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The aim of this narrative review is to provide insight as to the history, biomechanics, and physiological characteristics of
competitive handcycling. Furthermore, based upon the limited evidence available, this paper aims to provide practical training
suggestions by which to develop competitive handcycling performance. Handbike configuration, individual physiological
characteristics, and training history all play a significant role in determining competitive handcycling performance. Optimal
handcycling technique is highly dependent upon handbike configuration. As such, seat positioning, crank height, crank fore-aft
position, crank length, and handgrip position must all be individually configured. In regard to physiological determinants, power
output at a fixed blood lactate concentration of 4 mmol·L−1, relative oxygen consumption, peak aerobic power output, relative
upper body strength, and maximal anaerobic power output have all been demonstrated to impact upon handcycling performance
capabilities. Therefore, it is suggested that that an emphasis be placed upon the development and frequent monitoring of these
parameters. Finally, linked to handcycling training, it is suggested that handcyclists should consider adopting a concurrent
strength and endurance training approach, based upon a block periodization model that employs a mixture of endurance,
threshold, interval, and strength training sessions. Despite our findings, it is clear that several gaps in our scientific knowledge of
handcycling remain and that further research is necessary in order to improve our understanding of factors that determine optimal
performance of competitive handcyclists. Finally, further longitudinal research is required across all classifications to study the
effects of different training programs upon handcycling performance.
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Handcycling is a dynamic and liberating form of Paracycling
used by individuals who are unable to ride a conventional road bike
or tricycle due to either a spinal cord injury (SCI) or lower-
extremity physical impairment(s).1 In addition to being used in
both clinical and recreational settings, handcycling is an estab-
lished Paralympic sport. Over the past 2 decades, changes in rules
and regulations have resulted in considerable advancements in
handcycling performance with athletes, coaches, and scientists
alike continuing to explore ways by which to bring about further
improvements. Many interrelated themes of work exist, which
necessitates a holistic, interdisciplinary approach. Therefore, the
aim of this review is to summarize the latest peer-reviewed research
in the field of competitive handcycling and make evidence-based
recommendations by which to improve handcycling performance.

Our collective understanding of the determinants of handcy-
cling performance continues to improve. It is clear that equipment
design and the interaction of an athlete with their handbike are of
paramount importance and, in this respect, the area of ergonomics
is advancing. Furthermore, our understanding as to the physiologi-
cal determinants of handcycling performance has improved.
Finally, several recent studies have demonstrated the effectiveness
of various training strategies. While we have adopted a systematic
approach to the subsection structure of this review, it is important to
identify the need for ecologically valid research, where researchers

adopt a multidimensional approach in conjunction with interna-
tionally classified and experienced competitors. It is likely that
collaboration between international research groups will achieve
this realistic ambition.

History/Classification
The first mention of a functional handbike dates back to 1655 when
a paraplegic German watchmaker, Stephan Farfler, invented the
“manumotive carriage.” Handbike design evolved considerably
during the 19th and 20th centuries, with disabled individuals
employing asynchronous handcycling for the purpose of transpor-
tation.2 In the early 1980s, a group of enthusiasts in the United
States developed the first fixed-frame handbike. The advent of solid
frame designs permitted a recumbent, long seat position, with legs
outstretched in front of individuals who adopted a synchronous
crank configuration.

Since that time, handcycling has evolved as a sport and was
first included at the ParacyclingWorld Championships in 1998 and
then at the 2004 Athens Paralympic Games. The first Paralympic
handcycling events consisted of a time trial (TT) and a road race
(RR) for male athletes classified in 2 divisions: tetraplegic (men’s
handcycling [MHC] A) and paraplegic (MHC B/C) with a correc-
tion factor applied to athletes in theMHCB/C division. However, it
was not until the 2008 Beijing Paralympic Games that females first
competed at the Paralympics, with 13 female athletes competing in
all divisions (women’s handcycling [WHC] A, B, and C). As a
member of the Paracycling family, the Union Cycliste Internatio-
nale (UCI) govern handcycling. The UCI and the International
Paralympic Committee introduced a formal, functional classifica-
tion system in 2008. This decision extended the number of
competitive divisions from 3 (HCA, HCB, and HCC) to 4 (H1,
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H2, H3, and H4) in 2012, and then 5 in 2016 (H1, H2, H3, H4,
and H5).

Athletes in H1 have the most profound functional impair-
ments; whereas, H5 athletes are least impaired and have the greatest
physical function. Initially, the UCI and International Paralympic
Committee established guidelines for competitive handcycling
classes according to the level and severity of the SCI. As such,
H1 athletes demonstrate impairments comparable with a complete
C6 lesion or above, while H2 athletes demonstrate impairments
equivalent to a complete C7/C8 lesion. H3 athletes typically
demonstrate impairments comparable with a complete thoracic
(T×) SCI at T×10 or above, while H4 athletes demonstrate im-
pairments equivalent to a complete T×11 lesion or below. Finally,
H5 athletes have impairments comparable with a complete T×11
lesion or below.3 Athletes with H1 to H4 classifications compete in
a recumbent position and employ an arm-powered technique. In
contrast, athletes in the H5 class adopt a kneeling position and
utilize an arm–trunk powered technique.4

Weissland and Leprêtre,5 published findings based on male
and female H1 to H4 results, drawing comparisons between TT
performances from the London 2012 Paralympic Games. The
authors concluded that H1 athletes had a disadvantage based on
reduced arm strength, respiratory function, and peak heart rate
(HR) caused by impaired or absent supraspinal, sympathoadrenal
control. However, it is important to note that acute physiological
responses (eg, peak HR) and their potential impact upon perfor-
mance are not considered in the present classification system which
may prove either dis/advantageous to an athlete and their compe-
titors. Muchaxo et al5 explored whether Paracycling classes truly
represent different levels of function and sporting performance.
Based on 1807 TT results of 353 elite handcyclists, the authors
found a significant difference in performance between H1 and H2,
and between H2 and H3 classes. The difference between H3 and
H4 classes was significant, but with a small effect size. It has been
stated that the difference in classification between H3 and H4
classes principally relates to discrepancies in trunk function.3

However, Muchaxo et al,6 recently investigated the impact of
trunk function in the context of handcycling performance in H3
and H4 athletes and demonstrated no significant associations
between trunk flexion strength and handcycling performance
capabilities. These findings suggest that trunk flexion strength
may play a limited role in determining handcycling performance;
however, further research is required to clarify the full impact of

trunk function and to justify the role of trunk function in handcy-
cling classification.

Biomechanics of Handcycling
Biomechanical aspects of handcycling propulsion can be charac-
terized by crank kinetics, joint kinematics, and muscular activity,
all of which demonstrate a mutual interdependence. Muscular
activation generates the forces and moments of the upper limbs,
which result in cyclic joint kinematics of the shoulder and elbow.
The cyclical flexion and extension of the elbow and shoulder
generate the propulsive torque applied to the handgrips. The torque
profile in handcycling demonstrates 2 distinct maxima and minima,
which allow for dividing propulsion into a push and pull phase
(Figure 1),7–9 The highest torques are generated during the middle
of the push and pull phase in which the arm flexors and extensors
are in a favorable position to generate force.10,11 However, the
turnover phases, furthest reach, and closest reach, have been
demonstrated to be less favorable positions to generate force.12

Whereas able-bodied participants demonstrate an increasing
shift toward pull phase propulsion,9,13–15 trained recumbent hand-
cyclists tend to apply the majority of force during the push phase of
the propulsion cycle.7 Given the fact that the classification of
trained handcyclists has been found to impact upon their ability
to apply force throughout the crank cycle, it appears that H1
classified handcyclists with a SCI at C6 or above mainly apply
force during the pull phase with nearly no force applied during the
push phase. Conversely, handcyclists with a spinal lesion at or
below C7 (H2–H4) apply force more equally across the push and
pull phases, which has been suggested to improve movement
efficiency.9 Hence, differences in torque profiles are likely to be
due to differences in individual technique, training status, and
strength characteristics.

Elbow and shoulder flexion and extension are the primary
kinematics driving handcycling propulsion.9,10,13,16,17 In recum-
bent handcycling, peak elbow extension and shoulder adduction
occur at furthest reach, as the arms are maximally extended, while
peak elbow flexion and shoulder abduction occur at closest reach,
as the arm is maximally flexed, and the handgrips are closest to the
shoulders (Figure 1).10,14,17,18 Peak shoulder flexion and extension
occurs when the handgrips are vertically in their highest and lowest
position.16 Kinematic investigations have also investigated the

Figure 1 — Handbike configuration variables.
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motion of the thorax, scapular, and wrist.7,16 Shoulder internal and
external rotation, thorax, scapular, and wrist kinematics do not
follow a smooth parabolic pattern.10,13–15,19 Indeed, when com-
pared with novice able-bodied riders, trained handcyclists demon-
strate less shoulder internal rotation suggesting that there may be
technical differences between users of different skill levels, inde-
pendent of handbike configuration.13–15

In terms of muscle activation, the pull phase of the propulsion
cycle is initiated by the posterior part of the shoulder muscle
(M. deltoideus, pars spinalis). Around the foremost position, the
elbow flexors (M. biceps brachii) start their activation to increase
crank torque. At the lowest crank position, the anterior part of the
shoulder muscle (M. deltoideus, pars clavicularis) is activated to
lift the handgrips upward.8,10,15 The second half of the pull-up is
then initiated by activation of the chest muscle (M. pectoralis
major) which is supported by the elbow extensors (M. triceps
brachii) which are activated shortly afterward. The period of co-
contraction between elbow flexors and extensors and the anterior
and posterior parts of the M. deltoideus lasts approximately 15° to
20°, respectively.8,10,15 In summary, the M. deltoideus initiates and
mediates the different phases of the crank cycle while the large
upper body muscle groups are used to generate propulsive forces.

Handbike Configuration
The configuration of a handbike is complex as numerous compo-
nents can be manipulated in line with UCI regulations (Figure 2). In
recent years, several studies have investigated the configuration of
the recumbent handbike and how it affects performance. These
studies have suggested that crank axis, determined by the crank
fore-aft position and crank height, and the trajectories of the
handgrips, determined, by the crank length and handgrip angle
may have a significant impact on handcycling technique.7,9,16,18,20

Elite handcyclists understand the importance of handbike configu-
ration on technique and performance, yet large differences exist
between individuals, due to personal preference and a trial-and-
error approach employed by many handcyclists.

Positioning of the crank arms to a horizontal fore-aft position
of between 97% and 100% of recumbent handcyclists’ arm length
has been identified as being the most efficient configuration for the
musculature of the upper limb to produce force economically.16

The influence of crank length has also been investigated in highly
trained recumbent handcyclists. Manipulating crank length is an

interesting phenomenon, as both cadence and handgrip speed are
concurrently affected by changes in crank length. It has been
proposed shorter crank length (150 or 160 mm) may be more
economical at a higher cadence (>90 rpm), while longer crank
length (170 or 180 mm) may be more economical at a lower
cadence (<90 rpm).17 However, Mason et al,7 studied the effects of
varying crank lengths between 150 and 180 mm at a constant
handgrip speed and identified no differences in handcycling econ-
omy (in milliliters per minute per Watt) suggesting that handcy-
clists should adopt a crank length of between 150 and 180 mm
dependent upon personal preference. Finally, considering handgrip
position, Krämer et al,20 demonstrated that a pronated handgrip
angle of +30° may be the optimal position from which to gener-
ate power.

Physiology of Handcycling
In recent years, handcycling research has generated a considerable
amount of information linked to physiological characteristics of
participants in laboratory settings. Heterogeneity of participants
and variations in study designs has resulted in a broad range of
reference values, making interstudy comparison and interpretation
difficult. Other factors, such as disability, classification, sex, age,
and protocol type add layers to what is an already complex picture.
Finally, one must also consider the general development of an
athlete’s performance capabilities over numerous competitive sea-
sons, which requires a longitudinal, multifactorial perspective.

Peak oxygen uptake (VO2peak) and peak aerobic power
(POpeak) have been demonstrated to be significant determinants
of performance in both able-bodied and recreational handcyclists.21

Table 1 summarizes absolute and relative values of aerobic param-
eters of trained competitive handcyclists. While a considerable
body of evidence exists for H3, H4, and H5 classified handcyclists,
limited research has been conducted with H1 or H2 classified
riders. Indeed, only 2 studies have reported the aerobic parameters
for H1 and H2 athletes. Flueck et al30 reported an average value of
absolute and relative POpeak for a trained H1 (tetraplegic) athlete
of 98 W and 1.3 W·kg−1, respectively with an associated value of
VO2peak of 1.3 L·min−1 or 17.3 mL·kg−1·min−1. Furthermore,
Meyer et al23 reported a VO2peak of 1.2 L·min−1 for a trained H1
athlete with a tetraplegia. In contrast to aerobic capacity, fewer
reports of maximal anaerobic capacity exist. Although information
relating to handcycle-specific sprint tests with able-bodied

Figure 2 — Handcyling propulsion cycle.

Handcycling Performance 3

(Ahead of Print)
Unauthenticated | Downloaded 02/07/22 11:22 AM UTC



T
ab

le
1

S
tu
d
ie
s
A
ss

es
si
n
g
A
er
o
b
ic

C
ap

ac
it
y
W
it
h
S
p
ec

ifi
ca

lly
T
ra
in
ed

,
C
o
m
p
et
it
iv
e
H
an

d
cy

cl
is
ts

S
tu
d
y

S
et
u
p

P
ro
to
co

l
C
la
ss

if
ic
at
io
n

(n
)

S
ex

T
ra
in
in
g
,

h
·w

k−
1

V
O

2
p
ea

k,
L
·m

in
−
1

V
O

2
p
ea

k,
m
L
·k
g
−
1
·m

in
−
1

P
O

p
e
a
k
,

W
P
O

p
e
a
k
,

W
·k
g
−
1

V
O

2
at

V
T
1,

m
L
·k
g
−
1
·m

in
−
1

V
O

2
at

V
T
2,

m
L
·k
g
−
1
·m

in
−
1

P
O

at
V
T
1,

W
P
O

at
V
T
2,

W

K
ne
ch
tle

et
al
2
2

T
re
ad
m
ill

10
km

·h
−
1
+
2
km

·h
−
1
pe
r
3
m
in

H
3−

H
4
(8
)

M
al
e

N
ot

re
po
rt
ed

2.
6
(0
.3
)

37
.5

(7
.8
)

—
—

—
—

—
—

M
ey
er

et
al
2
3

T
ur
bo

tr
ai
ne
r

S
ta
ge

12
.8

km
·h
−
1
+
1.
6
km

·h
−
1

H
1
(1
)

M
al
e

>
15

1.
2

18
.4

—
—

—
—

—
—

A
be
l

et
al
2
4

C
yc
lu
s2

R
am

p
P
O
at
2
m
m
ol
+
15

W
/1
5
s

H
3
(1
)

M
al
e

N
ot

re
po
rt
ed

42
.3

24
0

—
—

—
—

—

L
ov
el
l

et
al
2
5

A
C
E

R
am

p
60

W
+
12

W
·m

in
−
1

H
3−

H
4
(1
0)

M
al
e

6
(1
.5
)

se
ss
io
ns

3.
2
(0
.4
)

40
.4

(5
.5
)

21
0
(2
2)

—
2.
3
(0
.3
)

L
·m

in
−
1

—
—

—

F
is
ch
er

et
al
2
6

A
C
E

R
am

p
50

W
+
15

W
·m

in
−
1

H
3
(7
)

M
al
e

7.
7

(2
.6
)

2.
3

(0
.5
)

33
.6

(7
.0
6)

17
8

(3
4)

—
28
.0

(6
.7
)

31
.4

(6
.5
)

13
7

(2
6)

16
2

(2
5)

Z
el
le
r

et
al
2
7

C
yc
lu
s
2

S
ta
ge

20
W

+
20

W
pe
r
5
m
in

H
5
(1
)

F
em

al
e

9.
6
(4
.8
)

22
0

3.
23

—
—

—
18
1
at

4
m
m
ol

G
ra
ha
m
-

P
au
ls
on

et
al
2
8

N
ot

re
po
rt
ed

N
ot

re
po
rt
ed

P
ar
at
ri
at
hl
et
e
(1
)

M
al
e

N
ot

re
po
rt
ed

3.
5

44
.9

—
—

—
—

—

N
ev
in

et
al
2
9

T
ur
bo

T
ra
in
er

R
am

p
50

W
+
15

W
pe
r
3
m
in

H
3−

H
4
(1
0)

M
al
e

>
5

41
(1
6.
4)

17
0

(2
8.
4)

—
—

—
—

—

F
lu
ec
k

et
al
3
0

C
yc
lu
s2

R
am

p
20

W
+
10

W
·m

in
−
1

H
1
(1
),
H
2
(1
),
H
3

(3
),
H
4
(2
),
H
5
(1
)

M
al
e

11 (4
)

2.
5

(0
.7
)

38
.6

(1
0.
5)

17
8

(4
4)

2.
79

(0
.7
1)

—
—

—
—

S
ta
ng
ie
r

et
al
3
1

C
yc
lu
s
2

S
ta
ge

20
W

+
20

W
pe
r
5
m
in

H
3−

H
4
(1
2)

M
al
e

N
ot

re
po
rt
ed

40
.5

(6
.2
)

19
2
(2
9)

—
—

32
.2

(6
.3
)
at

4
m
m
ol

—
14
9
(3
4)

at
4
m
m
ol

S
to
ne

et
al
1
6

C
yc
lu
s
2

M
al
e:

50
W

+
20

W
·m

in
−
1

F
em

al
e:

40
W

+
15

W
·m

in
−
1

H
3
(6
),
H
4
(9
)

M
al
e
(1
3)
,

F
em

al
e

(2
)

7
(3
)

20
7
(4
2)

—
—

—
—

—

S
to
ne

et
al
1
7

C
yc
lu
s
2

S
ta
ge

P
O
at
A
eL

T
+
5
W

pe
r1

5
s

H
3
(5
),
H
4
(2
)

M
al
e

13
(2
)

3.
2
(0
.3
)

45
.0

(5
.8
)

24
7
(2
0)

—
—

—
98

(1
9)

at
A
eL

T

13
7
(1
5)

at
A
nT

S
to
ne

et
al
3
2

C
yc
lu
s
2

S
ta
ge

P
O
at
A
eL

T
+
5
W

pe
r1

5
s

H
3
(5
),
H
4
(6
)

M
al
e

7
(3
)

3.
3
(0
.4
)

47
.0

(6
.8
)

25
2
(1
9)

—
1.
5
(0
.1
)

L
·m

in
−
1
at

A
eL

T

2.
4
(0
.4
)

L
·m

in
−
1
at

4
m
m
ol

87
(1
3)

at
A
eL

T

15
4
(1
4)

at
4
m
m
ol

M
as
on

et
al
7

C
yc
lu
s
2

S
ta
ge

P
O
at
A
eL

T
+
5
W

pe
r1

5
s

(m
al
es
)o

r5
W

pe
r2

0
s
(f
em

al
es
)

H
3
(4
),
H
4
(5
)

M
al
e
(8
),

F
em

al
e

(1
)

9
(4
)

23
2
(4
4)

—
—

—
—

—

N
ev
in

an
d

S
m
ith

3
3

T
ur
bo

tr
ai
ne
r

R
am

p
40

W
+
20

W
pe
r
5
m
in

H
3−

H
4
(1
3)

M
al
e

>
5

2.
8

(0
.5
)

36
.8

(1
0)

16
0

(2
6.
7)

2.
2

(0
.7
)

—
—

—
—

A
bb
re
vi
at
io
ns
:
A
C
E
,
ar
m
-c
ra
nk

er
go
m
et
er
;
A
eL

T
,
ae
ro
bi
c
la
ct
at
e
th
re
sh
ol
d;

P
O
,
po
w
er

ou
tp
ut
;
P
O
p
ea
k
,
pe
ak

ae
ro
bi
c
po
w
er
;
V
O
2
pe
ak
,
pe
ak

ox
yg
en

up
ta
ke
;
V
T
,
ve
nt
ila
to
ry

th
re
sh
ol
d.

4 (Ahead of Print)
Unauthenticated | Downloaded 02/07/22 11:22 AM UTC



participants is available,8,13,24,27,34 research findings linked to sprint
performance in trained, competitive handcyclists is scarce. Table 2
summarizes sprint performance test results for both recreational36

and trained handcyclists.6,17,35

Ideally, any ecologically valid evaluation of handcycling
performance should represent the demands of either an individual
TT or a mass start RR. In this respect, one may view sterile,
laboratory-based testing as being somewhat less suitable compared
with field-based testing. A laboratory-based performance test
usually requires a participant to undertake a continuous, self-paced
effort to complete a set distance as quickly as possible. This allows
standardized conditions to be established; however, this is not what
is experienced during a typical race effort. During a TT or RR on an
undulating course, an athlete may potentially encounter challeng-
ing environmental conditions, sections with steep de/ascents and
other technical sections that require phases of de/acceleration.
Together, these factors would result in a more stochastic power
production profile, which may present a greater metabolic and
overall performance challenge.

A recent study assessed average velocities from 1807 TT
results from 2014 to 2018. Average velocity ranged from 13.0
to 26.1 km·h−1 (H1), 18.8 to 34.4 km·h−1 (H2), 26.2 to 38.7 km·h−1

(H3), 28.4 to 40.4 km·h−1 (H4), and 29.6 to 39.9 km·h−1 (H5),
respectively for male athletes. Average velocity for female athletes
was 15.6 to 27.0 km·h−1 (H2), 21.9 to 34.2 km·h−1 (H3), 23.3 to
33.8 km·h−1 (H4), and 26.9 to 37.5 km·h−1 (H5), respectively.5

Researchers have employed in/outdoor TTs to simulate competi-
tive events.26,28–30,32,33 During an outdoor 22-km TT, average
speeds of 29.3 to 30.4 km·h−1; VO2, 28.5 to 30.7 mL·kg−1·min−1

(82%−89% VO2peak); HR, 166 to 172 bpm; and respiratory
exchange ratio, 1.03 to 1.14, were reported in H3 athletes.26 Using
H1 to H5 participants, Flueck et al,30 demonstrated laboratory-
based 10 km TT times of 18.4 (4.1) minutes, average power output
(PO) of 142 (49) (∼80% POpeak), and average HR responses of 162
(27) bpm; however, information relating to performance differ-
ences between athlete classifications was not reported. A recent
study with H3/H4 athletes reported on a simulated 16-km TT.
During a self-paced effort, athletes attained average speeds ranging
from 31.4 to 34.3 km·h−1; PO, 152 to 190 W; and HR, 154 to 194

bpm. They cycled at 80% to 93% VO2peak, 87% to 98% HRpeak,
and 65% to 75% POpeak.32

The overarching question remains: which physiological
parameters should athletes and coaches target during training to
optimize competitive handcycling performance? Unsurprisingly,
POpeak (in Watts and Watts per kilogram) and VO2peak (in liters
per minute and milliliters per kilogram per minute) have been
shown to be highly associated with race performance in both
recreational,37 and trained handcyclists.25,26 Two recent studies
with trained handcyclists found no significant associations between
race performance and VO2peak.21,32 However, POpeak (in Watts),
relative POpeak (in Watts per kilogram), and PO at a fixed blood
lactate concentration of 4 mmol·L−1 (PO4) have been shown to be
highly associated with race performance.21,32 Indeed, PO4 was
shown to be the strongest predictor of performance in a simulated
16 km TT accounting for 59.3% of total variance.33 More recently,
Nevin and Smith,33 demonstrated very large correlations between
15-km TT velocity and measures of PO4, VO2peak (in milliliter per
kilogram per minute), POpeak (in Watts per kilogram), body mass,
and maximal anaerobic power. In the context of performance
determinants, recent findings have also pointed to the importance
of absolute and relative values of upper body strength.36 Even
though the number of scientific studies relating to handcycling has
increased in the last decade, it is critical to note that there are very
few studies involving athletes with high SCI. Equally important is
the fact that little if any information exists for female athletes,
which represents a clear gap in scientific knowledge that warrants
further exploration.

Handcycling Training
Several studies have demonstrated the effectiveness of handcycling
training in clinical rehabilitation settings.37–39 Furthermore, a
number of studies have shown that handcycling can be effective
in improving upper body fitness parameters in both male and
female, able-bodied participants.40–43,44 However, only a handful
of studies have investigated the effectiveness of structured training

Table 2 Studies Assessing Anaerobic Capacity With Recreational or Specifically Trained, Competitive
Handcyclists

Study Setup Protocol
Classification
(n) Sex

Training,
h·wk−1

Peak
cadence,

rpm
POmax,

W
POmean,

W

Stone et al16 Cyclus 2 20-s sprint, 5% body
weight

H3 (4), H4 (2) Male 13 (2) 109 (13) 377 (59) —

Nevin and
Smith33

Turbo
trainer

15-s sprint H3 (6), H4 (6) Male Not reported 547
(120)

—

Nooijen
et al35

Cyclus 2 20-s sprint (isokinetic),
20-N initial load

H1−H4 (56),
H5 (7)

Male (47),
female (16)

13 (4)
(H1–H4)

15 (9) (H5)

Limit:
100 rpm for
H1–H2

130 rpm for
H3–H4

110 rpm for
H5

— 303 (122)
(H1–H4)
445 (113)

(H5)

Muchaxo
et al6

Cyclus 2 20-s sprint (isokinetic),
20-N initial load

H3 (17)
H4 (12)

Male (22),
Female (7)

13 (4) Limit:
130 rpm

453
(H3)
435
(H4)

358 (H3)
361 (H4)

Abbreviations: POmax, maximal anaerobic power; POmean, mean anaerobic power.
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interventions using UCI classified handcyclists.24,27,29,45 From a
competitive perspective, the aim of handcycling training is to elicit
homeostatic perturbations, which promote physiological adapta-
tion and improvements in one’s performance potential.46 Typically,
handcyclists will utilize a range of training sessions including
endurance rides, threshold training, interval training, and upper
body strength training.24,27,29,45

The prescription of handcycling training can be manipulated
by altering several variables including training frequency, volume,
and intensity. Prescribing training frequency or volume is relatively
simple as these factors can be altered by manipulating the number
of training sessions per week and/or by changing the duration of a
session. However, the manipulation of training intensity is more
complex due to several candidate anchor measurements that can be
used to guide training intensity. In the context of handcycling,
rating of perceived exertion,38 percentage of maximum heart
rate,41,42,47 PO4,24,27,45 and percentage POpeak,29 have all been
employed to prescribe training intensity. Another important con-
sideration is the concept of training intensity distribution (TID).
Seiler43 proposed a conceptual 3-zone TID model whereby, PO at a
given blood lactate concentration is used to guide training intensity.
In this model, zone 1 (Z1) is defined as low intensity training at a
PO associated with a blood lactate concentration of <2 mmol·L−1;
zone 2 (Z2) or LT1 is defined as moderate intensity training,
performed at a PO between a blood lactate concentration of
2 mmol·L−1 and 4 mmol·L−1; while zone 3 (Z3) or LT2 is defined
as high intensity training, performed at a PO which results in a
blood lactate concentration of >4mmol·L−1. Described as polarized
training, several authors have suggested that a TID of 80% Z1 and
20% Z2/3 may result in the optimal development of endurance
performance in both able-bodied cyclists43,48 and handcyclists.27,45

During a competitive handcycling event, riders require a high
anaerobic capacity to repeatedly generate propulsive forces and
recover from the production of high POs over short periods of time.
For example, this will allow a rider to close a gap on an opponent,
break away from other riders, or win in a sprint finish. Anaerobic
capacity can be defined as the difference between maximal anaer-
obic power and POpeak.33 Known as the anaerobic power reserve
(APR), this measure has been demonstrated to have a considerable
relationship with handcycling performance.33 Indeed, handcyclists
frequently use various forms of interval training which tap into
their APR to enhance both aerobic and anaerobic capacity.24,29,42

It has been reported that handcyclists frequently perform upper
body strength training as part of a concurrent strength and endur-
ance training regime.24,27,29,36,40,47 The ability to generate a high
PO is dependent upon tangential torque and crank angular velocity.
Greater upper body strength will allow a rider to generate a larger
tangential torque during both the pull and push phases of the
handcycling propulsion cycle, potentially improving mechanical
PO and effective velocity.49 Indeed, Nevin and Smith,37 reported a
strong correlation between relative upper body horizontal pulling
and pushing strength and handcycling performance. Relative
strength is the product of one’s ability to generate maximal forces
relative to body mass. Therefore, it can be inferred that, for a given
body mass, greater maximal upper body strength would improve
handcycling performance.

The combination of training frequency, volume, and intensity
is commonly referred to as training load (TL). Monitoring and
quantification of both external and internal TLs has been recog-
nized as an important factor in the long-term development of
handcyclists as it allows for the regulation of training as part of
a periodized program.27,45 Commonly used methods of

determining TL’s in handcycling include arbitrary units which
can be calculated by session rating of perceived exertion × time,27

training impulse which can be calculated as average session heart
rate × time,38 and the training stress score (TSS), which takes into
consideration the duration and average PO of a training session to
provide a single estimate of overall TL.37,45 Each method has its
inherent strengths and limitations; arbitrary units and training
impulse are relatively simple and cheap methods of monitoring
TL’s. However, TSS is extensively used in able-bodied cycling and
may prove a useful tool for handcyclists to accurately quantify and
monitor TLs.

Practical Recommendations
Based on the limited evidence available, concurrent strength and
endurance training may represent the most favorable approach
by which to develop handcycling performance capabili-
ties.24,27,29,36,40,47 Therefore, it is suggested that handcyclists con-
sider adopting a concurrent approach to training utilizing a block
periodization model.29,44 Such a model will allow for the focused
development of specific physiological characteristics (ie, VO2peak,
lactate threshold, anaerobic capacity) during a given mesocycle,
while simultaneously maintaining other physiological character-
istics albeit, at a reduced TL.29,45 With respect to training type,
frequency, and volume, it is suggested that a mixture of endurance,
threshold, and interval training sessions should be performed 3 to 4
times per week with complementary, upper body strength training
performed twice a week.27,29 However, this may vary dependent
upon the training history and status of the athlete. From a training
intensity perspective, it is suggested that where possible, the 3-zone
conceptual model based upon PO associated with a fixed blood
lactate concentration of 4 mmol·L−1 be utilized for endurance and
threshold training.24,27,36 In regard to interval training, it is sug-
gested that a rider’s APR be established in order to develop
appropriately structured interval training sessions.33 If preparing
for shorter duration events, such as RR and TT, a polarized TID
approach, consisting of 70% Z1, 20% Z2, and 10% Z3 should be
considered.27 However, if preparing for ultra-endurance events, a
90% Z1, 8% Z2, and 2% Z3 TID model may prove more effica-
cious.36 Finally, based upon the limited evidence available the use
of either arbitrary units,27 training impulse,38 or TSS,37,44 as a
measurement of TL’s may also be prudent for handcyclists.

Conclusion
Findings of this review suggest that handcycle configuration,
physiological characteristics, and training history all play a signifi-
cant role in determining handcycling performance. Optimal hand-
cycling technique and movement efficiency are highly depended
upon handbike configuration. As such seat positioning, crank
height, crank fore-aft position, crank length, and handgrip position
must all be individually configured. In regard to physiological
determinants of performance PO4, relative V̇O2peak, POpeak,
relative upper body strength, and maximal anaerobic power
have all been demonstrated to impact upon handcycling perfor-
mance capabilities. Therefore, it is suggested that an emphasis be
placed upon the development and frequent monitoring of these
parameters. Related to handcycling training, there is currently a
paucity of research as to the optimal approach by which to develop
handcycling performance capabilities. However, based upon the
limited evidence available, it is suggested that handcyclists should
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consider a concurrent training approach based upon a block
periodization model. It is important to note that training adaptations
are subject to highly variable interindividual responses which
compounds the “training suggestions” challenge. This is especially
prevalent in disability sports where athletes have a heterogeneous
mix of disabilities, leading to variations in functional capacity and
performance potential. Therefore, it is recommended that an indi-
vidualized approach be used to develop and implement effective
training programs for handcyclists. Despite the findings of this
review, it is clear that several gaps in our scientific knowledge of
handcycling remain. Further research is necessary to explain the
full impact of trunk function and muscle activation profiles upon
handcycling performance. Moreover, additional research is
required to establish physiological responses and functionality
of male H1 and H2 athletes, as well as female handcyclists, across
all competitive divisions. Finally, further longitudinal research is
required across all classifications to study the effects of different
training programs upon handcycling performance.

References

1. Hettinga FJ, Valent L, Groen W, Van Drongelen S, de Groot S, Van
Der Woude LHV. Hand-cycling: an active form of wheeled mobility,
recreation, and sports. Phys Med Rehabil Clin N Am. 2010;21(1):127–
140. PubMed ID: 19951782 doi:10.1016/j.pmr.2009.07.010

2. Van der Woude LHV, Dallmeijer AJ, Janssen TWJ, Veeger D.
Alternative modes of manual wheelchair ambulation: an overview,
Am J Phys Med Reheb. 2001;80(10):765–777. doi:10.1097/00002060-
200110000-00012

3. Union Cycliste Internationale, Cycling Regulations, Part 16 Para-
Cycling. 2019.

4. Weissland T, Leprêtre PM. Are tetraplegic handbikers going to
disappear from team relay in para-cycling? Front Physiol. 2013;
4:77. PubMed ID: 23576995 doi:10.3389/fphys.2013.00077

5. MuchaxoREA,DeGroot S,Van derWoudeLHV, JanssenTWJ,Nooijen
C. Do handcycling time-trial velocities achieved by para-cycling athletes
vary across handcycling classes? Adapt Phys Activ Q. 2020;37(4):461–
480. PubMed ID: 33022652 doi:10.1123/apaq.2019-0143

6. Muchaxo REA, De Groot S, Kouwijzer I, Van Der Woude LHV,
Janssen TWJ, Nooijen C. A role for trunk function in elite recumbent
handcycling performance? J Sports Sci. 2021;39(20):2312–2321.
PubMed ID: 34078241 doi:10.1080/02640414.2021.1930684

7. Mason BS, Stone B, Warner MB, Goosey-Tolfrey VL. Crank length
alters kinematics and kinetics, yet not the economy of recumbent
handcyclists at constant handgrip speeds. Scand J Med Sci Sport.
2021;31(2):388–397. doi:10.1111/sms.13859

8. Quittmann OJ, Abel T, Albracht K, Meskemper J, Foitschik T,
Strüder HK. 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(6):1403–1415. PubMed ID: 32306152 doi:10.1007/
s00421-020-04373-x

9. Vegter RJK, Mason BS, Sporrel B, Stone B, Van Der Woude
LHV, Goosey-Tolfrey VL. Crank fore-aft position alters the distri-
bution of work over the push and pull phase during synchronous
recumbent handcycling in able-bodied participants. PLoS One.
2019;14(8):e0220943. PubMed ID: 31425557 doi:10.1371/journal.
pone.0220943

10. Faupin A, Gorce P. The effects of crank adjustments on handbike
propulsion: a kinematic model approach. Int J Ind Ergo. 2008;
38(7–8):577–583. doi:10.1016/j.ergon.2008.01.019

11. Verellen J, Meyer C, Reynders S, Van Biesen D, Vanlandewijck Y.
Consistency of within-cycle torque distribution pattern in hand
cycling. J Rehabil Res Dev. 2008;45(9):1295–1302. PubMed ID:
19319754 doi:10.1682/JRRD.2007.12.0205

12. Arnet U, Van Drongelen S, Van Der Woude LHV, et al. Shoulder
load during handcycling at different incline and speed positions. Clin
Biomech. 2012;27(1):1–6. doi:10.1016/j.clinbiomech.2011.07.002

13. Quittmann OJ, Abel T, Zeller S, et al. Lactate kinetics in handcycling
under various exercise modalities and their relationship to perfor-
mance measures of able-bodied participants. Eur J Appl Physiol.
2018;118(7):1493–1505. PubMed ID: 29725756 doi:10.1007/s00421-
018-3879-y

14. Quittmann OJ, Meskemper J, Abel Tet al. Kinematics and kinetics of
handcycling propulsion at increasing workloads in able-bodied subjects.
Sports Eng. 2018;21(4):283–294. doi:10.1007/s12283-018-0269-y

15. Quittmann OJ, Abel T, Albracht K, Strüder HK. Biomechanics of all-
out handcycling exercise: kinetics, kinematics, and muscular activity
of a 15-s sprint test in able-bodied participants. Sports Biomech.
2020;7:1–24. doi:10.1080/14763141.2020.1745266

16. Stone B, Mason BS, Warner MB, Goosey-Tolfrey VL. Shoulder and
thorax kinematics contribute to increased power output of competi-
tive handcyclists. Scand J Med Sci Sport. 2019;29(6):843–853.
doi:10.1111/sms.13402

17. Stone B, Mason BS, Warner MB, Goosey-Tolfrey VL. Horizontal
crank position affects economy and upper limb kinematics of recum-
bent handcyclists. Med Sci Sports Exer. 2019;51(11):2265–2273.
doi:10.1249/MSS.0000000000002062

18. Litzenberger S, Mally F, Sabo A. Biomechanics of elite recumbent
handcycling. A case study. Sports Eng. 2016;19(3):201–211. doi:10.
1007/s12283-016-0206-x

19. Stone B, Mason BS, Bundon A, Goosey-Tolfrey VL. Elite handcy-
cling: a qualitative analysis of recumbent handbike configuration for
optimal sports performance. Ergo. 2019;62(3):449–458. doi:10.
1080/00140139.2018.1531149

20. Krämer C, Schneider G, BöhmH, Klöpfer-Krämer I, Senner V. Effect
of different handgrip angles on work distribution during hand cycling
at submaximal power levels. Ergo. 2009;52(10):1276–1286. doi:10.
1080/00140130902971916

21. Stephenson BT, Stone B, Mason BS, Goosey-Tolfrey VL. Physiology
of handcycling: a current sports perspective. Scand J Med Sci Sports.
2021;31(1):4–20. PubMed ID: 32969103 doi:10.1111/sms.13835

22. Knechtle B, Müller G, Knecht H. Optimal exercise intensities for fat
metabolism in handbike cycling and cycling. Spinal Cord. 2004;42(10):
564–572. PubMed ID: 15289799 doi:10.1038/sj.sc.3101612

23. Meyer C, Weissland T, Watelain E, Ribadeau Dumas S, Baudinet
MC, Faupin A. Physiological responses in handcycling. Preliminary
study. Ann Phys Rehabil Med. 2009;52(4):311–318. PubMed ID:
19467942 doi:10.1016/j.rehab.2009.04.001

24. Abel T, Burkett B, Schneider S, Lindschulten R, Struder HK. The
exercise profile of an ultra-long handcycling race: the Styrkeproven
experience. Spinal Cord. 2010;48(12):894–898. PubMed ID:
20421873 doi:10.1038/sc.2010.40

25. Lovell D, Shields D, Beck B, Cuneo R, McLellan C. The aerobic
performance of trained and untrained handcyclists with spinal cord
injury. Eur J Appl Physiol. 2012;112(9):3431–3437. PubMed ID:
22278391 doi:10.1007/s00421-012-2324-x

26. Fischer G, Ardigo L, Figueiredo P. Physiological performance de-
terminants of a 22-km handbiking time trail. Int J Sports Physiol Perf.
2015;10(8):965–971. doi:10.1123/ijspp.2014-0429

27. Zeller S, Abel T, Struder HK. Monitoring training load in handcy-
cling: a case study. J Strength Cond Res. 2017;31(11):3094–3100.
PubMed ID: 29068864 doi:10.1519/JSC.0000000000001786

Handcycling Performance 7

(Ahead of Print)
Unauthenticated | Downloaded 02/07/22 11:22 AM UTC

http://www.ncbi.nlm.nih.gov/pubmed/19951782?dopt=Abstract
https://doi.org/10.1016/j.pmr.2009.07.010
https://doi.org/10.1097/00002060-200110000-00012
https://doi.org/10.1097/00002060-200110000-00012
http://www.ncbi.nlm.nih.gov/pubmed/23576995?dopt=Abstract
https://doi.org/10.3389/fphys.2013.00077
http://www.ncbi.nlm.nih.gov/pubmed/33022652?dopt=Abstract
https://doi.org/10.1123/apaq.2019-0143
http://www.ncbi.nlm.nih.gov/pubmed/34078241?dopt=Abstract
https://doi.org/10.1080/02640414.2021.1930684
https://doi.org/10.1111/sms.13859
http://www.ncbi.nlm.nih.gov/pubmed/32306152?dopt=Abstract
https://doi.org/10.1007/s00421-020-04373-x
https://doi.org/10.1007/s00421-020-04373-x
http://www.ncbi.nlm.nih.gov/pubmed/31425557?dopt=Abstract
https://doi.org/10.1371/journal.pone.0220943
https://doi.org/10.1371/journal.pone.0220943
https://doi.org/10.1016/j.ergon.2008.01.019
http://www.ncbi.nlm.nih.gov/pubmed/19319754?dopt=Abstract
https://doi.org/10.1682/JRRD.2007.12.0205
https://doi.org/10.1016/j.clinbiomech.2011.07.002
http://www.ncbi.nlm.nih.gov/pubmed/29725756?dopt=Abstract
https://doi.org/10.1007/s00421-018-3879-y
https://doi.org/10.1007/s00421-018-3879-y
https://doi.org/10.1007/s12283-018-0269-y
https://doi.org/10.1080/14763141.2020.1745266
https://doi.org/10.1111/sms.13402
https://doi.org/10.1249/MSS.0000000000002062
https://doi.org/10.1007/s12283-016-0206-x
https://doi.org/10.1007/s12283-016-0206-x
https://doi.org/10.1080/00140139.2018.1531149
https://doi.org/10.1080/00140139.2018.1531149
https://doi.org/10.1080/00140130902971916
https://doi.org/10.1080/00140130902971916
http://www.ncbi.nlm.nih.gov/pubmed/32969103?dopt=Abstract
https://doi.org/10.1111/sms.13835
http://www.ncbi.nlm.nih.gov/pubmed/15289799?dopt=Abstract
https://doi.org/10.1038/sj.sc.3101612
http://www.ncbi.nlm.nih.gov/pubmed/19467942?dopt=Abstract
https://doi.org/10.1016/j.rehab.2009.04.001
http://www.ncbi.nlm.nih.gov/pubmed/20421873?dopt=Abstract
https://doi.org/10.1038/sc.2010.40
http://www.ncbi.nlm.nih.gov/pubmed/22278391?dopt=Abstract
https://doi.org/10.1007/s00421-012-2324-x
https://doi.org/10.1123/ijspp.2014-0429
http://www.ncbi.nlm.nih.gov/pubmed/29068864?dopt=Abstract
https://doi.org/10.1519/JSC.0000000000001786


28. Graham-Paulson T, Perret C, Goosey-Tolfrey V. Case study: dose
response of caffeine on 20-km handcycling time trial performance in a
para triathlete. Int J Sport Nutr Exerc Metab. 2018;28(3):274–278.
PubMed ID: 29091469 doi:10.1123/ijsnem.2017-0089

29. Nevin JP, Smith P, Waldron M, Patterson S, Price M, Hunt A,
Blagrove R. Efficacy of an 8-week concurrent strength and endurance
training programme on handcycling performance. J Strength Cond
Res. 2018;32(7):1861–1868. PubMed ID: 29561384 doi:10.1519/
JSC.0000000000002569

30. Flueck JL, Gallo A, Moelijker N, Bogdanov N, Bogdanova A, Perret
C. Influence of equimolar doses of beetroot juice and sodium nitrate
on time trial performance in handcycling. Nutrients. 2019;11(7):
1642. doi:10.3390/nu11071642

31. Stangier C, Abel T, Zeller S, Quittmann OJ, Perret C, Strüder HK.
Comparison of different blood lactate threshold concepts for constant
load performance prediction in spinal cord injured handcyclists. Front
Physiol. 2019;10:1054. PubMed ID: 31611803 doi:10.3389/fphys.
2019.01054

32. Stone B, Mason BS, Stephenson BT, Goosey-Tolfrey VL. Physio-
logical responses during simulated 16 km recumbent handcycling
time trial and determinants of performance in trained handcyclists.
Eur J Appl Physiol. 2020;120(7):1621–1628. PubMed ID: 32435985
doi:10.1007/s00421-020-04390-w

33. Nevin JP, Smith P. The anthropometric, physiological, and strength-
related determinants of handcycling 15-km time-trial performance.
Int J Sports Physiol Perform. 2020;16(2):259–266. PubMed ID:
33186895 doi:10.1123/ijspp.2019-0861

34. Kouwijzer I, Nooijen CFJ, van Breukelen K, Janssen TWJ, De Groot
S. Effects of push-off ability and handcycle type on handcycling
performance in able-bodied participants. J Rehab Med. 2018;50(6):
563–568. doi:10.2340/16501977-2343

35. Nooijen CFJ, Muchaxo R, Liljedahl J, Bjerkefors A, Janssen T, Van
der Woude LHV, Arndt A, De Groot S. The relation between sprint
power and road time trial performance in elite para-cyclists. J Sci Med
Sport. 2021;3:S1440–S2440 doi:10.1016/j.jsams.2021.04.014

36. Nevin JP, Smith P. The influence of absolute and relative upper body
strength upon handcycling performance capabilities. Int J Sports
Physiol Perf. 2021;16(9):1311–1318. doi:10.1123/ijspp.2020-0580

37. De Groot S, Hoekstra SP, Grandjean Perrenod Comtesse P,
Kouwijzer I, Valent LJ. Relationship between internal and external
handcycle training load in people with spinal cord injury training for
the Handbike battle. J Rehabil Med. 2018;50:261–268. PubMed ID:
29392331

38. Kouwijzer I, Valent LJM, Van Bennekon CAM, Post MWM, Van
Der Woude LHV, De Groot S. Training for the HandbikeBattle: an
explorative analysis of training load and handcycling physical capac-
ity in recreationally active wheelchair users [published online ahead

of print November 4, 2020]. Dis Rehabil. doi:10.1080/09638288.
2020.1839974

39. Valent JL, Dalleijer AJ, Houdijk H, Slootman J, Post MW, Van Der
Woude LHV. Effects of hand cycle training on physical capacity in
individualswith tetraplegia: a clinical trial.Phys Ther. 2009;89(10):1051–
1060. PubMed ID: 19643834 doi:10.2522/ptj.20080340

40. Abonie US, Albada T, Morrien F, van der Woude LHV, Hettinga FJ.
Effect of a 7-week resistance training program on handcycle work
capacity in able-bodied males. Int J Sports Sci. 2022;43(01):46–54.
doi:10.1055/a-1373-6033

41. Hettinga FJ, Hoogwerf M, Van Der Woude LHV. Handcycling:
training effects of specific dose of upper body endurance training
in females. Eur J Appl Physiol. 2016;116(7):1387–1394. PubMed ID:
27222003 doi:10.1007/s00421-016-3395-x

42. Schoenmakers P, Reed K, Van Der Woude LHV, Hettinga FJ. High
intensity interval training in handcycling: the effects of a 7-week
training intervention in able-bodied men. Front Physiol. 2016;7:638.
PubMed ID: 28066268 doi:10.3389/fphys.2016.00638

43. Seiler S. What is best practice for training intensity and duration
distribution in endurance athletes? Int J Sports Physiol Perform.
2015;10(5):276–291.

44. Abonie US, Monden P, Van Der Woude LHV, Hettinga FJ. Effect of
a 7-week low intensity synchronous handcycling training programme
on physical capacity in able-bodied women. J Sports Sci. 2021;
39(13):1472–1480. PubMed ID: 33530865 doi:10.1080/02640414.
2021.1880171

45. Nevin JP, Smith P. The effectiveness of a 30-week concurrent
strength and endurance training program in preparation for an
ultra-endurance handcycling challenge: a case study. Int J Sports
Physiol Perf. 2021;16(11):1712–1718. doi:10.1123/ijspp.2020-
0749

46. Jamnick NA, Pettitt RW, Granata C, Pyne DB, Bishop DJ. An
examination and critique of current methods to determine exercise
intensity. Sports Med. 2020;50(10):1729–1756. PubMed ID: 32729096
doi:10.1007/s40279-020-01322-8

47. Chaikhot S, Reed K, Petroongrad W, Athanasiou F, Van Kooten D,
Hettinga FL. Effects of an upper-body resistance exercise and high-
intensity army cranking of peak handcycling performance and wheel-
chair propulsion efficiency in able-bodied men. J Strength Cond Res.
2020;34(8):2267–2275. PubMed ID: 30024482 doi:10.1519/JSC.
0000000000002738

48. Stoggl TL, Sperlich B. The training intensity distribution among
well-trained and elite endurance athletes. Front Physiol. 2015;6:295.
PubMed ID: 26578968

49. Groen WG, Van Der Woude LHV, De Koning JJ. A power balance
model for handcycling. Disabil Rehabil. 2010;32(26):2165–2171.
PubMed ID: 20695790 doi:10.3109/09638288.2010.505677

8 Nevin et al

(Ahead of Print)
Unauthenticated | Downloaded 02/07/22 11:22 AM UTC

http://www.ncbi.nlm.nih.gov/pubmed/29091469?dopt=Abstract
https://doi.org/10.1123/ijsnem.2017-0089
http://www.ncbi.nlm.nih.gov/pubmed/29561384?dopt=Abstract
https://doi.org/10.1519/JSC.0000000000002569
https://doi.org/10.1519/JSC.0000000000002569
https://doi.org/10.3390/nu11071642
http://www.ncbi.nlm.nih.gov/pubmed/31611803?dopt=Abstract
https://doi.org/10.3389/fphys.2019.01054
https://doi.org/10.3389/fphys.2019.01054
http://www.ncbi.nlm.nih.gov/pubmed/32435985?dopt=Abstract
https://doi.org/10.1007/s00421-020-04390-w
http://www.ncbi.nlm.nih.gov/pubmed/33186895?dopt=Abstract
https://doi.org/10.1123/ijspp.2019-0861
https://doi.org/10.2340/16501977-2343
https://doi.org/10.1016/j.jsams.2021.04.014
https://doi.org/10.1123/ijspp.2020-0580
http://www.ncbi.nlm.nih.gov/pubmed/29392331?dopt=Abstract
https://doi.org/10.1080/09638288.2020.1839974
https://doi.org/10.1080/09638288.2020.1839974
http://www.ncbi.nlm.nih.gov/pubmed/19643834?dopt=Abstract
https://doi.org/10.2522/ptj.20080340
https://doi.org/10.1055/a-1373-6033
http://www.ncbi.nlm.nih.gov/pubmed/27222003?dopt=Abstract
https://doi.org/10.1007/s00421-016-3395-x
http://www.ncbi.nlm.nih.gov/pubmed/28066268?dopt=Abstract
https://doi.org/10.3389/fphys.2016.00638
http://www.ncbi.nlm.nih.gov/pubmed/33530865?dopt=Abstract
https://doi.org/10.1080/02640414.2021.1880171
https://doi.org/10.1080/02640414.2021.1880171
https://doi.org/10.1123/ijspp.2020-0749
https://doi.org/10.1123/ijspp.2020-0749
http://www.ncbi.nlm.nih.gov/pubmed/32729096?dopt=Abstract
https://doi.org/10.1007/s40279-020-01322-8
http://www.ncbi.nlm.nih.gov/pubmed/30024482?dopt=Abstract
https://doi.org/10.1519/JSC.0000000000002738
https://doi.org/10.1519/JSC.0000000000002738
http://www.ncbi.nlm.nih.gov/pubmed/26578968?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20695790?dopt=Abstract
https://doi.org/10.3109/09638288.2010.505677

