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a b s t r a c t

Background: The Peripheral Myelin Protein 22 (PMP22) gene plays a central role in peripheral nerve 
myelination, and dosage alterations (deletion, duplication, or point mutation) are established causes of 
hereditary neuropathies such as Charcot–Marie–Tooth disease type 1 A (CMT1A), CMT1E, and Hereditary 
Neuropathy with Liability to Pressure Palsies (HNPP). However, its potential contribution to atypical de
velopmental motor phenotypes such as persistent toe-walking (PTW) has not been systematically explored.
Objective: To characterize the phenotypic spectrum of pediatric PMP22 variant carriers presenting with 
PTW and to compare their clinical features with those of established PMP22-related neuropathies.
Methods: This retrospective study analyzed 22 children with PMP22 variants (pathogenic, likely pathogenic, or of 
uncertain significance) identified through a targeted 49-gene next-generation sequencing panel. Detailed phe
notypic data were collected across five clinical domains—genetic, developmental, gait and musculoskeletal, 
neurological, and associated comorbidities—and compared to standardized phenotype frequencies for CMT1A, 
CMT1E, and HNPP derived from Orphanet and the Human Phenotype Ontology (HPO) databases.
Results: Persistent tip-toe gait was universal, accompanied by pes cavus, lumbar hyperlordosis, tremor, and 
hyporeflexia. Speech and language difficulties were reported in 45 % of cases, and a family history of toe- 
walking in 40 %. Additional muscle symptoms and neurological findings were reported, developmental 
disorders were also reported.
Conclusions: Children carrying PMP22 variants with PTW exhibit a distinct phenotype differing from classic 
demyelinating neuropathies. The findings suggest that a subset of idiopathic toe-walking cases may re
present a developmental manifestation within the PMP22-related disease spectrum, highlighting the value 
of genetic testing in reevaluating gait disorders of uncertain etiology.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is 
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The peripheral myelin protein 22 (PMP22) gene plays an essential 
role in the formation and maintenance of myelin in the peripheral 
nervous system [1]. PMP22 expression is dosage-sensitive, and al
terations in gene copy number or sequence—through duplication, 

deletion, or pathogenic variants—give rise to a well-established 
spectrum of hereditary neuropathies [2−6].

Deletions of the PMP22 locus result in Hereditary Neuropathy with 
Liability to Pressure Palsies (HNPP), a condition characterized by re
current, pressure-induced focal neuropathies and transient sensory or 
motor deficits, leading to temporary episodes of numbness and weak
ness [7,8]. Conversely, duplication of PMP22 causes Charcot–Mar
ie–Tooth disease type 1 A (CMT1A), the most common inherited 
peripheral neuropathy. CMT1A is associated with demyelination and 
impaired peripheral nerve conduction, typically manifesting as distal 
muscle weakness, length-dependent sensory loss, and reduced or absent 
reflexes 3,4.
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Certain PMP22 sequence variants are associated with other 
neuropathy subtypes, such as CMT1E, which may include additional 
features such as sensorineural hearing impairment [9,10]. Collec
tively, PMP22-related disorders illustrate how defined genetic al
terations can produce characteristic patterns of peripheral nerve 
dysfunction.

In contrast, the etiology of persistent toe walking (PTW) remains 
poorly understood. PTW is typically considered a diagnosis of ex
clusion when no neurological, orthopedic, or developmental cause is 
identified, yet the phenotype may encompass more than an isolated 
gait abnormality [11,12].

Anatomically, toe walking is characterized by the absence of a 
normal heel strike during the initial stance phase of the gait cycle, 
with the forefoot making contact with the ground instead of the 
heel. This gait pattern is a consequence of sustained plantar flexion 
at the ankle joint. The primary structures involved are the calf 
muscles -the gastrocnemius and the soleus- and their common 
tendon, the Achilles tendon, which attaches to the heel bone, the 
calcaneus. Contraction of the gastrocnemius-soleus complex pulls 
the calcaneus upward via the Achilles tendon, creating plantar 
flexion. In cases of persistent toe walking, this muscle-tendon unit 
may be congenitally shortened or may develop adaptive shortening 
over time, simply put when calf muscles are tight or short, they pull 
on the Achilles tendon, which then pulls the heel up. This makes it 
hard for the child to put their heels down to walk flat-footed [13].

Initial genetic and clinical findings from this cohort were pre
viously reported (Journal of Global Medical Genetics, to be pub
lished; manuscript ID GMG-D-25–00063). Building on that dataset, 
the present study provides a comparative analysis between PTW 
individuals carrying PMP22 variants and the established phenotypes 
of PMP22-related neuropathies.

The aim of this analysis is to examine whether individuals with 
PTW who carry PMP22 variants exhibit features that overlap with 
known PMP22-related neuropathies (CMT1A, HNPP, CMT1E). While 
these conditions appear clinically distinct, a subset of our cohort 
presents with overlapping features—such as pes cavus, areflexia, and 
tremor—that are hallmarks of peripheral nerve dysfunction.

The objective of this retrospective study is to describe the clinical 
features of PTW individuals with PMP22 variants and to explore 
potential areas of phenotypic overlap with established PMP22-re
lated neuropathies. The analysis is intended to be exploratory and 
hypothesis-generating, rather than diagnostic.

By characterizing this cohort, we aim to contribute to a more 
nuanced understanding of the clinical variability associated with 
PMP22 variants and their potential relationship to PTW.

Materials and methods

Study design and population

This retrospective observational study was conducted over a 
four-year period and examined the genetic and clinical character
istics of pediatric patients presenting with persistent toe walking 
(PTW). Children were referred by pediatricians, neuropediatricians, 
and orthopedic specialists for evaluation of gait abnormalities. A 
total of 1500 patients underwent genetic testing as part of routine 
clinical assessment.

Inclusion and exclusion criteria

Patients were eligible for inclusion if they met the following 
criteria: 

1. Persistent toe walking observed during daily activities, as re
ported by parents or caregivers.

2. Completion of a 49-gene next-generation sequencing (NGS) 
panel specifically designed for neuromuscular and neuropathy- 
associated genes [14].

3. Provision of written parental consent for the use of anonymized 
clinical and genetic data for research purposes.

4. For the present comparative analysis, only patients in whom the 
NGS or MLPA testing identified a PMP22 variant (pathogenic, 
likely pathogenic, or VUS) were included.

Patients were excluded if they had: 

• A known neurological, orthopedic, or developmental condition 
associated with toe walking (e.g., cerebral palsy, autism spectrum 
disorder, tethered cord syndrome, limb-length discrepancy).

• A history of significant perinatal or birth complications.

Data collection and analysis

Data were systematically collected through a standardized 
questionnaire and a detailed physical examination. The collection 
process and the five core clinical domains we focused on are illu
strated in the workflow below (Fig. 1).

The specific data points captured within each clinical do
main were:

Fig. 1. Data collection and categorization workflow. 
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Genetic profile
Developmental history. Perinatal history, age of bowel and bladder 
control, mode of delivery, and family history of toe walking or 
neuropathy.

Gait & musculoskeletal features. Age of toe-walking onset, proportion 
of daily time spent toe walking, progression over time, ankle ROM, 
and foot morphology (e.g., pes cavus). or other structural anomalies 
(e.g., clinodactyly, brachydactyly, pectus excavatum).

Neurological features

Deep tendon reflexes, balance difficulties, presence of tremor, 
distribution of musculoskeletal pain (calves, heels, back), and 
muscle-related symptoms.

Associated comorbidities
Speech/language difficulties, social developmental concerns, 

and visual impairments.

Clinical assessment

Because this study was retrospective, all clinical data were de
rived from existing records documented at the time of presentation. 
The clinical evaluation protocol routinely applied in the treating 
clinics is summarized in Table 1

Sensory testing: Formal assessments of sensory modalities were 
not systematically available in the retrospective dataset. In addition, 
nerve conduction studies were not performed because the clinical 
examinations were conducted independently of the genetic results; 
at the time of evaluation, neuropathy was not suspected and 
therefore NCV testing was not clinically indicated.

Genetic testing

All included patients underwent a targeted 49-gene NGS panel 
designed to identify pathogenic variants associated with neuro
muscular disorders potentially linked to PTW. Whole-exome se
quencing was excluded because it did not form part of the 
standardized diagnostic workflow during the study period.

Saliva samples were collected by the treating clinicians. 
Sequencing was performed on the Ion Torrent platform, targeting 
coding exons and ± 10 bp of flanking intronic regions.

Because PMP22 dosage alterations are a major cause of heredi
tary neuropathies, Multiplex Ligation-Dependent Probe 
Amplification (MLPA) was subsequently performed in all cases 
where NGS suggested a possible copy-number change, in order to 
confirm or exclude a pathogenic CNV.

Prior to testing, written informed consent for the use of anon
ymized data in research was obtained. The study received ethical 
approval from the ethical board of the Deutschen Verbandes für 

Physiotherapie an der Physio-Akademie in Wremen, Germany 
(project number 2025–02).

All detected variants were classified according to American 
College of Medical Genetics and Genomics (ACMG) guidelines [16]. 
Variants categorized as pathogenic, likely pathogenic, or VUS were 
included for further analysis. Classification was supported by in si
lico prediction tools (MutationTaster, PolyPhen-2) and curated da
tabases including HGMD, ClinVar, LOVD, and dbSNP.

The analysis had certain limitations. It could not reliably detect 
variants in non-coding or regulatory gene regions, variants in areas 
with high sequence homology or repeats, copy number variations 
affecting single exons or entire genes nor, genetic mosaicism with a 
low frequency component.

Statistical analysis

Descriptive statistics were performed using LibreOffice Calc to 
summarize demographic data (age, gender), genetic findings (PMP22 
variant classifications), and clinical features (e.g., toe walking dura
tion). Categorical variables, including variant types (Pathogenic, 
Likely Pathogenic, VUS) and symptom prevalence, were expressed as 
frequencies and percentages.

Comparator disease phenotypes

Phenotypic frequencies for CMT1A, CMT1E, and HNPP were ob
tained from Orphanet and the Human Phenotype Ontology (HPO) 
database [17]

Features were categorized using standard HPO frequency de
scriptors: 

• Obligate: 100 %

• Very frequent: 80–99 %

• Frequent: 30–79 %

• Occasional: 5–29 %

These descriptors represent the aggregated phenotypic expres
sion across the disease course and do not encode age of onset or 
progression.

Results

Study population

A total of 22 patients carrying PMP22 variants were included in 
the study. All presented with persistent toe walking and had un
dergone targeted NGS and, when indicated, MLPA testing. The cohort 
ranged in age from 17.5 months to 17 years (mean age 7.7 years) and 
comprised 14 girls (63.6 %) and 8 boys (36.4 %).

Table 1 
Clinical Assessment Protocol. 

Category Assessment Procedure Positive Finding

1. Postural & Structural Lumbar Hyperlordosis Goniometric measurement (lumbosacral 
angle)

-

Pes Cavus, Pectus excavatum, clinodactyly, and 
brachydactyly

Morphological inspection Observation of abnormality

2. Balance & Motor Balance Disorder Single-Leg Stance <  5 s or requires support
Motor Heel Walking Test Inability to perform correctly

Foot Drop Test: Toe lifting test (standing)
3. Ankle ROM Dorsiflexion Goniometry (neutral/0° method) [15] <  20° (Restricted)

Plantarflexion <  50° (Restricted)
4. Neurological Tremor (Essential) a) Arms extended, palms down 

b) Hand opening-closing provocation
Visible rhythmic oscillations

Dysarthria Parent/Caregiver report Reported speech difficulty
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Prevalence of family history in the cohort

A family history of toe walking was reported in 9/22 patients 
(40.9 %). Paternal history accounted for 31.8 %, maternal history for 
9.0 %, and sibling history for 13.5 % (brothers 9.0 %, sisters 4.5 %). 
Additional affected relatives were reported in 9.0 % of cases.

Clinical findings

All patients were unable to stand with their heels in contact with 
the ground. Ankle joint range-of-motion restriction was present in 
21/22 patients (95.5 %), involving reduced dorsiflexion, plantar
flexion, or both.

Musculoskeletal pain was frequently reported, affecting the 
calves, heels, feet, or back. Speech and language difficulties were 
documented in 10/22 patients (45.6 %).

Structural features were frequent in the cohort. Pes cavus was 
present in 90.9 % of patients, lumbar hyperlordosis in 90.9 %, and 
clinodactyly or brachydactyly in 86.4 %. Pectus excavatum was ob
served in 36.4 % of cases.

Muscular symptoms were also common: muscle spasm occurred 
in 50.0 % of patients, myalgia in 31.8 %, and muscle fatigue in 27.3 %.

Neurological signs included tremor in 68.2 % of patients, balance 
disorders in 45.5 %, hyporeflexia in 22.7 %, and visual impairments 
in 13.6 %.

Developmental features were reported in some cases, including 
voluntary bladder and bowel control not achieved by age five 
(27.3 %)and social interaction challenges (22.7 %).

Genetic testing

NGS and MLPA identified 23 PMP22 variants across the 22 pa
tients. One patient carried both a sequence variant and a duplication. 
Variant classifications were based on ACMG guidelines using the 
evidence available at the time of analysis. It is important to note that 
the interpretation of genetic variants is dynamic. The ACMG classi
fications and population frequencies presented here reflect the evi
dence available at the time of analysis and reporting (Report Date). 
These interpretations are subject to change as new evidence 
emerges in the literature. Variant population frequencies were de
rived from the Genome Aggregation Database (gnomAD), except for 
patient 11, for whom data were obtained from the Exome 
Aggregation Consortium (ExAC).

A summary of the identified variants, their HGVS (coding DNA 
reference sequence by Human Genome Variation Society) nomen
clature, and ACMG classification is provided in Table 2.

Comparative clinical features

Supplementary Table 1 summarizes the frequency of key clinical 
findings in our cohort and compares them descriptively with re
ported phenotypic frequencies of PMP22-related neuropathies 
(CMT1A, CMT1E, HNPP). Frequencies for comparator disorders were 
extracted from Orphanet and HPO and are presented as percentage 
categories (e.g., 80–99 %, 30–79 %).

No inferential statistics were performed, as an internal compar
ison group (PTW patients without PMP22 variants) was not avail
able. While other neuropathies involve PMP22 alongside other 
genes, these four conditions (CMT1A, HNPP, CMT1E) represent the 
clearest clinical entities for a focused comparison on PMP22’s con
tribution to disease phenotype.

Frequency key (HPO conventions)
Obligate (100 %)
Very frequent (80–99 %)
Frequent (30–79 %)
Occasional (5–29 %)

Rare (1–4 %)
NR = Not Reported
Supplementary Table 1: Comparative Phenotypic Analysis of our 

heterozygote PMP22 carriers cohort and PMP22- Linked Disorders
Text Supplementary Table 1: VBC, Voluntary Bladder and Bowel 

Control; MW, Muscle Weakness; CMT1A, Charcot-Marie-Tooth dis
ease type 1A; CMT1E, Charcot-Marie-Tooth disease type 1E; HNPP, 
Hereditary Neuropathy with Liability to Pressure Palsies

Discussion

This study provides a descriptive comparative analysis of chil
dren with persistent toe walking who were found to carry PMP22 
variants and contrasts their clinical profiles with the reported phe
notypes of established PMP22-related neuropathies, including 
Charcot–Marie–Tooth disease type 1A (CMT1A), CMT1E, and 
Hereditary Neuropathy with Liability to Pressure Palsies (HNPP) 
[18,19,20]. These disorders represent primary conditions in which 
pathogenic alterations in PMP22 are known to impair peripheral 
myelination and produce characteristic neurological deficits [21].

To enable a standardized comparison, our analysis focused on 
clinical features that are consistently represented within Human 
Phenotype Ontology (HPO) and Orphanet datasets. While each of the 
comparator neuropathies includes additional manifestations not 
addressed here (e.g., hearing loss in CMT1E or pressure palsies in 
HNPP), limiting the comparison to common, well-defined terms al
lowed for clearer alignment with the phenotypic data available in 
our cohort [22,23].

It is important to emphasize that the comparison with CMT1A, 
CMT1E, and HNPP was not intended to determine the pathogenicity 
or clinical relevance of PMP22 variants in our cohort. A definitive 
assessment would require a comparison between toe-walking chil
dren with PMP22 variants and those without such variants within 
the same population, which was beyond the scope of this retro
spective dataset. Instead, the comparison presented here is de
scriptive and contextual, intended only to contrast the observed 
clinical frequencies with those reported in established PMP22-re
lated neuropathies. These exploratory observations should therefore 
be interpreted as hypothesis-generating rather than diagnostic or 
causal.

Table 2 
Summary of genetic findings in the study patients. 

Patient c. HGVS ACMG Classification Freq. (%) Report Date

P1 c.*33 G > A VUS 0.0273 % 08.10.2021
P2 c.*3 C > T VUS 0.0088 % 14.02.2022
P3 c.103 G > A VUS 0.00318 % 15.11.2022
P4 c.353 C > T VUS 0.4020 % 07.06.2023
P5 c.353 C > T VUS 0.4020 % 10.01.2023
P6 c.353 C > T VUS 0.4020 % 10.01.2023
P7 c.353 C > T VUS 0.4020 % 19.12.2022
P8 c.353 C > T VUS 0.4020 % 15.11.2022

Duplication P -
P9 c.353 C > T VUS 0.4020 % 13.07.2022
P10 c.353 C > T VUS 0.4020 % 01.04.2022
P11 c.353 C > T VUS 0,468 % 18.11.2020
P12 c.353 C > T VUS 0,468 % 16.02.2021
P13 c.353 C > T VUS 0.4020 % 11.02.2025
P14 Duplication P - 01.08.2022
P15 Duplication P - 13.06.2023
P16 Duplication P - 07.03.2023
P17 Duplication P - 08.04.2022
P18 Duplication P - 16.06.2021
P19 Duplication P - 17.03.2021
P20 Duplication P - 16.03.2021
P21 Duplication P - 28.03.2022
P22 Exon 2 Deletion P - 06.10.2020

c.HGVS, coding DNA reference sequence by Human Genome Variation Society; Freq, 
Frequency.
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Future work within the same clinical cohort comparing PMP22- 
positive and PMP22-negative toe-walking children will be essential 
to determine whether the observed features are variant-associated 
or reflect the broader toe-walking population. We are currently 
engaged in this next phase of research, which includes extending the 
analysis to children carrying variants in other neuropathy-associated 
genes, allowing a more robust evaluation of gene-specific and gene- 
independent phenotypic patterns.

It is important to emphasize that PMP22 participates in complex 
regulatory networks, and the phenotypic consequence of individual 
variants may vary widely. For this analysis, we restricted comparison 
to disorders in which PMP22 is recognized as the principal mono
genic contributor, as this provides the most appropriate clinical 
benchmark for interpreting our findings 20, [24].

A major limitation of this retrospective cohort is the absence of 
nerve conduction studies (NCS), which represent a key diagnostic 
tool in PMP22-related neuropathies. In our setting, clinical ex
aminations were conducted independently of the genetic results, 
and neuropathy was not suspected at the time of evaluation; 
therefore, NCS were not clinically indicated. Despite this limitation, 
the available clinical and genetic information permitted a structured 
descriptive comparison across functional domains 20.

The analysis is structured by functional category to highlight key 
divergences as follows: 

1. Gait Disturbances:

Our cohort is characterized primarily by a persistent, tip-toe gait. 
In contrast, secondary gait disturbances in PMP22-related neuro
pathies result from progressive neuromuscular deterioration: 

• CMT1A & CMT1E primarily present with gait disturbance and 
gait imbalance. These arise from a combination of distal muscle 
weakness, sensory ataxia, and the development of secondary 
orthopedic deformities like pes cavus [25]. Steppage gait was also 
reported in CMTE1, representing a potential phenotypic overlap 
with the toe-walking observed in our cohort.

• HNPP patient records show no reported (NR) specific gait dis
turbance as a core feature, consistent with its episodic, focal nature.

2. Musculoskeletal Hallmarks:
Our cohort exhibited a high frequency of structural anom
alies—including pes cavus, lumbar hyperlordosis, clinodactyly, 
brachydactyly, and pectus excavatum—features that are not uni
formly characteristic of PMP22-related neuropathies.
In CMT1A and CMT1E, musculoskeletal deformities such as pes 
cavus and hammertoes arise as secondary consequences of 
chronic denervation and long-standing muscle imbalance, rather 
than as primary congenital findings.
HNPP, although capable of presenting with pes cavus, distal 
amyotrophy, and occasionally scoliosis, does so at substantially 
lower frequencies, and these features typically reflect the bio
mechanical impact of recurrent pressure palsies, not early de
velopmental morphology.
Reports of scoliosis in HNPP often stem from postural asymmetry 
due to shoulder-girdle weakness rather than intrinsic axial ske
letal variation.
Taken together, the high prevalence, early onset, and multisystem 
pattern of structural anomalies in our cohort are more consistent 
with developmental or congenital traits rather than the acquired, 
neuropathy-driven orthopedic changes seen in classic PMP22- 
associated disorders [26,27].

3. Muscular symptoms:
The nature of muscular complaints shows notable similarities 
between the cohorts. Subjective symptoms, including muscle 
spasm, myalgia, and fatigue, were reported in our cohort. Similar 

subjective complaints, such as myalgia and spontaneous muscle 
pain, are also well-documented features of certain PMP22-re
lated neuropathies.
From a clinical perspective, muscle weakness represents a com
plex condition characterized by both subjective traits (e.g., per
ceived fatigue, debility) and objective measures (e.g., measurable 
loss of strength, atrophy). While objective weakness is a well- 
documented hallmark of progressive neuropathy, it’s noteworthy 
that subjective weakness—often described as fatigue or lack of 
endurance—frequently coexists even in the presence of muscle 
tightness or spasm [28].
The shared presentation of these muscular symptoms across 
cohorts suggests potential overlap in symptomatic experience. 
The interpretation of whether this similarity represents a 
common underlying pathophysiology or convergent sympto
matic expression remains an open question.

4. Neurological signs:
Tremor was present in our cohort, presenting a notable contrast 
to the PMP22-related neuropathies where it is not a defining 
feature. Current research suggests tremor is not a single disease 
entity but rather a family of disorders with multiple potential 
etiologies, including cerebellar degeneration, genetic inheritance, 
and other central nervous system pathologies [29].
Deep tendon reflex abnormalities provide critical localizing in
formation regarding neurological dysfunction. Hypoactive or 
absent reflexes typically indicate injury or disease involving the 
lower motor neurons (nerve roots or peripheral nerves), whereas 
hyperactive reflexes suggest a lesion involving upper motor 
neurons (brain, brainstem, or spinal cord) [30].
In our cohort, hyporeflexia was observed, consistent with po
tential peripheral nervous system involvement. This finding 
shows overlap with the areflexia/hyporeflexia documented in 
CMT1E, CMT1A, and HNPP – all conditions primarily affecting 
peripheral nerves.
Balance and postural disorders were present in our cohort and 
demonstrated overlap with those documented in PMP22-related 
neuropathies. While balance problems can arise from various 
etiologies including vestibular disorders, cardiovascular issues, 
and musculoskeletal problems, in the context of peripheral 
neuropathies they typically result from impaired proprioceptive 
feedback due to nerve damage [31–34].
The similar prevalence of balance disorders across cohorts sug
gests possible convergent symptomatic expression despite po
tential differences in underlying mechanisms. In PMP22-related 
neuropathies, these symptoms likely reflect peripheral sensory 
impairment and disrupted neural signaling from damaged 
nerves. In our cohort, the presence of balance disorders alongside 
other neurological findings may indicate either peripheral nerve 
or musculoskeletal involvement.
Visual impairments were another distinctive finding in our co
hort, which contrasts with their absence in standard descriptions 
of PMP22-related neuropathies. This finding further supports the 
possibility of more widespread neurological involvement beyond 
peripheral nerve dysfunction.

5. Developmental aspects:
Parent-reported social difficulties were noted occasionally in the 
cohort. The underlying nature of these challenges—whether in
trinsic developmental traits or secondary consequences of living 
with a persistent gait abnormality— documenting these concerns 
is important, as persistent toe-walking may influence social 
participation, self-perception, and peer interactions, highlighting 
the need to consider potential psychosocial impact alongside 
physical findings.
Regarding autonomic function, most children achieve daytime 
urinary continence by age 5. In our cohort, only two patients 
exhibited delays in achieving bowel and bladder control beyond 
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the typical developmental window [35]. This low prevalence 
suggests that significant autonomic dysfunction is not a primary 
feature of our cohort’s condition.

6. Genetic findings:

The central question of this study was to describe the phenotypic 
features of children with persistent toe walking who also carried 
PMP22 variants, without assuming pathogenicity.

In several patients, the PMP22 c.353 C > T (p.Thr118Met) variant 
was identified. Although some diagnostic laboratory reports be
tween 2020 and 2025 classified this allele as ‘likely pathogenic (class 
4)’ or a ‘variant with pathogenic potential,’ these classifications were 
accompanied by extensive cautionary statements noting the con
troversial and inconsistent interpretation of this variant in the lit
erature.

Across all reports, the laboratories emphasized the following: 

1. the high allele frequency in population databases (∼0.4–0.5 %) 
argues against a monogenic pathogenic effect;

2. published data describe a highly variable phenotype including 
asymptomatic carriers;

3. the variant has been classified in major databases predominantly 
as VUS or likely benign;

4. its clinical significance cannot be determined without segrega
tion analysis, which was not available.

Given the inconsistent database classifications and lack of sup
portive clinical or electrophysiological data, we classified c.353 C > T 
as a variant of uncertain significance (VUS) for the purposes of this 
study, regardless of the initial classification provided in individual 
laboratory reports.

The aim of this work was not to determine causality, but to de
lineate whether a recognizable clinical pattern emerged among 
children with PMP22 variants who exhibit persistent toe walking.

Limitations & future directions

This exploratory study is limited by its retrospective design, ab
sence of nerve conduction studies, and lack of systematic sensory 
testing. These limitations reflect real-world clinical practice, in 
which children with isolated toe walking are not routinely evaluated 
for neuropathy unless suggestive signs are present.

Future studies incorporating prospective neurological examina
tions, electrophysiological testing, segregation analysis, and broader 
genomic approaches would enable more definitive interpretation.

Deep phenotyping and molecular stratification may clarify 
whether persistent toe walking in some children arises from con
vergent developmental pathways or represents a phenotype that 
occasionally co-occurs with PMP22 variation independently of 
neuropathy.

Conclusion

This study provides a descriptive characterization of pediatric 
patients with persistent toe walking who were found to carry PMP22 
variants. The clinical profiles observed in this cohort differed in 
several respects from the established phenotypes of PMP22-related 
neuropathies such as CMT1A, CMT1E, and HNPP, which are typically 
characterized by progressive sensorimotor impairment and elec
trophysiological evidence of demyelination. In contrast, the children 
in our cohort presented with a non-progressive gait anomaly, fre
quent musculoskeletal structural features, and selected neurological 
findings, without documented sensory loss or confirmed nerve 
conduction abnormalities.

Some features, including pes cavus, reduced reflexes, or non
specific muscular complaints, were shared with known PMP22- 

associated neuropathies, although the underlying basis for these 
overlaps cannot be inferred from the available data. Given the ret
rospective design and absence of systematic neurophysiological 
testing, the presence or absence of peripheral neuropathy cannot be 
definitively established in this cohort.

The findings should therefore be interpreted as exploratory. They 
suggest that PMP22 variants—particularly those of uncertain sig
nificance or variable expressivity—may be present in a subset of 
children with persistent toe walking, but the clinical significance of 
this association remains unclear. Further studies incorporating 
control groups, standardized neurological examinations including 
sensory testing, and nerve conduction studies are required to de
termine whether these variants contribute directly to the observed 
phenotype or represent incidental findings.

In summary, this study highlights the importance of compre
hensive clinical and genetic evaluation in children with persistent 
toe walking and underscores the need for future research to clarify 
the potential contribution of PMP22 variation to this presentation.
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Glossary

ACMG (American College of Medical Genetics and Genomics: Professional organization 
that provides internationally accepted guidelines for interpreting genetic variants 
based on pathogenicity evidence.

Achilles tendon: Strong fibrous cord connecting the calf muscles (gastrocnemius and 
soleus) to the heel bone (calcaneus), enabling plantar flexion of the foot.

Ankle dorsiflexion / plantarflexion: Movements of the foot at the ankle join
t—dorsiflexion raises the foot upward, plantarflexion points it downward.

Brachydactyly: Shortening of the fingers or toes due to underdeveloped bones.
Charcot–Marie–Tooth disease (CMT): A group of inherited peripheral neuropathies 

characterized by progressive muscle weakness and sensory loss; subtypes include 
CMT1A, CMT1E, and others, depending on the affected gene.

Clinodactyly: Curvature or deviation of a finger or toe in the plane of the hand or foot.
Copy number variation (CNV): Genomic alteration in which sections of DNA are du

plicated or deleted, changing gene dosage.
ExAC (Exome Aggregation Consortium): A large-scale database of human exome se

quencing data used to estimate the population frequency of genetic variants.
Gastrocnemius–soleus complex: Pair of major calf muscles that function together to 

control ankle movement and posture during walking.
gnomAD (Genome Aggregation Database): Comprehensive population database in

tegrating exome and genome sequencing data to provide allele frequency in
formation for genetic variants.

Hereditary Neuropathy with Liability to Pressure Palsies (HNPP): A peripheral nerve 
disorder caused by deletion of the PMP22 gene, leading to recurrent episodes of 
numbness or weakness after minor pressure or trauma.

Human Phenotype Ontology (HPO): A standardized vocabulary for describing human 
phenotypic abnormalities in genetic and clinical studies.

Idiopathic toe-walking (ITW): Persistent walking on the toes without a known neu
rological, orthopedic, or developmental cause, typically beyond age three.

Ion Torrent Platform: Next-generation sequencing (NGS) technology used for targeted 
genetic testing.

Lumbar hyperlordosis: Excessive inward curvature of the lumbar spine.
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Myelination: Formation of the myelin sheath around peripheral nerve fibers, essential 
for rapid nerve impulse transmission.

Next-Generation Sequencing (NGS): High-throughput DNA sequencing method al
lowing simultaneous analysis of multiple genes.

Pectus excavatum: Congenital deformity where the chest wall appears sunken due to 
posterior displacement of the sternum.

Peripheral Myelin Protein 22 (PMP22): A transmembrane protein critical for peripheral 
nerve myelin stability; dosage alterations (deletion, duplication, mutation) cause 

various neuropathies.
Pes cavus: High-arched foot deformity often associated with neuromuscular disorders.
PolyPhen-2 / MutationTaster: In silico computational tools used to predict the func

tional impact of genetic variants.
Toe-walking: Gait pattern in which the forefoot contacts the ground first with little or 

no heel strike, often due to persistent plantar flexion at the ankle.
Variant of Uncertain Significance (VUS): A genetic alteration for which current evidence 

is insufficient to classify it as either pathogenic or benign.
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