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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: 3–5 years), 21 school children (SC: 
6–8 years), 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, 
and constitutes a period with relatively slower changes 
in body dimensions compared to the two growth phases 
before and after it that typically show accelerated growth 
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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: 3–5 years; 22 boys 

and 7 girls) or school children (SC: 6–8 years; 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 7.5 MHz. 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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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 

Fig. 1 Ultrasonographic images of the lower extremity, a Preschool children, b School children, c 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
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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  thickness2*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 (p < 0.05). For the relative SAT, the lower values were 
found in AD than in PS and SC (p < 0.05).

After normalizing to estimated muscle volume, joint 
torque was significantly higher in AD than in PS and SC 
(p < 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 
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Fig. 2 Comparisons of relative physical growth parameters, a segmental dimension (normalized to body height), b muscle thickness and c 
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
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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 1–5 years 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 12 years 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].

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
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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.

Abbreviations
PS: School children; SC: School children; AD: Adults; ANOVA: Analysis of vari-
ance; BMI: Body mass index; BH: Body height; 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; KE: Knee extension; KF: Knee flexion; DF: 
Dorsiflexion; PF: Plantar flexion.

Acknowledgements
This study was part of research activities of the Human Performance Labora-
tory, Comprehensive Research Organization, Waseda University. We would 
like to give our great appreciation to the children and their parents who 

participated in this study. The authors thank Toshihiko Nagayoshi, Akou-
uetevi Aduayom-Ahego, Gaku Aizawa, Hoshizora Ichinose, Keisuke Kurumi-
sawa, and Hidetaka Hayashi for their support in data collection and project 
management.

Authors’ contributions
SA, SO, HS, WQ, PEE, NS, FT, and YK contributed to the conception, study 
design, and acquisition of the data. SA, and YK contributed to the data analy-
sis, interpretation of the data. SA drafted the manuscript. SA, SO, HS, WQ, PEE, 
NS, FT and YK revised the manuscript. All authors read and approved the final 
manuscript.

Funding
This research was part of research activities of the Human Performance 
Laboratory, Comprehensive Research Organization, Waseda University. 
This research was supported by a grant from JSPS KAKENHI Grant Number 
16H01870 (Grant-in-Aid for Scientific Research [A]) and funding from ASICS 
Corporation.

Availability of data and materials
The datasets generated and/or analyzed during the current study are available 
from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Human Research Ethics Committee of Waseda 
University (reference number: 2017–233) according to the Declaration of 
Helsinki. This study was a voluntary basis with providing privacy and confi-
dentially to the participants. Parents and children provided their informed 
written consent to participate after informing them of the study objective, 
procedures, and their full right to participate or withdraw their consent at any 
time in the study.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Graduate School of Sport Sciences, Waseda University, Saitama 359-1192, 
Japan. 2 Department of Sports Science and Sports Development, Faculty 
of Allied Health Sciences, Thammasat University, Pathum Thani 12121, 
Thailand. 3 Waseda Institute for Sport Sciences, Waseda University, 
Saitama 359-1192, Japan. 4 Faculty of Sport Sciences, Waseda University, 
2-579-15 Mikajima, Tokorozawa, Saitama 359-1192, Japan. 5 Faculty of Health 
and Sport Sciences, University of Tsukuba, Ibaraki 305-8574, Japan. 6 Human 
Performance Laboratory, Comprehensive Research Organization, Waseda 
University, Saitama 359-1192, Japan. 

Received: 10 June 2021   Accepted: 10 November 2021

References
 1. WHO Multicentre Growth Reference Study Group. WHO child growth 

standards based on length/height, weight and age. Acta Paediatr Suppl. 
2006;450:76–85. https:// doi. org/ 10. 1111/j. 1651- 2227. 2006. tb023 78.x.

 2. Whitaker AT, Vuillermin C. Lower extremity growth and deformity. Curr 
Rev Musculoskelet Med. 2016;9:454–61 https:// link. sprin ger. com/ artic le/ 
10. 1007% 2Fs12 178- 016- 9373-4.

 3. Joost J, Merel J, Henny J, Wilma R, Nens VA, Sigrid P. Quantitative muscle 
ultrasound and muscle force in healthy children: A 4-year follow-up 
study. Muscle Nerve. 2012;47:856–63. https:// doi. org/ 10. 1002/ mus. 23690.

 4. Pearson AM. Muscle growth and exercise. Crit Rev Food Sci Nutr. 
1990;29(3):167–97. https:// doi. org/ 10. 1080/ 10408 39900 95275 22.

https://doi.org/10.1111/j.1651-2227.2006.tb02378.x
https://link.springer.com/article/10.1007/s12178-016-9373-4
https://link.springer.com/article/10.1007/s12178-016-9373-4
https://doi.org/10.1002/mus.23690
https://doi.org/10.1080/10408399009527522


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

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 5. Kelly PM, Dime’glio A. Lower-limb growth: how predictable are 
predictions? J Child Orthop. 2008;2:407–15. https:// doi. org/ 10. 1007/ 
s11832- 008- 0119-8.

 6. Tupman GS. A study of bone growth in normal children and its relation-
ship to skeletal maturation. J Bone Joint Surg Br. 1962;44-b:42–67. https:// 
doi. org/ 10. 1302/ 0301- 620X. 44B1. 42.

 7. Tanner JM. The assessment of growth and development in children. Arch 
Dis Child. 1952;27(131):10–33. https:// doi. org/ 10. 1136/ adc. 27. 131. 10.

 8. Barisch-Fritz B, Mauch M. Foot growth. In: Luximon A, editor. Handbook 
of footwear design and manufacture. Metadata of the article that will be 
visualized in Online First), Woodhead Publishing; 2013.

 9. Veldhuis JD, Roemmich JN, Richmond EJ, Rogol AD, Lovejoy JC, Sheffield-
Moore M, et al. Endocrine control of body composition in infancy, child-
hood, and puberty. Endocr Rev. 2005;26(1):114–46. https:// doi. org/ 10. 
1210/ er. 2003- 0038.

 10. Lori S, Lolli F, Molesti E, Bastianelli M, Gabbanini S, Saia V, et al. Muscle-
ultrasound evaluation in healthy pediatric subjects: age-related nornative 
data. Muscle Nerve. 2018;58:245–50. https:// doi. org/ 10. 1002/ mus. 26151.

 11. Lexell J, Sjöström M, Nordlund AS, Taylor CC. Growth and development 
of human muscle: a quantitative morphological study of whole vastus 
lateralis from childhood to adult age. Muscle Nerve. 1992;15(3):404–9. 
https:// doi. org/ 10. 1002/ mus. 88015 0323.

 12. Ngaji AI, Ekanem EE, Bassey DE, Inah GB. Sonographic determination of 
normal subcutaneous fat thickness in children in Southern Nigeria. Niger 
J Clin Pract. 2019;22(2):238–44.

 13. Kuzawa CW. Adipose tissue in human infancy and childhood: an 
evolutionary perspective. Am J Phys Anthropol. 1998;Suppl 27:177–209. 
https:// doi. org/ 10. 1002/ (SICI) 1096- 8644(1998) 107: 27+ < 177:: AID- AJPA7 
>3. 0. CO;2-B.

 14. Fry AC, Irwin CC, Nicoll JX, Ferebee DE. Muscular strength and power in 
3-to 7-year-old children. Pediatr Exerc Sci. 2015;27(3):345–54. https:// doi. 
org/ 10. 1123/ pes. 2014- 0152.

 15. Hébert LJ, Maltais DB, Lepage C, Saulnier J, Crête M. Hand-held 
dynamometry isometric torque reference values for children and adoles-
cents. Pediatr Phys Ther. 2015;27:414–23. https:// pubmed. ncbi. nlm. nih. 
gov/ 26397 089/.

 16. Bogin B, Varela-Silva MI. Leg length, body proportion, and health: 
A review with a note on beauty. Int J Environ Res Public Health. 
2010;7:1047–75. https:// doi. org/ 10. 3390/ ijerp h7031 047.

 17. Huelke DF. An overview of anatomical considerations of infants and 
children in the adult world of automobile safety design. Annu Proc Assoc 
Adv Automot Med. 1998;42:93–113.

 18. Nedeljkovic A, Mirkov D, Bozic P, Jaric S. Tests of muscle power output: 
The role of body size. Int J Sports Med. 2008;30:100–6. https:// pubmed. 
ncbi. nlm. nih. gov/ 18788 067/.

 19. Kawakami Y, Muraoka Y, Kubo K, Ito M, Imai M, Fukunaga T. Architecture 
of contracting human muscles and its functional significance. J Appl 
Biomech. 2000;16:88–97. https:// doi. org/ 10. 1123/ jab. 16.1. 88.

 20. Fukunaga Y, Takai Y, Yoshimoto T, Fujita E, Yamamoto M, Kanehisa H. Effect 
of maturation on muscle quality of the lower limb muscles in adolescent 
boys. J Physiol Anthropol. 2014;33(30):1–6. http:// www. jphys iolan throp ol. 
com/ conte nt/ 33/1/ 30.

 21. Reid S, Pitcher C, Williams S, Licari M, Valentine J, Shipman P, et al. Does 
muscle size matter? The relationship between muscle size and strength 
in children with cerebral palsy. Disabil Rehabil. 2014;37:1–6. https:// doi. 
org/ 10. 3109/ 09638 288. 2014. 935492.

 22. Gellhorn AC, Stumph JM, Zikry HE, Creelman CA, Welbel R. Ultrasound 
measures of muscle thickness may be superior to strength testing in 
adults with knee osteoarthritis: a cross-sectional study. BMC Musculo-
skelet Disord. 2018;19(1):350. https:// doi. org/ 10. 1186/ s12891- 018- 2267-4.

 23. Bouchant A, Martin V, Maffiuletti NA, Ratel S. Can muscle size fully 
account for strength differences between children and adults? J Appl 
Physiol. 2011;110(6):1748–9. https:// doi. org/ 10. 1152/ jappl physi ol. 01333. 
2010.

 24. Samson W, Dohin B, Desroches G, Chaverot J-L, Dumas R, Cheze L. Foot 
mechanics during the first six years of independent walking. J Biomech. 
2011;44:1321–7. https:// doi. org/ 10. 1016/j. jbiom ech. 2011. 01. 007.

 25. Uden H, Scharfbillig R, Causby R. The typically developing paediatric 
foot: how flat should it be? A systematic review. J Foot Ankle Res. 
2017;10(1):37. https:// www. ncbi. nlm. nih. gov/ pmc/ artic les/ PMC55 58233/.

 26. Alsancak S, Guner S, Güven E, Özgün AK, Akkaş Y, Alkıs N. Paediatric flat 
foot and foot dimension in Central Anatolia. BMC Pediatr. 2021;21(1):200.

 27. Evans AM, Karimi L. The relationship between paediatric foot posture 
and body mass: do heavier kids really have flatter feet? J Foot Ankle Res. 
2015;8:46. https:// jfoot ankle res. biome dcent ral. com/ artic les/ 10. 1186/ 
s13047- 015- 0101-x.

 28. Lieber RL, Fridén J. Functional and clinical significance of skeletal muscle 
architecture. Muscle Nerve. 2000;23(11):1647–66. https:// doi. org/ 10. 1002/ 
1097- 4598(200011) 23: 11< 1647:: AID- MUS1>3. 0. CO;2-M.

 29. Malina RM. Motor development during infancy and early childhood: 
Overview and suggested directions for research. Int J Sport Health Sci. 
2004;2:50–66. https:// doi. org/ 10. 5432/ ijshs.2. 50.

 30. Gillen ZM, Shoemaker ME, McKay BD, Bohannon NA, Gibson SM, Cramer 
JT. Muscle strength, size, and neuromuscular function before and during 
adolescence. Eur J Appl Physiol. 2019;119(7):1619–32. https:// doi. org/ 10. 
1007/ s00421- 019- 04151-4.

 31. Kraemer W, Fry A, Frykman P, Conroy B, Hoffman J. Resistance Training 
and Youth. Pediatr Exerc Sci. 1989;1:336–50.

 32. Lloyd RS, Faigenbaum AD. Age- and sex-related differences and their 
implications for resistance exercise. In: Haff GG, Triplett NT, editors. Essen-
tials of Strength Training and Conditioning. Champaign: Human Kinetics; 
2016. p. 144–5.

 33. Jones DA, Round JM. Muscle Development During Childhood and Ado-
lescence. In:  The Young Athlete: International Olympic Committee; 2007. 
p. 18–26.

 34. Macfarlane TS, Larson CA, Stiller C. Lower extremity muscle strength in 6- 
to 8-year-old children using hand-held dynamometry. Pediatr Phys Ther. 
2008;20(2):128–36. https:// doi. org/ 10. 1097/ PEP. 0b013 e3181 72432d.

 35. Beenakker EAC, Jvd H, Fock JM, Maurits NM. Reference values of maxi-
mum isometric muscle force obtained in 270 children aged 4-16 years by 
hand-held dynamometry. Neuromuscul Disord. 2001;11:441–6. https:// 
doi. org/ 10. 1016/ S0960- 8966(01) 00193-6.

 36. Manna I. Growth development and maturity in children and adolescent: 
Relation to sports and physical activity. Am J Sports Med. 2014;2:48–50.

 37. Adolph KE, Franchak JM. The development of motor behavior. Wiley 
Interdiscip Rev Cogn Sci. 2017;8(1–2). https:// doi. org/ 10. 1002/ wcs. 1430.

 38. Jaric S. Muscle strength testing: use of normalisation for body size. Sports 
Med (Auckland, NZ). 2002;32(10):615–31. https:// doi. org/ 10. 2165/ 00007 
256- 20023 2100- 00002.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1007/s11832-008-0119-8
https://doi.org/10.1007/s11832-008-0119-8
https://doi.org/10.1302/0301-620X.44B1.42
https://doi.org/10.1302/0301-620X.44B1.42
https://doi.org/10.1136/adc.27.131.10
https://doi.org/10.1210/er.2003-0038
https://doi.org/10.1210/er.2003-0038
https://doi.org/10.1002/mus.26151
https://doi.org/10.1002/mus.880150323
https://doi.org/10.1002/(SICI)1096-8644(1998)107:27+<177::AID-AJPA7>3.0.CO;2-B
https://doi.org/10.1002/(SICI)1096-8644(1998)107:27+<177::AID-AJPA7>3.0.CO;2-B
https://doi.org/10.1123/pes.2014-0152
https://doi.org/10.1123/pes.2014-0152
https://pubmed.ncbi.nlm.nih.gov/26397089/
https://pubmed.ncbi.nlm.nih.gov/26397089/
https://doi.org/10.3390/ijerph7031047
https://pubmed.ncbi.nlm.nih.gov/18788067/
https://pubmed.ncbi.nlm.nih.gov/18788067/
https://doi.org/10.1123/jab.16.1.88
http://www.jphysiolanthropol.com/content/33/1/30
http://www.jphysiolanthropol.com/content/33/1/30
https://doi.org/10.3109/09638288.2014.935492
https://doi.org/10.3109/09638288.2014.935492
https://doi.org/10.1186/s12891-018-2267-4
https://doi.org/10.1152/japplphysiol.01333.2010
https://doi.org/10.1152/japplphysiol.01333.2010
https://doi.org/10.1016/j.jbiomech.2011.01.007
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5558233/
http://dx.doi.org/10.1186/s13047-015-0101-x
http://dx.doi.org/10.1186/s13047-015-0101-x
https://doi.org/10.1002/1097-4598(200011)23:11<1647::AID-MUS1>3.0.CO;2-M
https://doi.org/10.1002/1097-4598(200011)23:11<1647::AID-MUS1>3.0.CO;2-M
https://doi.org/10.5432/ijshs.2.50
https://doi.org/10.1007/s00421-019-04151-4
https://doi.org/10.1007/s00421-019-04151-4
https://doi.org/10.1097/PEP.0b013e318172432d
https://doi.org/10.1016/S0960-8966(01)00193-6
https://doi.org/10.1016/S0960-8966(01)00193-6
https://doi.org/10.1002/wcs.1430
https://doi.org/10.2165/00007256-200232100-00002
https://doi.org/10.2165/00007256-200232100-00002

	Characteristics of inhomogeneous lower extremity growth and development in early childhood: a cross-sectional study
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Methods
	Study design and participants
	Procedures and Equipment
	Anthropometry and morphology measurements
	Lower extremity muscle size and adiposity measurements
	Muscle strength measurement

	Statistical analysis

	Results
	Discussion
	General growth, segmental dimensions, muscle size, and adiposity
	Specific torque-generating capacity

	Acknowledgements
	References


