Gait & Posture 121 (2025) 281-294

Contents lists available at ScienceDirect

=

1OPUSTURE

Gait & Posture

FI. SEVIER

journal homepage: www.elsevier.com/locate/gaitpost

L))

Check for

Effects of foot orthoses on lower extremity joint kinematics and kinetics in [
runners with asymptomatic flatfeet: A systematic review and meta-analysis

Abu Jor »”, Noelle W.K. Lau?, Yufan He *, Aliyeh Daryabor , Wing-Kai Lam 4 Hiroaki Hobara ¢,
Fan Gao ', Toshiki Kobayashi &

& Department of Biomedical Engineering, Faculty of Engineering, The Hong Kong Polytechnic University, Hong Kong

Y Department of Leather Engineering, Faculty of Mechanical Engineering, Khulna University of Engineering & Technology, Khulna, Bangladesh
¢ Physiotherapy Research Center, School of Rehabilitation, Shahid Beheshti University of Medical Sciences, Tehran, Iran

4 Sports Information and External Affairs Centre, Hong Kong Sports Institute, Hong Kong

€ Faculty of Advanced Engineering, Tokyo University of Science, Tokyo, Japan

f Department of Kinesiology and Health Promotion, University of Kentucky, Lexington, KY, USA

& Orthocare Innovations, Edmonds, WA, USA

ARTICLE INFO ABSTRACT

Keywords: Background: Foot orthoses (FO) are commonly prescribed by clinicians to manage foot and ankle conditions and
Pronation improve biomechanical function.

Pes planus Research question: Are there any potential kinematic and kinetic effects of FO on individuals with asymptomatic
g?;lechamcs flatfeet during running?

Insole Methods: The database search from inception to September 2024, including PubMed, Scopus, Web of Science,
Orthosis Embase, ProQuest, Cochrane, and CINAHL, identified 12 studies including 18 different orthotic interventions.

These included FO with either arch-support-only or arch-support with medial-side posts. The methodological
quality and risk of bias were assessed using ROBINS-I index. Primary outcome measures were joint angles and
moments of midfoot/arch, ankle, and knee.

Results: Our meta-analysis revealed non-significant changes with the arch-support-only FO. However, random
effects analysis indicated that arch-support FO with rearfoot and forefoot medial posts significantly decreased
standardized mean difference (SMD) in peak ankle eversion angles (SMD=-0.41, 95 %CI[-0.78 to —0.04]), peak
ankle invertor moments (SMD=-0.51, 95 %CI[-0.97 to —0.05]), and Achilles tendon loading rates (SMD=-0.94,
95 %CI[-1.78 to —0.09]) during running.

Significance: The findings of this meta-analysis suggest that arch-support FO with strategically placed medial
posts may enhance stability and alleviate internal loading on the foot-ankle complex during running in in-
dividuals with asymptomatic flatfeet. Specifically, FO with medial posts at both the rearfoot and forefoot reduced
peak ankle eversion angle, although this is based on only six studies. FO with such features may also decrease
loading on the invertor muscles and Achilles tendon during running in individuals with asymptomatic flatfeet.
Further research is needed to confirm these findings in larger populations.

1. Introduction with running-related injuries [5-8]. This condition, however, is typi-

cally associated with pronation, a combination of dorsiflexion, eversion,

Fallen arches, or flexible flatfeet, are a common condition where the
entire sole contacts the floor during both static and dynamic movements
[1,2]. Evidence indicates asymptomatic flatfeet affect 13.60% and
26.62 % of the population [3,4]. Most cases of asymptomatic flatfeet are
considered anatomical variants and non-pathomechanical, similar to
normally arched feet, and recent studies suggest minimal association
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and abduction across multiple foot joints [9,10]. Pronation occurs when
the foot-ankle joints, particularly the subtalar, talonavicular, and cal-
caneocuboid joints, move excessively or too rapidly during weight
acceptance in running, shifting greater weight onto the medial side [10,
11].

Foot orthoses (FO) or insoles are among the most common
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interventions used to modify lower extremity biomechanics during
locomotion [12]. FO are often prescribed by clinicians to manage foot
and ankle conditions, prevent overuse injuries during running. In a 2010
audit at a single university, 58 % of individuals with flexible flatfeet
were prescribed FO [13]. Clinical trials have shown that FO with various
designs, including wedges and arch-supports, can prevent or treat
running-related conditions [14-18]. However, our understanding of the
specific clinical benefits of FO for runners with asymptomatic flatfeet
remains limited. While asymptomatic flat feet are often considered
anatomical variants, understanding the effects of FO in this population
could help manage/prevent future musculoskeletal issues by enhancing
foot function and alignment. Moreover, this is crucial for developing
evidence-based guidelines to differentiate cases that require FO from
those that do not, as recommendations for symptomatic flatfeet may be
improperly applied to asymptomatic cases.

FO with arch-support and medial posts are specifically designed to
support the arch and reduce the risk of pronation-related injuries while
running [19-21]. Several studies have evaluated their effects on lower
extremity biomechanics in runners with asymptomatic flatfeet. How-
ever, the results are highly variable. Some studies indicated that FO
controlled peak ankle eversion angle and reduced pronation during
running, while others reported non-significant changes [21-24].
Furthermore, while FO modified frontal plane ankle kinematics and
kinetics, they had inconsistent effects on other proximal lower extremity
measures, such as tibia and knee joint kinematics and moments during
running. These conflicting findings pose clinical challenges to orthotic
management of runners with asymptomatic flatfeet. Therefore, a sys-
tematic review and meta-analysis of relevant studies are needed to
provide collective evidence of FO’s effects on lower extremity biome-
chanics during running in individuals with asymptomatic flatfeet, and
guidelines for clinicians and orthotists.

Previous systematic reviews and meta-analyses on external prona-
tion control devices have found FO effective in controlling ankle ever-
sion [25]. More recent systematic reviews focusing on asymptomatic
flatfeet have reported the influence of FO on lower extremity biome-
chanical and functional outcomes in walking [26-28]. However, it re-
mains unknown if the effectiveness of FO modifications observed in
walking can be generalized to running, which involves higher move-
ment intensity and distinct biomechanics. Furthermore, the biome-
chanical effects of different FO modifications remain unclear.

To the best of our knowledge, no review has yet comprehensively
evaluated the effects of FO on lower extremity kinematics and kinetics in
individuals with asymptomatic flatfeet during running. Therefore, the
primary aim of this systematic review and meta-analysis was to evaluate
the effectiveness of FO interventions on the kinematics and kinetics of
midfoot/arch, ankle, tibial, and knee in runners with asymptomatic
flatfeet. The secondary aim was to systematically summarize the effects
of FO interventions based on design modifications. We hypothesized
that the FO would modify lower extremity mechanics, reduce pronation-
related motion, and improve biomechanical function during running.
Findings from this study could provide evidence-based guidance to
maximize benefits of FO for runners with asymptomatic flatfeet.

2. Methods
2.1. Study protocol

The protocol for this systematic review and meta-analysis was
registered in PROSPERO (registration number: CRD42023432918). This
systematic review was performed in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA
2020) guidelines [29]. The PICO (Population, Intervention, Comparison,
and Outcome) framework was used to develop and refine the eligibility
criteria and search strategy.
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2.2. Eligibility criteria

Previous studies that met the following inclusion criteria were
included for review and meta-analysis: studies that recruited healthy
runners with asymptomatic flatfeet, defined by a reliable and validated
foot posture or morphology index (i.e., foot posture index, navicular
drop, arch index, etc.), with no history of chronic pain, disabilities or
musculoskeletal disorders; studies that considered FO, including shoe
inserts or insoles with arch-support, and/or medial and lateral posts/
wedges; studies that compared the effects of FO with a control condition
(i.e., running without FO); and studies that included lower extremity
kinematics and kinetics as outcome measures. Single case studies, dis-
sertations, abstract-only studies, and studies published in languages
other than English were excluded.

2.3. Search strategy

The PICO framework was used to develop a systematic search
strategy that incorporated three different categories of keywords: Pop-
ulation (flatfoot-related terms), Intervention (foot orthoses-related
terms), and Outcome (kinematics and kinetics-related terms), which
were connected with Boolean operators (i.e., OR, AND, NOT). A
seasoned librarian at our institution verified the search strategy. The
developed search syntax was then applied across seven electronic da-
tabases: PubMed, Web of Science, Scopus, ProQuest, Embase, Cochrane,
and CINAHL via EBSCOhost, from the inception of each database to
September 2024. In addition, grey literature was searched from Google,
Google Scholar, ResearchGate, and the reference lists of included arti-
cles, to identify other potential studies. The detailed search strategies,
including search syntax across databases, can be found in Supplemen-
tary Table S1.

2.4. Study selection

Studies from research databases were imported into EndNote soft-
ware, and duplicates were identified and removed. Two reviewers (AJ
and NL) simultaneously searched the databases and screened the titles
and abstracts of the non-duplicated articles to assess their eligibility for
inclusion in this review. A third reviewer (AD) was consulted to resolve
any discrepancies.

2.5. Quality and risk of bias assessment

The methodological quality and risk of bias were evaluated using the
ROBINS-I index [30] as well as the Downs and Black index [31] ,
respectively. The ROBINS-I tool incorporates seven domains and overall
risk of bias was categorized based on their evaluation on seven domains
as follows: studies rated as low risk of bias for all domains were classified
as ‘low risk of bias’, studies rated as low or moderate risk of bias for all
domains were classified as ‘moderate risk of bias’ and studies rated as
serious risk of bias in at least one domain were classified as ‘serious risk
of bias’. Two reviewers (AJ and AD) rated studies using the ROBINS-I
index, and a third reviewer (YH) was consulted to resolve any dis-
agreements. A modified Downs and Black scale with 20 items was
employed, with each fulfilled item receiving a "no" (0 point), "unable to
determine" (0 point), or "yes" (1 point). All scores were reported as a
percentage of the maximum score (20). Studies were categorized based
on their quality as follows: scores of 26-28 (or 91-100 %) were deemed
excellent quality; scores of 20-25 (or 71-90 %) were considered good
quality; scores of 15-19 (or 51-70 %) were regarded as fair quality; and
scores of 14 or less (or 50 % and below) were classified as poor quality
[32,33]. Two independent reviewers (AJ and NL) assessed studies using
the Downs and Black index, and a third reviewer (AD) was consulted to
resolve disagreements. The inter-rater agreement was evaluated using
kappa statistics [34,35].



A. Jor et al.
2.6. Data extraction

The following data were extracted: author(s), year of publication,
study design, participants, foot status, interventions delivered, study
comparisons, running pattern, adaptation time, and outcome measures.
The primary outcomes of interest were kinematics and internal moments
of the midfoot/arch, frontal plane ankle, and knee that are most relevant
to flatfeet. Secondary outcomes of interest were the sagittal and trans-
verse plane kinematics and internal moments of the ankle and knee, as
well as vertical GRFs (v-GRFs) and v-GRF loading rates. The data were
extracted by one reviewer (AJ) and carefully verified by another
reviewer (NL) to ensure accuracy. Discrepancies between reviewers
were resolved through discussion until a consensus was reached.

2.7. Data synthesis and analysis

Primary and secondary outcome data from each study were sys-
tematically input into data tables with mean, standard deviation, and
sample size for both treatment and control groups. For studies using
statistical parametric mapping or similar curve analysis techniques, we
extracted the kinematic and kinetic values at initial contact, as well as
peak values of the entire stance phase. For missing data, we attempted to
contact the corresponding authors through email or used a plot digitizer
to extract data from the graphical illustrations [36]. Due to the small
sample sizes and methodological variations, such as including more than
one orthotic intervention per study with different FO designs and pop-
ulations, we anticipated substantial heterogeneity. To address this, we
applied a random-effects model, which assumes that the true effect size
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may vary between studies, providing a more generalized pooled effect
estimate [37]. Inter-study heterogeneity was assessed using the 12 sta-
tistics, with values >50% considered significant [38]. A sensitivity
analysis was conducted to identify potential heterogeneity sources by
systematically removing studies or subsets of orthotic trials and
observing changes in the overall effect estimate and heterogeneity
levels.

As all outcome measurements were continuous variables, the stan-
dardized mean difference (SMD) and 95 % confidence interval (95 % CI)
were used to determine effect sizes. An SMD of 0.2-0.5 indicated a small
effect, 0.5-0.8 a moderate effect, and > 0.8 a large effect from a clinical
perspective [39]. Publication bias was examined using a funnel plot
when the number of orthotic trials exceeded 10 and Egger’s test when
the number of trials was less than 10 [40,41]. All statistical analyses
were performed using Comprehensive Meta-Analysis v.4 software
(Biostat Inc., Englewood, NJ, USA). The statistical significance was set at
p < 0.05.

3. Results
3.1. Study selection

After reviewing the titles and abstracts of all 2650 non-duplicated
studies, irrelevant records were removed, and 58 studies were selected
for full-text analysis (Fig. 1). Of these, 46 studies were excluded, with
reasons detailed in supplemental Table S2. The majority of the excluded
articles either did not address the primary outcome or involved runners
with feet other than asymptomatic flatfeet. The remaining 12 studies

PubMed: 577
Scopus: 1085
Web of Science: 782
Embase: 631
ProQuest: 831
Cochrane: 730
CINAHL: 264
Grey literature: 01

Identification

Records identified through databases: 4901

L5 Duplicate removed: 2251

'

Screening

Records Screened: 2650

Records excluded with
evaluation of title, and abstract:

A4

Full text assessed for eligibility: 58 |}

Full-text articles excluded with
reason on evaluation of study
aim and method: 46.

Eligibility

A\ 4

Orthosis other than shoe insert
or insole: 05

No primary outcome: 18
Abstract only: 06

Not written in English: 02

synthesis: 12

Studies included in the quantitative

Not asymptomatic flatfeet: 13
Dissertation: 02

Included

Fig. 1. Flowchart illustrating the selection of articles through the PRISMA guidelines.
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that met the eligibility criteria were included in the subsequent sys-
tematic review and meta-analysis.

3.2. Quality and risk of bias assessment

The overall risk of bias according to the ROBINS-I index was mod-
erate for nine studies [21-24,42-46], and high for three studies [47-49]
(Table 1). The risk of bias was low for the classification of interventions,
randomization, missing data, and selective outcome reporting. Howev-
er, a high risk of bias related to participant selection and confounding
was found in approximately 17 % of the studies. A moderate risk of bias
attributed to confounding was observed in about 83 % of the studies,
primarily due to the non-randomized controlled design. Additionally, a
moderate risk of bias with the blinding of study participants and
outcome assessors was identified in 67 % of the studies.

The overall mean methodological quality score of the included
studies was 14.41 (72 %), ranging from 12 (60 %) to 17 (85 %) on the
modified Downs and Black scale (Supplemental Table S3). Six studies
[22,24,42,44-46] were rated as good quality, while six studies [21,23,
43,47-49] were rated as fair quality. The majority (> 84 %) of studies
[21-24,43,44,46-49] included participants who were not blinded to
intervention and outcome measures, and lacked randomization
sequence concealment, presenting a risk of bias. More than 30 % of the
studies [47-49] did not include an a priori power analysis for sample
size estimation. The kappa coefficients for inter-rater agreement were
0.80 for quality assessment and 0.63 for risk of bias assessment, indi-
cating substantial agreement between reviewers [50,51].

3.3. Study characteristics

The characteristics of the 12 included studies are summarized in
Table 2. This review included 240 participants (122 male and 118 fe-
male) across 12 single-group quasi-experimental studies. Asymptomatic
flatfeet were defined as flatfeet in participants without chronic pain,
disabilities, or musculoskeletal disorders and were determined by met-
rics such as foot posture index [22,44,49], navicular drop [23,42,43,46,
471, calcaneal valgus angle [45,46], heel bi-section line relative to shank
bi-section line [21,24], or forefoot varus angle [48].

All participants from the included studies were rearfoot strikers and
ran on either an overground track [21-24,43,44,47-49] or a treadmill
[42,45,46] with a fixed speed range of 1.7 m/s to 4.0 m/s [21,23,24,42,
43,45-49] or a self-selected speed [22,44]. All included studies inves-
tigated the immediate effects of FO on the lower extremities (n = 12,
100 %). Five studies [23,42,45,47] allowed 5-30 min of adaptation time
before starting the experiment, four studies [24,44,48,49] provided
unspecified adaptation time, two studies [22,43] allowed for 2-4 weeks,
and the remaining two studies [21,46] allowed less than 5 min for
adaptation.

Some studies evaluated more than one type of FO, and collectively,
the 12 studies examined 18 different orthotic conditions or trials. Each
FO trial represents a unique orthotic condition tested within the studies.
There are two main types of FO: (1) arch-support-only FO (ASFO) (arch-
support: designed primarily to provide support to the arch of the foot),
and (2) Arch-support FO with rearfoot only medial post (ASFO-RMP)
and arch-support FO with rearfoot and forefoot medial post (ASFO-
RFMP) (medial posts: additional structural elements to the inner side of
the foot, such as medial posts or wedges to control foot pronation). The
detailed features of these FO are included in Table 3. ASFO were
assessed in six orthotic trials across four studies [24,46,48,49] while
ASFO-RMP and ASFO-RFMP with 3-to-6-degree medial posts were
assessed in twelve orthotic trials across nine studies [21-24,42-45,47].
Of these, five orthotic trials from four studies [21,24,43,45] used
AFO-RFMP (medial post positioned at both the rearfoot and forefoot),
whereas seven orthotic trials from five studies [22,23,42,44,47] used
ASFO-RMP (medial post positioned only at the rearfoot). The materials
used for fabricating FO varied considerably. Two studies specified the
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use of thermo-moldable EVA with a Shore A hardness of 40-45 [21,22],
and nylon with a Shore D hardness of 58 [45]. Other studies provided
less detailed descriptions, reporting materials such as high-density EVA
[23], polypropylene with a thickness of 3-4 mm [24,42,44,45,49],
PORON with a thickness of 3 mm [45], graphite polyurethane [48], and
thermoplastic polyurethane [47]. In one study, the materials used for FO
fabrication were not specified [43]. Primary and secondary outcome
measures focused on joint angles and range of motion (ROM) of the
midfoot/arch [42,43], ankle [21-23,43-45,48], knee [21-23,43,49],
and tibia [24,43], ankle joint velocity [24,45], joint moments of the
ankle [21-23,43,44,47,48] and knee [21-23,43], as well as vertical
GRFs and loading rates [24,45,46].

3.4. Meta-analysis

The primary and secondary outcome measures reported in the
included studies were considered for pooled analysis. The forest plots of
the primary and secondary outcomes regarding ASFO are displayed in
Fig. 2, while those for ASFO-RMP and ASFO-RFMP are displayed in
Figs. 3-4. Each FO trial was treated as a separate data point to inde-
pendently examine the effects of each distinct orthotic condition. No
publication bias was identified for any of the outcome measures in the
included studies, as indicated by Egger’s test (P > 0.05).

3.4.1. Arch-support-only FO: lower extremity kinematics and kinetics

There were no significant changes in the pooled analysis of peak
ankle eversion angle (SMD=0.00, 95 %CI —0.40-0.38) when compared
with the no-FO control condition (Fig. 2A). Similarly, there were no
significant effects on peak ankle invertor moments in the pooled analysis
(SMD=-0.29, 95 %CI —0.83-0.25) (Fig. 2B). No significant changes
were found for v-GRF impact peak (SMD=-0.04, 95 %CI —0.39-0.48), v-
GRF active peak (SMD=-0.05, 95 %CI —0.49-0.39), or v-GRF loading
rates (SMD=0.25, 95 %CI —0.55-1.04) (Fig. 2C-2E).

3.4.2. Arch-support FO with medial post: lower extremity kinematics and
kinetics

The pooled analysis of FO on ankle inversion at heel strike showed no
significant changes (SMD=0.05, 95 %CI —0.40-0.50) (Fig. 3A). A
comparison of effects on peak ankle eversion angle revealed a significant
change with small effect size (SMD=-0.41, 95 %CI —0.78 to —0.04)
(Fig. 3B). In the subgroup analysis, ASFO-RMP (SMD=-0.29, 95 %CI
—1.18-0.58) showed no significant changes in pooled effects. However,
ASFO-RFMP (SMD=-0.43, 95 %CI —0.84 to —0.03) revealed significant
changes in pooled analysis with a small effect size. The peak ankle
dorsiflexion (SMD=-0.16, 95 %CI —0.69-0.38) revealed no significant
changes were in the pooled analysis (Fig. 3C). Regarding knee kine-
matics, it showed no significant changes in peak knee adduction in
pooled analysis (SMD=0.39, 95 %CI —0.03-0.80) (Fig. 3D). However,
one trial showed a significant increase in peak knee adduction with
ASFO-RFMP, demonstrating a large effect size (SMD=1.04, 95 %CI
0.36-1.71). The peak knee internal rotation was reduced with ASFO-
RFMP in a single trial within the subgroup analysis, with a medium ef-
fect size (SMD=-0.73, 95 %CI —1.39 to —0.07). The pooled effects of
ASFO-RFMP on peak tibial internal rotation showed no significant
changes (SMD=-0.09, 95 %CI —0.58-0.40) (Fig. 3E). Additionally, there
were no significant effects on sagittal plane arch ROM (SMD=-0.13,
95 %CI —0.54-0.28) in pooled analysis (Fig. 3F).

There were significant changes with a small effect size in peak ankle
invertor moments in the pooled analysis (SMD=-0.35, 95 %CI —0.66 to
—0.04) (Fig. 4A). In the subgroup analysis, no significant changes were
observed in the pooled effects with the ASFO-RMP (SMD=-0.11, 95 %CI
—0.60-0.38). However, peak ankle invertor moments were significantly
reduced in the pooled analysis with the ASFO-RFMP, showing a medium
effect size (SMD=-0.51, 95 %CI —0.97 to —0.05). No significant changes
were found in the pooled effects of ankle eversion velocity (SMD=-0.06,
95 %CI —0.47-0.35) (Fig. 4B). The pooled analysis of ASFO-RMP
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Table 2
Study characteristics.
Author (Year) Trial Participants Foot status Study Comparisons Running methods Adaptation Outcomes
design (M/F/U, age, Control Experimental (speed,. surface, time measures
runner status) . type/distance)
trial
Miindermann SGQE 21 (9/12; 25.4 Asymptomatic flatfeet Running a. ASFO (C) 4.0 £ 0.2 m/s; Allowed Kinematics:
[24] + 5.6; (heel bisection line by sandal+Flat FO + sandal, overground unspecified tibia, ankle;
recreational shank bisection line: b. ASFO-RFMP running with a time to Kinetics:
runner) 16.2 + 3.2°) (C) + sandal rearfoot strike familiarize ankle, GRFs,
loading rates
Hurd [48] SGQE 15(4/11;10-51 Asymptomatic flatfeet Motion control a. ASFO (P-E) 1.7 £ 5% m/s; Allowed Kinematics:
+10; (forefoot varus: 6° running shoe + shoe, overground jogging  unspecified ankle;
recreational (5-10°) b. ASFO (P-N) with rearfoot strike  time to Kinetics: ankle
runner) + shoe familiarize
Hutchison SGQE 14 (5/9; 22.3 Asymptomatic flatfeet Neutral a. ASFO (C) 2.94-2.97 m/s; Allowed Kinematics:
[49] + 2.3; (FPL: >+6) running shoe + shoe, overground multiple knee
recreational b. ASFO (P) running with a practice trials to
runner) + shoe rearfoot strike familiarize
Kosonen [43] SGQE 11 (11/0; Asymptomatic flatfeet Running ASFO-RFMP (C) 4.0+ 0.17 m/s; 2 weeks Kinematics:
runner) (Navicular drop: 12.0 shoe+Flat FO + shoe overground knee, ankle;
+ 1.1 mm) running with a foot
rearfoot strike Kinetics: knee,
ankle
Joo [47] SGQE 15 (15/0; 22.87 Asymptomatic flatfeet Standard ASFO-RMP (C) 1.38-1.66 m/s; 10 min Kinetics: ankle
+ 8.48; (Navicular drop: 13.2 running + shoe overground
recreational + 1.00 mm shoe+Flat FO running with a
runner) rearfoot strike
Braga [21] SGQE 19 (11/8; 35.7 Asymptomatic flatfeet Neutral ASFO-RFMP (P) 3.30 + 0.37 m/s; 1 min Kinematics:
+7.72; (metatarsus bisection running +shoe overground knee, ankle;
recreational line by shank bisection ~ shoe+ arch- running with a Kinetics: knee,
runner) line: >10°) support FO rearfoot strike ankle
Lee [44] SGQE 12 (12/0; 25.3 Asymptomatic flatfeet Personal ASFO-RMP (C) self-selected speed Allowed Kinematics:
+1.2; (FPI: 6-12) running shoe + shoe +5 %; overground unspecified ankle;
recreational running with a time to Kinetics:
runner) rearfoot strike familiarize ankle, Achilles
tendon load
Mo [45] SGQE 13 (0/13; 36.4 Asymptomatic flatfeet Neutral a. ASFO-RFMP 1.9+ 0.1 m/s; 15-20 min Kinematics:
+8.8; (calcaneal valgus running shoe (C-plaster- treadmill running ankle;
recreational angle: 9.0 + 2.0) molded) + shoe, with a rearfoot Kinetics:
runner) b. ASFO-RFMP strike loading rates
(C—3D-printed)
+ shoe
Costa [22] SGQE 16 (7/9; 26.63 Asymptomatic flatfeet Running a. ASFO-RMP self-selected speed; 30 days Kinematics:
+ 7.94; (FPL: > 6(9.94 £ 1.57) shoe+FO (P—3deg) + shoe, overground knee, ankle;
recreational b. ASFO-RMP running with a Kinetics: knee,
runner) (P—6deg) + shoe rearfoot strike ankle
Crago [42] SGQE 23 (11/12; 28 Asymptomatic flatfeet Standard a. ASFO-RMP (C- 3.3 m/s; treadmill 30 min Kinematics:
=+ 6; recreational (Navicular drop running flexible) + shoe, running with a foot arch
runner) (normalized truncated shoe+sock b. ASFO-RMP (C- rearfoot strike
to foot length): 0.18 liner+Flat FO standard) + shoe
+0.03)
Ng [46] SGQE 20 (20/0; 26.1 Asymptomatic flatfeet Running ASFO (P) + shoe slow, medium, and 2 min Kinetics:
+ 3.1: (Navicular drop: > shoe-+Flat FO high speed; GRFs, loading
recreational 10.0 mm, resting treadmill sprinting rates
runner) calcaneal valgus angle: with a rearfoot
> 4°) strike
Ataabadi [23] SGQE 20 (12/8; 26.9 Asymptomatic flatfeet Running shoe ASFO-RMP (P) 2.11m/s + 5 %; 10 min Kinematics:
+ 2.90; (Navicular drop: > + shoe overground knee, ankle;

professional
runner)

10.0 mm)

running with a
rearfoot strike

Kinetics: knee,
ankle

FPI-6: six item foot posture index; ASFO: arch-support-only FO; ASFO-RMP: arch-support FO with rearfoot only medial post; ASFO-RFMP: arch-support FO with
rearfoot and forefoot medial post; P: prefabricated; C: custom-made; E: existing; N: new; SGQE: single group quasi-experimental; a and b: indicate different FO

conditions

indicated an increase of the peak knee adductor moments with a small
effect size (SMD=0.49, 95 %CI —0.10-1.09) (Fig. 4C). Non-significant
changes were also revealed in subgroup analysis based on medial post
position. A significant change was found in the pooled effect of peak
ankle plantarflexor moments, with a medium effect size (SMD=-0.52,
95 %CI —1.08 to —0.00) (Fig. 4D). In the subgroup analysis, ASFO-RMP
showed a significant decrease in peak plantarflexor moments in the
pooled analysis, exhibiting a large effect size (SMD=-0.84, 95 %CI
—1.53 to —0.14). The pooled effects of ASFO-RFMP on v-GRF loading
rates showed no significant changes (SMD=-0.06, 95 %CI —0.47-0.35)
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(Fig. 4E). Moreover, Achilles tendon loading rates with ASFO-RMP were
significantly reduced, with a large effect size (SMD=-0.94, 95 %CI
—1.78 to —0.09). The removal of heterogeneity sources did not alter the
effects observed in the sensitivity analysis.

4. Discussion
This systematic review and meta-analysis aimed to summarize the

efficacy of FO in modifying lower extremity kinematics and kinetics
while running with asymptomatic flatfeet. Our findings identified two
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Table 3

Visual illustration of foot orthoses intervention.

Visualization

Explanation/features

Medial post
at rearfoot

M] — v
i———

<"* Sectional view at rearfoot

Medial
arch-support

Sectional view at forefoot

Medial post
at forefoot

Medial arch-support foot orthosis with medial post at rearfoot and forefoot

L

M: Medial
L: Lateral

Arch-support-only FO : [24, 46, 48, 49]

e Prefabricated or custom-made by the manufacturer.

o Arch-heights were reported as 29mm [46], or unspecified
with design/fit considerations for the arch-region.

Arch-support FO with medial posts : [21-24, 42-45, 47]

e Medial post is designed to control excessive pronation.

e Additional wedge is integrated at the medial side of arch-
support FO.

e Position of the medial wedge might be at the rearfoot and
forefoot [21, 24, 43, 45] or rearfoot only [22, 23, 42, 44,
47].

e Inclination varied from 3-6 degrees (3-degree wedge [22],
4-degree wedge, S5-degree wedge [21, 23, 24, 43-45], 6-
degree wedge [22], and degrees based on severity of

pronation to normal foot [47])

Materials:

High density EVA [23], thermo moldable EVA (shore A 40-
45) [21, 22], 3-4 mm polypropylene [24, 42, 44, 45, 49],
graphite polyurethane [48], thermoplastic polyurethane [47],
Nylon (shore D 58) [45], and an unspecified material [43] was
used for the fabrication of FO in the included studies.

0 30 dof Y

¥62-18¢ (5202) 1T 24msod 3 10D
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A. Arch-support-only FO: Peak ankle eversion

Gait & Posture 121 (2025) 281-294

Study name Statistics for each study Std diff in means and 95% CI
Std diff Lower Upper
in means limit limit Z-Value p-Value
Hurd a 2010 -0.104 -0.820 0.612 -0.285 0.776 —_—
Hurd b 2010 0.000 -0.716 0.716 0.000 1.000 ———
Mundermann a 2003 0.056 -0.564 0.676 0.176 0.860 —_—
Pooled -0.009 -0.401 0.383 -0.044 0.965 e
. -2.00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 12= 0% Higher in no-FOs Higher in FOs
Random effects
B. Arch-support-only FO: Peak ankle inverter moment
Study name Statistics for each study Std diff in means and 95% CI
Std diff Lower Upper
in means limit limit Z-Value p-Value
Hurd 22010 -0.886 -1.636 -0.136 -2.316 0.021
Hurd b 2010 0.016 -0.700 0.732 0.043 0.965
Mundermann a 2003 -0.071 -0.691 0.549 -0.224 0.822
Pooled -0.291 -0.828 0.246 -1.063 0.288
-2.00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 12= 44% Higher in no-FO Higher in FOs
Random effects
C. Arch-support-only FO: v-GRF impact peak
Study name Statistics for each study Std diff in means and 95% Cl
Std diff Lower Upper
in means limit limit Z-Value p-Value
Mundermann a 2003 -0.089 -0.709 0.532 -0.280 0.779
Ng 2021 0.178 -0.443 0.799 0.561 0.575
Pooled 0.044 -0.394 0.483 0.198 0.843
-2.00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 12= 0% Higherinno-FO  Higher in FOs
Random effects
D. Arch-support-only FO: v-GRF active peak
Study name Statistics for each study Std diffin means and 95% CI
Std diff Lower Upper
in means limit limit Z-Value p-Value
Mundermann a 2003 -0.003 -0.623 0.617 -0.010 0.992
Ng 2021 -0.098 -0.718 0.522 -0.310 0.757
Pooled -0.051 -0.489 0.388 -0.226 0.821
-2.00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 1°= 0% Higher in no-FO Higher in FOs
Random effects
E. Arch-support-only FO: v-GRF loading rates
Study name Statistics for each study Std diffin means and 95% CI
Std diff Lower Upper
in means limit limit Z-Value p-Value
Mundermann a 2003 -0.156 -0.776 0.465 -0.492 0.623
Ng 2021 0.656 0.020 1.292 2.020 0.043
Pooled 0.247 -0.548 1.042 0.608 0.543

Test for heterogeneity: 12= 68%

-2.00 -1.00 0.00 1.00 2.00
Higher in no-FO Higher in FOs

Random effects

Fig. 2. Forest plots of pooled analysis: effects of arch-support FO on lower extremity kinematics and kinetics. The letters ‘a’ and ‘b’ refer to different types of FO being

tested, please see table 2 for clarification.

main types of FO employed in modifying biomechanics in flatfeet: arch- biomechanics during running. In contrast, arch-support FO with medial
support-only FO (ASFO) and arch-support FO integrated with medial posts, particularly ASFO-RFMP might be effective in modifying frontal
posts (ASFO-RMP and ASFO-RFMP). Running with ASFO revealed no plane foot and ankle kinematics and kinetics of asymptomatic flatfeet.

significant changes in lower extremity kinematics or kinetics, suggesting
that this design may be ineffective in modifying lower extremity
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A. Arch-support FO with medial post: Ankle inversion at heel strike

Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position Std diff Lower Upper
in means limit limit ZValue p-Value
Rearfoot+Forefoot Kosonen 2017 0.323 -1.164 0.519 0.752 0.452
Rearfoot+Forefoot Mo a 2019 0.235 -0.536 1.006 0.597 0.551
Rearfoot+Forefoot Mo b2019 0.178 -0.592 0.948 0.453 0.651
Rearfoot+Forefoot Pooled 0.050 -0.407 0.507 0.214 0.831
2,00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 12= 0% Higher in no-FO Higher in FOs
Random effects
B. Arch-support FO with medial post: Peak ankle eversion
Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position s it Lower Upper
in means limit limit 2-Value p-Value
Rearfoot+forefoot Kosonen 2017 -0.682 1542 0.178 1555 0.120 }
Rearfoot+forefoot Mo a 2019 -0.233 -1.005 0538 -0.593 0.553 4
Rearfoot+forefoot Mo b 2019 -0.370 -1.146 0.405 -0.936 0.349 +
Rearfoot+forefoot Mundermann b 2003 0.067 -0.553 0.687 0210 0.833 )
Rearfoot+forefoot Rodrigues 2013 -1.813 -2.636 -0.989 -4.316 0.000
Rearfoot+forefoot Braga 2019 1.034 4711 -0.357 -2.994 0.003 ——
Rearfoot+forefoot Pooled -0.658 -1.196 -0.119 -2.394 0.017 —_——
Rearfoot-only Costa a 2021 -0.153 -0.847 0541 -0.431 0.667 +
Rearfoot-only Costa b 2021 0.401 -0.299 1.100 1.122 0.262 +
Rearfoot-only Ataabadi 2022 -1.127 -1.794 -0.460 -3.310 0.001 L — —
Rearfoot-only Pooled -0.298 -1.181 0.585 -0.662 0.508 —
Overal Pooled -0.560 -1.020 -0.100 -2.388 0.017 .
-2.00 -1.00 0.00 00 2.00
Test for heterogeneity: 12= 70% Higher in no-FOs Higher in FOs
Random effects
C. Arch-support FO with medial post: Peak ankle dorsiflexion
Group by Study name Statistics for each study Std diff in means and 95% Cl
Medial post position std diff Lower r
in means limit limit ZValue p-Value
Rearfoot+forefoot Kosonen a 2017 0.030 -0.805 0.866 0.071 0.943
Rearfoot+orefoot Kosonen b 2017 -0.187 -1.025 0.651 -0.438 0.662 1
Rearfoot+orefoot Pooled -0.078 -0.670 0.513 -0.259 0.796
Rearfoot-only Lee 2019 0.142 -0.660 0.943 0.346 0.729
Rearfoot-only Ataabadi 2022 -1.128 -1.795 -0.461 -3.313 0.001 B — —
Rearfoot-only Pooled 0.513 1.757 0.730 -0.809 0.418
Overall Pooled -0.158 -0.693 0.376 -0.581 0.561 | —~——emm—
-2.00 -1.00 0.00 1.00 200
Test for heterogeneity: 12= 60% Higher in no-FOs Higher in FOs
Random effects
D. Arch-support FO with medial post: Peak knee adduction
Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position std diff L Upper
in means limit limit Z-Value p-Value
Rearfoot+forefoot Braga 2019 1.035 0.358 1.712 2.995 0.003
Rearfoot+forefoot Pooled 1.035 0.358 1.712 2.995 0.003
Rearfoot-only Ataabadi 2022 0.208 -0.413 0.830 0.656 0.512 —_—
Rearfoot-only Costa a 2021 0.168 -0.527 0.862 0.473 0.636 —
Rearfoot-only Costa b2021 0.158 -0.536 0.852 0.445 0.656 —
Rearfoot-only Pooled 0.180 -0.205 0.565 0.917 0.359 -
Overall Pooled 0.389 0.054 0.724 2278 0.023
-2.00 -1.00 o 1.00 2.00
Test for heterogeneity: 12= 35% Higher in no-FOs Higher in FOs
Random effects
E. Arch-support FO with medial post: Peak tibial internal rotation
Group by _ Study name Statistics for each study Std diff in means and 95% Cl
Medial post position Std diff = Upper
in means limit limit Z-Value p-Value
Rearfoot+forefoot Mundermann ¢ 2003 0.122 -0.727 0.484 -0.395 0.693
Rearfoot+forefoot Kosonen 2017 0.025 -0.861 0.811 -0.059 0.953
Rearfoot+forefoot Pooled -0.089 -0.579 0.402 -0.354 0.723
-2.00 -1.00 0.00 1.00 2.00
Test for heterogeneity: 12= 0% Higherin no-FO  Higher in FOs

Random effects
F. Arch-support FO with medial post: Sagittal plane arch range of motion

Group by Study name Statistics for each study Std diff in means and 95% Cl
Medial post position Std diff Lower Upper

in means limit limit Z-Value p-Value
Rearfoot-only Crago a 2021 -0.024 -0.602 0.554 -0.082 0.935
Rearfoot-only Crago b 2021 -0.228 -0.808 0.352 -0.770 0.442
Rearfoot-only Pooled -0.126 -0.535 0.284 -0.601 0.548

-2.00 -1.00 0.00 1.00 2.00

Test for heterogeneity: 12= 0% Higher in no-FO Higher in FOs

Random effects

Fig. 3. Forest plots of pooled analysis: effects of medial posts FO on lower extremity kinematics. The letters ‘a’ and ‘b’ refer to different types of FO being tested,
please see table 2 for clarification.
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A. Arch-support FO with medial post: Peak ankle inverter moment

Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position Sian . Upper

in means limit limit Z-Value p-Value
Rearfoot+forefoot Kosonen 2017 -0.636 -1.493 0.220 -1.456 0.145 :
Rearfoot+forefoot Mundermann b 2003 -0.127 -0.747 0.493 -0.401 0.688 e —
Rearfoot+forefoot Braga 2019 -0.853 -1.517 -0.189 -2.517 0.012 L = E—
Rearfoot+forefoot Pooled 0.511 -0.970 -0.053 2185 0.029 ]
Rearfoot-only Costa a 2021 0.077 -0.770 0.616 -0.217 0.828 ———
Rearfoot-only Costa b 2021 -0.150 -0.844 0.544 -0.424 0.672 D — E—
Rearfoot-only Pooled -0.113 -0.604 0.377 -0.453 0.650
Overall Pooled -0.326 -0.661 0.009 -1.906 0.057

2,00 -1.00 0.00 1.00 2.00

Test for heterogeneity: 12= 1%

Higher in no-FO Higher in FOs

Random effects

B. Arch-support FO with medial post: Ankle eversion velocity

Group by Study name Statistics for each study Std diff in means and 95% CI
M "
edial post position Std diff Lower Upper
in means limit limit Z-Value p-Value
Rearfoot+forefoot Mo a 2019 0.045 -0.723 0814 0.116 0.908 ———
Rearfoot+forefoot Mo b 2019 -0.289 -1.062 0.484 -0.733 0.464 :
Rearfoot+forefoot Mundermann b 2003 0.030 -0.590 0.650 0.094 0.925 ——
Rearfoot+forefoot Rodrigues 2013 -0.982 -1.715 -0.248 -2.624 0.009 ——
Rearfoot+forefoot Pooled -0.287 -0.760 0.185 -1.193 0.233 —
-2.00 -1.00 0.00 1.00 2.00

Test for heterogeneity: 1= 41%

Higher in no-FOs Higher in FOs

Random effects

C. Arch-support FO with medial post: Peak ankle plantarflexor moment

Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position Std diff Lower Upper

in means limit limit Z-Value p-Value
Rearfoot+forefoot Kosonen 2017 -0.118 -0.954 0.719 -0.276 0.783
Rearfoot+forefoot Pooled -0.118 -0.954 0.719 -0.276 0.783
Rearfoot-only Ataabadi 2022 -1.154 -1.823 -0.484 -3.378 0.001 —'—_
Rearfoot-only Lee 2019 -0.440 -1.250 0.369 -1.066 0.286 —
Rearfoot-only Pooled -0.835 -1.530 -0.140 -2.354 0.019
Overall Pooled -0.542 -1.077 -0.007 -1.987 0.047

-2.00 -1.00 0.00 1.00 2.00

Test for heterogeneity: 1°= 49%

Higher in no-FO Higher in FOs

Random effects

D. Arch-support FO with medial post: Peak knee adductor moment

Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position Std diff Lower Upper

in means limit limit Z-Value p-Value
Rearfoot+forefoot Mundermann b 2003 0.031 -0.574 0.635 0.099 0.921
Rearfoot+forefoot Kosonen 2017 0.225 -0.613 1.064 0.527 0.598 o
Rearfoot+forefoot Pooled 0.097 0.393 0.588 0.389 0.698
Rearfoot-only Costa a 2021 0.142 0.551 0.836 0.402 0.688 _-'_
Rearfoot-only Costa b 2021 0.234 0.462 0.929 0.659 0.510 _—'_
Rearfoot-only Ataabadi 2022 1.083 0.420 1.747 3.199 0.001 __
Rearfoot-only Pooled 0.494 -0.101 1.090 1.626 0.104 L e
Overall Pooled 0.258 -0.121 0.636 1.333 0.182 P

-2.00 -1.00 0.00 1.00 2.00

Test for heterogeneity: 12= 36% Higher in no-FO Higher in FOs
Random effects
E. Arch-support FO with medial post: v-GRF loading rates
Group by Study name Statistics for each study Std diff in means and 95% CI
Medial post position Std diff Lower Upper

in means limit limit Z-Value p-Value
Rearfoot+forefoot Mundermann b 2003 -0.213 -0.835 0.408 -0.673 0.501
Rearfoot+forefoot Mo a 2019 0.180 -0.590 0.950 0.458 0.647
Rearfoot+forefoot Mo b 2019 -0.054 -0.823 0.715 -0.138 0.890
Rearfoot+forefoot Pooled -0.057 -0.467 0.352 -0.274 0.784

Test for heterogeneity: 12= 0%

-2.00 -1.00 0.00 1.00 2.00

Higher in no-FO Higher in FOs

Random effects

Fig. 4. Forest plots of pooled analysis: effects of medial posts FO on lower extremity kinetics. The letters ‘a’ and ‘b’ refer to different types of FO being tested, please
see table 2 for clarification.
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4.1. Arch-support-only FO

FO with arch-support structures are often recommended to resist the
collapsed arch in individuals with flatfeet [52]. However, our
meta-analysis revealed no significant changes in ankle and knee kine-
matics and kinetics during running. Previous meta-analyses have also
found that ASFO failed to adequately control pronation in flatfeet during
walking [26]. For FO to effectively replicate the function of the foot
arch, two key distinct features are needed [53]. First, during the loading
response to the midstance phase of running, the arch should flatten
slightly to absorb shock and store potential energy. Second, during the
terminal stance to push-off phase of running, the arch should form a
rigid lever for efficient propulsion. Evidence suggests that arch-support
structure increases total foot contact area and redistributes peak plantar
pressure in flatfeet with collapsed arches [54], contributing to improved
shock absorption, cadence, and perceived comfort [55-57]. However,
our meta-analysis on lower extremity joint biomechanics does not sup-
port these contentions. One possible explanation is that ASFO may lack
the necessary stiffness to support the natural deformation of the medial
longitudinal arch and induce biomechanical effects. Supporting this
notion, a study on healthy subjects reported that ASFO with greater
stiffness influenced rearfoot eversion during walking [58]. Furthermore,
many studies on FO use generic orthoses that are not tailored to indi-
vidual biomechanical characteristics. This universal design may signif-
icantly reduce their impact on lower extremity biomechanics, as they
may not adequately accommodate individual foot morphology.

4.2. Arch-support FO with medial posts

FO with medial posting is often recommended to help control ever-
sion by limiting potentially adverse movements at the subtalar and
midtarsal joints [59]. This meta-analysis examined two distinct design
concepts of medial post FO. A combination of medial posts at both the
rearfoot and forefoot (ASFO-RFMP) effectively reduced peak ankle
eversion angle, though with a small effect size. These findings are
aligned with recent studies that reported reduced peak ankle eversion
angle during walking [58,60]. A previous meta-analysis on FO and gait
also supports these findings, showing that rearfoot eversion can be
reduced by 2-3 degrees with small effect sizes [61]. Additionally, like
peak eversion angle, a reduction in peak ankle invertor moments was
observed in our meta-analysis, consistent with studies examining
anti-pronation FO during walking [62].

In contrast, the effects of ASFO-RMP were not statistically signifi-
cant, and these can be attributed to the materials used and the design of
the support structures. Specifically, these configurations may lack suf-
ficient stiffness to effectively influence lower extremity biomechanical
outcomes. The stiffness of the ASFO-RMP, which is typically measured
by assessing its resistance to deformation under load, must reach a
certain threshold to have measurable biomechanical effects during
running. If the medial arch-support stiffness in FO is insufficient, the
impact on lower extremity joint biomechanical outcomes may be
limited. A previous study reported that adding both rearfoot and fore-
foot medial posts in arch-support FO increased medial arch stiffness by
205 % [63]. In contrast, rearfoot only posts increased medial arch
stiffness by only 35 % [64]. This significant difference suggests that
incorporating both rearfoot and forefoot posts is critical for enhancing
medial arch stiffness, particularly during the midstance phase of
running. These enhanced support structures are crucial for resisting
pronation during the loading response to midstance, thereby contrib-
uting to improved biomechanical control.

During the loading response to the midstance phase, the tibia
internally rotates. In individuals with flatfeet, this often results in the
triple joints comprising the subtalar, talonavicular, and calcaneocuboid
joints, adopting an excessively everted or valgus position due to insuf-
ficient support from the posterior tibialis tendon [53] and plantar
aponeurosis. The posterior tibialis muscle group, which eccentrically

291

Gait & Posture 121 (2025) 281-294

controls ankle eversion during this phase, can experience increased
demands, leading to excessive invertor moments. As a key dynamic
stabilizer of the medial arch [65], its overload may contribute to
biomechanical inefficiencies. Increasing the stiffness of the foot can help
resist this excessive joint eversion by preventing the triple joints from
moving into adverse positions. The triple joints are integral to the foot
structure, connecting with the tarsus, metatarsal bones, and midfoot
plantar ligaments to form the foot arches. By incorporating arch-support
structures with medial posts, it is possible to provide additional passive
stiffness and reduce eversion [66]. This external support provided by
ASFO-RFMP against foot eversion can effectively reduce excessive
invertor moments. Consequently, this support helps limit excessive
pronation during running.

In individuals with flatfeet, the flexibility of the foot arch can also
affect running mechanics, particularly during the push-off phase. Typi-
cally, the triceps surae muscles (i.e., soleus, medial and lateral
gastrocnemius) work with the Achilles tendon to facilitate forward
propulsion by leveraging the rigid foot arch. However, in individuals
with flatfeet, this propulsive impulse is often delayed due to the flexible
nature of the foot arch, which shifts from midstance to terminal stance
with increased tension in the triceps surae muscles [53]. This suggests
that increasing arch rigidity could provide a more stable foot structural
platform for effective propulsion mechanics to address the delayed
push-off. In our meta-analysis, the reduction in peak plantarflexor mo-
ments may be attributed to decreased triceps surae activity and a more
stabilized foot position during forward propulsion. By providing addi-
tional support to the arch, medial posts can enhance structural rigidity,
contributing to a more stable foot posture and a more efficient push-off.

Consequently, the loading rate of the Achilles tendon decreased with
ASFO-RMP. Reduced tension in the Achilles tendon and triceps surae
during propulsion lowers the forces across the tibiotalar joints and shifts
the weight bearing from the forefoot to the midfoot by enhancing the
lever function of the arch. This redistribution of weight and reduction in
tibiotalar joint forces may help alleviate excessive stress on the Achilles
tendon [67,68]. The significant changes in peak knee adduction with the
ASFO-RFMP may be due to the coupled motion of ankle and knee within
a closed kinematic chain [69,70]. The increase in peak knee adduction
was also reflected in peak knee adductor moments, consistent with
previous studies on anti-pronation control [62]. This increased peak
knee adductor moment might reduce the risk for tibial stress syndrome
[71].

4.3. Limitations

Several limitations should be considered when interpreting this
systematic review and meta-analysis. First, only a small number of
studies examined the effectiveness of FO during running with asymp-
tomatic flatfeet. These studies addressed various outcome measures of
the lower extremity, resulting in each outcome being evaluated across a
limited number of studies. Few studies assessed specific outcomes, such
as midfoot/arch angles and moments, frontal plane ankle moments,
velocity, and ROM, sagittal plane ankle moments and ROM, frontal
plane knee angles and moments, and Achilles tendon loading. Moreover,
many outcome measures included in the meta-analysis were peak or
discrete values at heel strike, which may introduce bias related to var-
iable selection and reduce the robustness of the findings about the FO
efficacy. Statistical parametric mapping, which allows continuous curve
analysis of biomechanical data, could be useful in identifying specific
joint and muscle groups that limit performance.

This review did not perform a subgroup analysis based on the degree
of pronation, adaptation time, or materials used in the FO fabrication
because of the limited number of relevant studies for each outcome
measure. It should be noted that materials and their corresponding
thickness and stiffness may introduce different biomechanical effects
and consequently modulate their efficacy. All included studies focused
on the immediate effects of FO on the lower extremity, thus, their effects
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of medium- and long-term uses remained unknown. Additionally, the
studies included primarily focused on the FO effects during running,
with limited information on their use during walking. Asymptomatic
flatfeet is an anatomical variant rather than a pathomechanical disorder,
thus, using FO during running could potentially influence walking
biomechanics over time. Future research should explore the same FO
effects on both walking and running to better understand their influence
and efficacy on gait patterns. Some studies used flat FO with shoes as
controls, which might potentially influence the outcomes. The outcome
measures of this review did not include plantar pressure, muscle activ-
ity, or stress/strain of tendons/ligaments, which would be valuable for
understanding the mechanisms of arch-support FO in managing pro-
nated feet.

4.4. Clinical implications

Overall, our findings suggest that the effectiveness of FO in modi-
fying lower extremity pronation-related joint movement is strongly
associated with their design, particularly the positioning of medial posts.
Positioning medial post at both the rearfoot and forefoot in the arch-
support FO could offer clinical benefits, although this has been evalu-
ated in only a few studies. This configuration was the only one in our
meta-analysis that showed robust effects on lower extremity biome-
chanics. Thus, reduced peak ankle eversion angle and invertor moments,
along with decreased Achilles tendon loading rates, might help alleviate
internal stress, decrease the likelihood of running-related injuries, and
improve performance. However, while some metrics showed statisti-
cally significant changes with small effect sizes, the clinical relevance of
these changes remains uncertain. Additionally, the short adaptation
time used in the included studies may limit our understanding of the
long-term effects of FO use. Although two previous studies examined
short-term dose-response effects (one on running and the other on
walking), both used rearfoot-only posts [22,72]. To address this gap,
future research should explore the dose-response effects of rearfoot and
forefoot medial posts for long-term use in individuals with asymptom-
atic flatfeet. This research could provide critical insights into the un-
derlying mechanisms of FO designs and modifications and help
determine the clinical relevance and ultimately optimize their thera-
peutic benefits.

5. Conclusions

Although a limited number of studies were evaluated, ASFO-RFMP
were effective in modifying subtalar joint biomechanics in adults with
asymptomatic flatfeet. Using ASFO-RFMP could help reduce pronation
and address related biomechanical factors associated with certain
musculoskeletal conditions in runners with flatfeet. Among the in-
terventions, ASFO did not show statistically significant modifications in
lower extremity kinematics and kinetics in this meta-analysis. Further
research is needed to examine dose-response effects, long-term out-
comes, and the impact on muscle activity, along with tendon/ligament
biomechanics during both running and walking. This would provide a
more comprehensive understanding of the medial longitudinal arch
function with varying arch-supports, medial posts, and movements.
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