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Abstract: Background/Objectives: Idiopathic Toe Walking (ITW) is a pediatric gait disorder
characterized by persistent toe-to-heel ambulation in the absence of neurological, ortho-
pedic, or developmental abnormalities. While spatio-temporal parameters often remain
within normal ranges, subtle but clinically significant kinematic deviations may underlie
compensatory mechanisms that sustain gait functionality. This study aims to evaluate
spatio-temporal and sagittal plane kinematic differences between children with ITW and
typically developing peers using Statistical Parametric Mapping (SPM). Methods: A cohort
of 30 children with ITW and 30 typically developing peers aged 612 years participated in
this study. Spatio-temporal variables, including step length, cadence, stride length, walking
speed, single support phase, and swing phase, were analyzed using a three-dimensional
motion capture system. Sagittal plane kinematics of the pelvis, hip, knee, and ankle were
compared between groups using SPM to identify significant deviations across the gait
cycle. Results: Significant differences were identified in the single support and swing
phases, with higher values observed in the ITW group (p < 0.05). Sagittal plane kinematics
revealed a consistent reduction in anterior pelvic tilt (p = 0.002), reduced hip and knee
flexion during stance and swing phases (p < 0.001), and excessive ankle plantarflexion
during early stance and terminal swing phases (p < 0.001). The plantarflexion observed at
the end of the gait cycle corresponded to early gait phases due to methodological consider-
ations of the coordinate-based event detection algorithm. Conclusions: Children with ITW
demonstrate distinct spatio-temporal adaptations, including increased single support and
swing phases, along with reduced walking velocity compared to typically developing peers.
These findings, coupled with significant sagittal plane kinematic deviations, suggest altered
neuromuscular control and joint mechanics. These insights highlight the importance of
detailed kinematic analyses to identify biomechanical deficits and inform targeted inter-
ventions. Future research should explore the long-term musculoskeletal consequences of
these deviations and optimize therapeutic strategies, such as physical therapy and orthotic
interventions, to improve gait functionality and quality of life.
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1. Introduction

Idiopathic Toe Walking (ITW) is a gait abnormality characterized by persistent toe-
to-heel contact during ambulation in the absence of identifiable neurological, muscular,
or skeletal conditions [1,2]. ITW primarily affects children aged five and older, with a
reported prevalence of 5% to 12%, though its etiology remains unclear [3]. As a diagnosis of
exclusion, ITW is confirmed only after ruling out other potential causes such as neurological,
orthopedic, or psychiatric disorders [4,5]. Unlike other conditions associated with equinus
gait patterns, children with ITW often retain the ability to partially normalize their gait,
suggesting that biomechanical interventions may be effective [6].

Toe-walking is considered a normal developmental phase in children under three
years of age. However, ITW is diagnosed when this behavior persists beyond this age
threshold [7]. Children with ITW generally exhibit normal neurological development,
adequate muscle strength, and intact selective motor control but demonstrate a marked
preference for walking on the balls of their feet [8]. Prior to an ITW diagnosis, differential
diagnoses—including cerebral palsy (CP), peripheral neuropathy, spinal dysraphism, and
myopathies—must be thoroughly excluded [9,10]. Accurate differentiation from these
conditions, many of which share overlapping gait characteristics, underscores the critical
importance of precise and comprehensive gait analysis.

ITW is clinically defined by an inability to achieve heel strike during the initial contact
phase of the gait cycle and the absence of full foot contact during the stance phase [11].
Neurological examinations typically reveal children with ITW to be developmentally
normal, with preserved muscle strength, although they exhibit a pronounced preference
for toe-walking [12]. While reduced ankle range of motion (ROM) is observed in some
cases, it is not universally present [13,14]. Diagnostic tools such as electromyography
(EMG), 3D motion analysis, dual-axis accelerometers, and specialized questionnaires like
the “toe-walking tool” have been employed to assess ITW [15-19]. However, EMG has
shown inconsistent reliability, limiting its diagnostic utility in this context [20-22]. Gait
analysis has proven valuable in distinguishing ITW from CP and other conditions, though
its outcomes can be affected by the heterogeneity of study populations [11,23,24].

Three-dimensional motion analysis is considered the gold standard method for the
kinematic evaluation during walking in healthy and pathological populations [25]. In
addition, a previous study [26] showed that the most of the parameters calculated on gait
curves are more reliable on the sagittal plane with respect to the transversal and coronal
planes. This instrumental methodology provides an objective, quantitative framework for
describing toe-walking patterns, making it an essential tool in ITW research and diagno-
sis [23,27,28]. Despite its significance, studies focusing exclusively on ITW remain limited,
typically involving small sample sizes (6-60 participants) and emphasizing clinical reports,
family histories, ROM evaluations, and qualitative gait descriptions [13-15]. Previous
investigations have identified excessive gastrocnemius activity, restricted ankle ROM, and
impaired ankle rocker formation, which highlight the complex biomechanical adaptations
associated with ITW [29].

Traditional gait analysis of Idiopathic Toe Walking (ITW) often relies on discrete vari-
ables, such as peak joint angles or moments, which provide only snapshots of movement
and may fail to capture the complex, time-dependent nature of gait abnormalities. Statisti-
cal Parametric Mapping (SPM) has emerged as a powerful tool in biomechanics, enabling
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continuous statistical comparisons across entire kinematic and kinetic waveforms [30,31].
Unlike conventional statistical approaches—such as point-wise analysis, which evalu-
ates specific time points (e.g., peak flexion or extension)—SPM assesses entire kinematic
waveforms continuously, allowing for a more sensitive and comprehensive evaluation of
gait deviations throughout the entire gait cycle. This approach reduces the risk of over-
looking subtle but clinically meaningful differences. SPM has been widely validated and
applied in biomechanical research, demonstrating its efficacy in detecting continuous gait
differences [32,33].

The ability of SPM to analyze joint kinematics across continuous time series allows for
the identification of region-specific deviations in pelvis, hip, knee, and ankle movements,
providing a more detailed and statistically reliable characterization of gait deviations in
children with ITW. These insights offer a deeper understanding of compensatory strategies
and biomechanical alterations associated with ITW, which traditional discrete-point analysis
often fails to capture [30].

Despite its advantages, SPM remains underutilized in ITW research, particularly
in studies involving Spanish pediatric populations. Expanding its application in this
context could refine our understanding of ITW-specific gait patterns and support the
development of targeted interventions. By incorporating SPM in this study, we provide a
more detailed and statistically robust characterization of gait deviations in children with
ITW, identifying precise region-specific abnormalities that can inform clinical decision-
making and therapeutic strategies.

This study aims to address gaps in the existing literature by employing SPM to provide
a detailed characterization of gait deviations in children with ITW. Through this advanced
analytical approach, we seek to enhance clinical decision-making and develop targeted
interventions to improve functional outcomes and quality of life in affected children.

2. Materials and Methods
2.1. Participants

A total of sixty children participated in the study, including 30 children diagnosed
with ITW (23 males; age: 10.3 & 2.1 years; height: 1.49 £ 0.13 m; weight: 42.5 + 11.4 kg) and
30 typically developing peers (20 males; age: 11.1 £ 1.9 years; height: 1.52 £ 0.24 m; weight:
47.31 £ 9.6 kg). Each child’s height and weight were measured using a calibrated scale
and measuring rod (SECA769, Hamburg, Germany). All participants were volunteers, and
their parents provided informed consent prior to participation. Children were excluded
if they had recent orthopedic trauma or neurological disorders or if they were unable to
walk independently. This study received ethical approval from the Andalusian Regional
Government’s Department of Health and Families Ethics Committee.

2.2. Procedures

Parents completed a questionnaire about their child’s medical history, focusing on
motor or neurological disorders, before data collection. During the experiment, children
walked along a 20 m walkway at a self-selected pace while their movements were recorded
using a 3D motion capture system (Qualisys AB, Gothenburg, Sweden). The calibrated
anatomical systems technique (CAST) was used to track markers placed on specific anatom-
ical landmarks [34]. Reflective markers were positioned on the first and fifth metatarsal
heads, the second metatarsophalangeal joint, the medial and lateral malleoli, the posterior
calcaneus, the lateral and medial femoral epicondyles, and the anterior and posterior supe-
rior iliac spines. Clusters containing four markers each were placed on the lateral thigh
and shank of both legs. Retro-reflective markers (J14 mm) were adhered to the skin using
double-sided tape, following the methodology recommended by Van Sint Jan [35].
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2.3. Data Processing and Analysis

Motion data were recorded using Qualisys Track Manager v. 2024.1 software (QTM,
Qualisys, Sweden) and processed with VISUAL 3D v.6.0 software (C-Motion Inc., Ger-
mantown, MD, USA). Marker trajectories for all trials were interpolated to a maximum
gap of 10 frames using a third-order polynomial and then smoothed with a second-order
Butterworth lowpass filter at 6 Hz. The global reference coordinate system defined the XYZ
directions as follows: x-axis (mediolateral), y-axis (anterior/posterior), and z-axis (axial).
The XYZ Cardan rotation sequence was used for joint kinematics, with the X-axis repre-
senting flexion—extension, the Y-axis representing abduction-adduction, and the Z-axis
representing axial rotation.

In this study, analyses focused exclusively on the X-axis (sagittal plane) due to its clini-
cal relevance in ITW. Sagittal plane movements are integral to the characterization of ITW,
and deviations in this plane are strongly associated with the biomechanical and functional
abnormalities of this gait pattern. Movements in the Y-axis (abduction-adduction) and
Z-axis (axial rotation) were excluded, as they are less pertinent to the scope of this research.

Before data collection, participants completed a familiarization phase consisting of
three trials on the walkway. During testing, at least nine left strides and nine right strides
were recorded and averaged for each participant. A coordinate-based algorithm [36]
was used to identify initial contact events, which were then employed to calculate gait
cycle durations.

2.4. Output Variables

The following spatiotemporal variables were analyzed: walking velocity (m/s), ca-
dence (steps/min), step length (m), and the swing phase, stance phase, single support
phase, and double support phase, all expressed as percentages of the gait cycle (GC). Spa-
tiotemporal parameters were calculated as the average of both legs and normalized to each
participant’s GC duration, ensuring inter-subject comparability.

Kinematic variables in the sagittal plane were derived from joint angles at the pelvis,
hip, knee, and ankle. Pelvic angles were measured relative to a global reference system,
while hip, knee, and ankle angles were calculated as relative angles between adjacent
segments (e.g., pelvis and femur for the hip angle). For each joint, mean and standard
deviation values (in degrees) were computed and normalized across the GC (0-100%),
providing a detailed analysis of joint behavior throughout the entire gait cycle.

2.5. Statistical Analysis

All statistical analyses were conducted using MATLAB v. R2023b (MathWorks, Natick,
MA, USA) and SPSS (IBM SPSS Statistics, Version 27.0, Armonk, NY, USA). A significance
level of p < 0.05 was adopted for all tests.

To evaluate spatiotemporal variables such as velocity, cadence, step length, and the
phases of the gait cycle, independent-samples t-tests were performed to compare children
with ITW and typically developing peers. Data assumptions of normality and homogeneity
of variance were verified using the Shapiro-Wilk and Levene’s tests, respectively.

Kinematic data, limited to the sagittal plane (X-axis) for its biomechanical relevance in
ITW, were analyzed using Statistical Parametric Mapping (SPM-1D). SPM was applied to
compare continuous joint angle waveforms across the entire GC (0-100%) for both groups.
Unlike traditional discrete point analysis, which evaluates selected time points of kinematic
variables, SPM performs a statistical evaluation at each time point along the gait cycle,
providing a continuous, frame-by-frame comparison [30,31].

SPM is based on random field theory (RFT), which enables the detection of statistically
significant deviations in smooth, time-dependent biomechanical data while controlling
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the family-wise error rate (FWER). The statistical approach used in this study was an
SPM(t) test, analogous to a traditional t-test but applied to entire time series data. The
calculated t-value curve across the gait cycle was compared to a “critical threshold (t)*”,
determined through random field theory-based permutation tests. If the observed t-value
curve exceeded t within a specific gait cycle region, that region was considered statistically
significant [31].

Mathematically, SPM identifies statistically significant clusters in biomechanical wave-
forms using the following approach:

_ XX}

2 2
Sy 9
m ny

X1, X; are the means of the two groups (ITW vs. controls);

£(t)

where

s2, s5 are the variances of each group;

n1, ny are the sample sizes;

t(t) represents the statistical value computed at each time point along the GC.

The computed t-value curve was compared against a “critical threshold (t)*”, defined by

tx = max(|t(t)])

where only regions where t(t) exceeds t* for a continuous duration are considered significant.
The significance level (o« = 0.05) controls the probability of Type I error, ensuring that
the findings represent true biomechanical differences rather than random noise.

3. Results
3.1. Spatio-Temporal Variables

Significant differences in spatio-temporal parameters were observed between children
with ITW and the control group. The ITW group demonstrated a prolonged duration in
both the single support phase (p < 0.02) and the swing phase (p < 0.02), while the control
group exhibited significantly higher walking velocity (p = 0.014) compared to the ITW
group. These findings reflect notable deviations in temporal gait dynamics and overall
locomotor efficiency in children with ITW.

These results underscore the intricate adaptations of children with ITW and highlight
the importance of temporal modifications in their gait patterns. Visual representation of
these spatio-temporal findings is provided in Figure 1.
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Figure 1. Spatio-temporal variables for ITW and control groups.

3.2. Sagittal Plane Kinematics: SPM Analysis
3.2.1. Pelvis

The ITW group exhibited a significant reduction in anterior pelvic tilt throughout the
gait cycle (p = 0.002), spanning both the stance and swing phases (Figure 2).
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Figure 2. Sagittal plane pelvis kinematics (degrees) for control and ITW groups across the gait cycle
(upper) and SPM analysis results (lower). The red dashed line indicates the critical threshold. The
area of the T2 curve that crosses the critical threshold is shaded in grey and indicates the temporal

location of significant kinematic differences.
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3.2.2. Hip

Significant reductions in hip flexion angles were observed in the ITW group across the
gait cycle (p < 0.001), encompassing both the stance phase (initial contact, loading response,
mid-stance, and terminal stance) and the swing phase (pre-swing, initial swing, mid-swing,
and terminal swing) (Figure 3).
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Figure 3. Sagittal plane hip kinematics (degrees) for control and ITW groups across the gait cycle
(upper) and SPM analysis results (lower). The red dashed line indicates the critical threshold. The
area of the T2 curve that crosses the critical threshold is shaded in grey and indicates the temporal
location of significant kinematic differences.

3.2.3. Knee

The ITW group exhibited significantly reduced knee flexion during key phases of
the gait cycle, from initial contact to pre-swing (p < 0.001). This encompasses critical
phases such as initial contact, loading response, mid-stance, terminal stance, and pre-swing

(Figure 4).
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Figure 4. Sagittal plane knee kinematics (degrees) for control and ITW groups across the gait cycle
(upper) and SPM analysis results (lower). The red dashed line indicates the critical threshold. The
area of the T2 curve that crosses the critical threshold is shaded in grey and indicates the temporal
location of significant kinematic differences.
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3.2.4. Ankle

Ankle kinematics revealed significant increases in plantarflexion in the ITW group
during both the stance and terminal swing phases. Excessive plantarflexion was observed
from initial contact through the terminal stance (p < 0.001), phases typically requiring ankle
dorsiflexion to facilitate smooth forward progression. Additionally, marked plantarflexion
was detected during the terminal swing phase (p < 0.001), consistent with the characteristic
toe-walking gait (Figure 5).
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Figure 5. Sagittal plane ankle kinematics (degrees) for control and ITW groups across the gait cycle
(upper) and SPM analysis results (lower). The red dashed line indicates the critical threshold. The
area of the T2 curve that crosses the critical threshold is shaded in grey and indicates the temporal
location of significant kinematic differences.

4. Discussion

This study provides a detailed evaluation of gait differences between children with
ITW and typically developing children, focusing on spatio-temporal parameters and sagittal
plane kinematics analyzed using SPM. The findings contribute valuable insights into the
biomechanical adaptations and compensatory mechanisms underlying ITW gait, with
implications for clinical assessment and intervention strategies.

4.1. Spatio-Temporal Adaptations

The spatio-temporal analysis revealed significant differences in walking speed, with
the control group exhibiting a higher velocity compared to children with ITW (p = 0.014).
This finding suggests that children with ITW may encounter limitations in generating
and maintaining forward momentum, reflecting broader biomechanical constraints. These
results contrast with previous studies that reported no significant differences in walking
speed, cadence, or stride length and highlight the need to further explore the factors
contributing to reduced velocity in this population [11,21]. The prolonged single support
and swing phases observed in the ITW group suggest compensatory strategies aimed at
optimizing stability and facilitating limb progression during critical phases of the gait cycle.
In contrast, the reduced walking speed in this group may reflect a diminished capacity
to generate and sustain forward propulsion, influenced by the combined effects of these
temporal and kinematic adaptations.

Additionally, significant differences were observed in the single support and swing
phases. The prolonged single support phase in the ITW group likely represents a com-
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pensatory strategy aimed at enhancing stability and facilitating efficient weight transfer
during stance. Similarly, the extended swing phase may assist with limb advancement
despite reduced ankle dorsiflexion, a hallmark of ITW gait. These temporal adaptations
align with the findings of Westberry et al. [12], who identified timing adjustments as key
compensatory mechanisms in ITW gait. Together, these results emphasize the intricate
interplay of spatio-temporal adaptations employed by children with ITW to sustain basic
gait functionality in the presence of underlying biomechanical challenges.

4.2. Sagittal Plane Kinematics

SPM analysis revealed key kinematic deviations in the sagittal plane. The significant
reduction in anterior pelvic tilt throughout the gait cycle in the ITW group suggests altered
postural control strategies aimed at maintaining stability. In contrast, the control group
exhibited consistently greater anterior pelvic tilt during all phases of gait. This reduction in
pelvic tilt in children with ITW likely represents a compensatory mechanism to counter-
act the forward momentum generated by excessive plantarflexion. These findings align
with previous research emphasizing the role of pelvic adaptations in mitigating forward
propulsion associated with excessive plantarflexion [36,37].

Additionally, the reduced hip flexion observed during both stance and swing phases
suggests potential restrictions in hip range of motion or altered neuromuscular activation
patterns. These limitations may impair gait efficiency, particularly during the swing phase,
where greater hip flexion is crucial for effective limb advancement. To compensate for these
deficits, children with ITW may adopt strategies such as increased cadence or prolonged
swing duration. The interplay between these kinematic adaptations highlights the complex
biomechanical compensations employed by children with ITW to maintain functional
locomotion despite underlying gait deviations.

The reduced knee flexion observed during critical phases of the gait cycle (e.g., initial
contact through pre-swing) underscores a stiffer, less dynamic gait pattern in children with
ITW. This limitation likely increases muscular effort and alters joint loading, contributing to
a less energy-efficient movement strategy. Such a pattern is characteristic of ITW and raises
concerns about potential long-term musculoskeletal implications. Previous studies have
similarly reported restricted knee flexion as a defining feature of ITW gait, often linked to
increased joint stress and long-term musculoskeletal adaptations [21].

The pervasive plantarflexion observed during both stance and terminal swing phases
further highlights the distinct ankle kinematics characteristic of ITW. Excessive plantarflex-
ion during stance compromises the ankle rocker’s effectiveness, limiting forward progres-
sion and stability. The pronounced plantarflexion in terminal swing, although partially
influenced by methodological considerations in gait event detection, underscores the per-
sistent nature of ankle deviations in ITW and the need for targeted interventions. While
methodological factors, such as the coordinate-based gait event detection algorithm de-
scribed by Zeni et al. [36], may have contributed to the observed plantarflexion in terminal
swing, the overall kinematic alterations at the ankle remain evident. These findings em-
phasize the necessity of robust event detection methodologies to improve the accuracy of
kinematic assessments and optimize clinical interpretations.

The consistent reduction in anterior pelvic tilt observed throughout the gait cycle in
the ITW group suggests a potential postural adaptation aimed at maintaining stability.
By reducing forward tilt, children with ITW may shift their center of mass posteriorly,
counteracting the forward momentum typically generated by increased plantarflexion, a
hallmark of ITW gait. This adaptation may serve as a compensatory strategy to prevent
forward falls, which aligns with findings from previous research on postural control
differences in pediatric populations with gait abnormalities [12]. Similar adaptations have
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been reported in children with cerebral palsy and other gait disorders, where altered pelvic
alignment compensates for reduced control at the ankle and hip joints [38,39]. Future
investigations should explore the activation patterns of muscles responsible for pelvic
control, such as the rectus abdominis and erector spinae, to elucidate the neuromuscular
mechanisms underlying this altered strategy.

At the hip, the reduced flexion throughout both the stance and swing phases in
children with ITW suggests potential limitations in hip range of motion or alterations in
muscle activation patterns. This observation is consistent with previous studies reporting
hip flexion deficits in children with ITW, potentially limiting step length and impacting the
efficiency of the swing phase [11,40]. Reduced hip flexion has also been associated with
compensatory strategies such as increased cadence to maintain walking speeds comparable
to typically developing peers [41]. Further research is needed to explore whether these
deficits are linked to specific muscular restrictions, such as tightness in the rectus femoris
or psoas, or if they arise from coordination deficits between the pelvis and femur.

The significantly reduced knee flexion observed in the ITW group, particularly during
the weight acceptance and mid-stance phases, points to a less dynamic and potentially less
energy-efficient gait pattern. This finding aligns with previous research that highlighted
altered joint loading and increased muscular effort in children with ITW [42,43]. A stiffer
gait pattern at the knee joint may increase the metabolic cost of walking, as reported in
studies on gait abnormalities where reduced knee flexion limits shock absorption and
energy transfer [44,45]. Longitudinal studies are warranted to determine whether this
pattern contributes to long-term musculoskeletal adaptations or predisposes these children
to joint pathologies in adulthood.

The analysis of ankle kinematics revealed significant and persistent plantarflexion
throughout the gait cycle in the ITW group, particularly during the early stance phases
(0-55%) and again at the end of the gait cycle (98-100%). While this latter observation may
be attributed to the limitations of the coordinate-based gait event detection algorithm used
in this study, as described by Zeni et al. [36], it underscores the pervasive nature of altered
ankle kinematics in children with ITW. These findings are consistent with the defining char-
acteristics of ITW, where increased plantarflexion compensates for restricted dorsiflexion,
often exacerbated by shortened triceps surae musculature [11,12]. The interpretation of
kinematic data requires careful consideration of methodological factors, such as the absence
of force plate data, which may influence the timing and displacement of gait curves.

These findings collectively emphasize the need for a nuanced understanding of the
biomechanical adaptations in ITW, particularly as they relate to long-term musculoskeletal
health and functional outcomes. Advanced analytical techniques like SPM have proven
instrumental in detecting subtle yet clinically significant differences in gait patterns. Future
research should aim to elucidate the long-term consequences of these deviations, partic-
ularly their potential impact on secondary musculoskeletal complications, and to refine
intervention strategies to optimize gait function and quality of life in children with ITW.
Additionally, the role of computational modeling and refined event detection algorithms
should be explored to improve the precision and applicability of gait analyses in both
clinical and research settings.

5. Conclusions

This study provides robust evidence of distinct gait deviations in children with Idio-
pathic Toe Walking, particularly in the sagittal plane kinematics of the pelvis, hip, knee,
and ankle joints. While spatio-temporal variables remained largely comparable between
children with ITW and their typically developing peers, significant kinematic differences
underscore the altered neuromuscular control and joint mechanics in this population.
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Specifically, reduced anterior pelvic tilt, limited hip flexion, decreased knee flexion, and
excessive plantarflexion reflect the complex biomechanical adaptations underlying the
ITW gait pattern. These findings highlight the critical need for targeted biomechanical
assessments and interventions to address these deviations and mitigate their potential
long-term consequences.

Comprehensive clinical assessments that incorporate advanced kinematic analyses,
such as SPM, are essential for detecting subtle but clinically significant gait deviations.
These analyses provide valuable insights into the specific biomechanical deficits associated
with ITW, facilitating the development of individualized interventions aimed at restoring
functional joint mechanics. Early therapeutic strategies should prioritize improving hip
and knee flexion during gait, enhancing ankle dorsiflexion, and correcting altered pelvic
mechanics. Such approaches could prevent the progression of secondary musculoskeletal
complications and improve overall functional outcomes.

Future research should focus on longitudinal studies to elucidate the natural pro-
gression of ITW and its impact on musculoskeletal development over time. Additionally,
investigating the efficacy of various intervention strategies—including physical therapy,
orthotic devices, and, when necessary, surgical procedures—will be vital in establishing
evidence-based guidelines for the management of ITW. Advances in gait analysis technol-
ogy, including the refinement of event detection algorithms and the integration of wearable
motion sensors, hold promise for improving the precision and applicability of kinematic
data in both clinical and research settings.

Furthermore, the differences in single support and swing phase durations observed
between the ITW and control groups suggest an altered temporal distribution of gait phases
that warrants further exploration. Future studies should examine the implications of these
temporal changes on joint loading, energy expenditure, and overall gait efficiency. Expand-
ing research to include larger, more diverse populations will enhance the generalizability
of findings and contribute to a more comprehensive understanding of ITW.

In conclusion, while children with ITW may superficially maintain gait patterns re-
sembling those of typically developing peers, the underlying kinematic abnormalities
necessitate early, targeted interventions. Addressing these biomechanical challenges proac-
tively can significantly enhance gait function, reduce the risk of secondary complications,
and improve the quality of life for affected children. Collaboration between clinicians and
researchers in advancing both assessment techniques and therapeutic approaches will be
pivotal in achieving optimal outcomes for this population.

Author Contributions: Conceptualization, R.P-C., A.S.-G. and Y.A.-B.; methodology, ] H.-]., M.M.-M.
and C.D.; data collection, R.P.-C., A.S.-G., Y.A.-B. and M.M.-M.; data analysis and software, M.N.-G.,
K.B.-A. and A.R.-Z; statistics, M.N.-G., ].H.-]J. and A.R.-Z.; data curation, C.D., K.B.-A. and J.H.-].;
writing—original draft preparation, R.P.-C. and J.H.-J.; writing—review and editing, A.S.-G., Y.A.-
B., K.B.-A. and C.D.; visualization, M.N.-G. and A.R.-Z,; supervision, R.P.-C. and J.H.-J.; funding
acquisition, R.P.-C. All authors have read and agreed to the published version of the manuscript.

Funding: This research study was funded by Instituto de Salud Carlos III (ISCIII), 19/01548, and
co-funded by the European Union within the framework of the Health Research and Development
Strategy (2017-2020, call 2019) awarded to IBS.Granada. Instituto Biosanitario de Granada: TECE20-
Rehabilita-T: Advances and innovation in rehabilitation and health promotion, Advanced Therapies
and Biomedical Technologies (IBS-TECE20) via the research group at the Physical Medicine and
Rehabilitation department, Hospital Universitario Virgen de las Nieves, Granada, Spain.

Institutional Review Board Statement: This study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Ethics Committee of the Andalusian Regional Government
(Department of Health and Families), protocol number: 5/21, date of approval: 16 June 2021.



Diagnostics 2025, 15, 575 12 of 14

Informed Consent Statement: All participants were volunteers and their parents provided informed
consent prior to participation.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical and legal restrictions, as they
contain sensitive patient information collected in a clinical setting. In accordance with data protection
regulations and hospital policies, access to these data is restricted to ensure patient confidentiality
and compliance with institutional guidelines.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

ITW  Idiopathic Toe Walking

D Typically Developing

SPM  Statistical Parametric Mapping
ROM  Range of Motion

EMG  Electromyography

GC Gait Cycle

3D Three-Dimensional
C Control Group

References

1.  Engelbert, R.; Gorter, ].W.; Uiterwaal, C.; Van De Putte, E.; Helders, P. Idiopathic Toe-Walking in Children, Adolescents and
Young Adults: A Matter of Local or Generalised Stiffness? BMC Musculoskelet. Disord. 2011, 12, 1-8. [CrossRef] [PubMed]

2. De Oliveira, V.; Arrebola, L.; De Oliveira, P; Yi, L. Investigation of Muscle Strength, Motor Coordination and Balance in Children
with Idiopathic Toe Walking: A Case-Control Study. Dev. Neurorehabil. 2021, 24, 540-546. [CrossRef]

3. Ruzbarsky, ].].; Scher, D.; Dodwell, E. Toe Walking: Causes, Epidemiology, Assessment, and Treatment. Curr. Opin. Pediatr. 2016,
28,40-46. [CrossRef]

4. Dobbs, M.B.; Gurnett, C.A. Update on Clubfoot: Etiology and Treatment. Clin. Orthop. Relat. Res. 2009, 467, 1146-1153. [CrossRef]
[PubMed]

5. Engstrom, P.; Tedroff, K. The Prevalence and Course of Idiopathic Toe-Walking in 5-Year-Old Children. Pediatrics 2012,
130, 279-284. [CrossRef] [PubMed]

6.  Van Kuijk, A.A.A; Kosters, R.; Vugts, M.; Geurts, A.C.H. Treatment for Idiopathic Toe Walking: A Systematic Review of the
Literature. J. Rehabil. Med. 2014, 46, 945-957. [CrossRef] [PubMed]

7. Williams, C.M.; Tinley, P.; Curtin, M. The Toe Walking Tool: A Novel Method for Assessing Idiopathic Toe Walking Children. Gait
Posture 2010, 32, 508-511. [CrossRef]

8.  Habersack, A; Fischerauer, S.F,; Kraus, T.; Holzer, H.P,; Svehlik, M. Kinematic and Kinetic Gait Parameters Can Distinguish
between Idiopathic and Neurologic Toe-Walking. Int. |. Environ. Res. Public Health 2022, 19, 804. [CrossRef] [PubMed]

9.  Engstrom, P; Tedroff, K. Idiopathic Toe-Walking: Prevalence and Natural History from Birth to Ten Years of Age. [BJS 2018,
100, 640-647. [CrossRef]

10. Haynes, K.B.; Wimberly, R.L.; Vanpelt, ] M.; Jo, C.H.; Riccio, A.L; Delgado, M.R. Toe Walking: A Neurological Perspective After
Referral From Pediatric Orthopaedic Surgeons. J. Pediatr. Orthop. 2018, 38, 152-156. [CrossRef] [PubMed]

11.  Alvarez, C.; De Vera, M.; Beauchamp, R.; Ward, V.; Black, A. Classification of Idiopathic Toe Walking Based on Gait Analysis:
Development and Application of the ITW Severity Classification. Gait Posture 2007, 26, 428-435. [CrossRef] [PubMed]

12.  Westberry, D.E.; Davids, J.R.; Davis, R.B.; De Morais Filho, M.C. Idiopathic Toe Walking: A Kinematic and Kinetic Profile. J.
Pediatr. Orthop. 2008, 28, 352-358. [CrossRef]

13.  Griffin, PP.; Wheelhouse, W.W.,; Shiavi, R.; Bass, W. Habitual Toe-Walkers. A Clinical and Electromyographic Gait Analysis. J.
Bone Jt. Surg. Am. 1977, 59, 97-101. [CrossRef]

14. Sobel, E.; Caselli, M.A.; Velez, Z. Effect of Persistent Toe Walking on Ankle Equinus. Analysis of 60 Idiopathic Toe Walkers. J. Am.
Podiatr. Med. Assoc. 1997, 87, 17-23. [CrossRef]

15. Kalen, V,; Adler, N.; Bleck, E.E. Electromyography of Idiopathic Toe Walking. ]. Pediatr. Orthop. 1986, 6, 31-33. [CrossRef]
[PubMed]

16. Pendharkar, G.; Percival, P.; Morgan, D.; Lai, D. Automated Method to Distinguish Toe Walking Strides from Normal Strides in

the Gait of Idiopathic Toe Walking Children from Heel Accelerometry Data. Gait Posture 2012, 35, 478-482. [CrossRef] [PubMed]


https://doi.org/10.1186/1471-2474-12-61
https://www.ncbi.nlm.nih.gov/pubmed/21418634
https://doi.org/10.1080/17518423.2021.1899326
https://doi.org/10.1097/MOP.0000000000000302
https://doi.org/10.1007/s11999-009-0734-9
https://www.ncbi.nlm.nih.gov/pubmed/19224303
https://doi.org/10.1542/peds.2012-0225
https://www.ncbi.nlm.nih.gov/pubmed/22826572
https://doi.org/10.2340/16501977-1881
https://www.ncbi.nlm.nih.gov/pubmed/25223807
https://doi.org/10.1016/j.gaitpost.2010.07.011
https://doi.org/10.3390/ijerph19020804
https://www.ncbi.nlm.nih.gov/pubmed/35055626
https://doi.org/10.2106/JBJS.17.00851
https://doi.org/10.1097/BPO.0000000000001115
https://www.ncbi.nlm.nih.gov/pubmed/29309384
https://doi.org/10.1016/j.gaitpost.2006.10.011
https://www.ncbi.nlm.nih.gov/pubmed/17161602
https://doi.org/10.1097/BPO.0b013e318168d996
https://doi.org/10.2106/00004623-197759010-00018
https://doi.org/10.7547/87507315-87-1-17
https://doi.org/10.1097/01241398-198601000-00006
https://www.ncbi.nlm.nih.gov/pubmed/3941176
https://doi.org/10.1016/j.gaitpost.2011.11.011
https://www.ncbi.nlm.nih.gov/pubmed/22300731

Diagnostics 2025, 15, 575 13 of 14

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Policy, ].E,; Torburn, L.; Rinsky, L.A.; Rose, ]. Electromyographic Test to Differentiate Mild Diplegic Cerebral Palsy and Idiopathic
Toe-Walking. J. Pediatr. Orthop. 2001, 21, 784-789. [CrossRef] [PubMed]

Rose, J.; Martin, J.G.; Torburn, L.; Rinsky, L.A.; Gamble, ].G. Electromyographic Differentiation of Diplegic Cerebral Palsy
from Idiopathic Toe Walking: Involuntary Coactivation of the Quadriceps and Gastrocnemius. |. Pediatr. Orthop. 1999, 19, 677.
[CrossRef] [PubMed]

Williams, C.M.; Tinley, P.; Curtin, M. Idiopathic Toe Walking and Sensory Processing Dysfunction. J. Foot Ankle Res. 2010, 3, 16.
[CrossRef] [PubMed]

Caserta, A.; Morgan, P.; Williams, C. Identifying Methods for Quantifying Lower Limb Changes in Children with Idiopathic Toe
Walking: A Systematic Review. Gait Posture 2019, 67, 181-186. [CrossRef]

Hicks, R.; Durinick, N.; Gage, ].R. Differentiation of Idiopathic Toe-Walking and Cerebral Palsy. J. Pediatr. Orthop. 1988, 8, 160-163.
[CrossRef]

Schlough, K.; Andre, K.; Owen, M.; Adelstein, L.; Hartford, M.C.; Javier, B.; Kern, R. Differentiating Between Idiopathic Toe
Walking and Cerebral Palsy: A Systematic Review. Pediatr. Phys. Ther. 2020, 32, 2. [CrossRef] [PubMed]

Armand, S.; Watelain, E.; Mercier, M.; Lensel, G.; Lepoutre, EX. Identification and Classification of Toe-Walkers Based on Ankle
Kinematics, Using a Data-Mining Method. Gait Posture 2006, 23, 240-248. [CrossRef]

Kelly, L.; Jenkinson, A.; Stephens, M.; O’Brien, T. The Kinematic Patterns of Toe-Walkers. J. Pediatr. Orthop. 1997, 17, 478-480.
[CrossRef]

De Blasiis, P; Fullin, A.; Mazzoli, D.; Bruno, G.; Napolitano, F.; De Luca, A.; Melone, M.A.B.; Sampaolo, S. Sagittal Kinematics
and Imbalance of the Spine and Whole Body during Walking in Late-Onset Pompe Disease. ]. Neurophysiol. 2023, 130, 353-363.
[CrossRef] [PubMed]

Benedetti, M.G.; Catani, F; Leardini, A.; Pignotti, E.; Giannini, S. Data Management in Gait Analysis for Clinical Applications.
Clin. Biomech. 1998, 13, 204-215. [CrossRef] [PubMed]

Lin, C.J.; Guo, LY; Su, EC.; Chou, Y.L.; Cherng, R.J. Common Abnormal Kinetic Patterns of the Knee in Gait in Spastic Diplegia
of Cerebral Palsy. Gait Posture 2000, 11, 224-232. [CrossRef]

Rodda, J.M.; Graham, H.K.; Carson, L.; Galea, M.P,; Wolfe, R. Sagittal Gait Patterns in Spastic Diplegia. |. Bone Jt. Surg. Br. 2004,
86, 251-258. [CrossRef]

Perry, J.; Burnfield, ].M. Gait Analysis: Normal and Pathological Function; CRC Press: Boca Raton, FL, USA, 2010; 551p.

Pataky, T.C. Generalized N-Dimensional Biomechanical Field Analysis Using Statistical Parametric Mapping. J. Biomech. 2010, 43,
1976-1982. [CrossRef] [PubMed]

Pataky, T.C.; Vanrenterghem, J.; Robinson, M.A. Zero- vs. One-Dimensional, Parametric vs. Non-Parametric, and Confidence
Interval vs. Hypothesis Testing Procedures in One-Dimensional Biomechanical Trajectory Analysis. J. Biomech. 2015, 48, 1277-1285.
[CrossRef]

Robinson, M.A.; Vanrenterghem, J.; Pataky, T.C. Statistical Parametric Mapping (SPM) for Alpha-Based Statistical Analyses of
Multi-Muscle EMG Time-Series. ]. Electromyogr. Kinesiol. 2015, 25, 14-19. [CrossRef] [PubMed]

Pataky, T.C.; Robinson, M.A.; Vanrenterghem, J. Vector Field Statistical Analysis of Kinematic and Force Trajectories. J. Biomech.
2013, 46, 2394-2401. [CrossRef] [PubMed]

Cappozzo, A.; Catani, F; Della Croce, U.; Leardini, A. Position and Orientation in Space of Bones during Movement: Anatomical
Frame Definition and Determination. Clin. Biomech. 1995, 10, 171-178. [CrossRef]

van Sint Jan, S. Color Atlas of Skeletal Landmark Definitions; Elsevier Health Sciences: London, UK, 2007; ISBN 1455725196.

Zeni, J.A,; Richards, J.G.; Higginson, ].S. Two Simple Methods for Determining Gait Events during Treadmill and Overground
Walking Using Kinematic Data. Gait Posture 2008, 27, 710-714. [CrossRef] [PubMed]

Veerkamp, K.; Van Der Krogt, M.M.; Waterval, N.E].; Geijtenbeek, T.; Walsh, H.P].; Harlaar, J.; Buizer, A.L; Lloyd, D.G.; Carty, C.
Predictive Simulations Identify Potential Neuromuscular Contributors to Idiopathic Toe Walking. Clin. Biomech. 2024, 111, 106152.
[CrossRef] [PubMed]

Rodda, J.; Graham, H.K. Classification of Gait Patterns in Spastic Hemiplegia and Spastic Diplegia: A Basis for a Management
Algorithm. Eur. J. Neurol. 2001, 8 (Suppl. S5), 98-108. [CrossRef] [PubMed]

Gage, ].R.; Schwartz, M.H.; Koop, S.E.; Novacheck, T.F. The Identification and Treatment of Gait Problems in Cerebral Palsy; John Wiley
& Sons: Hoboken, NJ, USA, 2009.

Wren, T.A.L.; Gorton, G.E.; C)unpuu, S.; Tucker, C.A. Efficacy of Clinical Gait Analysis: A Systematic Review. Gait Posture 2011,
34,149-153. [CrossRef]

Steele, K.M.; Seth, A.; Hicks, J.L.; Schwartz, M.S.; Delp, S.L. Muscle Contributions to Support and Progression during Single-Limb
Stance in Crouch Gait. J. Biomech. 2010, 43, 2099-2105. [CrossRef] [PubMed]

Erol, E; Erol, G.; Hosbay, Z.; Saban, E.; Ozek, M. Comparison of Walking Parameters between Idiopathic Toe Walking Children
and Children with Independent Walking Diparetic Cerebral Palsy: A Cross Sectional Study. 2024. Available online: https:
/ /ssrn.com/abstract=4990851 (accessed on 18 February 2025). [CrossRef]


https://doi.org/10.1097/01241398-200111000-00016
https://www.ncbi.nlm.nih.gov/pubmed/11675555
https://doi.org/10.1097/01241398-199909000-00025
https://www.ncbi.nlm.nih.gov/pubmed/10488875
https://doi.org/10.1186/1757-1146-3-16
https://www.ncbi.nlm.nih.gov/pubmed/20712877
https://doi.org/10.1016/j.gaitpost.2018.10.007
https://doi.org/10.1097/01241398-198803000-00007
https://doi.org/10.1097/PEP.0000000000000659
https://www.ncbi.nlm.nih.gov/pubmed/31842091
https://doi.org/10.1016/j.gaitpost.2005.02.007
https://doi.org/10.1097/01241398-199707000-00013
https://doi.org/10.1152/jn.00142.2023
https://www.ncbi.nlm.nih.gov/pubmed/37380604
https://doi.org/10.1016/S0268-0033(97)00041-7
https://www.ncbi.nlm.nih.gov/pubmed/11415789
https://doi.org/10.1016/S0966-6362(00)00049-7
https://doi.org/10.1302/0301-620X.86B2.13878
https://doi.org/10.1016/j.jbiomech.2010.03.008
https://www.ncbi.nlm.nih.gov/pubmed/20434726
https://doi.org/10.1016/j.jbiomech.2015.02.051
https://doi.org/10.1016/j.jelekin.2014.10.018
https://www.ncbi.nlm.nih.gov/pubmed/25465983
https://doi.org/10.1016/j.jbiomech.2013.07.031
https://www.ncbi.nlm.nih.gov/pubmed/23948374
https://doi.org/10.1016/0268-0033(95)91394-T
https://doi.org/10.1016/j.gaitpost.2007.07.007
https://www.ncbi.nlm.nih.gov/pubmed/17723303
https://doi.org/10.1016/j.clinbiomech.2023.106152
https://www.ncbi.nlm.nih.gov/pubmed/38091916
https://doi.org/10.1046/j.1468-1331.2001.00042.x
https://www.ncbi.nlm.nih.gov/pubmed/11851738
https://doi.org/10.1016/j.gaitpost.2011.03.027
https://doi.org/10.1016/j.jbiomech.2010.04.003
https://www.ncbi.nlm.nih.gov/pubmed/20493489
https://ssrn.com/abstract=4990851
https://ssrn.com/abstract=4990851
https://doi.org/10.2139/SSRN.4990851

Diagnostics 2025, 15, 575 14 of 14

43. Boncuk, Z.; Onerge, K.; Akel, B.S.; Akalan, N.E.; Bilgili, F. The Effect of Vibrotactile Training on Gait Biomechanics in Children
with Idiopathic Toe Walking. Gait Posture 2024, 113, 170-171. [CrossRef]

44. Schwartz, M.H.M.H.; Rozumalski, A.; Trost, ].P.J.P. The Effect of Walking Speed on the Gait of Typically Developing Children. J.
Biomech. 2008, 41, 1639-1650. [CrossRef] [PubMed]

45. Shiratori, T.; Latash, M.L. Anticipatory Postural Adjustments during Load Catching by Standing Subjects. Clin. Neurophysiol.
2001, 112, 1250-1265. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.gaitpost.2024.07.184
https://doi.org/10.1016/j.jbiomech.2008.03.015
https://www.ncbi.nlm.nih.gov/pubmed/18466909
https://doi.org/10.1016/S1388-2457(01)00553-3
https://www.ncbi.nlm.nih.gov/pubmed/11516737

	Introduction 
	Materials and Methods 
	Participants 
	Procedures 
	Data Processing and Analysis 
	Output Variables 
	Statistical Analysis 

	Results 
	Spatio-Temporal Variables 
	Sagittal Plane Kinematics: SPM Analysis 
	Pelvis 
	Hip 
	Knee 
	Ankle 


	Discussion 
	Spatio-Temporal Adaptations 
	Sagittal Plane Kinematics 

	Conclusions 
	References

