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Background. Dynamometry has been used extensively to measure knee extensor strength
in individuals with cerebral palsy (CP). However, increased coactivation can lead to underes-
timation of knee extensor strength and, therefore, reduce validity of strength measurements.
It is yet unknown to what extent coactivation occurs during dynamometry testing and whether
coactivation is influenced by severity of CP, load levels, and muscle fatigue.

Objectives. The aims of this study were: (1) to investigate coactivation in adolescents with
and without CP during dynamometer tests and (2) to assess the effect of Gross Motor Function
Classification System (GMFCS) level, load level, and muscle fatigue on coactivation.

Design. A cross-sectional observational design was used.

Method. Sixteen adolescents with CP (GMFCS levels I and II: n�10/6; age range�13–19
years) and 15 adolescents without CP (n�15; age range�12–19 years) performed maximal
isometric contractions (maximal voluntary torque [MVT]) and a series of submaximal dynamic
contractions at low (�65% MVT), medium (�75% MVT), and high (�85% MVT) loads until
fatigue. A coactivation index (CAI) was calculated for each contraction from surface electro-
myography recordings from the quadriceps and hamstring muscles.

Results. Adolescents with CP classified in GMFCS level II showed significantly higher CAI
values than adolescents classified in GMFCS level I and those without CP during maximal and
submaximal contractions. No differences were observed among load levels. During the series
of fatiguing submaximal contractions, CAI remained constant in both the CP group and the
group with typical development (TD), except for adolescents with TD at the low-load condi-
tion, which showed a significant decrease.

Limitations. Electromyography tracings were normalized to amplitudes during maximal
isometric contractions, whereas previous studies suggested that these types of contractions
could not be reliably determined in the CP population.

Conclusion. Coactivation was higher in adolescents with CP classified in GMFCS level II
than in adolescents with TD and those with CP in GMFCS level I at different load levels. Within
all groups, coactivation was independent of load level and fatigue. In individuals with CP,
coactivation can lead to an underestimation of agonist muscle strength, which should be taken
into account while interpreting the results of both maximal and submaximal dynamometer
tests.
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Cerebral palsy (CP) is the most
common movement disorder in
children, with an incidence of 2

per 1,000 live births.1 The primary motor
deficits observed in individuals with CP
are muscle paresis, muscle spasticity,
and impaired selective motor control.2

These motor deficits can provoke muscle
weakness in individuals with CP, espe-
cially in the lower limb muscles.3

Because there are indications that lower
limb muscle strength is related to mobil-
ity limitations in individuals with CP,4,5

there has been increasing interest in
studying the effectiveness of muscle
strength training programs.6–9 In order
to determine proper training intensities
in such programs and to evaluate their
effectiveness, valid and reliable assess-
ments of muscle strength are needed.

To investigate muscle strength in the CP
population, different methods are used
in clinical practice and research. Muscle
strength is widely expressed as maximal
voluntary isometric strength, assessed
using computer-controlled or handheld
dynamometers.3,10–12 It has been shown,
however, that many individuals with CP
have difficulty in maximally recruiting
their muscles,13 which reduces the valid-
ity of maximal strength measurements.
Therefore, in more recent research, sub-
maximal strength tests were used, with
strength expressed in terms of the repe-
tition maximum (RM) at submaximal
load.14–18 During these different types of
dynamometer measurements, a net
moment around the joint is measured.
This net moment is the resultant moment
generated by the agonists and the antag-
onists, requiring the agonistic muscle
group to be selectively activated to val-
idly assess agonistic muscle strength. In
people who are able-bodied, a well-
balanced interaction between excitation
of the agonist and a proportional inhibi-
tion of its antagonist is facilitated
through the mechanism of reciprocal
inhibition.19 Some studies, however,
showed deficits in this reciprocal inhibi-
tion in children with CP.20,21 High levels
of coactivation have been observed in
individuals with CP during maximal iso-
metric strength measurements22,23 and
during gait.22,24,25 Coactivation can be a
motor control strategy, and it is primarily
present when an individual needs

increased joint stability or improved
movement accuracy (eg, while learning a
new task).26 However, in line with its
inherent inefficiency, excessive coactiva-
tion also can impair motor performance.
Specifically, for strength testing, higher
levels of coactivation can lead to lower
net moments.27 As a consequence, an
underestimation of the strength of the
agonists might occur.2 Therefore, it is
important to investigate the level of
coactivation in muscle strength tests that
are used extensively in clinical practice
and research.

Different dynamometer tests are used in
clinical practice. Maximal isometric tests
have been considered the standard test
for strength assessment, but recently
submaximal tests have gained popular-
ity. It is known from the literature that an
increase of loading on the knee joint
leads to an increase of hamstring muscle
coactivation for joint stabilization in indi-
viduals with typical development (TD).28

However, Grabiner et al29 did not
observe any difference in hamstring mus-
cle coactivation with increasing isomet-
ric knee extensor force. The present
study, therefore, assessed coactivation
for different load levels in adolescents
with CP and those with TD.

Another factor that potentially affects
coactivation level is fatigue. Previous
research showed that isokinetic fatiguing
contractions did not affect the level of
coactivation in children with TD.30,31 In
a recent study by Moreau et al32 in chil-
dren with CP, muscle activation levels of
both agonist and antagonist muscles
were studied during a series of fatiguing
maximal isokinetic knee extension con-
tractions. They observed that, in contrast
to children with TD, the CP group
showed a high activation of the antago-
nist muscles, which decreased over the
course of the test. The authors suggested
that this change in antagonist muscle
activation could be a mechanism to pre-
serve knee torque output in the face of
fatigue.32 It is unclear, however, whether
such a response will occur during sub-
maximal fatiguing contractions. There-
fore, we also assessed the effect of
fatigue on coactivation in children with
CP.

As CP is a heterogenic condition, it is
important to acknowledge potential
differences in coactivation among indi-
viduals with CP. Previous research
showed clear differences in maximal
muscle strength of individuals with CP
classified in different levels of the Gross
Motor Function Classification System
(GMFCS).33,34 Different levels of coacti-
vation might contribute to these
observed differences in muscle strength.
To our knowledge, however, no previ-
ous studies investigated potential differ-
ences in coactivation among people with
CP and different GMFCS levels. To ade-
quately interpret the results of muscle
strength tests of individuals with CP in
clinical practice or research, insight into
the potential occurrence of coactivation
in individuals with different GMFCS lev-
els is needed.

The aim of this study was to investigate
the level of muscle coactivation in ado-
lescents with CP during dynamometer
strength measurements and determine
the effects of GMFCS level, load level,
and fatigue on muscle coactivation.
Because muscle coactivation also is pres-
ent in the population with TD, the
results were compared with those of
peers with TD.

Method
Participants
This cross-sectional observational study
included 16 adolescents with CP (age
range�13–19 years) who were recruited
in 1 of 2 rehabilitation settings. Adoles-
cents with CP had to have the ability to
walk with or without limitations (ie, clas-
sified in GMFCS level I or II).33 They
were excluded if they had received bot-
ulinum toxin treatment within 6 months
prior to testing or orthopedic surgery
within 12 months prior to testing or if
they had unstable seizures, severe ortho-
pedic or cardiopulmonary problems, or
other contraindications for maximal
exercise. Fourteen age- and sex-matched
adolescents with TD (age range�12–19
years) and without a known history of
neurological, orthopedic, or cardiovascu-
lar diseases also were recruited. The ado-
lescents and parents or legal guardians of
adolescents under the age of 18 years
signed an informed consent form indicat-
ing voluntary participation in the study.
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Experimental Setup
Coactivation data were obtained from
EMG measurements during maximal iso-
metric tests and a series of submaximal
contractions performed on 1 of 2 types
of computer-controlled dynamometers
(Humac Norm, Lode BV, Groningen, the
Netherlands, or Biodex, Biodex Medical
Systems Inc, Shirley, New York),
depending on location of inclusion. A
pilot study demonstrated similar out-
comes for these 2 dynamometers with
the standardized protocols used.18 Ado-
lescents with CP performed the tests
with their most affected leg, as noted in
their medical status. Adolescents with
TD performed the tests with their pre-
ferred leg, with the results assessed using
a questionnaire.35 Participants were
seated on the chair of the dynamometer
and firmly strapped to the seat with the
hip flexed at 80 degrees (full exten-
sion�0°). The rotational axis of the dyna-
mometer was aligned to the lateral fem-
oral condyle of the leg.

Surface electromyography (EMG)
(Twente Medical Systems International
BV, Enschede, the Netherlands) record-
ings of the quadriceps (vastus medialis
[VM] and vastus lateralis [VL]) and ham-
string (biceps femoris [BF] and semiten-
dinosus [ST]) muscles were made using
pairs of surface electrodes (Ag/AgCl,
inter-electrode distance�25 mm) that
were attached to the skin after shaving
and cleaning with alcohol. Electrode
placement was done according to
SENIAM (Surface Electromyography for
the Noninvasive Assessment of Muscles)
recommendations.36 Electromyographic
data were recorded at a sampling rate of
1,000 Hz.

Procedure
First, a maximal strength test consisting
of 3 maximal isometric knee extension
contractions at 90 degrees of knee flex-
ion (exertion time�5 seconds, recovery
period�30 seconds) was performed.37

Peak torque was determined for each
extension contraction, and the mean of
these 3 peak torques was set as the max-
imal voluntary torque (100% MVT). For
the normalization procedure of the EMG
signals, maximal isometric knee flexion
contractions were performed similarly to

the maximal knee extension contrac-
tions (Fig. 1A).

Subsequently, a series of submaximal iso-
tonic contractions were performed
according to the protocol described by
Eken et al.18 First, participants per-
formed a warm-up and familiarization
session of 15 knee extension contrac-
tions at a submaximal load of 20% MVT.
Afterward, they performed 3 series of
isotonic knee extension contractions
against submaximal loads until exhaus-
tion. The maximal number of extension
contractions that participants were able
to execute against each given load was
measured and defined as the RM.
Between submaximal tests, participants
had a 5-minute rest period to recover
from local fatigue.38 The series of repet-
itive submaximal contractions started at
a fixed position of 90 degrees of knee
flexion. Participants were instructed to
slowly extend their knee until a range of
motion of 40 degrees was reached, as
indicated by a physical target (a stick)
placed in front of the participant. Offline
output of the dynamometer confirmed
that angular velocity was around 60°/s
for all participants. The series of sub-
maximal contractions were performed at
3 load levels (low, medium, and high),
ranging from 50% to 90% MVT. The per-
centages were imposed as such that the
number of repetitions (RM) was 21 to 30
in the low-load condition, 10 to 20 in the
medium-load condition, and below 10 in
the high-load condition. The first test
was performed at 70% MVT. The other 2
loads were selected depending on the
number of repetitions executed on this
test. If the participant executed �21 rep-
etitions, the loads of the remaining 2
tests were set at 80% and 90% MVT to
keep the number of anticipated repeti-
tions below 25. If the participant exe-
cuted �10 repetitions at 70% MVT, the
loads of the remaining 2 tests were set at
50% and 60% MVT. If the participant exe-
cuted between 10 and 20 repetitions at
70% MVT, the loads of the remaining 2
tests were set at 60% and 80% MVT.
These remaining 2 tests were imposed in
random order.

Data Analysis
Electromyographic recordings of the
muscles during the maximal isometric

and submaximal repetitions to fatigue
(RTF) tests were processed offline using
Matlab (version R2010b, The Mathworks
Inc, Natick, Massachusetts). Movement
artifacts were removed by high-pass fil-
tering at 20 Hz.36 Additionally, EMG sig-
nals were rectified and low-pass filtered
(second-order Butterworth filter, bidirec-
tional at 5 Hz) to obtain smoothed, rec-
tified EMG (SR-EMG) envelopes.39 Prior
to calculating the coactivation index
(CAI), SR-EMG tracings from the VM and
VL were normalized to the maximal
amplitude obtained during the maximal
isometric knee extension contractions,
and SR-EMG tracings from the BF and ST
were normalized to those of the maximal
isometric knee flexion contractions.40

Afterward, the CAI was calculated for the
maximal isometric and submaximal RTF
tests, according to the formula of
Doorenbosch and Harlaar41:

CAI � �
i�1

n

1 �
�EMGampagonist(i)� � �EMGampantagonist(i)�
�EMGampagonist(i)� � �EMGampantagonist(i)�

n
,

in which EMGampagonist represents the
normalized SR-EMG of the agonist
muscle (knee extensors VM or VL),
EMGampantagonist represents the nor-
malized SR-EMG of the antagonist muscle
(knee flexors BF or ST), i the sample
number, and n is the total number of
samples during the extension phase. A
CAI value of 1 indicates complete coacti-
vation, and a CAI value of 0 represents
total absence of coactivation.

Figure 1 displays examples of the exten-
sion phases during which the CAI was
calculated. The extension phase during
the maximal isometric contractions
included the samples during which the
exerted torque was more than 50% MVT
(Fig. 1A). The extension phase during
the submaximal isotonic contractions
included samples during which the
range of motion moved from knee flex-
ion to knee extension (Figs. 1B and 1C).
The CAI was determined over these
described extension phases. Subse-
quently, the CAI was averaged over 3
maximal isometric contractions to
enhance accuracy (Fig. 1A). Similarly,
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the CAI was averaged over the first 3
consecutive submaximal contractions
for each load condition (Fig. 1B). To
assess the potential effect of fatigue, we
calculated the CAI of each subsequent
contraction separately for the low-,
medium-, and high-load conditions (a

typical example of the low-load condi-
tion is shown in Fig. 1C).

Statistical Analysis
Differences in demographic characteris-
tics, such as age, height, weight, and

body mass index, among the adolescents
with TD, those with CP classified in
GMFCS level I, and those with CP classi-
fied in GMFCS level II were analyzed
using a one-way analysis of variance
(ANOVA with post hoc Bonferroni cor-
rection). To test for differences in CAI

Figure 1.
Typical examples of the extension torque and electromyograpy (EMG) profiles of a selected agonist-antagonist pair during the different
dynamometer tests in this study. (A) Three maximal isometric contractions at net extension torque (upper panel) and at normalized EMG
amplitude (lower panel) of agonist vastus medialis muscle (VM) (dark gray line) and antagonist biceps femoris muscle (BF) (light gray line).
The gray shaded bars indicate the phases over which CAI was calculated and averaged (ie, net joint torque is �50% of maximal voluntary
contraction). (B) First 3 submaximal isotonic contractions (of a full series of 20 repetitions) at the low-load condition in knee extension (in
degrees) (upper panel) and at normalized EMG amplitude (lower panel) of agonist VM (dark gray line) and antagonist BF (light gray line).
The gray shaded bars indicate the phases over which CAI was calculated and averaged (ie, the dynamometer arm was pushed toward
extension) to assess the effect of participant group and load level. (C) A full series (20 repetitions) of submaximal isotonic contractions until
fatigue at the low-load condition in knee extension (in degrees) (upper panel) and at normalized EMG amplitude (lower panel) of agonist
VM (dark gray line) and antagonist BF (light gray line). The gray shaded bars indicate the phases over which CAI was calculated (ie, the
dynamometer arm was pushed toward extension). The change in CAI over the complete set of contractions was analyzed to assess the effect
of fatigue.
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values among the 3 groups during the
maximal isometric contractions, a one-
way ANOVA also was used. A 3 � 3
ANOVA for repeated measures was used
to evaluate differences in CAI values
among the 3 groups (between-subject
factor) and among the 3 load levels
(within-subject factor). To test whether
changes in CAI values with increasing
load were different among the groups, an
overall group � load interaction was
included. Maximal isometric and sub-
maximal isotonic contractions were ana-
lyzed separately because of the different
testing conditions.

Regression analysis, using a mixed linear
model, was used to assess the influence
of muscle fatigue on CAI. This method
was used because it adjusts for the
dependency of the repeated measures
within individual participants. The CAI
was used as the dependent variable, and
repetition number was used as the inde-
pendent variable, resulting in a regres-
sion coefficient reflecting the change in
CAI per repetition. Analyses were done
separately for the low-, medium-, and
high-load conditions and for the 3 partic-
ipant groups. A P value of �.05 was con-
sidered to be statistically significant.
Analyses were performed with IBM SPSS
version 20.0 (IBM Corp, Armonk, New
York).

Results
Table 1 presents the participants’ char-
acteristics. Adolescents with TD were
significantly taller than adolescents with
CP classified in both GMFCS levels I and

II. Analysis of body mass index reached
borderline significance (P�.051), but
post hoc tests revealed no differences
among the participant groups.

Following the procedure of imposing
submaximal loads, an average load of
65% MVT (SD�10%) was imposed dur-
ing the low-load condition, with an aver-
age RM of 24 (SD�3); an average load of
75% MVT (SD�9%) was imposed during
the medium-load condition, with an aver-
age RM of 15 (SD�2); and an average
load of 85% MVT (SD�9%) was imposed
during the high-load condition, with an
average RM of 6 (SD�2).

The CAI during maximal isometric con-
tractions differed significantly among
groups. Post hoc analyses indicated sig-
nificantly higher CAI values of the VM-BF
and VL-ST muscle pairs in adolescents
with CP in GMFCS level II compared
with adolescents with TD and signifi-
cantly higher CAI values of the VM-ST
muscle pair in adolescents with CP in
GMFCS level II compared with adoles-
cents with TD and adolescents with CP
in GMFCS level I (Tab. 2, Fig. 2). Signifi-
cant group effects on CAI (Tab. 2, Fig. 2)
also were found for the submaximal con-
traction, showing that CAI was higher in
adolescents with CP in GMFCS level II
compared with adolescents with CP in
GMFCS level I and adolescents with TD
at low, medium, and high loads for the
VM-BF, VM-ST, and VL-ST muscle pairs.
Differences in CAI for the VL-BF muscle
pair did not reach statistical significance.
No influence of load level on CAI was

observed in all muscle pairs (Tab. 2). In
addition, no interaction effect of group
by load was observed (Tab. 2).

The influence of muscle fatigue on CAI
was assessed by constructing regression
models, including CAI as a function of
repetition, for all 3 load conditions and
all 3 participant groups separately.
Regression models showed that CAI in
adolescents with TD decreased signifi-
cantly as a function of repetition number
during the submaximal test in the low-
load condition in the VM-ST, VL-BF, and
VL-ST muscle pairs, whereas no changes
in CAI during this fatigue test were
observed in adolescents with CP in
GMFCS levels I and II (Tab. 3). No signif-
icant changes in CAI as function of rep-
etition number were observed during
the submaximal contractions at medium
and high load in adolescents with TD or
adolescents with CP in GMFCS levels I
and II (Tab. 3).

Discussion
This study aimed to investigate the
effects of GMFCS level, load level, and
muscle fatigue on muscle coactivation in
adolescents with CP in comparison with
adolescents with TD during dynamome-
ter strength tests. Coactivation levels
appeared to be substantially higher in
adolescents with CP classified in GMFCS
level II than in those classified in GMFCS
level I and adolescents with TD. In gen-
eral, mean CAI values were 60% and 63%
in adolescents with CP in GMFCS level II,
40% and 40% in adolescents with CP
in GMFCS level I, and 35% and 30% in

Table 1.
Participant Characteristicsa

Characteristic
TD Group
(n�15)

CP Group (n�16)

F P
Post Hoc
AnalysesGMFCS I (n�10) GMFCS II (n�6)

Sex, boys/girls, n 6/9 3/7 3/3

Involved side, unilateral/bilateral, n N/A 3/7 0/6

Age (y:mo), X (SD) [range] 15:5 (2:2) [12–19] 15:0 (1:8) [13–19] 17:2 (1:7) [15–19] 2.49 .101

Height (cm), X (SD) [range] 174.4 (9.9) [162–196] 164.1 (5.7) [155–173] 161.8 (12.2) [141–175] 5.75 .008 TD-I
TD-II

Weight (kg) X (SD) [range] 61.2 (15.1) [44–91] 53.2 (6.8) [43–61] 61.5 (9.0) [50–75] 1.53 .234

Body mass index (kg/m2), X (SD) [range] 19.9 (3.2) [15–25] 19.7 (1.2) [16–23] 23.8 (5.4) [20–34] 3.31 .051

a TD�typical development, CP�cerebral palsy, N/A�not applicable, GMFCS�Gross Motor Function Classification System, TD-I�significant difference
between adolescents with TD and adolescents with CP in GMFCS level I, TD-II�significant difference between adolescents with TD and adolescents with CP
in GMFCS level II.
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adolescents with TD for submaximal and
maximal contractions, respectively.
These findings are consistent with previ-
ous research,24,42,43 although these stud-
ies did not distinguish between different
GMFCS levels when investigating coacti-
vation levels in individuals with CP. The
higher coactivation levels in adolescents
with CP in GMFCS level II are likely
caused by reduced selective motor con-
trol,44 which causes the antagonist mus-
cles to contract more in synergy with the
agonist muscles. These findings were
similar for both maximal and submaxi-
mal strength tests and can lead to an
underestimation of agonist muscle
strength performed in GMFCS level II.
This is an important finding to take into
account when interpreting results from
strength tests undertaken in clinical prac-
tice or research. Moreover, the interpre-
tation of the potential effect of strength
training programs might be affected. An
increase in the net extension moment
might then be the consequence of an
increase in agonist muscle strength or a
decrease in coactivation of the antago-
nist muscle, or both. No differences in
coactivation were observed between
adolescents with GMFCS in level I and
adolescents with TD. This finding indi-
cates that maximal and submaximal
dynamometer strength tests for adoles-
cents with CP classified in GMFCS level I
are not influenced by coactivation and,
therefore, that fewer concerns about
underestimation of the agonist muscle
strength are present for these
individuals.

Results on the effect of load level
revealed that coactivation did not differ
for submaximal loads among the 3 par-
ticipant groups, suggesting that the ratio
between agonist and antagonist activa-
tion levels is similar for the different load
levels. This finding is in line with previ-
ous findings in adults with TD, indicating
that with increasing isometric knee
extension force (10%–100% of maxi-
mum value), no significant change in
hamstring muscle coactivation was
observed.29 As coactivation level does
not differ with load level, we conclude
that there is no preference for a specific
load level at which strength tests should
be performed in clinical practice in ado-
lescents with CP. It has to be noted,
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however, that relatively high submaxi-
mal loads (�65% MVT) were imposed in
this study.

Our results showed that the CAI of all 4
muscle pairs remained constant during
the submaximal fatigue tests at medium
and high loads in both adolescents with
CP and adolescents with TD. In contrast,
the CAI decreased in the low-load condi-
tion in adolescents with TD in 3 of the 4
muscle pairs, whereas it remained con-
stant in adolescents with CP. As demon-
strated in previous work,18 the agonist
EMG amplitude increased during these
submaximal fatigue tests in both adoles-
cents with CP and adolescents with TD
as a consequence of muscle fatigue. Fur-
ther inspection of the data in the current

study revealed that in the medium- and
high-load tests of the adolescents with
TD and in all loads of the adolescents
with CP, the antagonist EMG amplitude
increased in parallel with agonist activ-
ity, resulting in constant CAI values. Only
in the low-load condition of the TD
group did the antagonist EMG amplitude
not increase as a function of repetition,
resulting in a decline in the CAI values
over the course of the test.

Previous studies among adults with TD
performing submaximal contractions
also showed parallel increases in agonist
and antagonist amplitude, and hence
constant CAI values during fatigue,45–49

similar to our results for medium- and
high-load conditions. In contrast, other

studies showed a lack of increase in
antagonist EMG amplitude in adults with
TD,30,31,50 which would result in a
decline in CAI with fatigue, similar to our
observations in the low-load condition in
the TD group. Moreau et al32 used max-
imal repetitive contraction to study the
effect of fatigue on coactivation in chil-
dren with CP and children with TD. They
observed a parallel decrease in agonist
and antagonist EMG activity in children
with CP but not in children with TD.
However, these changes in EMG
response in maximal contractions are dif-
ficult to compare with those in submaxi-
mal contractions. Although, in general,
agonist EMG amplitude increases with
fatigue submaximal contractions (ie,
reflecting an increase in activation to

Figure 2.
Box plots of the coactivation index of the agonist-antagonist pairs: (A) vastus medialis muscle (VM) vs biceps femoris muscle (BF), (B) VM
vs semitendinosus muscle (ST), (C) vastus lateralis muscle (VL) vs BF, and (D) VL vs ST, separately for the submaximal isotonic test with the
lowest load, medium load, and highest load and for the maximal isometric voluntary contraction (MVC) test. Significant differences between
the groups are indicated with a double asterisk (**). The box plots show the following: box�interquartile range (IQR, 25th–75th percentiles,
Q1–Q3); upper whisker�Q3�1.5IQR; lower whisker�Q1–1.5IQR; outliers are presented when the maximum or minimum data point falls
outside the range of the whiskers (triangle�maximum outlier; diamond�minimum outlier). TD�adolescents with typical development,
GMFCS I�adolescents with cerebral palsy in Gross Motor Function Classification System level I, GMFCS II�adolescents with cerebral palsy
in Gross Motor Function Classification System level II.

Coactivation in Adolescents With Spastic Cerebral Palsy

1444 f Physical Therapy Volume 96 Number 9 September 2016



compensate for the reduced force out-
put at the muscle level), decreases with
fatigue in maximal contractions also have
been observed in previous research,51

reflecting a decrease in central drive. The
lack of consensus in the literature on the
effect of fatigue on coactivation makes it
difficult to interpret these findings in a
conclusive way. Hence, the difference in
coactivation with fatigue between our
CP and TD groups cannot be easily
explained or corroborated. Nevertheless,
the observed difference seems to war-
rant some caution when investigating
strength or endurance using a dynamom-
eter test at low loads between adoles-
cents with CP and those with TD. Differ-
ences in coactivation might account for
differences in test results.

Although we investigated coactivation
levels during different dynamometer
tests in adolescents with CP in this study,
the exact extent to which the antagonist
muscles contribute to the net knee
extension moment measured by the
dynamometer and, therefore, the extent
to which agonist muscle strength is
underestimated remain unclear. To
reveal separate agonist and antagonist
contributions would require a method to

estimate the actual individual muscle
forces from EMG signals, which is chal-
lenging. Earlier studies showed EMG
activity-to-force relationships to be non-
linear in nature.52,53 In addition, to our
knowledge, the EMG activity-to-force
relationship has not been investigated in
individuals with CP. Hence, from our
results, no quantitative statements can be
made about the proportion of the antag-
onists working on the net knee exten-
sion moment in adolescents with CP and
the magnitude of the underestimation of
agonist strength. Future research is rec-
ommended to quantify the EMG-to-force
relationship in individuals with CP and to
quantify coactivation levels more pre-
cisely in this population.

A limitation of this study is that contrac-
tion mode differed between submaximal
and maximal conditions, from isometric
to isotonic. This difference in contrac-
tion mode was necessary for manipulat-
ing the submaximal load levels. Despite
this difference in contraction mode,
effects of group were similar in both
maximal and submaximal strength tests,
which strengthens our conclusions.
Another limitation of this study is the
method used to normalize the surface

EMG signals to amplitudes recorded dur-
ing the isometric maximal voluntary con-
traction, because earlier studies3,11,22

suggested that these types of contrac-
tions could not be reliably determined in
the CP population. As a consequence of
an invalid maximal voluntary contraction
trial, muscle activity might be overesti-
mated. This overestimation of muscle
activity might lead to CAI values above 1,
which was observed in one participant
with CP classified in GMFCS level II. A
possible explanation for this phenome-
non might be that this individual was not
able to produce a sufficient level of mus-
cle activation during the maximal volun-
tary knee flexion contraction. The knee
flexor muscles showed higher amplitude
(ie, were more active) when performing
as an antagonist in comparison with per-
forming as an agonist during the maximal
voluntary knee flexion contraction.
Reduced selectivity was probably a prob-
lem in this participant, which might have
caused an invalid maximal voluntary con-
traction trial. However, lack of selectivity
also might be seen as the primary prob-
lem of coactivation. Therefore, this per-
son was not left out of the analysis. In
addition, although normalization of EMG
amplitude in people with motor disabil-

Table 3.
Regression Coefficients for Mixed Linear Regression Models Describing the Change in CAI (95% CI) per Repetition Over Repetitive
Submaximal Contractions at Different Load Conditionsa

Load Muscle Pairs

TD Group CP Group GMFCS I GMFCS II

B P B P B P

Low VM vs BF �1.68 (�3.62, 0.26) .09 �0.60 (�2.56, 1.37) .51 0.13 (�3.20, 3.46) .92

VM vs ST �2.10 (�3.92, �0.27) .03* �1.54 (�3.71, 0.63) .14 �0.54 (�5.10, 4.02) .70

VL vs BF �2.60 (�4.42, �0.79) .04* 0.37 (�1.41, 2.16) .65 0.02 (�4.08, 4.13) .99

VL vs ST �1.95 (�3.80, �0.11) .04* �0.70 (�3.08, 1.68) .52 �0.61 (�5.94, 4.73) .75

Medium VM vs BF �1.17 (�5.32, 2.98) .56 0.24 (�4.28, 4.76) .91 3.42 (�5.76, 12.61) .36

VM vs ST �0.83 (�5.20, 3.54) .69 �1.57 (�8.50, 5.35) .62 1.50 (�8.17, 11.09) .69

VL vs BF �0.76 (�4.25, 2.73) .65 0.54 (�3.00, 4.08) .73 3.97 (�4.58, 12.51) .26

VL vs ST �0.30 (�4.20, 3.60) .87 �1.41 (�7.05, 4.23) .59 2.79 (�6.87, 12.45) .46

High VM vs BF �7.64 (�17.80, 2.53) .13 0.77 (�5.57, 7.10) .81 �0.49 (�14.90, 13.92) .92

VM vs ST �4.66 (�10.05, 0.73) .08 �2.97 (�24.12, 17.19) .70 0.48 (�18.22, 19.18) .95

VL vs BF �7.71 (�17.85, 2.54) .12 0.37 (�5.38, 6.13) .90 3.58 (�12.69, 19.84) .54

VL vs ST �4.79 (�10.51, .93) .09 �1.82 (�22.88, 19.25) .84 5.22 (�14.02, 24.46) .49

a In this model, the main effect of repetition represents the change in CAI per repetition. In this model, CAI is taken into account as an dependent variable,
and the repetition number is taken into account as an independent variable. The constant is left out of the table. All numbers should be multiplied by 10�3.
CAI�coactivation index, CI�confidence interval, GMFCS�Gross Motor Function Classification System (levels I and II), VM�vastus medialis muscle,
VL�vastus lateralis muscle, BF�biceps femoris muscle, ST�semitendinosus muscle. All numbers should be multiplied by 10�3. Significant results are shown
in bold type.
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ities is a common drawback, it does pro-
vide an estimation of the neuromuscular
effort invested for a given task.

In conclusion, this study showed that
adolescents with CP classified in GMFCS
level II have higher levels of muscle
coactivation than adolescents with CP
classified in GMFCS level I and adoles-
cents with TD during different dyna-
mometer tests. These results suggest that
the level of muscle coactivation is depen-
dent on the severity level of CP. On the
other hand, coactivation was shown to
be independent of load level and fatigue
in both adolescents with CP and adoles-
cents with TD. Coactivation did change
during fatigue in adolescents with TD
when tested at the low-load condition.
The higher levels of coactivation in ado-
lescents with CP in GMFCS level II may
lead to an underestimation of agonist
muscle strength and should be taken into
account when interpreting the results of
strength tests.
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