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Abstract

Background: The structures around the navicular bones, which constitute the medial
longitudinal arch, develop by 10 years of age. While navicular bone height is often
emphasized in the assessment of flatfoot, three-dimensional (3D) evaluations, includ-
ing those of structural parameters during inversion, have rarely been investigated. If
the development of flatfoot during the growth process could be predicted, appropri-
ate interventions could be implemented. Therefore, in this longitudinal cohort study,
we developed a system, utilizing smartphones, to measure the 3D structure of the foot,
performed a longitudinal analysis of changes in midfoot structures in 124 children
aged 9-12 years, and identified factors influencing the height of the navicular bone.
The foot skeletal structure was measured using a 3D system.

Results: Over 2 years, foot length and instep height increased during develop-

ment, while navicular height decreased. The 25th percentile of the instep height ratio
and navicular height ratio at ages 9-10 years did not exceed those at ages 11-12 years,
with percentages of 17.9% and 71.6%, respectively, for boys, and 15.8% and 49.1%,
respectively, for girls. As the quartiles of the second toe—heel-navicular angle (SHN
angle) increased at ages 9-10 years, the axis of the bone distance (ABD) and SHN
angles at ages 11-12 years also increased, resulting in a decrease in the navicular
height ratio. A significant inverse correlation was found between changes in SHN angle
and navicular height ratio. These findings indicate that the navicular bone rotation

of the midfoot is a predictor of the descent of the navicular bone.

Conclusions: This study revealed that some children exhibit decreases in navicular
bone height with growth. As a distinct feature, the inversion of the navicular bone
promotes flattening of the midfoot. Thus, this study provides insights into changes
in midfoot development in children and provides an effective evaluation index.

Keywords: CT-based 3D analysis, Foot 3D scanner, Medial longitudinal arches,
Elementary school student

Background

The foot is composed of three intersecting arches—the medial longitudinal arch, lateral
longitudinal arch, and transverse arch—all located at the height of the distal tarsal bones,
and they develop during the first 10 years of life [1, 2]. The medial longitudinal arch,
which is composed of the calcaneus; talus; navicular; cuneiform; and first, second, and
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third metatarsal bones, is a particularly important structure with a high degree of height
and flexibility, allowing for dynamic changes in shape and structure while walking [3].

The height of the medial longitudinal arch is determined by the characteristics of the
subtalar joint complex, while its shape under static load is determined by the interac-
tion between the shape of the muscles and bones and the strength and flexibility of the
ligaments [4]. The size of the foot, strength of the ligaments and muscles, and relevant
motor ability all develop during the growth and maturation periods [5]. The factors nec-
essary for successful arch development include appropriate ossification and alignment,
particularly at the sustentaculum tali and navicular bone, as well as healthy soft tissue
stabilizers [6].

The flatfoot deformity is characterized by a drop in the medial longitudinal arch, ever-
sion of the hindfoot, and abduction of the forefoot under loading [3]. The incidence
of flatfoot is known to decrease with age; however, the precise incidence at each age
remains poorly understood [7].

Previous studies evaluating flatfoot have examined footprints, photographs, and height
of the navicular bone [8-11]. A footprint reflects the ground contact status; however,
this is insufficient for skeletal evaluation [12]. Assessment of the medial longitudinal
arch, which is formed by the height of the navicular bone, is useful in two-dimensional
analyses. However, the anatomical movement of the navicular bone is an inversion
caused by loading, defined as a three-dimensional (3D) motion. Detailed anatomical
analyses of the complex tarsal bones in addition to 3D structural analyses are needed for
anatomical analysis of flatfoot [13, 14]. Computed tomography (CT)-based 3D analysis
requires the application of a load to the sole of the foot in the supine position [15]. How-
ever, this method does not adequately reflect standing posture and cannot be applied to
healthy children because of the exposure to X-rays.

In previous studies, flatfoot was considered to be predominantly caused by the relaxa-
tion of the spring ligament, which includes the three bones of the calcaneus—subtalar
joint complex and the calcaneonavicular ligament [16]. The spring ligament develops
during a certain period in children and is influenced by movement-related stimuli. How-
ever, longitudinal studies of the 3D changes in the midfoot of the same child are lacking.

Furthermore, the impact of insufficient physical activity on foot development in
healthy children is not yet clear. In particular, activity restrictions owing to the wide-
spread outbreak of coronavirus disease (COVID-19) may have affected foot develop-
ment in children. Actively imposing activity restrictions on children to study foot growth
is not feasible from an ethical perspective; however, measuring foot development during
periods of restricted activity as an environmental factor could be informative. In addi-
tion, there is still a lack of non-invasive, simple, quantitative methods for measuring the
foot.

To address this knowledge gap, in the present study, we developed a system to meas-
ure the shape of the foot surface without using X-rays [17, 18]. We aimed to use this
system to longitudinally measure the characteristics of the feet of elementary school stu-
dents in the developmental stage of the musculoskeletal system and to identify factors
influencing changes in the shape of the midfoot, particularly the height of the navicular
bone. Furthermore, we clarified the usefulness of the foot skeleton evaluation indices
developed in this study.
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Table 1 Changes in the measurement results over 2 years

9-10 years old 11-12 years old p-value

Foot length [cm] Male 20.71£1.13 22724133 <0.001
Female 2039+£1.19 2197£1.04 <0.001

IH [cm] Male 558+046 6.24+£0.56 <0.001
Female 539+£048 593£05 <0.001

NH [cm] Male 346+049 321+0.64 <0.001

Female 3.13+£053 299+0.54 0.095

IH rate [%] Male 2699+£19 2751£22 0.016
Female 2647 £2.01 27.04£2.16 0.03

NH rate [%] Male 16.78+£237 1414+£274 <0.001
Female 153+£248 13.65+261 <0.001

SHN angle [degrees] Male 24834+2.89 224442381 <0.001
Female 2511+£267 2337£239 <0.001

ABD [cm] Male 094+05 0.894+0.45 0.355

Female 1.15£046 1.02£043 0.027

ABD rate [%)] Male 4554240 393+193 0.015
Female 560+£2.24 4674198 <0.001

IH, instep height; NH, navicular height; SHN, second toe-heel-navicular; ABD, axis of the bone distance
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Fig. 1 Scatter plots of NH and IH for 9-10- and 11-12-year-old participants

Results

Changes in measurement results over the 2-year period

As shown in Table 1, the FL, IH, and IH rates increased significantly over the 2-year
study period. In contrast, the NH and NH rate decreased significantly, although the for-
mer trend was only significant in boys. Both the SHN angle and ABD rate decreased,
and the position of the navicular bone shifted in a direction that reduced the discrep-
ancy in the skeletal structure.

Scatter plots were used to visualize the measurement data obtained at 9 and 10 years
of age for the NH and IH rates on the horizontal axis and at 11 and 12 years of age on the
vertical axis. In Fig. 1, values positioned below the diagonal line indicate a decline from
ages 9-10 years to 11-12 years. In many cases, the NH rate was below the diagonal line.
The proportions of children who did not exceed the 25th percentile values for the IH and
NH rates at 11 and 12 years of age, which was achieved at 9 and 10 years of age, were as

Page 3 of 10



Yamashita et al. BioMedical Engineering OnLine (2024) 23:83 Page 4 of 10

(b)

N
=)

w
IS

SHN angle (degree)
s 8

o

ABD rate NH rate SHN angle
m SHN less than 25% ® SHN less than 50% u SHN less than 25% = SHN less than 50%
u SHN less than 75% = SHN above 75% B SHN less than 75% B SHN above 75%

Fig. 2 Foot skeletal structure according to the quartiles of the SHN angle for the 9-10-year olds. a ABD rate
and NH rate, b the SHN angle for the 11-12-year-old participants, classified by the quartiles of the SHN angle
for the 9-10-year-old participants. *p < 0.05; **p <0.01. ABD, axis of the bone distance; NH, navicular height;
SHN, second toe-heel-navicular angle
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Fig. 3 Scatter plot of SHN angle and differences between NH of 9-10- and 11-12-year olds. NH, navicular
height; SHN, second toe—heel-navicular angle

follows: the IH rate was 17.9% in boys and 15.8% in girls, and the NH rate was 71.6% in
boys and 49.1% in girls.

Dotted lines are drawn on the horizontal axis and vertical axis at the first quar-
tile of the NH and IH rates at the age of 9-10 years. Data points above the diagonal
dotted line indicate an improvement in values. The first quartile values are as follows:
NH rate, 14.6%; IH rate, 25.2%; IH, instep height; NH, navicular height; SHN, second
toe—heel-navicular.

Changes in skeletal structure and NH rate at 11-12 years of age based on the quartile

of the SHN angle at 9-10 years of age

Figure 2 shows the ABD rate, NH rate, and SHN angle in participants at 11-12 years
of age based on the quartiles of the SHN angle at 9-10 years of age. As the SHN angle
at 9-10 years of age increased, the ABD and SHN angles at 11-12 years of age also
increased significantly and the NH rate decreased significantly.

Figure 3 shows the changes in NH height at 9-10 and 11-12 years of age based on
the SHN angle at 9-10 years of age on the horizontal axis. The vertical axis represents
an increase in NH with a positive sign and a decrease with a negative sign. There was a
significant correlation between the changes in the SHN angle and NH rate (r=—0.32,
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Table 2 Results of the multiple regression analysis of the SHN angle in 11-12-year-old participants

Variable B SEB B p-value r Adjusted r?

SHN angle for 9-10-year olds 0.54 0.07 0.56 <0.001 039 0.38

IH rate for 9-10-year olds —-022 0.10 —-0.16 0.03 F-value p-value
3851 <0.001

Dependent variable: SHN angle for 11-12-year-old participants
SHN, second toe—heel-navicular; IH, instep height

Table 3 Results of the multiple regression analysis of the NH rate in 11-12-year-old participants
Variable B SEB B p-value r Adjusted
IH rate for 9-10-year olds 0.56 0.10 041 <0.001 046 044

ABD rate for 9-10-year olds —0.20 0.09 —0.18 0.03

NH rate for 9-10-year olds 0.30 0.08 0.28 <0.001 F-value p-value
SHN angle for 9-10-year olds —-0.16 0.07 —-0.17 0.03 2532 <0.001

Dependent variable: NH rate for 11-12-year-old participants
IH, instep height; ABD, axis of the bone distance; NH, navicular height; SHN, second toe-heel-navicular

p<0.001). These results show that when the SHN angle at 9-10 years of age was large,
the proportion of those with a decreased NH rate 2 years later was higher.

Multiple regression analysis to predict the SHN angle and NH rate at 11-12 years of age

A multiple regression analysis was performed using a stepwise method to predict the
SHN angle and NH rate at 11-12 years of age, with the SHN angle, IH rate, NH rate, and
ABD rate as the independent variables at 9-10 years of age and the SHN angle and NH
rate as the dependent variables at 11-12 years of age.

As shown in Table 2, the predictors for the SHN angle at 11-12 years of age were the
SHN angle and IH rate at 9-10 years of age, with B values of 0.56 and — 0.16, respec-
tively, and an adjusted R? of 0.39, indicating moderate prediction accuracy. As shown
in Table 3, the predictors for the NH rate at 11-12 years of age were the IH rate, ABD
rate, NH rate, and SHN angle at 9-10 years of age, with B values of 0.41,—0.18, 0.28,
and —0.17, respectively, and an adjusted R? of 0.46.

Discussion

Herein, we describe the results of a 2-year longitudinal study investigating the devel-
opment of the midfoot in elementary school children. In particular, we conducted 3D
measurements of the surface structure of the foot, focusing on the height of the navicular
bone, a known indicator of flatfoot, in addition to the lateral displacement and misalign-
ment of the foot skeleton. Features of the feet were extracted to predict the navicular
bone height 2 years later.

Our analysis clearly showed that the FL and IH increased, while the SHN angle and
ABD rate decreased from the overall mean, indicating strong development over the
2 years of follow-up. However, the NH rate, which constitutes the midfoot, decreased.
Reportedly, the medial longitudinal arch develops around 10 years of age [1, 2], while the
FL increases in boys and girls until 15 and 13 years of age, respectively [19]. In the pre-
sent study, FL increased, while NH showed a lower rate of increase than FL or a decrease.
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As shown in Fig. 1, the thickness of the foot is still increasing at 12 years of age as the IH
increased significantly, while the NH rate decreased significantly over the 2-year period.
In previous studies, NH increased significantly from 6 to 13 years of age; at 9 years of age,
it was 2.89 cm for boys and 2.79 cm for girls, increasing to 3.48 cm and 3.39 cm, respec-
tively, at 12 years of age [20]. In the present study, the NH decreased significantly from
3.46 cm for boys and 3.13 cm for girls at 9 and 10 years of age, respectively, to 3.21 cm
and 2.99 cm at 11 and 12 years of age, respectively. The NH at the bottom quartile of
the SHN angle at 9 and 10 years of age was 3.63 cm for boys and 3.14 cm for girls, while
the NH at the lower quartile was 3.30 cm and 3.15 cm, the NH at the upper quartile was
3.14 cm and 2.87 cm, and the NH at the top quartile was 2.79 cm and 2.79 cm, respec-
tively. In the present study, the NH increased slightly or remained the same as that in the
9-10-year-old participants. These values were almost equivalent to those found in previ-
ous studies. Although there was a difference in study design (i.e., a longitudinal study vs.
the previous cross-sectional design), it is presumed that particular factors influenced the
development. During the study period, which coincided with the COVID-19 pandemic,
elementary school students’ outings were restricted, and their physical education classes
were limited. As extracurricular sports were also not conducted, the reduction in physi-
cal activity might have had an impact on their foot measurements.

Generally, the development of children’s feet progresses in terms of both size and
height. Even with the exercise restrictions imposed owing to COVID-19, which limited
stimuli necessary for muscle and ligament development, the development of the feet
could not be halted, potentially leading to deformities. Therefore, we speculate that the
axis of midfoot development shifted inward, inducing pronation.

From these results, as shown in Fig. 2, when the SHN angle was large, i.e., when the
navicular bone (point e in Fig. 4) was far from the centerline a—b, the ABD and SHN
angles became larger, and the NH rate decreased after 2 years. In other words, it was not

Fig. 4 Outputs of the three-dimensional (3D) foot scanning system. The positions of the second toe tip (a),
heel (midpoint of the width of the calcaneal tuberosity) (b), navicular bone (c), and instep (d) were identified
as feature points using the 3D foot scanner. In the present study, five 3D foot skeletal indices were used,
including the distance from the heel to the tip of the second toe (foot length [FL: Line a-b]), height of the
navicular bone from the floor (navicular height [NH: Line cJ), distance from the floor to the highest point of
the talus head (instep height [IH: Line dJ), second toe-heel-navicular angle (SHN angle: angle made by abc),
and the distance from the center line (Line a—b) when the coordinate point of the talus head is projected
onto the floor (axis of the bone distance [ABD: Line ab-d]). The derived distance information is influenced by
the FL; therefore, normalization was performed with the distance from the heel to the tip of the second toe
as a reference (e.g., NH/FL=NH rate)
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the increase in FL that decreased the NH ratio but rather the increase in the SHN angle,
indicating an NH inversion, resulting in insufficient vertical growth of NH.

In addition, as shown in Fig. 3, when the SHN angle is larger at ages 9-10 years, the
NH is lower at ages 11-12 years than it was at ages 9-10 years. Previous studies have not
investigated the lateral displacement of the navicular bone; however, this study yielded
different results in terms of changes in NH [20]. The anatomical reasons for this increase
in the SHN angle are believed to include the relaxation of the spring ligament, which
includes the calcaneonavicular joint complex, known to be a factor in flatfoot [14]. An
increase in the SHN angle indicates an increase in the inversion of the navicular bone.

The navicular bone is connected to the medial and intermediate cuneiform bones, and
instability may occur between the first and second metatarsal bones, potentially result-
ing in greater mobility between the two metatarsal bones [21]. Therefore, flattening of
the midfoot may lead to sports injuries, hallux valgus, deformities of the heel bone, pes
planus, and other basic musculoskeletal characteristics that could lead to decreased
future walking function [3, 22, 23]. The SHN angle from this system is a useful indicator
of internal rotation of the navicular bone.

Factors predicting SHN and NH rates were derived from the SHN angle, IH, NH, and
ABD 2 years prior. Lateral displacement of the navicular bone, foot thickness, and foot
distortion are also related.

As demonstrated above, evaluation indices that assess pronation should be used rather
than focusing solely on the height of the navicular bone in relation to flat feet. This is
because both the navicular and medial cuneiform bones are involved in the development
of the midfoot in children. In other words, this study has revealed that the changes in the
midfoot of children can be evaluated using the newly developed 3D measurement indi-
ces: the SHN angle, ABD, NH, and IH.

Limitations

The foot 3D scanner developed in the present study measures the surface structure of
the foot; therefore, it does not consider the fat layer of the foot, which may influence the
measurement results to some degree. The study period included the COVID-19 pan-
demic, and there may be variability in physical activity. However, we expect our findings
to adequately reflect the impact of the suppression of physical activity on NH, providing
a predictive factor for growth 2 years later.

Conclusions

This study clarified the changes in midfoot development in children and demonstrated
the usefulness of the evaluation indicators identified in this study. The development
of the musculoskeletal and ligament functions that constitute the midfoot structure is
important in the development of the midfoot structure in children. An increase in the
SHN angle represents a state of internal rotation of the navicular bone, which may trig-
ger an increase in ABD. The midfoot plays an important role in shock absorption dur-
ing the up-and-down movement of the navicular bone. An increase in the SHN angle,
decrease in the NH rate, or increase in the ABD may all indicate a decrease in the func-
tion, or incomplete development of the muscles and ligaments, of the midfoot. This may
lead to an increase in joint diseases, such as knee osteoarthritis, in the future.
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Methods

Participants

This study was conducted between July 2019 and July 2022. The participants
included 124 individuals (67 male and 57 female) aged 9-10 years from 2019 to 2020
and 11-12 years from 2021 to 2022. Participants were recruited from an elementary
school; all students within the age range and whose parents provided consent were
initially enrolled. The following participants were excluded: individuals who could
not participate in the measurements or who had orthopedic problems such as foot
fractures.

All participants experienced a period of reduced physical activity and outings due
to the COVID-19 pandemic from 10 to 12 years of age. The self-restraint period
during the COVID-19 pandemic was as follows. The Japanese Ministry of Health,
Labour and Welfare issued a directive on February 20, 2020, for self-imposed
restrictions on going out to reduce the likelihood of infection. This was followed
by an announcement of the rapid spread of COVID-19 on March 10, 2020, and the
declaration of a state of emergency on April 8, 2020. The state of emergency was
lifted on May 25, 2020, and on May 22, 2022, the Ministry of Education, Culture,
Sports, Science and Technology announced that there was no longer an obligation to
wear masks indoors and outdoors at schools. As the skeletal structure of the midfoot
develops until 10 years of age [1, 2], the development of muscle strength and liga-
ments would presumably be affected in this participant group.

This study was approved by the Ethics Review Committee of Tohto Univer-
sity (Approval Number: R0306) and was conducted in accordance with the tenets
of the Declaration of Helsinki. Consent was obtained from the elementary school
where the experiment was conducted and from the parents of the students who were
included in the study.

Measurement methods

Our newly developed 3D measurement system was used to assess the skeletal structure
of the foot. The foot feature points were identified by a physical therapist. Figure 4 shows
the 3D reconstruction outputs of this system. The measurements were conducted using
commercially available smartphones, capturing the area around the participant’s foot.
Care was taken to ensure that the foot remained within the frame, although minor shak-
ing would not affect the analysis. The image-capturing process took approximately 10 s.
Video files were stored on a server, and the developed program was used to 3D-recon-
struct the foot and identify feature points. The spatial resolution of the system was
1.7 mm for distance and 0.1 degree for angle [17, 18]. The accuracy of the developed 3D
foot scanner is shown in the Appendix of a previous study [17].

During the measurements, the standing foot width was 22 cm for the toes and 18 cm
for the heels. To 3D-reconstruct the foot’s skeletal structure, the inner side of the foot
must also be captured, requiring a certain foot width to be set. Therefore, we experimen-
tally determined the optimal foot width for 3D reconstruction of the foot’s skeletal struc-
ture. All participants underwent measurements at school when they were aged between
9 and 10 years and again when they were aged between 11 and 12 years.
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Statistical analysis

SPSS (version 28; IBM SPSS Statistics, Armonk, NY, USA) was used to analyze the
data. The results are presented as means and standard deviations. The Shapiro—Wilk
test was performed to assess the distribution of the data, and the data were consid-
ered normally distributed at p values > 0.05.

Paired ¢-tests were used to compare the measured values with the corresponding
reference data. One-way analysis of variance with Tukey’s post hoc test was used to
analyze the measurement values of each quartile of the NH rate and the SHN angle.
Relationships between variables were explored by calculating Pearson’s correlation
coefficients. A multiple linear regression analysis was performed to predict the SHN
angle and NH rate for 11- and 12-year-old participants based on the 3D scanner
measurement results. Statistical significance was set at p values < 0.05.

The sample size was determined to be 57, assuming an effect size of 0.5, significance
level of 0.05, and power of 0.95 for the expected outcome of the NH. Assuming a
dropout rate of 30% at the 2-year follow-up, 74 participants were required.

Based on the measurement results, we calculated the detection power for FL, NH,
IH, and the SHN angle at ages 9-10 years and 11-12 years. The results showed that
the detection power for FL was 1.0, that for NH was 0.94, that for IH was 1.0, and that
for the SHN angle was 0.80, confirming sufficient detection power.

Abbreviations
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