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Abstract

Rett syndrome is a rare neurodevelopmental disorder that significantly impairs bipedal postural control and walking
ability. This study quantifies the gait characteristics of 22 females with Rett syndrome (divided into 3 age groups)
and compares them with age-matched neurotypical females. Bilateral sagittal plane joint angles of the hip, knee, and
ankle were analyzed. Measures included joint range of motion, stride time, peak angular velocity, angle-angle diagrams,
phase portrait areas, and asymmetries. Results revealed reduced joint range of motion and angular velocity in individ-
uals with Rett syndrome, as well as greater asymmetries in gait parameters reflecting disruptions in bilateral coordi-
nation. Phase portraits and angle-angle diagrams indicated preserved coordination in proximal joints but greater
variability at the ankle. Ankle movement in individuals with Rett syndrome aged 9-14 years showed a closer resem-
blance to Controls. These findings identify underlying lower limb motion patterns that contribute to gait deficits in

Rett syndrome, guiding future targeted interventions to improve their mobility.
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Rett syndrome is a rare neurodevelopmental disorder that
predominantly affects females, with a pooled prevalence
estimate of 7.1 per 100 000 females.' The disorder is pri-
marily attributed to variants in the methyl-CpG-
binding protein 2 (MECP2) gene, with approximately
95% of typical Rett syndrome cases associated with such
genetic variants. Initially, affected individuals exhibit
seemingly neurotypical developmental trajectories until
around 6-18 months of age, after which a period of regres-
sion ensues, marked by the loss of motor skills, language
acquisition, and social interaction capabilities. This regres-
sion phase is followed by a period of stabilization, albeit
with persistent impairments in motor function, gait perfor-
mance, communication, and overall quality of life.”

Rett syndrome poses significant challenges to affected
individuals and their caregivers because of its profound
impact on various aspects of development and functioning.
It is characterized by a spectrum of disabling symptoms,
including midline stereotypic hand movements, abnormal
breathing patterns and bruxism, apraxia, ataxia, muscle
tone abnormalities, limb rigidity, scoliosis, and gastroin-
testinal dysfunction, to mention some of the major ones.
Both fine and gross motor skills are significantly impaired,

with prominent deficits observed in bipedal postural con-
trol and walking ability.*~ Despite an initial period of sta-
bilization, walking capacity deteriorates with age, leaving
less than half of individuals with Rett syndrome able to
walk®” and many of these requiring assistance.® These
mobility limitations likely contribute to reduced physical
fitness and overall health status in patients with Rett
syndrome.

Several studies have elucidated various gait character-
istics exhibited by females with Rett syndrome. These

'Department of Health and Human Performance, University of Houston,
Houston, TX, USA

2Center for Neuromotor and Biomechanics Research, University of
Houston, Houston, TX, USA

3Blue Bird Circle Rett Center, Texas Children’s Hospital, Houston, TX,
USA

“Deparments of Pediatrics and Neurology, Baylor College of Medicine,
Houston, TX, USA

Corresponding Author:

Bernhard Suter, MD, 6701 Fanin St. CCC 1250, Houston, TX 77030,
USA.

Email: suter@bcm.edu


https://orcid.org/0009-0003-2539-7585
https://orcid.org/0000-0001-6556-9896
mailto:suter@bcm.edu
https://us.sagepub.com/en-us/journals-permissions
https://journals.sagepub.com/home/jcn
http://crossmark.crossref.org/dialog/?doi=10.1177%2F08830738251371586&domain=pdf&date_stamp=2025-09-19

648

Journal of Child Neurology 41(5)

features encompass a spectrum of behaviors, such as
ataxia, toe walking, hand wringing during ambula-
tion,®'? stiff-legged gait,'"'? freezing of gait,'* dys-
rhythmic walking patterns, and lateral and retrograde
stepping.®'* Downs et al® notably contributed to the
understanding of motor activities achievable by individu-
als with Rett syndrome, employing a surveillance video-
based movement analysis protocol that highlighted
behaviors within natural environmental contexts.
Young et al'® used similar video analysis techniques to
delineate walking-associated behaviors in individuals
with Rett syndrome during overground and treadmill
locomotion. Despite these studies, there remains a dearth
of research applying technology-based techniques using
quantitative outcome measures.'>'°

Prior research has demonstrated that promoting an
active lifestyle, including participation in walking pro-
grams, confers health advantages and enhance quality of
life in individuals with Rett syndrome.”'” Some potential
benefits of improving walking ability in patients with Rett
syndrome include reduced spasticity, prevention of foot
deformities, and fostering a degree of personal auton-
omy.**>'® Encouragingly, the recent development of
genetic interventions designed to ameliorate the symptoms
of Rett syndrome may be a great promise in improving gait
of individuals with Rett syndrome."®

Given the recent emergence of a first drug for Rett,? as
well as gene-based therapy trials aiming to improve the
functional behavior in individuals with Rett syndrome,
the development of standardized, quantitative clinical
measures capable of cross-site application is imperative.
Developing data sets with technology-based gait parame-
ters exhibited by individuals with Rett syndrome is an
important and necessary milestone in the process of char-
acterizing the gait of such individuals. Such information
can be useful to clinicians and therapists for accurately
gauging the efficacy of interventions across diverse research
settings.

One-dimensional kinematic metrics have been employed
in previous studies to characterize gait in individuals
with Rett syndrome, encompassing temporal parameters dur-
ing both overground and treadmill walking,'® alongside
assessments of knee and hip range of motions, angular veloc-
ities, limb asymmetries, and their associated variabilities.'?
However, nonlinear measures have not been reported before.
The utilization of nonlinear measures in the analysis of Rett
syndrome gait dynamics may offer crucial supplementary
insights beyond traditional linear metrics by elucidating com-
plex interactions and patterns within the locomotor system.
These nonlinear measures include angle-angle analysis that
assesses the coordination patterns between joint angles, pro-
viding valuable information about the synchrony of body
segments,?'*? and phase portraits that offer a visual and
quantitative representation of the dynamic relationship
between angular velocity and angular position.”* Both

metrics capture information across the entire gait cycle,
rather than limiting the analysis to discrete points of inter-
est within the gait cycle. As such, the application of such
nonlinear metrics to evaluating the gait patterns of
patients with Rett syndrome presents itself as a potential
means of detecting subtle alterations in gait dynamics
over time aiding in the early identification of motor
impairment, as well as amore comprehensive way of eval-
uating of therapeutic interventions in these patients.

This study has 2 objectives. As previously mentioned, it
seeks to provide a broader understanding of Rett syndrome
gait characteristics beyond traditional linear measures by
incorporating nonlinear metrics. Second, it aims to com-
pare the gait features observed in 3 age groups of individ-
uals with Rett syndrome against normative age-based data
obtained from healthy populations. By employing these
analytical approaches and comparative assessments, this
research provides a comprehensive insight into the distinc-
tive gait patterns associated with Rett syndrome and their
deviations from typical developmental trajectories
observed in healthy individuals.

Materials and Methods

Participants

Twenty-two females diagnosed with Rett syndrome, as
per the criteria established by Neul et al,** and presenting
pathogenic variants in the MECP2 gene, participated in
this study. Their ages ranged from 5 to 32 years, with a
mean age of 12.6 years and a standard deviation of
+7.4. 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 walking independently without the use of orthotics,
and none were prescribed medications known to affect
motor control function. 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 written
informed consent was obtained from the parents of the
participants. This is a convenience sample of all individ-
uals who have volunteered to participate over the previ-
ous 10 years. These data represent the largest sample of
individuals with Rett syndrome who have had their gait
characteristics assessed using technology-based kine-
matic measures.

The neurotypical Control data was sourced from the
data sets provided by Senden et al,”>*® which included
mean kinematic waveforms for each participant, as well
as various spatial and temporal gait parameters. Bilateral
sagittal plane kinematic data of the hip, knee, and ankle
from 22 neurotypical female individuals who walked on
a motorized treadmill were obtained. Their ages ranged
from 4 to 32 years, with a mean age of 12.6 years and a
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standard deviation of +7.42 matching the ages of the indi-
viduals with Rett syndrome. The Senden data sets were
collected with a 16-camera VICON motion analysis sys-
tem, with joint angles being obtained with the use of
Nexus plug-in gait processing software. As noted by the
data set authors, “This normative data can be used for com-
parison of pathological gait, thereby improving the inter-
pretation of pathological gait and finally contributing to
better clinical decision making.”*>®® For analysis, partic-
ipants were separated into 3 age groups: 4-8 years, 9-14
years, and 15 years and older. Each age group was age-
matched with the same number of neurotypical partici-
pants from the database.

Study Protocol

Rett syndrome participants walked on a motorized tread-
mill (Bertec). Prior to data collection, reflective markers
were bilaterally placed on the heel, toe, ankle, knee,
shank, and hips. Safety precautions were implemented
by securing subjects to an overhead harness, reducing
the risk of falls while permitting unrestricted movement
during ambulation. The treadmill speed was initiated at
0.1 m/s and was incrementally increased by 0.1 m/s
every 20 seconds until either the participants reached
their maximum attainable speed, as determined by their
physiological responses, or until signs of discomfort,
such as vocalizations or manual and facial expressions,
were observed. The subjects walked at their maximum
attainable comfortable speed for 1-3 minutes depending
on every subject’s capability and willingness to walk.
Kinematic data were collected using a 16-camera
VICON motion analysis system at a sampling rate of
100 Hz and processed with the Nexus plug-in gait soft-
ware to obtain lower limb joint angles. For a more
detailed description of the data collection procedures,
please refer to Layne et al.'**’

Data Processing and Analysis

The data corresponding to the Rett syndrome participants’
comfortable speed was analyzed matching the “slow”
speed data obtained from the Senden et al data sets.
Bilateral sagittal plane flexion angles for the hips, knees,
and ankles were obtained and filtered using a second-order
Butterworth filter with a 6-Hz cutoff frequency. The time
series joint angle data were then precisely segmented at
the peak knee flexion point. This approach was necessary
because of the observation of numerous strides lacking
heel strikes (ie, toe walking). Peak knee flexion served
as a consistent kinematic marker within each stride and
was therefore used as the reference point for identifying
individual strides.*®

Each identified gait cycle was then uniformly time-
normalized to 100 samples, ensuring standardization

across subjects and improving the reliability of compara-
tive analyses. Mean waveforms for each limb and joint
of each individual were subsequently calculated. The indi-
vidual mean waveforms of the control group, also stan-
dardized to 100 samples, were aligned such that the
initial sample corresponded to peak knee flexion (see
Results). All the processing and analysis described in
this section were performed using custom MATLAB
scripts.

Linear Measures

The range of motion for each joint was calculated by mea-
suring the difference in degrees between the minimum and
maximum angles observed throughout the gait cycle. This
metric offers a precise quantification of the joint’s move-
ment extent, enabling detailed comparisons of joint mobil-
ity across various conditions or subjects.

The side exhibiting the greatest knee range of motion
was designated as the “greater” side, whereas the opposite
side was labeled as the “lesser” side. For subsequent anal-
yses, the 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.

Stride time was calculated as the average time interval
between consecutive peak knee flexion events before tem-
poral normalization. The average stride time for each indi-
vidual in the Control group was presented in the normative
data set enabling calculation of grand means for each age
group. Peak angular velocity was calculated using the
mean waveforms of each participant for each side and
joint.

Nonlinear Measures

Angle-angle diagrams, as described by Goswami,>' were
generated for each subject using their corresponding
mean waveforms to visualize the relationships between
hip-knee and knee-angle flexion angles throughout the
gait cycle. The area enclosed by the angle-angle loops
was calculated.*®

Phase portraits, as described by Hurmuzlu,?® were cre-
ated to illustrate the relationship between angular veloc-
ity and angular position for each joint, for every
subject. These portraits offered insights into the dynamic
stability and control mechanisms during gait. The area of
the phase portrait loops was calculated, allowing for a
precise assessment of the joint’s dynamic behavior
throughout the gait cycle. The areas of the angle-angle
and phase portrait loops were calculated using a custom
MATLAB script.
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Symmetry Index

Symmetry Indexes between the greater X and lesser side
X; were calculated for each outcome measure for each
subject, using the following formula.

X — XL |

S =0 "L
0.5- (Xo +X,)

- 100%

A Symmetry Index of 0 indicates perfect symmetry
between the 2 limbs.

Overall Symmetry Index

Mean waveforms were calculated for each age group. To
compare the symmetry of the waveforms for each joint
between the 2 legs, we computed an Overall Symmetry
Index using the formula proposed by Nigg et al.>*~°

100
[ (0~ s

t=1

OSI =

2
- range(xg(t)) + range(x(t))

where OSI is the Overall Symmetry Index, x,(¢) is the
value of the joint angle recorded for the greater leg at
the time ¢ and x,(¢) the joint angle recorded for the lesser
leg at the time 7. The integrand of Eq. (2) is referred to
as the symmetry function and provides information on
the time dependency of symmetry over the 100 time points
of the gait cycle. The closer the Symmetry Index value is
to zero, the more symmetric the gait. The range is used
instead of the mean in order to normalize the symmetry
index since the range is not dependent on the reference
joint position.

Statistical Analysis

Grand means plus one standard deviation (SD) were
obtained for each variable of each age group. Because of
the limited number of participants in each group thereby
making more traditional statistical testing problematics, a
95% confidence interval (CI) for each variable and joint
of the 3 Control groups was calculated. To compare the
similarity between the Rett syndrome and control data
we compared the Rett syndrome mean values against the
Control CL

Pearson 7 correlations between the mean waveforms of
the Rett syndrome group and the Control group were com-
puted to assess the similarity in waveform shape. The per-
centage of samples of the mean waveforms of the Rett
syndrome group that fell outside the Control Cls was
then computed, providing an assessment of how closely
the amplitudes of the participants’ waveforms matched
those of the Controls across the entire waveform.

Table I. Rett syndrome Subject Characteristics.

Body
Age  Height  weight

Subject (y) (cm) (kg) Scoliosis

| 5 97.0 15.2 Mild (24 degrees)

2 5 103.0 16.3 No scoliosis

3 5 96.5 132 No scoliosis

4 6 101.0 18.3 No scoliosis

5 7 122.5 30.2 No scoliosis

6 7 111.0 15.0 No scoliosis

7 8 130.0 30.2 Moderate (37
degrees)

8 8 122.2 22.0 Mild (15 degrees)

9 9 1375 27.8 Mild (17 degrees)

10 9 130.0 23.6 Mild (16 degrees)

I 10 134.0 23.7 Moderate (34
degrees)

12 10 129.5 24.0 No scoliosis

13 I 137.2 31.8 No clear scoliosis (last
MR showed mild
curvature)

14 12 145.8 50.1 Severe (44 degrees)

15 15 140.0 36.0 Moderate (25)

16 16 139.8 472 Severe (45 degrees)

17 17 136.2 46.3 Severe (57 degrees)

18 19 158.0 44.0 Moderate (32
degrees)

19 20 147.0 43.0 Post scoliosis surgery

20 20 147.0 90.7 No scoliosis

21 27 140.0 32.0 2 rods placed in 2011

22 32 139 40 Moderate (35

degrees)

Table 2. Mean Treadmill Speed by Age Group and Condition.

Speed, m/s
Age group

RTT, mean (SD) Control, mean (SD) Control, Cl
48y 0.5 (0.1)* 0.9 (0.1) 0.8-1.0
9-14y 0.5 (0.2)* 0.9 (0.1) 0.8-1.0
>15y 0.6 (0.1)* 0.9 (0.1) 0.8-0.9

Abbreviations: Cl, confidence interval; RTT, Rett syndrome; SD, standard
deviation.

* participant’s mean value is outside the confidence interval bounds of the
Control data.

Results

The data from 44 participants were analyzed, 22 neuroty-
pical female individuals and 22 females diagnosed with
Rett syndrome. The participants were separated into 3
age groups: 4-8-year-olds (8 participants), 9-14-year-olds
(6 participants), and those aged 15 years and older (8 par-
ticipants). Each of the age groups contained the same num-
ber of Rett syndrome and Control participants. The data
from the lesser ankle joint of 1 participant in the
9-14-year age group was removed because of a technical
issue during data collection.
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Table 3. Mean Stride Time and Stride Length by Age Group and Condition.
Stride time, s Stride length, m
Age group Side RTT, mean (SD) Control, mean (SD) Control, CI RTT, mean (SD) Control, mean (SD) Control, Cl
48y Greater 1.1 (0.2)* 1.0 (0.1) 09to 1.0 0.6 (0.1)* 0.8 (0.1) 0.8t0 0.9
Lesser 1.1 (0.2)* 1.0 (0.1) 09to 1.0 0.6 (0.1)* 0.8 (0.1) 0.8t0 0.9
9-14y Greater 1.2 (0.3) 1.1 (0.1) [.0to 1.2 0.6 (0.2)* 1.0 (0.1) 09to 1.0
Lesser 1.2 (0.2) I.1(0.1) [.0to 1.2 0.6 (0.2)* 1.0 (0.1) 09to 1.0
15y Greater 1.2 (0.3) 1.3 (0.1) l2to 1.4 0.7 (0.2)* 1.1 (0.1) 1.0to .2
Lesser 1.2 (0.3) 1.3 (0.1) l2to 1.4 0.7 (0.2)* I.1(0.1) 1.0to 1.2
Age group Stride time Symmetry Index Stride length Symmetry Index
48y 1.3 (1.7)* 0.0 (0.0) 0.0 t0 0.0 1.3 (1.7)* 0.0 (0.0) 0.0t0 0.0
9-14y 1.4 (1.7)* 0.0 (0.0) 0.0 t0 0.0 1.4 (1.7)* 0.2 (0.4) —0.2t0 0.5
>15y 0.8 (1.0)* 0.0 (0.0) 00t0 0.0 0.8 (l.0)* 0.0 (0.0) 0.0 t0 0.0

Abbreviations: Cl, confidence interval; RTT, Rett syndrome.

* participant’s mean value is outside the confidence interval bounds of the Control data.

The mean age for 4-8 years old Control group was 6.3
years (SD = 1.5), whereas the Rett syndrome group had a
mean of 6.3 years (SD = 1.3). In the 9-14-year age group,
both the Control and Rett syndrome groups shared identi-
cal mean ages of 10.2 years (SD=1.2). For participants
over 15 years old, the Control group had a mean age of
20.9 years (SD=5.7), and the Rett syndrome group had a
mean of 20.8 years (SD=5.9). Table 1 presents a descrip-
tion of the Rett syndrome subjects’ characteristics. All indi-
viduals with Rett syndrome presented ataxic gait and at least
mildly increased tone, typical of Rett syndrome, in the
lower extremities, especially at the ankles, at baseline. No
marked tone asymmetries were found in these individuals.
The degree of scoliosis varied across participants, with
Cobb angles ranging from 0° to 57° (Table 1).

Rett syndrome participants walked at a slower speed
compared with the Control group across the 3 age groups
(Table 2). Table 3 displays the mean stride time and stride
length for the 3 age groups, comparing participants with
Rett syndrome condition with those in the Control group.
The individuals with Rett syndrome in the 4- to 8-year-old
age group had greater stride times than those in the Control
group. Stride times between Rett syndrome and Controls
for 9-14-year-olds and >15-year-olds were similar. Stride
length was shorter in the Rett syndrome participants across
the 3 age groups, and they also showed a greater asymme-
try on both stride time and stride length compared with the
Control group.

Tables 4 and 5 show the mean and standard deviation
categorized by age group, condition (Rett syndrome vs
Control), and limb (greater vs lesser limbs) of the range
of motion and peak velocity, respectively. Mean
Symmetry Indexes of each parameter are also included
and 95% confidence intervals (Cls) for the Control group
are provided to show the range within which the mean of
the Control group likely falls.

Across all age groups, individuals with Rett syndrome
consistently exhibited less mean hip and knee range of
motion compared with Control participants. In the ankle
joint, the 4-8-year-olds and >15-year-olds showed less
range of motion than Control participants, whereas the
ankle range of motion of the 9-14-year-old group fell
between the CI of the ankle range of motion of the
Control group. Rett syndrome participants showed greater
range of motion asymmetry compared to Controls for all
comparisons, except for the 9-14-year-old age group’s
ankle Symmetry Index.

Rett syndrome participants demonstrated significantly
lower hip and knee peak velocity across all age groups
and significantly lower ankle peak velocity in the
4-8-year and >15-year age groups compared with
Control participants. The ankle peak velocity values of
both limbs of the 9-14-year age group were similar to
the Controls. Moreover, Rett syndrome participants
showed higher asymmetry in their peak velocity
Symmetry Index values across all joints and age groups
compared with Control participants, except for the
9-14-year age group’s ankle Symmetry Index.

Waveforms Analysis

Table 6 shows the Overall Symmetry Index values
between both legs over the complete gait cycle. individu-
als with Rett syndrome showed greater asymmetry com-
pared with the Control group participants across all
joints and age groups.

Figures 1-3 contain the Rett syndrome and Control time
series mean waveforms for each joint and limb for the 3
different age groups. The Pearson correlation coefficients
(r) between the Rett syndrome and Control groups’
mean waveforms are included. Additionally, the percent-
age of Rett syndrome mean waveform samples that fall
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Table 6. Overall Symmetry Index Over the Complete Gait Cycle by Age Group and Condition.
Hip overall Symmetry Index Knee overall Symmetry Index Ankle overall Symmetry Index
Age RTT, Control, Control, RTT, mean Control, Control, RTT, mean Control,
group mean (SD) mean (SD) CI (SD) mean (SD) ClI (SD) mean (SD) Control, CI
4-8 17.1 (7.9)* 5.5 (2.7) 3.6-7.3 35.5 (26.5)* 4.3 (1.9) 3.0-5.7 67.6 (53.4)* 14.7 (6.2) 10.4-19.0
9-14 17.2 (9.9)* 3.8 (1.2) 2.9-48 21.6 (19.2)* 3.0 (1.0) 2.2-39 285 (21.1)* 6.4 (2.1) 4.7-8.1
>15 16.8 (6.0)* 4.2 (2.0) 2.8-5.6 22,5 (5.7)% 5.1 (2.6) 3.3-6.9 30.8 (14.9)* 9.6 (2.6) 7.8-11.5
Abbreviation: Cl, confidence interval; RTT, Rett syndrome.
* participant’s mean value is outside the confidence interval bounds of the Control data.
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Pearson r correlation coefficient between the Rett syndrome and Control groups’ mean waveforms. % Outside = Percentage of Rett
syndrome mean waveform samples that fall outside the Control group’s confidence interval.

outside the Control group’s Cls are displayed, providing
insights into the deviations in gait patterns. The mean
waveforms have been amplitude normalized to have a
mean of zero, allowing for direct comparison of their rel-
ative shapes.

For the hip, high correlation values (»=0.96-0.98) are
observed across all age groups, indicating that the overall
waveform pattern of individuals with Rett syndrome
closely aligns with that of the Control group. However,
the percentage of samples outside the Control CI is higher
for older participants, with 90% and 88% of samples for
the greater and lesser limbs in the >15 age group falling
outside the Control CI. This percentage decreases in youn-
ger age groups, indicating a greater deviation in the hip

movement pattern with age. Similar to the hip, the knee
joint exhibits strong correlation values (r=0.95-0.99)
across all age groups, suggesting that knee movement in
Rett syndrome participants closely mirrors those of
Controls. However, although the overall movement pat-
terns are similar, the range of motion in Rett syndrome par-
ticipants is noticeably smaller. This reduced amplitude of
knee joint movement in Rett syndrome causes an elevated
percentage of the Rett syndrome mean waveform to fall
outside the Control, especially in the 4-8-year age group,
with values reaching as high as 90% in the 4-8 “lesser”
limb. Correlation values for the ankle joint are lower
than those of the hip and knee, especially in the 4-8 age
group, where r values drop to 0.49 for the lesser limb.
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The percentage of samples outside the Control CI is more
variable for the ankle joint, ranging from 42% to 80% of
samples fall outside the Control CI, highlighting signifi-
cant differences in ankle movement patterns between
Rett syndrome participants and Controls.

Phase Portraits

Figures 4-6 display the Rett syndrome and Control phase
portraits for each joint and limb for the 4-8-year,
9-14-year, and >15-year age groups respectively. These
figures were developed from the mean joint waveforms.
Table 7 contains a summary of the phase portrait areas
grouped by age group, condition (Rett syndrome vs

Control), and limb (greater vs lesser limbs). Ninety-five
percent Cls for the Control group are also provided. The
Symmetry Index between the phase portrait areas of the
“greater” and “lesser” limbs are also included in this table.

Both the figures and Table 7 show that the Rett syn-
drome phase portraits of the hip and knee joints are sig-
nificantly smaller compared with the Control phase
portraits, but with the shape remaining similar. In con-
trast, the Rett syndrome ankle phase portraits display
a greater variability in shape, especially in the
4-8-year-olds. Compared with the Control group, the
ankle phase portrait area of both limbs of the 4-8-year
and >15-year groups are smaller, but the ankle phase por-
trait areas of both limbs of the 9-14-year-olds fall inside
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Figure 4. Rett vs Control phase portraits, 4-8 years old. Rett Syndrome Portraits are shown in solid lines, and Control portraits
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of their relative shapes.

the Control Cls for that same age group. Rett syndrome
participants showed higher phase portrait area asymmetry
compared with Controls across all joints and age groups,
with the exception of the ankle joint in the 9-14-year
age group.

Angle-Angle Diagrams

Figures 7-9 display the Rett syndrome and Control
angle-angle diagrams for each joint and limb for the
4-8-year, 9-14-year, and >15-year age groups, respectively.
Table 8 presents a summary of the angle-angle diagram
areas grouped by age group, condition (Rett syndrome

vs Control) and Limb (greater vs lesser limbs) and include
the 95% CI for the Control group. The Symmetry Index
between the angle-angle diagram areas of the “greater”
and “lesser” limbs is also included in Table 8.

Rett syndrome angle-angle diagrams are significantly
smaller compared to the Controls across all age groups,
despite similar shapes. Rett syndrome knee vs ankle dia-
grams display a greater shape variability compared with
the hip vs knee diagrams. For both hip vs knee and knee
vs ankle, the “lesser” limb has a smaller area compared
to the “greater limb.” In the 3 age groups, Rett syndrome
participants showed higher asymmetry in their angle-angle
areas compared with Controls.
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of their relative shapes.

Discussion

Gait quality can be a reliable marker of overall health in
neurotypical individuals and is strongly associated with
the severity of neurodevelopmental disorders.?!?
Accurately measuring gait metrics in individuals with
Rett syndrome can offer significant insights into their
overall health status. Therefore, it is important to use a
comprehensive set of measures to assess gait in patients
with Rett syndrome. These metrics, when combined with
traditional motor assessments, can provide a more detailed
understanding of their locomotor abilities.

The combined use of both linear and nonlinear gait
measures offers a more in-depth analysis of specific gait

features that could be targeted to enhance gait efficiency.
This approach can detect subtle changes in gait patterns
over time or in response to interventions, whether they
involve physical therapy, medications, or genetic thera-
pies. For example, even when the range of motion of 2
joints may be similar, angle-angle diagrams may reflect
different coordination patterns.

The primary aim of this study was to provide a broader
characterization of walking behavior in individuals with Rett
syndrome by using technology-based linear and nonlinear
metrics. Additionally, we aimed to explore potential differ-
ences when compared to age-matched neurotypical individu-
als and to investigate whether any observed differences in
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Figure 6. Rett vs Control phase portraits, >15 years old. Rett syndrome portraits are shown in solid lines, and Control portraits
are shown in dashed lines. The joint angle mean waveforms have been shifted to have a mean of zero, allowing for direct comparison

of their relative shapes.

walking behavior were influenced by age. This research is the
first to provide technology-based nonlinear gait measurements
for patients with Rett syndrome, with the anticipation that
these data will serve as a foundation for future studies.

Our findings revealed that despite comparable stride
times between individuals with Rett syndrome and neuroty-
pical individuals, several kinematic measures demonstrated
reduced joint motion amplitude and velocity in individuals
with Rett syndrome, which was also reflected in their
reduced stride length and walking speed (Tables 2 and 3).
Interestingly, these reductions occurred despite the tempo-
ral features of the kinematic waveforms displaying a high
degree of similarity.

Figures 1-3 display that there were consistent differ-
ences in the amplitude of the joint waveforms at all ages
between Rett syndrome and neurotypical individuals, but
the overall shape of their kinematic waveforms remained
similar. This is especially true at the hip and knee, which
displayed very high correlations (» > 0.95). This indicates
that despite reductions in amplitude, individuals with Rett
syndrome retained the temporal pattern of joint motion
demonstrated by healthy, age-matched Control partici-
pants. For example, the time behavioral events of peak
knee extension or peak hip flexion within the gait cycle
were nearly identical to those of the age-matched neuroty-
pical individuals, revealing that the underlying features of
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Figure 7. Rett vs Control angle-angle diagrams, 4-8 years old. Rett syndrome diagrams are shown in solid lines and Control
diagrams are shown in dashed lines. The waveforms have been amplitude normalized to have a mean of zero, allowing for direct

comparison of their relative shapes.

walking is often reported to be a gait feature of individuals
with Rett syndrome.®'> The disruption in ankle control is
consistent with a recent report of detailing gait features of
individuals with NGLY1 Deficiency who also demon-
strated similar difficulty at the ankle while maintaining
hip and knee joint motion patterns similar to neurotypical
individuals.”®

The current study also identified the presence of asym-
metries across multiple gait parameters in individuals with
Rett syndrome. These asymmetries were evident in linear
and nonlinear measures, indicating that individuals with
Rett syndrome may not exhibit uniform motor control of
both sides of the body. Asymmetry in gait has been
previously reported in genetic developmental disorders
like Rett syndrome'? and SYNGAP1-Related Intellectual
Disability.** In Rett syndrome, the observed asymmetries
may reflect underlying disruptions in neural coordination.

Although scoliosis could contribute to asymmetric move-
ment patterns, participants with severe scoliosis did not
exhibit asymmetries that were markedly greater than those
of other participants. It has been reported that severe sco-
liosis is not associated with increased differences in gait
parameters compared with mild scoliosis.*® This suggests
that the severity of scoliosis alone may not account for the
observed asymmetries. Additionally, it is likely that indi-
viduals with relatively severe scoliosis have developed
adapted kinematic behaviors that function to minimize
their gait asymmetries. The presence of the observed gait
asymmetries in Rett syndrome are not only characterized
by reductions in overall movement amplitude and velocity
but also by a lack of bilateral coordination. It has been
reported that nearly 80% of individuals with Rett syn-
drome veer both while walking on the treadmill and over-
ground.'> Producing consistent joint motion patterns
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Figure 8. Rett vs Control angle-angle diagrams, 9-14 years old. Rett syndrome diagrams are shown in solid lines and Control
diagrams are shown in dashed lines. The waveforms have been amplitude normalized to have a mean of zero, allowing for direct

comparison of their relative shapes.

across both legs is essential to prevent veering and main-
tenance of straight-line gait. Moreover, the overall symme-
try index provided additional information about the
asymmetric behavior of the 2 limbs in the 9-14-year age
group that was not evident in the more traditional measure
of symmetry. Future work should explore the potential
clinical implications of these asymmetries, as addressing
them may be key to improving functional mobility and
quality of life for individuals with Rett syndrome.

The only exception to the patterns observed in all met-
rics across joints and age groups was the ankle joint in the
9-14-year age group. Individuals with Rett syndrome in
this age group showed ankle range of motion, ankle
peak velocity, and ankle phase portrait areas similar to
the age-matched Control group. This observed similarity
in ankle movement between individuals with Rett syn-
drome aged 9-14 years and healthy individuals may reflect

a unique developmental phase within the progression of
Rett syndrome. This age range may correspond to a tempo-
rary period where gait may recover relative to the younger
individuals with Rett syndrome before further deteriora-
tion in later adolescence and adulthood.*’ During this
period, individuals with Rett syndrome might retain a level
of motor control that allows for ankle movements more
closely aligned with typical patterns. Additionally, the
growth and muscular changes common in this age group
could contribute to enhanced muscle tone, joint stability,
and biomechanical efficiency, potentially facilitating
greater ankle stability. This phenomenon may also be
influenced by increased responsiveness to therapeutic
interventions, which might be particularly effective at
this stage because of higher motor adaptability.
Furthermore, individuals with Rett syndrome in this age
range may develop compensatory gait strategies that
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Figure 9. Rett vs Control angle-angle diagrams, >15 years old. Rett syndrome diagrams are shown in solid lines and Control
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Table 8. Mean Angle-Angle Area by Age Group and Condition.

. 2
Hip vs knee angle-angle area, degrees

2
Knee vs ankle angle-angle area, degrees

Control, mean Control,

Age group Side RTT, mean (SD) (SD) Control, CI RTT, mean (SD) mean (SD) Control, Cl
4-8y Greater 984.3 (167.4) * 1835.1 (278.1)  1642.4-2027.8  306.0 (120.5) *  484.0 (125.6) 397.0-571.0

Lesser  731.9 (244.4) * 17483 (171.9) 1629.1-1867.4  180.7 (85.0) * 438.1 (89.9)  375.8-500.4
9-14y Greater  950.2 (260.3) * 1721.9 (321.9)  1464.4-1979.5 2964 (178.9) *  498.3 (194.2) 342.8-653.7

Lesser 830.9 (326.0) * 1681.8 (286.5)  1452.5-1911.1 2583 (94.3) * 454.9 (125.3) 354.6-555.1
>15y Greater  699.1 (237.5) * 1660.2 (195.3) 1524.9-1795.6  203.9 (76.8) * 5248 (111.4) 447.6-602.1

Lesser  493.0 (202.6) * 1548.6 (214.4) 1400.0-1697.2 129.4 (88.8) * 524.8 (135.2) 431.1-618.5
Age group Hip vs knee angle-angle area Symmetry Index Knee vs ankle angle-angle area Symmetry Index
4-8y 32.6 (20.2) * 79 47) 47-112 52.7 (42.8) * 16.8 (11.2) 9.0-24.5
9-14y 18.4 (17.0) * 4.6 (3.6) 1.7-7.5 21.8 (23.9) * 1.4 (12.4) 1.4-21.3
>15y 363 (34.7) * 9.5 (5.3) 5.8-13.1 52.6 (44.4) * 14.3 (8.9) 8.1-20.4

Abbreviation: Cl, Confidence Interval; RTT, Rett syndrome.
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help mitigate motor impairments, allowing for ankle
movement patterns resembling those of typically develop-
ing individuals. In contrast, these similarities are less
apparent in younger children, who may lack motor adapt-
ability, and in older individuals, where progressive neuro-
muscular decline may overwhelm compensatory
mechanisms.

The current findings must be interpreted considering
certain limitations. Among these is the relatively small
sample size within each age group, which constrained
our ability to run more robust statistical analyses.
Additionally, there was considerable intersubject variabil-
ity between subjects within the Rett syndrome group.
Although the data provided meaningful insights, both the
small cohort and relatively high variability limit the gener-
alizability of our findings. However, it should be kept in
mind that individuals with Rett syndrome manifest a
wide range of movement abnormalities, making it unreal-
istic to identify a ‘stereotypical gait pattern’ associated
with Rett syndrome. Future studies with larger sample
sizes will be essential to validate and extend these
observations.

A manuscript assessing potential differences in kine-
matic features during gait of different age groups of indi-
viduals with Rett syndrome is in preparation. This will
explore how motor impairments in Rett syndrome evolve
over time and whether certain gait characteristics deterio-
rate or stabilize with age. Understanding these age-related
changes will be critical in designing targeted interventions
to support motor function across the lifespan of individuals
with Rett syndrome.

Conclusions

This study provides a broad characterization of gait in indi-
viduals with Rett syndrome by using technology-based
linear and nonlinear metrics and compares their gait char-
acteristics with a control group of age-matched neurotypi-
cal individuals. Results revealed reduced joint range of
motion in individuals with Rett syndrome, despite retain-
ing waveform patterns similar to controls. Angle-angle
diagrams and phase portraits indicated preserved coordina-
tion and motor control. However, the ankle demonstrated
much greater variability in these measures. Asymmetries
in gait parameters were identified, reflecting disruptions
in bilateral motor coordination. The only exceptions to
the differences between the Rett syndrome and Control
individuals observed in all metrics across joints and age
groups were the ankle joint metrics in the 9-14-year age
group. Individuals with Rett syndrome in this age group
showed ankle range of motion, peak velocities, and phase
portrait areas similar to the age-matched Control group,
possibly suggesting a unique developmental phase within
the progression of Rett syndrome, where gait may recover
relative to the younger individuals with Rett syndrome

before further deterioration in later adolescence and adult-
hood. These findings enhance our understanding of gait in
Rett syndrome and inform rehabilitation strategies by
identifying motor deficits and their progression, support-
ing the development and evaluation of targeted interven-
tions to improve mobility and quality of life in Rett
syndrome.
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