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capacity as two-handed individuals. FCE results were not 
related to MSC. It was discussed that a higher physical load 
on the non-affected limb might reflect a relative deficit of 
functional capacity.
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Abbreviations
AE	� Above-elbow (transhumeral)
BE	� Below-elbow (transradial or wrist articulation)
DF	� Degrees of freedom
FCE	� Functional capacity evaluation
FCE-OH	� Functional capacity evaluation-one-handed
MSC	� Musculoskeletal complaints
NRS	� Numeric rating scale
PDI	� Pain disability index (questionnaire)
ULA	� Upper limb absence

Introduction

Musculoskeletal complaints (MSC) appear to occur 
approximately twice as often in individuals with a con-
genital reduction deficiency or amputation of the upper 
limb [hereafter referred to as upper limb absence (ULA)] 
[1, 2]. Individuals with ULA are exposed to an unequal 
distribution of physical demands over both limbs, back 
and neck. The higher load on the non-affected limb, back 
and neck may result in overuse injuries of these sites. 
The number of repetitions, the magnitude of produced 
force and posture have been described extensively as 
risk factors for MSC in the general population [3–5], 
which may be increased in individuals with ULA. In 

Abstract  Purpose To develop and pilot test a functional 
capacity evaluation (FCE) for individuals with upper limb 
absence (ULA) due to reduction deficiency or amputation, 
and to examine the relationship between FCE results and 
presence of musculoskeletal complaints (MSC). Method 
Five tests (overhead lifting, overhead working, repeti-
tive reaching, fingertip dexterity, and handgrip strength) 
were selected and adapted if necessary. The newly devel-
oped FCE, called FCE-One-Handed (FCE-OH), was pilot 
tested in 20 adults individuals with ULA, and 20 matched 
controls. MSC were assessed via a questionnaire. Results 
Adaptations were considered necessary for all tests, except 
the handgrip strength test. The repetitive overhead lifting 
test of the non-affected limb was added. On the overhead 
lifting test, individuals with above-elbow ULA (ten males), 
performed similar to controls using one hand. When lift-
ing bimanually using the prosthesis, a trend for lower lift-
ing capacity of individuals with below-elbow ULA (seven 
males, three females) was observed compared to controls. 
On the overhead working test, individuals with above-
elbow ULA performed worse compared to controls. Other 
tests showed no significant differences between groups. 
Relationships between FCE results and presence of MSC 
were non-significant. Conclusion The FCE-OH can be 
used to test functional capacity of one-handed individuals. 
Individuals with ULA generally showed similar functional 
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addition, the higher burden on the non-affected limb may 
go along with a higher repetition of movements. Force 
and repetition have an interactive effect; a combination 
of high force and high repetition renders a high increase 
in MSC risk [6]. It was suggested that force require-
ments are increased when awkward or non-neutral posi-
tions are used [6], which may be the case when daily 
tasks are performed with a stiff wrist, such as with most 
prostheses [7–9]. Therefore, compensatory movements 
when wearing a prosthesis may possibly relate to over-
use injuries of the affected limb.

Individuals with ULA may thus require higher func-
tional capacity to perform daily tasks compared to two-
handed individuals, because the daily physical load is 
mostly transferred to one limb only. Therefore, assess-
ing functional capacity of individuals with ULA might 
be important for primary and secondary prevention of 
MSC. An instrument that assesses functional capacity 
may guide rehabilitation professionals to give appropriate 
advice to individuals with ULA regarding work partici-
pation, and should lead to less MSC. Furthermore, such 
an instrument may be used in rehabilitation programs to 
monitor functional capacity and measure the outcomes of 
the rehabilitation program.

In rehabilitation and occupational medicine functional 
capacity evaluations (FCE) are used to assess functional 
capacity. The term capacity test is used as a consistent 
terminology for all tests that measure the highest prob-
able level of functioning that a person may reach in a 
domain at a given moment in a standardized environment 
[10]. An FCE is a comprehensive standardized assess-
ment of an individual’s ability to perform work-related 
tasks [11].

Presently available FCE tests were developed for two-
handed individuals and may not be suited to assess func-
tional capacity of one-handed individuals. This study 
was conducted to adapt existing FCE tests for use in 
individuals with ULA with and without prosthesis. Fur-
ther aims of this study were to pilot test the adapted FCE 
in individuals with ULA, and compare test results with 
the functional capacity of matched controls. Because 
functional capacity of individuals with ULA has not 
been researched previously, we proposed two compet-
ing hypotheses. First, we hypothesize a higher functional 
capacity of individuals with ULA as a consequence of 
a proper adaption to the higher load on the non-affected 
limb. On the other hand, individuals may fail to adapt to 
the redistributed functional loads, and are consequently 
prone to early onset of muscle fatigue or MSC. Our sec-
ond hypothesis contains a lower functional capacity for 
individuals with ULA. Furthermore, we examined the 
relationship between test results of individuals with ULA 
and presence of MSC.

Method

FCE tests were selected and adapted for use in individu-
als with an upper limb amputation, which is described in 
part one of the method. Part two describes the partici-
pants and test-procedure. This study was approved by the 
local ethical committee (NL43394.042.13) and each par-
ticipant gave informed consent.

Part 1: Selection of FCE Tests

FCE test selection was based on a study on physical 
risk factors for work related upper limb disorders [12]. 
These tests were extracted from the Work Well FCE 
[11]. Safety, reliability, validity, and reference values of 
most tests were established in healthy workers [13–17]. 
The selected tests, including a description of the original 
tests and the adaptations made, are described in Table 1. 
Test materials are described in detail elsewhere [12]. 
The overhead lifting test measures functional strength 
of shoulder and arm musculature, whereas the overhead 
working test measures the static holding time of shoul-
der and neck musculature, as well as endurance. These 
two tests are generally performed bimanually, but can 
be performed one-handed. The repetitive reaching test 
measures both endurance and coordination. The fingertip 
dexterity test and the hand grip strength test assess fine 
motor capacity of the fingers and isometric grip strength, 
respectively.

Part 2: Measurements

Participants

During a previous survey among individuals with an upper 
limb reduction deficiency or amputation, participants were 
asked whether they were interested in information regard-
ing follow-up research. Those who were interested, and 
lived on reasonable distance from the hospital, were sent 
written information regarding this study. Inclusion criteria 
were: being between 18 and 67 years of age, good compre-
hension of the Dutch or English language, and having ULA 
at or proximal to the carpal level. In case of a below-elbow 
amputation, the one-handed individual needed to own a 
well-fitting prosthesis (self-assessed by the participant; rea-
sonable and good fitting were accepted for participation), 
and have experience using it. In addition, the participant’s 
blood pressure had to be below 159 mmHg (systolic) and 
100  mmHg (diastolic). Exclusion criteria were: abnor-
mal function of the unaffected hand (based on the partici-
pant’s own judgment), invalidating or serious pulmonary 



160	 J Occup Rehabil (2018) 28:158–169

1 3

Ta
bl

e 
1  

D
es

cr
ip

tio
n 

of
 o

rig
in

al
 a

nd
 a

da
pt

ed
 F

C
E 

te
sts

Te
st 

(I
C

F 
co

de
) (

m
at

er
i-

al
s)

D
es

cr
ip

tio
n 

of
 o

rig
in

al
 

te
st

A
da

pt
at

io
ns

Ex
tra

 te
st 

in
str

uc
tio

ns
M

ea
su

re
m

en
t o

ut
co

m
es

N
um

be
r o

f t
im

es
 th

e 
te

st 
is

 
pe

rfo
rm

ed
A

E-
U

LA
 p

ar
tic

ip
an

ts
B

E-
U

LA
 p

ar
tic

ip
an

ts

O
ve

rh
ea

d 
lif

tin
g 

te
st 

(d
43

00
)

Fi
ve

 li
fts

 w
ith

 a
 p

la
sti

c 
re

ce
pt

ac
le

 fr
om

 ta
bl

e 
to

 
cr

ow
n 

he
ig

ht
 a

nd
 v

.v
. i

n 
st

an
di

ng
 p

os
iti

on
 w

ith
in

 
90

 s.
 W

ei
gh

t i
nc

re
m

en
ts

 
2 

kg
 (f

em
al

es
) o

r 4
 k

g 
(m

al
es

) u
nt

il 
m

ax
i-

m
um

 a
m

ou
nt

 o
f k

gs
 is

 
re

ac
he

d
If

 fi
ve

 li
fts

 w
ith

 a
 c

er
ta

in
 

am
ou

nt
 o

f k
gs

 a
re

 n
ot

 
re

ac
he

d,
 a

 d
ec

re
m

en
t o

f 
1 

kg
 (f

em
al

es
) o

r 2
 k

g 
(m

al
es

) m
ay

 b
e 

tri
ed

Fi
xe

d 
gr

as
p 

po
si

tio
ns

Pe
rfo

rm
ed

 o
ne

-h
an

de
d.

 
Th

e 
un

aff
ec

te
d 

ha
nd

 
gr

as
ps

 th
e 

fro
nt

 si
de

 o
f 

th
e 

re
ce

pt
ac

le

Th
e 

no
n-

aff
ec

te
d 

ha
nd

 
an

d 
th

e 
pr

os
th

es
is

 h
an

d 
ho

ld
 th

e 
ha

nd
le

s o
f t

he
 

re
ce

pt
ac

le

M
ax

im
um

 a
m

ou
nt

 o
f k

g 
th

at
 c

an
 b

e 
lif

te
d 

fiv
e 

tim
es

 fr
om

 ta
bl

e 
to

 
cr

ow
n 

he
ig

ht
, w

ith
in

 
90

 s

O
nc

e

Re
pe

tit
iv

e 
O

ve
rh

ea
d 

lif
t-

in
g 

te
st 

(o
ne

-h
an

de
d)

N
ot

 e
xi

st
in

g
A

dd
ed

 to
 te

st 
th

e 
on

e-
ha

nd
ed

 o
ve

rh
ea

d 
lif

tin
g 

ca
pa

ci
ty

N
/A

20
 li

fts
 w

ith
 a

 w
ei

gh
t o

f 1
.9

 k
g 

fro
m

 ta
bl

e 
to

 c
ro

w
n 

he
ig

ht
 a

nd
 v

.v
. i

n 
st

an
di

ng
 p

os
iti

on
 w

ith
 th

e 
un

af
-

fe
ct

ed
 h

an
d

Ti
m

e 
(s

) n
ee

de
d 

fo
r 

20
 li

fts
 fr

om
 ta

bl
e 

to
 

cr
ow

n 
he

ig
ht

, u
p 

an
d 

do
w

n 
co

un
ts

 a
s o

ne

O
nc

e

O
ve

rh
ea

d 
w

or
ki

ng
 te

st 
(d

41
58

)
St

an
di

ng
 w

ith
 h

an
ds

 a
t 

cr
ow

n 
he

ig
ht

, m
an

ip
u-

la
tin

g 
nu

ts
 a

nd
 b

ol
ts

, 
an

d 
w

ea
rin

g 
cu

ff 
w

ei
gh

ts
 o

f 1
 k

g 
ar

ou
nd

 
th

e 
fo

re
ar

m
s

N
o 

cu
ff 

ar
ou

nd
 th

e 
pr

os
-

th
et

ic
 w

ris
t

Pe
rfo

rm
ed

 o
ne

-h
an

de
d

Th
e 

pr
os

th
es

is
 h

an
d 

is
 

us
ed

 to
 fi

xa
te

 th
e 

nu
ts

Ti
m

e 
(s

) w
hi

ch
 th

e 
po

si
-

tio
n 

ca
n 

be
 h

el
d

O
nc

e

Re
pe

tit
iv

e 
re

ac
hi

ng
 te

st 
(d

44
52

)
Si

tti
ng

 w
ith

 b
ow

ls
 o

n 
w

in
gs

pa
n 

di
st

an
ce

, 
m

ov
e 

30
 m

ar
bl

es
 h

or
i-

zo
nt

al
ly

 a
t t

ab
le

 h
ei

gh
t 

fro
m

 ri
gh

t t
o 

le
ft 

an
d 

v.
v.

 a
s f

as
t a

s p
os

si
bl

e 
Th

e 
te

st 
is

 p
er

fo
rm

ed
 

w
ith

 o
ne

 a
rm

Th
e 

bo
w

ls
 w

ith
 m

ar
bl

es
 

ar
e 

re
pl

ac
ed

 fo
r a

 o
ne

-
bu

tto
n 

cl
ic

ki
ng

 sy
ste

m
. 

Th
e 

pr
oc

ed
ur

e 
re

m
ai

ns
 

th
e 

sa
m

e

To
uc

h 
th

e 
bu

tto
n 

on
 th

e 
cl

ic
ki

ng
 sy

ste
m

Pe
rfo

rm
ed

 w
ith

 th
e 

un
af

-
fe

ct
ed

 h
an

d 
on

ly

To
uc

h 
th

e 
bu

tto
n 

on
 th

e 
cl

ic
ki

ng
 sy

ste
m

Th
e 

te
st 

is
 p

er
fo

rm
ed

 
w

ith
 th

e 
un

aff
ec

te
d 

ha
nd

 a
nd

 th
e 

pr
os

th
es

is
 

ha
nd

Ti
m

e 
(s

) n
ee

de
d 

to
 m

ak
e 

30
 re

ac
hi

ng
 m

ov
e-

m
en

ts
, b

ac
k 

an
d 

fo
r-

w
ar

d 
co

un
tin

g 
as

 o
ne

Th
re

e 
tim

es
; A

E-
U

LA
 p

ar
-

tic
ip

an
ts

 a
nd

 c
on

tro
ls

: a
ll 

tri
al

s w
ith

 n
on

-a
ffe

ct
ed

/
do

m
in

an
t h

an
d.

 B
E-

U
LA

 
pa

rti
ci

pa
nt

s a
nd

 c
on

tro
ls

: 
fir

st 
an

d 
th

ird
 tr

ia
l w

ith
 

no
n-

aff
ec

te
d/

do
m

in
an

t 
ha

nd
, s

ec
on

d 
tri

al
 w

ith
 

pr
os

th
es

is
 h

an
d/

 b
ra

ce
d 

no
n-

do
m

in
an

t h
an

d
Fi

ng
er

tip
 d

ex
te

rit
y 

te
st 

(d
44

58
)

(P
ur

du
e 

pe
gb

oa
rd

, m
od

el
 

32
02

0,
 J.

A
. P

re
sto

n 
C

or
po

ra
tio

n,
 N

ew
 

Yo
rk

, N
Y,

 U
SA

)

Si
tti

ng
 in

 fr
on

t o
f a

 P
ur

-
du

e 
pe

gb
oa

rd
, p

la
ci

ng
 

pi
ns

 w
ith

 le
ft 

or
 ri

gh
t 

ha
nd

 a
s f

as
t a

s p
os

si
bl

e 
in

 a
 3

0 
s t

ria
l

W
he

n 
te

sti
ng

 w
ith

 th
e 

pr
os

th
es

is
: p

in
s a

re
 

pi
ck

ed
 u

p 
w

ith
 th

e 
no

n-
aff

ec
te

d 
ha

nd
, t

ra
ns

-
fe

rr
ed

 to
 th

e 
pr

os
th

es
is

 
an

d 
th

en
 p

la
ce

d 
in

 th
e 

pe
gb

oa
rd

Pe
rfo

rm
ed

 w
ith

 th
e 

un
af

-
fe

ct
ed

 h
an

d 
on

ly
W

he
n 

pe
rfo

rm
ed

 w
ith

 th
e 

pr
os

th
es

is
 h

an
d:

 p
in

s 
ar

e 
pi

ck
ed

 u
p 

w
ith

 th
e 

un
aff

ec
te

d 
ha

nd
 a

nd
 

m
an

ua
lly

 p
la

ce
d 

in
 th

e 
pr

os
th

es
is

 h
an

d

N
um

be
r o

f p
in

s p
la

ce
d 

in
 3

0 
s

Th
re

e 
tim

es
; A

E-
U

LA
 p

ar
-

tic
ip

an
ts

 a
nd

 c
on

tro
ls

: a
ll 

tri
al

s w
ith

 n
on

-a
ffe

ct
ed

/
do

m
in

an
t h

an
d.

 B
E-

U
LA

 
pa

rti
ci

pa
nt

s a
nd

 c
on

tro
ls

: 
fir

st 
an

d 
th

ird
 tr

ia
l w

ith
 

no
n-

aff
ec

te
d/

do
m

in
an

t 
ha

nd
, s

ec
on

d 
tri

al
 w

ith
 

pr
os

th
es

is
 h

an
d/

 b
ra

ce
d 

no
n-

do
m

in
an

t h
an

d



161J Occup Rehabil (2018) 28:158–169	

1 3

or cardiac health problems or other comorbidity that may 
influence the FCE test results.

Each participant with ULA was matched with a control 
person, based on gender, age (±5 years), weight (±10 kg) 
and height (±10 cm). Information flyers, placed in commu-
nal areas of the hospital, were used to recruit controls. In 
addition, controls were recruited among acquaintances of 
the researchers. The same inclusion and exclusion criteria 
were used, with exception of the presence of ULA. Both 
hands needed to have normal function, which was deter-
mined by the control’s own judgment.

Test Procedure

Before starting with the measurements participants 
answered the 7-item Physical Activity Readiness Question-
naire (PAR-Q) [18], in order to assess the exclusion crite-
ria. The PAR-Q has been successfully used in FCE research 
before [17, 19]. If any item was answered positively, the 
participant was excluded from participation. Furthermore, 
the participants’ blood pressure was measured. After 
inclusion, the participant was instructed about the termi-
nation criteria during the procedure: (1) if the participant 
wanted to stop (termination induced by participant); (2) if 
the heart rate was above 85% of the age related maximum 
[(220 − age) × 85%] (termination induced by test leader); 
(3) loss of control, leading to an unsafe procedure (termina-
tion induced by test leader).

The tests were performed in random order. The controls 
performed the tests in the same order as the matched par-
ticipant with ULA. A heart rate monitor (Polar Accurex 
Plus, Polar Electro Nederland BV, Almere, The Nether-
lands) was used to register heart rate before and after each 
test. Increase in heart rate was calculated as heart rate after 
the test divided by the heart rate before the test multiplied 
by 100%. Furthermore, after each test the CR10-Borg-scale 
was administered [20]. This 11-point Likert scale informs 
after the perceived exertion, and ranges from ‘rest’ (0) tot 
‘maximum’ (10).

The six adapted FCE tests were performed, as described 
in Table 1. Participants with transradial ULA or wrist dis-
articulation [hereafter referred to as below-elbow ULA 
(BE-ULA)] used their prosthesis during the tests, while 
participants with a transhumeral ULA [hereafter referred 
to as above-elbow ULA (AE-ULA)] did not use a prosthe-
sis (as several tests could not, or with much difficulty, be 
performed with an above-elbow prosthesis). Participants 
with BE-ULA were allowed to manually rotate the wrist of 
the prosthesis, before starting a test. Controls used a brace 
around their wrist, blocking wrist flexion/extension, ulnar/
radial deviation, and pro- and supination, for those tests that 
were performed with a prosthesis by their match (Table 1). 
Furthermore, controls performed the overhead lifting test Ta
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twice: once two-handed (normal condition), and once in an 
adapted condition (one-handed, or with a brace, depend-
ing on whether they were matched to an individual with 
AE-ULA or BE-ULA, respectively). Half of the controls 
performed the test first in the normal condition, and the 
other half in the adapted condition. The first controls were 
asked to perform the overhead working test twice too, once 
two-handed, and once in the adapted condition. However, 
soon an effect of fatigue was detected, as the second test 
was always performed worst, independent of the condition 
of this test, after which it was decided to let the remaining 
controls perform the test only in the normal condition.

After the measurements all participants filled out a 
questionnaire regarding personal characteristics and pres-
ence of MSC. Type of occupation was classified by the 
authors (SGP and MFR) into four categories: no employ-
ment, sedentary or light physical work demands, medium 
physical work demands, and heavy or very heavy physical 
work demands. Classification was based on the Dictionary 
of Occupational Titles [21]. Furthermore, the questionnaire 
informed after presence of MSC during the previous four 
weeks, the location and duration of complaints, the sever-
ity of the pain [on a 11-point Numeric Rating Scale (NRS) 
from 0 (no pain) to 10 (worst imaginable pain)], and the 
disability caused by the complaints. The latter was assessed 
with the Pain Disability Index (PDI) questionnaire [22, 23], 
assessing disability in seven domains in daily life (family 
and household, recreation, social activities, work, sexual-
ity, self-care, and basic needs). Disability in each domain 
was scored on an NRS ranging from 0 (no disability) to 10 
(worst disability), and answered were summed. Therefore, 
scores ranged from 0 to 70; with a higher score indicating 
greater disability.

(Statistical) Analyses

Due to the relatively low number of participants in each 
group it was decided to perform all statistical analyses 
with non-parametric tests. For comparison of four groups 
(AE-ULA, BE-ULA, and two groups of matched controls) 
the independent sample Kruskal–Wallis test with a pair-
wise comparison was used. The test statistic (H-statistic), 
degrees of freedom (df) and effect sizes of significant pair-
wise comparisons are given. For comparison of two groups 
the unpaired sample Mann–Whitney U test was used. The 
test statistic (U-statistic) and effect size are presented. Fur-
thermore, for comparison of the dominant limb and the 
prosthetic limb within the group of BE-ULA the related 
sample Wilcoxon signed rank test was used. Also for this 
test the test statistic (T-statistic) and effect size are given. 
Effect sizes are presented as the Pearson’s correlation coef-
ficient r, calculated by dividing the z-value (standardized 
test statistic) by the root of the number of observations. 

r = .10 is interpreted as a small effect, r = .30 as a medium 
effect, and r = .50 as a large effect [24]. If for any reason 
an individual was excluded from analyses, his or her match 
was also excluded from those analyses. Results are pre-
sented as median (IQR), and p values of ≤0.05 were con-
sidered statistically significant.

Results

Part 1: Adaptation of FCE Tests

The researchers, who have experience in the fields of FCE, 
upper limb reduction deficiency and amputation rehabili-
tation care or movement sciences, discussed the original 
tests to decide which adaptations were necessary so that the 
tests could be performed by one-handed individuals with or 
without a prosthesis, and would measure functional capac-
ity rather than prosthesis handling skills. Discussions were 
held until consensus between all researchers was reached 
(Table 1). As these tests are adapted for use in one-handed 
individuals, we propose the name Functional Capacity 
Tests-One-Handed (FCE-OH).

Part 2: Measurement Results

The total number of participants was 40, divided over four 
groups (Table 2).

FCE‑OH Test Results: Differences Between Individuals 
with ULA and Controls

Results of the FCE-OH tests are described in Table  3. 
Participants with AE-ULA lifted similar weight as their 
matched controls, when the latter lifted with one hand. 
However, when the matched controls lifted with two hands, 
the individuals with AE-ULA lifted significantly less 
weight. For individuals with BE-ULA, reasons for not add-
ing another increment of weight during the overhead lift-
ing test were bad grip with the prosthesis hand, leading 
to unsafe lifting (n = 6), reaching maximal lifting capac-
ity (n = 3), and increasing pain in the non-affected hand 
(n = 1). Individuals with an above-elbow amputation lifted 
the receptacle with one hand, and mentioned reaching max-
imal lifting capacity and unsafety equally often as reason to 
stop (both: n = 5). Reaching maximal lifting capacity was 
the most called reason to stop for most controls (n = 15). 
Other reasons were unsafety (n = 4) and fear for physical 
harm (n = 1).

Participants with AE-ULA performed worse on the 
overhead working test compared to their matched controls.
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Learning Effects for Repetitive Reaching Test and Fingertip 
Dexterity Test

Of all 40 individuals, 38 performed the repetitive reach-
ing test the third trial faster compared to the first trial. 
Differences in time between the first and third trial 
ranged between −5 and 17 s, with a median of 7.0 (IQR 
5.0; 9.0). This effect of practicing was also present in the 
fingertip dexterity test, where 26 out of 40 scored better 
on the third trial compared to the first trial [median dif-
ference: 1.5 (IQR 0.0; 3.0)].

Comparison of the Non‑affected and Prosthetic Limb

Prosthesis users performed the repetitive reaching test 
faster with their non-affected hand compared to their pros-
thetic hand [54.4 s (IQR 51.9; 58.5) and 67.5 s (IQR 56.8; 
77.3), respectively, T = 49.5, p = .025, r = .50]. Two indi-
viduals did not perform the fingertip dexterity test with the 
prosthesis, as one individual had a cosmetic prosthesis, and 
the myoelectric prosthesis of the second did not function 
well. The eight individuals who performed the fingertip 
dexterity test both with the non-affected hand and the pros-
thesis, performed the test better with the non-affected hand 
[15.5 pins (IQR 13.8; 18.1) and 6.5 pins (IQR 5.0; 8.0), 
respectively, T = 0.0, p = .012, r = −0.63].

Table 2   Description of the studied participants

C controls, N/A not applicable
a Participants with an AE-ULA did not use their prosthesis during the measurements. Therefore no details about their prosthesis and prosthesis 
use are provided here. Five of the ten participants did use a prosthesis in daily life
b One of the participants with a myoelectric prosthesis had a multi-articulating prosthesis hand
c The dominant hand is stated; for the participants with ULA this is the non-affected limb. Therefore five individuals with AE-ULA and six indi-
viduals with BE-ULA had a deficiency or amputation of the left limb

Participant groups Test statistic (df) p

AE-ULA AE-C BE-ULA BE-C

Male/female ratio (n) 10/0 10/0 7/3 7/3
Age (years) [median (IQR)] 49.0 (39.2; 52.9) 54.3 (34.4; 58.3) 48.5 (39.2; 51.0) 45.9 (34.0; 55.4) 1.3 (3) 0.724
Height (cm) [median (IQR)] 179.0 (173.8; 188.6) 183.5 (175.9; 186.3) 181.8 (170.6; 184.8) 183.0 (169.1; 189.9) 0.6 (3) 0.894
Weight (kg) [median (IQR)] 82.2 (76.5; 91.7) 86.6 (80.5; 94.3) 87.1 (82.6; 98.3) 86.7 (80.3; 95.9) 1.5 (3) 0.678
Occupation (n)
 Not employed 4 0 3 2
 Sedentary or light 5 6 7 7
 Medium 0 4 0 1
 Heavy or very heavy 1 0 0 0

Cause of ULA (n)
 Congenital 0 N/A 7 N/A
 Trauma 10 3

Type of prosthesis (n)
 Cosmetic a N/A 1 N/A
 Body-powered 2
 Myoelectric 7b

Prosthesis use (n)
 Sometimes a N/A 1 N/A
 Always 9

Prosthesis fitting of socket (n)
 Reasonable a N/A 1 N/A
 Good 9

Dominant hand (n)c

 Left 5 2 4 2
 Right 5 7 6 8
 Ambidextrous – 1 – 0
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Heart Rate and Perceived Exertion

During the overhead lifting test, individuals with AE-ULA 
showed a significant lower increase in heart rate compared 
to their matched controls when lifting two-handed, as well 
as a lower perceived exertion (Table 3).

Relationship Between Test Results and MSC

Nine out of the 20 participants with ULA experienced 
MSC in the previous four weeks: six men with AE-ULA, 
and two men and one woman with BE-ULA [median age 
50.3 years (IQR 37.9; 52.6), four not employed, four with 
a sedentary or light occupation, and one with a heavy or 
very heavy occupation]. The complaints were located in the 
low back (n = 2), neck or high back (n = 4), shoulder of the 
non-affected limb (n = 6), the non-affected limb (shoulder 
not included) (n = 8), and the shoulder of the affected limb 
(n = 1). Seven individuals (five with AE-ULA and with BE-
ULA) had complaints in more than one bodily location. 
Furthermore, six individuals (four with AE-ULA and two 
with BE-ULA) had chronic complaints (e.g. lasting more 
than 3 months). The median NRS-score for the pain was 
3.5 (IQR 2.3; 6.5) (one missing value) and their mean PDI-
score was 28.0 (IQR 10.5; 36.8) (one missing value). Dif-
ferences in test results between individuals with and with-
out MSC during the previous 4 weeks were not significant 
(Table 4).

Discussion

Development and Pilot Testing of the FCE‑OH

Existing FCE tests were adapted to develop an FCE for 
individuals with unilateral ULA, which was called FCE 
One-Handed. The FCE-OH consists of six tests, examining 
the functional strength, static holding time, endurance, and 
coordination of shoulder and arm musculature, fine motor 
capacity of the fingers, and isometric hand grip strength.

The adapted tests allow for assessment of functional 
capacity of individuals with one hand. Not all individuals 
with ULA use a prosthesis, and therefore it was decided to 
adapt the tests in a way that they can be performed both 
with and without a prosthesis. This makes the test also 
usable for patient groups that have one non-functional hand 
due to other conditions. While most tests are performed 
with the non-affected limb only, or with the non-affected 
limb and the prosthetic limb separately, it is possible to per-
form the overhead lifting test “bimanually”, that is, with the 
non-affected limb and the prosthetic limb (independent of 
the type of prosthesis) simultaneously. As the use of a pros-
thesis might influence the measured functional capacity of 

the upper limb musculature, no other “bimanual” tests were 
included.

Based on this pilot test, a few recommendations for 
future research and clinical use of this outcome measure 
can be made. First, due to alterations of the test, the repeti-
tive reaching test with the clicking systems should not 
be compared with reference data of the original test with 
marbles. Obviously, picking up a marble costs more time 
than clicking a button. Results of other tests with minor 
alterations could be compared with reference data. Second, 
when administering the FCE-OH one should recognize the 
learning effect in the repetitive reaching test, and to a lesser 
extent also in the fingertip dexterity test. Last, several par-
ticipants with ULA mentioned during the overhead lifting 
test that they had preferred to lift the container in another 
way, e.g. without the prosthesis, but using their stump. 
Therefore, the standardized test might not represent the 
true lifting capacity of individuals with ULA, and to assess 
work capacity of an individual, it is recommended to also 
test lifting capacity in the participant’s preferred manner.

Functional Capacity of Individuals with ULA

Overhead lifting test is lower in one-handed individuals 
compared to controls. In individuals with BE-ULA there 
was a trend for a lower lifting capacity compared, suggest-
ing that bimanual lifting capacity with a non-affected limb 
plus a prosthesis is lower than the lifting capacity of two 
non-affected limbs. Interestingly, the individuals with BE-
ULA and their matched controls reported similar perceived 
exertion, indicating that, although less weight was lifted, 
the test was perceived equally physically demanding. The 
lifting capacity of the individuals with ULA (AE or BE) 
was low compared to the two-handed lifting capacity of 
the control group, and also compared to reference data of 
healthy Dutch adults [16]. However, it does meet the lift-
ing criterion for light physical demanding occupations [16]. 
The functional capacity, as measured in this study, of the 
participants with ULA seems to match their work load. The 
test results of this study suggest that individuals with ULA 
generally could perform work with sedentary or light phys-
ical demands. However, suitability should be assessed on 
an individual level, in which the individual’s capacities and 
work demands are compared.

The most mentioned argument by individuals with BE-
ULA for not increasing the lifted weight was bad grip with 
the prosthesis, leading to unsafe lifting. Thus, termination 
of the test was often not related to reaching maximal capac-
ity of muscle strength. Ostlie et al. found that the strength 
of the shoulder muscles of the affected limb was not 
decreased in the majority (83–96%) of 66 unilateral upper 
limb amputees [25]. Apparently, more confidence regard-
ing the prosthesis may increase lifting capacity. Possibly, 
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prostheses with feedback, through for example osseoin-
tegration or pressure sensors, may allow individuals with 
ULA to rely more on the prosthesis, and thus increase the 
weight that can be lifted.

Expectations and Results: Towards New Hypotheses

According to the dose–response model, exposure to physi-
cal exertions results in an “internal dose”, such as tis-
sue loads and metabolic demands. These internal doses 
cause mechanical, physiological and psychological distur-
bances [26]. Repeated and sustained exertions can result 
in changes in tissue composition, which in turn may result 
in increased dose tolerance. This is referred to as adapta-
tion, and is a desirable effect of training. The first of our 
two competing hypotheses stipulated that individuals with 
ULA adapt well to the internal disturbances that occur as a 
result of increased demands of the non-affected limb, and 
thus show a higher functional capacity. However, according 
to the dose–response model, adaptation to internal changes 
can also be compromised, reducing functional capacity. 
The musculoskeletal tissues may have insufficient capac-
ity to repair sustained damages, resulting in muscle fatigue, 
MSC, and even long-lasting impairment. As a result, our 
second hypothesis stipulated that individuals with ULA 
show lower functional capacity.

The results from our study point more towards the sec-
ond hypothesis than towards the first. Although absolute 
capacity of the upper limb musculature seems to be similar 
for one-handed and two-handed individuals, the misbal-
ance in the burden on both limbs results in a higher load 
on the non-affected limb. Seen from this perspective, the 
similar capacity as observed may be interpreted as a rela-
tive deficit of capacity of the non-affected limb, because 
the demands on this limb are higher. We observed lower 
endurance when performing the overhead working test for 
individuals with AE-ULA compared to their matched con-
trols. A compromised adaptation to the increased physical 
load may have resulted in overloaded muscle fibers of the 
non-affected limb. The Cinderella theory stipulates that 

sustained low-level isometric contractions set up a stereo-
typed recruitment pattern of type 1 motor units in the mus-
cle, which are constantly active, even in  situations where 
the total muscle load is very low [27]. This may result in 
metabolically overloaded muscle cells. Therefore, also 
long-term, low activity level exertions can lead to muscle 
fatigue, and eventually MSC.

Surprisingly, within the group of participants with ULA 
we did not observe a difference between test results of those 
with and without MSC. Possibly, these individuals devel-
oped MSC, because tissue loads and metabolic demands 
did not adapt adequately to the higher levels of repeated 
or sustained physical activity. Hence, in these individuals 
physical demands trespass the capacity to repair sustained 
damages to the musculoskeletal tissues. Consequently, nor-
mal FCE-OH test results are found, as well as a high risk on 
or presence of MSC. The participants who were recruited 
for this study, were aware of the physical demands of the 
study, and expressed the wish to participate, despite the 
possible presence of MSC. These individuals might have 
considered MSC to be a normal aspect of ULA [2]. In fact, 
many models explaining musculoskeletal disorders under-
line the importance of taking into account the combination 
of biopsychosocial factors instead of only looking at physi-
cal or work-related factors [28].

Strength and Weaknesses

The main aim of this study was to pilot test the FCE-OH, 
and therefore a relatively small number of participants 
were included. Hence, it is not possible to make a defini-
tive statement about the functional capacity, and the rela-
tionship between functional capacity and MSC of indi-
viduals with ULA based on this research; further research 
with a larger sample is needed. However, this study 
helped to develop hypotheses regarding functional capac-
ity and development of MSC in individuals with ULA, 
and gives guidance for future research regarding this 
topic. Psychometric properties of general FCEs [29–31] 
and the FCE for individuals with work-related upper limb 

Table 4   Relationship between FCE-OH tests and MSC in individuals with ULA

Data is presented as median (IQR)

Individuals with MSC (n = 9) Individuals without 
MSC (n = 11)

Test statistic p Effect size

Overhead lifting test 8.0 (4.0; 10.0) 10.0 (8.0; 16.0) 24.0 0.056 0.44
Repetitive overhead lifting test—one-handed 40.0 (36.5; 45.0) 39.0 (38.0; 42.0) 48.5 0.941 −0.02
Overhead working test 219.0 (140.5; 306.0) 230.0 (188.0; 281.0) 49.5 1.000 0
Repetitive reaching test—with dominant hand 56.5 (53.4; 59.5) 54.5 (51.3; 59.3) 0.8 0.824 0.06
Fingertip dexterity test—with dominant hand 13.7 (12.3; 15.3) 14.5 (11.3; 16.0) 43.0 0.656 −0.11
Hand grip strength—with dominant hand 38.7 (33.7; 42.2) 45.3 (33.0; 51.3) 39.0 0.456 −0.18
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disorders [13] have been established. However, psycho-
metric properties, such as safety, reliability and validity 
of the FCE-OH will need to be established separately, 
before it can be used with confidence in clinical prac-
tice. Moreover, a study is warranted, where individuals 
with ULA and controls are matched for work demands 
to allow well founded statements about the functional 
capacity of individuals with ULA compared to two-
handed individuals with equal physical work demands. 
A weakness of this study is the small amount of women 
included. A weakness of the FCE-OH itself is that it is 
not possible to examine the added value of a prosthesis 
to the functional capacity of individuals with AE-ULA. 
Although a prosthesis may improve general functionality, 
it is not an aim of the FCE-OH to test prosthesis handling 
skill. Therefore, it is recommended to include a separate 
assessment of prosthesis handling skills when suitability 
of a job is examined.

Conclusion

The FCE-OH appeared to be a feasible test to assess 
functional capacity in one-handed individuals. New for 
FCE testing is the role of a helping device, being the 
prosthesis. Pilot testing suggests that absolute capacity of 
the upper limb musculature is similar for one-handed and 
two-handed individuals. No relationships between test 
results and MSC were observed.
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