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ABSTRACT

Individuals with Rett syndrome, a rare neurodevelopmental disorder, face
significant deficits in bipedal postural control and walking ability. The
present cross-sectional study examines whether specific gait parameters
exhibit stable or varying patterns with advancing age. Twenty-nine
females diagnosed with Rett syndrome participated in this study. For
analysis, participants were separated into three age groups 2-7-year-olds
(n=9), 8-15 year olds (n=9) and 16 years and older (n=11). Participants
walked on a treadmill while bilateral sagittal plane flexion angles of the
hip, knee, and ankle were captured using a 16-camera motion capture
system. Joint angles were processed to calculate joint range of motion,
peak angular velocity, angle-angle diagrams, phase portrait areas and
interlimb asymmetries. For each variable and age group, grand means
and standard deviations were computed. Given the limited sample size
per group, a permutation-based one-way analysis of variance was used
for each variable, joint and side (greater/lesser) separately with Holm-
Bonferroni adjusted pairwise comparisons. No statistically significant
differences for any joint and limb were found between groups in range of
motion, peak angular velocity, phase portrait areas and angle-angle
diagrams areas. Waveform-based symmetry indexes revealed that
symmetry of the Hip and Knee remained constant across the three age
groups. Permutation-based pairwise comparisons indicated a significant
difference in ankle symmetry index between the 2-7 and >16 age groups
(p = 0.01), with younger participants showing higher asymmetry.
Although the current sample size is relatively small, this is the first study
to use technology-based gait measurements of individuals with Rett
syndrome with such a large overall sample. Our database allowed us to
explore whether there were systematic changes in gait related to age.
Consistent with previous reports of gait kinematics in individuals with Rett
syndrome, inter-subject variability was quite large across the various
measures and age groups. This reinforces the idea that there is not a
stereotypical kinematic gait pattern exhibited by those with Rett
syndrome. It is suggested that future work explore within subject analyses
that may provide more insightful information to clinicians and
rehabilitation specialists regarding changes in response to interventions
designed to improve gait control.
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Introduction

Rett syndrome (RTT) is a rare neurodevelopmental
disorder caused by pathogenic variants in the
methyl-CpG-binding protein 2 (MECP2) gene. It
primarily affects females, with a pooled prevalence
estimate of 7.1 per 100,000 females’. Individuals
with  RTT generally follow an apparently
neurotypical development until around 6 to 18
months of age, when their neurotypical
development is interrupted by a regression phase
characterized by the deterioration of previously
acquired motor skills, expressive language
abilities, and social interaction capabilities. After
this period of decline, development enters a
plateau phase in which the loss of function
stabilizes; however, enduring deficits remain,
particularly in motor coordination, gait function,
communicative capacity, and overall quality of life?.

Rett syndrome is characterized by a spectrum of
disabling symptoms, gastrointestinal dysfunction,
seizures, muscle tone abnormalities, apraxia and
ataxia, scoliosis, autonomic dysfunction and
breathing irregularities, which coupled with the
deterioration of language and communication
abilities, present significant challenges to affected
individuals and their caregivers®.

Since gross motor skills are significantly impaired,
RTT individuals present notable deficits in bipedal
postural control and walking ability**. Some gait
behaviors exhibited by females with RTT previously
reported include ataxia, toe walking, midline
stereotyped hand movements during ambulation’#,
stiff-legged gait™'?, freezing of gait'!, dysrhythmic
walking patterns, and lateral and retrograde
stepping'®’®.  Despite an initial period of
stabilization, walking capacity deteriorates with
age, ultimately leaving less than half of individuals
with RTT able to walk’'* and many of these
requiring assistance''®. These mobility limitations
likely contribute to reduced physical fitness and
overall health status in RTT patients.

Gait quality can be a reliable marker of overall
health in neurotypical individuals and is strongly
associated with the severity of neurodevelopmental
disorders™'. It has been demonstrated that
improving walking ability in RTT confers multiple
benefits including reduced spasticity, prevention of
foot deformities, and fostering a degree of
personal autonomy®’'>8. Additionally promoting

an active lifestyle, including participation in walking
programs, enhances quality of life and brings
health advantages in RTT individuals™"’.

Previous research has employed video analysis
techniques to identify walking-associated behaviors
in RTT individuals during overground and treadmill
locomotion?, as well as motor activities achievable
within natural environmental context™. Despite
these studies, research employing technology-
based techniques to provide quantitative outcome
measures of gait in RTT is limited®?".

Given the recent emergence of a first
pharmacological treatment for Rett?, as well as the
ongoing development of gene-based therapy
trials* aiming to improve the functional behavior in
individuals with RTT, there is a clinical need for
standardized,

measures, applicable across research and clinical

quantitative  clinical outcome
sites, to evaluate the efficacy of these new
interventions for improving gait. Establishing
comprehensive datasets that capture technology-
based gait parameters in individuals with RTT
represents a key milestone toward characterizing
their gait. These data can serve as valuable
benchmarks for clinicians and therapists, enabling
objective evaluation of intervention efficacy across
diverse research settings.

One-dimensional kinematic metrics have been
employed in previous studies to characterize RTT
gait, encompassing temporal parameters during
both overground and treadmill walking?,
alongside assessments of knee and hip range of
motions, angular velocities, limb asymmetries, and
their associated variabilities'**!. A previous study
characterized walking behavior in individuals with
RTT by using technology-based linear and non-
linear (angle-angle diagrams and phase portraits)
metrics and explored potential differences when
compared to aged-matched  neurotypical
individuals®. While the data presented in the study
was categorized into 3 district age groups, no

comparison between them was presented.

The present study seeks to investigate potential
age-related differences in gait kinematics among
individuals with RTT Specifically, it aims to examine
whether specific gait parameters exhibit patterns of
deterioration or stabilization with advancing age.
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Methods

PARTICIPANTS

Twenty-nine  females presenting pathogenic
variants in the MECP2 gene and diagnosed with
Rett syndrome (RTT), as per the criteria established
by Neul et al.?®, participated in this study. Their
ages ranged from 2 to 32 years, with a mean age
of 13.17 years and a standard deviation of 8.1
years. These individuals were under treatment at
the Blue Bird Circle Rett Center at Texas Children’s
Hospital in Houston, TX. All participants were
capable of independent ambulation without orthotic
devices and were not taking medications known to
influence motor control. Ethical approval for the
study was obtained from the Institutional Review
Boards of Baylor College of Medicine (H-35835)
and the University of Houston (MODCR00000214),
and informed consent in written form was provided
by the parents of the participants. For analysis,
participants were separated into three age groups
2-7 year olds (n=9), 8-15 year olds (n=9) and 16
years and older (n=11).

STUDY PROTOCOL

Prior to data collection, reflective markers were
bilaterally placed on anatomical landmarks including
the anterior and posterior superior iliac spines,
lateral thighs, lateral femoral condyles, lateral
malleoli, lateral shanks, first metatarsophalangeal
joints, and heels. This configuration enabled the
capture of bilateral sagittal plane kinematic of the
hip, knee, and ankle joints. Participants were then
positioned on a motorized treadmill (Bertec®) and
secured in an overhead safety harness that
prevented falls while allowing
movement during ambulation.

unrestricted

To determine each participant’s comfortable
walking speed, the treadmill walking was initiated
at 0.1 m/s and gradually increased by 0.1 m/s until
participants exhibited signs of discomfort (e.g.,
facial expressions, hand movements, vocalizations)
or caregivers indicated a speed reduction was
needed. The speed was then decreased by 0.2 m/s
and defined as the participant’'s comfortable
walking speed. After a brief rest period,
participants walked at their comfortable speed for
1 to 3 min, depending on every subject’s capability
and willingness to walk. Kinematic data were
captured during this walking trial using a 16-
camera VICON® motion capture system at a

sampling rate of 100 Hz. Data was then processed
and exported with the Nexus software using the
plug-in gait model to obtain lower limb joint
angles. Detailed procedures are described in
Layne et al.”%?

DATA PROCESSING AND ANALYSIS

Bilateral sagittal plane flexion angles of the hip,
knee, and ankle were extracted and low-pass
filtered using a second-order Butterworth filter with
a 6 Hz cutoff. Joint angle time series were then
precisely segmented at the peak knee flexion
point, which was used as a consistent stride
reference due to the frequent absence of heel
strikes associated with toe walking®.

Each identified gait cycle was then time-normalized
to 100 samples to standardize stride duration
across participants and enhance comparability.
Mean joint angle waveforms were then computed
for each limb and joint per individual and mean-
centered by subtracting each individual waveform'’s
mean value from each sample in the waveform.
This served to reduce the inter-subject variability
between waveforms. All processing and analyses
described in this section were conducted using
custom MATLAB scripts.

LINEAR MEASURES

Joint range of motion (ROM) was calculated as the
difference in degrees between the minimum and
maximum angles observed throughout the gait
cycle, providing a quantitative measure of joint
mobility for comparative analysis across age groups.
Peak angular velocity was computed from the mean
waveforms for each side and joint per participant.

The limb exhibiting the greater knee ROM was
labeled the "greater" side, with the opposite limb
designated as the "lesser" side. For subsequent
analyses, data were classified according to this
designation, allowing comparisons between the
side with the greater knee range of motion and the
side with the lesser knee range of motion. This
approach enabled a more detailed examination of
asymmetries and their potential impact on gait
dynamics.

NON-LINEAR MEASURES

Angle-angle diagrams, as described by Goswami?,
were generated for each participant using their
mean joint angle waveforms to visualize hip-knee
and knee-angle flexion angles relationships across
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the gait cycle. The enclosed area of each loop was
subsequently calculated to quantify inter-joint
coordination patterns?®.

Phase portraits, as described by Hurmuzlu®', were
generated for each joint to illustrate the
relationship between angular velocity and angular
position for every participant. These portraits
provided insight into joint-specific dynamic control
during gait. The area enclosed by each phase
portrait loop was calculated to quantify dynamic
joint behavior across the gait cycle. Both angle—
angle and phase portrait loop areas and perimeters
were computed using custom MATLAB scripts.

SYMMETRY INDEX

Symmetry indexes (Sl) were computed for each
outcome measure per participant to quantify
asymmetries between the greater X; side and
lesser side X using the following formula.

S = |Xg—XL|

An S| value of O indicates perfect symmetry
between both limbs.

OVERALL SYMMETRY INDEX

To assess waveform symmetry between limbs for
each joint, an Overall Symmetry Index (OSI) was
computed using the method proposed by Nigg et

al 32,33

0SI = [ Alxy(t) — x,(D)|dt Eq. (2)
2

A =
range (xg(t)) + range(x,(t))

where OSl is the Overall Symmetry Index, x4(t) is
the value of the joint angle recorded for the greater
leg at the time t and x;(t) the joint angle recorded
for the lesser leg at the time t. The integrand of
Eqg.2, known as the symmetry function, captures
the time-dependent variation in symmetry across
the 100 time-normalized points of the gait cycle.
The closer the SI value is to zero, the more
symmetric the gait. The range, rather than the
mean, is used to normalize the symmetry index, as
it is independent of the reference joint position.

STATISTICAL ANALYSIS

Mean waveforms and their 95% confidence
intervals were calculated for each age group. For
each variable and age group, grand means and
standard deviations were computed. Given the
limited sample size per group, which constrained

the use of traditional statistical tests, we used a
permutation-based one-way ANOVA for each
variable, joint and side (greater/lesser) separately.
For each analysis, all observations within the
relevant subset were pooled, and group labels
were randomly permuted 10,000 times to generate
a null distribution of F-statistics. The observed F-
value was then compared against this null
distribution to obtain a permutation p-value,
providing a non-parametric test of group
differences without assuming normality or equal
variances. When the omnibus permutation test
indicated a potential group effect, we conducted
permutation-based pairwise comparisons between
age groups. Pairwise tests were also performed
using 10,000 label permutations and were based
on the difference in group means as the test
statistic. Multiple comparisons were controlled
using the Holm-Bonferroni method applied
separately for each variable and side. This approach
provides a robust, distribution-free assessment of
age-related differences across all gait variables.

Results

The data from 29 females diagnosed with Rett
syndrome (RTT) were analyzed. The mean ages for
each group were 5.0 years (SD = 1.7) in the 2-7-
years old group, 11.0 years (SD = 2.3) in the 8-15
age group and 21.6 years (SD = 5.6) in the >=16
age group. Participants in the >=16 age group had
a mean walking speed of 0.6 m/s (SD = 0.1), while
the other two groups walked at a mean speed of
0.5m/s (SD = 0.1).

RANGE OF MOTION

Mean joint range of motion (ROM) values for the
hip, knee, and ankle are presented in Table 1,
along with the symmetry index values and
permutation-based ANOVA results. No statistically
significant differences were found between groups.
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Table 1. Mean Range of Motion by Age Group

Hip ROM [degrees] Knee ROM [degrees] Ankle ROM [degrees]
Side Age Group Mean (SD) F P Mean (SD) F p Mean (SD) F P
2-7 37.1(7.7) 1.18 0.33 48.6 (6.3) 1.54 0.23 22.3 (6.4) 0.81 0.46
Greater 8-15 32.7 (4.9) 43.6 (9.6) 20.7 (11.1)
>=16 33.2(7.1) 42.2 (8.7) 17.8 (5.9)
2-7 35.3(5.8) 1.07 0.36 37.5(5.9) 0.60 0.56 22.7 (9.9) 0.72 0.49
Lesser 8-15 31.0(9.5) 36.4 (10.5) 19.1(2.0)
>=16 31.1(6.0) 32.9 (11.5) 18.2 (7.0)
Hip ROM Symmetry Index | Knee ROM Symmetry Index | Ankle ROM Symmetry Index
Age Group Mean (SD) F < Mean (SD) F p Mean (SD) F p
2-7 11.5(.5 071 0.52 26.0 (14.7) 0.53 0.63 35.7 (38.0) 1.11 0.35
8-15 17.0(13.1) 19.0(17.3) 18.4 (10.0)
>=16 15.8 (10.4) 28.3 (26.4) 38.6 (37.4)
PEAK ANGULAR VELOCITY Permutation-based one-way ANOVA revealed no

Peak Angular Velocity values are presented in
Table 2, along with their symmetry index values.

Table 2. Mean Peak Velocity by Age group

statistically significant differences between groups

for any joint and limb.

Hip Peak Vel. Knee Peak Vel. Ankle Peak Vel.
[degrees / %of gait cycle] | [degrees/ %of gait cycle] | [degrees / %of gait cycle]
Side Age Group Mean (SD) F p Mean (SD) F p Mean (SD) F p
2-7 1.90(0.47) 128 030 | 2.84(0.26) 000 1.00| 1.04(0.26) 142 0.26
Greater 8-15 1.57 (0.26) 2.84 (0.62) 1.08 (0.60)
>=16 1.66 (0.47) 2.84 (0.75) 0.80 (0.31)
2-7 1.68(0.33) 0.57 0.56| 2.60(0.61) 0.93 0.41| 0.98(0.38) 0.04 0.96
Lesser 8-15 1.50 (0.47) 2.31(0.83) 0.93 (0.43)
>=16 1.54 (0.35) 2.17 (0.66) 0.98 (0.55)
Hip Peak Vel. Knee Peak Vel. Ankle Peak Vel.
Symmetry Index Symmetry Index Symmetry Index
Age Group Mean (SD) F P Mean (SD) F p Mean (SD) F p
2-7 19.5(13.2) 0.01 0.99| 16.7(16.7) 0.69 052 | 335(38.7) 0.96 0.39
8-15 19.8 (12.0) 23.4 (20.8) 30.0 (20.1)
>=16 18.9 (18.3) 28.1 (25.7) 49.4 (37.5)

PHASE PORTRAITS

Table 3 contains a summary of the phase portrait
areas by age group, joint and limb (greater vs
lesser limbs). No statistically significant differences
were found between groups for any joint and limb.
Figure 1 displays the phase portraits for each joint
and limb for the 2-7, 8-15 and =16 age groups.
These plots were developed from the age-group
mean joint waveforms. Hip and knee portraits
generally maintain smooth, elliptical loops across
all ages, though the 2-7 group (blue) exhibited

greater trajectories at the hip in both sides and the
knee in the greater side. In contrast, ankle portraits
showed greater variability in shape and size, with
the 8-15 group demonstrating larger, more circular
trajectories in the greater side, indicating increased
dynamic range.

© 2026 European Society of Medicine 5



Table 3. Mean Phase Portrait Areas by Age group

Hip Phase Portrait Area | Knee Phase Portrait Area | Ankle Phase Portrait Area
[degres”2 / %of gait cycle] | [degres”2 / %of gait cycle] | [degres”2 / %of gait cycle]
Side Age Group Mean (SD) F P Mean (SD) F p Mean (SD) F P
2-7 80.3(32.5) 1.27 0.30 | 216.1(36.3) 0.99 0.39 | 51.5(36.9) 1.21 0.33
Greater 8-15 61.2 (15.8) 181.2 (84.1) 56.4 (53.2)
>=16 65.5 (29.0) 175.5 (73.0) 32.2(15.7)
2-7 70.2(24.3) 0.85 0.44 | 139.1(45.9) 047 0.64 | 50.9(36.3) 0.25 0.78
Lesser 8-15 56.1(32.2) 128.4 (78.1) 44.0 (43.6)
>=16 56.4 (23.3) 111.5 (65.7) 39.3(30.2)
Hip Phase Portrait Area | Knee Phase Portrait Area | Ankle Phase Portrait Area
Symmetry Index Symmetry Index Symmetry Index
Age Group Mean (SD) F P Mean (SD) F p Mean (SD) F P
2-7 22.2(18.7) 051 0.62 | 46.4(31.8) 0.46 0.64 | 67.6(46.2) 2.84 0.08
8-15 33.0(29.0) 39.0(31.5) 32.9 (26.8)
>=16 31.6 (25.6) 53.8 (38.3) 76.7 (48.9)
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Figure 1. Phase Portraits by Age group. Blue: 2-7, Orange: 8-15, Yellow: =16. The joint angle mean waveforms have been shifted
to have a mean of zero, allowing for direct comparison of their relative shapes.

ANGLE-ANGLE DIAGRAMS

Figure 2 displays the angle-angle diagrams to
visualize the coordination between the hip and
knee and knee and ankle joints for the three age
groups. These plots were developed from the age-
group mean joint waveforms. Table 4 contains a

© 2026 European

summary of the angle-angle areas and by age
group and Limb (greater vs lesser limbs), along with
their symmetry index and permutation-based

ANOVA results.

No statistically significant

differences were found between groups for any

joint and limb.
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Gait Kinematics and Interlimb Symmetry in Individuals with Rett Syndrome Across Age Groups

variability in shape, with the 2-7 group showing
distorted trajectories on the greater side,
suggesting less consistent timing and magnitude
of ankle motion relative to knee motion.

The shape of the hip—knee loops across all groups
was consistent, indicating consistent coordination
patterns between these proximal joints. In contrast,

knee-ankle loops exhibited much greater

Table 4. Mean Angle-Angle metrics by Age group.

Hip vs Knee Area [degres2] Knee vs Ankle Area [degres/2]
Side Age Group Mean (SD) F p Mean (SD) F P
2-7 1119.9 (356.4) 1.87 0.17 344.8 (137.6) 2.27 0.13
Greater 8-15 939.3 (304.9) 278.0(177.8)
>=16 841.5 (305.8) 215.3(85.2)
2-7 824.5 (248.8) 1.49 0.25 223.3 (88.5) 0.35 0.72
Lesser 8-15 744.8 (330.7) 214.4 (125.1)
>=16 609.0 (268.9) 179.9 (145.9)
Hip vs Knee Area Symmetry Index Knee vs Ankle Area Symmetry Index
Age Group Mean (SD) F p Mean (SD) F p
2-7 30.6 (21.9) 0.12 0.90 51.7 (40.3) 1.71 0.20
8-15 28.0 (20.9) 28.2 (21.2)
>=16 33.6(31.0) 55.2 (37.9)
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Figure 2. Angle-Angle metrics by Age group. Blue: 2-7, Orange: 8-15, Yellow: =16. The joint angle mean waveforms have been
shifted to have a mean of zero, allowing for direct comparison of their relative shapes.

WAVEFORMS ANALYSIS indexes

Mean joint angle waveforms and their 95%
confidence intervals are presented in Figure 4, with

corresponding  waveform
summarized in Table 5.

symmetry
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Table 5. Waveform-based Overall Symmetry Index by Age group

Hip Symmetry Index Knee Symmetry Index Ankle Symmetry Index
Age Group Mean (SD) F p Mean (SD) F p Mean (SD) F p
2-7 19.9 (12.1) 0.03 0.97 29.7 (23.4) 0.17 0.86 61.7 (49.3) 2.98 <0.05
8-15 18.6 (10.2) 29.2(19.7) 39.9 (28.5)
>=16 19.2(12.1) 24.6 (22.7) 26.4(10.6)

Waveform-based symmetry indexes revealed that
Hip and Knee symmetry indexes remained
constant across the three age groups. Permutation-
based pairwise comparisons indicated a significant
difference in Ankle Symmetry index between the
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2-7 and >16 age groups (p = 0.01), with younger
participants showing higher asymmetry. No
significant differences were detected for the 2-7 vs
8-15 (p = 0.29) or 8-15 vs >16 (p = 0.17)
comparisons.
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Figure 3. Mean Waveforms by Age group. Shaded areas represent the 95% Confidence Intervals-Blue: 2-7, Orange: 8-15, Yellow:
=16. The joint angle mean waveforms have been shifted to have a mean of zero, allowing for direct comparison of their relative shapes.

The plots reveal overall consistency in joint motion
patterns across age groups but also highlight joint-
and age-specific differences in variability and
symmetry. At the knee, waveform shapes were
consistent across age groups, whereas at the hip,
the 2-7 group exhibited greater amplitude on both
limbs and different peak and Low point timing on
the greater side. Ankle joint waveforms displayed
greater inter-group and intra-group variability than
the more proximal joints. The 2-7 group exhibited
more variable patterns (wider 95% Cl) and greater

amplitude at the ankle, whereas =16 group
demonstrated relatively flat ankle trajectories in the
lesser side, suggesting reduced dynamic control in
distal segments.

Discussion

This study examined potential age-related
differences in lower-limb joint kinematics and
interlimb symmetry during gait in individuals with
Rett syndrome (RTT). By analyzing joint range of
motion (ROM), peak angular velocity, joint angles

© 2026 European Society of Medicine 8



waveform shapes, and joint coordination through
phase portraits and angle-angle diagrams, we
evaluated if there were any developmental trends
across three age groups. Our findings revealed no
trend towards age group related differences, which
was consistent with anecdotal observations. Prior
reports have documented a progressive decline in
mobility and motor coordination in older
individuals with RTT™?, potentially due to a
decline in motor planning and musculoskeletal
factors. However, in our study, hip knee and ankle
motion remained relatively preserved across all
age groups, with consistent ROM, angular velocity,
and waveform patterns.

Although chronological age was used to group
participants, it is important to consider how the
clinical course of Rett syndrome might relate to
motor function. RTT typically follows a four-stage
developmental pattern: an early period of
stagnation with slowing of growth and emerging
delays, a rapid regression of motor and cognitive
skills, a subsequent plateau phase with relative
stabilization of impairments, and, in some individuals,
a later period of active decline characterized by
progressive motor deterioration, rigidity, and
skeletal complications such as scoliosis®.

In the present study, ambulatory participants,
regardless of their age, may have clustered within
the plateau phase of motor function, during which
impairments are established but not actively
worsening. This possibility could help explain why
joint range of motion, peak angular velocities,
waveform shapes, and inter-joint coordination did
not differ systematically across age groups in this
sample. Because walking ability is typically
preserved in individuals with less severe motor
impairment, our results primarily reflect a
functionally ambulatory subgroup. These findings
suggest that chronological age alone may not be a
reliable indicator of gait deterioration in
ambulatory individuals with RTT and from a clinical
perspective, it highlights the importance of
individualized assessment rather than assuming
progressive gait decline solely based on age.

A previous study comparing RTT individuals
against age-matched neurotypical controls showed
that participants in the 9-14 group had ankle ROM,
ankle peak velocity and ankle phase portrait areas
similar to age-match, neurotypical control group?®,

suggesting that ankle behavior during gait in
individuals with RTT may temporarily approximate
neurotypical patterns during late-childhood (which
may correspond to the plateau phase %) before
declining later in adolescence and adulthood.
However, in the same study, a quite large inter-
subject variability across the various measures was
identified and highlighted as a factor that limits the
generalizability of the findings. While the present
study did not identify a similar age-related
trajectory, the finding of greater ankle asymmetry
in the youngest participants compared to the
oldest group may reflect early challenges in
interlimb  coordination  that stabilize  with
maturation or development of compensatory
strategies. However, the higher within group
variability (SD = 49.3) also limits the generalizability
of the findings.

Our analysis of phase portrait and angle-angle
diagram shapes provided additional insight into
joint coordination beyond linear measures.
Traditional gait metrics such as range of motion
and peak angular velocity provide important
information about the magnitude of joint
movement but do not capture the temporal
structure of joint coordination. Phase portraits and
angle-angle diagrams provide a dynamic
representation of joint behavior across the gait
cycle, allowing subtle differences in timing, control
stability, and coordination to be identified. Ankle
phase portraits and knee-ankle loops on the
greater side exhibited a slightly greater variability
in shape across age-groups compared with the
other joints, reflecting different coordination
patterns in the ankle joint, which are also consistent
with some gait characteristics previously reported,
such as spasticity in the gastrocnemius-soleus
muscle and toe-walking’. These timing and control
inconsistencies were not evident in ROM or peak
velocity metrics, emphasizing the value of dynamic
trajectory-based assessments in populations with
neuromotor disorders.

Several limitations should be acknowledged in
interpreting the results of this study. First, the small
sample size and comparatively large variability
within each age group limits the generalizability
and conclusion of the findings and serves as a
factor in the inability to identify statistically
significant results. Such large variability observed
within each age group, further support the notion
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that gait in RTT cannot be characterized by a single
‘stereotypical gait pattern’, but instead encompasses
a range of compensatory coordination strategies
that individuals adopt to accommodate their
neurological impairments. Future research with
larger cohorts will be necessary to confirm and
expand upon these findings.

Second, the inclusion of only ambulatory
individuals and the cross-sectional design prevent
conclusions about developmental trajectories or
causal relationships between age and motor
control across the full spectrum of motor
progression in individuals with Rett syndrome.
Third, because gait data were collected during
treadmill walking, the results may not fully
represent locomotion
environmental variability and self-paced speed can
influence gait patterns. In addition, the present
study focused on kinematic variables and did not
include kinetic or electromyographic measures that
could provide additional insight into the
neuromuscular  mechanisms  underlying the
observed coordination patterns.

overground where

Conclusion

In this study, age-related differences in sagittal-
plane gait kinematics were minimal among
ambulatory individuals with Rett syndrome,
highlighting the importance of individualized
assessments rather than age-based expectations of

gait decline. The only age-related difference was
increased ankle asymmetry in younger participants
compared with the oldest group. However,
conclusions regarding disease progression are
limited by the cross-sectional design, small sample
size, and inclusion of only individuals with effective
gait. Overall, these findings highlight the
importance of objective, technology-based gait
assessment for characterizing motor function in
RTT and support the need for longitudinal
investigations and within subject analyses. Such
studies will provide more insightful information to
clinicians and rehabilitation specialists regarding
changes in response to interventions designed to
improve gait control.
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