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Background: We recently reported age and gender differences in foot shape and size in Chinese school children aged be-
tween 7-12 years. This study aimed to analyze age and gender differences in foot shape and size in Chinese
adolescents aged between 13-18 years.

Material/Methods: The study included 1,252 adolescent boys and 1274 adolescent girls from seven regions in China. Twelve mea-
surements of foot shape were recorded using a video filming system. One-way analysis of variance (ANOVA)
compared the changes in the measurements with age. An independent t-test was used to analyze gender-as-
sociated differences in foot size and shape.

Results: In adolescent boys, foot length and width increased significantly at 13-14 years and heel width, arch height,
and fifth metatarsal head height increased until 18 years (P<0.05). In adolescent girls, most foot measurements
ceased to increase after 15 years, except for arch height. Adolescent boys showed significantly larger foot length,
width, height, and girth compared with adolescent girls (P<0.05) (Cohen’s d effect size >0.8). Adolescent boys
showed a significant increase in ball width and girth, and instep length and height compared with adolescent
girls, who had a longer medial foot length and higher fifth metatarsal head height compared with adolescent
boys (P<0.05) (Cohen’s d effect size »0.5).

Conclusions: Age and gender associated differences were found in foot measurements in Chinese adolescents, aged be-
tween 13-18 years. These differences should be considered by shoe manufacturers and when making clinical
decisions about normal foot development.
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Background

The foot is a complex structure with 26 bones, 33 joints, and
related muscles, tendons, and ligaments and this complex
structure contributes to the overall foot shape [1,2]. The shape
of the human foot is associated with some intrinsic and ex-
trinsic factors, including age and gender [3-5], race [6], body
weight [7,8] and shoe-wearing habits [9,10].

Foot shape changes with age during adolescence, or the teenage
years. Anderson et al. found that the foot length increased by 7-26
mm between 13-18 years of age in American adolescents, and
suggested that the end of foot growth occurred at varied ages in
American teenagers, and was dependent on the time of skeletal
maturation [11]. Also, Ran et al. measured foot length and foot
width in Chinese adolescents and showed that foot length in-
creased by 6-23 mm and foot width increased by between 3-6 mm
from 13-17 years of age in Chinese teenagers [12]. Waseda et al.
found the navicular height slowly increased from 1.4-9.9 mm from
13-18 years of age in Japanese adolescents [13].

The feet of adolescents also show gender differences in the de-
velopment of foot shape. Chen et al. showed that, in Taiwan,
adolescent girls at the age of 13 years had significantly nar-
rower ball and heel widths, and smaller ball and instep cir-
cumference compared with the adolescent boys of the same
age [14]. Stavlas et al. found that Greek adolescent boys had a
lower arch height compared with adolescent girls aged between
13-17 years [15]. Also, Anderson et al. reported that a growth
peak of foot length usually occurred at the age of 11 years in
American girls and at the age of 13 years in American boys [11].
The growth rate of foot length decreased after 13 years in ado-
lescent girls continued to increase up to the age of 16 years in
adolescent boys, and the average mature foot length of adoles-
cent boys was about 1 inch (25.4 mm) longer than that of ado-
lescent girls [11]. Barisch-Fritz et al. showed that foot length did
not increase after 15 years of age in German adolescent boys
and after 13 years of age in German adolescent girls, and the
average mature foot length of adolescent boys was about
22 mm longer than that of adolescent girls [10].

Also, there may be ethnic differences in the development of
foot shape. Hawes et al. found that the forefoot of people
from East Asia was broader than in Caucasians [16]. Kouchi
found that Mongol populations had a broader foot compared
to Caucasian and Australian populations and that East Asian
populations had a shorter foot length compared to Southeast
Asians and Africans [17]. Several studies have investigated
gender and age differences in foot morphology in Greek [15],
German [10], American [11], and Japanese populations [13].

There have been few studies on the three-dimensional foot
measurements and characteristics of Chinese adolescents.
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Therefore, this study aimed to analyze age and gender differ-
ences in foot shape and size in Chinese adolescents aged be-
tween 13-18 years.

Material and Methods

Study participants

In this study, stratified sampling was used to select study par-
ticipants from seven regions in China, which included Northern
China, Southern China, Eastern China, Central China, Southwest
China, Northwest China, and Northeast China. In each region, at
least thirty participants were chosen respectively for each age
and each gender. A total of 1,252 adolescent boys and 1,274
adolescent girls, between 13-18 years of age, from Chinese
middle schools and high schools were recruited for the study.
Individuals with injuries of the limb or foot deformities, in-
cluding toe amputation or hallux valgus, were excluded from
the study. The study protocol was approved by the Regional
Ethical Committee of the Shanghai University of Sports (Ref.
no. 2016-016, April 15%, 2016). The parents or guardians of
the study participants signed informed consent for participa-
tion in the study.

Measurement and imaging procedures

The height and weight of each study participants were mea-
sured while wearing light clothes and while barefoot. Height
was determined with a Seca 213 portable stadiometer (Seca
GmbH & Co. Kg, Hamburg, Germany). Body weight was mea-
sured using a digital Seca 770 electronic weighing scale
(Seca GmbH & Co. Kg, Hamburg, Germany). Data on three-
dimensional foot shape of the right foot were collected for
each study participant using a video filming system composed
of four 9800 JVC video cameras (JVC Inc., Yokohama, Japan).

The foot model used in the study was developed by the
Biomechanics Institute of Valencia, Spain [18-20]. The model
used had eight anatomical reference points, which were marked
with a black marker pen before filming. All the reference points
were marked manually by one investigator (Figure 1). While
filming, the study participants were required to stand still on
both feet, with their bipedal body weight distributed equally.
Four digital cameras were used to synchronously record the
measurements of the right foot for at least 5 s using the sam-
ple frequency set at 50 Hz. After filming, the video images were
analyzed using a Motion Analysis System (Ariel Dynamics,
Trabuco Canyon, CA, USA). Automatic digitization of the video
image created co-ordinates using eight reference points. The
three-dimensional digitized data were then smoothed using a
Butterworth filter (@ maximally flat magnitude filter) at 6 Hz.
The ball girth (BG) and heel-instep girth (HIG) were measured
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Figure 1. Reference landmarks used for foot measurements. 1) Front end of the longest toe; 2) First metatarsal head; 3) Highest point
of the first metatarsal head; 4) Highest point of the fifth metatarsal head; 5) Fifth metatarsal head; 6) Lowest point of the
foot arch; 7) The point where the leg meets the foot; 8) The pternion (the most prominent point of the heel).

[

Figure 2. Foot measurements. a) Foot length; b) Lateral ball length; c) Medial ball length; d) Instep length; e) Ball width; f) Heel width;
g) Height of the first metatarsal head; h) Height of the fifth metatarsal head; i) Arch height; j) Instep height; x) Ball girth;
y) Heel-instep girth.
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Table 1. The physical characteristics of the participants.

Age (years) Gender Height (cm) Weight (kg) Foot Length (mm)

Boys (n=224) 160.1 (7.9)* 51.5 (11.6)* 246.0 (12.7)*
v Girls (=208 1568 61 188 O 2303 04
""""""""""""""""""""""" Boys (=227) 1650 (85 566 (132 2500 (133
R Girls (n=256) 601 (59 517 @) 2323 93
""""""""""""""""""""""" Boys (n=174) 1699 (73 611 (122* 2520 (118*
v Girls (=103 1625 (63 565 (88 2366 (101)
""""""""""""""""""""""" Boys (=189) 1723 (63 638 (106 2533 (106
R Girls (=182 1609 (56)  S61 (1) 2323 (104
""""""""""""""""""""""" Boys (h=238) 1725 (69F 642 (119 2525 (1.6}
v Girls (n=237) 1618 (63 569 (&1 2333 (107)
""""""""""""""""""""""" Boys (=200 1739 (62 648 (87 2534 (108%
e Girls (n=198) 1628 (54 521 (78 2323 (93
""""""""""""""""""""""" Boys (=1252) 1687 (88 601 (125° 251 (122%
ol Girls (n=1274) 1608 (63) 544 (88 2328 (100)

* P<0.05 showed significant differences between boys and girls.

with a flexible tape to the nearest 1 mm by the investigator
who had marked the measurement reference points (Figure 2).

Variables

Foot measurements (Figure 2) were obtained from the coordi-
nates of the eight reference points. Four length variables were
acquired including foot length (FL), medial ball length (MBL),
lateral ball length (LBL), and instep length (IL). Two width vari-
ables were acquired, including ball width (BW) and heel width
(HW). Four height variables were acquired including first meta-
tarsal head height (M1H), fifth metatarsal head height (M5H),
arch height (ArH), and instep height (IH) (Figure 2). Together
with the two girth-related variables measured after filming,
twelve foot-morphology variables were collected in total. This
method was used in previous studies to measure three-dimen-
sional foot variables [18,19].

Statistical analysis

Data were shown as the mean + standard deviation (SD).
Statistical analysis was performed using the SPSS version 20.0
software package (IBM Corp., Armonk, NY, USA). Partial corre-
lation analysis adjusted by age was conducted to determine
the relationships between individual height and foot length.
One-way analysis of variance (ANOVA) was used to calculate
the changes in foot dimensions in each year of age and for
each gender. Cohen’s d effect size was calculated to deter-
mine the standardized difference between two means. Cohen’s

d effect size n <0.2 was interpreted as a minimal effect, a small
effect size was 0.2-0.5, a moderate effect size was between
0.5-0.8, and a large effect size was >0.8 [20]. When a signif-
icant effect size occurred, the Bonferroni post hoc test was
used. Independent t-tests were used to compare gender dif-
ferences in absolute foot measurements and relative values,
as the percentage FL, between adolescent boys and girls of the
same age. Statistical significance was set at a P-value <0.05.

Results

Physical characteristics of the study participants

Adolescent boys were found to have significantly higher val-
ues in height, body weight, and foot length when compared
to the values obtained in the group of adolescent girls of sim-
ilar age (Table 1).

The relationship between height and foot length

The foot length was linearly correlated with height among
Chinese adolescents, as shown in Figures 3 and 4 (r=0.683
for adolescent boys) (r=0.628 for adolescent girls) (P<0.001).

Age differences in foot dimensions

The mean growth rates in foot length were 0.6% for adolescent
boys and 0.18% for adolescent girls per year. Length-related
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Figure 3. Correlation between height and foot length adjusted
by age in adolescent boys.

Table 2. Percentage of change per year in boys and girls (%).

13-14 years 14-15 years

Boys Girls

15-16 years

Figure 4. Correlation between height and foot length adjusted
by age in adolescent girls.

16-17 years 17-18 years 13-18 years

* P<0.05 showed significant differences between consecutive years. FL — foot length; MBL — medial ball length; LBL — lateral ball length;
IL - instep length; BW — ball width; HW — heel width; M1H — height of the first metatarsal head; M5H — height of the fifth metatarsal
head; ArH — arch height; IH — instep height; BG — ball girth; HIG — heel-instep girth.

and width-related foot measurements increased significantly
at 13-14 years of age in adolescent boys and 14-15 years of
age in adolescent girls. In adolescent girls, most foot measure-
ments ceased to increase after 15 years of age, except for arch
height. In adolescent boys, most foot measurements ceased
to increase after 16 years of age, except for heel width, the
height of the first metatarsal head (H1M), and arch height.
Measurements indicating the greatest mean increases were
arch height, instep height, heel width, ball girth, and the height
of the first metatarsal head (H1M) for both genders (Table 2).

This work is licensed under Creative Common Attribution-
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Gender-associated differences in foot dimensions

Adolescent boys showed significantly higher values in foot
lengths, widths, heights, and girths compared with adolescent
girls (P<0.05) (Cohen’s d effect size >0.8) (Figure 5). Analysis of
the normalized measurements by foot length of adolescents
of the same age showed that adolescent boys had wider ball
width and ball girth, longer instep length and higher instep
height when compared with adolescent girls, and girls had sig-
nificantly longer medial foot length and higher height of the
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Figure 5. Differences between adolescent boys and girls in absolute foot measurements.* P<0.05. (A) Differences between adolescent
boys and girls in absolute length-related variables. (A1) Foot length; (A2) medial ball length; (A3) lateral ball length;
(A4) instep length. (B) Differences between adolescent boys and girls in absolute width-related variables and girth-related
variables. (B1) ball width; (B2) heel width; (B3) ball girth; (B4) heel-instep girth. (C) Differences between adolescent boys and
girls in absolute height-related variables. (C1) height of the first metatarsal (M1H); (C2) height of the fifth metatarsal (M5H);
(€3) arch height; (C4) instep height.

fifth metatarsal head (M5H) when compared with adolescent
boys (P<0.05) (Cohen’s d effect size »0.5) (Figure 6).

Discussion

The findings of this study showed that three-dimensional foot
shapes varied according to age and gender among Chinese
adolescents, aged between 13 years and 18 years. Within the
age range of the participants in the study, the foot length was
linearly correlated with the standing height for adolescent
boys and girls. A growth peak in foot dimensions was found

to occur at the age of 13-14 years in adolescent boys and at
the age of 14-15 years in adolescent girls. In adolescent girls,
most foot measurements ceased to increase after 15 years of
age. In adolescent boys, most foot measurements ceased to
increase after 16 years of age. Adolescent girls showed sig-
nificantly smaller values in absolute foot measurements com-
pared with adolescent boys of the same age. However, when
the relative foot measurements were analyzed, the gender dif-
ferences decreased.

In this study, the foot length showed a linear correlation with
standing height, which was greater in adolescent boys than girls.
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Figure 6. Differences between adolescent boys and girls in normalized foot measurements. * P<0.05. (A) Differences between
adolescent boys and girls in normalized length-related variables. (A1) normalized medial ball length; (A2) normalized lateral
ball length; (A3) normalized instep length. (B) Differences between adolescent boys and girls in normalized width-related
variables and girth-related variables. (B1) normalized ball width; (B2) normalized heel width; (B3) normalized ball girth;
(B4) normalized heel-instep girth. (C) Differences between adolescent boys and girls in normalized height-related variables.
(€C1) normalized height of the first metatarsal (M1H); (C2) normalized height of the fifth metatarsal (M5H); (C3) normalized

arch height; (C4) normalized instep height.

Krishan and Sharma, in a study in India, also reported a sig-
nificant correlation between foot length and stature in Indian
adolescents (r=0.741 for boys) (r=0.734 for girls), which were
similar to the findings of the current study [21]. However, the
correlation scores between foot length and stature among
Chinese adolescents in this study were lower than those pre-
viously reported in our previous study of Chinese children’s
foot shape [22], and higher than those previously reported in
a study of Chinese adult foot shape (Figure 7) [23]. Xu et al.
found a significant correlation between foot length and stature
among Chinese children aged 7-12 years of age (r=0.792 for

boys) and (r=0.747 for girls) [22]. Zhang et al. found a significant
correlation between foot length and height in Chinese adults
(r=0.602 in men) and (r=0.565 in women) [23]. The process of
maximal growth in height, limb length, and foot length vary in
time in childhood and adolescence. Anderson et al. found that
the maximal growth in foot length was found to occur at 4-12
years and that foot length ceased to increase at 16 years of age,
while the maximal growth in individual height was found to oc-
cur at 4-14 years of age and ceased by 18 years of age in male
Americans [11]. These findings indicate that maximal foot length
developed at a younger age than maximal individual height.
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Figure 7. Comparations of the correlation scores between foot
length and stature among Chinese children [22],
adolescents (the current study), and adults [23].

In the current study, the feet of adolescent girls reached ma-
turity earlier than for adolescent boys, according to the anal-
ysis of foot measurement data. Most foot measurement vari-
ables reached ceased to increase by the age of 15 years of
age in adolescent girls and by 16 years of age in adolescent
boys. These findings are supported by a study of children and
adolescents in Japan reported by Waseda et al., who found
that the foot length ceased to increase at 13 years of age in
girls and 14 years of age in boys [13]. In the present study,
the most significant increase in foot measurements was found
in foot lengths, foot widths, and foot girth, toes height, and
instep height and at a younger age than in previous studies,
in both boys and girls. At the age of 17-18 years of age, the
arch height was found to significantly increase in both gen-
ders, and the heel width and M1H also were found to be sig-
nificantly increased by 18 years in adolescent boys. The in-
crease in foot arch height, heel width, and toe height at 18
years showed that the foot has a dynamic and continuously
changing shape, even during adulthood.

In the present study, the increases in measured foot dimen-
sions among Chinese adolescents, aged between 13-18 years,
were less rapid than we have previously shown in Chinese chil-
dren, aged between 7-12 years [22]. In the present study, the
mean annual growth rates in foot length were 0.6% in ado-
lescent boys and 0.18% in adolescent girls. While in the study
by Delgado et al. on foot growth, Spanish children between
the age of 6-12 years had an annual increase in foot length
of 4.2% for boys and 3.8% for girls [5], which is larger than
the findings in the current study. Previous studies have indi-
cated that there is an optimum time for human foot develop-
ment, which occurs between the age of 6-12 years, and that
after 12 years of age, foot measurements were unlikely to in-
crease [24,25].
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The findings of this study showed that Chinese adolescent boys
had greater absolute variables for foot measurements when
compared with adolescent girls of the same age. Several pre-
viously published studies have reported similar results for gen-
der differences in foot measurements and morphology among
children and adults. Delgado et al. reported that Spanish boys
had longer foot lengths, wider foot widths, and a higher in-
step when compared with girls [5]. Mickle et al. showed that
the foot lengths of preschool boys were significantly greater
when compared with girls of the same age [26]. Chen et al.
found that foot measurements of boys were significantly
greater compared with those of girls of the same age for 11
out of the 15 variables studied including foot length, breadth,
height, and girths [14].

Also, gender differences in foot measurements and morphology
have been studied in adult populations. Hong et al. reported
that Chinese men had wider foot breadth, greater ball girth and
instep girth, higher arch height compared with adult Chinese
women of a similar age [18]. Saghazadeh et al. reported that
the feet of men and women between 20-25 years of age were
significantly different in foot length, width, height, and girth,
which are findings that support those of the present study [4].
Previous studies have also shown that several gender differ-
ences were no longer present when normalized foot measure-
ments were compared [5,17,26], and that the remaining differ-
ences in foot measurements may be caused by differences in
foot proportions between the genders rather than foot size [26].
In the present study, comparison of the relative foot measure-
ments, or percentage increase in foot length, between adoles-
cent boys and girls, were supported by several previous studies.
Adolescent girls showed a longer medial foot length, wider heel
measurements, and an increase in height of the fifth metatarsal
head (M5H), which are findings that have rarely been reported
in previous studies. These findings may indicate that adoles-
cent girls had a more pointed forefoot shape [18] and a wider
heel than adolescent boys with the same foot length. The re-
sults of this study, including the findings of differences in foot
shape might be considered in the future design of working
shoes for adolescent girls and women.

This study had several limitations. The body mass index (BMI)
and physical activity of the study participants, which may in-
fluence foot shape, were not considered in the current study.
Also, an important measurement of foot morphology is arch
height, which is typically measured as the navicular or talona-
vicular joint line, but this landmark was not digitally imaged
and measured in this study. This study did not distinguish be-
tween individuals with flat-foot from individuals without flat-
foot in the study population, and flat-foot is a factor that was
likely to influence the findings. These limitations should be
considered in the design of future studies.
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Conclusions

Chinese adolescents, aged between 13-18 years, had a foot
growth rate that was comparable with adolescents in other
countries. In adolescent girls, most foot measurements ceased
to increase after 15 years of age. In adolescent boys, most
foot measurements ceased to increase after 16 years of age.
Adolescent boys had greater values in total foot length, width,
girth, and height compared with adolescent girls of the same
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