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Introduction
Approximately 10 % of the world’s population (650 million people) 
lives with some form of disability [1] and 10 % of persons with a dis-
ability are wheelchair users [2]. Although the majority of wheel-
chair users rely on hand-rim wheelchair propulsion for daily ambu-
lation [3], hand-rim wheelchair propulsion is highly straining and 
associated with overuse injuries of the upper body [4–6]. Converse-
ly, handcycling is of particular interest, since handcycling is more 
efficient, less straining than wheelchair propulsion, and offers more 

variation with regard to seating position and gears [4, 5, 7]. Conse-
quently, larger distances can be covered and at higher speeds, mak-
ing handcycling a perfect alternative for outdoor mobility and 
upper body endurance activity [7, 8]. Handcycling can also be of 
therapeutic value in early rehabilitation, while evolving into recre-
ational or even elite sports participation [9, 10].

Being largely dependent upon their upper body, wheelchair 
users have limited muscle mass available for daily functioning and 
ambulation, which may affect their physical capacity and engage-

Effects of 7-week Resistance Training on Handcycle Performance in 
Able-bodied Males
  

Authors
Ulric Sena Abonie1 , Tryntje Albada2, Floor Morrien2, Lucas van der Woude2, Florentina Hettinga3

Affiliations
1 Department of Physiotherapy and Rehabilitation 

Sciences, University of Health and Allied Sciences, Ho, 
Ghana

2 Center for Human Movement Sciences, University of 
Groningen, University Medical Center Groningen, 
Groningen, Netherlands

3 Department of Sport, Exercise & Rehabilitation, North-
umbria University, Newcastle upon Tyne, United 
Kingdom of Great Britain and Northern Ireland

Key words
rehabilitation, handbiking, wheelchair user, physical 
capacity evaluation, upper body training

accepted 04.01.2021 
published online 2021

Bibliography
Int J Sports Med   
DOI 10.1055/a-1373-6033
ISSN 0172-4622
© 2021. Thieme. All rights reserved.
Georg Thieme Verlag KG, Rüdigerstraße 14, 
70469 Stuttgart, Germany

Correspondence
Florentina Hettinga
Department of Sport Exercise & Rehabilitation,  
Northumbria University 
Room 238, Northumberland Building,  
NE1 8ST Newcastle upon Tyne
United Kingdom of Great Britain and Northern Ireland 
Tel.:  + 44 (0)191 227 3989, Fax:  + 44 (0)191 227 3989 
florentina.hettinga@northumbria.ac.uk

AbSTr AcT

The effect of an upper body resistance training program on 
maximal and submaximal handcycling performance in able-
bodied males was explored. Eighteen able-bodied men were 
randomly assigned to a training group (TG: n = 10) and a control 
group (CG: n = 8). TG received 7 weeks of upper body resistance 
training (60 % of 1 repetition maximum (1RM), 3 × 10 repeti-
tions, 6 exercise stations, 2 times per week). CG received no 
training. Peak values for oxygen uptake (V̇O2peak), power output 
(POpeak), heart rate (HRpeak), minute ventilation (V̇OEpeak) and 
respiratory exchange ratio (RERpeak), submaximal values (HR, 
V̇O2, RER, PO, and gross mechanical efficiency (GE)), and time 
to exhaustion (TTE) were determined in an incremental test 
pre- and post-training. Maximal isokinetic arm strength and 
1RM tests were conducted. Ratings of perceived exertion (RPE) 
were assessed. A two-way repeated measures ANOVA and post-
hoc comparisons were performed to examine the effect  
of time, group and its interaction (p < 0.05). TG improved on 
POpeak (8.55 %), TTE (10.73 %), and 1RM (12.28–38.98 %). RPE 
at the same stage during pre- and post-test was lower during 
the post-test (8.17 %). Despite no improvements in V̇O2peak, 
training improved POpeak, muscular strength, and TTE. Upper 
body resistance training has the potential to improve handcy-
cling performance.
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ment in an active lifestyle, and consequently present difficulties in 
coping with the strain of daily activities such as making transfers, 
upper body lifting, and wheelchair propulsion [1]. To cope ade-
quately with the strain of daily activities and to prevent long-term 
secondary health problems, adequate upper body training is need-
ed to optimize rehabilitation and increase functional status and 
participation of wheelchair users [11].

Upper body training programs, both resistance and endurance, 
can improve physical capacity and optimize mobility and health in 
wheelchair users [12, 13], and can be an effective means to main-
tain or elicit improvements in cardiorespiratory fitness and muscu-
lar strength in wheelchair users [11, 12]. Resistance training induces 
different adaptations to the upper body such as increased muscular 
strength and endurance [14–20]. Enhanced muscular strength could 
exert a positive influence on handcycling performance, enabling 
higher levels of cardiorespiratory stress due to delayed local fatigue 
[14] and is therefore suggested to make activities of daily living less 
strenuous, as most activities of daily living are performed at a lower 
percentage of maximal capacity [15].

Resistance training as an intervention with the aim of improv-
ing handcycling performance in wheelchair users has not been fully 
explored [16–19]. In addition, existing literature on upper body re-
sistance training effect on handcycling performance is limited and 
inconclusive [20–24]. While some reported limited success in in-
creasing both strength and endurance [18], others did not test both 
components of fitness [20], and others trained only a limited num-
ber of upper extremity muscles [21]. In most of these studies, con-
current resistance and endurance training modes were used, mak-
ing it difficult to establish the specific effect of resistance training.

Conversely, previous upper body programs to improve handcy-
cling performance have focused on endurance training using dif-
ferent training protocols as recommended by the American Col-
lege of Sports Medicine (ACSM) guidelines as well as low-intensity 
and high-intensity interval training and concurrent resistance and 
endurance exercise [16–19, 25]. Although positive results were 
found for the endurance variables, it is worth noting that the train-
ing modes commonly used for training in most training studies 
[16–19] – arm ergometry, arm cranking, and handcycling – require 
specialized equipment that is not commonly available in a typical 
gym setting. Exploring exercise modes that are more commonly 
available is therefore of paramount importance.

More knowledge on training adaptations to specific modes of 
upper body resistance training is required to prescribe adequate 
upper body resistance training regimens, because adaptations that 
occur in response to exercise training are primarily dependent on 
the intensity and mode of exercise performed. To our knowledge, 
only one study has explored the effect of upper body resistance 
training using standard gym machines [24]. There is a need for fur-
ther exploratory and interventional studies on the effect of such 
training modes on handcycling performance to provide insight into 
the potential use of resistance training to improve handcycling per-
formance and muscle strength, providing knowledge to use in re-
habilitation and adapted sports settings.

The aim of the current study was to evaluate the effects of a 
7-week ACSM-based [25] resistance training program in a stand-
ard gym setting that stressed the primary muscles involved in hand-
cycling using concentric and eccentric contractions of key muscles 

of the arms and shoulder complex [26, 27] on measures of hand-
cycling performance (as indicated by maximal power output, mus-
cular strength, time to exhaustion, and maximal oxygen uptake) in 
able-bodied males. Able-bodied participants are inexperienced in 
wheelchair propulsion and in that respect comparable to some ex-
tent to those people with lower-limb impairment early in the initial 
clinical rehabilitation phase. The study of able-bodied participants 
in the context of handcycling performance is thus a simulation of 
possible adaptations that may occur in early rehabilitation of indi-
viduals new to a wheelchair, as wheelchair propulsion experience 
can impact on upper body adaptation and thus may affect hand-
cycling performance. We hypothesized that the resistance training 
program would improve handcycling performance.

Materials and Methods

Participants
Eighteen able-bodied participants volunteered to participate in this 
study (body mass: 74.4 ± 6.6 kg, height: 1.80 ± 0.074 m, age: 25.5 ± 5.7 
years). After screening with the Physical Activity Readiness Question-
naire (PARQ) [28], participants gave written informed consent. On 
their first visit to the laboratory, participants were familiarized with 
the experimental set-up using standardized 5-min handcycling famil-
iarization trials on a cycle trainer (20W, 1.39 ms − 1). Participants were 
randomly assigned to a training (TG: n = 10) and a control group (CG: 
n = 8). Criteria for inclusion of this study were 18–40 years of age, in-
experience in wheelchair use, no recent experience in upper body 
sports or training, and no medical contraindications. The study was 
performed according to the Declaration of Helsinki and was approved 
by the local ethics committee and meets the ethical standards of the 
journal [29]. Participants were asked to keep their level of physical ac-
tivity and diet constant between pre- and post-test.

Design
This study was designed to determine the effect of resistance train-
ing on handcycling performance fitness in able-bodied men. The 
training group (TG) received a 7-week upper body resistance train-
ing program (two times a week, three sets of ten repetitions at six 
different exercise stations with an initial exercise intensity of 60 % of 
1 repetition maximum (1RM); details provided in the next section) 
[25]. The control group (CG) received no training. Before and after 
the experimental period, participants performed an incremental 
handcycling test until exhaustion to determine peak cardiovascular 
variables (V̇O2peak, HRpeak, VEpeak, and RERpeak) and handcycling per-
formance (POpeak). Preceding the incremental test, a 3-stage sub-
maximal handcycling test on a motor-driven treadmill was conduct-
ed to evaluate gross mechanical efficiency (GE) and submaximal pa-
rameters (V̇O2, VE, RER, HR, and PO). The measurement of maximal 
isokinetic strength using an isokinetic dynamometer (Chattanooga 
Group, Hixson, TN, USA) and isoinertial strength using 1 repetition 
maximum (1RM) [30] were also performed. Post-tests were con-
ducted at the same time of the day, and on the same day of the week, 
7 weeks after the pre-tests were completed. All participants were 
asked to eat light meals and refrain from smoking and ingesting caf-
feine and alcohol 24 h before testing, and to maintain their regular 
daily physical activity pattern and diet during the study period.

D
ow

nl
oa

de
d 

by
: R

ijk
su

ni
ve

rs
ite

it 
G

ro
ni

ng
en

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



Abonie U S et al. Effects of 7-week Resistance … Int J Sports Med | © 2021. Thieme. All rights reserved.

Training
The TG performed resistance training in accordance with ACSM 
guidelines [25]. They completed 3 sets of 10 repetitions at 6 differ-
ent exercise stations consisting of exercise on machines (Life Fit-
ness; Franklin Park, IL, USA) for seated chest press, seated row, seat-
ed shoulder press, seated lateral pull-down, seated triceps dips, 
and arm curls twice weekly. Muscles worked were pectorals, del-
toids, biceps, triceps, rhomboids, and latissimus dorsi, which are 
muscles involved in handcycling [27, 31, 32]. Training was per-
formed at the same time of the day on the same days of the week 
over 7 consecutive weeks. The initial exercise load was 60 % of  
1 repetition maximum (1RM). Load increased approximately 5 %, 
dependent on the limits of the machine used (minimal increase 
2.5 kg) when participants performed reps rhythmically, at a mod-
erate to slow controlled speed, through a pain-free range of mo-
tion, with a normal breathing pattern during the lifting move-
ments, using good form and technique (no compensatory move-
ments) over two consecutive training sessions. For all lifts, 
participants used slow and controlled movements and exhaled on 
exertion. 1RM was determined during initial 1RM strength testing 
by participants performing one single lift at a certain load, and the 
load was increased every time a lift was successfully performed until 
the participant could not successfully lift the load [30, 33]. A 3-min 
rest was taken between each lift. The last successfully lifted load 
was considered the 1RM. It was difficult to measure 1RM for seated 
triceps dips. The exercise was therefore used as supporting and was 
not analyzed statistically. At the start of each training session, par-
ticipants performed a 5-min warm-up on a rowing ergometer and 
10 repetitions at the lightest load on each exercise machine. After 
the training session, a 5-min cool-down on a rowing ergometer was 
performed. A 48-h period was allowed in between training session. 
During the last training session, 1RM was measured again.

Incremental exercise testing
Before the training commenced, but after the initial handcycling 
familiarization sessions, an incremental handcycling test was per-
formed on a motor-driven treadmill (Saturn; HP-Cosmos, Nussdorf, 
Germany; 1.0 × 2.7 m) using a standard sports wheelchair (Morriën; 
Morriën BV, Nijkerk, Netherlands) with an attached handcycling 

unit (Double Performance Tracker 16 tour with a 7-gear system). 
To measure power output, the cranks of the add-on handcycle unit 
fixed at the lightest gear and were instrumented with a power sen-
sor SRM system (SRM Powermeter Rotor 3D Compact; Schoberer 
Rad Messtechnik, Welldorf, Germany; accuracy 0.5 % and sample 
frequency 1 Hz). Power output was continuously measured by the 
SRM, and data were recorded on the SRM power controller 7. The 
SRM system produces a valid and reliable measurement of PO [34]. 
Tire pressure was fixed at 6.0 bar and was measured before all tests. 
Gearing was fixed and treadmill velocity was a constant 1.39 m · s − 1, 
which coincided with an rpm of 50. Open circuit spirometry (Oxy-
con Delta, SBx/CPX; Jaeger, Hoechberg, Germany), calibrated using 
room air and a calibration gas (16 % O2, 5 % CO2) and a heart rate 
monitor (Suunto Dual Comfort Belt; Suunto, Vantaa, Finland; sam-
pling frequency 1 Hz, beats per minute) were used to obtain res-
piratory gas exchange (breath-by-breath) and heart rate, respec-
tively. The incremental exercise tests were performed at the same 
time of the day. After 7 weeks of training or no training, the incre-
mental tests were repeated at the same time of day on the same 
day of the week.

The incremental test was preceded by a standard 5-min sub-
maximal steady-state warm-up at 20 W and three submaximal ex-
ercise bouts of 4-min duration each at different power outputs 
(20 W, 30 W, and 40 W). The first bout consisted of 4 min handcy-
cling at 20 W. The second bout consisted of 4 min handcycling at 
30 W. The third bout consisted of 4 min handcycling at 40 W. A 
5-min rest was taken after the 5-min submaximal steady-state 
warm-up, before the start of the three 4-min submaximal exercise 
bouts. A 3-min rest was taken between the 4-min exercise bouts 
and between the third submaximal bout and the incremental test. 
Thirty (30) seconds of the last minute (20th to 50th second) were 
used for calculation of mean maximal and submaximal values. The 
PO was increased every minute by adding load through a pulley 
system attached to the rear end of the handcycle (▶Fig. 1) [35] 
and was determined by the additional force (Fadd), the drag force 
(Fdrag), and the velocity (v), as described by Eq. (1):

Power output (PO) = (Fadd + Fdrag)  *  v  Equation 1

▶Fig. 1  Experimental setup: Handcycle with attached pulley system.
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Drag force was determined by handcycling with no additional force 
at 1.39 m · s − 1.

Following the 3-min rest after the last (third) submaximal exer-
cise bout, the 1-min incremental maximal exercise test began. The 
initial PO of the test was set at 20 W, and increased at 4 W every 
minute until voluntary exhaustion. The protocol of the handcycling 
stepwise (1 min) incremental test was based on a handcycling pro-
tocol designed for males [36].

Local rate of perceived exertion (RPE) was measured using the 
Borg 1-10 category ratio scale after every stage whereas measures 
of central and overall RPE were measured using the Borg 6–20 scale 
[37, 38] immediately after the end of the submaximal bouts and 
incremental test. Local RPE corresponds to the exertion of the pe-
ripheral working muscles, central RPE corresponds to cardiorespi-
ratory exertion, and overall RPE corresponds to total exertion. Dur-
ing the last 10 s of each submaximal bout and each incremental 
stage, the experimenter moved his finger along an enlarged, print-
ed RPE list. Participants were informed to nod when the experi-
menter was pointing to their RPE, so that speech would not inter-
fere with the collected respiratory data.

Power output (PO), heart rate (HR), oxygen uptake (V̇O2), min-
ute ventilation (V̇OE), and respiratory exchange ratio (RER) were 
measured continuously. Carbon dioxide production was also noted. 
Average values of the respiratory gas exchange measurements 
were calculated for the third minute of each submaximal exercise 
stage. Peak values for PO, HR, V̇O2, and RER were defined as the 
highest value reached between 20 and 50 sec of every minute dur-
ing the maximal incremental exercise test.

Gross efficiency (GE), the ratio between external mechanical 
work performed and the total metabolic production of energy dur-
ing exercise [39], was calculated for all submaximal steady-state 
intensities by dividing the measured mechanical PO by the meta-
bolic power input (Pmet):

GE = PO/Pmet*100 %

Pmet was calculated in the last minute (from second 20 to 50) by 
multiplying oxygen consumption with the oxygen equivalent:  
Pmet = V̇O2 * ((4940 * RER + 16040)/60) [40].

Maximal strength testing
Maximal strength was determined by a maximal isokinetic strength 
test using a computer- controlled electromechanical isokinetic dy-
namometer (Kin-Com; Chattanooga Group, Hixson, TN, USA). The 
length of the lever arm of the Kin-Com was adjusted to the length 
of the crank of the handcycle (0.17 m), and the setup was adjusted 
to the setup of the handcycle (distance from back rest to crank axis: 
0.56 m; distance from seat to crank axis: 0.46 m). An isokinetic max-
imal arm push and an arm pull test were performed. When the lever 
arm was in the highest vertical position, it was considered to be 0 °; 
whereas the lowest position was 180 ° (▶Fig. 2). During the push 
phase, maximal strength was measured between 0 − 90 °. The pull 
phase consisted of a maximal strength measurement between 90–
180 °. For both the push and pull phase mechanical stops were 
used, so each participant would pass through the identical total 
range of motion (ROM). The setup of the Kin-Com was adjusted to 

▶Fig, 2  In the push phase, the lever start at 0 ° (a: start point) and moved to 90 ° (b end point); and during the pull phase the lever start at 90 ° (c 
start point) and moved to 180 ° (d end point).

a b

c d
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the setup of the handcycle. Angular velocity was fixed at the Kin-
Com’s top speed of 250 °s − 1 to cover a speed as close as the possi-
ble to the cadence used during the incremental handcycle test. In-
itial force was set at 50 N. For both the push and pull phase, five 
submaximal exercise trials were performed as a warm = up. The 
maximal strength test consisted of five maximal isokinetic pushes 
and five maximal isokinetic pulls of the dominant hand only. The 
trunk and hip were strapped onto the back of the seat to avoid in-
voluntary movements. Participants were instructed to exert as 
much force as possible during the test.

Statistical analyses
Statistical analyses were performed using IBM SPSS Statistics ver-
sion 20.0 (IBM Corp., Armonk, NY, USA). Descriptive statistics 
(means and standard deviations) were calculated for all variables. 
An independent t-test was applied to participant characteristics 
(age, height, and body mass) to detect possible differences be-
tween the groups at baseline. A two-way repeated measures anal-
ysis of variance and post-hoc comparisons were performed to ex-
amine the effect of time, group, and its interaction on peak and 
submaximal performance (V̇O2, V̇E, HR, RER, PO, and RPE), time to 
exhaustion (TTE), and muscle strength. The significance level of all 
tests was set at p < 0.05.

Results

Participant characteristics
At baseline, there were no statistical differences between the 
groups with regard to age (TG: 26.1 ± 5.8 years vs. CG: 24.8 ± 6.0 
years, p > 0.05), height (TG: 1.8 ± 0.1 m vs. CG: 1.8 ± 0.1 m, p > 0.05), 
or body mass (TG: 74.0 ± 6.6 kg vs. CG: 74.9 ± 7.0 kg, p > 0.05). Ad-
ditionally, there were no statistical differences between the groups 
with regards to physiological and performance parameters.

Training sessions
Of the 10 participants in the TG, one participant did not complete 
the resistance training due to personal reasons and was excluded. 
All other participants completed the training volume and pre- and 
post-tests successfully. Some participants could not perform the 
required two training sessions every week and were then allowed 
to perform an extra session in another week. 1RM values before 
and after the training are shown in ▶Table 1. Significant increases 
were found over time for all training exercises (p < 0.05) except the 
chest press.

Training evaluation
▶Table 2 shows the peak physiological and performance param-
eters of both TG and CG before and after the experimental period. 
No significant interactions were detected in V̇O2peak, VEpeak, RERpeak, 
HRpeak, RPE score as well as maximal arm pull and push (p > 0.05). 
However, significant interaction effects were found showing in-
creases in POpeak, (F = 15.3, p < 0.01), TTE (F = 22.9, p < 0.01), and 
a decrease in local RPE (F = 4.90, p = 0.04) at the lowest maximal 
stage over time in TG.

▶Table 3 shows the submaximal physiological and performance 
capacity of both TG and CG before and after the experimental pe-
riod. No significant interactions were detected in V̇O2, V̇ E, PO, HR, 
RER, GE, and RPE scores (p > 0.05). However, significant time effects 
(pre-post test) were found showing an increase in RER (p < 0.01) 
and decreases in local RPE (p < 0.01), central RPE (p < 0.05), and 
overall RPE (p < 0.05) in TG.

Discussion
This study is the first study to investigate the effect of a 7-week 
upper body resistance training program on maximal handcycling 
performance and muscle strength in able-bodied males using 
standard gym machines. The most striking outcomes of the pre-
sent study were improvement in POpeak, TTE, and muscular strength 
(seated row, seated shoulder press, seated lateral pull-down and 
arm curls) assessed by 1RM and local RPE at the lowest maximal 
stage after 7 weeks of training. This provides insight into the po-
tential use of resistance training to improve handcycling perfor-
mance and muscle strength, providing knowledge to use in reha-
bilitation and adapted sports settings. No improvement in cardi-
orespiratory parameters (V̇O2peak, V̇Epeak, RERpeak, HRpeak, and peak 
RPE scores) and submaximal metabolic strain (V̇O2, V̇OE, RER, HR, 
GE, and RPE scores) was found, suggesting no cardiorespiratory ad-
aptations in response to training.

Upper body resistance training is important for persons with 
spinal cord injury, handcyclists and wheelchair users as it can lead 
to increased work capacity, muscular strength, and power and as 
a consequence improved mobility and participation [24]. The cur-
rent training stressed the major muscles used in handcycling so 
that improvement could potentially be translational to handcycling. 
The improvements in POpeak, TTE, and muscular strength indicate 
adaptations in both the central nervous system and the peripheral 
muscle system in response to resistance [30] and are in accordance 
with concurrent endurance and resistance studies in persons with 
spinal cord injury, handcyclists, and wheelchair users [20–
23, 41, 42] and are relevant for performance of daily activities. The 

▶Table 1  Changes in 1RM measurements from pre- to post-training for TG (n = 9).

Variables Pre Post Mean Difference Pre-post test

Chest press [kg] 76.4 ± 26.3 79.7 ± 23.4 3.3 ± 6.5 F(1,8) = 2.4, p = 0.16

Seated row [kg] 73.3 ± 15.9 86.1 ± 16.3 * 12.8 ± 5.9 F(1,8) = 41.9, p < 0.01

Shoulder press [kg] 34.4 ± 13.2 39.4 ± 12.8 * 5.0 ± 5.6 F(1,8) = 7.2, p = 0.028

Lateral pull-down [kg] 72.5 ± 12.6 81.4 ± 12.7 * 8.9 ± 9.2 F(1,8) = 89.0, p < 0.01

Arm curls [kg] 23.6 ± 8.0 32.8 ± 6.8 * 9.2 ± 4.3 F(1,8) = 40.3, p < 0.01

Values shown are mean ± SD.  * Significantly different from pre-test (p < 0.05).
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reduction in local RPE at the lowest maximal lowest power output 
suggests activities of daily living are likely not to be perceived as 
strenuous, thus resulting in improved participation in daily activi-
ties.

The study finding that HRpeak did not improve was comparable 
to previous upper body resistance training studies [33], and the 
improvement in TTE is similar to that reported in a comparable 
study (training mode, intensity and repetitions) by Jacobs et al. [24] 
exploring longer training duration. Taken together with the im-
provement in POpeak, TTE, and muscular strength, the lack of sig-
nificant improvement in cardiorespiratory variables found in this 
study conformed to expectations that resistance training improves 
anaerobic power through adaptations in both the central nervous 
system and the peripheral muscle system [30], but is generally con-
sidered to provide minimal, if any, improvements in maximal aer-
obic capacity [24, 30, 43]. The cardiorespiratory benefits of resist-
ance training have been related to resistance intensity, total train-
ing volume, and the duration and type of rest/recovery periods 
[44].

The study by Jacobs et al. [20] exploring longer training dura-
tion showed significant improvements in POpeak ( + 16 %) and 
V̇O2peak ( + 15 %) following resistive arm crank exercise. The authors 

attributed the improvements in POpeak and V̇O2peak to enhanced 
muscle function, specifically improved trunk control, thereby re-
quiring greater levels of oxygen uptake to supply the needed oxy-
gen delivery to the exercising muscles [18]. Their study samples 
were individuals with spinal cord injury paraplegia, a population 
with poor trunk control.

The improvements in POpeak in comparable (training duration) 
endurance training studies [16–19] were higher (varying from 
28.2 % to 47.1 %) compared to this study. Additionally, these stud-
ies reported improvement in V̇O2peak (varying from 13.3 % to 
22.2 %). It is worth noting that almost all comparable studies ex-
amining upper body endurance and concurrent endurance and re-
sistance conditioning [16–24] used continuous resistive arm er-
gometry and wheelchair ergometry training modes. However, rep-
lication of such mode-specific exercises is difficult because arm 
ergometry and handcycles are specialized equipment and are thus 
not commonly available in typical gym settings. Alternative modes 
such as resistance training in a gym to train the upper body in the 
absence of this specialized equipment is therefore of paramount 
importance.

The improvement in muscular strength (1RM) can be explained 
by neuromuscular adaptations in response to the training includ-

▶Table 2  Change in maximal strength and peak physiological values for TG and CG.

Variables TG (n = 9) cG (n = 7) p, pre-post test Interaction (time × group)

Maximal arm push [Nm] Pre 46.0 ± 10.6 51.1 ± 25.7 0.35 F = 1.08, p = 0.32
Post 47.6 ± 16.0 41.3 ± 14.5

Maximal arm pull [Nm] Pre 54.1 ± 22.3 76.8 ± 38.8 0.08 F = 1.89, p = 0.19

Post 47.7 ± 12.7 47.2 ± 9.6 * 

V̇O2peak [ml∙min − 1] Pre 2068 ± 228 2028 ± 321 0.55 F = 0.53, p = 0.23

Post 2085 ± 207 1962 ± 334

V̇O2peak [ml∙kg − 1∙min − 1] Pre 28.1 ± 3.8 27.5  ± 5.2 0.71 F = 0.79, p = 0.14

Post 28.4 ± 3.9 26.3 ± 6.3

V̇OEpeak [l∙min − 1] Pre 82.9 ± 12.3 79.9 ± 12.3 0.32 F = 1.12, p = 0.75

Post 82.8 ± 15.8 72.3 ± 18.1

RERpeak Pre 1.1 ± 0.1 1.1 ± 0.1 0.98 F < 0.01, p = 0.75

Post 1.1 ± 0.1 1.1 ± 0.0

HRpeak [bpm] Pre 174.5 ± 7.9 165.7 ± 17.0 0.77 F = 0.32, p = 0.70

Post 167.3 ± 12.3 156.0 ± 26.7

POpeak [W] Pre 97.1 ± 9.7 99.2 ± 18.1 0.51 F = 15.3, p < 0.01

Post 105.4 ± 10.8 95.8 ± 18.4

TTE [min] Pre 17.7 ± 1.7 18.1 ± 3.0 0.38 F = 22.9, p < 0.01

Post 19.6 ± 1.9 * 17.4 ± 3.7

RPEl Pre 10.0 ± 0.0 9.6 ± 0.7 0.64 F = 0.02, p = 0.35

Post 9.9 ± 0.3 9.8 ± 0.5

RPEc Pre 17.2 ± 1.5 17.1 ± 1.8 0.92 F  = 0.27, p = 0.85

Post 17.1 ± 2.2 16.9 ± 2.0

RPEo Pre 18.2 ± 1.9 18.1 ± 1.6 0.72 F = 0.84, p = 0.74

Post 18.0 ± 1.7 17.6 ± 1.2

RPEl lowest maximal stage Pre 10.0 ± 0.0 9.7 ±  0.5 0.01# F = 4.90, p = 0.04

Post 9.1 ± 0.8 * 9.7 ± 0.5

Values shown are mean ± SD. No significant differences were found in baseline values between groups.  * Significantly different from pre-test 
(p < 0.05). #Significant interaction of group * time (p < 0.05). RPEl = local rate of perceived exertion; RPEc = central rate of perceived exertion; 
RPEo = overall rate of perceived exertion.
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ing increased activity of anaerobic enzymes and intracellular gly-
cogen, improved excitation-contraction coupling and recruitment 
patterns of the activated motor units, improved firing characteris-
tics and/or enhance shortening cycles of the muscular system [39] 
as well as shift from type IIx muscle fibers to type IIa muscle fibers, 
which are less fatigable and have a higher power output [45–47]. 
The improvement in muscular strength found in this study thus 
lead to a potentially enhanced anaerobic capacity as evident in the 
improvement in POpeak and may have induced improvement in 
movement coordination of the trained muscles, which may in turn 
have influenced the improvement in TTE. Consequently, larger dis-
tances can be covered and at higher speeds [7, 8] owing to im-
proved handcycling performance.

Although there was an improvement in strength based on 1RM, 
no significant improvement was found for isokinetic strength. The 
difference in outcome may be accounted for by the differences in 
the two assessments and physiological adaptations. The physio-
logical adaptations to training are specific to the muscle actions in-
volved, muscles trained, range of motion of the movement, and 
the energy systems utilized [23, 24, 48]. In this context, 1RM con-
centrated on those movements similar to those implemented in 

the training program, whereas the isokinetic test could involve a 
completely different movement, including different muscle com-
binations and efforts. Furthermore, whereas a predetermined load 
and fixed high muscle contraction speed (240–300 s − 1) were used 
in the isokinetic strength testing, self-determined exertion force 
and relatively low controlled self-determined muscle contraction 
speeds (60–90 s − 1) were used in 1RM [48]. 1RM is useful for evalu-
ating functional performance, whereas isokinetic tests are useful 
for evaluating specific muscle function and activation [48]. Since 
the current study evaluated the effect of resistance training on 
functional performance in the context of handcycling, the 1RM as-
sessment is considered to be more meaningful [48]. The current 
study has no control measurement for 1RM, and thus only within-
group comparisons were done.

The results of this study are promising for the use of standard 
gym equipment to improve handcycling performance, particular-
ly for the early phase of rehabilitation in persons who might have 
difficulty accessing specialized handcycle or arm crank equipment, 
because the study design improved POpeak, TTE, and muscle 
strength. Resistance training can provide increased work capacity 
as a result of greater levels of cardiorespiratory stress as a result of 

▶Table 3  Changes in submaximal physiological performance for TG (n = 9) and CG (n = 8).

1st stage 2nd stage 3rd stage p, pre- 
post test

p, group ×  
timecG TG cG TG cG TG

PO [W] 0.93 0.13

Pre 18.5 ± 0.4 18.4 ± 0.6 29.4 ± 0.9 30.3 ± 0.9 40.8 ± 1.5 41.3 ± 1.1

Post 18.8 ± 1.2 18.3 ± 1.1 29.8 ± 0.8 29.7 ± 1.5 41.5 ± 1.1 40.7 ± 1.8

V̇O2 [ml/min] 0.66 0.43

Pre 685.6 ± 96.4 692.5 ± 90.9 786.7 ± 76.6 837.4 ± 128.7 997.2 ± 125.7 977.2 ± 118.3

Post 692.0 ± 64.8 687.9 ± 74.0 825.7 ± 98.9 802.0 ± 81.8 972.6 ± 88.7 943.3 ± 79.1

V̇E [l/min] 0.12 0.70

Pre 17.2 ± 1.7 17.8 ± 3.7 19.6 ± 1.6 21.0 ± 3.8 24.8 ± 3.0 25.3 ± 3.9

Post 18.4 ± 2.0 18.8 ± 2.2 21.6 ± 2.0 21.7 ± 2.6 25.0 ± 2.2 25.8 ± 2.3

Hr [bpm] 0.26 0.66

Pre 86.5 ± 14.2 90.2 ± 9.3 92.8 ± 13.2 94.4 ±  7.8 99.2 ± 17.1 103.2 ± 9.5

Post 85.7 ± 15.4 85.7 ± 9.9 89.9 ± 13.2 92.5 ± 9.1 98.0 ± 12.6 99.4 ± 12.0

rEr 0.001 * 0.55

Pre 0.80 ± 0 0.78 ± 0 0.84 ± 0 0.82 ± 0 0.88 ± 0 0.88 ± 0

Post 0.85 ± 0 0.84 ± 0 0.87 ± 0 0.86 ± 0 0.89 ± 0 0.90 ± 0

GE [ %] 0.92 0.95

Pre 8.2 ± 1.1 8.2 ± 1.2 11.2 ± 1.0 11.0 ± 1.5 12.2 ± 1.3 12.6 ± 1.6

Post 8.1 ± 0.5 8.0 ± 1.0 10.8 ± 1.3 11.0 ± 1.1 12.6 ± 1.1 12.7 ± 1.4

rPEl  < 0.01 * 0.11

Pre 1.9 ± 0.8 1.8 ± 1.1 2.9 ± 1.0 2.3 ± 0.7 3.5 ± 1.6 3.9 ± 1.2

Post 1.4 ± 0.5 1.3 ± 0.5 2.4 ± 0.7 2.0 ± 0.7 3.5 ± 1.3 3.1 ± 1.1

rPEc  < 0.05 * 0.42

Pre 7.9 ± 1.4 7.9 ± 1.2 9.4 ± 1.6 9.0 ± 1.0 10.9 ± 2.0 11.0 ± 1.4

Post 7.3 ± 0.9 7.1 ± 1.1 8.6 ± 1.2 8.4 ± 1.6 10 ± 1.7 9.3 ± 1.4

rPEo

Pre 8.0 ± 1.5 8.2 ± 2.1 9.6 ± 1.9 9.3 ± 1.3 11.1 ± 1.7 11.1 ± 1.9  < 0.05 * 0.89

Post 7.4 ± 1.9 7.7 ± 1.0 8.5 ± 1.1 8.8 ± 1.4 10.1 ± 2.0 10.0 ± 1.6

Values shown are mean ± SD. No significant differences were found in baseline values between groups.  * Significantly different from pre-test 
(p < 0.001). ^Significant interaction of group * time (p < 0.001).
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enhanced resistance to local muscle fatigue in addition to the ex-
pected enhancements of muscular strength and power [24].

The use of a homogeneous group of able-bodied men to repre-
sent individuals who are naive to wheelchair use to simulate the 
early rehabilitation phase of individuals new to a wheelchair allowed 
us to compare responses to resistance training in a controlled set-
ting, adding to data available required for establishing training pre-
scriptions for upper body exercise. Additionally, participants in this 
study had no prior experience in upper body exercise and wheel-
chair propulsion, which is comparable to wheelchair-dependent 
persons in early rehabilitation and with relatively short duration 
wheelchair experience [49]. Based on the results of the current 
study, it is therefore expected that resistance training can alter the 
handcycling performance in novice wheelchair dependent persons. 
However, it is important to evaluate how data collected in able-
bodied participants compares with people with different disabili-
ties such as people with spinal cord injury. How these data might 
influence adaptations to resistance training are to be assessed in 
future research. Furthermore, overuse injuries and pain at the 
shoulders, elbows and wrists are common due to demands of 
wheelchair propulsion and weight-bearing required for transfers in 
wheelchair users, posing further limitations on their already re-
stricted lifestyle [4, 5, 50]. Development of interventions to pre-
vent as well as treat shoulder pain is therefore of paramount im-
portance. Future studies investigating the safety and effectiveness 
of resistance training in this context of these overuse injuries as-
sessed as local perceived discomfort or pain are needed to help 
evaluate the long-term adherence to and adoptability of training.

Conclusion
This study provides input for the design of evidence-based upper-
body resistance training programs that are applicable to people 
who are interested in improving upper body performance, e. g., 
novice wheelchair users. In the current intervention, 7 weeks of 
upper body resistance training improved muscle strength (12.28–
38.98 %), peak power output (8.55 %), time to exhaustion (10.73 %), 
and rate of perceived exertion at the lowest maximal stage (8.17 %). 
For individuals who are new to wheelchair use, however, the inter-
vention did not translate into improved cardiorespiratory param-
eters. Although previous handcycling training programs demon-
strated greater improvements in handcycling performance, in the 
absence of the specialized handcycle or arm crank to train, gym-
based programs could be of interest. Based on the current findings, 
resistance training can improve handcycling performance. Reha-
bilitation professionals should consider resistance training during 
rehabilitation to improve handcycling performance.

Acknowledgements
The authors thank the study participants, Winnie Timans, Ewout 
Jaspers, Marco Konings, Jay Collison, Max Warren, Charlie Sam-
mons, Double Performance and staff of the biomechanics lab of 
the University of Essex for their contribution to the study.

Conflict of Interest

The authors declare that they no conflict of interest.

References

[1] World Health Organization. World Report on Disability. Global 
estimates of disability prevalence. 2011. http://www.who.int/
disabilities/world_report/2011/en/index.html . Accessed April 25, 
2013

[2] World Health Organization,  Regional Office for South-East Asia. Fact 
Sheet on Wheelchairs. WHO Regional Office for South-East Asia. 2010; 
https://apps.who.int/iris/handle/10665/205041. Accessed on June 9, 
2020

[3] Van der Woude LHV, De Groot S, Janssen TWJ. Manual wheelchairs: 
research and innovation in rehabilitation, sports, daily life and health. 
Med Eng Phys 2006; 28: 905–915

[4] Van der Woude LHV, Groot S. Wheelchair propulsion: A straining form 
of ambulation. Indian J Med Res 2005; 121: 719–722

[5] Van Drongelen S, De Groot S, Veeger HE et al. Upper extremity muscu-
loskeletal pain during and after rehabilitation in wheelchair-using 
persons with a spinal cord injury. Spinal Cord 2006; 44: 152–159

[6] Arnet U, Van Drongelen S, Scheel-Sailer A et al. Shoulder load during 
synchronous handcycling and handrim wheelchair propulsion in 
persons with paraplegia. J Rehabil Med 2012; 44: 222–228

[7] Abel T, Schneider S, Platen P et al. Performance diagnostics in handbik-
ing during competition. Spinal Cord 2006; 44: 211–216

[8] Mukherjee G, Samanta A. Physiological response to the ambulatory 
performance of hand-rim and arm-crank propulsion systems. J Rehabil 
Res Dev 2001; 38: 391–399

[9] Kraaijenbrink C, Vegter RJ, Hensen AH et al. Biomechanical and 
physiological differences between synchronous and asynchronous low 
intensity handcycling during practice-based learning in able-bodied 
men. J Neuroeng Rehabil 2020; 17: 1–3

[10] Kouwijzer I, Valent L, Osterthun R et al. HandbikeBattle group. Peak 
power output in handcycling of individuals with a chronic spinal cord 
injury: Predictive modeling, validation and reference values. Disabil 
Rehabil 2020; 42: 400–409

[11] Haisma JA, van der Woude LH Stam et al. Physical capacity in 
wheelchair-dependent persons with a spinal cord injury: A critical 
review of the literature. Spinal Cord 2006; 44: 642–652

[12] Valent L, Dallmeijer A, Houdijk H et al. The effects of upper body 
exercise on the physical capacity of people with a spinal cord injury: A 
systematic review. Clin Rehabil 2007; 21: 315–330

[13] Abonie US, Monden P, van der Woude LHV et al. Effect of a 7-week low 
intensity synchronous handcycling training program on physical 
capacity in able-bodied women. J Sports Sci 2021; 39: 1472–1480  

[14] Zoeller RR, Riechman SE Dabayebeh et al. Relation between muscular 
strength and cardiorespiratory fitness in people with thoracic-level 
paraplegia. Arch Phys Med Rehabil 2005; 86: 1441–1446

[15] Glaser RM. Arm exercise training for wheelchair users. Med Sci Sports 
Exerc 1989; 21: 149–157

[16] Hettinga FJ, Hoogwerf M, van der Woude LH. Handcycling: Training 
effects of a specific dose of upper body endurance training in females. 
Eur J Appl Physiol 2016; 116: 1387–1394

[17] Hettinga FJ, de Groot S, van Dijk F et al. Physical strain of handcycling: 
an evaluation using training guidelines for a healthy lifestyle as defined 
by the American College of Sports Medicine. J Spinal Cord Med 2013; 
36: 376–382

D
ow

nl
oa

de
d 

by
: R

ijk
su

ni
ve

rs
ite

it 
G

ro
ni

ng
en

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.



Abonie U S et al. Effects of 7-week Resistance … Int J Sports Med | © 2021. Thieme. All rights reserved.

[18] Chaikhot D, Reed K, Petroongrad W et al. Effects of an upper-body 
training program involving resistance exercise and high-intensity arm 
cranking on peak handcycling performance and wheelchair propulsion 
efficiency in able-bodied men. J Strength Cond Res 2020; 34: 
2267–2275

[19] Schoenmakers P, Reed K, Van Der Woude L et al. High intensity 
interval training in handcycling: the effects of a 7 week training 
intervention in able-bodied men. Front Physiol 2016; 7: 638

[20] Cooney MM, Walker JB. Hydraulic resistance exercise benefits 
cardiovascular fitness of spinal cord injured. Med Sci Sports Exerc 
1986; 18: 522–525

[21] Davis GM, Shephard RJ. Strength training for wheelchair users. Br J 
Sports Med 1990; 24: 25–30

[22] Nilsson S, Staff PH, Pruett ED. Physical work capacity and the effect of 
training on subjects with long-standing paraplegia. Scand J Rehabil 
Med 1975; 7: 51–56

[23] Jacobs PL, Nash MS, Rusinowski JW. Circuit training provides 
cardiorespiratory and strength benefits in persons with paraplegia. 
Med Sci Sports Exerc 2001; 33: 711–717

[24] Jacobs PL. Effects of resistance and endurance training in persons with 
paraplegia. Med Sci Sports Exerc 2009; 41: 992–997

[25] American College of Sports Medicine.  ACSM’s Guidelines for Exercise 
Testing and Prescription. 9th ed. Philadephia, PA: Lippincot Williams 
and Wilkins; 2013

[26] Quittmann OJ, Abel T, Albracht K et al. Biomechanics of handcycling 
propulsion in a 30-min continuous load test at lactate threshold: 
Kinetics, kinematics, and muscular activity in able-bodied participants. 
Eur J Appl Physiol 2020; 120: 1403–1415

[27] Quittmann OJ, Abel T, Albracht K et al. Reliability of muscular 
activation patterns and their alterations during incremental 
handcycling in able-bodied participants. Sport Biomech 2021; 20: 
603–618

[28] Cardinal BJ, Esters J, Cardinal MK. Evaluation of the revised Physical 
Activity Readiness Questionnaire in older adults. Med Sci Sports Exerc 
1996; 28: 468–472

[29] Harriss DJ, Macsween A, Atkinson G. Ethical standards in sport and 
exercise science research: 2020 update. Int J Sports Med 2019; 40: 
813–817

[30] Hass CJ, Feigenbaum MS, Franklin BA. Prescription of resistance 
training for healthy populations. Sports Med 2001; 31: 953–964

[31] American College of Sports Medicine.  American College of Sports 
Medicine position stand. Progression models in resistance training for 
healthy adults. Med Sci Sports Exerc 2009; 41: 687–700

[32] Bafghi HA, de Haan A, Horstman A et al. Biophysical aspects of 
submaximal hand cycling. Int J Sports Med 2008; 29: 630–638

[33] Levinger I, Goodman C, Hare DL et al. The reliability of the 1RM 
strength test for untrained middle-aged individuals. J Sci Med Sports 
2009; 12: 310–316

[34] Gardner AS, Stephens S, Martin DT et al. Accuracy of SRM and power 
tap power monitoring systems for bicycling. Med Sci Sports Exerc 
2004; 36: 1252–1258

[35] Van der Woude LHV, van Croonenborg JJ, Wolff I et al. Physical work 
capacity after 7 weeks of wheelchair training: Effect of intensity in 
able-bodied subjects. Med Sci Sports Exerc 1999; 31: 331–341

[36] Dallmeijer AJ, Zentgraaff ID, Zijp NI et al. Submaximal physical strain 
and peak performance in handcycling versus handrim wheelchair 
propulsion. Spinal Cord 2004; 42: 91–98

[37] Borg GAV. Psychophysical bases of perceived exertion. Med Sci Sports 
Exerc 1982; 14: 377–381

[38] Noble BJ, Robertson RJ. Perceived Exertion. Champaign, IL: Human 
Kinetics; 1996

[39] De Groot S, De Bruin M, Noomen SP et al. Mechanical efficiency and 
propulsion technique after 7 weeks of low-intensity wheelchair 
training. Clin Biomech 2008; 23: 434–441

[40] Garby L, Astrup A. The relationship between the respiratory quotient 
and the energy equivalent of oxygen during simultaneous glucose and 
lipid oxidation and lipogenesis. Acta Physiol Scand 1987; 129: 
443–444

[41] Nevin J, Smith P, Waldron M et al. Efficacy of an 8-week concurrent 
strength and endurance training program on hand cycling perfor-
mance. J Strength Cond Res 2018; 32: 1861–1868

[42] Hicks AL, Martin KA, Ditor DS et al. Long-term exercise training in 
persons with spinal cord injury: effects on strength, arm ergometry 
performance and psychological well-being. Spinal Cord 2003; 41: 
34–43

[43] Kraemer WJ, Descchenes MR, Fleck SJ. Physiological adaptations to 
resistance exercise: Implications for athletic conditioning. Sports Med 
1988; 6: 246–256

[44] Gettman LR, Pollack ML. Circuit weight training: A critical review of its 
physiological benefits. Phys Sportsmed 1981; 9: 44–60

[45] Schantz P, Randall-Fox E, Hutchison W et al. Muscle fibre type 
distribution, muscle cross-sectional area and maximal voluntary 
strength in humans. Acta Physiol Scand 1983; 117: 219–226

[46] Hakkinen K, Newton RU, Gordon SE et al. Changes in muscle 
morphology, electromyographic activity, and force production 
characteristics during progressive strength training in young and older 
men. J Gerontol A Biol Sci Med Sci 1998; 53: 415–423

[47] Abe T, DeHoyos DV, Pollock ML et al. Time course for strength and 
muscle thickness changes following upper and lower body resistance 
training in men and women. Eur J Appl Physiol 2000; 81: 174–180

[48] Söderman K, Lindström B. The relevance of using isokinetic measures 
to evaluate strength. Adv Physiother 2010; 12: 194–200

[49] van der Woude LH, de Groot G, Hollander AP et al. Wheelchair 
ergonomics and physiological testing of prototypes. Ergonomics 1986; 
29: 1561–1573

[50] Thompson E, Snodgrass S, Osmotherly P. Injuries, practices and 
perceptions of wheelchair sports participants. Physiotherapy 2015; 
101: 1515–1516

D
ow

nl
oa

de
d 

by
: R

ijk
su

ni
ve

rs
ite

it 
G

ro
ni

ng
en

. C
op

yr
ig

ht
ed

 m
at

er
ia

l.


