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Abstract

Angelman Syndrome is a rare neurodevelopmental disorder characterized by developmental delay, 

lack of speech, seizures, intellectual disability, characteristic behavior, and movement disorders. 

Clinical gait analysis provides the opportunity for movement quantification to investigate an 

observed maladaptive change in gait pattern and offers an objective outcome of change. Pressure-
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sensor-based technology, inertial and activity monitoring, and instrumented gait analysis (IGA) 

were employed to define motor abnormalities in Angelman syndrome. Temporal–spatial gait 

parameters of persons with Angelman Syndrome (pwAS) show deficiencies in gait performance 

through walking speed, step length, step width, and walk ratio. pwAS walk with reduced 

step lengths, increased step width, and greater variability. Three-dimensional motion kinematics 

showed increased anterior pelvic tilt, hip flexion, and knee flexion. PwAS have a walk ratio 

more than two standard deviations below controls. Dynamic electromyography showed prolonged 

activation of knee extensors, which was associated with a decreased range of motion and the 

presence of hip flexion contractures. Use of multiple gait tracking modalities revealed that pwAS 

exhibit a change in gait pattern to a flexed knee gait pattern. Cross-sectional studies of individuals 

with AS show a regression toward this maladaptive gait pattern over development in pwAS ages 

4–11. PwAS unexpectedly did not have spasticity associated with change in gait pattern. Multiple 

quantitative measures of motor patterning may offer early biomarkers of gait decline consistent 

with critical periods of intervention, insight into appropriate management strategies, objective 

primary outcomes, and early indicators of adverse events.

Keywords

Angelman syndrome; gait; genetics; movement disorders; muscle spasticity; neurodevelopmental 
disabilities; outcome measures

1 | INTRODUCTION

Angelman Syndrome (AS) is a rare genetic neurodevelopmental disorder (NDD) 

characterized by developmental delay, impaired receptive and expressive communication 

skills, motor and balance deficits, severe intellectual disability, and seizures (Williams, 

2010). Motor impairments affect every individual with AS and are more prevalent than other 

commonly associated symptoms (Bird, 2014; Gentile et al., 2010). AS is caused by the loss 

of maternal expression of the gene UBE3A (ubiquitin-protein ligase E3A/E6AP) (Jiang et 

al., 1998; Matsuura et al., 1997; Sutcliffe et al., 1997). Due to brain-specific imprinting, 

the paternal allele is silenced. Loss of the maternal UBE3A expression causes deficiency 

isolated to the brain (Sutcliffe et al., 1997; Yamasaki et al., 2003).

The most common motor problems reported include spasticity, ataxia of gait, tremor, and 

muscle weakness (Grieco et al., 2018). Current literature suggests that individuals with 

AS demonstrate muscle weakness in the trunk and asymmetry in strength and spasticity 

of the upper and lower extremities (Beckung et al., 2004). Motor impairment studied in 

persons with AS (pwAS) using the 6-minute walk test and 4-stair climb lack rigor, and 

reproducibility.

Many pharmaceutical clinical trials in NDDs have failed to show clinical impact, which 

may be explained by intrinsic lack of efficacy, but also by limitations in outcome measures 

sensitive enough to pick up meaningful change (Erickson et al., 2017). The Clinical Global 

Impression-Severity (CGI-S) and CGI-Improvement, which evaluate if the patient is doing 

better or worse were recently selected in many NDD trials, including in AS (Kolevzon 
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et al., 2021), and illustrate the need of more sensitive, reliable outcome measures due to 

inconsistences between providers and the subjective nature of the evaluation.

Antisense oligonucleotides (ASOs), aimed at unsilencing paternal UBE3A are underway in 

human trials (NCT04428281, NCT04259281, NCT05127226). Clinically relevant outcome 

measures are necessary to evaluate the utility of ASOs and additional personalized therapies 

such as gene replacement therapy, which are on the horizon. In addition, clinical data 

from other NDDs, such as spinocerebellar ataxia, Noonan syndrome, Phelan-McDermid 

Syndrome, and Dup15q Syndrome show a strong relationship between degree of motor 

impairment and other behavioral domains such as cognition, suggesting quantitative 

motor measures offer an objective primary outcome and a surrogate marker of clinically 

meaningful change in other domains of interest in clinical trials (Ackerly et al., 2003; 

Burdekin et al., 2020; Costales & Kolevzon, 2015; Dhamne et al., 2017; Pierpont et al., 

2009; Soorya et al., 2018; Wilson et al., 2020; Zwanenburg et al., 2016). This is conceivably 

the case for pwAS, in whom we know motor planning and coordination plays a role in 

deficits such as apraxia impacting expressive language delays.

In this study, we sought to define changes in gait performance utilizing a gait mat, which 

measures temporal–spatial parameters of walking, deploying a wearable, inertial sensor for 

activity monitoring and gait measurement in the home environment and finally utilizing 

Instrumented Gait Analysis (IGA) to characterize the 3D joint kinematics, kinetics, and 

muscle activity during walking to functionally assess the changes in pattern and performance 

that may correlate with mobility decline. Knowledge of evolving gait changes is essential to 

include for future clinical trial design for AS as this may be evolving over time and correlate 

quantitatively to other characteristics of the disorder and recently reported serious adverse 

events in an ASO trial (NCT04259281).

2 | METHODS

2.1 | Human subjects

Human studies were approved by the Institutional Review Board at University of Colorado 

and Vanderbilt University. Consent was obtained from caretakers for participation in 

research. They provided written informed consent to participation and publication of 

research. Participants were examined in three groups. Nineteen subjects, five of which 

also enrolled in the wearable activity-monitoring study, were recruited prospectively to 

participate in temporal–spatial gait studies using a gait mat. Two of these subjects were 

excluded from analysis due to poor data capture from subjects running across the walkway 

or not remaining on the walkway for full data capture. Five additional subjects were 

identified retrospectively from the Center for Gait and Movement Analysis (CGMA) at 

Children’s Hospital Colorado, a nationally accredited clinical motion laboratory. Data from 

a total of 22 subjects were included (Table 1).

Basic definitions of gait parameters are as follows for those not otherwise cited or described 

in text. Step length is the distance from the foot strike of one foot to the foot strike of the 

contralateral foot. Stride length is the distance from one foot strike to the next foot strike 
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of the ipsilateral foot. Cadence is the number of steps taken per minute. Step width is the 

mediolateral distance between both feet.

2.2 | Analysis of temporal–spatial gait parameters

A Zeno Walkway (ProtoKinetics, Havertown, PA) was used to capture temporal–spatial 

parameters of gait as reported by Grieco et al. (2018). Data were used to compute the 

following parameters: walking speed, step length, cadence, walk ratio (i.e., the ratio between 

step length and cadence) (Bogen et al., 2018), step width, and the enhanced Gait Variability 

index (eGVI) (Gouelle et al., 2018). Normative data was obtained from Gouelle et al. 

(2016). The selected gait parameters in typically developing (TD) controls were grouped 

to match with the age groups in our pwAS, resulting in references composed by 30 TD 

4–6-year-old children and 43 aged 8–11 years. Speed, step length, cadence, walk ratio, and 

step width were normalized by the height and/or the gravitational constant, g, according to 

the recommendations of Hof (1996).

2.3 | Activity monitoring

The ActiMyo® device (Sysnav, France) was used to monitor patient movements in a real-life 

setting using magneto-inertial sensors in three dimensions (Lilien et al., 2019). Daytime 

use of sensors worn on both ankles for at least 14-days at baseline was collected in 5 

pwAS, ages 4–11 years. Variables characterizing ambulation and gait were generated: the 

95th percentile of the stride length (SL95C), the 95th percentile of stride velocity (SC95C), 

the coefficient of variation of stride velocity (CVSV), the coefficient of variation of stride 

length, and the stride duration. Individuals were age-matched with 45 healthy controls 

recorded in Liege, Belgium (Ethical approval number: CHR 1646).

2.4 | Three-dimensional instrumented gait analysis

All individuals had a physical exam by a licensed physiotherapist. Physical examination 

included passive range of motion measurements by goniometer and Modified Ashworth 

spasticity testing on the lower extremities. Each child was fitted with reflective markers 

in accordance with the Conventional Gait Model (Davis et al., 1991; Kadaba et al., 1985; 

Leboeuf et al., 2019). Marker trajectories were obtained using a 13-camera, 3D motion 

capture system (Vantage V8, Vicon Motion Systems, USA) sampling at 120 Hz. Ground 

reaction forces were simultaneously acquired using 10 force platforms (model FP 4060–10, 

Bertec Corp., USA). Dynamic electromyography (EMG) electrodes (Trigno Avanti, Delsys, 

USA) were placed bilaterally on the rectus femoris, vastus lateralis, hamstrings, anterior 

tibialis, peroneals, and gastrocnemius. Each pwAS made at least three passes through the 

walkway at a self-selected, comfortable walking speed. All data processing was completed 

using Vicon Nexus 2 software before final computations with MATLAB (Mathworks Inc., 

Natick, MA) using standard laboratory procedures. Sagittal plane kinematics presented 

herein (Figure 3a–c) underwent additional processing to calculate the average joint angles 

during stance periods of all gait cycles of the representative trial. Each subject was compared 

to age-matched normal ranges for kinematics, kinetics, and EMG patterns to simplify 

interpretation. Gait deviation index (GDI) was calculated to quantify each individuals’ 3D 

gait pattern relative to a TD reference set (Figure 3d) (Schwartz & Rozumalski, 2008). GDI 

is a normalized composite measure of gait pattern that compares nine joint angles from 
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the subject to the same joint angles of a normal reference over the entire gait cycle, using 

principle component analysis (Schwartz & Rozumalski, 2008). Scores between 90 and 100 

are considered normal patterns, with every 10 points equal to 1 standard deviation from the 

average composite score from the TD reference. A 5-point difference is considered clinically 

significant.

2.5 | Statistical analysis

Statistical analysis was conducted using GraphPad PRISM software or IBM SPSS Statistics. 

Non-parametric alternative tests (Mann–Whitney U test) were used for comparison of 

temporal–spatial subcomponents of human gait data. Two-way ANOVA was used to analyze 

human spatial subcomponent data with factors of age group and diagnosis (Figure 1). 

Cross-sectional temporal–spatial data were analyzed using two-way ANOVA with planned 

post-hoc comparisons within age and between groups.

3 | RESULTS

Persons with AS typically walked slower, with reduced step lengths, greater step widths, 

and greater variability by assessment on the Zeno walkway (N = 17) relative to typically 

developing peers, although there was significant inter-subject variability (Table 2). Seven 

of the 17 children (41%) had a walking speed at least 1 standard deviation below typically 

developing peers, while four (24%) had a speed more than 1 standard deviation above 

typically developing peers; the remaining six children (35%) were less than 1 standard 

deviation above or below typically developing peers. All pwAS (N = 17) with slower speeds 

had shorter step lengths, while faster speeds were achieved by a mix of higher cadence and 

longer step lengths. All pwAS had a smaller step length than typically developing controls. 

Eight/17 (47%) had step lengths shorter than typically developing peers by more than 

two standard deviations for z-scores. The walk ratio (i.e., ratio of step length to cadence) 

ranged from −5.4 to 1.3, with 9/17 (53%) of the subjects having a walk ratio more than 

two standard deviations below typically developing peers. Enhanced gait variability index 

(eGVI) was greater than 3.3 SDs above typically developing peers for all subjects. Except 

cadence (raw or normalized), all parameters demonstrated differences between pwAS and 

typically developing, with smaller speed, step length, walk ratio, higher step width, and 

eGVI observed in pwAS (Table 2).

Over development, gait patterns in pwAS studied on the Zeno Walkway show wider steps 

than typically developing children at all ages (Figure 1). While typically developing children 

showed increasing step lengths, pwAS maintained smaller steps and these steps were 

significantly shorter from age 6 onwards according to these data. At 6–8 years old, pwAS 

had a significantly higher cadence. Walk ratio increased across age in typically developing 

children, but pwAS maintained a similar, significantly lower, walk ratio. Similar to younger 

pwAS, older individuals showed normalized step width that was higher than typically 

developing range, with all z-scores between 2.2 and 8.3 SDs. All eGVI were beyond 3.3 

z-scores (Table 2). Differences in temporal–spatial gait parameters were exacerbated when 

we compared z-scores with the 8–11-year-olds showing larger deviations from typically 

developing peers than 4–6-year-old pwAS compared to typically developing peers. Similar 
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trends were observed in the IGA group. Walking speed, step width, and walk ratio decreased 

as compared to age matched controls. Step width was conversely increased in most 

individuals. In the IGA group GDI was collected. These z-scores ranged from approximately 

−3 to −8.38 indicating significantly deficient gait performance as compared to age matched 

controls (Table 3). These metrics are not completely analogous but both metrics indicate gait 

aberrations across each group. Notably there were less deficits in step width across the IGA 

group as opposed to the Zeno Walkway group.

We investigated the effect of altered gait patterns on activity levels of pwAS with a magneto-

inertial sensor (n = 5) to quantitatively observe behavior in the home environment. PwAS 

tolerated the device for several hours during the day and repeatedly accepted the device. 

Individuals with AS walk less and at a slower stride speed than controls. Distance walked 

was normalized to the duration of activity recorded. PwAS presented with a distance walked 

per hour of data recording significantly lower than control subjects (Figure 2a, U = 225, p 
= 0.000). Stride velocity at the 95th percentile (Figure 2b, U = 225, p = 0.000) was lower 

in pwAS than in typically developing individuals. Inversely, the median stride duration was 

higher in pwAS. PwAS showed shorter stride lengths than typically developing controls (U 
= 225, p = 0.000). Interestingly, we noted that in Angelman the coefficient of variation of the 

stride velocity was on average 1.55 smaller in pwAS as compared to controls (U = 225, p = 

0.000).

Six unique pwAS were analyzed, of which three patients had a single follow-up IGA. 

This resulted in a total of 9 IGA used for this analysis. Overall results revealed that 

pwAS demonstrated increased average anterior pelvic tilt relative to age-matched typically 

developing peers (Figure 3a). PwAS also demonstrated increased average hip and knee 

flexion relative to age-matched typically developing children (Figure 3b, c). PwAS 

displayed a kinematic pattern of movement typical of the flexed-knee gait pattern. Average 

GDI was 72.07, indicating that kinematics were on average 3 SD away from typically 

developing average kinematics (Figure 3d). Longitudinal IGA on three individuals showed 

that the flexed knee gait pattern was persistent across multiple time points, in which 

one patient showed signs of further developing an increased knee flexion gait pattern. 

Additionally, increased knee flexion resulted in increased demand on the quadriceps, as 

demonstrated by increased quadriceps EMG activity through stance period (Figure 4). These 

compensatory mechanisms can also be seen in sagittal plane kinetics, where a reduced 

internal hip flexion moment at terminal stance and pre-swing results in reduced hip flexor 

power generation during second double support (Figure 5). The knee kinetics show an 

extended internal knee extension moment directly related to the increased knee flexion 

throughout stance period, necessitating the increased quadriceps EMG activity noted above. 

Physical examination of the lower extremities demonstrated that pwAS had a normal passive 

range of motion at the hip; however, had tightness at the hamstrings and quadriceps, as 

assessed by popliteal angle and knee extension respectively (Table 4). Furthermore, it was 

found that half of the participants (3 pwAS) had a hip flexion contracture, as assessed by the 

Thomas test (Table 4).
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Modified Ashworth tests showed little to no spasticity, in which patients experienced a slight 

increase in spasticity, mainly in the shank (gastrocnemius, posterior tibialis, toe flexors), 

while most pwAS experienced no spasticity at all (Table 4).

4 | DISCUSSION

Our analysis of motor development in AS revealed a decline in mobility associated with 

sustained knee flexion or “crouch” gait pattern. Crouch gait is a pattern that commonly 

refers to excessive dorsiflexion at the ankle in combination with excessive flexion at the 

knee and hip, typically found in individuals with cerebral palsy (Rodda et al., 2006; Rodda 

et al., 2012; Rodda & Graham, 2001; Vuillermin et al., 2011). It allows for individuals to 

generate larger ground reaction force profiles (Hoang & Reinbolt, 2012), which is theorized 

to improve stability for individuals with motor impairments by maintaining a lower center 

of gravity. While the gait pattern of the five participants in this study are most appropriately 

defined as a “flexed-knee gait,” understanding the functional impacts of this common pattern 

in pwAS represents an important area for future research. The increased knee flexion and 

increased step width may suggest balance deficits consistent with clinical observation or fall 

risks that should be monitored or could be used for clinical trial outcomes.

Our data also suggests that there are a number of consequences of altered gait in this 

population. Temporal–spatial measures (Figure 1) demonstrate that pwAS spend greater 

time in stance relative to swing period. EMG data showed increased demand on the 

quadriceps, which is demonstrated by prolonged activation throughout stance period. This 

finding exemplifies inefficiency of the flexed-knee gait pattern, in which AS individuals 

require a longer duty cycle from the knee extensors, potentially reducing their endurance 

and leading to a more sedentary lifestyle with significant impact on quality of life and 

cardiovascular health implications (Heyn et al., 2019). These increased demands at the 

hips, knees, and ankles result in gait inefficiencies that require prolonged muscle firing 

in the quadriceps and gastrocnemius to remain upright. This likely also holds true in 

gluteus maximus firing throughout stance though this was not recorded in our IGA cohort. 

Inefficiencies from prolonged activation of the quadriceps fatigues the individual much 

faster relative to the typical bipedal gait pattern; this is supported by inertial findings 

consistent with decreased distanced traveled normalized to the duration during which 

activity was recorded (Figure 2).

The absence of spasticity by use of the modified Ashworth scale was an unexpected finding 

given the classic description of spasticity in pwAS (Table 4). This finding is important to 

further explore given the frequent use of botulinum toxin in this population, which could 

lead to further weakness or gait impairments in the absence of spasticity (Beckung et al., 

2004).

Our work is limited by the small number of participants and that this study was cross-

sectional rather than longitudinal. Nevertheless, our study demonstrated that wearing a 

device to study gait and activity levels in a real-life setting may be accepted by children with 

AS. It also revealed that all individuals with AS equipped with a wearable magneto-inertial 

sensor present with a lower stride length, and decreased performance at the 95 percentile 
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for speed in comparison to controls like what has been described in neuromuscular diseases 

such as Duchenne muscular dystrophy or spinal muscular atrophy (Chabanon et al., 2018). 

Work is ongoing to develop more specific outcomes in the non-controlled environment that 

account not only for reduced performances, but also for ataxia. PwAS had abnormal patterns 

at different ages, including a consistently wider stride and shorter steps while TD children 

maintain a narrow, stable stride, and increase in their step length as they age. Additionally, 

it is important to note that variability in gait may be influenced by cognitive difficulties 

in this population influencing completion of walking tasks, thus confounding interpretation 

of variability measures. We acknowledge that due to our small sample of retrospective 

data, we cannot generalize these kinematic and physical examination findings to the greater 

Angelman population; however, this methodology remains of great interest for quantitative 

measurement of gait development in clinical trials, especially considering recently reported 

serious adverse events in an ASO trial.

The idea to tailor attention on gait is gaining momentum for Rett syndrome, 

neurofibromatosis, Down syndrome, and other NDDs (Hampton et al., 2004). We identified 

a decline in mobility and functionally characterized this decline with kinematics to show that 

pwAS develop a flexed-knee gait pattern. This work can be expanded to other NDDs, such 

as Phelan-McDermid Syndrome, Duplication15q Syndrome, and autism spectrum disorders, 

for which there is a growing body of evidence that there exists a relationship between 

degree of motor deficit and other behavioral domains, such as social communication and 

cognition (Copping et al., 2016; DiStefano et al., 2016; Shumway et al., 2011; Soorya et 

al., 2018). Gait showed convincing evidence as a robust, reliable, consistent, and objective 

phenotype. As an outcome measure, it may be employed immediately with a high predictive 

value for therapeutic testing and clinical trials at a time when gene therapy by antisense 

oligonucleotides is underway in human trials. In addition, many forthcoming trials of 

personalized treatments such as viral vector therapy are threatened by a lack of primary 

objective and quantitative endpoints.
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FIGURE 1. 
Over development, gait patterns in AS children studied on the Zeno Walkway show a 

regression toward maladaptive gait. (a) pwAS exhibited wider stances than TD children 

at all ages. (b) While TD children showed increasing step lengths, pwAS maintained 

smaller steps and these steps were significantly shorter from age 6 onwards. (c) pwAS 

and TD children showed different cadences by age. At 6–8 years old, AS children had a 

significantly higher cadence. (d) Walk ratio increased across age in TD children, but AS 

children maintained a similar, significantly lower, walk ratio.
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FIGURE 2. 
pwAS walk less and with slower stride velocity compared to TD peers. (a) Data collected in 

five subjects using the ActiMyo® wearable device on bilateral ankles (a, b) Distance walked 

normalized to the duration during which activity was recorded. Individuals with AS present 

with a lower distance walked per hour of recording data compared to TD subjects. (b) pwAS 

compared to TD showed decreased stride velocity. (c) 95th Centile of stride length was 

lower in individuals with AS. (d) Individuals with AS had lower variability in their stride 

speed.
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FIGURE 3. 
pwAS demonstrate a flexed knee gait pattern which correlates with abnormal 

electromyographic patterns. (a) pwAS showed markedly increased anterior pelvic tilt 

relative to age-matched TD subjects with no apparent age dependence. (b) pwAS showed 

increased average hip flexion over stance period of the gait cycle relative to TD subjects. 

At all ages, there was a substantive increase in hip flexion, which is consistent with anterior 

pelvic tilt and flexed knee gait. (c) pwAS consistently demonstrated increased knee flexion 

over stance period. (d) Gait Deviation Index from the 3D gait analysis was reduced in 

pwAS. This cohort demonstrated global motor deficits as evidenced by a mean GDI of 71·4. 
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Though this cohort is small (n = 5), this overall motor deficit is reflected throughout our 

study. Bars represent mean ± SD.
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FIGURE 4. 
Electromyographic data for an 18-year-old pwAS, generated from IGA, was representative 

of all five Individuals in this cohort. EMG activation timing from typically developing 

individuals is shown in black bars across the bottom of each panel. Vertical lines indicate the 

boundary between stance and swing period. Patient data is shown as a processed waveform.
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FIGURE 5. 
Representative sagittal plane kinematic and kinetic report for an 18-year-old pwAS 

generated from a full instrumented gait analysis. Patient data is shown in black lines (left) 

and gray lines (right) with reference ranges from TD controls shown as gray bands. Vertical 

lines indicate the boundary between stance and swing period.
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TABLE 1

Patient demographic and clinical characteristics.

n %

Sex

 Female 8 34.8

 Male 15 65.2

AS diagnosis

 Uniparental disomy 4 17.4

 Deletion class I 4 17.4

 Deletion class II 5 21.7

 Deletion (unspecified) 5 21.7

 Abnormal methylation 1 4.4

 Mutation of UBE3A 4 17.4

Study cohort

 Zeno Walkway 17 73.9

 ActiMyo Activity Monitoringa 5 21.7

 Three-dimensional Instrumented Gait Analysis 6 26.1

a
All subjects in the ActiMyo cohort were part of the Zeno Walkway cohort.
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