. The training group (n = 9) received 7-38 

weeks of low-intensity upper body training in an instrumented handcycle on a motor driven 39 

treadmill (MDT), 3 × 30 min/week at 30% heart rate reserve. The control group (n = 10) 40 

received no training. Incremental handcycle tests on the MDT were used to determine peak 41 

values for oxygen uptake (VO2peak), power output (POpeak), heart rate (HRpeak), minute 42 

ventilation (VEpeak), and respiratory exchange ratio (RERpeak), submaximal values for heart rate 43 

(HR), oxygen uptake (VO2) and gross efficiency (GE) before and after training. Local perceived 44 

discomfort and rate of perceived exertion (RPE) were also assessed. Training significantly 45 

improved POpeak (+20%), HRpeak (+3%), RERpeak (+5%), submaximal GE (+21%), VO2 (-20%), 46 

VE (-33%), HR (-12%) and RPE was low (7.1 ± 0.5) (p<0.05). No effects were found in VO2peak 47 

and VEpeak (p>0.05). Though VO2peak did not improve, low-intensity norm duration handcycling 48 

training improved handcycling POpeak, while RPE was low. Also, GE increased, suggesting a 49 

motor control improvement. Handcycle training seems to be an appropriate exercise mode to 50 

improve physical capacity, and prevent early fatigue and overuse in untrained individuals. 51 

 52 

Keywords: Rehabilitation, recreational adapted sports, handbiking, treadmill training, physical 53 

capacity, local perceived discomfort 54 
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Introduction 56 

Approximately 65 million people worldwide are reliant on a wheelchair in their day-to-day lives 57 

(1,2). Deconditioned and vulnerable people (the frail aged people or those with a chronic 58 

disease or disability) such as people with stroke, cerebral palsy, multiple sclerosis, spinal cord 59 

dysfunction, brain injury and lower limb amputation rely on their wheelchair for mobility and 60 

participation (1). Being largely dependent on the upper extremities for daily activities, 61 

wheelchair users are susceptible to overuse injuries and pain at the shoulders, elbows, and 62 

wrists which compromises their ability to perform necessary daily activities such as making 63 

transfers, upper-body lifting and wheelchair propulsion (1,3).  64 

To cope adequately with the strain of daily activities and to prevent long-term secondary health 65 

problems, wheelchair users will require an upper body exercise mode involving wheelchair 66 

treadmill exercise, wheelchair ergometry and arm-crank ergometry to improve their physical 67 

capacity (4-12). The goal of upper body training is to increase active muscle mass and 68 

strength, maximize overall strength for functional independence, and improve efficiency of 69 

wheelchair propulsion (13-15). Research data provide evidence that upper-body endurance 70 

and resistance exercise improved physical capacity, quality of life and mood state, reduced 71 

risk for secondary health problems such as obesity, diabetes and cardiovascular disease, and 72 

reduced risk for mortality (13-15).  73 

Despite growing efforts to improve physical capacity through exercise interventions in 74 

deconditioned and vulnerable people, studies investigating the effect of exercise interventions 75 

report a high number of dropouts, and identified that participants struggle to continue engaging 76 

in physical activity post-exercise program (16). Conversely, research shows that overuse 77 

complaints of wheelchair users are an important predictor for participation in physical activity 78 

and exercise during and after rehabilitation (17). Thus, high straining activities may induce over 79 

use complaints in wheelchair users and consequently lead to reduced physical activity 80 

participation. Therefore, to maintain a long-term physically active lifestyle and/or rehabilitation 81 

aftercare of wheelchair users, it is important to explore ways to prevent overuse complaints.  82 

A low intensity training could be central to the adoption and maintenance of physical activity 83 

behaviour in de-conditioned and vulnerable people, and can provide the platform to engage in 84 

graduated activity or higher intensity exercises (18-21). Exercising at a lower intensity is 85 

accompanied with greater safety, would be perceived as achievable, reduces the risk of 86 

overuse complaints and can improve motivation to remain active (17). However, the potential 87 

of low intensity training to improve physical capacity have not been fully explored.  88 

Only two studies were found that investigated the effects of low intensity training (30% HRR 89 

for 30-70 min) using hand-rim wheelchair on physical capacity (17,18). These studies showed 90 
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improvements in peak power output, sprint power, mechanical efficiency, metabolic cost, and 91 

submaximal heart rate and oxygen uptake. Conversely, different studies showed that hand-rim 92 

wheelchairs have a low mechanical efficiency and are straining for the upper extremities 93 

(22,23). Hence, the use of hand-rim wheelchairs may lead to overuse complaints in the upper 94 

extremities and subsequent disengagement in physical activity and exercise over time.  95 

Handcycling could be an alternate promising exercise mode, as it is less straining and more 96 

mechanically efficient than hand-rim wheelchair propulsion (23-25) and could optimize 97 

rehabilitation and increase long term adoption of engagement in exercise and physical activity 98 

among wheelchair users. The task load during handcycling is spread over time and muscle 99 

groups are alternatingly active (front and back) through the full circular movement of 100 

handcycling, and no high peak loads occur (26). Consequently, higher physical capacity can 101 

be reached with handcycling compared to hand-rim wheelchair (17). Yet, the effects of low 102 

intensity handcycle training on maximal and submaximal exercise capacity are yet unknown.  103 

The aim of the present study was to investigate whether a 7-weeks low intensity (30% heart 104 

rate reserve; HRR) handcycle training with a norm duration (30 min/session) can induce 105 

favorable effects in physical capacity of able-bodied untrained female subjects, thus simulating 106 

to some extent training effects in wheelchair users in early rehabilitation (27,28). Based on the 107 

results of previous studies (17,18), we hypothesized that a low-intensity (30% HRR) norm 108 

duration handcycle training program would improve mobility related parameters such as peak 109 

power output and submaximal efficiency. Physical capacity is reflected by the maximal 110 

performance [peak values of oxygen uptake (VO2Peak), power output (POpeak), heart rate 111 

(HRpeak), minute ventilation (VEpeak) and respiratory exchange ratio (RERpeak)], submaximal 112 

performance [oxygen uptake (VO2), respiratory exchange ratio (RER), minute ventilation (VE) 113 

and heart rate (HR)] and gross efficiency (GE).  114 

Materials and methods  115 

Participants 116 

Twenty-two able-bodied women initially volunteered to take part in the study. During an initial 117 

visit, study details and participation requirements were explained, and after screening with the 118 

Physical Activity Readiness Questionnaire (PAR-Q) (29) written informed consent was 119 

obtained. One participant was no longer willing to participate in the study. The remaining 120 

participants (n = 21) were randomly assigned to two groups; a training group (TG: n = 11) and 121 

a control group (CG: n = 10). Criteria for inclusion of this study were: female, no experience in 122 

handcycling, no recent activity in (upper body) endurance sports, no change in activity level 123 

during the study and no medical contraindications. Participants were instructed not to alter 124 

other training activities outside those of the study protocol. The study received approval from 125 
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the local Ethics Committee of the Center for Human Movement Sciences of University Medical 126 

Center Groningen and was conducted in accordance with the Declaration of Helsinki.  127 

At their first visit to the laboratory, participants familiarized to the experimental set-up with three 128 

6-minutes familiarization trials in the instrumented synchronous handcycle on a cycle trainer 129 

(Sirius T1435, Tacx BV, The Netherlands). Thus, participants could become acquainted to the 130 

synchronous hand cycle propulsion technique. Subsequently, a fourth trial was presented on 131 

a handcycle on the motor-driven treadmill to get used to the propulsion and steering 132 

mechanism. 133 

Design 134 

All training sessions and incremental tests were performed on an instrumented handcycle 135 

mounted on a motor driven treadmill (Enraf Nonius, The Netherlands). The instrumented 136 

handcycle consisted of an add-on system (Tracker Challenger, Alois Praschberger, Austria) 137 

coupled to a regular standard wheelchair (Double Performance, RGK, RGK Wheelchairs Inc., 138 

England) fixed at the lightest gear. To measure power output, it was equipped with an 139 

instrumented wheel hub in the front wheel (Powertap SL, CycleOps, USA; 1.5% accuracy, 140 

sample frequency 1Hz). Tire pressure was fixed on 6.0 bar and was measured before all tests 141 

and training sessions.  142 

An incremental exercise test was performed to obtain peak cardiovascular and physiological 143 

variables and to evaluate handcycling performance before and after a 7-week training or no 144 

training program. The test protocols for the pre- and post-test were standardized in terms of 145 

handcycle settings (gear, tire pressure, velocity and resistance). The training group (TG) 146 

received a 7-week hand cycling training program with a frequency of three times a week with 147 

a duration of 30min conform to the ACSM guidelines (8). The average training intensity was 148 

30% heart rate reserve (HRR) using two different training forms, which are described further 149 

in training. The control group (CG) did not receive any training and was asked to maintain their 150 

activity level similar during the experimental period.  151 

Training  152 

All training sessions were performed on a motor driven treadmill (Enraf Nonius, Delft, 153 

Netherlands) in a climate controlled work lab. The training sessions were executed 3 times per 154 

week for half an hour on a motor driven treadmill (Enraf–Nonius, Delft, Netherlands) at an 155 

average power output corresponding with 30% HRR. Resting heart rate (HRrest) and peak heart 156 

rate (HRpeak) were measured before training (Polar Accurex Plus; Polar Electro, OY, Finland) 157 

to calculate HRR. To measure HRrest, subjects sat quietly in the handcycle for 10min in a quiet 158 

laboratory, before commencement of the warm-up preceding the incremental test. The final 159 
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minute was used as HRrest. HRpeak was measured during the final stage of the incremental 160 

handcycle pre-test as described in “incremental testing”. 161 

The training sessions were performed at 30% HRR, determined conform (30). The required 162 

workload, which elicited an intensity of 30% HRR, was determined by the linear relation 163 

between HR and PO, measured during the maximal incremental test pre-training. Two different 164 

types of training: resistance training and velocity training were used, on alternate days. In the 165 

resistance training, the work load was increased when necessary to reach a mean exercise 166 

intensity of 30% HRR by adding work load through a pulley system as described in Dallmeijer 167 

et al. (31), while the velocity was kept constant at 1.11m·s-1 as done in van der Woude et al. 168 

(32). During the velocity training, the resistance was kept constant at a workload corresponding 169 

to the workload required to handcycle at 30% HRR only now the velocity was increased when 170 

necessary to reach a mean exercise intensity of 30 % HRR.  171 

Training sessions were monitored by heart rate (Polar Electro, Finland) and power output 172 

(PowerTap SL, CycleOps, Saris Sycling Group Inc., United States). During the last three 173 

minutes of each training session rating of perceived exertion (33) and local perceived 174 

discomfort (LPD) of the upper body were obtained (34). Participant completed 21 (11 175 

resistance, 10 velocity) training sessions. 176 

Incremental testing  177 

Before the training commenced, but after the initial handcycle familiarization sessions and a 178 

10 minute resting period, an incremental handcycling test was performed on the handcycle on 179 

the motor-driven treadmill. After 7 weeks of training or no training (CT), the incremental test 180 

was repeated at the same time of day on the same day of the week in an identical test protocol 181 

and set-up. Participants were asked to refrain from consuming alcohol, caffeine and engaging 182 

in strenuous exercise for at least 2-h prior to testing. The test started with a 5-min submaximal 183 

steady state warm-up at 30W.  184 

The protocol of the handcycling stepwise (1min) incremental maximal test was based on a 185 

handcycling protocol designed for males (31). This protocol was modified for females based 186 

on pilot testing, so that the incremental exercise test would last about 8–12 min (35). The initial 187 

power output (PO) of the maximal test was set at 20W, and increased with 7W every minute 188 

until voluntary exhaustion. PO was increased by adding or reducing weight to a pulley system 189 

attached to the rear end of the handcycle (32), and was determined by the additional force 190 

(Fadd), the drag force (Fdrag) and the velocity (v), as described by Eq. (1):  191 

Power output (PO) = (Fadd + Fdrag) × v.  (1) 192 

The velocity of the treadmill was kept at the same speed at 1.11m·s-1. Drag force was 193 

determined by riding with no additional force at 1.11 m·s-1. 194 
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Respiratory parameters were measured breath by breath, using open circuit spirometry 195 

(Oxycon Delta, Germany). The gas analyzer was calibrated prior to each test using room air, 196 

a Jaeger 3-1 syringe and a calibration gas (16.0% O2, 5.0% CO2). Peak values for power output 197 

(POpeak), oxygen uptake (VO2peak), heart rate (HRpeak), minute ventilation (VEpeak) and the 198 

respiratory exchange ratio (RERpeak) were calculated between the 20th and 50th second of 199 

every completed minute.  200 

RPE scores were obtained using a 15-point (6–20) Borg scale (33). During the last 10 s of 201 

each stage, the experimenter moved his finger along an enlarged, printed RPE list. Participants 202 

were informed to nod when the experimenter was pointing to their RPE, so that speech would 203 

not interfere with the collected respiratory data. When voluntary exhaustion was reached or 204 

when participants could not keep speed constant at 1.11m·s-1 the test was ended. Directly after 205 

each test, Local Perceived Discomfort (LPD) scores (34) were obtained. The participants had 206 

to score discomfort in hands, lower arms, upper arms and shoulders, lower back and upper 207 

back, and the neck. A scale from 0 (no discomfort) to 10 (maximal discomfort) was used. Total 208 

score on the perceived local discomfort was the sum of all parts, which means that the maximal 209 

possible score was 50 and minimum score was zero points. 210 

Additionally, HR, VO2 (ml∙min-1), VE (L∙min-1), RER and RPE of the 2nd, 4th and 6th stages of 211 

the incremental test (PO of 27 W, 41 W and 65 W respectively) were evaluated for submaximal 212 

performance during handcycle. These stages.  213 

Gross-efficiency (GE) was calculated for the submaximal steady state (PO = 30 W) by dividing 214 

the measured mechanical PO by the metabolic power input (Pmet):  215 

GE = PO / Pmet ∗ 100% 216 

Pmet was calculated in the last minute (from second 20 to 50) by multiplying oxygen 217 

consumption with the oxygen equivalent: Pmet = VO2 * ((4940 * RER + 16040)/60) (36). For all 218 

measured parameters, means and standard deviations were calculated. 219 

Statistics 220 

All data were analyzed and calculated using SPSS 17.0 (SPSS Inc., USA) and Matlab 2013 221 

(The Mathworks, USA) and are presented as mean ± SD. An independent t test was used to 222 

determine baseline differences in personal characteristics (age, length, body mass) and the 223 

pre-test peak and submaximal values (VO2, VE, HR, RER, PO, RPE and LPD) between the 224 

training and control group. The effect of the training on peak and staged submaximal values 225 

between the two groups was evaluated with a 2 factor repeated measures ANOVA. The 226 

difference between pre- and post-test was used as within-subject factor and group as between-227 

subjects factor. The significance level was set at ƿ < 0.05 for all tests. 228 
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Results 229 

Participants 230 

In total nine participants of the training group completed the 7 week training program. Two 231 

participants were excluded during the training program (week 3 and week 6), because of 232 

injuries unrelated to the training program. The flow of participants through the study and 233 

reasons for exclusions and withdrawals are displayed in Figure 1. Participant characteristics 234 

are presented in Table 1. At baseline, there were no statistical differences between training 235 

group and control group with regard to age, height (stature), body mass, body mass index, and 236 

performance or cardiorespiratory variables (p > 0.05)  (see Table 1). 237 

[Insert figure 1 near here] 238 

[Insert table 1 near here] 239 

Training sessions 240 

In the training group, training was performed at an average intensity of 30.3 ± 1.94% HRR. 241 

The average heart frequency was 105 ± 4.8 beats per minute for all participants. Participant 242 

completed 21 (11 resistance, 10 velocity) training sessions. The average power output (PO) 243 

during resistance training session was 25.6 ± 3.4W and significantly increased (p = 0.001) 244 

between the first four training sessions (23.0 ± 2.9W) and the last four training sessions (29.1 245 

± 4.2W). The average speed during the velocity training sessions was 1.47 ± 0.06 m ∙ s-1. No 246 

significant differences were found between the first four (1.41 ± 0.13m∙s-1) and last four (1.46 247 

± 0.12m∙s-1) velocity training sessions (p = 0.308). Some participants could not perform the 248 

required three training sessions every week and were then allowed to perform extra sessions 249 

in other weeks. The training group indicated some discomfort in the hands and the lower back 250 

during training, indicated by an average local perceived discomfort (LDP) score of 3.4 ± 1.6. 251 

The total score of LDP decreased significantly (p = 0.004) from 5.3 ± 2.4 in the first four training 252 

sessions to 2.5 ± 2.0 in the last four training sessions. The training was perceived “very very 253 

light”, with an average session rate of perceived exertion (RPE) of 7.1 ± 0.5. 254 

Training evaluation 255 

Table 2 shows the peak physiological and performance capacity of both training group and the 256 

non-training control group before (pre) and after (post) the experimental period. Due to 257 

mechanical problems with the heart rate monitor in the posttest, heart rate could not be 258 

measured in three control subjects. 259 

Training resulted in a 20% increase in peak power output (POpeak), 5% increase in peak 260 

respiratory exchange rate (RERpeak) and 3% increase in peak heart rate (HRpeak). Comparisons 261 

of peak values obtained during maximal incremental tests before and after training are 262 
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presented in Table 2. Significant group  time interactions were found for POpeak (W), POpeak 263 

(W·kg-1), RERpeak and HRpeak with greater increases occurring in the training group for each 264 

variable. Significant main effects of time (increases) were found in POpeak (W), POpeak (W·kg-265 

1), RERpeak and HRpeak. No significant interactions or main effects of time were detected in 266 

VO2peak (L∙min-1), VO2peak (ml∙min-1∙kg-1), VE (L∙min-1), LPD and RPE. 267 

 [Insert table 2 near here] 268 

To examine submaximal performance during handbiking, the 2nd, 4th and 6th stages of the 269 

incremental test were evaluated. In table 3 the mean values and differences for the 270 

submaximal stages 2nd, 4th and 6th are presented for the variables HR, VO2 (ml∙min-1), VE (L∙min-271 

1), RER and RPE for both groups. These stages corresponds with a power output of 27 W, 41 272 

W and 65 W.  273 

Significant group x time interactions were found for VE (L∙min-1) and RPE, and stage 2 VO2 274 

(ml∙min-1) with greater increases occurring in TG for each variable. Significant main effects of 275 

time (decreases) were found in HR, VO2 (ml∙min-1), VE (L∙min-1) and RPE in the training group. 276 

The greatest differences were found for ventilation (VE), where participants inhaled on average 277 

31% (38 ± 6 l∙min-1 to 28 ± 5 l∙min-1) less air per minute. VO2 decreased by 20% (1148 ± 117 278 

ml∙kg-1∙min-1 to 955 ± 133 ml∙kg-1∙min-1) and HR by 12% (152 ± 17 beats∙min-1 to 136 ± 12 279 

beats∙min-1). A significant main effect of time (-7%) was found for stage 6 VO2 (ml∙min-1) in the 280 

control group. No significant interactions or main effects of time were detected in RER.  281 

[Insert table 3 near here] 282 

 283 

[Insert figure 2 near here] 284 

Comparisons of GE during the steady submaximal warm-up (PO = 30W) and the 4th stage of 285 

the maximal incremental test (PO = 41W), before and after intervention is presented in Figure 286 

2. For the 4th stage, GE was determined for only 10 participants (5 training, 5 control), as RER-287 

values in the other participants were greater than 1.0. Significant main time effects were found 288 

showing increases in GE at submaximal warm-up phase (11.2 to 13.6%, p = 0.001) and 4th 289 

stage of incremental test (12.7 to 16.6%, p = 0.019) in the training groups, compared to no 290 

improvement (11.2 to 10.7%; warm up, and 13.7 to 13.6%; 4th stage) in the control group.  291 

Discussion 292 

This study is the first to evaluate the effect of a 7-week low intensity (30% HRR) handcycle 293 

training program on the physical capacity of able-bodied women, and revealed the design 294 

effectively increased gross efficiency; GE (+2.4-3.9%), peak heart rate; HRpeak (+3.0%), peak 295 

power output; POpeak (+20.1%), and peak respiratory exchange ratio; RERpeak (+5.0%) without 296 

any signals of muscle soreness and physical strain. This study provides insight into the 297 
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potential use of handcycling for rehabilitation of wheelchair users, who might struggle with 298 

higher intensities, particularly in the early stages of rehabilitation. Training resulted in lower 299 

values on ventilation, oxygen uptake and rate of perceived exertion at different submaximal 300 

stages (27 W, 41 W & 65 W). Furthermore, the training was perceived as low straining and 301 

was easily achieved as shown by the low values of LPD (3.4 ± 1.6) and RPE (7.1 ± 0.5) scores.  302 

The improvements in physical capacity found in this study were similar to those found after 303 

wheelchair ergometry training in persons with lower limb amputation, stroke and spinal cord 304 

injuries (37,38). Specifically, the improvement in GE, HRpeak, POpeak and RERpeak are in 305 

accordance with handcycle studies in able-bodied individuals, persons with spinal cord injury 306 

and wheelchair users (4-7, 14), and comparable to low intensity training studies using hand-307 

rim wheelchair (17,18). The improvement in POpeak (+20.1%) found in this study was 308 

comparable to that reported by Van de Berg [18] in their study to simulate the effect of low-309 

intensity exercise in early rehabilitation using hand-rim wheelchair (+34%) (18). The 310 

improvement in GE (+2.4-3.9%) found in this study was higher than that reported by De Groot 311 

et al., [17] in their study evaluating the effect of low intensity training using hand-rim wheelchair 312 

(+1.3-1.9%). This is conform expectations that a higher physical capacity can be reached with 313 

handcycling compared to using a hand-rim wheelchair. It is worth mentioning that in this current 314 

study, GE was determined for only 10 participants (5 out of 9 participants in the training group, 315 

and 5 out of 10 participants from the control group respectively), as RER-values in the other 316 

participants were greater than 1. The difference with previous literature may be due to the 317 

different sample population. Participants in previous studies (17,18,31) had clinical conditions 318 

and experience using a manual wheelchair, compared with novice able-bodied participants 319 

who were recruited in the present study.  320 

The improvement in POpeak and GE is an important finding, as performance of many daily 321 

activities, particularly mobility lean on strength and efficiency, and thus improvement in POpeak 322 

and GE leads to more mobility and participation in daily activities at lower physical strain (39). 323 

However, VO2peak did not increase significantly over the training program. This is in accordance 324 

with previous work [18] (30% HRR training) using hand-rim wheelchair which did not show 325 

significant improvements on VO2peak either, but contrary to those of handcycling studies 326 

exploring higher exercise intensities (40,41) and wheelchair ergometer training studies in 327 

people with spinal cord injury, stroke and lower limb amputation (37) that found improvements 328 

in VO2peak. 329 

The improvement in POpeak and non-significant improvement in VO2peak found in this study may 330 

indicate an improvement in handcycle GE, the ratio between external power output and 331 

metabolic power input, after the training program (35). Studies indicate that the POpeak is 332 

positively associated with improvements in GE (40,42), which increased significantly over the 333 
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training period in this study. Conversely, the improvement in GE suggests a motor control 334 

improvement or motor learning optimization and may explain the lower submaximal 335 

physiological values found, as VE decreased by 30%, VO2 by 18% and HR by 10%. Our 336 

findings of lower physiological values and a higher efficiency in submaximal stages are in 337 

accordance with previous works (17,18) and support the notion that low intensity training 338 

program could have greater beneficial effects on performance compared with control as 339 

wheelchair users perform most activities of daily life at submaximal levels (39).  340 

The current study findings indicate that training at low intensities improves physical capacity, 341 

leads to motor skills optimization, and consequently improves participation and mobility. The 342 

limited data available on low intensity upper body training makes it difficult to conclude whether 343 

exercising at a low intensity is always beneficial. It remains uncertain whether the improvement 344 

in GE is due to physiological advantages, such as oxygen utilization in the working muscles, 345 

or from mechanical/propulsion advantages such as user-interface optimization. That 346 

notwithstanding, the improvements in mobility parameters; POpeak and GE found in this study 347 

indicates that handcycling at lower intensities is an appropriate approach to stimulate an active 348 

lifestyle and subsequently prevent or reduce disability and sedentary lifestyle and thereby 349 

reduce the risk for cardiovascular problems in persons with disabilities and or chronic 350 

conditions such as wheelchair-dependent people (24). 351 

The training was perceived as “very very light”, with low physical strain as evident in the 352 

average RPE and LPD scores. The scores on local perceived discomfort indicates that the 353 

physical strain was low at the beginning of the training and further decreased after training. 354 

This finding supports the notion that handcycling is an appropriate alternative for training 355 

wheelchair users and reduces the risk of overuse injuries in the shoulder joint (26,32). 356 

Incorporating this study design in rehabilitation program will improve motivation to stay active 357 

and to participate in different leisure time activities after rehabilitation. Thus the low straining 358 

nature of the current training makes it applicable for the early phase of rehabilitation of novice 359 

wheelchair users, and makes adoption and maintenance of physical activity behaviour more 360 

likely (13,14), and can provide the platform to engage in graduated activity or higher intensity 361 

exercises.  362 

Previous studies have explored the effect of upper body handcycle on physical capacity and 363 

wheelchair performance using resistance training, moderate intensity continuous training 364 

and/or high intensity interval training (4-7). The uniqueness of this study, is that deliberately 365 

low intensity (30% HRR) was chosen to induce favourable effects in physical capacity, as low 366 

intensity exercise is accompanied by greater safety, reduces the risk of overuse complaints 367 

and can stimulate participation and long-term adoption and adherence to physically active 368 

lifestyle among novice wheelchair users. Variables related to mobility and adherence were 369 
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positively influenced in the current study, which indicate that low intensity handcycle training 370 

may be appropriate in novice wheelchair users at the start of their rehabilitation, to prevent 371 

early fatigue and overuse and enhance participation, motivation and adherence.  372 

There is a strong rationale for generalization of the study findings to wheelchair-dependent 373 

people with spinal cord injury, stroke, multiple sclerosis, cerebral palsy and lower limb 374 

amputation. First, the study sample: able-bodied women, respond relatively homogenous to 375 

handcycle exercise (32). Second, able-bodied women have a comparable physical capacity 376 

with paraplegic SCI patients (27,28). Third, participants in this study had no prior experience 377 

in upper body exercise, which is comparable to inexperienced wheelchair dependent persons 378 

early in rehabilitation (43). Lastly, studies have shown that similar trends are seen in 379 

physiological outcomes in both able-bodied subjects and wheelchair users (25). Thus, this 380 

study gives valuable insight on effects of low intensity handcycling training in people with a SCI 381 

who are novice wheelchair users in early rehabilitation. However, future low intensities training 382 

programs should include people with a SCI to allow firm conclusion to be drawn. Future studies 383 

should evaluate the effect of low intensity handcycling training on wheelchair capacity, as was 384 

done in Chaikhot et al [6] for concurrent training. In their study, they found a decrease in push 385 

frequency at speed typical of everyday functional propulsion (comfortable speed and at 125% 386 

of comfortable) following a combined resistance and high intensity training. 387 

Conclusion 388 

Low intensity handcycling training was perceived as achievable and accomplished without any 389 

discomfort, and improves gross efficiency and peak power output. This indicates that 390 

improvements in performance can be found for low training intensity. The study training design 391 

provides an alternate for people who cannot or are not motivated to train at high intensity such 392 

as novice wheelchair-dependent persons. Training at low intensities, individuals can improve 393 

their physical capacity, which subsequently can improve their social participation and mobility. 394 

This study also supports the idea that handcycling is an appropriate exercise training during 395 

rehabilitation to maintain physical capacity and lower risk of developing overuse complaints. 396 

The study findings suggest motor adaptation in the form of improved task skill in combination 397 

with physiological adaptations at submaximal activity levels. Further studies employing this 398 

study design in a sample of wheelchair-dependent people in rehabilitation setting is warranted.  399 

Disclosure of interest  400 

The authors report no conflict of interest. 401 

402 



13 
 

References 403 

1. van der Woude LH, de Groot S, Janssen TW. Manual wheelchairs: Research and 404 
innovation in rehabilitation, sports, daily life and health. Med Eng Phys 2006;28(9):905-915.  405 

2. Newdisability.: Wheelchair Statistics: How Many Wheelchair Users Are There? [Cited 2012 406 
Jun 12]. Available from:  http://www.newdisability.com/wheelchairstatistics.htm 407 

3. Spinal cord injury Organization of the Netherlands; [Cited 2012 Jun 12]. Available from: 408 
http://www.dwarslaesie.nl/een-dwarslaesie/wat-is-het  409 

4. Hettinga FJ, Hoogwerf M, van der Woude LH. Handcycling: training effects of a specific 410 
dose of upper body endurance training in females. Eur J Appl Physiol 2016;116(7):1387-94. 411 

5. Schoenmakers P, Reed K, Van Der Woude L, Hettinga FJ. High intensity interval training 412 
in handcycling: The effects of a 7 week training intervention in able-bodied men. Front. 413 
Physiol 2016; 23:7:638. 414 

6. Chaikhot D, Reed K, Petroongrad W, Athanasiou F, van Kooten D, Hettinga FJ. Effects of 415 
an upper-body training program involving resistance exercise and high-intensity arm cranking 416 
on peak handcycling performance and wheelchair propulsion efficiency in able-bodied men. J 417 
Strength Cond Res 2018. 418 

7. Abonie US, Albada T, Morrien F, van der Woude LHV, Hettinga FJ. Effect of a 7-week 419 
resistance training program on handcycle work capacity in able-bodied males. Int J Sports 420 
Med 2021 (in press). 421 

8. Myers J, Herbert WG, Humphrey RH. ACSM's resources for clinical exercise physiology: 422 
musculoskeletal, neuromuscular, neoplastic, immunologic, and hematologic conditions: 423 
Lippincott Williams & Wilkins, 2002 424 

9. Davis GM, Kofsky PR, Kelsey JC, Shephard RJ. Cardiorespiratory fitness and muscular 425 
strength of wheelchair users. Can Med Assoc J 1981;125(12):1317-1323.  426 

10. Esquenazi A, DiGiacomo R. Rehabilitation after amputation. J Am Podiatr Med Assoc 427 
2001;91(1):13-22.  428 

11. Keyser RE, Rodgers MM, Gardner ER, Russell PJ. Oxygen uptake during peak graded 429 
exercise and single-stage fatigue tests of wheelchair propulsion in manual wheelchair users 430 
and the able-bodied. Arch Phys Med Rehabil 1999;80(10):1288-1292.  431 

12. O'Brien TD, Noyes J, Spencer LH, Kubis HP, Edwards RT, Bray N, Whitaker R. Well-432 
being, health and fitness of children who use wheelchairs: feasibility study protocol to 433 
develop child-centred 'keep-fit' exercise interventions. J Adv Nurs 2015;71(2): 430-440.  434 

13. O'Brien TD, Noyes J, Spencer LH, Kubis HP, Hastings RP, Whitaker R. Systematic 435 
review of physical activity and exercise interventions to improve health, fitness and well-436 
being of children and young people who use wheelchairs. BMJ Open Sport Exerc Med 2016; 437 
2(1):e000109.  438 

14. Hoekstra S, Valent L, Gobets, D, van der Woude L, de Groot S. Effects of four-month 439 
handbike training under free-living conditions on physical fitness and health in wheelchair 440 
users. Disabil Rehabil 2017;39(16):1581-1588.  441 

15. Rosa SA, Westcott WL. Physical Fitness Programming for Individuals with Spinal Cord 442 
Injury: Paraplegia and Tetraplegia. Strength Cond J 2010;32(6):19-21. 443 

http://www.dwarslaesie.nl/een-dwarslaesie/wat-is-het


14 
 

16. Roehrs, T.G.; Karst, G.M. Effects of an aquatics exercise program on quality of life 444 
measures for individuals with progressive multiple sclerosis. J. Neurol. Phys. Ther. 2004, 28, 445 
63–71. 446 

17. de Groot S, de Bruin M, Noomen SP, van der Woude LH. Mechanical efficiency and 447 
propulsion technique after 7 weeks of low-intensity wheelchair training. Clin Biomech (Bristol, 448 
Avon) 2008;23(4):434-441.  449 

18. van den Berg R, de Groot S, Swart KM, van der Woude LH. Physical capacity after 7 450 
weeks of low-intensity wheelchair training. Disabil Rehabil 2010;32(26):2244-2252.  451 

19. Ekkekakis P, Parfitt G, Petruzzello SJ. The Pleasure and Displeasure People Feel When 452 
they Exercise at Different Intensities Decennial Update and Progress towards a Tripartite 453 
Rationale for Exercise Intensity Prescription Sports Med 2011; 41 (8): 641-671 454 

20. Dishman RK, Buckworth J. Increasing physical activity: a quantitative synthesis. Med Sci 455 
Sports Exerc 1996; 28: 706-19 456 

21. Pollock ML. How much exercise is enough? Phys Sports Med 1978; 6: 50-64. 457 

22. United States Department of Health and Human Services. Healthy People 2010. 2nd ed., 458 
vol. 2. Washington, DC: U.S. Government Printing Office, 2000. 459 

23. van der Woude LH, Veeger HE, Dallmeijer AJ, Janssen TW, Rozendaal LA. 460 
Biomechanics and physiology in active manual wheelchair propulsion. Med Eng Phys 461 
2001;23(10):713-733.  462 

24. van der Woude LH, Dallmeijer AJ, Janssen TW, Veeger D. Alternative modes of manual 463 
wheelchair ambulation: an overview. Am J Phys Med Rehabil 2001;80(10):765-777.  464 

25. Dallmeijer AJ, Ottjes L, de Waardt E, van der Woude LH. A physiological comparison of 465 
synchronous and asynchronous hand cycling. Int J Sports Med 2004;25(8):622-626.  466 

26. Arnet U, van Drongelen S, Scheel-Sailer A, van der Woude LH, Veeger DH. Shoulder 467 
load during synchronous handcycling and handrim wheelchair propulsion in persons with 468 
paraplegia. J Rehabil Med 2012;44(3):222-228.  469 

27. Maikala RV, Bhambhani YN. Comparisons of physiological and perceptual responses in 470 
healthy men and women during standardized arm cranking and task-specific pushing-pulling. 471 
Int Arch Occup Environ Health 2006;79(6):509-520.  472 

28. Flandrois R, Grandmontagne M, Gerin H, Mayet MH, Jehl JL, Eyssette M. Aerobic 473 
performance capacity in paraplegic subjects. Eur J Appl Physiol Occup Physiol 474 
1986;55(6):604-609.  475 

29. Cardinal BJ, Esters J, Cardinal MK. Evaluation of the revised Physical Activity Readiness 476 
Questionnaire in older adults. Med Sci Sports Exerc 1996;28(4):468–472 477 

30. Karvonen MJ, Kentala E, Mustala O. The effects of training on heart rate; a longitudinal 478 
study. Ann Med Exp Biol Fenn 1957;35(3):307–315 479 

31. Dallmeijer AJ, Zentgraaff ID, Zijp NI, van der Woude LH. Submaximal physical strain and 480 
peak performance in handcycling versus handrim wheelchair propulsion. Spinal Cord 481 
2004;42(2):91-98.  482 



15 
 

32. van der Woude LHV, van Croonenborg JJ, Wolff I, Dallmeier AJ, Hollander AP. Physical 483 
work capacity after 7 week of wheelchair training: effect of intensity in able-bodied subjects. 484 
Med Sci Sports Exerc 1999;31(2):331–341 485 

33. Borg GAV. Psychophysical bases of perceived exertion. Med Sci Sports Exerc 486 
1982;14:377–381 487 

34. van der Grinten S. Development of a practical method for measuring body part 488 
discomfort. 1992:311. 489 

35. Buchfuhrer MJ, Hansen JE, Robinson TE, Sue DY, Wasserman K, Whipp BJ. Optimizing 490 
the exercise protocol for cardiopulmonary assessment. J Appl Physiol 1983;55(5):1558-491 
1564. 492 

36. Garby L, Astrup A. The relationship between the respiratory quotient and the energy 493 
equivalent of oxygen during simultaneous glucose and lipid oxidation and lipogenesis. Acta 494 
Physiol Scand 1987;129:443–4.  495 

37. Hicks AL, Martin KA, Ditor DS, Latimer AE, Craven C, Bugaresti J, et al. Long-term 496 
exercise training in persons with spinal cord injury: effects on strength, arm ergometry 497 
performance and psychological well-being. Spinal Cord 2003;41(1):34-43. 498 

38. Midha M, Schmitt JK, Sclater M. Exercise effect with the wheelchair aerobic fitness 499 
trainer on conditioning and metabolic function in disabled persons: a pilot study. Arch Phys 500 
Med Rehabil 1999;80(3):258-261. 501 

39. Janssen TW, van Oers CA, van der Woude LH, Hollander AP. Physical strain in daily life 502 
of wheelchair users with spinal cord injuries. Med Sci Sports Exerc 1994;26(6):661-670. 503 

40. De Groot S, Dallmeijer AJ, Van Asbeck FW, Post MW, Bussmann JB, Van der Woude 504 
LH. Mechanical efficiency and wheelchair performance during and after spinal cord injury 505 
rehabilitation. Int J Sports Med 2007;28:880–886. 506 

41. Powers SK, Howley ET. Exercise physiology: Theory and application to fitness and 507 
performance. New York, NY: McGraw-Hill; 2007. 508 

42. Hooker SP, Wells CL. Effects of low- and moderate-intensity training in spinal cord-509 
injured persons. Med Sci Sports Exerc 1989;21(1):18-22. 510 

43. van der Woude LH, de Groot G, Hollander AP, van Ingen Schenau GJ, Rozendal RH. 511 
Wheelchair ergonomics and physiological testing of prototypes. Ergonomics 512 
1986;29(12):1561-1573. 513 

 514 

 515 

 516 

 517 

 518 

 519 

 520 

 521 



16 
 

Table 1: Participant characteristics for training and control group 522 

 
Training (N = 9)  
Mean ± SD 

Control (N = 10) 
Mean ± SD p-value 

Age (years) 20.8 ± 1.69 20.9 ± 1.83 0.91 

Height (meters) 1.69 ± 5,4 1.69 ± 8.1 0.95 

Body mass (kg) 62. 8 ± 6.8 61.9 ± 9,3 0.80 

Body mass index (kg∙m-2) 22.0 ± 1.6 21.7 ± 3.1 0.80 

HRpeak (beats ∙ min-1) 182 ± 11 182 ± 9 0.97 

POpeak (W) 81.1 ± 11.2 88.2 ± 18.9 0.34 

POpeak (W·kg-1) 1.33 ± 0.19 1.41 ± 0.28 0.47 

VE (L∙min-1) 69.2 ± 14.4 73.0 ± 20.1 0.65 

VO2peak (L·min-1) 1.60 ± 0.20 1.78 ± 0.42 0.27 

VO2peak (ml·min-1·kg-1) 26.4 ± 4.6 28.5 ± 7,1 0.46 

RER 1.21 ± 0.08 1.21 ± 0.04 0.93 

RPE 19.4 ± 1.3 19.2 ± 1.0 0.66 

LPD 16 ± 5 15 ± 3 0.49 

523 



Table 2: Changes in physiological capacity and handcycling performance using handcycling incremental maximal test from pre- to 524 
post-training period for two groups. 525 

 526 

 527 

 528 

 529 

 530 

 531 

 532 

 533 

Data are reported as mean ± SD. 534 

aN = 7. 535 

No significant differences were found in baseline values between the training group and the non-training control group. 536 

*Significant different from pre-test (p < 0.05). 537 

§Significant interaction of group*time (p < 0.05). 538 

§§Significant interaction of group*time (p < 0.001). 539 

 540 

 541 

 542 

 Training group (N=9) Control group (N=10) Interaction (group x time) 

  Pre-test Post-test Pre-test Post-test p-value 
 
F 

Partial Eta 
square (ƞ2) 

Observed 
Power  

HRpeak (beats∙min-1) 182 ± 11 188 ± 11a* 182 ± 9 183 ± 5   0.02§ 6.83 0.33 0.83 

POpeak (W) 81.1 ± 11.2 97.4 ± 11.3* 88.2 ± 18.9 91.3 ± 20.7   0.00§§ 28.88 0.59 1.00 

POpeak (W·kg-1) 1.33 ± 0.19 1.59 ± 0.22* 1.41 ± 0.28 1.47 ± 0.30    0.00§§ 24.03 0.74 1.00 

RERpeak 1.21 ± 0.08 1.27 ± 0.07* 1.21 ± 0.04 1.21 ± 0.04   0.04§ 4.81 0.22 0.54 

VEpeak (L∙min-1) 69.2 ± 14.4 79.1 ± 17.5 73.0 ± 20.1 75.7 ± 25.5   0.40 0.75 0.04 0.13 

VO2peak (L·min-1) 1.60 ± 0.20 1.68 ± 0.24 1.78 ± 0.42 1.81 ± 0.47   0.73 0.11 0.01 0.06 

VO2peak (ml·min-1·kg-1) 26.4 ± 4.6 27.5 ± 3.8 28.5 ± 7.1 29.0 ± 7.4   0.74 0.10 0.01 0.06 

LPD 16 ± 5 16 ± 8 15 ± 3 12 ± 4   0.26 1.01 0.06 0.16 

RPE 19.4 ± 1.3 19.8 ± 0.4 19.2 ± 1.0 19.6 ± 0.5    0.92 0.01 0.00 0.05 



Table 3: Changes in physiological capacity and handcycling performance using submaximal stages 2, 4 & 6 from pre- to post-training 543 
period for the two groups 544 

Data are reported as mean ± SD. 545 

aN = 7  546 

No significant differences were found in baseline values between the training group and the non-training control group. 547 

*Significant different from pre-test (p < 0.05). 548 

§Significant interaction of group*time (p < 0.05).  549 

§§Significant interaction of group*time (p < 0.001). 550 

  Training Group Control Group Difference (%) Interaction (group x time) 

    
Pre-test 
(Mean ± SD) 

Post-test 
(Mean ± SD) 

Pre-test 
(Mean ± SD) 

Post-test 
(Mean ± SD) 

Training 
Pre-Post 

Control 
Pre-Post 

P-
value 

F Partial Eta 
square (ƞ2) 

Observed 
Power  
 

HR 
(bpm) 
  

Stage 2 135 ± 18 121 ± 10 131 ± 23 128 ± 15a -11.6* -2.3 0.07 2.52 0.14 0.32 

Stage 4 152 ± 17 136 ± 12 146 ± 22 141 ± 19a -11.8* -3.4 0.26 2.27 0.14 0.29 

Stage 6 163 ± 15 154 ± 12 160 ± 18 155 ± 15a -5.8* -3.1 0.24 2.04 0.13 0.27 

VO2 
(ml∙kg-

1∙min-1) 

Stage 2 690 ± 76 589 ± 101 744 ± 94 703 ± 111 -17.1* -5.51 0.02§ 1.38 0.08 0.20 

Stage 4 958 ± 110 803 ± 92 921 ± 98 894 ± 158 -19.3* -2.93 0.07 3.81 0.18 0.45 

Stage 6 1148 ± 117 955 ± 133 1151 ± 137 1067 ± 159 -20.2* -7.30* 0.15 2.30 0.12 0.30 

VE 
(l∙min-1) 
 

Stage 2 21.4 ± 3.6 16.3 ± 3.1 21.8 ± 2.2 20.8 ± 2.4 -31.3* -4.59 0.03§ 5.65 0.25 0.61 

Stage 4 28.4 ± 4.1 21.7 ± 3.5 27.7 ± 4.6 26.9 ± 4.0 -30.9* -2.89 0.03§ 5.86 0.27 0.63 

Stage 6 37.6 ± 6.1 28.3 ± 4.5 36.1 ± 5.5 34.1 ± 5.0 -32.9* -5.54 0.02§ 6.18 0.27 0.65 

RER 
 

Stage 2 0.97 ± 0.11 0.92 ± 0.08 0.92 ± 0.06 0.92 ± 0.07 -5.4 0.00 0.35 0.92 0.05 0.15 

Stage 4 0.97 ± 0.08 0.95 ± 0.06 0.98 ± 0.07 0.98 ± 0.06 -2.1 0.00 0.27 0.34 0.02 0.09 

Stage 6 1.06 ± 0.07 1,06 ± 0.05 1.04 ± 0.05 1.06 ± 0.06 0 1.92 0.28 1.25 0.07 0.18 

RPE 
  

Stage 2 8.6 ± 1.2 6.3 ± 0.5 7.4 ± 1.6 7.6 ± 1.2 -36.5* 2.70 0.00§§ 7.27 0.30 1.00 

Stage 4 11.7 ± 1.7 8.3 ± 1.3 10.5 ± 2.9 11.0 ± 2.9 -41.0* 4.76 0.00§§ 7.00 0.29 1.00 

Stage 6 14.8 ± 2.4 11.0 ± 3.2 13.8 ± 3.5 14.3 ± 3.2 -34.5* 3.62 0.00§§ 12.77 0.43 1.00 
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Figure 1 Flowchart of the study 571 
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Assessed for eligibility (n = 30) 

Randomized (n = 21)  

Excluded (n = 8):  

Did not meet inclusion criteria 

(n = 4)  

Declined to participate (n = 4) 

 

Lost to follow-up (n = 2): Due to 
injuries unrelated to the study 
 
 

 
Lost to follow-up (n = 0) 
 

Allocated to training group (n=11) 
Received allocated intervention             

(n = 11)                                             

Analysed (n = 9) 
 

Allocated to control group (n = 10) 
Received allocated condition (n = 

10) 

Analysed (n = 10) 
 

Enrolment 

Allocation 

Post Assessment 

Analysis 

Pre Assessment 

Volunteered and consented (n = 22) 

No longer willing to 

participate (n = 1)  
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 584 

Figure 2: The gross efficiency (GE) (in percentage) at warm up (PO = 30 W) and the 4th 585 
stage (PO = 41 W). 586 


