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This cross-sectional study aimed to examine the development of lower limb voluntary

strength in 160 ambulatory patients with bilateral spastic cerebral palsy (CP)

(106 diplegics/54 quadriplegics) and 86 typically developing (TD) controls, aged 7–16

years. Handheld dynamometry was used to measure isometric strength of seven muscle

groups (hip adductors and abductors, hip extensors and flexors, knee extensors and

flexors, and ankle dorsiflexors); absolute force (AF) values in pounds were collected,

which were then normalized to body weight (NF). AF values increased with increasing age

(p < 0.001 for all muscle groups), whereas NF values decreased through adolescence (p

< 0.001 for all muscle groups except for hip abduction where p = 0.022), indicating that

increases in weight through adolescence led to decreases in relative force. Both AF and

NF values were significantly greater in TD subjects when compared with children with CP

in all muscle and all age groups (p < 0.001). Diplegics and quadriplegics demonstrated

consistently lower force values than TD subjects for all muscle groups, except for

the hip extensors where TD children had similar values with diplegics (p = 0.726) but

higher than quadriplegics (p = 0.001). Diplegic patients also exhibited higher values

than quadriplegics in all muscles, except for the knee extensors where their difference

was only indicative (p = 0.056). The conversion of CP subjects’ force values as a

percentage of the TD subjects’ mean value revealed a pattern of significant muscle

strength imbalance between the CP antagonist muscles, documented from the following

deficit differences for the CP muscle couples: (hip extensors 13%) / (hip flexors 32%),

(adductors 27%) / (abductors 52%), and (knee extensors 37%) / (knee flexors 53%).

This pattern was evident in all age groups. Similarly, significant force deficiencies were

identified in GMFCS III/IV patients when compared with TD children and GMFCS I/II
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patients. In this study, we demonstrated that children and adolescents with bilateral CP

exhibited lower strength values in lower limb muscles when compared with their TD

counterparts. This difference was more prevalent in quadriplegic patients and those with

a more severe impairment. An important pattern of muscle strength imbalance between

the antagonist muscles of the CP subjects was revealed.

Keywords: strength, cerebral palsy, lower limb, diplegia, quadriplegia, children and adolescents

INTRODUCTION

Muscle weakness is a major component of cerebral palsy (CP)
which contributes to functional disability. Lower limb strength
has been correlated with gait deficits and pathological walking
patterns (1, 2), while its relationship to joint kinetics has been
further described (3, 4). Children with spastic CP (diplegia
and hemiplegia) have been found to be weaker than typically
developing (TD) children in several studies (3, 5, 6). Muscle
weakness is evident even in ambulatory children with mild CP;
severe loss of strength has been documented in non-ambulating
children with severe CP (7). In a comparison of knee and ankle
spasticity and strength in 60 children with spastic diplegia with
controls, more distal than proximal involvement in the lower
extremities was also demonstrated (6). Stackhouse et al. found
that children with spastic diplegic CP (7–13 years) produced
56 and 73% less knee extensor and ankle plantar–flexor force,
respectively, compared with participants without disabilities (8).
While the aforementioned studies demonstrated weakness in
isolated muscle groups, Thompson et al. examined the degree
and distribution of weakness in multiple muscles (six muscle
groups) in 50 ambulant children with spastic diplegia at Gross
Motor Function Classification System (GMFCS) levels I to III
and compared them with 15 control children of similar age (9).
All muscle groups were significantly weaker in children with CP
than in healthy controls (p < 0.05) except for the hip extensors.
Strength ranged from 43 to 90% of control values depending on
the muscle group, with the knee extensors being the relatively
weakest group of all. There was significant reduction in strength
in all muscle groups with increasing walking difficulty from
GMFCS level I to level III. The greatest difference in strength
between independent walkers and those dependent on walking
aids was in the hip abductors and knee extensors at 30◦, which are
key muscle groups in sagittal and coronal plane walking stability.
In 2014, Davids et al. (10), prospectively examined case series of
255 diplegic children aged 8–19 years. They demonstrated that
while the strength of lower extremities increased significantly
for the entire group, strength normalized for weight significantly
declined with age without important differences among GMFCS
levels (10). There was a 90% chance for independent ambulation
(GMFCS levels I and II) when strength normalized for weight was
49% predicted relative to TD children.

The ultimate goal of the studies that describe the degree and
distribution of weakness in CP was to determine treatment goals
and interventions thatmay result in strength gains and functional
improvements; this has proven difficult to accomplish (11). On
the contrary, even though about 50–80% of individuals with CP

are able to ambulate in some way, there is loss of ambulatory
skills in some with age, particularly in those at GMFCS levels
III and IV (12, 13); this may be related to the pattern and
evolution of muscle weakness they exhibit. Recent evidence as
to this matter remains controversial and suggests that muscle
strengthening may not result in functional improvements (14).
However, in a pragmatic setting, the clinician, the patient, and
the family have to explore interventions that are likely to conserve
the ability to ambulate and the current level of motor function or
alternatively devote time and energy toward directions that may
improve participation even with deteriorating motor skills. For
this reason, the exploration of muscle strength parameters that
evolve with age particularly in different muscle groups remains
of interest.

The goals of this study were to compare the pattern of changes
in muscle strength between ambulatory patients with bilateral
spastic CP and TD subjects between the ages of 7 and 16 years,
and also, to examine if specific differences exist in patients
with GMFCS levels III/IV as opposed to independent walkers
(GMFCS levels I/II). Measuring muscle strength differences in
patient groups of different ages and severity of involvement
was expected, among other factors, to determine realistic
rehabilitation goals and quantitative monitoring of interventions.

METHODS

In order to study the development of force in different ages,
the subjects were divided into five age groups from ages 7–16
with a 2-year interval. TD controls were volunteers attending a
private school close to our laboratory. They were all informed
that their data would be used for research. The measurement
protocol was approved by the private school administration, and
there was a collaboration with physical education teachers during
the measurements.

The patients with CP were selected from patients referred
to our center for gait analysis on the basis of their age and
their ability to follow (intellectually and behaviorally) the gait
analysis protocol. We excluded children who had had orthopedic
surgery or botulinum toxin injections in any muscle group, over
the preceding year. All CP subjects or their parents signed an
informed consent form to allow the use of their data in research.
All patients had BSCP and were further categorized into patients
with spastic diplegia or patients with spastic quadriparesis or
quadriplegia. GMFCS scale categorization of the patients was also
applied to identify muscle groups that were significantly weaker
in patients who walked with the use of assistive devices (group B:
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GMFCS levels III and IV) than in patients who were able to walk
independently (group A: levels I and II).

The force data measurements were collected using a Hoggan
microFET2 digital handheld dynamometer. The positioning of
the patient and the dynamometer application were standardized
as shown in Figure 1. The same examiner performed all
measurements in normal subjects and patients. The following
seven muscle groups were assessed: hip adductors, hip abductors,
hip extensors, hip flexors, knee extensors, knee flexors, and ankle
dorsiflexors. Ankle plantar flexors were not included in the study
because of the documented difficulties for reliable measurement
with the handheld dynamometer (15, 16). All subjects performed
three consecutive muscle force measurements with a resting
interval of at least 20 s among trials for each muscle group
(17, 18). For each trial, the subject was instructed to contract
maximally (“as possible”) against the dynamometer for 3 s while
encouragement was given by the assessor (measurement type:
“make test”), and the maximal dynamometer reading during
the 3-s effort was recorded. In cases of subjects where muscle
force exceeded the examiner’s resistance, an assistant was used
to increase the resistance acting over the hand of the examiner.
Measurements that could not be performed due to inability of
the patients with CP to exhibit resistance were registered and
reported as not applicable (N/A) and were inserted as 0 for
the analysis. Absolute force (AF) values were registered from
the dynamometer and expressed in pounds and then pounds
were converted to kilograms (conversion factor 0.45359237).
However, absolute strength values may not reflect functional
muscle strength due to differences in body weight. Normalized
force (NF) values were calculated by dividing AF with body
weight and were included in the analysis, to account for these
body weight differences. The three measurements for each limb,
six measurements in total for each muscle group, were collected
and averaged (total measurements= 10332).We chose to analyze
the mean value of the three efforts for each muscle group
instead of the maximal one (peak value) to take into account
the performance variability usually observed in children with
CP (18, 19).

CP patients’ mean muscle force values were also converted
to percentages of the respective TD control mean values. The
difference from 100% of the above values was used to define the
muscle force deficit that the CP subjects exhibited compared with
the TD controls in each muscle group. These deficit values were
also used for comparison between the couples of the following
antagonist muscle groups: (a) hip extensors/hip flexors, (b) hip
adductors/hip abductors, and (c) knee extensors/knee flexors.
Equal values indicated a balanced deficit between antagonists,
while increased difference indicated disproportional deficit and
increased imbalance.

Statistical Analysis
Demographic data, GMFCS level, and force measurements
were available for all study participants. Continuous data
were tested for normality using the Kolmogorov–Smirnov test.
Normally distributed continuous variables were expressed as
mean values (± standard deviation) whereas non-normal data
were expressed as median values (range). Categorical data were

presented as frequencies and/or percentages. Comparisons across
patient groups (typical development, diplegia, quadriplegia)
of demographic characteristics, represented as continuous
variables, were based on one-way ANOVA if variables were
normally distributed (height) and on Kruskal–Wallis test when
this was not the case (age, weight). Distribution of gender was
recorded for all the participant groups (typical development,
diplegia, quadriplegia) and percentages were compared across
groups with the chi exact test.

In order to identify factors predicting missing/invalid force
measurement values, we performed logistic regression analysis.
Factors tested in the univariate analysis were age (categorized in
five 2-year groups: 7–8, 9–10, 11–12, 13–14, and 15–16 years), sex
(male vs. female), type of the involvement (typical development,
diplegia, quadriplegia), and severity of the impairment (GMFCS
I–II vs. GMFCS III–IV). Those that were significant or with a p≤
0.200 were inserted in the multivariate analysis. p < 0.05 was set
as the significance level.

Comparisons of force values across groups (typical
development, diplegia, quadriplegia) were based on one-
way ANOVA, except for the ankle dorsiflector force values
which were not normally distributed and were compared with
the Kruskal–Wallis test. Post hoc analyses were performed:
Bonferroni correction followed ANOVA; after the Kruskal–
Wallis test, we performed pairwise comparisons with the
Mann–Whitney U test, followed again by Bonferroni correction.
Comparisons of force values between the two GMFCS groups
(I/II vs. III/IV) were based on t tests for all muscles tested, except
for ankle dorsiflector force values which were not normally
distributed and were compared with the Mann–Whitney U test.
Stata 13 was used for all analyses.

RESULTS

Subject Description
A total of 246 children and adolescents (160 with cerebral
palsy and 86 TD subjects) were included in the present study.
Participants with cerebral palsy were further categorized into
two subgroups: 106 were diplegic (66.25%) and 54 quadriplegic
ambulatory (33.75%).

Table 1 displays the demographic characteristics of patients
and controls. Participants of the two groups were similar in
terms of age and sex, but they differed in weight and height.
TD participants were heavier than diplegic (p = 0.009) and
quadriplegic children (p= 0.036) and taller than them (p= 0.024
and p = 0.021, respectively). On the other hand, diplegic, and
quadriplegic patients had similar weights and heights (p = 0.784
and p = 1.000, respectively). When these characteristics were
analyzed separately for boys and girls, we discovered that the
abovementioned differences were attributed to boys rather than
girls. That is, TD and patient girls seemed to have similar weights
and heights (p = 0.285 and p = 0.149, respectively), whereas TD
boys were heavier and taller than patient boys (p = 0.036 and
p = 0.032, respectively). Figure 2 displays the changes of weight
and height of TD and patients with age.

The distribution of patients in the GMFCS levels were as
follows: six patients, all diplegics in GMFCS level I; 115 in level
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FIGURE 1 | Subject’s position and dynamometer application for each muscle group measured.

TABLE 1 | Demographic and somatometric characteristics of CP patients and TD children.

Diplegia Quadriplegia TD Children p

(n = 106) (n = 54) (n = 86)

Age (years)a 10 (7–16) 11 (7–16) 11 (7–15) 0.714*

Sex (M/F) 58/48 31/23 42/44 0.566

Weight (kg)a 35 (20–84) 38.5 (16–59) 42 (22–101) 0.019*

Height (cm)b 141 ± 15 140 ± 16 147 ± 15 0.008**

aMedian values (range).
bMean values (SD).

*Comparison across groups with Kruskal–Wallis test.

**Comparison across groups with one-way ANOVA.

II (86 diplegics/29 quadriplegics); 17 in level III (7 diplegics/10
quadriplegics); and 22 in level IV (7 diplegics/15 quadriplegics).

Measurement Success
In total, 3,444 muscles were finally tested: 2,240 of these were
in CP patients. In 256 muscles, measurements were marked as
N/A since no attempt of the three performed measurements
were valid: in 120 cases, the problem was bilateral; in 10 cases,
only the right limb was involved; and in six cases, only the
left limb was involved. Only subjects with CP showed N/A
values in various muscle groups (n = 59). Therefore, 7.4% of
the force measurements of the patients were invalid due to the
inability of the subjects to perform the tests. In the seven muscle
groups tested in the patients with CP, a successful measurement
rate of 72–97% was found (Figure 3A). Knee flexion and ankle
dorsiflexion showed lower successful measurement rates of
79 and 72%, respectively. Concerning movement that caused
difficulty, in 52 cases, it involved the hip (flexion: 10, extension:
7, adduction: 15, abduction: 20); in 39 cases, it involved the
knee (flexion: 34, extension: 5); and in 45 cases, the ankle
(dorsiflexion). In three patients, one attempt for knee extension

(n = 1) and hip abduction (n = 2) measurement was not valid.
However, the other two attempts produced force measurements
and the whole measurement was considered valid.

From the successful measurement rates of the two CP
groups, across age groups (Figure 3B), it can be observed that
for all age groups, except the one of 13–14 years, diplegic
subjects showed higher successful measurement rates than
quadriplegics. Also, quadriplegic subjects showed substantially
higher rates of N/A in younger rather than older age groups.
The univariate logistic regression analysis performed to identify
patients’ characteristics that may be associated with a higher
rate of N/A measurements demonstrated that patients with
N/A measurements were similar to those with no such results
in terms of age (p = 0.5382) and sex (p = 0.982). On the
other hand, quadriplegic patients and those with a more serious
involvement (GMFCS III–IV) were more likely to have N/A
measurements when compared with diplegics (p < 0.001) and
those patients with GMFCS I–II (p < 0.001). After multivariate
logistic regression analysis, quadriplegic children and those with
more serious involvement still had more invalid measurements
(p= 0.002 and p= 0.022, respectively).
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FIGURE 2 | Average weight (A) and height (B) of the Typically Developing children (TD) and the two patient groups (Diplegic and Quadriplegic), for boys and girls.

Force Results
As demonstrated in the AF graphs (Figure 4), AF values
showed a positive (upward) slope, with increasing age. TD
children’s AF graphs showed a progressive increase in all
muscle groups. For TD boys, this increase presented a steep
slope especially after 13–14 years. In TD girls, this steep
increase was still present, but it was demonstrated earlier (9–
10 or 11–12 years of age) for hip flexors, hip extensors, knee
flexion, and knee extension and at same age as boys for hip

adductors and abductors. For ankle dorsiflexion, we could
not display such a pattern. CP patients, of both sexes, had
distinguishably lower AF values for most muscle groups. A
lower difference between diplegic patients and TD children
was presented in hip extension (for girls) and hip adduction
(for boys and girls), especially during childhood and to a
lesser extent into adolescence. CP children, especially diplegic
patients, also demonstrated some steep increases, though with
greater variations.
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FIGURE 3 | Percentage of successful measurements (A) per muscle group and (B) per age group for patients with bilateral spastic CP.

On the contrary, NF values showed a negative (downward)
slope. TD children demonstrated a notable decrease at the
13–14 year age group in all measured muscles and for both
boys and girls, followed by a sudden increase thereafter
(Figure 4). In CP patients, this pattern was not so evident. For
diplegic patients, the secondary increase was observed mostly
in males. Quadriplegic patients had more varying patterns. As
demonstrated in the graphs, bigger differences between TD and
diplegic–quadriplegic patients were observed for hip abduction,
knee flexion and extension, and ankle dorsiflexion and hip
flexion to a lesser degree. For hip extension and hip adduction,
NF values especially between TD and diplegic patients were
not distinguishable.

Table 2 displays mean force measurements for CP patients
and TD children for all muscle groups tested. Hip flexor values
were found significantly lower in both diplegic and quadriplegic
patients than in TD subjects (p < 0.001 for both comparisons),
and quadriplegic patients also had lower values than diplegic
patients (p < 0.001). Furthermore, hip extensor values were
also different in the compared groups. In this muscle group,
however, TD subjects had similar values with diplegic patients
(p = 0.726) but higher values than quadriplegics (p = 0.001).
For this muscle group, force values were also different between
quadriplegic and diplegic patients (p = 0.001). In hip adduction,
the pattern followed that of hip flexion with all participant
groups differing from each other (diplegic–TD: p = 0.002,
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FIGURE 4 | Continued
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FIGURE 4 | Absolute Force (AF) and Normalized Force (NF) - Force per Kg- values across age-groups, for all muscles tested, in CP patients and TD children.

quadriplegic–TD: p < 0.001, diplegic–quadriplegic: p < 0.001).
For hip abduction and knee flexion, that was also the case (p <

0.001, for all group comparisons). Concerning knee extension,
both patient groups differed from TD subjects (p < 0.001 for
both comparisons), but the difference between quadriplegic and
diplegic patients was indicative (p = 0.056). Similarly, for ankle

dorsiflexion, all groups differed from each other (p< 0.001 for all
comparisons).

GMFCS Group A vs. Group B
The results showed consistently significantly lower values of force
profile in all muscle groups of group B than group A, with the
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exception of knee extension where the difference was marginally
significant (Table 3).

Muscle Force Deficit Analysis
Figure 5A demonstrates the deficit of the CP patients compared
with the TD controls and Figure 5B shows the respective GMFCS
groups A and B data. Our data revealed significant deficiencies
in hip abductors (52%), in knee flexion (53%), and in ankle
dorsiflexion (50%) for CP patients and lower values for knee
extension (47%), hip flexion (32%), hip adduction (73%), and hip
extension (13). For GMFCS group A, values ranged from 94 to
58% of the TD values, and for group B, values ranged lower in
all muscle groups from 76 to 30%. The analysis of the antagonist
muscle group couples revealed a large deficit imbalance between
(adductors 27%) / (abductors 52%) and (knee extensors 37%) /
(knee flexors 53%), and a smaller imbalance for the (hip extensors
13%) / (hip flexors 32%) couple. This pattern was evident in
all age groups (Figure 4). Similarly, significant force deficiencies
were identified in GMFCS III/IV patients as compared with TD
children and GMFCS I/II patients.

DISCUSSION

In this cross-sectional study, we examined the age-dependent
evolution of voluntary lower limbmuscle strength in 160 patients
with bilateral spastic CP, aged 7–16 years. When we compared
their strength performance with typical developing children

and adolescents of the same age, we were able to demonstrate

that CP patients exhibited lower strength values in lower limb
muscles when compared with their TD counterparts, with deficits

being more pronounced in patients with quadriplegia and those
with a more severe impairment (GMFCS levels III/IV vs. I/II).
Furthermore, an important pattern of muscle strength imbalance
between the antagonist muscles of the CP subjects was revealed.

Muscle weakness associated with the spastic form of CP has
been studied extensively. Previous studies have linked insufficient
force generation to decreased central activation or neuronal
drive (5, 8, 20, 21), inappropriate co-activation of antagonist
muscle groups (5, 8, 20), secondary myopathy (22–24), and
altered muscle physiology (differing muscle force–frequency
relationship and fatigue properties) (8), with considerable
variation concerning the muscles involved and with a particular
pattern of muscle weakness underlying the same type of gait
(5, 6, 8, 9). Greater strength deficits in the lower extremities were
recorded in distal muscles, when compared with the proximal
ones (5, 6, 8, 20, 25) and in faster rather than slower speeds
of movement (26). Similar motor deficits in distal muscles have
been observed through adulthood, when they probably cause the
compensatory trunkal–posture mechanisms (e.g., Trendelenburg
sign) usually presented in adults with CP (27, 28).

The reliability for isometric force measurements of lower
extremity muscles using handheld dynamometry in CP has
been demonstrated (18, 29, 30). However, consensus is lacking
with regard to standardization of the testing procedure (e.g.,
position of the child, method of assessment, with/without
stabilization, peak/mean force, contraction time, intervals
between measurement session, etc.) (19).

In our study, the slope of force development with age using
absolute strength values moved in a positive direction (upwards),
while it moved negatively (downwards) for normalized values,
indicating that increases in BW through adolescence led to
decreases in relative force in the tested muscles. Recently, in
a prospective case series of 255 subjects (8–19 years old) with
diplegic CP and in accordance with our results, it has been
demonstrated, unlike absolute force values and weight that
increase with age, that total lower extremity strength normalized
to weight declines with increasing age (between 8 and 19 years),
with a similar rate in young children and adolescents (10).
As opposed to children with CP, TD participants in our study
demonstrated a drop in the 13–14 age group in NF values, in
all measured muscle groups. This coincides with a rather abrupt
increase in BW; hence, this may be attributed to a possible
increase of fat vs. muscle in their body composition (31) or to a
relative lack of exercise as opposed to children with CP who were
continuously enrolled in physiotherapy programs.

When comparing lower extremity strength in patients and TD
controls of the same age, we demonstrated that in the majority of
the muscles tested, CP patients exhibited significantly lower force
measurements than their TD counterparts, and diplegic patients
exhibited lower measurements than quadriplegics, with one
exception: in hip extension, TD children and diplegic patients
had similar values, higher though than quadriplegics. Reduced
strength in all lower limb muscles tested has been reported
previously (5, 32, 33). In accordance with our results, Thompson
et al. also found that hip extensors preserved their strength in CP
patients when compared with controls (9). They attributed this
difference from other studies on the supine lying position that
they chose (similar to our testing position), which is considered
gravity neutral.

The force deficit was calculated for the whole group of
CP patients. The average force deficit was 13–53%, with
quadriplegics exhibiting larger deficits than diplegics (5–50% for
the diplegics and 22–65% for the quadriplegics). At the muscle
level, hip flexors and extensors, hip adductors, and knee extensors
maintained forces nearer to TD controls (>60% TD), while hip
abductors, knee flexors, and ankle dorsiflexors exhibited greater
deficits (<50% TD). These results are in close approximation to
the result of Dallmeijer et al. (32). In that study, mean strength
values of children with CP and in the different GMFCS levels
were compared with those of TD children, and it was reported
that force measurements in knee extensors were reduced to 56–
68% of values in TD children; in knee flexors, these were reduced
to 36–68%; in hip abductors, to 47–76%; in hip flexors, to 63–
82%; and in ankle plantar flexors, to 37–57% (32). Thompson
et al. also reported similar deficits (43–90%), depending on the
muscle group tested (9). In fact, our results were very similar
to these authors for hip extensors and abductors, fairly close
for the flexors and knee extensors, and different for the knee
flexors, possibly due to a different measuring method. The
knee extensors measured at 30◦ of flexion were relatively the
weakest muscle group (9). Similarly, Stackhouse et al. found that
children with spastic diplegic CP produced 56 and 73% less knee
extensor and ankle plantar–flexor force, respectively, compared
with participants without disabilities (8).
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TABLE 2 | Comparison of normalized to weight force measurements in CP patients and TD children.

Diplegic patients Quadriplegic patients TD children p

(n = 106) (n = 54) (n = 86)

Hip flexiona 0.222 (±0.085) 0.168 (±0.083) 0.285 (±0.072) <0.001*

Hip extensiona 0.309 (±0.094) 0.254 (±0.105) 0.324 (±0.073) <0.001*

Hip adductiona 0.235 (±0.091) 0.171 (±0.091) 0.279 (±0.073) <0.001*

Hip abductiona 0.202 (±0.086) 0.132 (±0.084) 0.348 (±0.091) <0.001*

Knee flexiona 0.160 (±0.092) 0.095 (±0.076) 0.270 (±0.079) <0.001*

Knee extensiona 0.226 (±0.081) 0.192 (±0.093) 0.331 (±0.086) <0.001*

Ankle dorsiflexionb 0.143 (0–0.355) 0.093 (0–0.248) 0.202 (0–0.445) <0.001**

aMean values (SD).
bMedian values (range).

*Comparison across groups with one-way ANOVA.

**Comparison across groups with Kruskal–Wallis test.

TABLE 3 | Comparison of normalized to weight force data between patients with

Gross Motor Function Classification System (GMFCS) I–II and patients with

GMFCS III–IV.

GMFCS I–II

(n = 121)

GMFCS III–IV

(n = 39)

p

Hip flexiona 0.223 (±0.081) 0.145 (±0.014) <0.001*

Hip extensiona 0.305 (±0.094) 0.246 (±0.111) 0.001*

Hip adductiona 0.227 (±0.091) 0.171 (±0.099) 0.001*

Hip abductiona 0.202 (±0.081) 0.105 (±0.083) <0.001*

Knee flexiona 0.157 (±0.087) 0.080 (±0.084) <0.001*

Knee extensiona 0.222 (±0.083) 0.190 (±0.095) 0.041*

Ankle dorsiflexionb 0.133 (0–0.355) 0.091 (0–0.197) 0.001**

aMean values (SD).
bMedian values (range).

*Comparison across groups with t test.

**Comparison across groups with Mann–Whitney U test.

In our study, we also emphasized the distinct patterns of
force development across age groups, for each pair of antagonist
muscle groups. The imbalance in the NF values between the hip
adductors and abductors was due to the fact that the former
exhibited force close to TD values while the latter exhibited
significantly lower values across all ages (Figure 4). A similar
imbalance was noted between hip extensors and flexors where the
former had values not significantly different from values in TD
subjects while the latter were significantly lower in CP than in TD
subjects. At the knee, both extensors and flexors had significantly
reduced group forces compared with TD subjects; yet, the knee
extensors tended to maintain force while the deficit for knee
flexors was greater. These findings are relevant to the fact that our
patients were able to stand and ambulate since one of the main
mechanisms ofmaintaining erect posture during gait is the ability
to extend the hip and knee (34). Remarkably, these imbalances
were present in all age groups, indicating that the pattern of
muscle involvement was constant independent of age and subject
since this was a cross-sectional study and not a longitudinal one.
These findings suggest that muscle imbalances are inherent to CP
from an early stage and do not develop with age.

Important deficits were recorded in GMFCS III–IV patients
when compared with controls (25%–70%), while GMFCS I–
II patients performed better (58–94%). When we compared
the strength in GMFCS levels I/II and III/IV to TD children,
a uniform pattern emerged, with all patients exhibiting the
best performance in hip extensors, closely followed by hip
adductors, and the worst in knee flexors, hip abduction, and ankle
dorsiflexion. We also demonstrated consistently lower values
of force profile in all muscle groups of patients at GMFCS
levels III/IV when compared with GMFCS levels I/II. There
was a significant deficiency (<55% TD) in hip abductors, knee
flexors, and ankle dorsiflexors for GMFCS levels III/IV compared
with GMFCS levels I/II. Most previous studies investigating the
relationship of lower limb strength and motor impairment (gross
motor function) have demonstrated similar results, indicating
that muscle strength affects walking ability (7, 9, 32). Thompson
et al. depicted that with worsening ambulatory level from
GMFCS levels I–III, strength values decreased in all muscle
groups, while joint contractures increased. The greatest strength
reduction between independent (GMFCS level I) and dependent
walkers (GMFCS level III) was in the hip abductors (61%)
and knee extensors at 30◦ (45%) (9). In their study, Dallmeijer
et al. also reported that CP children with GMFCS level I had
significantly higher strength values than GMFCS levels II and/or
III for all muscle groups, except for knee extensors. The latter
showed no differences between GMFCS levels (32). These results
partly differ from our study, but our method of assessment in
this muscle group and the calculation of normalized strength
were different (9). Furthermore, the participation of patients with
GMFCS level IV in our study may provide another explanation
for that, since knee flexors have an important role in predicting
mobility capacity or gait (32, 35), but those patients already
had a severe walking impairment. In contrast to these studies
presenting an association between lower limb force and walking
performance, in a study of 24 children and adolescents (aged 5.3–
19.6 years) with spastic CP, the authors failed to demonstrate
similar force differences across GMFCS levels (36). However, in
this study, researchers used a fixed handheld dynamometer and
included patients with both unilateral and bilateral involvement,
which may have affected their results.
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FIGURE 5 | Mean muscle group force as percentage (%) compared to Typically Developing children: (A) per CP group and (B) per GMFCS group (Independent &

Dependent) walkers.

The finding that, in children at GMFCS levels III/IV, the best
performance was at the hip extensors, and that the strength
of knee extensors was among the best preserved compared
to controls, partly explain the fact that these patients were
ambulatory up to the age of 16 years, as strength in hip and
knee extensors better predicts their ability to walk, more so than
spasticity (37). Recently, Davids et al. demonstrated that there is a
90% chance for independent ambulation (GMFCS levels I and II)
when strength normalized for weight was 49% predicted relative
to TD children, a 75% chance of independent ambulation when
it was 33% predicted relative to TD children, and a 50% chance
of independent ambulation when it was 16% predicted relative to
TD children (10).

The major limitation of the our study was its cross-sectional
design, which did not account for the effect of time and training
on changes of weight, muscle mass, and force values. Secondly,
our study group was fairly imbalanced: independent walkers were
more represented, something that could influence the results.
Another limitation of the study was the fact that while measuring
CP patients’ muscle forces, coactivation of the antagonist muscles
occurred which may lead to underestimation of the strength
of muscle measured (38). Finally, the accurate assessment of
extremity muscle strength in children with CP was challenging
due to a range of confounding variables, related both to patient’s
ability and motivation and to technical measurement issues, such
as equipment used and testing protocol.
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In conclusion, this study confirmed that NF in TD children
was significantly greater than in children with CP in all muscle
and age groups, with the greatest differences in the 15–16-
year-old group. In CP, a constant pattern of significant muscle
strength imbalance between antagonist muscles across all ages
was identified, indicating that this muscle strength imbalance
in CP was present from an early age and did not change
significantly during development. Hip flexors, knee flexors,
and ankle dorsiflexors were found significantly weaker than
adductors and extensors. Lastly, a significant deficiency in hip
abductors, knee flexors, hip flexors, and ankle dorsiflexors was
identified in GMFCS III/IV when compared with TD and
children in GMFCS levels I/II.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

Ethical review and approval was not required for the study
on human participants in accordance with the local legislation
and institutional requirements. Written informed consent to
participate in this study was provided by the participants’ legal
guardian/next of kin.

AUTHOR CONTRIBUTIONS

ND: conceptualization, data collection, methodology-research
design, resources, and assessment writing—original draft
preparation. EN: formal analysis, research design, and
writing—original draft preparation: MT: data collection,
methodology, resources, and assessment. GG: resources and
assessment. AP: conceptualization, methodology, writing—
reviewing and editing, supervision. DP: data collection,
methodology-research design, resources, and assessment. All
authors contributed to the article and approved the submitted
version.

FUNDING

The publication fee was funded by Brain Therapeutics PC.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the support of Christos
Nestoridis and Manoussos Pentarakis. The authors would
also like to thank the Geitonas School Administration
and the Physical Education Department for their help
in recruiting volunteers as well as all the typically
developing subjects for their enthusiastic collaboration in the
measurement process.

REFERENCES

1. Ross SA, Engsberg JR. Relationships between spasticity, strength, gait, and

the GMFM-66 in persons with spastic diplegia cerebral palsy. Arch Phys Med

Rehabil. (2007) 88:1114–20. doi: 10.1016/j.apmr.2007.06.011

2. Desloovere K, Molenaers G, Feys H, Huenaerts C, Callewaert B, Van de

Walle P. Do dynamic and static clinical measurements correlate with gait

analysis parameters in children with cerebral palsy? Gait Posture. (2006)

24:302–13. doi: 10.1016/j.gaitpost.2005.10.008

3. Eek MN, Tranberg R, Beckung E. Muscle strength and kinetic gait

pattern in children with bilateral spastic CP. Gait Posture. (2011) 33:333–

7. doi: 10.1016/j.gaitpost.2010.10.093

4. Dallmeijer AJ, Baker R, Dodd KJ, Taylor NF. Association between

isometric muscle strength and gait joint kinetics in adolescents

and young adults with cerebral palsy. Gait Posture. (2011)

33:326–32. doi: 10.1016/j.gaitpost.2010.10.092

5. Wiley ME, Damiano DL. Lower-extremity strength profiles in

spastic cerebral palsy. Dev Med Child Neurol. (1998) 40:100–

7. doi: 10.1111/j.1469-8749.1998.tb15369.x

6. Ross SA, Engsberg JR. Relation between spasticity and strength in individuals

with spastic diplegic cerebral palsy. Dev Med Child Neurol. (2002) 44:148–

57. doi: 10.1017/S0012162201001852

7. Eek MN, Beckung E. Walking ability is related to muscle

strength in children with cerebral palsy. Gait Posture. (2008)

28:366–71. doi: 10.1016/j.gaitpost.2008.05.004

8. Stackhouse SK, Binder-Macleod SA, Lee SC. Voluntary muscle activation,

contractile properties, and fatigability in children with and without cerebral

palsy.Muscle Nerve. (2005) 31:594–601. doi: 10.1002/mus.20302

9. Thompson N, Stebbins J, Seniorou M, Newham D. Muscle

strength and walking ability in diplegic cerebral palsy: implications

for assessment and management. Gait Posture. (2011) 33:321–

5. doi: 10.1016/j.gaitpost.2010.10.091

10. Davids JR, Oeffinger DJ, Bagley AM, Sison-Williamson M,

Gorton G. Relationship of strength, weight, age, and function in

ambulatory children with cerebral palsy. J PediatrOrthop. (2015)

35:523–9. doi: 10.1097/BPO.0000000000000320

11. Shortland A. Editorial: strength, gait and function in cerebral palsy. Gait

Posture. (2011) 33:319–20. doi: 10.1016/j.gaitpost.2010.10.086

12. Gage R, Schwartz MH, Koop SE. The identification and treatment of gait

problems in cerebral palsy, Novacheck TF, Editors. Clinics in Developmental

Medicine, 2nd Edn. London: Mac Keith Press. (2009). p. 1801.

13. Maanum G, Jahnsen R, Frøslie KF, Larsen KL, Keller A. Walking ability

and predictors of performance on the 6-minute walk test in adults

with spastic cerebral palsy. Dev Med Child Neurol. (2010) 52:e126–

32. doi: 10.1111/j.1469-8749.2010.03614.x

14. Fleeton JRM, Sanders RH, Fornusek C. Strength training to

improve performance in athletes with cerebral palsy: a systematic

review of current evidence. J Strength Cond Res. (2020) 34:1774–

89. doi: 10.1519/JSC.0000000000003232

15. Kainz H, Goudriaan M, Falisse A, Huenaerts C, Desloovere K, De Groote F,

et al. The influence of maximum isometric muscle force scaling on estimated

muscle forces from musculoskeletal models of children with cerebral palsy.

Gait Posture. (2018) 65:213–20. doi: 10.1016/j.gaitpost.2018.07.172

16. Davis PR,McKayMJ, Baldwin JN, Burns J, Pareyson D, Rose KJ. Repeatability,

consistency, and accuracy of hand-held dynamometry with and without

fixation for measuring ankle plantarflexion strength in healthy adolescents

and adults.Muscle Nerve. (2017) 56:896–900. doi: 10.1002/mus.25576

17. Van Vulpen LF, De Groot S, Becher JG, DeWolf GS, Dallmeijer AJ. Feasibility

and test-retest reliability of measuring lower-limb strength in young children

with cerebral palsy. Eur J Phys Rehabil Med. (2013) 49:803–13.

18. Willemse L, Brehm MA, Scholtes VA, Jansen L, Woudenberg-Vos H,

Dallmeijer AJ. Reliability of isometric lower-extremity muscle strength

measurements in children with cerebral palsy: implications for measurement

design. Phys Ther. (2013) 93:935–41. doi: 10.2522/ptj.20120079

19. Mulder-Brouwer AN, Rameckers EA, Bastiaenen CH. Lower

extremity handheld dynamometry strength measurement in

children with cerebral palsy. Pediatr Phys Ther. (2016) 28:136–

53. doi: 10.1097/PEP.0000000000000228

Frontiers in Neurology | www.frontiersin.org 12 March 2021 | Volume 12 | Article 617971

https://doi.org/10.1016/j.apmr.2007.06.011
https://doi.org/10.1016/j.gaitpost.2005.10.008
https://doi.org/10.1016/j.gaitpost.2010.10.093
https://doi.org/10.1016/j.gaitpost.2010.10.092
https://doi.org/10.1111/j.1469-8749.1998.tb15369.x
https://doi.org/10.1017/S0012162201001852
https://doi.org/10.1016/j.gaitpost.2008.05.004
https://doi.org/10.1002/mus.20302
https://doi.org/10.1016/j.gaitpost.2010.10.091
https://doi.org/10.1097/BPO.0000000000000320
https://doi.org/10.1016/j.gaitpost.2010.10.086
https://doi.org/10.1111/j.1469-8749.2010.03614.x
https://doi.org/10.1519/JSC.0000000000003232
https://doi.org/10.1016/j.gaitpost.2018.07.172
https://doi.org/10.1002/mus.25576
https://doi.org/10.2522/ptj.20120079
https://doi.org/10.1097/PEP.0000000000000228
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Darras et al. Lower Limb Strength Development in CP

20. Elder GC, Kirk J, Stewart G, Cook K, Weir D, Marshall A, et al. Contributing

factors to muscle weakness in children with cerebral palsy. Dev Med Child

Neurol. (2003) 45:542–50. doi: 10.1111/j.1469-8749.2003.tb00954.x

21. Rose J, McGill KC. Neuromuscular activation and motor-unit firing

characteristicsin cerebral palsy. Dev Med Child Neurol. (2005) 47:329–

36. doi: 10.1017/S0012162205000629

22. Friden J, Lieber RL. Spastic muscle cells are shorter and stiffer than normal

cells.Muscle Nerve. (2003) 27:157–64. doi: 10.1002/mus.10247

23. Lieber RL, Steinman S, Barash IA, Chambers H. Structural and

functional changes in spastic skeletal muscle. Muscle Nerve. (2004)

29:615–27. doi: 10.1002/mus.20059

24. Rose J, Haskell WL, Gamble JG, Hamilton RL, Brown DA, Rinsky L. Muscle

pathology and clinical measures of disability in children with cerebral palsy. J

Orthop Res. (1994) 12:758–68. doi: 10.1002/jor.1100120603

25. Brown JK, Rodda J, Walsh EG, Wright GW. Neurophysiology of lower-

limb function in hemiplegic children. DevMed Child Neurol. (1991) 33:1037–

47. doi: 10.1111/j.1469-8749.1991.tb14825.x

26. Fowler EG, Kolobe TH, Damiano DL, Thorpe DE, Morgan DW, Brunstrom

JE, et al. Section on Pediatrics Research Summit Participants; Section on

Pediatrics Research Committee Task Force. Promotion of physical fitness and

prevention of secondary conditions for children with cerebral palsy: section

on pediatrics research summit proceedings. Phys Ther. (2007) 87:1495–

510. doi: 10.2522/ptj.20060116

27. de Groot S, Dallmeijer AJ, Bessems PJ, Lamberts ML, van der Woude LH,

Janssen TW. Comparison of muscle strength, sprint power and aerobic

capacity in adults with and without cerebral palsy. J Rehabil Med. (2012)

44:932–8. doi: 10.2340/16501977-1037

28. Eken MM, Lamberts RP, Koschnick S, Du Toit J, Veerbeek BE, Langerak NG.

Lower extremity strength profile in ambulatory adults with cerebral palsy and

spastic diplegia: norm values and reliability for hand-held dynamometry. PM

R. (2020) 12:573–80. doi: 10.1002/pmrj.12257

29. Berry ET, Giuliani CA, Damiano DL. Intrasession and intersession reliability

of handheld dynamometry in children with cerebral palsy. Pediatr Phys Ther.

(2004) 16:191–8. doi: 10.1097/01.PEP.0000145932.21460.61

30. Crompton J, Galea MP, Phillips B. Hand-held dynamometry for muscle

strength measurement in children with cerebral palsy. Dev Med Child Neurol.

(2007) 49:106–11. doi: 10.1111/j.1469-8749.2007.00106.x

31. Malina RM, Bouchard C. Growth, Maturation and Physical Activity. Human

Kinetics Books. Somatic Growth (1991). p. 39–64.

32. Dallmeijer AJ, Rameckers EA, Houdijk H, de Groot S, Scholtes VA, Becher

JG. Isometric muscle strength and mobility capacity in children with cerebral

palsy.Disabil Rehabil. (2017) 39:135–42. doi: 10.3109/09638288.2015.1095950

33. Eek MN, Tranberg R, Zügner R, Alkema K, Beckung E. Muscle strength

training to improve gait function in children with cerebral palsy. Dev Med

Child Neurol. (2008) 50:759–64. doi: 10.1111/j.1469-8749.2008.03045.x

34. Kimmel SA, Schwartz MH. A baseline of dynamic muscle function during

gait. Gait Posture. (2006) 23:211–21. doi: 10.1016/j.gaitpost.2005.02.004

35. Hong WH, Chen HC, Shen IH, Chen CY, Chen CL, Chung CY. Knee muscle

strength at varying angular velocities and associations with gross motor

function in ambulatory children with cerebral palsy. Res Dev Disabil. (2012)

33:2308–16. doi: 10.1016/j.ridd.2012.07.010

36. Shin HI, Sung KH, Chung CY, Lee KM, Lee SY, Lee IH, et al. Relationships

between isometric muscle strength, gait parameters, and gross motor function

measure in patients with cerebral palsy. Yonsei Med J. (2016) 57:217–

24. doi: 10.3349/ymj.2016.57.1.217

37. Damiano DL, Arnold AS, Steele KM, Delp SL. Can strength training

predictably improve gait kinematics? A pilot study on the effects of hip and

knee extensor strengthening on lower-extremity alignment in cerebral palsy.

Phys Ther. (2010) 90:269–79. doi: 10.2522/ptj.20090062

38. Eken MM, Dallmeijer AJ, Doorenbosch CA, Dekkers H, Becher JG, Houdijk

H. Coactivation during dynamometry testing in adolescents with spastic

cerebral palsy. Phys Ther. (2016) 96:1438–47. doi: 10.2522/ptj.20140448

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2021 Darras, Nikaina, Tziomaki, Gkrimas, Papavasiliou and

Pasparakis. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 13 March 2021 | Volume 12 | Article 617971

https://doi.org/10.1111/j.1469-8749.2003.tb00954.x
https://doi.org/10.1017/S0012162205000629
https://doi.org/10.1002/mus.10247
https://doi.org/10.1002/mus.20059
https://doi.org/10.1002/jor.1100120603
https://doi.org/10.1111/j.1469-8749.1991.tb14825.x
https://doi.org/10.2522/ptj.20060116
https://doi.org/10.2340/16501977-1037
https://doi.org/10.1002/pmrj.12257
https://doi.org/10.1097/01.PEP.0000145932.21460.61
https://doi.org/10.1111/j.1469-8749.2007.00106.x
https://doi.org/10.3109/09638288.2015.1095950
https://doi.org/10.1111/j.1469-8749.2008.03045.x
https://doi.org/10.1016/j.gaitpost.2005.02.004
https://doi.org/10.1016/j.ridd.2012.07.010
https://doi.org/10.3349/ymj.2016.57.1.217
https://doi.org/10.2522/ptj.20090062
https://doi.org/10.2522/ptj.20140448
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

	Development of Lower Extremity Strength in Ambulatory Children With Bilateral Spastic Cerebral Palsy in Comparison With Typically Developing Controls Using Absolute and Normalized to Body Weight Force Values
	Introduction
	Methods
	Statistical Analysis

	Results
	Subject Description
	Measurement Success
	Force Results
	GMFCS Group A vs. Group B
	Muscle Force Deficit Analysis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	References


