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Abstract

Background: Joint range of motion based on the neutral null method, muscle strength based on manual muscle testing,
and selective voluntary motor control based on selective control assessment of the lower extremity are standard
parameters of a pediatric three-dimensional clinical gait analysis. Lower-limb reference data of children are necessary
to identify and quantify abnormalities, but these are limited and when present restricted to specific joints or muscles.
Methods: This is the first study that encompasses the aforementioned parameters from a single group of 34 typically
developing children aged 5—17years. Left and right values were averaged for each participant, and then the mean and
standard deviation calculated for the entire sample. The data set was tested for statistical significance (p <0.05).
Results: Joint angle reference values are mostly consistent with previously published standards, although there is a large
variability in the existing literature. All muscle strength distributions, except for M. quadriceps femoris, differ significantly
from the maximum value of 5. The mean number of repetitions of heel-rise test is 12 = 5. Selective voluntary motor
control shows that all distributions, except for M. quadriceps femoris, differ significantly from the maximum value of 2.
Conclusion: Since typically developing children do not match expectations and reference values from the available
literature and clinical use, this study emphasizes the importance of normative data. Excessively high expectations lead
to typically developing children being falsely underestimated and affected children being rated too low. This is of great
relevance for therapists and clinicians.

Level of evidence: 3.
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Passive range of motion (ROM) of joints, muscle strength,
and selective voluntary motor control (SVMC) are stan-
dard parameters when assessing motor performance and
gait capacity in children with motor deficits stemming
from neurological or orthopedic diseases.' It is important
to establish reference data so that abnormalities can be
identified and quantified, progression monitored, and out-
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comes classified.?
Studies have been published that provide the passive
joint ROM in children and adults.>!'" The methods
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Table I. Demographic information of the 34 typical
developing children displayed as mean (standard deviation).

Total (1=34) Girls (1=16) Boys (n=18)
Age (y) 10.9 3.9) 12.1 (4.3) 9.9 (3.3)
Body height (m) 144 (020)  1.47 (0.19) 140 (0.20)
Body weight (kg) 37.9 (144) 389 (137)  37.0(I54)
BMI (kg/m?) 17.4 (2.7) 17.3 2.2) 17.4 (3.2)

of measurements, however, vary from different types of
goniometers to camera-based systems. There are other
limitations such as a small sample size,® a focus on only
one or few joints®'°, or on a specific group of children.!!

Macfarlane et al.'? provide strength reference data for
hip and knee in 6- to 8-year-old children using a handheld
dynamometer. McKay et al.® established reference values
for flexibility and isometric strength of ankle, knee, hip,
elbow, and shoulder musculature using handheld and fixed
dynamometry.

However, isometric strength testing in children with
neuro-orthopedic disorders is not a feasible option. Instead,
manual muscle testing (MMT) is commonly used in clini-
cal examinations to assess and quantify muscle strength.'?

Florence et al.'* observed reliability and inter-rater reli-
ability of the grades of a modified Medical Research
Council (mMRC) scale. The clinical use of the mMRC
scale in manual muscle strength measurements is reported
by Paternostro-Sluga et al.'* who recommended this
method for diagnostics in peripheral nerve palsy due to the
strong validity and reliability. Plantarflexor strength is dif-
ficult to assess with MMT and therefore assessed using the
functional unilateral heel-rise test (HRT).!® Here, 20 repe-
titions are the expected norm.!>!® However, a study involv-
ing healthy adults showed that the number of repetitions
was age dependent.!” It poses the question of whether 20
repetitions are an appropriate standard for the HRT in
children.

SVMC describes the ability to perform isolated joint
movements, which is difficult in people with neurological
conditions due to temporal failure in muscle recruitment or
to a synergistic movement pattern.'®* SVMC is often rated
based on the “Selective Control Assessment of the Lower
Extremity” (SCALE) where the grade 2 is the expected
standard for a normal SVMC in typically developing par-
ticipants.'® Validity and inter-rater reliability of the meth-
odology has been tested using children with spastic
cerebral palsy (CP).!® There is insufficient research regard-
ing reference values of SVMC for children and adults.
Fahr et al.! recognize that adults perform movements
more accurately with fewer involuntary movements com-
pared to children. This raises the question of whether the
expected standard can be applied to children.

Although existing literature provides reference values
of ROM and muscle strength in adults, normative data of

children are limited and when present, restricted to single
measurements. We are not aware of any study that suffi-
ciently summarizes ROM, MMT, and SVMC reference
values for children of the lower body. Can we expect that
typically developing children exhibit muscle strengths of 5
and SVMC of 2 (isolated)? What is the variability in these
measures per muscle group? These are the questions that
this study aims to answer by measuring ROM, muscle
strength, and SVMC in typically developing children aged
5—-17years. A normative lower body data set will be cre-
ated to provide a full reference data set for a clinical pedi-
atric examination as part of a gait analysis service.

Methods

Participants

For this empirical retrospective study, data collected dur-
ing the clinical examination as part of the instrumented
three-dimensional (3D) gait analysis were analyzed.
Participants included 34 healthy, typically developing
children aged 5—17years, free of neuro-orthopedic dis-
eases, or any other circumstances that could adversely
affect their gait. This work was done in accordance with
standard operating procedures of the gait lab and in com-
pliance with ethical guidelines. Informed consent and
assent were obtained from the parents of the children.
Participants were allowed to leave the study at any point of
time. Participants’ characteristics are shown in Table 1.
Each clinical examination was carried out by the same
team of physiotherapists and lab engineer, all experienced
with clinical gait analysis.

Measurement methods

The neutral zero method?® was used to measure bilateral
ROM of the following: hip extension and flexion, hip
abduction and adduction, hip internal and external rotation
in supine and prone position, knee extension and flexion,
ankle plantarflexion, and dorsiflexion with reference to the
hindfoot. This method is an accepted standard in clinical
practice.?! For ROM measurement, one examiner posi-
tioned and stabilized the limb while a second examiner
measured the joint angle in question by mean of a univer-
sal goniometer. Goniometers have been proven to be a
valid and reliable method of measuring joint ROM in
experienced examiners.??

As part of the clinical examination, muscle strength of
the upper abdomen, iliopsoas, gluteus maximus, gluteus
medius/minimus, hamstrings, and quadriceps femoris
were tested bilaterally using MMT.?® Here, the examiner
instructs the participant to assume a starting position
depending on the muscle to be tested. The examiner then
moves the participant’s joint actively to demonstrate the
desired sequence of movement. The participant then
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Table 2. Medical Research Council scale modified according to Paternostro-Sluga et al.'* Selective Control Assessment of the

Lower Extremity.'®

MMT SVMC

Grade Description Grade Description

0 No contraction 0 “pattern” Desired movement sequence

| Flicker or trace contraction cannot be executed

2 Active movement, with gravity eliminated independently or a synergetic

2-3 Active movement against gravity over less mass movement pattern
than 50% of the feasible ROM according to Olree et al.”® can

3 Active movement against gravity over be seen
more than 50% of the feasible ROM

3-4 Active movement against resistance over | “partially” Does not correspond to the
less than 50% of the feasible ROM passive ROM or if a movement

4 Active movement against resistance over can be observed in other joints
more than 50% of the feasible ROM

4-5 Active movement against strong resistance 2 “isolated” Movement sequence takes place
over the feasible ROM, but distinctly without movements of untested
weaker than the contralateral side joints

5 Normal power

performs the movement. After a few completed movement
sequences, the assessor applies resistance to the movement
with the hand. An isometric assessment of force is per-
formed by applying an equal opposing torque.>* Muscle
strength is assessed as a function of resistance applied and
graded between 0 and 5 in steps of one, 0 being no strength,
and 5 being maximum strength. Some grades are subdi-
vided into half grades. The range of grades and their mean-
ings are shown in Table 2.

To assess specific, isolated joint movements, the SVMC
is evaluated based on the SCALE."® The tested joint move-
ments realized by the following muscles and muscle groups
include the upper abdomen, iliopsoas, gluteus maximus,
gluteus medius/minimus, hamstrings, and quadriceps fem-
oris. The joint movement implemented by the tested mus-
cle as well as the entire body is observed and evaluated
using the SCALE with 0 “pattern,” 1 “partial,” or 2 “iso-
lated.” The grades and their meanings are shown in Table 2.

The implementation of the MMT and the movement
sequence for testing the SVMC for the individual muscles
and muscle groups are illustrated in Figure 1. In addition,
the functional HRT is performed to assess the strength of
the ankle plantarflexors. Unlike the MMT, the resistance in
this function test is not provided by the examiner, rather
only by gravity and the participant’s own body weight.?’
For a unilateral HRT, the examiner demonstrates the move-
ment with slight stabilization of fingertips on the wall,
bending the contralateral leg and fully extending the ipsi-
lateral knee. She then raises the heel to maximum height
and lowers slowly to the ground keeping the knee extended.
The participant then performs the test. The maximum
number of executions is noted with the test being aborted
when compensation is visible. The standard for normal
muscle function is 20 repetitions.'>10

Data analysis

Microsoft Excel and MATLAB (MATLAB R2020b, The
MathWorks, Inc., Natick, MA, USA) were used for the statis-
tical analysis of the data. Left and right values were averaged
for each participant for MMT, SVMC, and ROM. The aver-
age grades and angles of each participant are used to calculate
the mean and standard deviation for the entire sample.

A one-sided #-test is used to examine whether the distri-
bution of the grades differs statistically from the expected
value of 5 on the mMRC scale or 2 on the SCALE with a
probability of error of 5%. Mean values and standard devi-
ations were calculated for all parameters. Significance
level was set for p <0.05.

Results
ROM

Hip flexion and extension, hip abduction and adduction,
hip internal and external rotation in prone and supine posi-
tion, knee flexion and extension, and ankle dorsiflexion
and plantarflexion are presented in Table 3.

Muscle strength

Muscle strength and HRT were tested on 34 participants. Since
the data were recorded in the context of daily clinical practice
over an extended period that involved minor improvements
with time and experience, the grades of the SVMC are incom-
plete. The number of available grades of the SVMC differ for
the assessed joint movements and lie between 22 participants
for M. quadriceps femoris and 32 participants for M. iliopsoas.
The muscle strength grades for all participants assessed using
the mMRC scale are shown in Figure 2.
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Figure |. (a) Standardized measurement protocol. ROM measured in the neutral zero method and muscle strength per MMT

for different muscles. The orange line in the ROM indicates the angle which is examined. The orange arrow in the MMT indicates
the direction of the performed movement. The ROM test first measured movements away from the body and then movements
toward the body in all planes of the body.?¢ (b) Standardized measurement protocol. ROM measured in the neutral zero method
and muscle strength per MMT for different muscles. The orange line in the ROM indicates the angle which is examined. The orange
arrow in the MMT indicates the direction of the performed movement. First, the movements away from the body and then the
movements toward the body were measured in all planes of the body.?

Table 3. Range of motion reference values of 34 typically
developing children, displayed as mean in degree (standard
deviation).

Measures of ROM Entire sample

degree (SD)

Hip extension (conventional Thomas Test) 9(8)

Hip flexion (conventional Thomas Test) 139 (19)
Hip abduction (supine) 41 (10)
Hip adduction (supine) 20 (6)

Hip internal rotation (supine) 41 (15)
Hip external rotation (supine) 55 (12)
Hip internal rotation (prone) 50 (13)
Hip external rotation (prone) 32 (13)

Knee extension (supine) 44

Knee flexion (supine) 157 (4)
Ankle plantarflexion (knee extended) 34 (6)
Ankle dorsiflexion (knee extended) 20 (6)

An important finding is that not all typically devel-
oping children achieve a grade of 5 on the mMRSC

scale in the manual strength test (MMT). There are also
clear muscle-specific differences in the measured distri-
bution (Figure 1). The hamstrings and the M. quadriceps
femoris show a tendency toward particularly high scores
of 5. According to the results of the one-sided #-test,
apart from the quadriceps femoris muscle, all other dis-
tributions differ significantly from the maximum value
of 5 on the mMRC scale with a probability of error of
5%. The mean number of repetitions of unilateral HRT
which the typically developing children could perform
is 12 5.

SCALE

The SCALE ratings of the SVMC for the entire sample are
shown in Figure 3.

As with mMRC, the typically developing children did
not always reach the maximum grade of 2 with SCALE.
The grades in the evaluation of the SVMC are mainly in
the upper and middle range. However, when testing the
upper abdomen, the M. iliopsoas, the M. gluteus maximus,
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Figure 2. Muscle strength grades across the MMT. Muscle strength grades across the MMT for all participants assessed using the
mMRC scale for the following muscles and muscle groups: upper abdomen (a), gluteus medius/minimus (b), iliopsoas (c), hamstrings
(d), gluteus maximus (e), and quadriceps femoris (f). %: Significant difference from maximum value 5 with a probability error of 5%.

and the M. gluteus medius/minimus, there are few partici-
pants with the grade 0 “pattern.”

The results of the SVMC show that all distributions,
with the exception the M. quadriceps femoris, differ sig-
nificantly from the maximum value of 2 on the SCALE
with a probability error of 5%.

Discussion

The primary purpose of this study was to provide reference
data regarding ROM, muscle strength, and SVMC for the

lower limb in children in order to improve our understand-
ing of these parameters and their variance both within and
between muscles or joints.

Interestingly, typically developing children did not match
the standard grades and repetitions in some examinations.
This is of great importance in the assessment of typically
developing and those with orthopedic or neuro-orthopedic
conditions. Practice-relevant findings and correlations
between muscle strength and SVMC can be derived.

In this study, ROM was measured for six different joint
motions. Sankar et al.'” investigated ROM in the hip in



410 Journal of Children’s Orthopaedics 18(4)
SVMC
s Upper Abdomen % M. gluteus med./min. %
A 151 B
[2] (2]
S T 10
= o
8 L
T =
g s 8 5
: .1l
0 - pattern 1 - partially 2 - isolated 0 - pattern 1 - partially 2 - isolated
grades of SCALE grades of SCALE
M. iliopsoas * Hamstrings %
25 25
C D
20 20
2 2
& 15 g 15
=3 gt
Q L
£ 10 =10
Q Q
5 5
0 0
0 - pattern 1 - partially 2 - isolated 0 - pattern 1 - partially 2 - isolated
grades of SCALE grades of SCALE
i M. gluteus max * o5 M. quadriceps femoris
E F
20
(2] (2]
T & 15
2 ket
Q L
= 5 =10
Q Q.
5
0 0
0 - pattern 1 - partially 2 - isolated 0 - pattern 1 - partially 2 - isolated
grades of SCALE grades of SCALE

Figure 3. Grades of the SYMC. Grades of the SVMC for all participants evaluated using the SCALE for the joint movements
realized by the following muscles and muscle groups: Upper abdomen (a), gluteus medius/minimus (b), iliopsoas (c), hamstrings (d),
gluteus maximus (e), and M. quadriceps femoris (f). %: Significant difference from maximum value 2 with a probability error of 5%.

typically developing children divided into three different
age groups. The results of their study are in agreement
with our study for hip abduction and adduction, as well as
with the internal and external rotations in both positions.
However, it is noticeable that the hip extension has clearly
higher values for all three age groups compared to our
study. This could be due to the execution of the measure-
ment, as the hip extension was measured in the prone posi-
tion in some studies, compared to our study where it was
examined in the supine position. The knee flexion and

extension is larger in our study than in other studies with
typically developing children.*> McKay et al.’ reported a
mean knee flexion of 140° degree for boys and 142° degree
for girls in the age group of 10—19years, which is slightly
lower compared to our results (mean: 157°). The results of
McKay et al.’ are, however, in alignment with the study of
Soucie et al.,* who also showed a lower degree for the knee
flexion in children in the age of 9-19years (mean: 142°).
The studies on the joint angle for the knee extension are
consistent with the ROM in our study.* For the ankle
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dorsiflexion, our values are consistent with other available
studies in typically developing children in similar age
groups.*’ However, the ankle plantarflexion shows notice-
able differences in the ROM of our study, compared to
other studies. While the studies from Soucie et al.* and
McKay et al.® clearly indicate larger mean joint angles for
plantarflexion of the foot in children (Soucie: 52°; McKay:
58° for boys, 62° for girls), the study of Alves et al.?® dem-
onstrates a mean joint angle of 35°, which is in agreement
with the 34° plantarflexion measured in the present study.
The studies used the same measurement method, as well as
typically developing children of similar age groups.
Different ROM values between studies might be due to
differences in extending forces applied by the study-spe-
cific examiner. The ROM depends on the passive joint
characteristics and muscle properties as well as on the pain
threshold of the participant. A reproducible and reliable
determination of the ROM is only possible if joint-specific
joint moments are specified.?

It is striking that, the best possible average grade of 5 on
the mMRC scale was not achieved by typically developing
children for all muscles and muscle groups, except for the
ischiocrural musculature and the quadriceps femoris mus-
cle. So far, no complete reference data set including typical
developing participants and using the mMRC scale can be
found for comparative purposes. There are only few studies
in the literature that examined the muscle strength mostly
with a handheld dynamometer.>'> Bohannon?’ measured
the grades achieved on the MMT and the knee extensors
forces via a handheld dynamometer. In agreement with our
results, the adult participants receive an average grade of 4,
and thus also do not necessarily achieve the maximum
value on the rating scale. The fact that typically developing
children do not reach grade 5 has numerous consequences
for clinical investigations and research studies. Excessively
high expectations lead to an erroneously underestimated
assessment of typically developing children. Moreover,
children with orthopedic or neuro-orthopedic disorders are
rated even worse. This aspect should be considered by ther-
apists and other medical practitioners. Furthermore, MMT
grades rely largely upon the examiner’s judgment of the
amount of force generated by the participant and, therefore,
are subjective and prone to examiner bias. An alternative
method is to perform the MMT additionally with a hand-
held or an isokinetic dynamometer.’*3' Unfortunately, due
to physical and psychological constraints, this is hugely
impractical, if not impossible to carry out on patients with
neuro-orthopedic ailments, so that MMT and assessment
using the mMRC scale is used.

The present sample achieves an average of 12 repeti-
tions in the HRT. In comparison, Maurer et al.,*? in their
study of 7- to 9-year-old children, report a much larger
mean of up to 41.5 heel raises for 9-year-olds during HRT
with their dominant leg. However, they also show very
large standard deviation of 17.9 which could be explained

by the relatively young age of the participants. The
expected standard of 20 repetitions was reported by Jan in
their study involving adult participants aged 21-40 years.!”
They document a dependence between age and repetitions
in HRT for adults. Although these two studies provide an
initial reference data set, further research is needed to gen-
erate extensive reference data for all age groups and condi-
tions. When assessing strength of the plantarflexors via the
HRT, the 20 repetitions provided as a standard should be
reconsidered and adjusted according to age. This work
provides an initial reference data set for typically develop-
ing children that can be used for this purpose.

During execution of isolated joint movements partici-
pants achieved grades of either 1 “partially” or 2 “isolated”
based on the SCALE. Up to now, there are no other studies
that provide a reference data set for the assessment of
SVMC using the SCALE either for children or for adults.
From our results, we draw the conclusion that the grade of
2 “isolated” for SVMC on SCALE is also not a standard
that can individually describe a typically developing child.

Kusumoto et al.** studied the relation of lower extremity
SVMC with knee extensor strength. They recognized a rela-
tionship of SVMC with maximum muscle strength of knee
extensors. Balzer et al.>* described high correlations between
MMT and SCALE grades. The correlation lies in the recruit-
ment of motor units that can be influenced by impaired
SVMC and significantly influence muscle strength.?* In
children with spastic diplegia, there is sometimes no differ-
ence in maximum muscle strength between the affected and
non-affected sides, although SVMC shows a difference.
The reason for this is that spasticity in children with CP
often manifests under load.* This load is given by resis-
tance when assessed via the MMT, unlike when SVMC is
assessed without load. Accordingly, SVMC and muscle
strength should be examined combined in the clinical exam-
ination and used dependently for interpretation.

Limitations

This study focuses on typically developing children aged
5—17years. During this time, there are great changes in
mobility and muscle strength. This might yield to large
variability in the measured parameters and may influence
statistical outcome. Thus, future studies should examine
smaller age groups and, if possible, investigate gender-
specific differences. As suggested by Macfarlane et al.,'?
the order in which the testing was carried out stayed the
same for every participant. Due to the number of different
tests, fatigue, concentration, or tiredness of the children
could be a possible limitation, biasing the results. Because
children vary in activity levels, the training status of chil-
dren should be recorded to ensure comparability of data
for children with motor impairments.

This study shows that typically developing children do
not always achieve the assumed gold standards that are
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prescribed in the literature especially for muscle function
tests. We recommend that caution be exercised when
assessing children with orthopedic or neuro-orthopedic
disabilities in the sense of adjusting our expectation based
on the reference parameters provided here.
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