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ABSTRACT

Variations in foot arch morphology, including flat feet (pes planus) and high arches (pes cavus), range from asymptomatic to de-
bilitating. Limited research exists on the genetics of foot arch geometry. This systematic review aims to identify single nucleotide
polymorphisms (SNPs) linked to foot arch morphology. The review protocol was registered in PROSPERO (CRD42024537877).
PubMed, The Cochrane Library, Embase, and Web of Science were searched for studies on SNPs related to foot arch morphology
published up to December 2023. Nineteen eligible studies (2006-2020) identified 137 SNPs across conditions affecting connec-
tive tissue (12 studies, e.g., Marfan Syndrome), nerves (six studies, e.g., Charcot-Marie-Tooth Disease), and muscles (one study,
e.g., Distal Arthrogryposis Syndromes). While no studies directly linked SNPs to foot arch morphology, three explored SNPs in
genetic diseases associated with foot arch variations. Pes planus was linked to connective tissue disorders, and pes cavus to neu-
ropathies and myopathies. Only two replicated SNPs were found. This review found no direct studies of SNPs influencing foot
arch morphology, highlighting a significant research gap. Future research should examine SNPs in larger cohorts to differentiate
natural variations from pathology-driven deformities. To enhance reproducibility, standardized methodologies, and a unified
genetic database (including phenotypic data on common traits) should be developed.

1 | Introduction complete reconfiguration of the musculoskeletal morphology of
the lower limb and the foot complex in particular [1-4].

Bipedal walking, a form of terrestrial locomotion on two legs is

one of the most critical features distinguishing hominins (hu- The foot arch system, also known as the foot core, comprises

mans and their bipedal ancestors) from other primates [1]. This three subsystems: passive (bones and joints), active (muscles),

evolutionary trait occurred in human origins and required the and neural (sensory). The passive subsystem includes the
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plantar fascia [5], plantar ligaments [6], and the spring liga-
ment [6], which collectively maintain the integrity and shape
of the medial longitudinal arch. The active subsystem, crucial
for maintaining arch shape and gait stability, involves intrinsic
foot muscles (local stabilizers) and larger leg muscles attaching
to the foot (global movers) [7]. They work together to control
arch deformation during the heel-to-toe roll of the foot during
each step. The neural subsystem, a sensory network with recep-
tors in various structures, monitors forces and motion, relaying
information to the brain to adjust muscle activation for optimal
foot function and stability [7]. This intricate interplay ensures
proper foot mechanics.

With recent technological advancements, such as weight-
bearing CT scanning, the evaluation of foot geometry becomes
more evident and detailed [8-10]. This is particularly due to
specific variations in three-dimensional foot arch morphology,
which is paramount to assess during the clinical diagnostic pro-
cess. Variations in foot geometry, such as low-arched feet (pes
planus or flat feet), high-arched feet (pes cavus or hollow feet),
and metatarsus adductus deformities, are common anatomical
variants. Pes planus, or flat feet, is particularly prevalent. Studies
have shown that the prevalence of pes planus among children
ranges from 58% to 94%, especially among obese children. In
adults, the prevalence varies between 2.2% and 59%, with 19% to
37% of adults in random samples exhibiting some degree of pes
planus, and about 11% of these being symptomatic and seeking
medical attention [11-13].

In addition, the impact of foot type on shock absorption during
gait varies across pes planus, pes cavus, and cavovarus [14]. All
deformities limit shock absorption that is subsequently trans-
lated to increased stress on the forefoot and ankle joints [14].
Cavovarus, a subtype of pes cavus, further complicates gait
mechanics due to its pathological malposition often caused by
underlying muscular imbalances associated with neurological
conditions [15].

There is significant regional and ethnic variation in the preva-
lence of these foot arch variations. However, there is no existing
literature detailing the genetic background of these variations.
While the heritability of common flat feet (pes planus) is a topic
of ongoing research, specific heritability percentages are not yet
explicitly detailed in current literature.

In contrast, variance in foot arch geometry often presents as a
typical feature in several well-defined and genetically explored
clinical conditions, including disorders of connective tissue and
specific neuromuscular manifestations, to rare genetic syn-
dromes [14, 16]. For example, a study involving individuals with
hypermobile or classic Ehlers-Danlos Syndrome (EDS) noted a
high prevalence of foot deformities: 20% had flat feet, 47% had
normal feet, and 33% had high-arched feet. These deformities
are associated with high levels of pain, disability, and reduced
quality of life [17].

Clinically, differentiating between normal variations and
disease-related variants in foot arch morphology remains a
challenge [18]. Therefore, this review will focus on syndromes
linked to maladaptive foot arches, encompassing a broad spec-
trum of underlying causes.

With the increasing availability and decreasing cost of genetic
testing, identifying and studying relevant genetic markers that
might help distinguish between normal and disease-related
foot arch variants is becoming more important [19]. Single nu-
cleotide polymorphisms (SNPs) are common genetic variations
and account for the majority of polymorphisms responsible for
human disease [20]. These variations occurs in both coding and
noncoding sequences and reflect a complex relationship influ-
enced by population history, recombination, environmental fac-
tors, and selection.

Despite the established impact of foot type on gait mechanics
and the available genetic tests, a comprehensive understanding
of the genetic underpinnings of foot arch variations is scattered
across the literature. We investigate a correlation for different
foot-type morphologies by synthesizing existing research on
SNPs associated with foot geometry. To our knowledge, such an
overview is not present to date. Such knowledge may better dif-
ferentiate between normal variations and disease-related foot
arch problems.

2 | Methods
2.1 | Protocol

Electronic databases DARE, CDSR, and PROSPERO could not
identify previously performed reviews investigating SNPs in
relation to foot arch morphology. The literature was reviewed
according to the Preferred Reporting Project for Systematic
Reviews and Meta-Analysis (PRISMA) guidelines. The work
was registered in PROSPERO: CRD42024537877.

2.2 | Search Strategy

The databases, including PubMed, Cochrane Library, Embase,
and Web of Science, were searched for studies investigating
foot arch morphology-associated SNPs before November 2023.
Starting with PubMed, the search strategy utilized a combi-
nation of free-text and MeSH terms. The search strategy was
adapted to the other databases and can be found in Data S1.
References were also screened for the identification of addi-
tional studies. The study language was limited to English. Data
were extracted on December 1, 2023, and alerts were activated
for new updates.

2.3 | Study Selection, Inclusion, and Exclusion
Criteria

Initially, the search results were evaluated by screening the titles
and abstracts of the selected publications. The in- and exclusion
criteria of the full texts were assessed independently by two au-
thors (YH and MV) (Table 1). Within this process, SNPs with a
minor allele frequency (MAF) >1% were prioritized. Variants
with a MAF <1% were excluded for two reasons: (1) they rep-
resent rare genetic variation and require large numbers of indi-
viduals to demonstrate an association with a specific phenotype;
(2) we aim to study genetic variations that are representative of
normal population-wide diversity.
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TABLE1 | The inclusion and exclusion criteria.

Inclusion criteria:

The study reported the association between SNPs and adult foot arch changes.

The study reported the association between SNPs and the occurrence or development of genetic diseases causing variations in

adult foot arch morphology:

1. The foot arch changes are a common symptom of this disease.

2. Adult patients can have the ability to stand and walk independently.

Exclusion criteria:

Animal research or computational biology research without clinical validation.

Foot arch changes are caused by inflammation, infection, endocrine diseases, autoimmune diseases, trauma, or tumor.

The study only reported an association between SNPs and complications unrelated to foot arch changes.

Variants having a MAF <1%.

Duplicated data or conference abstracts without original data.

2.4 | Data Extraction and Synthesis

Study characteristics and SNPs, including their associated
genes and diseases defined by the original authors of the pa-
pers, were extracted and collected in a tabular format Excel
file. For single nucleotide variants (SN'Vs) that do not report
their rsID in articles, we searched for their rsID in the ClinVar
database. In accordance with the impacts on different foot
stabilizing structures, we decided to categorize the SNPs
into three groups: connective tissue diseases, myopathy, and
neuropathy. Additionally, the variant-to-gene mapping used
included both functional annotation and the closest gene ap-
proach. Functional annotation involves linking genetic vari-
ants to genes based on their known or predicted biological
functions. The closest gene approach, on the other hand, asso-
ciates genetic variants with the nearest genes based on physical
proximity in the genome. By using both methods, the mapping
ensures that it considers both the functional relevance of the
variants and their physical locations relative to genes identi-
fied in the selected GWAS. The study characteristics and SNPs
were recorded and exploratory analyses were conducted in the
above-mentioned Excel environment (Microsoft 365; Excel
v2406). The results were presented using pie charts. To clarify
the findings of previous research, an attempt was made to cor-
relate SNP-associated genes with biological processes poten-
tially involved in foot arch variations. A Gene Ontology (GO)
enrichment analysis was conducted using EnrichR (https://
maayanlab.cloud/Enrichr), with a specific focus on the GO
Biological Process 2021 library. GO enrichment analysis is a
well-established method to identify the enrichment of biolog-
ical processes in an input gene set compared to all genes. The
enriched biological processes help to explain the “function”
of the input gene set [21]. EnrichR is a widely used web-based
tool that facilitates such enrichment analyses by comparing
input gene lists to large collections of annotated gene sets [22].
Statistical significance is assessed using Fisher's exact test,
which calculates p-values, representing the chance that the
input genes contributing to a certain biological process could
have been randomly selected, to determine whether specific

biological processes are associated with the input genes.
Since multiple comparisons are performed, the Benjamini-
Hochberg correction is applied to adjust p-values and control
for false discoveries [22]. The most significant biological pro-
cesses, called enriched terms, with an adjusted p-value (g-
value) <0.05 are considered statistically significant.

2.5 | Quality Assessment

The quality of the genetic association studies tool (Q-Genie)
was employed to evaluate the methodological quality of the
included studies [23, 24]. With this 11-point scale it was possi-
ble to evaluate each article based on various criteria. Each as-
pect was rated from 1 to 7 (Data S2). According to the Q-Genie
guidelines, in studies with a control group, scores <35 signify
poor quality, scores between > 35 and <45 indicate moderate
quality, and scores > 45 reflect high quality. In studies with-
out a control group, scores <32 signify poor quality, scores
between >32 and <40 indicate moderate quality, and scores
> 40 reflect high quality. YH and MV assessed the checklist
separately for each study. Differences were resolved by a dis-
cussion with the senior author (AE). Due to the small sample
sizes in studies on rare genetic diseases, it is often not feasible
to perform matching of control and experimental groups, con-
trol for confounding factors, and conduct appropriate statisti-
cal analyses. Consequently, these studies did not receive scores
on these points.

2.6 | Variant Information

The Ensembl genome browser 109 was used to collect variant
information located within coding and non-coding sequences
and the 5’ and 3’ untranslated regions (UTRs) [25]. The human
reference genome used, GRCh38.p13, is a consensus sequence
derived from a diverse human population across various geo-
graphical locations, reflecting the most common genetic vari-
ants observed.
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3 | Results
3.1 | Study Selection

A total of 2005 articles were found after conducting the afore-
mentioned search. A total of 368 duplicates were removed,
and 1535 articles were excluded after a screening of titles and
abstracts. As a result, we retrieved a total of 101 full-text arti-
cles. Out of these, 59 articles were excluded because the MAF
of SNPs that were reported did not meet the inclusion criteria
(MAF <1%). Four articles were used as pilot studies employing
a smaller and repeated dataset from a larger research project,
four articles were classified as conference abstracts, and 10 ar-
ticles described patients with severe conditions that made them
unable to walk independently before adulthood, and therefore
excluded as well. Six other articles were excluded as they were
computational studies lacking clinical data. As a result, 19
studies were included in this review, ranging from 2006 to 2020
(Figure 1). An overview of the included studies can be found
in Data S3.

3.2 | Study Characteristics

The key characteristics of the included studies encompass seven
case—control studies, five cross-sectional studies, five parents-
offspring trios studies, and two case series studies (Data S4,
Figure 2).

The studies utilized different methods to detect genetic vari-
ations. These methods are categorized into two main groups:
targeted variant detection and DNA sequencing. Targeted vari-
ant detection methods include low-throughput techniques such
as Polymerase Chain Reaction-Restriction Fragment Length
Polymorphism (PCR-RFLP) in five studies, and high-throughput
methods like TagMan Genotyping Assays in two studies and
SNP chip in three studies. DNA sequencing methods in these
studies included low-throughput Polymerase Chain Reaction-
Direct Sequencing (PCR-DS) in five studies and Next-Generation
Sequencing (NGS) in another five studies. The NGS methods
comprised Whole-Genome Sequencing (WGS) in one study and
Whole-Exome Sequencing (WES) in four studies.

Records identified (n = 2005)
from:
Pubmed (n = 441)
Web of Science (n = 362)
Cochrane Library (n = 8)
Embase (n = 1194)

y

Records screened:

—>
(n=1637) (n = 1535)
y
Reports sought for retrieval:
o (n=102)
; A
Reports assessed for
eligibility: —»| Reports excluded:
(n=102) MAF<1% (n = 59)
Duplicated data (n=4)
Conference abstract (n=4)
Cannot walk (n=10)
No clinical validation (n=6)
v

Studies included in review:
(n=19)

FIGURE1 | PRISMA flow chart.

Records removed before
screening:
Duplicate records removed
(n = 368)

Records excluded:
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FIGURE 2 | Pie charts representing study characteristics.
(A) Research designs, (B) genotype techniques, and (C) sample
populations.

Sample populations also varied. Eight studies included European
Caucasians, four studies included East Asians, three studies
included Brazilians, two studies included Middle Easterners,
and one study included Americans. One study included partic-
ipants of European, Latino, East-Asian, and African-American

descent. All case-control studies and cross-sectional studies
(n=12) had sample sizes exceeding 100, while parent-offspring
trios studies and case series studies (n=7) had smaller sample
sizes. For the studies documenting the average age and the fe-
male sex ratio, the mean age was 37.3years, and the average fe-
male sex ratio was 54%.

3.3 | Study Quality Assessment

There are 15 high-quality studies according to the Q-Genie tool,
including five cross-sectional studies, six case—control studies,
three parents-offspring trios studies, and one case series study.
Additionally, there are four medium-quality studies, comprising
one case—control study, one case series study, and two parents-
offspring trios studies (Data S5).

3.4 | Outcome

3.4.1 | Connective Tissue Disorder-Linked SNPs
and Their Potential Impact on Foot Arch Geometry

Connective tissue diseases typically lead to insufficient
support for the foot arch, causing the arch to flatten under
the influence of body weight pressure and resulting in
flatfoot. A total of 91 SNPs, identified across 12 studies,
are associated with connective tissue diseases, including
Spondyloepimetaphyseal dysplasia with joint laxity (SEMDJL)
[26-28], Marfan syndrome [29], EDS [30-33], Posterior Tibial
Tendon Dysfunction (PTTD) [34-36], and plantar fascial dis-
orders [37]. Seventy-nine SNPs can be seen as common varia-
tions with an MAF greater than 5%, 60 of them have an MAF
exceeding 30% (Data S6).

In connection with SEMDJL, 23 SNPs were identified across
three studies, with 19 SNPs observed in people of European
descent, three in people of Turkish descent, and two in East
Asians. These SNPs are associated with genes related to extra-
cellular matrix and connective tissue (MATNI and COL1A2),
cytoskeleton and cell structure (KRT18, KIF22, and THSD7B),
cell signaling (KCNIP4, CRIM1, and PTPRD), neuronal function
(SSH2 and BTBD11), metabolism (PECI and ATP5G1), immune
response (MAGECI), and epigenetic regulation (MBD3L3).
Additionally, the functions of some genes, like LOC100133991,
remain unknown or have not been well characterized. Eight
SNPs are related to the MATNI gene. Rs2450399, associated
with KIF22, has been replicated once.

In the context of Marfan syndrome, seven SNPs were identified
across one study in the East Asian population. These SNPs are
associated with FBN1, FBN2, and TGFBR2.

Four studies have linked SNPs to EDS. One study investigat-
ing an Italian population identified three of these genetic vari-
ations [33]. The fourth genetic variant rs12722, linked to the
COL3AI and COL5AI collagen genes, has been consistently
associated with increased joint range of motion in three stud-
ies [30-32]. Notably, this finding was replicated twice in in-
dependent studies, with participants of both East Asian and
European descent.
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PTTD is primarily considered a connective tissue disorder as
it involves the gradual degeneration or tearing of the poste-
rior tibial tendon, which is a connective tissue structure re-
sponsible for supporting the arch of the foot and stabilizing
the ankle during walking. Eight SNPs have been associated
with PTTD across three studies involving the Brazilian female
population. These SNPs are linked to MMP1, MMP8, MMP13,
ERa, and ERS.

Forty-nine SNPs have been associated with WWP2 and
TNFAIP8, which are implicated in plantar fascial disorders.
These disorders include the common plantar fasciitis, causing
heel pain, and the rarer plantar fibromatosis, characterized by
excessive fibrous hyperproliferation of the deep connective tis-
sue of the foot.

3.4.2 | Myopathy-Linked SNPs and Their Potential
Impact on Foot Arch Geometry

Myopathy is a condition that affects muscle function and struc-
ture, which can lead to different foot arch variations based on
the distribution of muscle lesions. Widespread lesions causing
restrictive movement are associated with distal arthrogryposis
(DA) syndromes, a group of entities characterized by joint con-
tractures in the distal limbs.

Researchers from one single study on myopathy found 29 dif-
ferent SNPs associated with the condition. All of them have
an MAF greater than 5%, and even 25 SNPs have an MAF
exceeding 30% (Data S7). Twenty-two were found in the
Hispanic-American population, while eight were observed in
individuals of European descent [38]. One SNP, rs17690195,
was found in both populations. These SNPs are associated
with genes related to functioning of the contractile proteins,
including Myosin Heavy Chains genes (MYHI, MYH2, MYH3,
MYH4, MYHS8, and MYH13), Actin genes (ACTA1I), Myosin
Light Chain genes (MYLI), Myosin Binding Protein genes
(MYBPH), Troponin genes (TNNT3), and Tropomyosin genes
(TPM1 and TPM2).

3.4.3 | Neuropathy-Linked SNPs and Their Potential
Impact on Foot Arch Geometry

Charcot-Marie-Tooth Disease (CMT), is a hereditary neuropa-
thy condition that damages nerves and can lead to high arches
(pes cavus), and may present with a wide spectrum of foot
abnormalities.

Six studies have identified 17 genetic variations linked to CMT,
16 of which are relatively common (MAF > 5%) and four being
very prevalent (MAF>30%) (Data S8) [39-44]. Ancestry also
influenced these variations, with some SNPs more frequent in
European (n=14), Iranian (n=1), or East Asian (n=2) popu-
lations. For CMT1, variations are linked to genes like LITAF
(n=3), LINC01346 (n=13), MIR149 (n=2), and SIPAIL2 (n=4),
while single SNPs were also found for PMP22, LOC124904260,
and DSCAM. CMT2 is associated with the MFN2 gene variation
rs2236057. Finally, the SNP rs1025476 is linked to the SH3TC
gene in CMT4.

3.5 | Variant Information of SNPs

Out of 137 SNPs potentially influencing foot arch morphology,
we found that each SNP had a known variant consequence iden-
tified in Ensembl. Twenty-three variants were found in cod-
ing regions, with 12 being missense and 11 synonymous. Five
variants were found in UTRs, and six variants were found in
regulatory regions. Lastly, a total of 103 variants were found in
other regions, including 82 introns, 13 intergenic regions, one
in a transcription factor (TF) binding site, two in splice regions,
and five in non-coding regions. An overview of the variants can
be found in Data S9.

3.6 | Geno Ontology (GO) Analysis
for SNP-Associated Genes Involved in Myopathy
and Neuropathy

A GO enrichment analysis was performed on the SNP-
associated genes found in the myopathies and neuropathies,
found through the process of this systematic review. As a re-
sult, the analysis revealed several highly significant biologi-
cal processes linked to genes implicated in myopathies and
neuropathies (Figure 3). The most significant terms included
actin-myosin filament sliding (G0:0033275) and muscle fila-
ment sliding (GO:0030049), both with a p-value of 1.21 x 107
and a g-value of 2.33 x 107**. Additionally, muscle contraction
(G0:0006936) was identified with a p-value of 2.93x107'3
and a g-value of 3.74x 107! Other terms included external
encapsulating structure organization (GO: 0045229) with a
p-value 0of 1.37x 107° and a g-value of 1.05 x 1077, and extracel-
lular structure organization (GO: 0043062) with a p-value of
1.32x107° and a g-value 0f 1.05x 107",

4 | Discussion

This systematic review identified 137 SNPs across 19 studies
that could demonstrate potential links to foot arch morphol-
ogy in specific disease categories. Connective tissue disorders
for which SNPs were associated with flatfoot susceptibility in-
cluded SEDMIJL (23 SNPs), Marfan syndrome (7 SNPs), EDS (4
SNPs), PTTD (8 SNPs), and plantar fascial disorders (49 SNPs).
In myopathies, 29 SNPs potentially contributed to a higher foot
arch in DA. Additionally, within neuropathic disorders, SNPs
that may increase foot arch height were identified for CMT1 (1
SNP), CMT2 (1 SNP), and CMT4 (4 SNPs).

The descent of the foot arch is typically attributed to weakened
muscles or connective tissues that support the foot arch. PTTD
is considered one of the most important connective tissue-
related causes of adult-acquired flat foot deformity (pes planus)
[43, 45]. In addition, other connective tissue diseases including
SEMDJL, Marfan Syndrome, EDS, and plantar fascial disorders,
affect collagen production, resulting in weakened connective
tissues and joint hypermobility. SNPs that modify the clinical
severity of these conditions may contribute to the collapse of the
foot arch [46].

Pes cavus has generally been attributed to a muscle imbal-
ance, primarily caused by neurological disorders. Presently,
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FIGURE 3 | Results of the GO analysis of the SNP-associated genes involved in myopathy (DA) and neuropathy (CMT1, CMT2, CMT4).

in literature, two primary hypotheses are considered. The first
hypothesis, by Piazza et al. posits that the fibularis peroneus
longus muscle is more resistant to leg muscle atrophy than the
anterior tibial muscle. If the tibialis anterior muscle is weaker
compared to the fibularis peroneus longus, this imbalance can
result in the plantar flexion of the first metatarsal bone and
the formation of pes cavus [47]. The second hypothesis, intro-
duced by authors such as Gallardo et al. implicates intrinsic
foot muscle weakness in the development of pes cavus. This
deformity is often observed in the early stages of the deformity
when there is no evidence of weakness in the leg muscles [48].
Similarly, in our analysis, we observed a significant enrichment
of muscle contraction and filament sliding, which underscores
the importance of muscle function in the conditions studied.
These results align with Piazza's hypothesis, which suggests
that an imbalance in muscle strength, particularly a weaker
tibialis anterior relative to the fibularis peroneus longus, could
contribute to the formation of pes cavus. This suggests that ge-
netic variations affecting these muscle contraction processes
may underlie the muscle imbalances observed in pes cavus.
However, CMT disease can be caused by more than 100 genetic
variations, each leading to distinct phenotypes [49]. These phe-
notypes present with either pes cavus or pes planus, depending
on the specific muscle weakness caused by varying degrees of
demyelination and/or axonal loss, rather than a specific foot-
related genetic defect [50].

The focus was on the direct association between genetic
variants, specifically SNPs, and foot arch morphology.
Nevertheless, diseases such as diabetic foot, rheumatoid ar-
thritis, or tumors, may also affect foot arch morphology [13].
In addition, other environmental influences, such as foot-
wear and activity levels, contribute to foot development [51].
Studies have shown that habitual footwear can alter foot

structure, including changes to the arch and hallux angles,
and that improper footwear fit can lead to deformities like
hallux valgus [52, 53]. However, our investigation focused on
genetic diseases known to influence foot arch variations and
the associated SNPs. It is important to note that this review
only encompasses a fraction of the potential SNPs linked to
these diseases, as many genetic disorders are rare and limited
by sample size.

Importantly, almost no replicated SNPs were retrieved from the
literature, highlighting the lack of understanding of the genetic
basis of common foot arch variations in general. While genetic
diseases could offer insights into the role of SNPs in foot arch
(de)formation, their impact on common foot arch variations re-
mains largely unexplored [54, 55].

In conclusion, following a systematic review, we could not
identify any studies directly investigating the correlation
between SNPs and foot arch morphology, underscoring the
need for further research to unravel the genetic architecture
of common foot arch morphology in the general population.
However, existing research focuses on genetic diseases associ-
ated with foot arch morphology variations, which may provide
valuable insights into the specific role of SNPs in foot arch
(de)formation.

4.1 | Limitations

This study encountered several limitations within the scope of
the systematic review process. Firstly, in common with other
systematic reviews, some papers may not have been identified
with the search criteria we used. However, additional screening
of the references was performed to improve the process.
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Secondly, there is a lack of direct research on the relationship be-
tween SNPs and foot arch morphology, which may be attributed
to the inherent complexity of foot arch morphological variations.
Numerous distinct factors can contribute to changes in foot arch
morphology, making it challenging to study it as a homogeneous
condition.

Lastly, there is the study heterogeneity in methodologies, sam-
ple sizes, as well as variations in research quality. This can be
attributed to the difficulty in obtaining a sufficient number
of cases for some rare genetic conditions. Also, the majority
of research has been focused on specific populations, such as
Caucasians or East Asians, raising concerns about the general-
izability of results to other racial or ethnic groups.

4.2 | Future Research

Studies were not directly investigating the role of SNPs in shap-
ing the foot arch itself. Therefore, future research should con-
duct ethnically diverse large-scale genome-wide association
studies (GWAS) using common SNPs (MAF >1%), which may
help to distinguish between natural foot arch variations (ideally
under weight-bearing conditions) and or variations associated
with foot-related complaints.

To improve reproducibility, standardized methodologies must
be clearly defined. Developing a well-controlled unified data-
base and establishing data-sharing networks that include data
on common traits such as foot arch anomalies would enable
meta-analyses, increasing the reliability of the associations be-
tween genetic variants, foot arch morphology, and foot-related
complaints. Additionally, advances in imaging technologies,
such as weight-bearing CT scans, would provide more detailed
insights into how genetic and environmental factors interact to
shape foot morphology. Therefore, close collaboration between
geneticists, clinicians, and biomechanical researchers is im-
portant for translating genetic findings into meaningful clinical
applications.

5 | Conclusion

In conclusion, our analysis of 19 studies identified 137
SNPs associated with genetic disorders, involving foot arch
variations. While these studies provide insights, they do not
directly address the genetic basis of common foot arch vari-
ations in the general population. A better understanding of
the genetic basis of foot arch morphology could lead to more
precise diagnostic criteria and tools, and pave the way for
personalized management strategies to prevent foot-related
complaints.
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