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Abstract
Introduction. Flexible flatfoot is a recognised risk factor for lower extremity injuries. This study aimed to compare changes in
the medial longitudinal arch (MLA) between a strengthening exercise group (EG) and a foot orthoses group (FOG).
Methods. Thirty-eight healthy participants with bilateral flexible flatfoot were randomly assigned to either the EG or the FOG
(n =19 per group). The EG performed exercises 5 days a week, while the FOG wore foot orthoses for more than five hours daily.
Measurements of navicular drop, arch height index (AHI), plantar pressure, static balance, dynamic balance, and lower extremity
muscle strength were taken at baseline, 4 weeks, and 8 weeks.
Results. Both groups significantly improved in most measures at 4 and 8 weeks compared to baseline. At 8 weeks, the EG
demonstrated substantially greater improvements in navicular drop (p < 0.001, d = 1.542) and AHI (p < 0.001, d = —1.286) than
the FOG. The EG also exhibited significantly better improvements than the FOG in static balance in the anteroposterior direc-
tion (p = 0.027, d = 0.517), dynamic balance in the medial (p = 0.049, d = -0.460) and lateral directions (p = 0.017, d = -0.562),
and lower extremity muscle strength (p < 0.05, d = -0.755 and -1.109, r = 0.473).
Conclusions. Lower-extremity exercise proved more effective than foot orthoses in enhancing the MLA and improving balance

in individuals with flexible flatfoot.
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Introduction

Flatfoot, or pes planus, is a foot condition characterised by
partial or complete collapse of the medial longitudinal arch
(MLA) [1] and is categorised into rigid and flexible flatfoot
types based on MLA preservation in non-weight-bearing con-
ditions [2]. Individuals with flatfoot frequently experience
a higher incidence of lower extremity discomfort and injuries
compared to those with a normal arch foot [3]. Studies have
demonstrated that, compared to individuals with a normal
arch foot, those with flatfoot exhibit poorer postural control
[4] and less stability during single-limb standing [5].

To address the issue of MLA collapse in individuals with
flatfoot, two commonly employed methods are foot orthoses
and lower-extremity strengthening exercises. Foot orthoses,
whether custom-made or prefabricated, are typically placed
on the medial plantar side of the shoe to reduce MLA col-
lapse and control excessive foot pronation [6]. Various foot
orthoses designs have been studied, but they yield different
findings regarding their beneficial effects for individuals with
flexible flatfoot. A meta-analysis showed that foot orthoses
with arch support and neutral rearfoot posting had no signifi-
cant impact on controlling excessive foot pronation [7]. An
effective foot orthotic feature that reduces excessive foot
pronation should be positioned at the medial forefoot and
medial rearfoot [7].

Lower-extremity exercise strengthens the intrinsic and
extrinsic foot muscles that support the MLA. The intrinsic foot
muscles that play crucial roles in MLA stability include the ab-

ductor hallucis [8] and the flexor hallucis brevis [9], while the
extrinsic foot muscle that contributes to MLA support is the
tibialis posterior [10]. However, recent studies emphasise
the importance of considering biomechanical linkages of the
lower extremity in closed-kinetic chain activities. In this con-
text, combined strengthening exercises that target the in-
trinsic and extrinsic foot muscles alongside proximal lower
extremity muscles, such as the gluteus medius, have resulted
in better improvements in MLA support than solely focusing
on foot muscle exercises [11, 12]. A previous study demon-
strated the association between gluteus medius muscle ac-
tivity and abductor hallucis muscle activity in maintaining the
MLA [13].

The current literature cannot definitively establish the su-
periority of foot orthoses or exercise interventions as they
mostly compare foot orthoses to a combination of exercise
and foot orthoses or exercise alone to a combination of foot
orthoses and exercise. Studies directly comparing foot or-
thoses to exercise are limited. For instance, one study sug-
gests that combining foot orthoses with intrinsic foot muscle
exercises can increase the cross-sectional area of foot mus-
cles that support the MLA more than using foot orthoses
alone [14]. However, a recent study found no significant dif-
ference in MLA height between those using foot orthoses alone
and those implementing intrinsic foot muscle exercises and
foot orthoses [6]. Similarly, conflicting results arise when di-
rectly comparing exercise interventions to the use of foot or-
thoses, with one study finding no significant difference in MLA
height [15], while another demonstrated greater MLA improve-
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ment with intrinsic foot exercises compared to foot orthoses
[16]. The inconsistency in these results may be attributed to
the diversity of foot orthoses and exercise designs employed
across these studies. Furthermore, previous studies also noted
insufficient reporting on the detailed design of foot orthoses.
To date, the effectiveness of foot orthoses with medial fore-
foot and medial rearfoot wedges, recommended by a meta-
analysis, in individuals with flexible flatfoot has not been com-
pared to lower-extremity strengthening exercises targeting
intrinsic foot, extrinsic foot, and gluteus medius muscles.
The primary aim of this study was to compare the effects
of lower-extremity strengthening exercises and foot orthoses
on MLA stability indicators, including navicular drop and arch
height index (AHI) [17, 18]. Additionally, plantar pressure, static
balance, and dynamic balance were also assessed. We hy-
pothesised that lower-extremity strengthening exercise re-
sults in more significant improvements in these parameters
compared to foot orthoses. The findings would provide in-
sights into choosing between foot orthoses and lower-extremity
strengthening exercises for individuals with flexible flatfoot.

Subjects and methods
Participants

Participants were recruited at a physical therapy clinic
between December 2022 and April 2023 through posters,
direct contact, and social media channels. The inclusion crite-
ria comprised age 18 to 39 years, since older age has been
associated with a higher risk of falls [19], flexible flatfoot in
both feet, a normal body mass index (18.5-22.9 kg/m?), and
ankle dorsiflexion range of motion of at least 10° [20]. Flat-

foot was defined as a navicular drop equal to or greater than
10 mm [21]. Exclusion criteria included pain in the lower ex-
tremities, prior lower extremity surgery, history of accidents or
trauma in the lower extremities, lower extremity deformities,
signs of neurological deficit in the lower extremities, scoliosis,
and pregnancy.

Interventions

Participants who met the inclusion criteria were randomly
assigned to the lower-extremity strengthening exercise group
(EG) or the foot orthoses group (FOG) (Figure 1). Prior to the
study, participants were informed that it included two group
allocations, and due to the nature of the interventions, they
were aware of their group allocation as it was not feasible to
blind them from the intervention they received.

Outcomes were assessed at baseline in the following se-
quence: navicular drop, AHI, plantar pressure, static balance,
dynamic balance, and muscle strength. Next, participants
were familiarised with the exercises (EG) or foot orthoses
(FOQG) to ensure that they understood their assigned interven-
tion and could follow it correctly. Both groups underwent an
8-week intervention, which was found to provide a sufficient
duration for alterations in foot outcomes to occur from both
interventions [6, 11]. All outcome measurements were repeat-
ed at four and 8 weeks. Throughout the study, both groups
were asked to refrain from starting new lower-extremity exer-
cises (other than those used in this study). A logbook was
provided to all participants to record their compliance with
the assigned intervention.

The EG group were instructed to perform an exercise pro-
gram shown to improve the MLA to be performed for 5 days
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per week over an 8-week period and were given a pamphlet
explaining the exercises. The exercises included foot and hip
exercises (detailed in Table 1). The participants began exer-
cises at an intensity level corresponding to their baseline
muscle strength.

Participants in the FOG received a pair of adjustable san-
dals with 3.5 mm thick full-foot orthoses made of natural latex
foam. These orthoses included two polyurethane wedges
with a hardness of 40 shore A, which were placed on the me-
dial forefoot and rearfoot as suggested by a meta-analysis
(Figure 2) [7]. The configuration of these wedges was deter-
mined based on measurements of forefoot and rearfoot varus
angles obtained from digital photographs taken while partici-

pants were in a prone position [22]. The medial forefoot wedge
was set at 60 % of the forefoot varus angle, and the medial
rearfoot wedge was set at 20 % of the rearfoot varus angle,
with both wedges allowing for a maximum posting of 8° [23,
24]. Participants were instructed to wear these foot orthoses
while weight bearing on their feet for at least five hours daily
during daytime (6 am to 6 pm). This wearing duration aligns
with the range reported for alterations in plantar pressure dis-
tribution and postural stability observed after applying foot
orthoses for 6 weeks [6].

Two physical therapists were involved in the study, with
one unaware of group allocations conducting evaluations of
demographic information and outcome measures. The other

Table 1. Lower extremity exercise protocol and progressions

Exercise

Frequency

Details

1. Foot adduction exercise
with elastic band

30 repetitions/set
3 sets/day
1-minute rest
between sets

Starting: Participants sat barefoot on a chair with the medial aspect of the exercised
foot wrapped by an elastic band aligned at 45° from the floor.

Procedure: Participants adducted the foot against the elastic band while keeping the
heel and toes in contact with the floor. The band extended approximately 15 cm from
its initial length. Then, they gradually moved their foot back to the starting position.

Progression: Upon the participants’ ability to execute the exercise without experiencing
soreness for 1-3 days, they received a new elastic band with higher resistance.

2. Foot supination exercise

30 repetitions/set
3 sets/day
1-minute rest
between sets

Procedure: Participants stood with their lateral foot (3™ to 5" toes) on the edge of
a stair step and maintained the foot in supination for 3 s for each repetition.

Progression: None. Participants used the same protocol throughout the 8 weeks.

3. Short foot exercise

10 repetitions/set
3 sets/day
45-second rest
between sets

Starting: Participants placed the exercising foot on the floor in a starting position
that corresponded to their progression (below).

Procedure: Participants first placed their foot on the floor. Next, they drew their
metatarsal heads towards the heel and held this position for 5 s without
curling their toes.

Progression: Progression increased to the next stage when the participants could
execute the exercise without experiencing soreness for 1-3 days.

1: Sitting.

2: Standing double-leg stance.

3: Standing single-leg stance.

4. Gluteus medius exercise
(clamshell exercise)

10 repetitions/day
10-second rest
between
repetitions

Starting: Each participant laid down on their side with hips flexed at 45°, knees flexed,
and feet together. The top leg performed the movement.

Procedure: Participants externally rotated the top hip by moving the knees apart while
keeping the feet together. They held the position for 5 s.

Progression: Progression increased to the next stage when the participants could
execute the exercise without soreness for 1-3 days.

1: Participants moved the upper foot away from the bottom foot by internally rotating
the top hip while keeping the knees together.

2: Participants held the upper thigh parallel to the ground and internally rotated the
upper foot by lifting it towards the ceiling.

3: Participants fully extended the top hip, held it parallel to the ground, and internally
rotated the top foot by moving it toward the ceiling.

Figure 2. Foot orthoses with medial forefoot and rearfoot wedges
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therapist was assigned to fit the foot orthoses, instruct par-
ticipants in exercise routines, and maintain regular weekly
contact with participants via video call to guide exercise pro-
gression.

Outcome measures

Two primary and four secondary outcomes were meas-
ured. Before commencing the main study, a pilot study was
conducted to test the intra-rater reliability of all measure-
ments. The assessor reported excellent intra-rater reliability,
with the intraclass correlation coefficient (ICC) ranging from
0.75 to 0.99 for all measurements.

Primary outcomes

The navicular drop was recorded as the difference in na-
vicular height while participants stood barefoot with the sub-
talar joint positioned in both neutral and relaxed positions [25].
The subtalar joint neutral position was achieved by instruct-
ing participants to perform supination and pronation of each
foot until an assessor could equally palpate the medial and
lateral talar heads. A ruler was then used to measure the verti-
cal distance from the most prominent palpable portion of the
navicular tuberosity to the ground. Each foot measurement
was conducted twice, and the average value was used for
data analysis. This measurement has demonstrated excel-
lent reliability (ICC > 0.90) and good correlation with footprint
parameters (r > 0.60) [26]. In our study, excellent intra-rater reli-
ability was established before commencing the experiment
(ICCs2 = 0.97; standard error of the mean [SEM] = 0.34 mm).
A higher navicular drop corresponds to poorer MLA stability [17].

AHI serves as an index of the MLA height, with a higher
AHI corresponding to increased MLA height [18]. Participants
stood on a block with one foot positioned in front of the other.
Animage was captured with a camera positioned 55 cm later-
ally from the foot, focusing on the navicular tuberosity. The AHI
was calculated using Adobe Photoshop CC 2018 (Adobe Inc.,
San Jose, CA) by measuring the ratio of dorsum height at 50%
of the foot length to the distance between the first metatar-
sophalangeal joint and the posterior heel [27]. The average
value obtained from two AHI measurements was used for
analysis. This measurement has demonstrated excellent intra-
rater reliability (ICC = 0.93) and high validity with radiography
(ICC = 0.84) [28]. In our study, excellent intra-rater reliability
was established before commencing the experiment (ICCys, =
0.99 and SEM = 0.03).

Secondary outcomes

Plantar pressure was measured by the DIERS Pedoscan
plate pressure (DIERS International GmbH, Schlangenbad,
Germany) [15]. Participants stood barefoot with equal weight
distribution on both feet at shoulder-width apart for 30 s while
fixing their gaze straight ahead at a mark on the wall [16].
Pressure measurements were obtained from five regions,
including the medial forefoot, lateral forefoot, midfoot, medial
rearfoot, and lateral rearfoot. This procedure was repeated
three times on each foot, with a 60-second interval between
each repetition, and the mean value across the three attempts
was used for analysis. The intra-rater reliability of this meas-
urement was found to be excellent in this study (ICC 3 =
0.96 to 0.97).

Static balance was measured by the DIERS Pedoscan
Plate (DIERS International GmbH, Schlangenbad, Germany)
[29]. Participants stood on one foot with their eyes closed,

hands on the iliac crests, and the opposite knee flexed at 90°
[30]. Displacement from the centre of pressure of the stand-
ing leg was measured in the anteroposterior and mediolateral
directions [31]. Starting with the left, each leg was tested for
three trials, each lasting 10 s, with a 60-second rest interval
between trials [4]. The trial was repeated under the following
conditions: contact of the non-standing foot with the floor,
elevation of the standing leg from the ground, eyes opened, or
either hand departing from the iliac crests [4]. The intra-rater
reliability of this measurement was found to be excellent in
this study (lCC(svs) =0.75to0 0.86).

Dynamic balance was assessed by a modified Star Excur-
sion Balance Test of anterior, posterior, medial, and lateral
directions [32]. Four tape measures, 150 cm each, were placed
on the floor to form a cross shape. Participants stood at the
centre of the cross, facing the anterior measuring tape, rep-
resenting zero cm in all four directions (anterior, posterior,
medial, and lateral). Starting with the left leg, participants ex-
tended as far as possible so that their big toe lightly touched
one measuring tape at a time. The distance reached on each
tape was expressed as a percentage of their leg length (from
the anterior superior iliac spine to the medial malleolus) [32].
Half of the participants were randomised to touch each tape
in a clockwise direction and the other half in a counterclock-
wise direction. A repetition of the test was required if the ex-
tending leg bore weight while in contact with the tape, lost
contact with the tape for a minimum of 1 s, or if the standing
leg lifted off the ground. The intra-rater reliability of this meas-
urement was found to be excellent in this study (ICC3 3= 0.85
to 0.99).

Tibialis posterior, flexor hallucis brevis and gluteus medius
muscle strength was measured using a handheld dynamom-
eter (Jtech Medical Industries, Inc., UT, USA) following the
standard manual muscle testing protocol [33]. To evaluate
tibialis posterior strength, participants adopted a side-lying
position on the tested side with the knee slightly flexed and
the ankle positioned over the end of a table, ensuring a neu-
tral alignment of the foot and ankle. An assessor stabilised the
lower leg proximal to the ankle joint while applying resistance
to foot inversion and plantarflexion along the medial border
of the forefoot. For assessment of the flexor hallucis brevis
muscle, participants were positioned supine with hips, knees,
ankles, and toes maintained in a neutral position. An assessor
stabilised the metatarsals while applying resistance to flexion
of the metatarsophalangeal joint of the great toe. For testing
of the gluteus medius muscle, participants were placed in a
side-lying position with the non-tested leg flexed at the hip
and knee to stabilise the trunk. The tested leg, on top, was in
slight hip extension and neutral rotation, and participants per-
formed hip abduction while avoiding hip flexion, hip internal
rotation, and hip elevation. An assessor stabilised the anterior
superior iliac spine while providing resistance to hip abduc-
tion on the lateral aspect of the thigh proximal to the knee.
For all tests, the mean of three measurements was used for
analysis. This study found excellent intra-rater reliability for
these measurements (ICCys 5 of 0.85 to 0.97).

Sample size

The sample size was determined using SPSS version 28.0
(IBM Corp., NY, USA) to identify a difference of 1.5 mm in na-
vicular drop between the EG and FOG. The calculation used
a statistical power of 0.85, a significance level of 0.05, and
a potential dropout rate of 10 %. Based on an observed stand-
ard deviation of 1.4 mm from previous work [16], the current
study required a sample size of 19 participants in each group.
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Randomisation, concealment, and blinding

The study used a randomised, single-blind, prospective
design, following the CONSORT flow diagram (Figure 1).
Randomisation into either the EG or FOG employed a 1:1 al-
location ratio using a computer-generated block randomi-
sation table. The allocation process involved sequentially
numbering and concealing assignments within opaque sealed
envelopes to ensure outcome assessor blinding, and were
revealed immediately before intervention.

Statistical analyses

Data were expressed as mean + standard deviation, with
the Shapiro-Wilk test assessing data normality. A two-way
mixed analysis of variance (ANOVA) evaluated normally dis-
tributed data by comparing differences in each outcome
measure between groups over time (baseline, 4 weeks, and
8 weeks). If significant interaction effects were detected, post
hoc analyses with pairwise comparisons were conducted.
For non-normal distributions, between-group and within-
group comparisons were analysed separately. For within-
group comparisons across time, the Friedman two-way ANOVA
followed by pairwise comparisons was used to identify sig-
nificant pairs. Baseline demographic variables and outcomes

between the two groups were compared using an independ-
ent samples t-test or the Mann-Whitney U-test when the data
did not conform to normality. The effect size index was calcu-
lated as Cohen’s d for normally distributed data and the rank-
biserial correlation coefficient (r = Z/JN) for non-normally
distributed data. Data analysis was performed using SPSS
version 28.0 (IBM Corp., NY, USA), with a significance level
of p < 0.05.

Results

Thirty-eight participants completed the 8-week study,
with no dropouts or adverse events reported. Some data were
not normally distributed, as indicated in the tables. Within
each group, no significant differences were observed be-
tween the left and right feet at baseline for any outcome meas-
ures. Therefore, data from both feet within each group were
pooled for analysis. No significant between-group differences
were found in baseline demographic characteristics (Table 2).
Compliance level was excellent, with the EG demonstrating
a mean of 35.5 + 2.5 days (range = 32 to 40) out of the as-
signed 40 days and the FOG exhibiting compliance of 5.2 + 1.0
hours per day (range = 4 to 7.5) out of the designated five hours.

Tables 3 and 4 show all outcome measure data, with sig-
nificant interactions between group and time observed for all

Table 2. Demographic characteristics of participants in each group. Data from both feet were combined

Variables FOOt(:':h;; (fa:e%roup E(); e;csse fge;ot;Jp p-value Effect size
Sex (M/F) 9/10 11/8
Age (yrs) 30.47 + 4.89 28.42 + 5.05 0.076
BMI (kg/m?) 20.57 +1.15 20.72 + 1.04 0.576
Height (cm) 168.30 + 5.50 167.05 + 6.81 0.377
Weight (kg) 58.38 + 5.68 57.98 + 6.61 0.778
Navicular drop (mm)® 12.25 + 0.90 12.01 +1.06 0.242 r=-0.134
AHI 0.302 + 0.007 0.305 + 0.009 0.117 =-0.363
Forefoot angle (degrees) 11.89 + 4.11 12.60 + 4.42 0.470
Rearfoot angle (degrees) 7.79 +2.35 7.66 +2.21 0.814
Plantar pressure (kPa)
medial forefoot 54.47 + 8.41 53.46 + 9.95 0.632 d=0.110
lateral forefoot 51.41 £ 9.51 54.48 + 9.97 0.173 d=-0.333
midfoot 25.21 £ 8.42 26.31 + 8.17 0.565 d=-0.132
medial rearfoot 110.35 + 16.16 109.10 + 14.83 0.725 d =0.081
lateral rearfoot* 108.63 + 18.82 111.55 + 17.08 0.140 r=0.169
Static balance
anteroposterior displacement (cm) 6.11 +1.72 6.24 +1.39 0.722 d=-0.082
mediolateral displacement (cm)® 451 £1.75 4.57 +£1.42 0.644 r=0.053
Dynamic balance (distance/leg length) x 100%
anterior 68.52 + 4.82 67.70 + 6.11 0.521 d=0.148
posterior® 99.31 £ 6.23 101.30 + 6.02 0.296 r=0.119
medial 63.81 + 4.82 65.27 + 7.03 0.296 d=-0.241
lateral 69.41 + 4.37 68.68 + 4.57 0.483 d=0.162
Muscle strength (N)
tibialis posterior® 59.81 + 8.08 60.50 + 8.80 0.515 r=0.074
flexor hallucis brevis® 24.69 + 4.46 25.96 + 4.57 0.139 r=0.170
gluteus medius 114.06 + 10.55 112.84 £ 11.18 0.643 d=0.107

BMI — body mass index, AHI — arch height index

Ythese outcomes exhibited non-normal distribution, and the Mann-Whitney U-test was used for their analysis
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Table 3. Outcomes of foot orthoses and exercise groups by intervention and time, and comparisons between foot alignment
and plantar pressure (foot orthoses [n = 38 feet] and exercise [n = 38 feet])

Mean + SD p-value of between-group comparison
O CETES Group Besaline within-group comparison mean difference (exercise — orthoses) (95% Cl)
4 weeks 8 weeks 4 weeks effect size 8 weeks effect size
Navicular | foot orthoses | 12.25 + 0.90 10.18 + 0.96** 7.96 + 0.87*%# 0.001* d=0.785 < 0.001f d= 1542
drop (mm) | exercise” 12.01 +1.06 9.39 + 1.04** 6.53 + 0.96**# -0.79 (-1.25, -0.33) e -1.42 (-1.84,-1.00) | =
x ok, + i
AHI foot o.rthoses 0.302 +0.007 | 0.318 +0.007 0.333 + 0.006 ) 0.008 d = -0.621 < 0.001 d=—1.086
exercise 0.305 +0.009 | 0.323 +0.007** | 0.344 + 0.010*** [-0.005 (0.001, 0.008) 0.011 (0.007, 0.015)
Plantar pressure (kPa)
medial foot orthoses | 54.47 + 8.41 49.71 £ 11.91* 46.02 + 13.09**# 0.795° r = —0.030 0.523° r e —0.073
forefoot | exercise 53.46 + 9.95 48.48 + 10.89* | 43.97 £ 11.72*# | —1.22 (-6.44, 4.00) o —2.05(-7.73,3.62) |~
lateral foot orthoses | 51.41 +9.51 57.67 £ 13.32** | 60.58 + 13.60*** 0.565 d=—-0.133 0.530 d=—-0.145
forefoot | exercise 54.48 + 9.97 59.31 + 11.31** | 62.47 + 12.50*** 1.64 (—4.01, 7.30) e 1.89 (—4.08, 7.86) e
foot orthoses | 25.21 + 8.42 24.39 + 8.06 24.88 +8.48 0.358 0.665
midfoot d=-0.212 d=-0.100
! exercise 26.31 +8.17 26.10 + 8.12 25.69 + 7.63 1.71 (-1.98, 5.41) 0.80 (—2.88, 4.49)
medial foot orthoses | 110.35 + 16.16 | 106.55 + 19.18* 97.59 + 22.92**# 0.495 d= 0157 0.618 d=0.115
rearfoot | exercise 109.10 + 14.83 | 103.78 + 15.88** | 95.10 + 20.34*** | —2.77 (-10.82, 5.28) e —2.48 (-12.39,7.42) |~
lateral foot orthoses | 108.63 + 18.82 | 114.47 £ 20.30** | 117.67 + 21.97*# 0.527 0= —0.146 0.619 de—0114
rearfoot | exercise” 111.55+17.08 | 117.32 £ 18.76* | 119.96 + 17.91** 2.85 (-6.08, 11.78) e 2.30 (-6.87, 11.45) e
AHI — arch height index

* significant within group compared to baseline (p < 0.05), ** significant within group compared to baseline (p < 0.001)
# significant within-group between 4 and 8 weeks (p < 0.05), T significant between groups (p < 0.05)
"9 these outcomes exhibited non-normal distribution: * Friedman two-way ANOVA and ® Mann-Whitney U-test

Table 4. Outcomes of foot orthoses and exercise groups by intervention and time, and comparisons between balance
and muscle strength (foot orthoses [n = 38 feet] and exercise [n = 38 feet])

Mean + SD p-value of between-group comparison
O CETES Group Eesaling within-group comparison mean difference (exercise — orthoses) (95% Cl)
4 weeks 8 weeks 4 weeks | effect size | 8 weeks effect size
Static balance
AP displace- | foot orthoses 6.11+1.72 5.26 £ 1.29* 4.75 £ 1.07*# 0.0297 d0512 0.0277 d=0517
ment (cm) | exercise 6.24 +1.39 4.68 + 0.90** 4.26 +0.80"* |-0.57 (-1.08,-0.06)| -0.49 (-0.92,-0.05) | =
ML displace- | foot orthoses” 451+1.75 3.77 £1.13* 3.51 +1.06™ 0.860 o = —0.041 0.172° e _0.156
ment (cm) exercise” 4.57 +£1.42 3.81 £ 0.95* 3.14 £ 0.87*# 0.42 (-0.43, 0.52) - —0.36 (-0.80, 0.08) -
Dynamic balance (distance/leg length) x 100%
foot orthoses | 68.52 + 4.82 70.96 + 5.0 72.82 +5.08# 0.204 0.127
teri =-0.294 =-0.354
anterior | oxercise 67.70+6.11 | 72.51 + 553 7490 + 651+ | 1.55(-0.85,3.95) | ¢~ 02| 207 (060, 474) |90
osterior foot orthoses | 99.31 +6.23 | 102.42 + 5.65™* 104.89 + 6.11*# 0.021* 0540 0.059° 0217
P exercise” 101.30 +6.02 | 105.52 + 5.83** 108.63 + 8.20™* 3.10 (0.47,5.73) e 3.73 (0.43, 7.04) e
foot orthoses | 63.81 + 4.82 66.44 + 4.28** 68.13 + 4.77*%# 0.255° 0.0497
dial =0.130 d=-0.460
medial | exercise® 65.27+7.03 | 68.40 +5.97* 70.74 + 6.46"¢ | 1.96 (-0.42,4.33) | 2.61(0.01, 5.21)
foot orthoses | 69.41 + 4.37 71.71 £ 3.75" 73.22 + 419" * 0.330 0.017f
lateral d=-0.225 d=-0.562
atera exercise 68.68 +4.57 | 72.70 + 4.96% 76.35+ 6,63 | 0.99 (-1.02, 3.00) 3.12 (0.58, 5.66)
Muscle strength (N)
tibialis foot orthoses’ | 59.81 + 8.08 59.27 £+ 7.17 60.47 + 7.53* 0.009f 0616 <0.001tv 20473
posterior | exercise 60.50 + 8.80 64.30 + 9.05** 67.36 + 7.92*%# 5.03 (1.30, 8.76) e 6.90 (3.36, 10.42) e
flexor .
hallucis foot orthoses’ | 24.69 + 4.46 26.25 +4.28 28.58 + 4.50*** 0.004"v - 0.328 0.002f d=-0755
brevis exercise 25.96 + 4.57 29.11 +4.78* 32.06 + 4.71*%# 2.86 (0.78, 4.93) e 3.48 (1.37, 5.58) e
gluteus foot orthoses | 114.06 + 10.55 | 113.38 + 10.62 113.84 + 10.26 0.028"v r - 0.252 < 0.0017 1109
medius exercise 112.84 + 11.18 | 118.94 £ 11.07*** | 126.76 + 12.89*** | 5.55 (0.59, 10.51) e 12.92 (7.60, 18.25) o

AP — anteroposterior, MP — mediolateral
* significant within-group compared to baseline (p < 0.05), ** significant within-group compared to baseline (p < 0.001)
# significant within-group between 4 and 8 weeks (p < 0.05), T significant between groups (p < 0.05)
%% these outcomes exhibited non-normal distribution: ¥ Friedman two-way ANOVA and ® Mann-Whitney U-test
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outcomes except plantar pressure. Post hoc analyses re-
vealed significant improvements from baseline in most out-
come measures for the EG and the FOG at 4 and 8 weeks,
except for plantar pressure in the midfoot region. Notably,
there were no significant changes in the strength of the glu-
teus medius muscle in the FOG.

Comparing the EG to the FOG, the EG showed greater
improvements in navicular drop, AHI, static balance in the an-
teroposterior direction, and strength of the tibialis posterior,
flexor hallucis brevis, and gluteus medius muscles at the
4-week and 8-week measurements. Significant between-
group differences were found for dynamic balance in the me-
dial and lateral directions after 8 weeks of the intervention.

Discussion

Strengthening exercises targeting the lower extremities
were more effective in enhancing the condition of flexible flat-
foot in healthy adults compared to foot orthoses. The EG ex-
hibited significantly greater improvements in navicular drop,
AHI, static balance, and lower extremity muscle strength than
the foot orthoses group at four and 8 weeks. The improve-
ments from baseline were evident within each group after 4
and 8 weeks of intervention, with significant differences also
observed between the 4-week and 8-week time points in
many outcomes.

The reductions in navicular drop and increases in AHI in
both study groups support the effectiveness of exercise and
foot orthoses in preserving the MLA during weight bearing. At
8 weeks, both outcomes progressively approached the range
typically reported in a normal arch foot (i.e., a navicular drop
of 5to 9 mm [30] and an AHI of approximately 0.34) [18, 27,
34]. In the EG, the reduction in navicular drop by 5.5 mm
closely aligns with findings from previous studies that exer-
cised gluteal and foot muscles for 6 to 8 weeks [11, 12].
With the repeated contraction of muscles that control the MLA
in the EG, it is postulated that the muscular sensorimotor
system might be activated, resulting in improved subtalar joint
control, which prevents MLA collapse during weight bearing
[35]. The greater reduction in navicular drop in the EG is con-
sistent with a previous study demonstrating an improved na-
vicular drop among those performing short foot exercises
over those using foot orthoses for 5 weeks [16]. These results
suggest that exercise is more effective than foot orthoses
in aligning the tarsal bones to maintain the MLA during weight
bearing in barefoot conditions.

In addition to improved MLA height, alterations in plantar
pressure were observed compared to the baseline measure-
ments. The EG and FOG exhibited reductions in forefoot and
rearfoot pressure in the medial regions, accompanied by in-
creases in the lateral areas. These shifts in pressure distribu-
tion align with the characteristic pattern observed in individuals
with a normal foot arch, where the centre of pressure tends
to be located more laterally compared to flatfoot individuals
[36]. Nevertheless, it is worth mentioning that no plantar pres-
sure differences were observed between the EG and FOG
across all subregions of the foot. This suggests that the inter-
ventions are comparable in their effectiveness for improving
plantar pressure in individuals with flexible flatfoot during
double-leg standing. However, the pressure distribution might
vary when there is more load on the foot in a single-leg stance
or during gait. Therefore, further investigation into these as-
pects is warranted in future studies.

Participants in both study groups demonstrated marked
improvements in static and dynamic balance across most
directions following the intervention. In terms of static bal-

ance, these results align with prior research that reported re-
duced centre-of-pressure excursion during single-leg stand-
ing with closed eyes after engaging in lower extremity exercises
[87] or using foot orthoses [38]. The observed dynamic bal-
ance enhancement within the EG and the FOG is also con-
sistent with a previous study [16]. The mechanism for improv-
ing balance in the FOG might be explained by the ability of the
foot orthoses to increase afferent feedback from the skin
mechanoreceptors of the foot, which was found to improve
ankle joint proprioception [39].

To date, no studies have directly compared the effects of
exercises and foot orthoses on static balance. However,
a study compared the effects of short foot exercises and
arch support insoles on dynamic balance but reported no dif-
ference between the groups [16]. This finding contrasts with
the current study findings of differences in dynamic balance
between the EG and the FOG, particularly in the medial and
lateral directions. This difference could be attributed to vari-
ations in the exercise interventions employed. The current
study incorporated exercises targeting the intrinsic foot and
hip muscles. Dynamic balance tasks that involve reaching
the leg as far as possible in various directions likely require
strength in the foot muscles and the proximal muscles of the
lower extremity. As a result, the increased strength observed
in the foot and hip muscles in the EG may contribute to their
superior dynamic balance performance compared to the FOG.

The increases in lower extremity muscle strength follow-
ing strengthening exercises were anticipated. However, the
improvements in tibialis posterior and flexor hallucis brevis
muscle strength in the FOG are interesting when considering
that foot orthoses are typically regarded as passive interven-
tions. This finding is consistent with a study that required indi-
viduals to use foot orthoses for 8 weeks and found increases
in flexor hallucis brevis muscle strength and abductor hallucis
muscle cross-sectional area [14]. Despite these gains, all mus-
cles in the EG showed greater strength than those in the FOG
at the 4-week and 8-week intervals.

When comparing the outcomes across time, most exhib-
ited continuous improvements, from baseline and between
4 and 8 weeks. However, 3 outcomes showed significant im-
provements from baseline at 4 and 8 weeks but not between
these two times. Among these outcomes, two were observed
in the EG (plantar pressure in the lateral rearfoot and dynamic
balance in the posterior direction), and one was noted in the
FOG (static balance in the anteroposterior direction). These
findings suggest that the changes in these outcomes might
either progress slowly after 4 weeks of interventions or reach
a plateau, making further improvement challenging with the
current interventions.

This study confirms that lower-extremity strengthening
exercises and foot orthoses effectively reduce navicular drop,
improve plantar pressure distribution, and enhance balance
among individuals with flexible flatfoot when applied daily over
8 weeks. Notably, the exercises exhibited greater improve-
ments compared to the foot orthoses.

Limitations

Some study limitations should be acknowledged. First,
the participants were pain-free, implying that the outcomes
might vary in a symptomatic flatfoot population. Second, the
long-term effectiveness of the interventions remains unknown
since the participants were not followed up after the interven-
tions ceased. Third, the study did not examine the impact of
the interventions on functional activities such as walking and
running. Fourth, the combined effects of foot orthoses and
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lower-extremity strengthening exercises were not investi-
gated. Fifth, the maximum wear duration of foot orthoses was
not controlled, which could affect the outcomes. Future re-
search should address these limitations to provide a compre-
hensive understanding of interventions for flexible flatfoot.

Conclusions

Overall, this study demonstrated that lower-extremity
strengthening exercises and foot orthoses can effectively en-
hance MLA height and balance in individuals with flexible
flatfoot. Notably, the exercise group exhibited superior im-
provements than the foot orthoses group. These findings sug-
gest that an active intervention, such as exercise, may offer
greater benefits than a passive intervention.
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