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Background. Children with cerebral palsy (CP) typically show muscle weakness
of the lower extremities, which can be measured with the use of handheld dyna-
mometry (HHD).

Objective. The purposes of this study were: (1) to determine test-retest reliability
and measurement error of isometric lower-extremity strength measurements in chil-
dren with CP with the use of HHD and (2) to assess implications for measurement
design.

Design. A test-retest design was used.

Methods. Fourteen children with hemiplegic (n�6) or diplegic (n�8) spastic CP
(Gross Motor Function Classification System levels I–III), ages 7 to 13 years, were
assessed for isometric strength on 2 separate days (occasions) with the use of HHD,
with 3 trials per muscle group. The intraclass correlation coefficient, standard error
of measurement, and smallest detectable difference (SDD) were calculated for dif-
ferent measurement designs.

Results. Intraclass correlation coefficient values of single measurements for all
muscle groups ranged from .70 to .90, and the SDD was large (�30%). Regarding
measurement error, the largest source of variability was found for occasion. A
2-occasion mean decreased the SDD by 9% to 14%. For trials, a greater improvement
in SDD was found when 2 trials were averaged instead of 3. A measurement design
of 2 trials–2 occasions was superior to the often-used approach of 3 trials–1 occasion.

Limitations. The small sample size was the major study limitation.

Conclusions. Handheld dynamometry is reliable and can be used to detect
changes in isometric muscle strength in children with CP when using the mean of at
least 2 trials. To further improve reliability, taking the average of 2 occasions on
separate days is recommended, depending on group size and muscle group.
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Children with cerebral palsy
(CP) typically show muscle
weakness of the lower extrem-

ities,1–4 which may lead to limita-
tions in walking ability and other
gross motor activities.1,2,5 The
expected effect of muscle weakness
on gross motor ability in CP has
led to the concept that increasing
lower-extremity muscle strength
through specific strength training
may improve motor activities in this
patient group.1,2,5–7

Lower-extremity muscle strength
can be measured with the use of
handheld dynamometry (HHD). The
instrument contains a force trans-
ducer, which enables manual assess-
ment of isometric strength by hold-
ing the dynamometer rigidly and
perpendicular to a person’s body
segment. Although HHD often has
been applied in clinical and research
settings, current literature contains
little convincing evidence regarding
its reliability in children with CP.

A recent study of the use of HHD
for lower-extremity strength mea-
surements in children with CP
showed that the method provides
only moderate inter-assessor reliabil-
ity,8 resulting in the recommenda-
tion that the same assessor should
carry out repeated measurements
on a particular individual. Three
other studies have estimated the
intra-assessor reliability of lower-
extremity strength measurements
with the use of HHD in children
with CP. Whereas 2 of these studies
showed intraclass correlation coeffi-
cient (ICC) values �.8 for all muscle
groups except for the knee flex-
ors,9,10 the third study11 showed
that the ICC exceeded .8 for only
half of the assessed muscle groups.
Although efforts were made to stan-
dardize the testing procedures
(eg, applying stabilization, test posi-
tion), measurement variability still
prevents the accurate measurement
of changes in individuals or small

groups. Nonetheless, HHD is the
most practical instrument for testing
isometric strength in clinical prac-
tice, meaning that there is a need for
recommendations aimed at improv-
ing reliability.

Studies of HHD have included a vari-
ety of statistical approaches to the
assessment of reliability (ie, the
extent to which scores for patients
who have not changed are the same
for repeated measurement12,13), in
which the ICC was the most fre-
quently used statistical parameter.
The ICC reflects the extent to which
a measurement device can differ-
entiate among individuals,14 yet it
is highly dependent on the hetero-
geneity of the population.15 Another
statistic is the standard error of
measurement (SEM) (ie, the sys-
tematic and random error of a
patient’s score that is not attributed
to true changes in the construct to
be measured12,13). The SEM repre-
sents how far apart the outcomes of
repeated measures are, expressed in
the units of measurement,16 thereby
providing important information on
how well changes can be observed.
The SEM allows the calculation of
the smallest detectable difference
(SDD), by use of 1.96 � sqrt(2) �
SEM, an important statistic for clini-
cians evaluating changes in individu-
als. Because the SEM and ICC pro-
vide differing information about a
test, it is important to report both
when evaluating reliability.17

One approach to reduce measure-
ment error (in addition to standard-
izing the measurement protocol and
providing improved assessor train-
ing) is to take the average value of a
number of trials, either within 1 mea-
surement occasion or on separate
measurement occasions. In the case
of strength measurements, a com-
mon approach is to take the mean of
2 or 3 trials9,10 or to use the maximal
across trials.9,11 However, although
recommendations on the optimal

number of trials do not exist yet,
given the large measurement errors
associated with HHD strength mea-
surements,11 such recommendations
are needed. This situation raises
important questions, including what
number of trials is needed at each
measurement occasion and whether
averaging separate occasions is ben-
eficial to decrease measurement
error. Therefore, the purposes of our
study were: (1) to investigate the
sources of measurement variability
of HDD strength measurements in
diverse muscle groups of ambulant
children with CP and (2) to use the
results to determine the reliability
and measurement error of these mea-
surements, thereby assessing the
implications for different measure-
ment designs (ie, number of trials
and occasions). These findings will
allow us to make useful recommen-
dations for clinical practice.

Method
Participants
Children with spastic CP were
recruited from a school for chil-
dren with physical disabilities in the
Netherlands. Inclusion criteria for
the study were: (1) age between 7
and 13 years, (2) cognitively able to
allow comprehension of and adher-
ence to simple instructions, which
was determined on the basis of infor-
mation in the patient’s medical
record and the physician’s confirma-
tion, and (3) a Gross Motor Function
Classification System (GMFCS) clas-
sification of level I, II, or III. Exclu-
sion criteria were: (1) treatment with
multilevel botulinum toxin injection
�3 months before inclusion or
(2) orthopedic surgery or selective
dorsal rhizotomy �6 months before
inclusion.

Procedure
Written informed consent was
obtained from all participating chil-
dren (12 years of age and above) and
their parents. The test protocol con-
sisted of lower-extremity isometric
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strength measurements. These mea-
surements were taken at the same
time of day, on 2 different test occa-
sions separated by a 2- to 5-day
period. It was assumed that strength
does not change during this short
period in children with CP. On the
second occasion, the assessor did
not have access to the strength mea-
surements that were obtained ear-
lier. All tests were performed by 1
assessor (physical therapist) who
received training consisting of
instructions on how to use the
device and how to apply the stan-
dardized test position and stabiliza-
tion procedures. In addition, prac-
tice trials were performed on
separate days on volunteers without
disabilities and children with CP,
while the assessor received feedback
about assessment performance.

Instrument
A Microfet handheld dynamometer
(Biometrics, Almere, the Nether-
lands) was used for the assessment of
isometric strength. This device has a
force measurement range of 3.6 to
660 N, with a sensitivity of 0.4 N.
Intra-assessor reliability of this instru-
ment has been high (ICC �.80)
when measuring people who were
healthy.18 Evidence for the validity
of a similar HHD to detect change
in the lower force range was pro-
vided in patients with post-polio
syndrome.19

Measurements
Handheld dynamometry was used
to quantify isometric strength of

the knee extensors, knee flexors, hip
flexors, hip abductors, and ankle
plantar flexors of the most involved
leg. The order of testing was accord-
ing to the sequence cited. Three
trials were performed on each mus-
cle group. Prevention of muscle
fatigue was achieved by a 30-second
recovery period after each trial and
2 minutes of rest between evalua-
tions of the muscle groups. One or
2 trials were used to familiarize the
participants with the testing pro-
cedures before the actual strength
measurements of each muscle
group. The participants’ positions,
joint angles, placement of applied
resistance, and locations of stabil-
ization are shown in Table 1. A strap
was used to stabilize the participant.
The “make test” was used to mea-
sure isometric strength because of its
superior reliability in children with
CP compared with the alternative
(the “brake test”).8 In the “make
test,” participants are asked to grad-
ually apply maximal force against the
dynamometer, which is held rigidly
perpendicular to the body segment.
Before the test, a standard instruc-
tion of “push as hard as you can” was
given, and during the test the chil-
dren were encouraged to apply max-
imal effort. Maximal strength was
exerted for 3 to 5 seconds, at which
point the examiner instructed the
child to relax. Maximal isometric
muscle strength was recorded for
all measured lower-extremity muscle
groups during each trial. Muscle
strength was expressed in newton

per kilogram of body weight
(N�kg�1).

Data Analysis
Statistical analysis was carried out
with the use of SPSS version 15.0
(SPSS Inc, Chicago, Illinois) for Win-
dows. Reliability was assessed by use
of the generalizability theory.14,16,20

This theory is based on the recog-
nition that in any measurement situ-
ation, there are multiple sources
of measurement variability.14 The
strength of the generalizability the-
ory, and the reason it was applied in
the current study, is the potential to
improve the reliability of a measure-
ment by investigating the influence
of those sources on the measure-
ment in question.14 In the first stage,
sources of variability are identified
and estimated in a generalizability
study (G-study).14 The effect of vari-
ous conditions within the measure-
ment design on reliability then can
be investigated in a subsequent deci-
sion study (D-study).14

An analysis of variance was per-
formed to determine the sources
of measurement variability, by use
of the method of restricted maxi-
mal likelihood with 2 factors: trials
(3 levels) and occasions (2 levels).
These analyses yielded variance com-
ponents attributable to the variability
between subjects (vars), trials (vart),
occasions (varo), the interaction
effect of subjects and trials (varst),
subjects and occasions (varso), trials
and occasions (varto), and the resid-
ual error variance (varsto,e).

Table 1.
Muscle Test Positions

Muscle Group
Participant

Position Joint Starting Angle
Location of

Stabilization Placement of Resistance

Knee extensors Sitting Knee flexed 90° Pelvis, thigh Anterior tibia, 5 cm proximal to malleoli

Knee flexors Sitting Knee flexed 90° Pelvis, thigh Posterior calf, 5 cm proximal to malleoli

Hip flexors Sitting Hip flexed off surface Pelvis Anterior thigh, 3 cm proximal to patella

Hip abductors Supine Hip slightly flexed off surface Pelvis Lateral thigh, 5 cm proximal to the knee joint

Ankle plantar flexors Supine Hip flexed 90°, knee flexed 90°,
ankle in neutral position

Pelvis, lower leg Plantar surface of metatarsal heads
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First, reliability was assessed for 1
single measurement, which refers
to generalization over trials and
occasions (G-study). Based on the
variance components that were esti-
mated with this G-study, the ICC and
95% confidence interval, SEM, and
SDD were calculated as14,17:

(1) ICC � vars/(vars � vart � varo

� varst � varso � varto � varsto,e)

(2) SEM � �(vart � varo � varst

� varso � varto � varsto,e)

(3) SDD � 1.96 � sqrt(2) � SEM

The SEM and SDD were reported in
the actual units of measurement and
as a percentage of the group mean
strength.

Second, to assess the implications
for reliability when using different
measurement designs (ie, averaging
over k numbers of trials or occa-
sions), a D-study was performed in
which the variance components of 1
single measurement were divided by
k.20 From these D-studies, we identi-
fied the most optimal design (ie,
combination of numbers of trials or
occasions) for the different muscle
groups to reduce the SEM (and con-
sequently SDD).

Results
Fourteen children (9 boys, 5 girls)
were included, 8 of whom were
diagnosed with spastic diplegia and
6 with spastic hemiplegia (4 left-
sided, 2 right-sided). All children had
a GMFCS classification of level I
(n�8), II (n�3), or III (n�3). Mean
(SD) body height and weight of the

14 participants were 150.0 (18.6) cm
and 40.6 (15.5) kg, respectively. The
average age was 10 years 2 months
(2 years 4 months), ranging from 7 to
13 years.

All participants successfully com-
pleted 3 trials of isometric strength
measurements on both occasions.
Mean maximal exerted isometric
muscle strength (N�kg�1) for the
5 lower-extremity muscle groups
across the 3 trials and the 2 occa-
sions are presented in Table 2. Mean
isometric strength values ranged
from 2.5 to 5.0 N�kg�1 on both occa-
sions. The strongest muscle groups
were the knee extensors, followed
by the ankle plantar flexors and the
hip flexors. Knee flexors and hip
abductors showed the least strength.

Table 3 shows the variance com-
ponents estimated in the G-study.
Variation as the result of occasion
was greater than variation as the
result of trial for knee extension
only, whereas the opposite was
true for hip flexion. The interaction
between occasion and subjects
(indicating that variation as the result
of occasion differs among subjects)
showed the highest values. For the
knee extensors and ankle plantar
flexors, the interaction between sub-
ject and trial also caused variation in
the measurement.

Table 2.
Peak Isometric Strength Values (N�kg�1) Obtained With the Use of Handheld Dynamometry

Muscle
Groupa n

Occasion 1 Occasion 2

Trial 1 Trial 2 Trial 3
Mean of

Trials 1–3 Trial 1 Trial 2 Trial 3
Mean of

Trials 1–3

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

KE 14 5.0 1.1 5.0 1.1 5.0 1.2 5.0 1.1 4.8 1.5 4.7 1.4 4.8 1.6 4.8 1.5

KF 14 2.6 1.2 2.7 1.1 2.7 1.0 2.7 1.1 2.6 1.0 2.6 0.9 2.6 1.0 2.6 1.0

HF 14 3.9 0.9 3.8 1.1 3.9 0.9 3.9 0.9 4.0 1.0 3.8 1.0 4.1 1.1 3.9 1.0

HA 14 2.6 1.0 2.5 1.0 2.7 1.1 2.6 1.0 2.6 1.0 2.6 1.1 2.6 1.0 2.6 1.0

APF 14 4.3 1.9 4.6 1.8 4.4 2.0 4.5 1.9 4.3 1.6 4.3 1.5 4.3 1.6 4.3 1.5

a KE�knee extensors, KF�knee flexors, HF�hip flexors, HA�hip abductors, APF�ankle plantar flexors.

Table 3.
G-Study Values of the Variance Components for the Muscles of the Lower Extremitya

Variable KE KF HF HA APF

vars 1.386 0.960 0.722 0.859 2.291

vart 0.000 0.000 0.002 0.000 0.000

varo 0.002 0.000 0.000 0.000 0.000

varst 0.028 0.000 0.000 0.004 0.039

varso 0.280 0.051 0.174 0.165 0.498

varto 0.000 0.000 0.000 0.000 0.006

varsto,e 0.046 0.052 0.132 0.069 0.127

a KE�knee extensors, KF�knee flexors, HF�hip flexors, HA�hip abductors, APF�ankle plantar flexors,
var�variance, s�subject, o�occasion, t�trial, e�error.
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Table 4 shows the effect of mea-
surement design on reliability and
measurement error. The first row
of the table represents a measure-
ment design of 1 trial–1 occasion
(G-study). The reliability and mea-
surement error parameters for this
design were calculated from the
variance components presented in
Table 3 (without dividing by fac-
tor k). Because there is no averag-
ing over trials or occasions in this
measurement design, the reliability
and measurement error parameters
reflect reliability of 1 single measure-
ment and show the lowest reliabil-
ity. The D-study results shown in
Table 4 clearly indicate that the SEM
is only slightly lower (0.3%–0.6% of
the group mean strength) when
averaging over 3 trials (results in
the third row), compared with aver-
aging over 2 trials (results in second
row). Furthermore, averaging over
2 occasions (results in fourth row)
beneficially reduces the SEM, com-
pared with including additional trials
in the average. Taking the example
of the knee flexors, this approach
indicates that reducing the SDD
with 10% of the group mean strength
requires an additional occasion.
The third row of Table 4 corre-
sponds to the measurement design
of 3 trials–1 occasion, which is most
commonly applied in clinical and
research settings. With the use of
this design, the ICCs were �.80
for all muscle groups, except for
hip flexors (ICC�.77), and SEM val-
ues were substantially higher for
the ankle plantar flexors and the hip
abductors (17.0% and 16.6% of
the mean, respectively), compared
with the knee flexors (9.9%), hip
flexors (12.0%), and knee extensors
(11.3%).

Discussion
This study evaluated the reliability of
the use of HHD for lower-extremity
muscle strength measurements in
ambulant children with spastic CP.
Our results show that reliability can

Table 4.
Intra-Assessor Reliability of Lower-Extremity Isometric Muscle Strength in Children
With Cerebral Palsy, Using Handheld Dynamometry for a Single Measurement (G-
Study, Row 1) and for Different D-Study Designs (Rows 2–6)a

Occasion No. Trial No. KE ICC 95% CI
SEM

(N/kg)
SEM
(%)

SDD
(N/kg)

SDD
(%)

1 1 .80 .72–.86 0.60 12.2 1.65 33.9

1 2 .81 .73–.87 0.56 11.6 1.57 32.1

1 3 .82 .74–.88 0.55 11.3 1.53 31.4

2 1 .88 .82–.92 0.44 9.0 1.21 24.9

2 2 .89 .84–.93 0.41 8.4 1.13 23.2

2 3 .90 .85–.93 0.40 8.1 1.10 22.6

Occasion No. Trial No. KF

1 1 .90 .85–.93 0.32 12.1 0.89 33.7

1 2 .93 .89–.96 0.28 10.5 0.77 29.1

1 3 .93 .89–.96 0.26 9.9 0.72 27.4

2 1 .95 .92–.97 0.23 8.6 0.63 23.8

2 2 .96 .94–.98 0.20 7.4 0.54 20.6

2 3 .97 .95–.98 0.18 7.0 0.51 19.4

Occasion No. Trial No. HF

1 1 .70 .59–.78 0.55 14.2 1.54 39.4

1 2 .75 .65–.82 0.49 12.6 1.36 34.9

1 3 .77 .68–.84 0.47 12.0 1.30 33.2

2 1 .82 .74–.88 0.39 10.1 1.09 28.0

2 2 .86 .80–.91 0.35 8.9 0.96 24.7

2 3 .87 .81–.91 0.33 8.5 0.92 23.5

Occasion No. Trial No. HA

1 1 .78 .69–.85 0.49 18.6 1.35 51.6

1 2 .81 .73–.87 0.45 17.1 1.24 47.5

1 3 .82 .74–.88 0.44 16.6 1.21 46.0

2 1 .88 .82–.92 0.35 13.3 0.96 36.8

2 2 .89 .84–.93 0.32 12.2 0.88 33.7

2 3 .90 .85–.93 0.31 11.8 0.86 32.6

Occasion No. Trial No. APF

1 1 .77 .68–.84 0.82 18.7 2.27 51.8

1 2 .80 .72–.86 0.76 17.5 2.12 48.4

1 3 .80 .72–.86 0.75 17.0 2.07 47.2

2 1 .87 .81–.91 0.60 13.6 1.65 37.7

2 2 .88 .82–.92 0.55 12.5 1.52 34.8

2 3 .89 .84–.93 0.53 12.2 1.48 33.8

a KE�knee extensors, KF�knee flexors, HF�hip flexors, HA�hip abductors, APF�ankle plantar flexors,
ICC�intraclass correlation coefficient, 95% CI�95% confidence interval, SEM�standard error of
measurement, SDD�smallest detectable difference.
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be improved by averaging over 2
trials, with a third trial contribut-
ing little to a further increase in reli-
ability. We also show that the largest
improvement in reliability can be
achieved by averaging over two
occasions, on separate days.

Both the ICC and SEM were used to
express reliability. The ICC indicated
that HHD is proficient in differenti-
ating individuals. However, because
of the dependency of the ICC on
sample heterogeneity,15 this statis-
tic is not always conclusive when
the purpose is the determination of
changes in muscle strength, as pre-
viously noted by Taylor et al.10 The
SEM better serves this purpose
because it provides information in
the units of measurement, aiding
interpretation, and because it is inde-
pendent of sample heterogeneity. In
addition, the SEM facilitates the inter-
pretation of whether changes (eg,
caused by an intervention) exceed
measurement error.17 In the case of
the most commonly applied mea-
surement design, 1 occasion–3 trials
(third row of Tab. 4), the lowest SEM
was seen for the knee extensors
and knee flexors (11.3% and 9.9%,
respectively) and the highest for the
hip abductors and ankle plantar flex-
ors (16.6% and 17.0%, respectively).
These values for the knee extensors
and the knee flexors are lower than
previously reported values of mea-
surement error in children with CP,
whereas the value for the hip abduc-
tors is comparable to earlier reports.9

These differences might be due to
differing disease severity or to test
positions and standardization.

Averaging trials to improve relia-
bility is common in longitudinal stud-
ies and in therapeutic settings. This
practice is supported by the results
of the current study, which demon-
strates that averaging over 2 trials is
the most efficient approach. When
the SDD was expressed as a percent-
age of the group mean strength, val-

ues for the 2 trials–1 occasion design
ranged from 29.1% for the knee flex-
ors to 48.4% for the ankle plantar
flexors. Averaging over 3 trials gave
only slightly improved results (an
SDD decrease of 1%–2% of the group
mean strength). On the basis of these
findings, we recommend 2 trials
rather than 3, taking into account the
condition of the child and the lim-
ited available time.

A greater improvement in measure-
ment error can be achieved by taking
the average of 2 trials on 2 differ-
ent occasions, 2 to 5 days apart (ie,
SDD decreases of 8.5%–13.8% of
the group mean value). For example,
the SDD of the ankle plantar flex-
ors could be reduced from 48.4%
to 34.8% by taking the average over
2 occasions. It is important to note
that an additional measurement
occasion is strongly recommended
for both the ankle plantar flexors
and the hip abductor muscles,
because the SDD values of 1 mea-
surement occasion are too large to
detect individual changes, even
when the average over 3 trials is cal-
culated (�46%). Another important
consideration is whether perform-
ing several strength measurements
in several muscle groups on differ-
ent days in children with CP is feasi-
ble, given the amount of time and
effort required. Therefore, each par-
ticular situation calls for a trade-off
between the required accuracy of
the strength measurement and the
demands placed on the patient.

Although averaging over 2 trials
and 2 occasions improves mea-
surement error, the detectable
strength changes remain relatively
large (�20.6% for knee flexors and
�34.8% for ankle plantar flexors),
and only changes that exceed these
percentages can be defined as genu-
ine change for a given individual.
Because previous strength training
studies in children with CP have
reported lower extremity muscle

strength increases of 11% to
74%,2,7,21 it can be concluded that
HHD often will be insufficiently sen-
sitive for the detection of individual
strength gains.

This limitation may not be insur-
mountable, however, because evalu-
ating strength gains in groups of
children with CP rather than in indi-
viduals will decrease the SEM by a
factor �n.16,20 This approach will
allow the positive effects of muscu-
lar strength training programs to be
more accurately assessed and the
detection of strength changes as low
as 11%. In an example from the pres-
ent study, an SDD for hip abductors
of 47.5% (2 trials–1 occasion) would
require a group of �18 participants
to detect a change of 11% from the
group mean in muscular strength
using HHD, because an SDD of 0.29
N�kg�1 (11%) requires the SEM to be
0.10 N�kg�1 in this example (see for-
mula 3). To detect the same change
in knee flexor strength, a group of
�7 participants would be needed.
Thus, in a sufficiently large group of
children with CP, the SEM will be
small enough to allow the detection
of physiologically expected changes,
and HHD becomes a reliable method
for the detection of gains in isomet-
ric muscle strength.

The interpretation of our results is
subject to certain limitations. The
group size in the current study was
insufficient to allow an accurate
judgment regarding the heterosce-
dasticity of the data,22 which may
have implications for the analysis
of reliability. In heteroscedastic data,
variability depends on the magni-
tude of the variable mean, requiring
that the data be logarithmically trans-
formed before any analysis of the
reliability. Because visual inspection
of the data did not reveal heterosce-
dasticity in any of our outcome mea-
sures, we do not expect that het-
eroscedasticity will be present in a
larger group. However, the absence
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of heteroscedasticity should be con-
firmed in future research with a
larger sample of children. The small
sample size, in general, is a limitation
of the study.12 Nevertheless, our
results provide a rationale for mea-
surement design, which might be
further investigated in a larger study
sample. Our results can only be gen-
eralized to a population that resem-
bles our study sample (eg, GMFCS
levels I–III). An important subject for
future research will be the further
determination of the reliability of
strength measurements in more
defined populations, something that
will be immediately useful in clinical
settings.

In conclusion, our results suggest
that HHD strength measurements
are reliable in differentiating indi-
vidual children with CP. Further-
more, HHD measurements are suffi-
ciently sensitive to detect changes in
isometric muscle strength at group
level, when the mean of at least 2
trials is taken. By additionally taking
the average of 2 occasions on sepa-
rate days, the technique also is suffi-
ciently sensitive to detect large
changes in individuals (�20% for
knee flexors and �35% for ankle
plantar flexors). When attempting
to detect smaller changes in individ-
uals, a third measurement occasion
should be considered. These find-
ings can serve as guidelines for clin-
ical practice, when considering mea-
surement designs, at least when the
same measurement procedures are
planned. Nonetheless, the evaluation
of each individual patient and each
muscle group calls for a trade-off
between the required reliability of
the strength measurement and the
demands placed on the patient.

All authors provided concept/idea/research
design. Ms Willemse, Dr Brehm, Dr Scholtes,
and Dr Dallmeijer provided writing and data
analysis. Dr Scholtes, Ms Jansen, and Ms
Woudenberg-Vos provided data collection.
Dr Brehm, Dr Scholtes, and Dr Dallmeijer
provided project management. Dr Brehm
and Dr Scholtes provided study participants.
Dr Scholtes provided facilities/equipment.
Dr Brehm and Dr Dallmeijer provided con-
sultation (including review of manuscript
before submission).

The study protocol was approved by the
Medical Ethics Committee of VU University
Medical Center, Amsterdam, the Nether-
lands.

10.2522/ptj.20120079

References
1 Damiano DL, Vaughan CL, Abel MF. Mus-

cle response to heavy resistance exercise
in children with spastic cerebral palsy.
Dev Med Child Neurol. 1995;37:731–739.

2 Damiano DL, Abel MF. Functional out-
comes of strength training in spastic cere-
bral palsy. Arch Phys Med Rehabil.
1998;79:119–125.

3 Eek MN, Tranberg R, Zugner R, et al. Mus-
cle strength training to improve gait func-
tion in children with cerebral palsy. Dev
Med Child Neurol. 2008;50:759–764.

4 Wiley ME, Damiano DL. Lower-extremity
strength profiles in spastic cerebral palsy.
Dev Med Child Neurol. 1998;40:100–107.

5 Goh HT, Thompson M, Huang WB, Scha-
fer S. Relationships among measures of
knee musculoskeletal impairments, gross
motor function, and walking efficiency in
children with cerebral palsy. Pediatr Phys
Ther. 2006;18:253–261.

6 Dodd KJ, Taylor NF, Graham HK. A ran-
domized clinical trial of strength training
in young people with cerebral palsy. Dev
Med Child Neurol. 2003;45:652–657.

7 Scholtes VA, Becher JG, Comuth A, et al.
Effectiveness of functional progressive
resistance exercise strength training on
muscle strength and mobility in children
with cerebral palsy: a randomized con-
trolled trial. Dev Med Child Neurol.
2010;52:e107–e113.

8 Verschuren O, Ketelaar M, Takken T, et al.
Reliability of hand-held dynamometry and
functional strength tests for the lower
extremity in children with cerebral palsy.
Disabil Rehabil. 2008;30:1358–1366.

9 Berry ET, Giuliani CA, Damiano DL. Intra-
session and intersession reliability of hand-
held dynamometry in children with cere-
bral palsy. Pediatr Phys Ther. 2004;
16:191–198.

10 Taylor NF, Dodd KJ, Graham HK. Test-
retest reliability of hand-held dynamomet-
ric strength testing in young people with
cerebral palsy. Arch Phys Med Rehabil.
2004;85:77–80.

11 Crompton J, Galea MP, Phillips B. Hand-
held dynamometry for muscle strength
measurement in children with cerebral
palsy. Dev Med Child Neurol. 2007;49:
106–111.

12 Mokkink LB, Terwee CB, Patrick DL, et al.
The COSMIN study reached international
consensus on taxonomy, terminology, and
definitions of measurement properties for
health-related patient-reported outcomes.
J Clin Epidemiol. 2010;63:737–745.

13 Mokkink LB, Terwee CB, Patrick DL, et al.
COSMIN checklist manual. Available at:
http://www.cosmin.nl/images/upload/
File/COSMIN%20checklist%20manual
%20v9.pdf. Accessed January 20, 2013.

14 Streiner DL, Norman GR. Health Measure-
ment Scales. 2nd ed. Oxford, United King-
dom: Oxford Medical Publications; 1995.

15 Atkinson G, Nevill AM. Statistical methods
for assessing measurement error (reliabil-
ity) in variables relevant to sports medi-
cine. Sports Med. 1998;26:217–238.

16 de Vet HCW. Measurement in Medicine:
A Practical Guide. Cambridge, United
Kingdom: Cambridge University Press;
2011.

17 de Vet HCW, Terwee CB, Knol DL, Bouter
LM. When to use agreement versus reli-
ability measures. J Clin Epidemiol. 2006;
59:1033–1039.

18 Nijeboer JH, Boogaert JAI, Houvast MH,
Aufdemkampe G. Betrouwbaarheids
Onderzoeken van de Kinesitherapie.
Houten/Zaventem, the Netherlands/Bel-
gium: Bohn Stafleu Van Loghum; 1994.

19 Nollet F, Beelen A. Strength assessment in
postpolio syndrome: validity of a hand-
held dynamometer in detecting change.
Arch Phys Med Rehabil. 1999;80:1316–
1323.

20 Roebroeck ME, Harlaar J, Lankhorst GJ.
The application of generalizability theory
to reliability assessment: an illustration
using isometric force measurements. Phys
Ther. 1993;73:386–395.

21 Blundell SW, Shepherd RB, Dean CM, et al.
Functional strength training in cerebral
palsy: a pilot study of a group circuit train-
ing class for children aged 4–8 years. Clin
Rehabil. 2003;17:48–57.

22 Brehm MA, Scholtes VA, Dallmeijer AJ,
et al. The importance of addressing het-
eroscedasticity in the reliability analysis of
ratio-scaled variables: an example based
on energy cost measurements. Dev Med
Child Neurol. 2012;54:267–273.

Muscle Strength Measurement in Children With Cerebral Palsy

July 2013 Volume 93 Number 7 Physical Therapy f 941

www.cosmin.nl/images/upload/File/COSMIN%20checklist%20manual%20v9.pdf
www.cosmin.nl/images/upload/File/COSMIN%20checklist%20manual%20v9.pdf
www.cosmin.nl/images/upload/File/COSMIN%20checklist%20manual%20v9.pdf

