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Abstract.

BACKGROUND: To enable (pain free) functioning, individuals with brachial plexus injury (BPI) may require a higher
functional capacity compared to two-handed individuals, because the load on unaffected structures is greater.
OBJECTIVE: This study compared the functional capacity of individuals with BPI and healthy controls and explored
differences in the functional capacity of BPI-affected individuals with respect to: those with and without hand function;
affected and unaffected sides; with and without musculoskeletal complaints (MSCs).

METHODS: Six functional capacity tests adjusted for one-handed function were performed by 23 BPI-affected individ-
uals and 20 healthy controls. Hand function was assessed through physical examination and the Dutch Musculoskeletal
Questionnaire was used to assess MSCs.

RESULTS: Individuals with BPI scored lower for the two-handed tests, compared with the controls (p < 0.01, effect size (r)
<-0.41 for both tests). However, both groups performed similar in the one-handed tests. On average individuals with BPI met
the physical demands to perform sedentary to light physical work. Among BPI-affected individuals, two-handed overhead
lifting capacity was higher in those with hand function than in those without hand function (p =0.02; r=0.33). Functional
capacity tended to be lower for the unaffected side than for the affected side (4 tests; p <0.05, r <-0.36). Test results of
BPI-affected Individuals with and without MSCs were similar.

CONCLUSION: Individuals with BPI demonstrated lower two-handed functional capacity than healthy controls. Effect
sizes were medium. Capacity of their unaffected side was similar to the dominant side of controls. No association was found
between MSCs and functional capacity.

Keywords: Work capacity evaluation, upper extremity, musculoskeletal pain, disability, rehabilitation

1. Introduction

Returning to work poses a major challenge for
adults with an acquired brachial plexus injury (BPI),
with only 45% to 66% of these individuals resum-
ing their previous work [1-4]. Of those who do, 31%
have to adjust to or change jobs post-injury [2]. Most
individuals (80%) with obstetric BPI report restric-
tions in the areas of work and education. Job and
educational options for individuals with obstetric BPI
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are influenced by pain levels and limitations in their
arm/hand function [5]. Studies have found that 50% to
86% of individuals with BPI experience pain, which
is usually nerve or musculoskeletal in origin [2, 6-8].
Musculoskeletal complaints (MSCs) are defined as
complaints localized in joints and muscles that are not
caused by trauma or systemic disease [9]. MSCs have
been reported in 49% of individuals with BPI, with
the upper back, neck and unaffected upper limb being
impacted significantly more often in these individuals
compared with healthy controls [10]. Pain (neuro-
pathic or MSCs) in individuals with BPI is associated
with a lower quality of life [10, 11]. Individuals with
BPI may be more prone to develop MSCs, given that
limited functionality in an upper limb increasing the
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load on unaffected structures. This condition could
increase exposure to known risk factors for MSCs,
including forceful and repetitive movements, static
muscle contractions, and working in awkward posi-
tions for prolonged periods [12].

Consequently, individuals with BPI may require
higher functional capacity in the unaffected limb
to compensate for the increased load on unaffected
structures when performing daily and work-related
tasks. Functional capacity is defined as “the high-
est probable level of functioning that a person can
achieve in a given domain at a given moment within a
standardized environment” [13], taking into consid-
eration multiple biopsychosocial factors, including
personal and environmental [13]. To the best of our
knowledge there have been no studies till now on the
functional capacity of individuals with BPI. Further-
more, nothing is known about the possible loss of
functional capacity resulting from limited function
in the BPI-affected arm.

The recently developed functional capacity evalu-
ation one-handed (FCE-OH) can be applied to assess
the functional capacity in individuals with BPI. The
FCE-OH is a short-form functional capacity eval-
vation (FCE) adapted for individuals with upper
limb absence and wearers of upper limb prosthe-
ses [14]. An FCE is used to evaluate the capacity of
individuals to perform activities in order to make rec-
ommendations regarding their participation in work,
while considering their body functions and structures,
as well as environmental and personal factors and
health status [14]. The assessment of the functional
capacity can guide return-to-work recommendations,
while potentially helping to prevent MSCs caused
by overextension by matching functional capacity to
physical job demands [15-17].

The primary aim of this study was to compare
the functional capacity of individuals with BPI to
that of healthy controls. Secondary aims were to
explore differences in the functional capacity of BPI-
affected individuals with respect to: those with and
without hand function; affected and unaffected sides;
with and without MSCs. In light of the finding of a
previous study of one-handed individuals [14], we
hypothesized that the two-handed functional capac-
ity of individuals with BPI would be lower than that
of healthy controls. Furthermore, we hypothesized
that in one-handed tests the unaffected side of indi-
viduals with BPI would exhibit higher functional
capacity relative to the dominant side of healthy con-
trols, because of the adaptation required to carry extra
loads.

2. Methods
2.1. Design

The study was designed as an observational case-
control study.

2.2. Setting

We recruited participants between February 2016
and May 2019. Individuals with BPI who had par-
ticipated in a previous study and who had expressed
interest in participating in subsequent research were
invited to participate in the current study [10]. Fur-
thermore, a search was performed in the database
of the outpatient rehabilitation clinic of the univer-
sity medical center and rehabilitation clinic using
the International Classification of Disease (ICD-9)
codes. All patients aged between 18 and 65 years,
with a diagnosis of BPI who had visited the medical
center from 2010 onwards were invited to participate
in the study (Fig. 1). Data were collected from March
2016 to June 2019 at the local medical center.

2.3. Participants

Inclusion criteria for the study were adults aged
between 18 and 65 years, who had sustained a BPI
at least one year previously, were engaged in paid
work, had a sufficient understanding of Dutch or
English, and had normal function in the unaffected
hand. Exclusion criteria were hypertension (blood
pressure >160/100 mmHg at rest), serious pulmonary
conditions, cardiac conditions, and other conditions
that could cause unsafe situations during physical
exertion. The seven-item physical activity readiness
questionnaire (PAR-Q) was used to screen partici-
pants for serious health problems [18]. Participants
responding “Yes” to one or more of the items were
excluded.

The FCE-OH test results for individuals with BPI
were compared to the results of the controls. The
participants in the control group had previously par-
ticipated in a pilot study to assess the functional
capacity of individuals with major upper-limb defects
[14]. Inclusion criteria for controls were: adults aged
between 18 and 67 years, who had a good understand-
ing of Dutch or English and normal hand function in
both hands. Exclusion criteria for this group were the
same as those for individuals with BPL
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(n=181, 41 eligible )*

Qn=64, 52 eligible)*

f 93 eligible participants based on the inclusion criteria, selected from: \
1. Outpatient rehabilitation clinic based on ICD-9 codes (n=16, 0 eligible)*

2. Patient diagnosed with BPI that visited the medical center 2010-2019 based on ICD-9 coded

3. Individuals with BPI interested in follow up research after participation in a previous study

J

23 participants
4 females, 19 males; mean age 49.7 + 10.4

v

6 non-respondents \

21 females, 49 males; mean age
47.6 £ 15.3 years

- Noresponse to the
invitation (n=60)

- Declined without stating a
specific reason (n=8)

- Excluded because of a
recent amputation of the

K affected upper limb (n=2)/

Fig. 1. Participant recruitment. *There were duplicates in the lists.

2.4. Procedure

Participants made one visit to the university med-
ical center. During this visit, they were asked to
complete a questionnaire, followed by a physical
examination of the upper limbs. Finally, they were
asked to perform the FCE-OH tests.

2.4.1. Questionnaire

Participants completed a questionnaire contain-
ing items about their age, sex, BPI (time since BPI,
cause of BPI, nerve or muscle surgeries, and usage
of the affected hand during routine daily activities).
Pain was measured using the “Health 2” part of the
Dutch Musculoskeletal Questionnaire (DMQ), which
has good psychometric properties [19]. The DMQ
was developed to measure the self-reported muscu-
loskeletal workloads, risky working conditions, and
MSCs. Within this questionnaire the “Health 2”” com-
ponent comprises of 11 items, for which participants
are asked to rate their pain for each of the specified
body parts using an eleven-point numeric rating scale
(NRS; Ono pain and — 10 = extreme pain). MSCs were
defined as pain or unpleasant sensations that are not
caused by any acute trauma or systemic disease [9].
The DMQ does not differentiate between MSCs and

neuropathic pain. Only complaints meeting the defi-
nition of a MSC in body parts other than the affected
arm were classified as MSCs. An open question was
added, to ascertain whether the participants had expe-
rienced other complaints (physical or mental) that
could potentially influence their functional capacity.

2.4.2. Hand function

Participants with BPI were divided into two
groups; individuals with and without hand function.
To the best of our knowledge, no functional scale cur-
rently exists for measuring remaining hand function
in individuals with BPI. Classification of remain-
ing hand function was therefore based on a physical
examination and the following question: “Can you
use the hand of the affected upper limb during activ-
ities of daily life?” This question was not validated,
and was only used as an extra check in addition
to the physical examination. The strength of hand
and wrist muscles was measured using the Medical
Research Council (MRC) scale, which has demon-
strated good concurrent validity (Spearman’s rho
0.78) and satisfactory intra-rater and inter-rater reli-
ability (kappa values 0.78-0.88) [20]. Appendix 1
provides an overview of the muscles that were tested.
The Semmes-Weinstein monofilament test was used
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to detect sensation thresholds. This test is commonly
used for individuals with peripheral nerve injuries,
but has not been specifically validated for the use
on BPI patients. The intra-rater reliability was good
(kappa values 0.80-0.89) and the inter-rater reliabil-
ity was satisfactory to good (kappa values 0.75-0.79;
intra class correlation coefficient 0.97). The concur-
rent validity was satisfactory to good (Spearman’s
rho 0.57-0.65) [21, 22]. The thumb, index finger,
and little finger on the palmar side of the hand of
each individual were each touched three times with
Monofilament 2.83 (Appendix 2). If two of the three
touches were sensed by the participant, no other
Monofilament of a higher number was used, and the
threshold detection was considered normal. If fewer
than two of the three touches were sensed, the test
was repeated with Monofilament 3.61 (the thresh-
old for diminished light touch) and Monofilament
4.31 (the threshold for diminished protective sen-
sation) [23]. Individuals demonstrating diminished
sensation, a strength of less than MRC 3 in all tested
hand and wrist muscles, and who responded “No” to
the question of whether they could use the hand of the
affected upper limb during activities of daily living
were categorized in the “without hand function” cate-
gory. All other individuals with BPI were categorized
in the “with hand function” category. The cutoff point
for hand function was based on the possibility mov-
ing the hand and wrist in all directions against gravity.
This ability enabled participants to perform (some of)
the one-handed FCE-tests and to use the hand during
activities of daily living. Participants were unaware
of the cut off point for hand function.

2.4.3. FCE-OH

The FCE-OH consisted of six tests: two two-
handed tests (overhead lifting two-handed and
overhead working) and four one-handed tests
(overhead lifting one-handed, repetitive reaching,
fingertip-dexterity, and hand grip-strength) [14].
The objectives, instructions, and FCE outcomes for
each test are described in Appendix 3. Participants
performed the two-handed tests with two hands,
wherever possible. If this was not possible because
of limited strength in the shoulder and/or upper arm
muscles, they performed the two-handed test with one
hand. One-handed tests were performed twice: once
with the unaffected side and once with the affected
side, if the individual had sufficient strength in shoul-
der and/or upper arm muscles and had hand function
(assessed as described above). If this was not the
case, the test was performed only with the unaf-

fected side. The tests were performed in a random
order. During their performance, the participant’s
heart rate was measured using a heart-rate moni-
tor. The difference in heart rate before and after the
test was calculated according to the following equa-
tion: [((heart rate post-test - heart rate pre-test)/heart
rate pre-test)*100%]. After each test was completed,
the perceived load was measured using the Borg
CR10 scale [16, 24]. The participants rated the per-
ceived load using this scale, which ranges from zero
to infinity. The scale has verbal anchors from zero
(“no load at all”) to ten (“very high load”). The
verbal anchor “absolute maximum” had no corre-
sponding number. The FCE-OH was administered
by one of three trained assessors. They were not
blinded to results of the DMQ. Criteria for stopping
the tests were as follows: (1) the participant expressed
a desire to discontinue the test; (2) the participant’s
heart rate exceeded the age-related maximum heart
rate ((220-age)*85%); (3) the assessor detected an
unsafe situation and (4) the test ended normally. No
tests were commenced if the participant’s heart rate
exceeded 70% of the age-related maximum.

2.4.4. Ethics

This study was approved by the local medical
ethics committee (METC 2013.038). All participants
provided written informed consent before entering
the study. All procedures followed were in accor-
dance with the Helsinki Declaration of 1964, as
revised in 2000.

2.5. Statistical analyses

For this study, a convenience sample size was used,
in line with the study conducted by Postema et al.
[14], in which the FCE-OH was pilot-tested on 20
patients with major upper-limb defects. SPSS for
Windows (version 25.0.0; SPSS Advanced Statistics,
Chicago, Illinois) was used for the data analysis.

Visual examination of QQ plots was used to check
for normal distribution. Mann-Whitney U tests were
performed to compare the FCE-OH results for indi-
viduals with BPI with those of healthy controls, as the
data were not normally distributed. For one-handed
tests, the results obtained for unaffected side were
compared with those obtained for the controls domi-
nant side. Test statistics (U) and effect sizes (r) were
determined. Effect sizes were calculated by divid-
ing the Z-score by the root of the study size [25].
The effect was considered small to medium sized
if r<0.3, medium sized if 0.3 <r<0.5, and large if
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r> 0.5 [25]. Statistical significance was defined as a
p-value <0.05.

Because of the exploratory nature of the study
and the small subgroups descriptive statistics and
Mann-Whitney U tests were used to explore differ-
ences in the FCE-OH test results of individuals with
BPI with and without hand function, the affected
and unaffected sides for individuals with BPI, and
BPI-affected individuals with and without MSCs.
Differences were considered significant if the p-value
<0.10.

Cases with missing data in the FCE-OH testresults,
were only excluded from the analysis of the results
of the respective FCE-OH tests. If there were missing
data for the MSC items in the questionnaire or for the
item on hand function, these cases were excluded for
the analyses of the respective effects of MSCs or hand
function on functional capacity.

3. Results

Of 93 eligible participants with BPI, 23 agreed
to participate in this study (Fig. 1). Table 1 shows
the characteristics of these participants and of the
20 controls. At least one year (minimum = 1.0 year,
maximum = 50.0 years) had passed since the onset
of BPI in all participants. All participants completed
the FCE-OH tests, with no adverse effects observed
or reported. None of the participants reported com-
plaints other than pain (physical or mental), which
could influence their functional capacity. Because
of technical issues, the overhead working test was
not performed by three BPI-affected individuals with
hand function. Technical problems also resulted in
missing data on heart rate differences (three individ-
uals with BPI and one control).

3.1. Functional capacity of individuals with BPI
compared to controls

Six functional capacity tests were performed by
23 individuals with BPI and 20 healthy controls. The
results of the tests are presented in Table 2. Individ-
uals with BPI performed worse than the controls for
two-handed overhead lifting (lifting a plastic recep-
tacle), overhead working (participants manipulated
nuts and bolts at crown height), and repetitive reach-
ing (clicking buttons one wingspan apart). Effect
sizes were medium to large. Perceived loads and
increases in heart rate were similar in both groups.
The results of the one-handed overhead lifting, fin-

gertip dexterity and hand grip strength tests were also
similar for individuals with BPI and controls.

3.2. Functional capacity of individuals with BPI
with and without hand function

The test results of 15 individuals with hand func-
tion (2 women and 13 men; mean age 49.9 £+ 10.9
years) were compared with those of 8 individuals
without hand function (2 women and 6 men; mean
age 49.1 9.9 years). Individuals with hand function
performed better than those without hand function
in the two-handed overhead lifting test, but they per-
formed worse in the overhead working test (Table 3).
Effect sizes were small to medium. No significant dif-
ferences between these groups were observed in the
one-handed FCE-OH test results.

3.3. One-handed tests: Functional capacity of
the affected side compared with the
unaffected side

The scores for the one-handed FCE-OH tests
entailing the use of the affected side were signif-
icantly lower than those entailing the use of the
unaffected side (Table 3). Effect sizes were medium
to large.

3.4. Functional capacity and musculoskeletal
complaints

No differences were observed in the characteris-
tics of participants with and without MSCs (Table 1).
Most individuals with MSCs experienced pain in the
back, neck and unaffected shoulder. The occurrence
of MSCs was similar in individuals with and with-
out hand function and their pain intensity was low
(Table 1). The results of all FCE tests were similar
for participants with and without MSCs (Table 3).

4. Discussion

The two-handed functional capacity of individuals
with BPI was significantly lower than that of healthy
controls, whereas the one-handed functional capac-
ity of the unaffected side of individuals with BPI was
similar to that of the controls. This pattern was also
observed among individuals with limited upper limb
function caused by major upper limb defects [14].
In all the tests, BPI-affected individuals and controls
demonstrated similar heart-rate differences and load
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Table 1
Characteristics of the participants
Individuals with BPI Controls
All individuals Individuals with Individuals with
with BPI BPI, with MSC BPI, without MSC
Number of participants 23 11 12 20
Gender male/female [n] 19/4 9/2 1072 17/3
Age (years) [mean + SD] 49.74+104 52.6+7.9 46.8+11.8 458+124
Time since BPI (years) [mean £ SD] 15.5+15.0 18.1£16.8 13.24+13.5
Causes of BPI [1 (%)]
- Trauma 19 (82.6) 9 (81.8) 10 (83.3)
- Radiotherapy 2(8.7) 19.1) 1(8.3)
- Obstetrical brachial plexus palsy 1(4.3) 0(0.0) 1(8.3)
- Unknown 1(4.3) 109.1) 0(0.0)
Side of BPI [n (%)]
- Right 12 (52.2) 5(45.5) 7 (58.3)
- Left 11 (47.8) 6 (54.5) 5@41.7)
BPI at the pre-existent dominant side 13 (56.5) 7 (63.6) 6 (50.0)
[n (%)]
Surgery [n (%)]* 8 (34.8) 3(27.3) 541.7)
- Nerve surgery [n] 6 1 5
- Muscle transplantation [r] 1 0 1
- Surgery for fractures [n] 4 3 1
Function affected side
- No hand function [n (%)] 15 (65.2) 7 (63.6) 8 (66.7)
- No hand function [n (%)] 8 (34.8) 4(36.4) 4(33.3)
Active range of motion affected side
[n (%)]
Normal 8 (34.7) 4(36.4) 4(33.3)
Diminished 11 (47.8) 6 (54.5) 5(@41.7)
No active motion possible 4(17.4) 109.1) 3(25.0)
Sensation affected side [n (%)]
- Intact 1(4.3) 19.1) 0(0.0)
- Diminished light touch 12 (52.2) 6 (54.5) 6 (50.0)
- Diminished protective sensation 10 (43.5) 4 (36.4) 6 (50.0)
in one or more fingers
Pain at the day of testing [n (%)] 14 (60.9) 2 (10.0)
Musculoskeletal complaints [1 (%)] 11 (47.8) 2 (10.0)
- 1 location 8 0
- 2 locations 2 1
- 3 locations 0 1
- 4 locations 1 0
Severity of Musculoskeletal
complaints [n, mean NRS + SD]
- Neck 5,34+1.5
- Unaffected shoulder 3,33+1.2
- Back 4,12+15
- Hip 2,45+0.7
- Foot 1,4.0

BPI =brachial plexus injury, MSC = musculoskeletal complaints, NRS = numeric pain rating scale, SD = standard deviation. *Some partici-

pants had more than one surgery.

perceptions, indicating that similar levels of phys-
ical effort were required in both groups during all
the tests. These findings suggest that although two-
handed functional capacity (and thus the amount of
weight lifted) was lower for individuals with BPI,
the same level of physical effort was exerted and the
effect on heart rate was similar in both groups. This
means that in assessment of the ability of individuals
with BPI to work, it should not be assumed that these

individuals expend less physical effort because they
lift lower weights.

A comparison of the FCE-OH test results of indi-
viduals with BPI in our study with the FCE reference
values for a healthy working population reveals that,
on average, individuals with BPI are only able to
meet the demands associated with sedentary to light
physical work [26]. Job adaptations or changing jobs
may thus be necessary. It is important to conduct
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Table 2
Functional capacity test results of individuals with BPI and controls
Individuals with Controls Test statistic p-value Effect
BPI (n=23) (n=20) ) size (r)
Two-handed tests
Overhead lifting test two-handed
Lifted weight in Kg 10.0 (8.0-17.0) 20.0 (17.0-24.0) Uu=71.5 p<0.00 r=-0.59
Heart rate difference in % 36.1 (25.0-51.1) 41.9 (31.7-57.5) U=200.0 p=047 r=-0.11
Perceived load CR 10 8.0 (5.0-10.0) 7.0 (5.2-7.8) U=184.0 p=0.26 r=-0.17
Overhead working test®
Time in seconds 183.5 (116.0-298.5) 312.0 (220.0-480.5) U=104.0 p=0.01 r=-0.41
Heart rate difference in % 16.0 (11.3-22.7) 15.1 (9.8-19.2) U=174.0 p=0.67 r=-0.07
Perceived load CR 10 4.0 (3.0-5.0) 5.0 (3.3-6.0) U=150.0 p=0.18 r=-0.23
One-handed tests
Overhead lifting test one-handed*
Time in seconds 35.0 (31.8-47.0) 38.0 (34.5-43.0) U=208.0 p=0.59 r=-0.08
Heart rate difference in % 18.9 (10.0-22.5) 12.0 (6.0-22.0) U=214.0 p=0.70 r=-0.06
Perceived load CR 10 2.0 (1.0-3.0) 2.0 (1.0-3.0) U=209.5 p=0.61 r=-0.08
Repetitive reaching test™*
Time in seconds 45.9 (41.3-57.7) 58.3 (53.7-65.5) U=1325 p=0.02 r=-0.36
Heart rate difference in % ® 23.1 (13.9-31.7) 26.6 (21.9-38.0) U=154.0 p=0.32 r=-0.16
Perceived load CR 10 2.0 (1.0-3.0) 2.0 (0.5-3.0) U=226.0 p=0.92 r=-0.02
Fingertip dexterity test*
Number of pins 14.3 (13.3-14.7) 14.0 (13.3-16.0) U=212.0 p=0.66 r=0.08
Perceived load CR 10 0.0 (0.0-1.0) 0.0 (0.0-1.0) U=205.0 p=0.48 r=0.11
Hand grip strength test*
Hand grip strength in Kg 45.0 (37.7-48.7) 41.0 (35.8-49.8) U=216.5 p=0.74 r=0.05

All results are presented as median (m) and Inter Quartile Range (IQR). Abbreviations: BPI, brachial plexus injury; Kg, kilogram. *Missing
data: 3/23 individuals with BPI did not perform the test. PMissing data: 3/23 individuals with BPI and 1/20 control. *Individuals with BPT
performed the test with the unaffected side, controls with the dominant side. Performance with the affected side/non-dominant side not

presented in this table.

assessments of functional capacity in relation to work
demands for individuals, given the significant dif-
ferences in the remaining function and functional
capacity among individuals with BPI. Moreover, it
is not known whether reference FCE values for the
working population are applicable to individuals with
BPI, asitis unclear whether physical requirements for
certain types of work are the same for individuals with
BPI and the general population. For example, individ-
uals with BPI may deploy compensatory movement
strategies, resulting in an extra load on bodily struc-
tures. Thus, higher upper limb work demands may
be required for individuals with BPI compared with
those of individuals with two well-functioning upper
limbs for the same task. The reference values for
the general population may therefore be too low. An
understanding of how upper limb work demands for
BPI-affected individuals relate to upper limb work
demands in individuals with two well-functioning
upper limbs, and how these work demands relate
to FCE-OH test results, would improve recommen-
dations on returning to work, thereby preventing
work-related MSCs. Additionally, the validity of a
comparison with healthy workers may also be ques-

tioned, as a narrow comparison restricted to workload
may lead to underestimation of the total loading of
individuals with BPI over a full day. The relative load
for performing activities of daily living outside of
work may be higher in patients with BPI, costs in
terms of time and effort may be higher given dif-
ficulties in performing these activities [8, 27]. This
situation may lead cumulatively to a higher overall
daily loading of individuals with BPL.

The test results showed a lower one-handed func-
tional capacity of the affected side compared with
the unaffected side in individuals with BPI, which is
probably attributable to BPI-induced loss of function.
In a previous survey-based study, individuals with
BPI reported using their unaffected side to compen-
sate for the loss of function on the affected side [28],
resulting in an increased load on the unaffected side.
According to the dose-response theory, this extra load
on the unaffected side could have two consequences
[29]. The extra load could lead to adaptations in mus-
cle tissue, possibly resulting in an increase in dose
tolerance and capacity; it could also lead to muscle
fatigue, MSCs and reduced capacity if the recovery
time is insufficient.



Table 3
FCE-OH test results (a) of individuals with BPI with and without hand function, (b) of the affected and unaffected side of individuals with BPI and (c) of individuals with BPI with and without
MSC
Hand function No hand function Test Affected side® Unaffected side Test MSC No MSC Test
(n=15) (n=8) statistics (n=15) (n=15) statistics (n=11) (n=12) statistics

Two-handed tests

Overhead lifting test two handed

Lifted weight in Kg 16 (9.0-18.0) 8.5 (6.5-9.0) U=22.5 NA NA NA 10.0 (8.0~17.0) 10.5 (6.8-17.5) U=62.5
p=0.02 p=0.83
r=0.33 r=-0.10

Overhead working test*

Time in seconds 122.5 (106.8-276.8)  257.5(161.0-308.8) U=26.0 NA NA NA 185 (122.5-380.0) 182.0(115.0-299.0) U=43.0
p=0.09 p=0.62
r=0.29 r=-0.16

One-handed tests

Overhead lifting test one-handed

Time in seconds 35.0 (29.0-39.0) 42.0 (32.7-54.8) U=37.0 39.0(31.0-50.0) 35.0(29.0-39.0) U=5.0 37.8 (31.8-47.0) 35.0 (29.9-45.3) U=57.0
p=0.14 p<0.01 p=0.58
r=-0.25 r=-0.51 r=-0.16

Repetitive reaching test

Time in seconds 43.2 (13.7-57.7) 52.9 (42.4-59.7) U=48.0 49.5(41.5-59.5) 43.2(13.7-57.7) U=73.5 45.9 (37.8-57.7) 48.4 (41.8-60.0) U=57.0
p=0.44 p=0.05 p=0.58
r=-0.20 r=-0.42 r=-0.17

Fingertip dexterity test

Number of pins 14.3 (13.7-15.7) 14.5 (11.9-14.7) U=455 11.0(10.0-14.0) 14.3 (13.7-15.7) Uu=175 14.3 (12.7-14.7) 14.5 (13.5-16.4) U=54.5
p=0.34 p<0.01 p=0.47
r=0.20 r=-0.43 r=-0.18

Hand grip strength test

Hand grip strength Kg 45.7 (41.3-48.7) 43.8 (30.8-46.6) U=44.0 39.7(18.7-47.7) 45.7(41.3-48.7) U=255 43.0 (36.0-46.0) 46.5 (43.4-48.7) U=44.0
p=0.30 p=0.05 p=0.18
r=-0.21 r=-0.36 r=-0.24

All results are presented as median (m) and Inter Quartile Range (IQR). Test statistics; Mann Whitney U (U), p-value (p) and effect size (r). Abbreviations: BPI, brachial plexus injury; MSC,
musculoskeletal complaints; Kg, kilogram. *Missing data overhead working test 3/15 with hand function, 2/11 with MSC, 1/12 without MSC.
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Our results showed that the one-handed functional
capacity of the unaffected side of individuals with
BPI was similar to that of the dominant side of con-
trols. This finding could be explained by the two
possible consequences of the dose-response theory,
depending on the activity level of individuals with
BPI. BPI-affected individuals with reduced levels of
activity had a correspondingly <s>a</s> lower com-
pensatory load on the unaffected side, resulting in
little or no increase in functional capacity and a sim-
ilar one-handed functional capacity compared with
that of the controls. In case of similar activity levels
of BPI-affected individuals and controls, and insuffi-
cientrecovery time, the extraload could induce MSCs
or muscle fatigue, which would result in a relatively
lower capacity of the unaffected side. The latter may
explain our observation of a similar one-handed func-
tional capacity of BPI-affected individuals compared
with that of the controls, as a higher capacity may be
needed to fulfill the requirements of the participants’
daily tasks while avoiding muscle fatigue or MSCs. In
order to differentiate between these two hypotheses,
a follow-up study is needed to compare FCE-OH test
results with daily and work activities and the pres-
ence of muscle fatigue in individuals with BPI and
controls.

The finding of a higher two-handed overhead
working capacity of individuals without hand func-
tion compared with that of individuals with hand
function was significant. Individuals with hand func-
tion performed the test with both hands, while
individuals without hand function performed the test
with just the unaffected side. The lower overhead
working capacity of individuals with hand func-
tion was probably caused by limited capacity of
the affected side. This finding may have biased the
comparison of the overhead working test results of
individual with BPI and controls. In order control
for this possible bias in future studies, all individuals
(with BPI and controls) who performed the test two
handed should also perform the test one handed. In
this study we did not ask participants to perform both
test conditions because a previous study [14] showed
that the results will be influenced by fatigue. In that
study the second performance of the overhead work-
ing test, independent of the test condition, was always
lower [14].

Nearly half of the individuals with BPI in our
study experienced MSCs. Although most individ-
uals experienced MSCs in body parts that were
subjected to stress during the FCE-OH tests (neck,
back and unaffected shoulder), differences in the

functional capacity of individuals with and without
MSCs were small and non-significant. This finding
is consistent with that of a study that investigated
the functional capacity of individuals with major
upper-limb deficiencies [14]. By contrast, Soer et al.
[30] found that individuals with chronic MSCs (with
no co-morbidities) had a lower functional capacity,
relative to that of the general population. Pain inten-
sity scores of individuals with BPI and those with
major upper-limb deficiencies were low compared
with the scores of individuals with chronic MSCs
[14, 30]. Higher pain intensity scores were associ-
ated with lower FCE-OH tests scores [31], which
could explain why no differences were found in the
FCE-OH test results of individuals with and without
MSCs. These findings indicate that the relationship
between the presence of BPI, MSCs, and functional
capacity remains uncertain, it should therefore be
explored further within larger samples, preferably
within a prospective study design. Additional insights
into the relationship between these variables could
help to improve the treatment of MSCs within this
population.

4.1. Strengths

To the best of our knowledge the current study is
the first to assess the functional capacity of individu-
als with BPL. It is also the first to explore differences
in the functional capacity of the affected and unaf-
fected side in individuals with BPI and between
BPI-affected individuals with and without MSCs. We
also included a control group for comparison pur-
poses.

4.2. Limitations

Unlike most previous studies reported in the litera-
ture, we included individuals with adult and obstetric
BPI in our study. Inclusion of persons with both types
of BPI was not problematic in our study, as we aimed
to assess functional capacity in BPI-affected individ-
uals, irrespective of the cause of BPI. Individuals with
obstetric BPI were probably better adapted to this
condition compared with individuals with adult BPI,
because they grew up with limited functionality of an
upper limb. Whether or not this condition leads to a
higher functional capacity is unknown. It would be
interesting to compare the FCE-test results of indi-
viduals with obstetric BPI and those adult BPI who
have the same remaining functionality in a follow-up
study.
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Most previous studies on BPI have classified
plexus injuries according to the nerve roots involved
and whether paralysis or paresis has occurred [2,
4, 11, 32]. However, the remaining functions can
vary considerably among individuals with a paresis.
Given the lack of a classification system based on
remaining function we used a self-constructed clas-
sification based on remaining hand function in order
to differentiate between one-handed and two-handed
functioning individuals. The question (““Can you use
the hand of the affected upper limb during activities
of daily life?””) used in combination with the physi-
cal examination to differentiate between individuals
with and without hand function was not validated. It
is noteworthy that individuals in the “with hand func-
tion” category were able to perform (most) activities
using both sides, but they could still experience lim-
itations in hand function due to limited strength in
the hand, wrist, upper arm and/or shoulder muscles.
Individuals without hand function reported perform-
ing most activities with one hand, but some were
able to use the (proximal) affected limb during some
daily living activities depending on their remaining
proximal strength.

Because of the small sample size relative to the
scale of the differences and the heterogeneity of
participants’ conditions, we were unable to draw gen-
eralizable conclusions concerning the associations
between hand function, MSCs, and functional capac-
ity in individuals with BPI. However, these results
led to new hypotheses and could provide a direc-
tion for future studies and calculations of sample size.
Because of the exploratory nature of this study and
in order not to miss relevant hypotheses for future
research, no corrections were made for multiple test-
ing. However, the use of this approach increased the
possibility of a type I error occurring and may have
increased the chance of false positive results [33, 34].

The results of the FCE-OH tests may have been
influenced by whether the individual’s dominant side
was affected by BPIL. Our post-hoc analysis to test
this hypothesis revealed similar test results for indi-
viduals with BPI whose dominant side was or was
not affected (see Appendix 4). The results were also
potentially affected by selection bias, given that only
23 of the 93 prospective invited participants actu-
ally participated, although no differences in age or
sex were observed between participants and non-
participants.

Furthermore, the definition of MSCs applied in
this study may have influenced the results. Because
the DMQ does not differentiate between neuropathic

pain and MSCs [19], pain felt on the affected side
was classified as neuropathic pain and not classified
as an MSC, with three individuals in the non-MSC
group categorized as having pain in the affected side
on the day of testing.

5. Conclusion

Consistent with our hypothesis, the two-handed
functional capacity of individuals with BPI was
found to be lower than that of healthy controls. The
effect sizes were medium. The one-handed functional
capacity of the unaffected side of individuals with
BPI was similar to the capacity of the dominant side
of controls and was not associated with hand func-
tion on the affected side. Presence of MSCs does not
seem to be associated with functional capacity. More
research into the relation between (daily and work)
activities and functional capacity in individuals with
BPI and controls is needed to shed further light on
these results. Follow-up research may also help to
uncover the implications of the FCE-OH for recom-
mendations regarding work participation and provide
insight into the causes of MSCs in individuals with
BPI.
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