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Objective: To investigate longitudinal changes in plantar pressure examinations and plain ra-
diographs and to assess the correlations between these two modalities in pediatric patients
with flexible flatfoot (FFF).

Methods: Pediatric patients diagnosed with FFF were analyzed in this retrospective cohort
study. Medical records were reviewed to collect data on plain radiographs and plantar pres-
sure examinations. Changes in radiographic angles and plantar pressure parameters were an-
alyzed over a follow-up period exceeding 1 year. Statistical analyses included paired t-test,
Wilcoxon signed rank test, and Spearman's correlation analysis.

Results: A total of 52 subjects was included in the plantar pressure analysis, with a mean age
of 9.9 years at the first visit and a median follow-up duration of 52 months. The lateral tar-
so-first metatarsal angle decreased by 1.3° (p<0.001) and calcaneal inclination angle in-
creased by 2.5° (p<0.001) in these patients. The percentage value of midfoot width (W) di-
vided by forefoot width (W) decreased by an average of 9.8% p (p<0.001), and the maximal
pressure on the medial midfoot (MMF) decreased by 1.6 N/cm® (p<0.001). However, no cor-
relations were found between plantar pressure and radiographic changes.

Conclusion: During follow-up of patients with FFF, the maximal pressure on the MMF and
the ratio of Wy, to W decreased in successive plantar pressure examinations. Changes ob-
served in plantar pressure and plain radiographs were not consistent, indicating that these
two testing modalities can complement each other.
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INTRODUCTION

Flatfoot is a prevalent condition among pediatric populations
and is not inherently pathological [1,2]. In previous studies,
flatfoot was more common in boys than girls, occurring in
18.5% of 11-year-old children in South Korea [1,3]. Flatfoot can
be classified into two types: rigid and flexible. The flexible type
predominates among children. Although the flexible type pre-
dominates among children, its pathophysiological mechanism
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remains uncertain, with proposed hypotheses including subtalar
joint hypermobility and muscle weakness [4]. Flexible flatfoot
(FFF) typically resolves during normal growth. However, in-
stances with persistent uncomfortable symptoms such as pain
or in which normal arch development fails to manifest during
maturation warrant consideration for therapeutic intervention
[5]. The efficacy of insoles in FFF has been a subject of debate.
In several studies, pediatric patients with FFF were followed
using plain radiographs to assess the effectiveness of corrective
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shoes. In those studies, no significant differences were observed
compared with control groups [6,7]. However, corrective foot
orthoses are widely used in clinical practice due to their low
risk of side effects, provision of pain reduction, and biomechan-
ical benefits, including correcting bone alignment and relieving
strain on ankle muscles [8-13].

Plain radiographs are commonly used in clinical practice to
assess FFF in pediatric patients. There are several studies docu-
menting the natural trajectory of FFF in pediatric populations,
and significant improvements were observed in talonavicular
coverage angle, anteroposterior tarso-first metatarsal angle, and
lateral tarso-first metatarsal angle (LTMA) during follow-up
[14,15]. Plantar pressure examination technology is increasing-
ly widespread, but the understanding of longitudinal changes
in plantar pressure remains limited. Although several studies
[16-18] have investigated the use of plantar pressure in eval-
uating FFF patients, most have been experimental, and large-
scale, long-term data on pressure changes remain limited. The
cross-sectional relationship between these two diagnostic mo-
dalities has been investigated in some studies [16,17]. However,
knowledge regarding their longitudinal correlation over ex-
tended follow-up periods is lacking. Elucidating the correlation
between changes observed in these two diagnostic assessments
could provide valuable insights for guiding clinical strategies,
particularly when selecting diagnostic tests during patient mon-
itoring.

We investigated pediatric patients diagnosed with FFF in the
present retrospective cohort study. Changes in plantar pressure
examination and lateral plain radiography over the follow-up
duration were examined to identify correlations between chang-
es detected by these two diagnostic modalities.

METHODS

This retrospective cohort study was approved by the Institution-
al Review Board (IRB) of Hanyang University Seoul Hospital
(IRB confirmation No. 2022-06-030), with a waiver of informed
consent granted. We reviewed past medical records for visit
dates, plain lateral radiographs, and plantar pressure examina-

tion results.

Participants

Data were obtained from patients aged 6-15 years [18,19] who
visited our clinic and were diagnosed with idiopathic FFF be-
tween January 2003 and February 2022. We included patients
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with records of at least two plantar pressure exams over a fol-
low-up period exceeding one year. The follow-up period was
defined based on the timing of examinations rather than timing
of visits. Diagnosis of FFF was based on comprehensive evalu-
ations including physical examinations for medial longitudinal
arch collapse and hindfoot valgus, plain radiographs, and plan-
tar pressure assessments. Patients with secondary flatfoot or
who were already using corrective shoes or insoles at their first
visit were excluded from the study. All patients included in this
study were prescribed customized therapeutic insoles with me-
dial longitudinal arch support and a medial heel wedge at our
clinic for reasons such as pain, lack of improvement, or parental

request.

Measurements

Plantar pressure examinations were conducted using the emed”®
(novel GmbH) to measure both the shape of the footprint on
the ground and the pressure applied to each grid. To assess
dynamic plantar pressure during midgait, subjects took at least
three steps before and after stepping onto the platform. They
were instructed to walk at a natural, comfortable pace without
specific speed constraints. To ensure consistent results, a min-
imum of three trials was conducted per subject. Any trials in
which the subject altered their speed or stride unnaturally were
excluded [20]. We measured the ratio of maximal width of the
midfoot (W) to width of the forefoot (W) and the peak pres-
sure of the medial midfoot (MMF) using a pedobarograph. First,
the long axis was drawn as the line passing through the origin
of the second toe and the peak pressure point of the heel. The
distance between the origin of the second toe and the tip of the
heel was divided into three equal parts, with the middle section
defined as the midfoot. The W, was defined as the longest line
drawn perpendicular to the long axis, and Wy, was the distance
between the two lines connecting the first and fifth metatarsal
heads at the intersection of the foot contour. The peak pressure
of the MMF was identified as the point of highest pressure me-
dial to the long axis within the midfoot region (Fig. 1).

Plain radiographs were obtained in a weight-bearing state
with both lower extremities extended in a neutral position. The
LTMA and calcaneal inclination angle (CIA) were measured
using the PACS (Picture Archiving and Communication Sys-
tem) program (INFINITT Healthcare; Fig. 2). The LTMA was
defined as the angle between the long axis of the talus and that
of the first metatarsus. The CIA was measured as the angle be-
tween a line drawn along the plantar surface of the calcaneus
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Peak pressure of MMF

- W

Fig. 1. Indices measured in plantar pressure examination. Wy,
width of the forefoot; MME medial midfoot; W,,;, width of the
midfoot.

Fig. 2. Radiographic measurements in plain lateral radiographs.
A, lateral tarso-first metatarsal angle; B, calcaneal inclination
angle.

and the transverse plane [21,22]. The LTMA was negative when
the first metatarsal bone was flexed dorsally relative to the ta-
lus axis, a finding consistent with FFE. To ensure consistency,
a single rehabilitation resident performed all measurements.
Previous studies have shown that LTMA and CIA exhibit strong
inter-rater and intra-rater measurement reliability [21-23]. Re-
liability tests were performed by calculating intra-rater correla-
tion coefficients (ICCs) using 20 randomly selected samples,
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with measurements performed at least two weeks apart to avoid

any bias.

Outcomes

The primary outcome was the changes in both the plantar pres-
sure test and the plain radiograph. In the plantar pressure exam-
ination, we measured the maximal W-to-Wy; ratio (W, ;W)
and peak pressure in the MME. In plain radiographs, changes
in LTMA and the CIA were evaluated. All indicator values were
measured at both the initial and final examinations for compar-
ison. Changes were calculated by subtracting the initial values
from the final values. As a secondary outcome, we assessed the
correlations between changes in plantar pressure and radio-
graphic findings in patients who had undergone at least two
lateral plantar radiographs. Radiographs were considered valid
only if obtained within one year of the corresponding plantar
pressure test date.

Statistical analysis

Data from the first and the last examinations were compared for
each patient. The normality of each variable was assessed using
the Kolmogorov-Smirnov test. The peak pressures of MMF and
Wy Wy measured from plantar pressure had non-parametric
distributions, whereas the LTMA and CIA from plain radio-
graphs followed parametric distributions. Based on our results,
pre-post comparisons were conducted using either the paired
t-test for parametric data or the Wilcoxon signed ranks test for
non-parametric data. Correlation analysis was performed using
Pearson’s correlation for parametric variables and Spearman’s
correlation for non-parametric variables. Unless stated other-
wise, statistical results are expressed as mean+standard devia-
tion with statistical significance set at p-value<0.05. Statistical
analysis was performed using IBM SPSS statistics ver. 22 (IBM
Corp.)

RESULTS

We obtained plantar pressure examination data in 104 feet of 52
individuals, of whom 25 had corresponding radiographic data
available for analysis. The demographic characteristics of the 52
subjects in the plantar pressure analysis included a mean age of
9.942.6 years at the first visit, a follow-up duration of 73.9+53.2
months (median of 52 months), and 42 males (80.8%). For the
subset of 25 subjects involved in the correlation analysis be-
tween plantar pressure and radiographic findings, the mean age



at the first visit was 10.7+2.7 years. And there was a follow-up
duration of 102.2+54.8 months (median of 111 months) be-
tween the first and last plantar pressure exams (Table 1).

The peak pressure on the MMF and W,;:Wy. decreased and
LTMA and CIA increased, indicating improvement of flatfoot
(Table 2). Peak pressure of the MMF decreased in 59 feet (56.7%),
remained unchanged in 15 (14.4%), and increased in 30 (28.8%).
Identical measurements at the initial and last follow-up exam-
inations were classified as unchanged. The measurement equip-
ment used in the study has single-digit pressure measurement
accuracy. The W,:Wy,. significantly decreased in 70 feet (67.3%),
was maintained in 4 (3.8%), and increased in 30 (28.8%).

Table 1. Demographics of participants
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The correlations among the four measured parameters were
evaluated as secondary outcomes. Simple correlation analysis
showed no significant relationship between changes in plantar
pressure and plain radiographic findings. However, a significant
correlation was observed for the two plantar pressure indices
with the peak pressure of the MMF and the W ;Wi ratio (Ta-
ble 3). Given the influence of age on the progression of flatfoot
[1,15,24], a partial correlation analysis was conducted, adjusting
for age and follow-up duration. This analysis revealed no signif-
icant correlations between any of the parameter pairs (Table 4).
Both LTMA and CIA had ICC values exceeding 0.9, reflecting

excellent reliability.

Characteristic Value
Data for pre- and post-comparison of plantar pressure (n=52)
Age at first examination (yr) 9.9+2.6
Sex, male 42(80.8)
Follow-up duration of plantar pressure (mo) 73.9453.2
Data for comparison of change in plantar pressure and plain radiograph (n=25)
Age at first examination (yr) 10.7+2.7
Sex, male 21 (84.0)
Follow-up duration of plantar pressure (mo) 102.2454.8
Follow-up duration of plain radiograph (mo) 101.8455.7
Difference between follow-up duration of plantar pressure and plain radiograph (mo) 2.8+4.6
Values are presented as meantstandard deviation or number (%).
Table 2. Changes in plantar pressure and lateral plain radiography indices
Initial visit Last visit Delta p-value
Peak pressure of MMF (N/cm®) 8.7+4.1 7.143.3 -1.6+4.3 p<0.001”
Wy Wi (%) 71.6+13.2 61.8+17.5 -9.8+15.4 p<0.001”
LTMA (°) -18.449.1 -17.147.7 1.3+7.1 p<0.001"
CIA () 13.445.9 15.9+4.7 2.5+4.0 p<0.001”

Values are presented as meantstandard deviation.

MME medial midfoot; Wy, width of the midfoot; Wy, width of the forefoot; LTMA, lateral tarso-first metatarsal angle; CIA, calcaneal inclination angle.

“Wilcoxon signed rank test.
"’Paired t-test.

Table 3. Correlations between plantar pressure and plain radiographs

ALTMA ACIA APeak pressure of the MMF AW,::Wip
ALTMA
ACIA -0.150 (0.299)
APeak pressure of the MMF 0.198(0.168) 0.104 (0.471)
AW, Wiy -0.067 (0.644) -0.49 (0.734) 0.317 (0.025)*

Values are presented as correlation coefficient (p-value).

Statistical analysis: Spearman’s correlation test was used for pairs including non-parametric variables (peak pressure of the MME W,,;, and W;.). Pearson’s

correlation test was used to compare LTMA and CIA.

LTMA, lateral tarso-first metatarsal angle; CIA, calcaneal inclination angle; MME medial midfoot; Wy, width of the midfoot; Wy, width of the forefoot.

*p<0.05.
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Table 4. Partial correlation analysis between change in plantar pressure and plain radiographs controlling for age and follow-up duration

ALTMA ACIA APeak pressure of the MMF AW, Wi
ALTMA
ACIA -0.125 (0.397)
APeak pressure of the MMF 0.179 (0.222) 0.08 (0.558)
AW, W -0.031 (0.832) -0.021 (0.885) 0.235 (0.107)

LTMA, lateral tarso-first metatarsal angle; CIA, calcaneal inclination angle; MME medial midfoot; W,,;, width of the midfoot; Wy, width of the forefoot.

DISCUSSION

Throughout the follow-up period, reductions were observed
in the maximal pressure on the MMF and the W Wy, along
with increases in the LTMA and CIA. However, significant cor-
relations were not found between indicators of plantar pressure
and variables on simple radiography.

Plantar pressure

The medial concentration of plantar pressure in flatfoot pa-
tients was described in a previous study [25]. The decrease in
maximum pressure on the MMF was significant in the subject
demographics in the present study. With an average age of 10
years at the initial visit and a median follow-up period of 51
months, an anticipated increase in body weight over time un-
derscores the importance of this finding. The observed decrease
in pressure at the maximum point despite the expected increase
in overall body weight indicates potential structural or func-
tional improvements in foot biomechanics. In a previous study
[26], notable changes were not observed in the average midfoot
pressure or the ratio of midfoot pressure to total foot pressure
over a mean follow-up period of 15 months. However, in the
present study, we prioritized the identification of the region
with the highest pressure in the MMF rather than assessing
average pressure. This distinction is crucial because, even if the
average midfoot pressure remains modest, other regions with
focused pressure may experience discomfort or symptomatic
manifestations. However, further empirical studies are needed
to determine pressure thresholds that correlate with symptom-
atic presentation or prognostic outcomes in flatfoot patients.
Furthermore, the Chippaux-Smirak index has low sensitivity
for flatfoot [27]. In the present study, we focused on the maxi-
mum length of the midfoot instead of the minimum length to
enhance sensitivity in identifying changes of test results during
follow-up examinations. However, our results showed a de-
gree of change comparable with previous studies utilizing the
Chippaux- Smirak index [9]. The use of length ratios offers the
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advantage of broad clinical applicability because it circumvents

the necessity for specialized pressure testing equipment.

Simple radiograph

In a previous study [15] examining the radiological progres-
sion of flatfoot, decrease in the LTMA was noted and the CIA
remained unchanged. In another study [6] that included 31 in-
dividuals 10-11 years of age and an average follow-up period of
4 years with demographics similar to those in the present study,
significant reductions in both the LTMA and the CIA were ob-
served. The amount of change observed was also comparable to
that in the present investigation. However, critical evaluation of
the clinical significance of a 1°-3° alteration in angle is impera-
tive. The LTMA and CIA are known to have good interobserver
and intraobserver reliability [21-23]. However, the minimal
clinically important difference (MCID) for these measurements
has not yet been established. Additionally, studies remain in-
conclusive regarding LTMA and CIA cut-off values that reliably
differentiate between symptomatic and asymptomatic flatfoot.
A study of 28 young male soldiers [28] found mean LTMA val-
ues of 13.0 in symptomatic feet and 8.0 in asymptomatic feet, a
significant difference. The mean CIA values were 10.8 and 12.5,
respectively, also a significant difference. In contrast, another
study of 135 flatfoot patients with an average age of 11 years [29],
found no significant differences in LTMA and CIA between
asymptomatic feet and symptomatic feet when treated conser-
vatively. However, in patients who eventually required surgery,
LTMA and CIA showed significant differences compared to
those who did not need surgery. When the angle is extreme,
symptoms are likely to be severe. However, due to the lack of
consensus on a standard cutoff value or an MCID to predict
symptom changes, clinicians should approach the subject with
caution. In a study of 300 normal young adult Korean men [30],
the reference value of LTMA was 0°£6.9°, and that of CIA was
23.9°£5°.



Correlations between plantar pressure and simple
radiographs

There is limited knowledge about the longitudinal follow-up
of flatfoot patients, particularly regarding the correlations be-
tween plantar pressure patterns and radiographic changes. In
a cross-sectional study [17], associations were reported among
MMEF pressure, the LTMA, and the CIA, which is intuitively
reasonable. However, the correlations between plantar pressure
dynamics and radiographic changes over long-term follow-up
were not significant in the present study. This indicates that
dynamic biomechanical characteristics elucidated through
plantar pressure analysis, specifically the distribution of pres-
sure between the foot and the ground, cannot be inferred only
from the osseous alignment shown in simple radiographs. The
changes in angles measured on plain radiographs, typically 1°-
3°, prompt questions regarding clinical significance, contrasting
with more significant changes observed in plantar pressure
examinations. Consequently, integrating plantar pressure exam-
inations with traditional radiographic assessment offers a more
comprehensive understanding of patient condition, providing
objective insights into the dynamic functional aspects of flatfoot
pathology.

Limitations

There are several limitations in this study. First, despite lever-
aging a longitudinal database spanning two decades, data were
obtainable for only 50 individuals. However, relative to analo-
gous investigations in the literature, this sample size is compar-
atively robust. Second, the generalizability of the study findings
to the broader population of flatfoot patients may be limited.
We included pediatric patients with FFF who had a follow-up
duration longer than 12 months and including plantar pressure
examination. All patients in this study received therapeutic
insoles as part of their treatment, though the specific reasons
for these prescriptions were not documented. The extended
follow-up period and consistent use of insoles suggest that the
study population may represent a more severe cohort of FFF
patients compared to the general FFF population. Nonetheless,
given the high prevalence of flatfoot among children and the
spontaneous resolution observed in many cases without inter-
vention, the findings of this study remain clinically significant.
Third, total pressure and body weight were not accounted for
when analyzing the pressure of the MME Since MMF pressure
is influenced by body weight [1,14], it would have been ideal
to normalize this value by dividing it by total pressure or body
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weight. However, due to incomplete data, particularly from old-
er records with poor data storage conditions, these parameters
were often unavailable. As an alternative, we focused on the
change in pressure over time. A reduction in absolute pressure
was observed during follow-up, which is a significant find-
ing considering the age range of the participants, where body
weight typically remains stable or increases over time. Last,
not all patients underwent plantar pressure examination and
radiographic evaluation on the same day. Discrepancies in the
timing of these examinations and follow-up durations occurred
due to various clinical circumstances including laboratory or
patient scheduling conflicts. In some cases, both examinations
were completed at early visits, but only plain radiographs were
used for long-term follow-up as FFF gradually improved. To
minimize these discrepancies, we only considered radiographs
obtained within one year of the plantar pressure test. Conse-
quently, the average difference in test dates between the two ex-
ams was 2.8 months. For reference, one study [15] reported that
LTMA improved by 0.7 degrees per year in patients younger
than 15 years with FFE

Conclusions

Pediatric patients with FFF who used therapeutic insoles
showed improvements in both plantar pressure analysis and
plain radiographs. However, distinct patterns of change in
plantar pressure were found compared with plain radiographs
in FFF patients, underscoring the complementary nature of the
two diagnostic modalities. To achieve a comprehensive under-
standing of flatfoot pathology, we advocate for the integration of
static assessments of bone alignment through simple radiograph
and dynamic evaluations of the forces interacting between the
foot and the ground using plantar pressure examination.
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