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Abstract

Background: Early childhood is a transferring stage between the two accelerated growth periods (infant and adoles-
cent). Body dimensions are related to physical growth and development. The purpose of this study was to investigate
physical growth in terms of anthropometry, muscle growth of the lower extremity, and functional development over
early childhood.

Methods: A cross-sectional study was carried out on 29 preschool children (PS: 3-5years), 21 school children (SC:
6-8years), and 22 adults (AD: 20-35 years). Lower extremity characteristics (segmental dimensions, muscle and
adipose tissue thicknesses of the thigh and lower leg), and voluntary joint torque (knee and ankle) were measured.
Correlations between parameters and group comparisons were performed.

Results: All the parameters except for body mass index (BMI) and subcutaneous adipose tissue thickness were cor-
related with age for PS and SC combined (r=0.479-0.920, p < 0.01). Relative thigh and shank lengths to body height
were greatest in AD and smallest in PS (p <0.05) but the relative foot dimensions were significantly larger in PS and SC
than in AD (p<0.05). Relative subcutaneous adipose tissue thickness was largest in PS and lowest in AD. Muscle thick-
ness and the muscle volume measure (estimated from muscle thickness and limb length) were significantly larger in
older age groups (p <0.05). All groups showed comparable muscle thickness when normalized to limb length. Joint
torque normalized to estimated muscle volume was greatest for AD, followed by SC and PS (p < 0.05).

Conclusions: Relative lower extremity lengths increase with age, except for the foot dimensions. Muscle size
increases with age in proportion to the limb length, while relative adiposity decreases. Torque-producing capacity is
highly variable in children and rapidly develops toward adulthood. This cross-sectional study suggests that children
are not a small scale version of adults, neither morphologically nor functionally.
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Introduction

Growth and functional development as a function of

chronological age have often been examined from birth

to adolescence [1-4]. Between those instances, the age

from three to eight years is defined as early childhood,
*Corespondence: ykawa@wasedajp and constitutes a period with relatively slower changes
* Faculty of Sport Sciences, Waseda University, 2-579-15 Mikajima, in body dimensions compared to the two growth phases
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rate [2, 5]. However, some growth-related parameters,
such as bone dimensions, do not systematically change
with chronological age [6—8], and the patterns of change
can be different for muscle size [9-11], subcutaneous
adipose tissue [9, 12, 13], and muscle strength [14, 15].
Different structures demonstrate distinct patterns of the
growth curves. The leg length becomes longer as com-
pared to body height during the year of growth [16].
Muscle and adiposity develop in size with advancing age
[9, 13]. A newborn is fatty and reaches the adiposity peak
during infancy, then declines in the period of childhood
[13]. In contrast, skeletal muscles continually grow from
infancy to adulthood [9]. In early childhood, segmental
growth, muscularity, and adiposity might change to a
greater degree than that of the whole body dimensions
and may even result in greater changes in strength devel-
opment. However, this issue has not been studied to date.

Along with the body dimensional changes with age [17],
there is substantial inter-individual variability in body
size within a specific age range. This could confound the
understanding of muscular growth and functional devel-
opment [18]. However, the effect of body dimensions on
muscular growth and development has been ignored or
inconsistently accounted for [16, 19-22]. The maturation
of muscle strength can occur, not due to an increase in
the specific force of the muscle but to changes in mus-
cle size, moment arm length, and neuromuscular func-
tion [23]. Normalization by body size has been applied
to growth and development parameters including the
segmental length relative to body height [16], muscle size
to the related segmental length [19], and muscle strength
to muscle size [20] or body mass [21]. Nevertheless, it
remains unclear whether the differences of inhomoge-
neous growth and functional development among early
childhood and adult persist after relevant variables are
normalized to body size. The purpose of this study was
to investigate characteristics of physical growth (body
height, body mass, segmental dimension, muscle thick-
ness, adiposity) and muscle strength, with and without
body dimension normalization, in early childhood (pre-
school and school children) and adult. We hypothesized
that there would be specific characteristics and patterns
of lower extremity growth and development during early
childhood when the body dimensional change is taken
into consideration.

Methods

Study design and participants

The study employed a cross-sectional observational
design that was conducted at Waseda University
(Tokorozawa campus). A total of 50 healthy children vol-
untarily participated in the study and assigned to one of
two groups: preschool children (PS: 3-5years; 22 boys
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and 7 girls) or school children (SC: 6—-8years; 11 boys and
10 girls). In addition, 22 adults (AD: 20-35 years; 12 men
and 10 women) voluntarily participated in this study as a
reference. The inclusion criteria were both genders and
the participants were excluded if they had any chronic
disease or injury to the lower extremity or were on con-
tinuous medication.

The research was carried out in keeping with the Dec-
laration of Helsinki for Human Subjects. This study was
approved by the Human Research Ethics Committee of
Waseda University (reference number: 2017-233). Prior
to the examination, all participants (and their parents)
were informed of the purpose and procedures of the
study, and then informed consent was obtained.

Procedures and Equipment

Our study has provided anthropometric data, muscle
thickness, subcutaneous adipose tissue thickness (SAT),
and lower extremity joint torque. Muscle size and adi-
posity measures as well as joint torque was normalized
to segmental dimensions where applicable to remove the
body-size dependence.

Anthropometry and morphology measurements

The anthropometric and morphology parameters in this
study consisted of two categories: 1) general parameters:
body height, body mass, and body mass index (BMI); and
2) segmental dimensions: the segmental dimensions of
the lower extremity measured in a relaxed standing posi-
tion. The measurement sites were located and marked,
and the segmental lengths were measured including
thigh length (the distance from the greater trochanter of
the femur to the articular cleft between the femur and the
epicondyle of tibia), shank length (the distance from the
articular cleft between the femur and the epicondyle of
tibia to lateral malleolus), and leg length (the distance of
sum of thigh and shank lengths) [20]. Foot dimensions
including foot length and foot height were determined by
a three-dimension foot scanner (INFOOT, Japan). Body
height was used to normalize the segmental dimensions.

Lower extremity muscle size and adiposity measurements

A transverse image of the muscle group located at the
anterior thigh, posterior thigh, anterior lower leg, and
posterior lower leg on the dominant limb was assessed
using a B-mode ultrasonographic apparatus (Hitachi,
Arietta Prologue, Japan) and a linear array probe with a
scanning frequency of 7.5MHz. The ultrasonography
protocol was from the related study [20], and the images
were obtained at 50% of thigh length and 30% of the prox-
imal shank length for both anterior and posterior sites.
All ultrasonographic measurements were performed in a
relaxed standing position. Muscle thickness was defined
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Fig. 1 Ultrasonographic images of the lower extremity, a Preschool children, b School children, ¢ Adults. AT: anterior thigh, PT: posterior thigh,

AL: anterior lower leg, PL: posterior lower leg, MT: muscle thickness, SAT: subcutaneous adipose tissue thickness, RF: rectus femoris, VI: vastus
intermedius, F: femur, ST: semitendinosus, BF: biceps femoris, TA: tibialis anterior, TP: tibialis posterior, GM: gastrocnemius medialis, GL: gastrocnemius
lateralis, SOL: soleus, T: tibia, Fi: fibula

as the distance between the adipose tissue-muscle inter-
face to the muscle-bone interface. SAT was also meas-
ured at each site. Thigh and shank lengths were used to
normalize the muscle thickness and SAT in the thigh
and lower leg, respectively. Ultrasonographic images are
presented in Fig. 1 as an example. The muscle thickness

squared and multiplied by segmental length was used to
estimate muscle volume in this study.

Muscle strength measurement
Maximum voluntary isometric joint torque was meas-
ured on the dominant leg in knee extension (KE), knee
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flexion (KF), ankle dorsiflexion (DF), and ankle plantar
flexion (PF) using a dynamometer (Vine, Japan) and a
specially designed myometer (Takei Scientific Instru-
ments, Japan) for adults and children, respectively. For
the knee measurements, each subject was positioned
with the knee and hip joints at 90 degrees of flexion. In
the ankle measurements, the knee was fully extended,
and the hip at 90 degrees of flexion, and the ankle at neu-
tral and 30 degrees of plantar flexion for PF and DF tests,
respectively. For all measurements, the participants were
appropriately stabilized with a non-elastic belt and two
maximal efforts were performed for five seconds. In this
study, the coefficient of variation was 3.8-10.4%, 3.7-8.5,
and 2.9-3.6% for PS, SC, and AD, respectively. Verbal
encouragement was given during the measurement.
Estimated muscle volume (muscle thickness**segmental
length) was applied to normalize individual joint torque.

Statistical analysis

The statistical software SPSS (Version 24.0, IBM, SPSS
Inc., Chicago, USA) was conducted for statistical analy-
sis of the data. Means and standard deviations (SD) were
calculated for all parameters. The correlations among
variables were determined using Pearson’s correlation
coefficient or Spearman’s rank coefficient according to
the variables’ distribution with the bootstrap procedure.
Kruskal-Wallis One-way ANOVA was used to compare
differences among three groups with Bonferroni correc-
tion to further analyze the significant results. The level of
significance was set as a p-value <0.05.

Results
Table 1 presents the correlation coefficient values of the
physical growth and development with age and group
comparisons. In early childhood, age was positively cor-
related with body height, body mass, segmental dimen-
sion, muscle thickness, and joint torque (r=0.479-0.920,
p<0.01). However, BMI and SAT in the lower extremity
were not correlated with age. Differences in absolute val-
ues of all parameters except BMI, foot height, anterior
thigh muscle thickness, SAT, knee joint torque, and DF
torque between PS and SC were statistically significant.
Figure 2 illustrates the comparisons of physical growths
relative to body dimensions among the groups. Normal-
ized thigh and shank lengths were greater in SC than
in PS (p<0.05). Foot length and foot height were sig-
nificantly lower in AD when compared with PS and SC
(p<0.05). Lower extremity muscle thickness relative
to segmental length showed a similar tendency among
the three age groups. However, muscle growth trended
greater in PS than in SC in the anterior thigh in particu-
lar (»<0.05). For the relative SAT, the lower values were
found in AD than in PS and SC (p <0.05).
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After normalizing to estimated muscle volume, joint
torque was significantly higher in AD than in PS and SC
(»<0.05) for all joints. However, there was no difference
between PS and SC, in any of the specific joint torque
(Fig. 3).

Discussion

General growth, segmental dimensions, muscle size,

and adiposity

Body height and body mass were a function of age both
in PS and SC. These results are in accordance with the
WHO guideline for children [1]. Higher correlations
among age and body size in the longitudinal dimension
(body height and segmental lengths) were found in PS
than in SC. This finding is in line with the fact that veloc-
ity of growth is higher from birth to five years of age, fol-
lowed by a decline thereafter [2]. However, the lack of any
association between BMI and age suggests that changes
in body dimensions, musculature, and adiposity do not
occur proportionally. Body height and body mass, but
not BMI, could reflect the growth in early childhood.

Relative thigh and shank lengths were longer for older
age groups. The thigh was of similar length to shank
among the three groups. Gait characteristics develop
with better posture and balance in older than in younger
children [24] that may influence the total body length
growth (lower extremity, trunk, and head). The propor-
tion of leg length to total body length becomes greater
with age until adulthood [16]. These findings suggest that
changes in the relative segmental lengths occur over PS
and SC.

A novel finding in our study is the pattern of foot
growth in early childhood. Foot length and foot height
were more strongly correlated with age in SC than in PS.
The relative foot dimensions declined with age, in line
with the change of foot length relative to body height
[8]. Interestingly, our study found that the relative foot
height was greater in PS and SC than in AD, while both
PS and SC showed the similar values. The foot arch is
developed with increasing age [25] which may explain the
foot height development. However, a flat foot is a normal
finding in early childhood periods [25, 26]. In addition,
there was no association between increased body mass
and foot arch in children [27]. Finally, the relative lower
extremity muscle and adiposity were larger in PS than in
SC and AD. Overall, these results suggest that the foot
height may be mostly influenced by muscle and adiposity.

The absolute muscle thickness and estimated muscle
volume increased with age. In contrast, the relative mus-
cle growth was comparable over the three groups, except
for the relative anterior thigh muscle thickness which was
larger in PS than in SC. Skeletal muscle grows in multi-
ple dimensions (mass, girth, and length) [4] as it adapts



Page 5 of 9

552

(2021) 21

Apibantaweesakul et al. BMC Pediatrics

uoixay Jeyueld 44 ‘UoIxajisiop

4@ 'UOIX3|} D3UY| Y ‘UOISUDIXD SIUY FYf ‘SSDUNDIY} dNSSIF d50dIP. SNOSUBINIGNS /S ‘SSUNDIYY S|dSNW | |/ ‘B3| 19mo) Jouaisod 74 ‘B3] Jamo| souiue Ty ‘Ybiys sousisod |4 ‘Ybiys Jouiue [y ‘xapui ssew Apoq [Wg

[ERIVEIETIT o]

JuedYIUBIS OU :SU ‘S}NPE pue USIP|IYd [00YDS UIIMID] DUBIPIP JuedYIUBIS D ‘Aj9A1dadsal ‘synpe pue uaip|iyd [0oyds 03 UaIp|Iyd [00Ydsaid Uaam1aq adUIBYIP JURDYIUBIS :q ‘B) 500 > d € YuM umoys d1e sdno.b abe
23143 Buowe sadu1a1p JuedYIUBIS /L 0°0 > d 18 UOIIR[110D JURdYIUBIS =, ‘S0°0 > d JB UOIIR[3110D JUBdYIUBIS =, JUSIDLYY0 Yuel suew.eads :, 1doDX3 JUSIDLJS0D UOIIR|31I0D SUOSsIedd Aq pazA|jeue a1am sisiaweled ||y

q €010 (900) ¢Z0 91’0 790910 (crro)ogo 6,10~ 99'0-81°0 (¢l0) L£0 %80€°0 - 4d4d
>q 6/'0-0€0 (¢l0) ¢ o GC00- L1'1-6C0 (czo) 19 G510 0S'L-0€0 (£T0) $90 L¥0°0 - ERREN]
oqe Y9LT-CY6 (0'6€) 9611 %5670 6/€-19 (cL1) Loz %610 0ce-L1 (£9) 66 #xeL €90 (WN) anbiol 44
q 70r-961 (€9 €Le #x9.90 LEL-6'L (e 8s 96€°0 5'8-90 (Crakgs #%e(S50 (W) anbioy 4Q
9 €101-807 (£91) S¥L %6150 0Ce-S¢e ©@nsel L9€0 6/1-91 O%) ¥'9 %9050 (WN) anbiol 4y
q I'ge-¢'Lel (€ev) T8l %9550 ¥'/¥=-89 (lel)gle L1€0 l'g¢-¢e (€9) ol *xe¥709°0 (W) onbiol 3

yibuans
oqe €€/8¢-56¢01 (7'LSP) 9TE9L *7690 61S6-€VLC (8TL1) ¥'8SS *8€L0 9955691 (¢z6) 890¢€ xxe 1980 (W) Yabus| yueyS,, LN 1d
oqe G8EP—¢E'LEC (€09) 8'L0€ *x86/0 0LLL=CLY (910 s %670 S'1/-96C ©L1)89r *%€58°0 (W) LRBUS|fURYS, LN TV
oqe 09261-0S¥.L (#05€) TS0EL #7790 ¥'€L5-10LC (8'201) OvOY *x1¥2°0 9'85€-8°001 (£19) 1's€ (/80 (cWd) Ybus| YbIy L, 1IN 1d
oqe 86v1-1'C8L (F¥9l) £/£00L %8550 0S9r-L¢eel (6'68) £:89¢C ¥8€0 G'€0€-9C9 (8£8)0vLL #7890 (cWd) Yibud| YdIy Ly, LN 1V
su 0CL-S¢C (80 ¥9 10C0- 66-91 s €010~ €8-¢¢ (') 9s 8¢C0 (Ww) 1vS 1d
su So9-L'L (S1)G€ ¥S¥°0 - /=0T €nv re0- 59-9C oLy St1'0- (Ww) 1vs v
su [TC-0Y (S9)zol [LT0- SLL-0G (ce)se €9¢€0- clL-0¢ (6'1) €2 9010 (Ww) 1vS 14
su §/1-0¢ (9) 88 SLLI'O GeEL-¢9 (Varala:] 8lC0- 60l-LY (S1)9¢ 6610 (W) 1vs 1v
oqe 8'58-L1S (62099 €890 §9G-Cve (69 611 *CLS0 L9v=1'LE (L) ooy *¥6/0 (ww) 1N 1d
oqe 8€E-05C (070 L'8C %1820 olLe-cyl (CraRvAl 6/1°0 991-0Cl (cy syl =870 (Ww) ATV
oqe L1~6Ty (62)6LS %6550 €¥y-C0¢ (€¥) '8¢ %950 §Le-0YC (§e)gee #x952°0 (Ww) 1A 1d
9 1'09-6'¢r ©@e LS «661'0 Sly=5ce (Ly)1'Le /510 SYeE-638L (6¢) 0'8¢C PRGYA40) (W) 1N 1Y

Ausodipe pue Jejnosniy
>q 6C0-610 (c00) €C0 710 6C'0-¢C0 (€00) ST0 €€€0- 0£0-¢C0 (c00) 920 w1 LE0- Yibus) 1004 1ybIaY 1004
oqe 6¥'0-¥¥0 (10'0) 90 9Clo YAd a4l (co0) 0 *x1080 S0-L€0 (¢00) 20 *xeL €90 61ay Apog :Lpbus| b3
>q Yi-¥S (S0)T9 *x8850 661l (¥0) 8y €€10 I'6-¢'¢ (€0)SY «5C50 (wd) b2y 1004
oqe l'zc=¢'1¢ (CAY474 #x552°0 67C-€91 el £x9090 681-€G1L (0189l #7780 (W) Yibus| 1004
oqe 0Cr-0te (cosLe /E90 0le-0¢€c (6'1) £9¢ #1780 09¢-G/1 ¥o e *x(680 (wo) yrbusiueys
oqe STr-SPe (co ese /190 Sgle-0¢ec (61 £9¢ *78°0 T VAl (€0 0te +xC06°0 (wo) yrbus) ybly L

uolsuaWIp |eruswbag
>q 69¢-CLL (carLie 95C0 olec-gel 00091 €0€0- 9/1-9¢l o) €st SCC0 (;W/6%) INg
oqe £9/-98% (1) 009 +L€90 L7891 O 9¢€c *»¥590 ole-vel ¥ 99l *xe678°0 (63) ssews Apog
oqe G8/1-17CS1 (€8) 799l #x(6L°0 YYEL-C801L (L) 60zl *xC(80 9911-068 o 1vol #x006°0 (wo) yBray Apog

Ymoib [e1suan

oqe 9'1e-00¢ ¥e) L've 9'8-09 (602 8G-C¢ (60) S (1eak) 2By

XeN-uIn (@s) ues 4 XeN-uln (as) uesiy 4 Xey-uliy (@s) uesiy 4
d (zz=U) SUnpPY (Lz=u) cuaip|iyd jooyds (6T =Uu) (ua1p|1y> [oOYdsaId (0§ =u) uaipiiyd sis)dweled

sdnoub sa1y1 buowe uospedwod pue abe Yiim Uoe|a110d ‘sia1aueled JusawdoaAsp pue yimolb ainjosqy L ajgeL



Apibantaweesakul et al. BMC Pediatrics (2021) 21:552 Page 6 of 9

a 025 1 —* —E OPreschool children
%k T & T B School children
T T O Adults

E 0.20 -

= %

2 T

Z 0.15 - T

-5}

E

=

E 0.10 -

g s

§£ 0.05 -

»n

i

Thigh length Shank length Foot length Foot height

U

I

\]

9]
)

<

\®]

(e}
1

)
i
Lk

}_|
|_|

e
—_
()
1
%

Muscle thickness/limb length
=]
)
()]

0.00

AT PT AL PL

(@]

0.05 -

2
——-m

%

S

0.01 - i’l‘

0.00 —
AL

AT PT PL
Fig. 2 Comparisons of relative physical growth parameters, a segmental dimension (normalized to body height), b muscle thickness and ¢
subcutaneous adipose tissue thickness (normalized to limb length). *: significant difference at p <0.05, BH: body height, AT: anterior thigh, PT:
posterior thigh, AL: anterior lower leg, PL: posterior lower leg, SAT: subcutaneous adipose tissue thickness

()
S
W
1
—

SAT/limb length
(]
o
[\




Apibantaweesakul et al. BMC Pediatrics (2021) 21:552 Page 7 of 9
*
25 4 %
I OPreschool children

) ® School children

E 0 @ Adults

2 J
a4

S

-

\a)

]

E 15 A s

= *

g *

") _k

% 1

£ 10 4 .

= %

S

<

£

- —

§ 5

=4

) ’_L‘

0
KE KF DF PF
Fig. 3 Comparison of joint torque/estimated muscle volume among three age groups. *: significant difference at p <0.05, KE: knee extension; KF:
knee flexion; DF: dorsiflexion; PF: plantar flexion, TQ: joint torque

to various stimuli, including segmental skeletal length
growth, physical activity, and exercise. Muscle growth is
affected by chronological age and body dimension during
early childhood, as previously seen from birth to puberty
[3, 4, 10]. Muscle size develops similarly in magnitude to
the respective skeletal segments, while the relative mus-
cle growth in the transverse direction seems to develop
similarly with the longitudinal segmental growth.

Regarding the adiposity changes, chronological age did
not influence SAT in the lower extremity, as seen in chil-
dren between 1-5years of age [12]. Considering the abso-
lute SAT, there were no systematic differences among the
three age groups, at any measurement site. After adjust-
ing body size to the related segmental length, adiposity
drastically decreased with age, especially in the anterior
thigh and lower leg, however, PS and SC were similar
trends. Newborns have greater amount of adipose tissue
which then declines with age, potentially due to changes
in their nutrition and locomotor skills [13]. Overall, this
study indicated that the relative adiposity declined with
advancing age.

Specific torque-generating capacity

An additional novel finding from this study is that the
torque-producing capacity in early childhood rapidly
increased toward adulthood, although normalized mus-
cle thickness was similar between children (PS and SC)
and AD, except for AT and AL where differences were

found between SC and AD. This finding contradicts the
notion that a muscle generates force in proportion to
its size [28, 29]. It appears that muscle increases first
in size and then in strength during early childhood.
Our study also showed that the relative muscle size in
the transverse direction may not fully account for the
strength development in children in line with the pre-
vious studies [4, 30]. Factors that influence strength
development include appropriate nutrition, growth
hormone secretion, and nervous system develop-
ment, such as motor unit recruitment and activation,
and coordination of agonist and antagonist muscles
[4, 23, 31-33]. These factors may explain the larger
variability and the lack of significant subgroup differ-
ences in joint torque, except for PF, both in absolute
and relative terms, in children in this study. Although
the average absolute joint torque was sizably different
between PS and SC. The proportion of gender in PS in
this study may have affected the results, however, no
gender differences have been found in strength until
10 to 12years old [34, 35]. Daily physical activity and/
or training can also affect strength development [36],
although our participants were not routinely involved
in any specific or vigorous exercise. Moreover, we
found that KF:KE and DF:PF decreased with age. It is
speculated that joint extension strength (both knee and
ankle) develops with age more so than flexion strength,
due to gross motor development [37].
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Consistent with our hypothesis, our results supported
that there were specific characteristics of lower extrem-
ity growth and strength in PS and SC. As the previous
literature proposed, body size related differently on the
outcome of performance and recommended the normali-
zation method with respect to individual body dimen-
sion [18, 23, 38]. Considering the growth pattern with the
body dimension in early childhood, the inhomogeneous
structures including skeletal segment, muscle, and adi-
posity revealed different patterns that may impact muscle
development. Muscular growth occurs in both longi-
tudinal and transverse directions [4]. In PS the muscle
growth in the transverse direction as well as segmental
length may be the main effect on the joint torque. While
the segmental length may influence the strength in SC
that also relates to the longitudinal direction change.

This study presented some limitations that need to be
considered. First, this was a cross-sectional observational
study, and a longitudinal study is needed to further exam-
ine the pattern of children’s growth and development.
Also, this study did not assess muscle activation, which
may help explain the pattern of specific tension changes.
Furthermore, indices of gross motor development, such
as locomotor performance, were not treated in the pre-
sent study but are worth investigating for a better under-
standing of physical growth and functional development
in early childhood.

In conclusion, the specific growth patterns in early
childhood demonstrate that the relative lower extrem-
ity lengths increase with age, while foot growth declines.
Absolute muscle growth increases with age, however, the
relative muscle thickness seems to remain unchanged
among the three age groups. Strength capacity rapidly
develops toward adulthood that is mainly impacted from
muscle growth in transverse as well as in longitudinal
directions for PS, and from muscle growth in longitudi-
nal direction for SC, while it exhibits large variability in
children. The results of the current study suggest that
morphological development precedes functional devel-
opment, and that children are not a small scale version of
adults, neither morphologically nor functionally.
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