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Background. Muscle architecture is known to be predictive of muscle function.
However, it is unknown whether this relationship is similar in children and adoles-
cents with and without cerebral palsy (CP).

Objective. The objective of this study was to determine whether the architecture
of the rectus femoris (RF) and vastus lateralis (VL) muscles was predictive of maxi-
mum voluntary knee extensor torque in children and adolescents with and without
CP and whether these measures were related to activity and participation levels.

Design. A case-control design was used.

Methods. Eighteen participants with CP (mean age�12.0 years, SD�3.2) at Gross
Motor Function Classification System (GMFCS) levels I through IV and 12 age-
matched peers with typical development (mean age�12.3 years, SD�3.9) were
evaluated. Muscle thickness, fascicle length, and fascicle angle of the RF and VL
muscles were measured with 2-dimensional, B-mode ultrasound imaging. The activity
and participation measures used for participants with CP were the Pediatric Out-
comes Data Collection Instrument (PODCI) and the Activities Scale for Kids, Perfor-
mance Version (ASKp).

Results. When age and GMFCS level were controlled for, VL muscle thickness was
the best predictor of knee extensor isometric torque in the group with CP (R2�.85).
This prediction was similar to the prediction from VL muscle thickness and age in
participants with typical development (R2�.91). Rectus femoris muscle fascicle
length was significantly correlated with the Sports and Physical Functioning Scale of
the PODCI (��.49), and VL muscle fascicle angle was correlated with the Transfers
and Basic Mobility Scale of the PODCI (r�.47) and with ASKp Locomotion sub-
domain (r�.50).

Limitations. A limitation of this study was the small sample size.

Conclusions. Ultrasound measures of VL muscle thickness, adjusted for age and
GMFCS level, were highly predictive of maximum torque and have the potential to
serve as surrogate measures of voluntary strength (force-generating capacity) in
children and adolescents with and without CP.
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Cerebral palsy (CP) is a group of
disorders of movement and
posture, often characterized by

impairments such as muscle weak-
ness, spasticity (hypertonicity), stiff-
ness, and excessive co-contraction.1 In
children and adolescents with CP, ex-
ercise and resistance training are im-
portant components of rehabilitation
programs for counteracting these im-
pairments at the muscle level, thus im-
proving muscle force output and effi-
ciency.2–4 However, little is known
about the mechanisms underlying
these improvements. Muscle architec-
ture is defined as the internal arrange-
ment of muscle fibers within a muscle
and has been described as the primary
determinant of muscle function.5 Be-
cause the architecture of a muscle de-
termines the force-velocity properties
of the muscle, including outcome
measures of muscle architecture is of
clinical importance. Such measures in-
clude physiological and anatomical
cross-sectional areas, muscle thick-
ness, and length and angle of fascicles
(bundles of muscle fibers). However,
researchers are only beginning to un-
derstand the differences in muscle ar-
chitecture in children and adolescents
with CP and those with typical devel-
opment (TD). Furthermore, informa-
tion in the literature about how mus-
cle architecture predicts muscle
function in CP is scarce. Even more
scarce are studies reporting on how
muscle architecture predicts other im-
pairments or activity levels in CP,
which are important for informing
clinical practice.

It is well documented in the litera-
ture that children and adolescents
with CP have lower activity levels
than their peers with TD.6,7 Whether
primary weakness is the cause of de-
creased activity levels or whether de-
creased activity levels result in sec-
ondary weakness is unknown. Over
time, the interaction of these 2 prop-
erties, in conjunction with abnormal
movement patterns, may perpetuate
a continuous cycle of inactivity and
weakness, accompanied by disuse at-
rophy and alterations in muscle ar-
chitecture.8 However, existing stud-
ies of muscle morphology in CP are
cross-sectional and describe morpho-
logical characteristics in school-aged
children with CP.9–11 Therefore, the
possible role of muscle dysgenesis, or
abnormal development of muscle ar-
chitecture, in weakness, spasticity,
and disuse is unknown. It has been
shown that weight-bearing muscles,
particularly the quadriceps and gas-
trocnemius muscles, are most affected
by disuse and inactivity in humans be-
cause of their antigravity function.12,13

Therefore, it is possible that muscle
architecture is altered in these same
muscles in people with CP because of
muscle disuse and low activity levels.

Most knowledge about muscle archi-
tecture in CP has been obtained from
studies of the gastrocnemius mus-
cles. Elder et al14 and Mohagheghi et
al11 reported decreased anatomical
cross-sectional area and thickness of
the gastrocnemius muscles, respec-
tively, on the paretic and nonparetic
sides in children with hemiplegic
CP. Shortland et al9 were the first
investigators to use ultrasound imag-
ing to evaluate muscle architecture
in a small group of children with CP
and a control group with TD. They
observed no differences in fascicle
angles and normalized fascicle
lengths between the groups. How-
ever, other authors have reported dif-
ferences in the fascicle angle15,16 and
fascicle length11,15,16 of the gastroc-
nemius muscles in children with CP.

The quadriceps muscles are particu-
larly important for transitioning from
sitting to standing, ascending and
descending stairs, and antigravity
control during the stance phase of
gait, among other functional activ-
ities.17,18 In people with CP, the
strength (force-generating capac-
ity) of the knee extensor muscles
alone is significantly correlated with
the standing, walking, running, and
jumping components of the Gross Mo-
tor Function Measure and with the to-
tal Gross Motor Function Measure
score.18,19 Primary weakness and sec-
ondary disuse of this muscle group,
coupled with abnormal movement
patterns, may lead to muscle atrophy
and rearrangement of the internal
muscle architecture, thus adversely af-
fecting function. We previously re-
ported measures of muscle architec-
ture and the sizes of the vastus lateralis
(VL) and rectus femoris (RF) muscles
in a group of children and adolescents
with CP and their peers with TD. We
observed decreased cross-sectional ar-
eas and thicknesses of both muscles,
as well as shorter fascicle lengths of
the RF muscle and smaller fascicle an-
gles of the VL muscle.20 Ohata et al10

reported decreased combined thick-
ness of the RF and vastus intermedius
muscles in adults with CP and severe
motor involvement relative to those
with moderate motor involvement.
They suggested that the combined
muscle thickness measure could be
used as a surrogate measure of
strength but did not provide any evi-
dence to support this claim.

A surrogate measure of strength in
CP would be highly beneficial be-
cause of the difficulty in obtaining
quantitative measures of voluntary
maximum force generation in chil-
dren with selective motor control
deficits resulting in a decreased or an
absent ability to isolate movements,
as well as in those with cognitive,
hearing, visual, behavioral, or other
impairments related to the ability to
receive and communicate informa-
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tion.1 In healthy muscle, muscle archi-
tecture determines the force-velocity
properties of that muscle. Three major
principles should be considered. First,
the number of sarcomeres in parallel,
reflected by the size of the muscle, is
directly proportional to the amount of
force that the muscle can produce.
Second, the number of sarcomeres in
series, reflected by the length of the
muscle fibers, is directly related to the
maximum shortening velocity and the
excursion of the muscle. Third, the
angle of pennation of the muscle fi-
bers is inversely related to force and
shortening velocity, so that the greater
the pennation angle, the lesser the
force that is transmitted to the tendon
and the lesser the shortening veloci-
ty.21 However, the effect on force pro-
duction usually is offset by the fact that
a larger angle of pennation allows
more contractile material to be at-
tached within a given volume.22 Be-
cause intact fibers are difficult to iso-
late, fascicles are typically measured in
studies of human muscle.5

Therefore, the overall purpose of
this study was to investigate the crit-
ical relationships between muscle ar-
chitecture and muscle function
(body structures and function) and
the relationships between muscle ar-
chitecture and activity and participa-
tion, as outlined in the World Health
Organization’s International Classi-
fication of Functioning, Disability
and Health (ICF) model.23 More spe-
cifically, the first aim was to develop
a predictive regression model of
maximum voluntary knee extensor
torque in children and adolescents
with and without CP on the basis of
measures of the thicknesses of the
RF and VL muscles obtained from
2-dimensional (2D) ultrasound imag-
ing. We hypothesized that the phys-
iological relationships of muscle thick-
ness and maximum voluntary knee
extensor torque would be similar in
participants with and without CP and
across muscle groups. Although phys-
iological and anatomical cross-

sectional areas are more commonly
used in predictive models for maxi-
mum force-generating capacity, mea-
sures of muscle thickness also have
been used in predictive models for
maximum force and have been shown
to be significantly correlated with an-
atomical cross-sectional area.24,25 In
addition, muscle thickness can be
measured easily and relatively quickly
with 2D B-mode ultrasound; in con-
trast, magnetic resonance imaging and
computerized tomography are more
costly and time-consuming. Further-
more, the added value of including
other muscle architectural variables
known to influence force production,
such as fascicle angle and fascicle
length, was investigated.

The second aim was to quantify the
relationships between muscle archi-
tectural parameters and measures of
activity and participation in partic-

ipants with CP. We hypothesized
that fascicle length measurements
would show the strongest relation-
ships with higher-level activity
scales that would be more likely to
involve speed and power, whereas
muscle thickness and fascicle angle
measurements would be more
closely related to overall global func-
tion, activity, and participation.

The clinical importance of this study
is threefold: (1) to provide insight
into the relationship between mus-
cle architecture and weakness in CP,
(2) to propose a surrogate measure
of strength (based on ultrasound im-
aging) that could be used for better
characterization of patients and as an
outcome measure in intervention
studies, and (3) to elucidate the rela-
tionships between muscle architec-
ture and activity and participation to
better interpret how a change in

The Bottom Line

What do we already know about this topic?

In individuals without impairments, the force-velocity properties of a
muscle are determined by the architecture of that muscle. However, it is
unknown whether these relationships are similar in people with cerebral
palsy.

What new information does this study offer?

Vastus lateralis muscle thickness was highly predictive of knee extensor
strength in people with cerebral palsy, particularly when age and Gross
Motor Function Classification System level were considered. Rectus fem-
oris fascicle length was related to sports and physical functioning, and
vastus lateralis fascicle angle was related to locomotion, transfers, and
basic mobility.

If you’re a patient, what might these findings mean
for you?

The study proposes an alternative measure of strength using
2-dimensional ultrasound imaging that can be used when strength testing
is not feasible in people with cerebral palsy. The study also provides a
better understanding of how a change in muscle architecture in response
to an intervention (such as a therapy, surgery, or medication) would affect
muscle strength, activity, and participation in daily life.
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muscle architecture in response to
an intervention (therapeutic, surgi-
cal, pharmacological, or other) would
affect activity and participation in
daily life, as emphasized by the World
Health Organization’s ICF model.23 A
clinical example would be the use
of VL muscle thickness to estimate
strength in a child with CP who has
cognitive impairments and is under-
going orthopedic surgery for crouch
gait. This measure could be used
for preoperative surgical planning, to
develop a postoperative physical ther-
apy plan of care, as an outcome mea-
sure to assess changes in strength in
response to the surgical and thera-
peutic interventions, and to predict
ambulatory outcome.

Method
Participants
Eighteen young people with spastic
CP (mean age�12.0 years, SD�3.2,
range�7–19) and 12 young people
with TD (mean age�12.3 years,
SD�3.9, range�7–20) were re-
cruited for this prospective study.
Participants with CP were recruited
from a local hospital and an outpa-
tient rehabilitation center. Table 1
shows the characteristics of the par-
ticipants. Participants with CP were
at Gross Motor Function Classifica-
tion System (GMFCS) levels I
through IV and had bilateral lower-
extremity involvement. Exclusion
criteria were orthopedic or neuro-
logical surgery within 6 months be-
fore testing or botulinum toxin injec-
tions to the quadriceps muscle

within 3 months before testing. In
addition, participants were excluded
if they had cognitive or other behav-
ioral impairments that interfered
with the ability to understand and
follow directions. Written informed
consent was obtained from each par-
ticipant over 18 years of age, and
parental consent was obtained for
those under 18 years of age.

Procedure
Ultrasound (Voluson 730 Expert*)
images of the RF and VL muscles
were recorded in real time with a 6-
to 12-MHz linear-array transducer in
2D B-mode. Imaging was performed
prior to strength assessment, and the
right lower extremity was chosen for
measurement. Participants rested
comfortably in the supine position
with the knee joint near the natural
resting position of 10 degrees; a
towel roll was placed under the knee
as needed for positioning or to aid
comfort and muscle relaxation. Par-
ticipants were supine for approxi-
mately 10 to 15 minutes prior to
imaging. The resting angle of the
knee was measured and recorded
with a goniometer. Participants were
instructed to relax their muscles dur-
ing scanning. Images were recorded
only when the muscle was fully re-
laxed, as evidenced in real time. Im-
ages of the RF muscle were taken at
50% of the distance between the an-
terior superior iliac spine and the
superior border of the patella. Im-

ages of the VL muscle were taken at
the midpoint between the most
prominent portion of the greater tro-
chanter and the lateral femoral epi-
condyle. To ensure proper place-
ment of the probe, each midpoint
was clearly marked on the skin with
a surgical pen. To eliminate com-
pression of the muscle, a generous
amount of gel was applied to the skin,
and the examiner held the probe sus-
pended on top of the gel with the
forearm supported. Images were
taken with the probe oriented in the
sagittal plane and perpendicular to
the skin, and the following measure-
ments were calculated with the ultra-
sound system software (Fig. 1): mus-
cle thickness was calculated as the
distance between the superficial
and the deep aponeuroses in the
middle of the ultrasound image at a
90-degree angle from the deep apo-
neurosis, fascicle angle was mea-
sured as the positive angle in degrees
between the deep aponeurosis and
the line of the fascicle, and fascicle
length was estimated as muscle
thickness/sin(fascicle angle).9 Three
images were taken per muscle, and
the average value from the 3 images
for each measurement was used in
the analyses. Intrasession reliability
was previously reported to be high
for all measurements obtained with
this protocol (for the CP group, the
intraclass correlation coefficient was
�.93; for the TD group, the intra-
class correlation coefficient was
�.88), with particular emphasis on
RF and VL muscle thickness (intraclass* GE Healthcare, Kretztechnik, Zipf, Austria.

Table 1.
Participant Characteristicsa

Group Sex Age, mo
Weight,

kg
Height,

m

Thigh
length,

cmb

No. of Participants at
GMFCS Level:

I II III IV

Cerebral
palsy

9 girls,
9 boys

12.0 (3.2) 33.8 (10.8) 1.4 (0.1) 32.7 (4.7) 4 2 9 3

Typical
development

10 girls,
2 boys

12.3 (3.9) 43.8 (13.4) 1.5 (0.2) 36.0 (4.5) NA NA NA NA

a Reported as mean (SD). GMFCS�Gross Motor Function Classification System, NA�not applicable.
b Calculated as distance from greater trochanter to lateral femoral condyle.
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correlation coefficient of �.98) for
both groups.20

Maximum voluntary knee extensor
torque was tested isometrically at a
knee angle of 60 degrees of flexion
with an isokinetic dynamometer
(System 3 Pro†). The 60-degree posi-
tion was chosen because it approxi-
mates the optimal point on the
length-tension curve for generating
force.26 The peak isometric torque of
the highest of 3 repetitions was used
as the measure of strength, or maxi-
mum force-generating capacity.

The Pediatric Outcomes Data Collec-
tion Instrument (PODCI) parent re-
port and the Activities Scale for Kids
(ASK), Performance Version (ASKp),
were administered as measures of ac-
tivity and participation. The PODCI
was designed to assess self-reported
physical function and psychosocial
aspects of health status in children
with mild to moderate musculoskel-
etal disability.27 The following scales,
with scores ranging from 0 (worst)
to 100 (best), were used for analysis:
Transfers and Basic Mobility Scale,
Sports and Physical Functioning
Scale, and Global Functioning Scale,
which includes the preceding 2
scales in addition to an Upper-
Extremity Scale and a Pain and Com-
fort Scale. The PODCI has been
widely administered in children with
CP; it has high internal consisten-
cy,27,28 moderate to good test-retest
reliability,27 moderate to excellent
concurrent validity with the Gross
Motor Function Measure,28 and the
ability to discriminate across motor
groups for certain domains28 and is
responsive to change after orthope-
dic surgery.29 The ASK is a child self-
report questionnaire that assesses
physical functioning in the commu-
nity for children with musculoskele-
tal disorders, including CP.30 The
ASK (ASKp and ASK capacity ver-

sion) has excellent test-retest and in-
terrater reliability and good validity
(content, concurrent, and construct)
in children who are 5 to 15 years of
age and have musculoskeletal disor-
ders.30,31 The ASKp measures what
the child “did do” during the previ-
ous week and serves as a measure of
activity and participation under the
performance qualifier of the ICF
model. In addition, the ASKp has
been shown to discriminate among
GMFCS levels in adolescents with CP
across all subdomains.32 In addition
to the overall summary score, the
following subdomains of the ASKp
were used for analysis because they
are related to lower-extremity func-

tioning: Locomotion, Standing Skills,
and Transfers.

Data Analysis
For the first aim, which was to de-
velop a predictive model for knee
extensor force-generating capacity,
hand-fitted univariate multiple re-
gression with a conceptual theoreti-
cal model was used to determine the
predictive power of RF and VL mus-
cle thickness for the response vari-
able (knee extensor torque) in the
CP and TD groups separately. Con-
trol variables (age, height, thigh
length, and weight for both groups
and GMFCS level for the CP group)
and muscle architectural variables

† Biodex Medical Systems, 20 Ramsay Rd,
Shirley, NY 11967-4704.

Figure 1.
Muscle thickness was calculated as the distance between the superficial aponeurosis
[a(sup.)] and the deep aponeurosis [a(deep)] in the middle of the ultrasound image at
a 90-degree angle from the deep aponeurosis, as indicated by the double-headed
arrow. The fascicle angle was the positive angle between the deep aponeurosis and the
line of the fascicle, as indicated by theta (�) and corresponding arrows.
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(fascicle length and fascicle angle)
were entered individually into the
model to determine which variables
improved the predictive value of the
model. This strategy was based on
the theoretical perspective that
these variables could have an addi-
tional or competing influence on
torque values. If the addition of a
control variable resulted in a P value
of less than .15 and changed the beta
coefficient of the variable of interest
significantly, the variable was kept in
the model and the next variable was
entered. This process resulted in an
increase in the R2 value, with the R2

and adjusted R2 values moving closer
together. The significance level for
the overall regression model was set
at .05. This process was continued
until the final, best model was deter-
mined for the CP and TD groups sep-
arately. There were no missing data
in the multiple regression analyses;
missing data can significantly alter
the results.

For the first aim, to achieve a power
of .80 and a medium to large effect
size (Cohen f 2�.15 and .35), a sam-
ple size of between 25 and 55 was
predicted to produce a significant
model. We performed post hoc
power analyses33 for the predictive

models for the TD and CP groups
(Tab. 2). We obtained greater than
99% power for the predictive model
for the TD group with 2 variables
(and n�12) and greater than 99%
power for the predictive model for
the CP group with 3 variables (and
n�18). Thus, our sample size ap-
peared to be adequate for the model.

For the second aim, Pearson correla-
tion coefficients were calculated to
determine the relationships between
muscle architectural variables and
functional measures of activity and
participation (ASKp and PODCI).
Spearman rho correlation coeffi-
cients (�) were calculated for the
scales that were not normally distrib-
uted. Missing data were removed
from the correlation analyses; the
numbers of observations are re-
ported in the appropriate tables. The
significance level was set at .05. All
data were analyzed with SAS (version
9.2).‡

Role of the Funding Source
Dr Moreau was a postdoctoral fellow
in the Movement Science Program at
Washington University, St Louis, Mis-

souri, when this study was conducted
and was supported by a National Cen-
ter for Medical Rehabilitation Re-
search/National Institutes of Health
grant (T32HD007434-16). This pro-
ject also was supported by a clinical
research grant from the Section on
Pediatrics of the American Physical
Therapy Association. This research
was supported, in part, by the Intra-
mural Research Program of the NIH
Clinical Center.

Results
Height, thigh length, fascicle angle,
and fascicle length for both the RF
and the VL muscles were not signif-
icant contributors to the knee exten-
sor torque predictive model for ei-
ther group. As expected from the
literature, weight competed for vari-
ance with muscle thickness and re-
duced the predictive power of the
model. Combining VL muscle thick-
ness and RF muscle thickness into
the same regression model also di-
minished the predictive power of ei-
ther one alone because of the high
correlation between the 2 variables.
However, age was a significant con-
trol variable for both the TD and
the CP groups, significantly im-
proving the predictive power of
the model over that obtained with

‡ SAS Institute Inc, 100 SAS Campus Dr, Cary,
NC 27513-2414.

Table 2.
Multiple Linear Regression Analyses of the Prediction of Knee Extensor Muscle Strength From Vastus Lateralis (VL) Muscle
Thickness for Children With Cerebral Palsy (CP) and Children With Typical Development (TD)

Group Variablea
Beta

Coefficient SE P
Model

R2

CP Intercept �50.05 18.95 .019 .62

VL muscle thickness (mm) 4.11 0.91 �.001

Age 2.70 1.22 .04

CP Intercept �7.63 15.55 .631 .85

VL muscle thickness (mm) 2.97 0.65 �.001

Age 3.04 0.81 .002

GMFCS �12.47 2.74 �.001

TD Intercept �79.7 20.49 .004 .91

VL muscle thickness (mm) 6.20 1.04 �.001

Age 5.87 1.62 .006

a GMFCS�Gross Motor Function Classification System.
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either RF muscle thickness or VL
muscle thickness.

As shown in Figure 2, RF muscle
thickness and VL muscle thickness
alone explained 59% and 77% of the
variance in knee extensor torque for
the TD group and 20% and 49% of
the variance for the CP group, re-
spectively. When age was controlled
for, VL muscle thickness had the
highest explanatory power for both
the TD and the CP groups, explain-
ing 91% and 62% of the variance in
knee extensor torque, respectively

(Tab. 2). When age was controlled
for, RF muscle thickness explained
84% and 32% of the variance for the
TD and CP groups, respectively
(Tab. 3).

We added GMFCS levels to the re-
gression model for the CP group to
determine the effects of different
GMFCS levels (Tab. 2). When both
age and GMFCS levels were con-
trolled for, VL muscle thickness pre-
dicted 85% of the variance in knee
extensor torque.

Table 4 shows the correlation coeffi-
cients for the relationships between
muscle architecture and functional
measures of activity and participa-
tion. The fascicle angle of the VL
muscle was significantly correlated
with the Transfers and Basic Mobility
Scale of the PODCI (r�.47, P�.05)
and with the ASKp Locomotion sub-
domain (r�.50, P�.03). As hypoth-
esized, the fascicle length of the RF
muscle was significantly correlated
with the Sports and Physical Function-
ing Scale of the PODCI (��.49,
P�.04). The correlation of RF muscle

Figure 2.
Linear regression of isometric knee extensor peak torque and rectus femoris (RF) muscle thickness (A) and vastus lateralis (VL) muscle
thickness (B) in both participants with cerebral palsy (CP) (gold squares) and participants with typical development (blue squares).
All relationships were statistically significant, except for the relationship between RF muscle thickness and knee extensor torque in
the CP group. In the regression equations, ISOM�isometric knee extensor peak torque (N�m), RFMT�RF muscle thickness (milli-
meters), and VLMT�VL muscle thickness (millimeters).

Table 3.
Multiple Linear Regression Analyses of the Prediction of Knee Extensor Muscle Strength From Rectus Femoris (RF) Muscle
Thickness for Children With Cerebral Palsy (CP) and Children With Typical Development (TD)

Group Variable
Beta

Coefficient SE P
Model

R2

CP Intercept �42.09 28.25 .157 .32

RF muscle thickness (mm) 3.14 1.40 .04

Age 2.65 1.62 .12

TD Intercept �207.7 50.74 .003 .84

RF muscle thickness (mm) 10.90 2.64 .002

Age 7.45 2.01 .005
.
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thickness with the ASKp Transfers
subdomain approached significance
(��.47, P�.06). Knee extensor
torque was directly correlated with all
of the measures of activity and partic-
ipation (r�.55–.80).

Discussion
The main finding of the present
study was that VL muscle thickness
was the best predictor of maximum
voluntary knee extensor torque for
both the TD and the CP groups
when age was controlled for. The
regression model for the TD group
had higher explanatory power than
that for the CP group, explaining
91% and 62% of the variance, respec-
tively. However, when GMFCS levels
were added to the CP model, the
explanatory power of the model in-
creased to 85%.

The clinical implications of the util-
ity of this model are noteworthy. It is
not always possible to obtain accu-
rate, quantitative measures of volun-
tary strength in people with CP be-

Figure 3.
Prediction of isometric knee extensor peak torque from various vastus lateralis (VL)
muscle thickness values for a representative 12-year-old child with cerebral palsy (CP)
at Gross Motor Function Classification System (GMFCS) levels I through IV and for a
representative 12-year-old child with typical development (TD). The equations are
based on the VL muscle thickness predictive equations in Table 2 for the CP and TD
groups; ISOM�isometric knee extensor peak torque (N�m), VLMT�VL muscle thickness
(millimeters). For the CP group: ISOM��7.6 � (3.0 � VLMT) � (3.0 � age) � (12.5
� GMFCS); for the TD group: ISOM��79.7 � (6.2 � VLMT) � (5.9 � age).

Table 4.
Correlation Coefficients for Measures of Muscle Architecture and Size and Measures of Activity and Participationa

Measure

PODCI
Sports and

Physical
Functioning

Scaleb

PODCI
Transfers
and Basic
Mobility

Scale

PODCI
Global

Functioning
Scale

ASKp
Summary

Score

ASKp
Transfers

Subdomainb

ASKp
Locomotion
Subdomain

ASKp
Standing

Skills
Subdomain

ISOM KE
peak torque

.55c .63c .70c .70c .71c .65c .80c

RF muscle
thickness

.41 .26 .21 .14 .47 .13 .09

RF fascicle
length

.49c .28 .26 .07 .38 �.02 �.03

RF fascicle
angle

�.06 �.12 �.15 .02 �.07 .13 .06

VL muscle
thickness

.42 .28 .33 .25 .28 .34 .37

VL fascicle
length

.05 �.15 .02 �.11 .13 �.11 .06

VL fascicle
angle

.44 .47c .34 .36 .20 .50c .32

a PODCI�Pediatric Outcomes Data Collection Instrument; ASKp�Activities Scale for Kids, Performance Version; ISOM KE torque�isometric knee extensor
peak torque (N�m); RF�rectus femoris; VL�vastus lateralis. n�18 for all variables except ASKp Transfers subdomain (n�16) and ASKp Standing Skills
subdomain (n�17) because of missing data. Coefficients are Pearson correlation coefficients (r), unless otherwise indicated.
b Spearman rho correlation coefficient (�) because of a nonnormal distribution.
c P�.05.
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cause motor impairments often are
accompanied by cognitive, hearing,
visual, communicative, or behavioral
impairments.1 These impairments
can occur across GMFCS levels and
can result in a diminished ability to
accurately or successfully administer
strength assessments. In addition,
poor selective motor control often
results in the inability to isolate the
muscle group of interest for an iso-
metric contraction or to isolate the
joint movement of interest for a dy-
namic contraction, resulting in mass
patterned movements. The method
used to measure muscle architecture
also has considerable relevance for
physical therapist practice. Ultrasound
is less expensive, more portable, and
more accessible than magnetic reso-
nance imaging and computerized to-
mography and could easily be imple-
mented into a rehabilitation setting
with proper training. The results of
the present study indicate that a sim-
ple, 2D ultrasound measure of VL
muscle thickness taken at 50% of
thigh length, along with the age of
the child and the GMFCS level, is
highly predictive of knee extensor
torque and may have value as a sub-
stitute for a voluntary strength as-
sessment. Furthermore, the signifi-
cant relationship between VL muscle
thickness and knee extensor torque
supports the use of this measure as
an outcome tool for the assessment
of muscle size changes in response
to an intervention.

Figure 3 shows the prediction of max-
imum voluntary knee extensor torque
from various VL muscle thickness val-
ues for a representative 12-year-old
child with CP at GMFCS levels I
through IV and for a representative
12-year-old child with TD by use of the
regression equations from Table 2.
The slope was greater for the child
with TD, so that at higher muscle
thickness values, the child with TD
produced higher levels of extensor
torque than the child with CP at all
GMFCS levels. Although the slopes

were the same at all GMFCS levels for
the 12-year-old child with CP, the
torque values decreased as impair-
ment levels increased (ie, higher GM-
FCS levels). The difference in the pre-
dictive power of the muscle thickness
model for the CP and TD groups could
be attributed to several potential fac-
tors. Voluntary activation of the quad-
riceps muscle group was previously
reported to be 33% lower in children
with CP than in children with TD.34 In
addition, co-contraction of the ham-
string muscles during isometric knee
extension was observed to decrease
net torque by 12% in the CP group but
only 5% in the TD group, with the
effect diminishing with increasing
knee flexion angles.35 Furthermore, El-
der et al14 measured specific tension,
cross-sectional area, and muscle vol-
ume with magnetic resonance imag-
ing for the gastrocnemius-soleus mus-
cle complex in children with CP and
children with TD (controls). They con-
cluded that the ability to produce lev-
els of torque consistent with cross-
sectional area was impaired in the
children with CP, a finding that could
partially explain our results. Kanehisa
and colleagues36,37 reported that chil-
dren generally produced less force per
unit of cross-sectional area than adults
and that this ability increased through-
out adolescence.

Although the force-generating capac-
ity of a muscle should be related to
its cross-sectional area, literature re-
ports of predictive relationships be-
tween muscle size and strength in
children and adolescents are limited.
Kanehisa et al36 reported that cross-
sectional area multiplied by thigh
length was a significant predictor of
isokinetic knee extensor muscle
strength in children between 6 and 9
years of age (r�.71–.83). Our results
were similar in participants with TD,
with correlation coefficients of .77 and
.88 for the RF and VL muscles, respec-
tively, and for the VL muscle in partic-
ipants with CP (r�.70). Predictive
models based on anatomical cross-

sectional area and muscle strength are
more prevalent for adults.24,25,38 Mus-
cle thickness was observed to be
highly correlated with cross-sectional
area in adults,24,25 was reported to be a
better predictor of isometric elbow
flexor muscle force than cross-
sectional area,25 and was used as an
accurate predictor of muscle vol-
ume.39 Our unpublished data showed
similar correlations between VL mus-
cle thickness and extensor torque
(r�.70) and between RF muscle cross-
sectional area and strength (r�.65) in
children and adolescents with CP. Col-
lectively, these data support the use of
muscle thickness measures as poten-
tial predictors of knee extensor torque
in children and adolescents with CP
and without CP.

A clinically meaningful observation
was the significant relationship be-
tween RF fascicle length and the
Sports and Physical Functioning
Scale of the PODCI. This relationship
was hypothesized because of the di-
rect physiological relationship of fi-
ber length with shortening velocity
and excursion. Interestingly, we pre-
viously reported shorter RF fascicle
lengths in participants with CP than
in participants with TD.20 Therefore,
decreased fascicle lengths may have
direct functional implications in that
they are related to lower activity lev-
els and reduced participation in
higher-level sports and activities re-
quiring speed and power.

Also of clinical relevance was the
finding that the VL fascicle angle was
significantly correlated with the
Transfers and Basic Mobility Scale of
the PODCI and with the ASKp Loco-
motion subdomain. We also previ-
ously compared VL fascicle angles in
children and adolescents with CP
and TD.20 Our findings had functional
implications in that the decreased fas-
cicle angles reported for participants
with CP could have been a cause or a
consequence of lower levels of mobil-
ity and locomotion. Our observations
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were not surprising because larger
fascicle angles were reported to be
associated with stronger muscles
and muscles undergoing hypertro-
phy.22 The underlying rationale is
that a larger angle of pennation al-
lows more muscle fibers to be
packed within a given space.

The VL fascicle angle was not corre-
lated with the ASKp Transfers subdo-
main. There are 2 possible explana-
tions for this finding. First, the ASKp
Transfers subdomain was not nor-
mally distributed and was analyzed
with the Spearman rho correlation
coefficient (Tab. 4). Second, the
ASKp Transfers subdomain included
only 5 items related specifically to
transfers (ie, getting in and out of an
automobile, a chair, and a bed; get-
ting down to the ground and back
up; and sitting on the floor), whereas
the PODCI included 11 items related
to both transfers and basic mobility.
In addition to items related to trans-
ferring in and out of bed or on and
off the toilet, it also posed questions
associated with mobility and even
gait. Some of these questions were
related to the scoring of the difficulty
level for certain tasks, such as put-
ting on a coat, walking 1 block,
climbing a flight of stairs, and sitting
without holding on. Thus, the
PODCI is more encompassing of
overall mobility than transfers only.

Despite the fact that knee extensor
muscle strength was correlated with
all of the measures of activity and
participation, muscle thickness was
not significantly associated with any
of the measures. However, some of
the measures approached signifi-
cance, with a correlation coefficient
of .42 (P�.08) for the relationship
between the PODCI Sports and Phys-
ical Functioning Scale and VL muscle
thickness and a correlation coeffi-
cient of .41 (P�.09) for the relation-
ship between this scale and RF mus-
cle thickness. Furthermore, the
relationship between RF muscle

thickness and the ASKp Transfers
subdomain approached statistical
significance (r�.47, P�.06). Ohata
et al40 observed a statistically signifi-
cant relationship between quadri-
ceps femoris muscle thickness and
scores on the 66-item Gross Motor
Function Measure and the Pediatric
Evaluation of Disability Inventory. It
is possible that the combined mea-
surement of the RF and vastus inter-
medius muscles, as performed in
their study, is more predictive of ac-
tivity and participation than mea-
surement of the RF muscle or the VL
muscle alone. Our data suggest that
the direct measurement of knee ex-
tensor muscle strength produces the
strongest associations with activity
and participation.

Although the present study provides
useful, clinically relevant informa-
tion that can be directly applied in a
clinical setting, it does have some
limitations. There are limitations in
the use of VL muscle thickness as a
surrogate measure of strength. For
example, if VL muscle thickness
were used as an outcome measure
for an intervention, only muscle ad-
aptations would be accounted for.
Therefore, strength gains due solely
to neural adaptations would not be
reflected in the muscle architecture
(for a review on neural adaptations,
see Sale41). In addition, although the
PODCI and the ASKp are both reli-
able and valid self-report measures of
activity and participation, a limita-
tion is that we did not use direct
measures of activity and participa-
tion. Another limitation is that our
sample size was not adequate to sta-
tistically compare slopes between
the CP group and the TD group.
However, the primary aim of the
present study was to determine a
predictive model for torque genera-
tion from muscle thickness in chil-
dren and adolescents with CP rather
than to compare the groups. Finally,
a causal relationship cannot be deter-
mined from the data; that is, which

came first: muscle weakness or mus-
cle architecture adaptations?

In summary, VL muscle thickness was
the best predictor of maximum volun-
tary knee extensor torque in our par-
ticipants with CP as well as those with
TD. When age and GMFCS level were
controlled for, VL muscle thickness
explained 85% of the variance in ex-
tensor torque in participants with CP,
similar to the prediction from VL mus-
cle thickness and age in participants
with TD (R2�.91). This predictive
equation has clinical applicability be-
cause of the ease of 2D real-time
ultrasound measurement, especially
when strength testing is not feasible
for a population. Thus, our results
show promise for the use of VL muscle
thickness as a surrogate measure of
strength in children and adolescents
with CP and as an evaluative tool for
quantifying changes in muscle size in
response to an intervention, such as
strength training, serial casting, and
even surgery. Furthermore, the rela-
tionships between RF fascicle length
and sports and physical functioning
and between VL fascicle angle and mo-
bility were consistent with muscle ar-
chitecture principles. An understand-
ing of these relationships is important
for determining the most effective
type of exercise or resistance training
for targeting specific muscle architec-
ture parameters with the aims of influ-
encing muscle force production and
increasing activity and participation.
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