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ORIGINAL ARTICLE

Spatiotemporal Gait Parameters in Adults With
Premanifest and Manifest Huntington's Disease:
A Systematic Review

Sasha Browning,” Stephanie Holland, lan Wellwood, Belinda Bilney

Faculty of Health Sciences, Australian Catholic University, Ballarat, Australia

ABSTRACT

Objective To systematically review and critically evaluate literature on spatiotemporal gait deviations in individuals with pre-
manifest and manifest Huntingtons Disease (HD) in comparison with healthy cohorts.

Methods We conducted a systematic review, guided by the Joanna Briggs Institute’s Manual for Evidence Synthesis and pre-reg-
istered with the International Prospective Register of Systematic Reviews. Eight electronic databases were searched. Studies com-
paring spatiotemporal footstep parameters in adults with premanifest and manifest HD to healthy controls were screened, included
and critically appraised by independent reviewers. Data on spatiotemporal gait changes and variability were extracted and synthe-
sised. Meta-analysis was performed on gait speed, cadence, stride length and stride length variability measures.

Results We screened 2,721 studies, identified 1,245 studies and included 25 studies (total 1,088 participants). Sample sizes
ranged from 14 to 96. Overall, the quality of the studies was assessed as good, but reporting of confounding factors was often
unclear. Meta-analysis found spatiotemporal gait deviations in participants with HD compared to healthy controls, commencing
in the premanifest stage. Individuals with premanifest HD walk significantly slower (-0.17 m/s; 95% confidence interval [CI]
[-0.22, -0.13]), with reduced cadence (-6.63 steps/min; 95% CI [-10.62, -2.65]) and stride length (-0.09 m; 95% CI [-0.13, -0.05]).
Stride length variability was also increased in premanifest cohorts by 2.18% (95% CI [0.69, 3.68]), with these changes exacerbat-
ed in participants with manifest disease.

Conclusion Findings suggest individuals with premanifest and manifest HD display significant spatiotemporal footstep devia-
tions. Clinicians could monitor individuals in the premanifest stage of disease for gait changes to identify the onset of Huntingtons

symptoms.

Keywords

INTRODUCTION

Involuntary choreatic movements, bradykinesia and changes
in footstep patterns associated with damage to the basal ganglia
nuclei are common in people with Huntington’s disease (HD)."
Postural instability’ and cognitive changes* may also contribute
to altered gait patterns in individuals with HD. With an average
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age of disease onset of 40 years,” HD has a long premanifest pe-
riod in which people who carry the HD genetic mutation are
not yet displaying signs that prompt a clinical diagnosis.® A re-
liable means of assessment is needed to aid health professionals
in the identification of motor decline in people with premani-
fest HD.! Spatiotemporal gait analysis has demonstrated high
reliability in recognizing symptom onset in carriers of the HD
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mutation and is more sensitive than the United Huntingtons
Disease Rating Scale (UHDRS) and the Total Motor Score
(TMS), which are both commonly used to detect motor im-
pairments.”® Individuals with manifest HD also experience
significant gait deviations, suggesting that footstep parameter
changes may also be reliable biomarkers of HD progression.’
Evidence to date suggests that variability in footstep characteris-
tics provides the most accurate information on disease progres-

9-13 and

sion in comparison to other spatiotemporal parameters
may allow clinicians to observe changes in their patients and as-
sess the effectiveness of therapeutic interventions. As a practical
and relatively inexpensive means of assessment, spatiotemporal
gait analysis is suggested to be a reliable indicator of disease onset
and progression in adults with premanifest and manifest HD."
Although spatiotemporal footstep changes in people with pre-
manifest and manifest HD have been documented, generalizing
findings is difficult due to limitations in the literature. Small
sample sizes and variation in research methodologies make the
interpretation of results challenging for clinicians. A synthesis of
the literature on spatiotemporal gait changes in people with neu-
rological diseases has been suggested to address disparities in the
evidence.” This study aimed to describe the spatiotemporal gait
deviations in adults with premanifest and manifest HD com-
pared to healthy controls. It was hypothesized that individuals
with premanifest HD would exhibit changes and increased vari-
ability in spatiotemporal gait parameters compared to healthy
controls, with increasing severity in individuals with manifest
disease. The synthesis of available information will yield an im-
proved understanding of changes in footstep characteristics that
occur throughout disease progression. This may assist clinicians
in using spatiotemporal gait analysis as a digital biomarker of
motor decline in individuals with premanifest and manifest HD.

MATERIALS & METHODS

This systematic review, guided by the Joanna Briggs Institute’s
(JBI) Manual for Evidence Synthesis,'® was registered with
the International Prospective Register of Systematic Reviews
(CRD42022318830) and reported in accordance with the Pre-
ferred Reporting Items for Systematic Reviews and Meta-Analy-
ses (PRISMA) 2020 checklist.

Search strategy

The Cumulative Index to Nursing and Allied Health Litera-
ture (CINAHL), Medline, PubMed, Cochrane Library, Web of
Science, Embase, Scopus and PEDro databases were systemati-
cally searched for original articles published prior to March
17th, 2022, using the following key terms:
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(Huntington*) AND (spatiotemporal OR spatial OR
temporal OR time OR timing OR length OR velocity OR
speed OR cadence OR variability) AND (gait OR footfall
OR footstep OR walk* OR locomot* OR ambulat* OR
mobility OR step OR stride OR stance OR swing).

Subject headings for “Huntington’s Disease’, “spatiotemporal”
and “gait’, unique to each database, were utilized in CINAHL,
Medline and Embase. The full search strategy is available in the
Supplementary Table 1 and Supplementary Figure 1 in the on-
line-only Data Supplement.

Eligibility criteria

We included literature on spatiotemporal gait parameter
changes in adults (> 18 years old) with premanifest HD (Pre-
HD) or manifest HD, measured with instrumented gait analysis
systems at self-selected walking speeds. Participants with Pre-
HD who carried the HD genetic mutation but were not yet dis-
playing symptoms severe enough to be clinically diagnosed
with the disease were included." Included studies contained a
control group of healthy participants to allow comparisons
against normative footstep data.

Non-English studies, gray literature, nonhuman studies and
studies reporting only kinematic or kinetic gait data were exclud-
ed from this systematic review. To ensure adequate quality and
data accessibility of the included studies, we excluded non-peer-
reviewed studies, single-case reports, narrative reviews, abstract-
only papers, conference proceedings and letters to the Editor.
Studies with spatiotemporal gait data collected under dual-task,
initiated or cued conditions were excluded, as these conditions
may have resulted in deviations from the participants’ normal
footstep patterns. Treadmill studies were also excluded, as the
fixed speed may have altered the participants’ normal walking
patterns and contribute to the heterogeneity of data when com-
bined with findings from overground walking studies."”

Study selection

Studies identified through the database searches were com-
piled, deduplicated and screened using the online software Co-
vidence (https://www.covidence.org/)."® The selection criteria
were independently applied to titles and abstracts by two re-
viewers (SB, SH). If a study met the criteria or its eligibility could
not be determined based on title and abstract screening, the full
text was obtained and screened independently by the two review-
ers. Conflict was resolved through discussion or input from a
third reviewer (BB or IW). Articles identified through forward
and backward searches of the included studies and related sys-
tematic reviews also underwent this screening process.


https://www.covidence.org/

Data extraction

Methodological and footstep data from the included studies
were extracted by one reviewer (SB) and checked by a second re-
viewer (BB, IW). The parameters of interest included speed-relat-
ed measures (gait speed and cadence), spatial measures (step
length, step width and stride length) and temporal measures
(stride time and double limb support [DLS] and single limb sup-
port [SLS] percentage and/or time). Variability within step length,
stride length and stride time measures was also determined.
Footstep data at the participant’s preferred walking speed were
extracted from adults with PreHD and HD, as well as healthy
controls. If necessary, units were converted to meters per second
for gait speed, meters for spatial parameters and seconds for
temporal data. Base of support data were combined with step
width parameters; stride intervals were interpreted as stride
times; and support time parameters were included under DLS
data. Authors were contacted to request specific values if data
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were presented only in graphical format. If this failed, data were
estimated from graphs.

Study quality assessment

The included studies were critically appraised using the JBI's
ChecKklist for Analytical Cross-Sectional Studies'® by two re-
viewers (SB, IW). The checklist includes eight criteria (A-H in
Figure 1) against which studies are evaluated.

Quantitative data synthesis

Meta-analyses were performed to estimate a pooled effect
size for gait speed, cadence, stride length and stride length vari-
ability measures among PreHD, HD and healthy control cohorts.
These parameters were chosen for meta-analysis as they were
deemed to be clinically useful footstep measures. Review Manag-
er 5.4.1 software (The Cochrane Institute, London, England) was
used to calculate overall mean differences and 95% confidence

Cheklist criteria
Andrzejewski et al.*®
Anwar et al.?
Beckmann et al.’
Bilney et al.®
Churchyard et al.*
Collett et al.?

Dalton et al.?!
Danoudis and lansek*
de Tommaso et al.*®
Delval et al.?®
Delval et al.*®
Delval et al.??

Desai et al.*
Galner et al.®
Grimbergen et al.®
Hausdorff et al."
Hausdorff et al."
Koller and Trimble?*
Muratori et al.”
Purcell et al.¥'

Pyo et al.?®
Radovanovi¢ et al.?’
Rao et al.®

Rao et al.™
Reynolds et al.?

Figure 1. Quality analysis of the included studies using the Joanna Briggs Institute’s checklist for analytical cross-sectional studies and sup-
plementary assessments. A: Were the criteria for inclusion in the sample clearly defined? B: Were the study subjects and the setting described in de-
tail? C: Was the exposure measured in a valid and reliable way? D: Were objective, standard criteria used for measurement of the condition? E: Were
confounding factors identified? F: Were strategies to deal with confounding factors stated? G: Were the outcomes measured in a valid and reliable
way? H: Was appropriate statistical analysis used? Green = low risk of bias, Yellow = unclear risk of bias, Red = high risk of bias.
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intervals (Cls) and generate forest plots using a random-effects
model. Heterogeneity (I*) was categorized as low (< 25%), mod-
erate (25%-75%) or high (> 75%).” Publication bias for each
comparison was visually assessed using funnel plots.”

RESULTS

Study selection

We screened 2,721 studies, identified 1,245 studies and in-
cluded 25 studies (1,088 total participants). No additional
studies were included following forward and backward search-
es of the included studies and relevant systematic reviews. The
study selection is outlined in Figure 2.

Characteristics of selected studies

Table 1 outlines the methodological characteristics of each
study. The included studies were published between 1985 and
2021, with 24 cross-sectional studies and one case-control study.
Sample sizes ranged from 14 to 96 participants. Twelve studies
utilized wearable sensors or insoles to collect footstep data, and
eight utilized the GAITRite® walkway (CIR Systems, Franklin,
NJ, USA). Table 2 summarizes the baseline characteristics of
the participants in the included studies. Footstep data were ex-
tracted for 75 participants with PreHD, 536 participants with
HD and 477 healthy participants. From available data, the mean
age of the participants with PreHD was 41.9 years, that of the
participants with HD was 51.8 years and that of the controls was
49.4 years. Fourteen articles reported a female ratio between
40% and 60% in each participant group. Eleven studies reported

§ Records identified through database Additional records identified
§ searching through other sources
E (n=2,718) (n=3)
=
(7}
3
) / Y
— Records after duplicates removed
(n=1,245)
g '
c
‘s
@
<
= Records screened by title
and abstract > Records excluded
(n=1,245) (n=1,153)
A4
Full-text articles assessed .
2 for eligibility Fulltext articles exdluded,
3 (n=92) (n=67)
=
i Conference paper/abstract: 30
v No relevant data: 18
No healthy control group: 7
— Studies included in Hzﬁ_gnsg?;?‘n:tizyngta: 7
— CRENEIND SiEEs Correction to alrea-dy
=2y included study: 1
Wrong study design: 1
Full text unobtainable: 1
-]
(7] 4
s
© Studies included in
c o .
= quantitative synthesis
(meta-analysis)
(n=22)

Figure 2. The study selection process outlined through a PRISMA flowchart. PRISMA, Preferred Reporting ltems for Systematic Reviews

and Meta-Analyses.
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on height or leg length, with five studies reporting both. When
collected, the average mean TMS on the UHDRS was 2.86 for
participants with PreHD and 37.60 for those with HD. Addi-
tionally, the average mean available total functional capacity
(TFC) scores were 12.99 and 8.35 for participants with PreHD
and HD, respectively.

Control matching

Not stated
Age, gender

Age
Age

Study quality assessment

Figure 1 outlines the results of the methodological quality and
risk of bias assessment. Overall, the quality of the studies was as-
sessed as good, but the reporting of the risk of confounding
was often unclear. Few studies controlled for confounding fac-
tors, including differences in medication and body measure-
ments (e.g., height, weight and leg length) among participants.
Furthermore, 18 studies used unclear or convenience sampling

5.14 £ 1.96 Age, gender, weight, height
8+4.15 Age
30

11.72 £0.78

8.83+1.11
5+0.96

21.86 £ 9.86

27.86 £ 8.44
2.78 £ 1.62

56.13 £ 15.72

29.64 + 11.55
46.33 £ 13.5

for controls. Other possible sources of bias were identified, such
as small sample sizes, unclear methods for determining an HD
diagnosis and limited matching of controls to HD participants.
Inspection of the funnel plots did not suggest publication bias

HTT CAG
repeat number
43.14 £8.20
42.84 +0.57
4425+ 4.16
45+ 0

46 £ 3.05

across the studies included in the meta-analysis.

Spatiotemporal gait changes in people with
premanifest HD

Five included studies">'**"** (20%) reported on footstep pa-
rameter changes in participants with PreHD compared to healthy
participants. Participants with premanifest HD were defined as
presymptomatic'**
carriers not yet demonstrating symptoms or functional decline.”
All five studies reported gait speed and stride length changes,
and the majority discussed cadence measures. Only two stud-
ies'** found a significant difference in gait speed between par-

E
K=
=
(=]
c
o
[
Q
-

or premanifest' mutation carriers® or gene

Height (m)

ticipants with PreHD and healthy controls, with just one® pre-

47.06

41.67

41.67
60

60
4
5
60
50
NS

57.1
NS
50
50
Data presented as mean * standard deviation, unless otherwise stated.

41.18

senting a significant finding for cadence. However, pooled

(% of female)

analysis, outlined in Figure 3, showed a significant reduction in
gait speed in individuals with PreHD compared to controls, with
an overall mean difference of -0.17 m/s (95% CI [-0.22, -0.13],
p < 0.00001). Cadence was reduced by 6.63 steps/min (95% CI
[-10.62, -2.65], p = 0.001) in participants with PreHD. Stride

14,22

Age (yr)
55+ 9.66
33-61T

56.47 £ 9.3

50+ 7.8
44.3 +£9.05

length was reduced in participants with PreHD in two studies,
with an overall difference of -0.09 m (95% CI [-0.13, -0.05], p <
0.0001) compared to controls. Conversely, there was a positive
effect of PreHD on stride length variability, with a mean differ-
ence of 2.18% (95% CI [0.69, 3.68], p = 0.004). Low heteroge-
neity was found across studies in gait speed, cadence and stride
length analyses; however, stride length variability was highly

59.14 + 12.94
55.71 + 14.58
51.38 + 9.65
51.96 + 8.53

48.81+10.22 (HD I)

53.25 % 11.21 (HD Il)

47.25 +8.12 (HD IIl)

36.92 +2.05

7
CO: 7

participants

HD: 17
CO: 17
HD: 16
CO: 26
HD: 12
CO: 22
Pre: 15
HD: 30
CO: 20
HD: 6

CO: 30

heterogeneous (I* = 78%), and this finding should be interpret-
ed with caution. The DLS percentage was also found to be sig-
nificantly higher in participants with PreHD than in controls,"*
with individual papers reporting significant reductions in step

Authors

TMS, total motor score; TFC, total functional capacity; Pre, premanifest participants; HD, Huntington’s disease; CO, controls; NS, not stated; BMI, body mass index.

*data presented as median and range; 'data presented as range only; *data presented as mean only.

Table 2. Baseline characteristics of participants (continued)

Radovanovi¢ et al.?”
Reynolds et al.?®

Rao et al.®
Rao et al.™

Purcell et al.*'
Pyo et al.?®
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Gait Changes in Adults with Huntington’s Disease

Browning S,

etal.

Gait speed (m/s)
PreHD Control Mean Difference Mean Difference
Study or Subgroup Mean [m/s] SD [m/s] Total Mean [m/s] SD [m/s] Total Weight IV, 95% CI v, d 95% CI
Beckmann et al., 2018 0.9776  0.3421 26 1.1053 0.2077 30 9.5% -0.13[-0.28, 0.02] ~
Collett et al., 20142 1.15 0.11 7 1.32 0.221 22 14.2% -0.17 [-0.29, -0.05] _—
Dalton et al., 20132' 1.3 0.21 10 1.44 0.15 10 8.4% -0.14[-0.30, 0.02] r
Delval et al., 201172 1.11 0.12 17 1.31 0.15 57 45.2% -0.20[-0.27, -0.13] ——
Rao et al., 2008 4 1.27 0.15 15 1.43 0.14 20 22.6% -0.16 [-0.26, -0.06] . —
Total (95% CI) 75 139 100.0% -0.17 [-0.22, -0.13] <o
Heterogeneity: Tau? = 0.00; Chi? = 1.16, df = 4 (p = 0.88); I> = 0% - —+ + |
Test for overall effect: Z = 7.37 (p < 0.00001) 0:3 Lowe?fh:n ControIsOHigher thar?g:ntrols b
Cadence (steps/min)
PreHD Control Mean Difference Mean Difference
Study or Subgroup  Mean [steps/min] SD [steps/min] Total Mean [steps/min] SD [steps/min] Total Weight IV, Rand 95% CI IV, Rand 95% CI
Collett et al., 20142 107.5 8 7 117.4 9.6 22 24.7% -9.90 [-17.06, -2.74] —_——
Dalton etal., 2013 %' 111.8 15.82 10 110.74 7.95 10 11.9%  1.06[-9.91,12.03] —]
Delval etal., 2011 22 106 8 17 114 8 57 49.9% -8.00(-12.33, -3.67] —i—
Rao et al., 200814 121.66 16.62 15 124.01 13.44 20 13.4% -2.35([-12.62,7.92] ——,
Total (95% CI) 49 109 100.0% -6.63 [-10.62, -2.65] L
Heterogeneity: Tau? = 3.40; Chi? = 3.70, df = 3 (p= 0.30); I = 19% -i‘O _io 3 1:0 2#0
Test for overall effect: Z = 3.26 (p = 0.001) Lower than Controls Higher than Controls
Stride length (m)
PreHD Control Mean Difference Mean Difference
Study or Subgroup Mean [m] SD [m] Total Mean [m] SD [m] Total Weight 1V, Random, 95% CI 1V, Random, 95% CI
Beckmann et al., 2018 1.2116 0.2087 26 1.2742 0.1149 30 19.7% -0.06 [-0.15, 0.03] D
Collett et al., 20142 1.31 0.11 7 1.34 0.22 22 10.6% -0.03[-0.15,0.09] —
Dalton et al., 2013%' 133 0.15 10 1.38 0.1 10 12.8% -0.05[-0.16, 0.06] —_—
Delval et al., 201172 1.25 0.12 17 1.35 0.14 57 35.0% -0.10[-0.17,-0.03] —a
Rao et al., 2008™* 1.3 0.14 15 1.45 0.11 20 21.8% -0.15[-0.24, -0.06] —_—
Total (95% CI) 75 139 100.0% -0.09 [-0.13, -0.05] <o
Heterogeneity: Tau? = 0.00; Chi? = 3.73, df = 4 (p = 0.44); I> = 0% ; t t 1
o -0.5 -0.25 0 0.25 0.5
Test for overall effect: Z = 4.39 (p < 0.0001) Lower than Controls Higher than Controls
Stride length variability (CV)
PreHD Control Mean Difference Mean Difference

Study or Subgroup Mean [CV] SD [CV] Total Mean [CV] SD [CV] Total Weight IV, Random, 95% CI 1V, Random, 95% CI
Beckmann et al., 2018 2.45 2.7 26 3.06 3.85 30 19.3% -0.61[-2.33, 1.11] —
Collett et al., 20142 4 1.76 7 2.23 1.27 22 21.1% 1.77 [0.36, 3.18] —
Dalton et al., 20137 4.7 2.29 10 2.19 0.25 10 21.0% 2.51[1.08, 3.94] —
Delval et al., 20117 4.7 29 17 2.2 1 57 21.2%  2.50([1.10, 3.90] —
Rao etal., 2008 6.07 411 15 1.04 0.04 20 17.3% 5.03[2.95,7.11] —_—
Total (95% CI) 75 139 100.0% 2.18 [0.69, 3.68] P
Heterogeneity: Tau? = 2.23; Chi? = 17.95, df = 4 (p = 0.001); I> = 78% k t + |
Test f Il effect: Z = 2.87 (p = 0.004) -10 . 10

estfor overall eftect: 2 = 2.6/ (p= 0. Lower than controls Higher than controls

Figure 3. Premanifest HD vs. Controls. Forest plots showing the pooled effect sizes (95% confidence intervals) using a random effects
model to compare footstep parameters in participants with PreHD against those in healthy controls. PreHD, premanifest Huntington’s dis-
ease; SD, standard deviation; Cl, confidence interval; CV, coefficient of variation.

length* and step width."* A significant increase in step length and
stride time variability was also noted in people with PreHD.?"*
When compared to participants with manifest HD, in individu-
als with PreHD, gait speed and stride length were found to be
higher, while stride length variability was lower.""**' Therefore,
spatiotemporal deviations appear to worsen with disease pro-

gression.

Spatiotemporal gait changes in people with manifest

HD

Speed-related measures, spatial parameters, temporal param-
eters and gait variability measures in participants with HD are
described below. Due to a lack of consistency regarding how

stages of HD progression were classified, three papers

2,3,14 were

not included in this meta-analysis, as the findings were pre-

sented solely in relation to subgroups of manifest HD. Limited
data reporting prevented one study® from being included in
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.
Gait speed (m/s)
HD Control Mean Difference Mean Difference
Study or Subgroup Mean [m/s] SD [m/s] Total Mean [m/s] SD [m/s] Total Weight 1V, d 95% ClI v, d 95% ClI
Anwar et al., 201726 1.16 0.2 16 1.3675 0.1745 16 6.3% -0.21[-0.34, -0.08]
Beckmann et al., 2018 0.7699 0.303 40 1.1053 0.2077 30 6.7% -0.34 [-0.46, -0.22]
Bilney et al., 2005%° 1.096 0309 30 1.426  0.2003 30  6.2% -0.33 [-0.46, -0.20] —_—
Churchyard et al., 200132 0.995 0.355 20 1.4083 0.135 16 4.9% -0.41[-0.58, -0.24] I —
Dalton et al., 20132! 0.96 0.29 14 1.44 0.15 10 4.6% -0.48 [-0.66, -0.30]
Danoudis & lansek, 2014% 1.3 0.35 17 1.52 0.17 21 4.5% -0.22 [-0.40, -0.04] —_—
Delval et al., 200628 1 0.37 15 1.36 0.19 15 3.7% -0.36 [-0.57, -0.15]
Delval et al., 20083 0.98 0.17 15 1.28 0.15 15 6.9% -0.30[-0.41, -0.19] e —
Desai et al., 202146 1.1 0.2 33 1.32 0.26 15  5.6% -0.22[-0.37,-0.07] —_—
de Tommaso et al., 201743 1.21 0.44 24 1.9 0.23 14 3.7% -0.69 [-0.90, -0.48]
GaRner et al., 20209 1.2 0.29 43 1.48 0.16 43 7.7% -0.28 [-0.38, -0.18] s
Hausdorff et al., 19980 1.15 0.35 20 1.35 0.16 16 4.8% -0.20 [-0.37, -0.03] —_—
Koller & Trimble, 19852* 0.76 0.16 13 1.02 0.16 10 6.2% -0.26 [-0.39, -0.13] I
Muratori et al., 202147 1.1 0.22 43 1.32 0.26 15 5.6% -0.22 [-0.37,-0.07] e
Purcell et al., 202031 1.14 0.188 17 1.28 0.169 17 6.7% -0.14 [-0.26, -0.02] -
Pyo etal., 201725 0.7253 0.2101 7 1.0883 0.1536 7 4.2% -0.36 [-0.56, -0.17] e —
Radovanovié et al., 202027 0.81 032 16 1.25 0.17 24  4.8% -0.44[-0.61,-0.27] _—
Rao et al., 20058 1.0518 0.154 12 1.377 0.177 22 7.0% -0.33 [-0.44, -0.21] e
Total (95% CI) 395 336 100.0% -0.31 [-0.36, -0.26] <&
Heterogeneity: Tau? = 0.01; Chi* = 36.06, df = 17 (p = 0.005); I = 53% k I OI t |
- -0.5 0 0.5 1
Test for overall effect: Z = 12.07 (p< 0.00001) Lower than Controls Higher than Controls
.
Cadence (steps/min)
HD Control Mean Difference Mean Difference
Study or Mean [steps/min] SD [steps/min] Total Mean [steps/min] SD [steps/min] Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Andrzejewski et al., 201643 104.4 121 15 118.8 15.5 5  6.4% -14.40[-29.30, 0.50] t
Anwar et al., 2017 26 105.61 9.61 16 111.39 817 16  9.0% -5.78 [-11.96, 0.40]
Bilney et al., 2005 29 104.02 13.07 30 113.43 8.07 30 9.2%  -9.41[-14.91,-3.91] _—
Churchyard et al., 200132 100.6 13.6 20 111.7 7.7 16  8.8% -11.10[-18.15,-4.05] _—
Dalton et al., 201321 105.2 1833 14 110.74 7.95 10 7.7% -5.54 [-16.33, 5.25] S
Danoudis & lansek, 201444 106.1 14.45 17 112.03 9.17 21 8.5% -5.93 [-13.84, 1.98] e
Delval et al., 200628 101.85 12,56 15 117.97 7.24 15  8.7% -16.12[-23.46, -8.78] e —
Delval et al., 200830 102 115 114 7 15 8.9% -12.00[-18.60, -5.40] —
Koller & Trimble, 198524 73.1 0.19 13 96.8 0.12 10 9.9% -23.70 [-23.83, -23.57] .
Purcell et al., 202031 111.63 1131 17 113.93 713 17 9.0% -2.30 [-8.66, 4.06] —_—T
Pyo etal., 201725 97.49 10.42 7 109.86 18.53 7  6.1% -12.37[-28.12,3.38]
Rao et al., 20058 102.791 14.41 12 121.15 14.17 22 7.9% -18.36[-28.44,-8.28] ———————————
Total (95% CI) 191 184 100.0% -11.43 [-17.77,-5.09]
Heterogeneity: Tau? = 106.18; Chi? = 164.62, df = 11 (p< 0.00001); I* = 93% = = T %
Test for overall effect: Z = 3.53 (p = 0.0004) Lower than Controls Higher than Controls
.
Stride length (m)
HD Control Mean Difference Mean Difference
Study or Subgroup Mean [m] SD [m] Total Mean [m] SD [m] Total Weight IV, 95% CI v, d 95% CI
Anwar et al., 201726 1.3257 0.1902 16 1.4735 0.1632 16 7.1% -0.15[-0.27, -0.02]
Beckmann et al., 2018 1.0508 0.2065 40 1.2742 0.1149 30 10.2% -0.22[-0.30, -0.15]
Bilney et al., 200529 1.25 0.28 30 1.51 0.19 30 7.2% -0.26 [-0.38, -0.14] s —
Churchyard et al., 200132 1.16 0.32 20 1.51 0.11 16 5.8% -0.35[-0.50, -0.20] I
Dalton et al., 201321 1.02 0.19 10 1.38 0.1 10 6.6% -0.36 [-0.49, -0.23] —_—
Danoudis & lansek, 201444 144 028 17 1.63 0.1 21  6.2% -0.19[-0.33, -0.05] _—
Delval et al., 2006 28 1.16 036 15 138 0.14 15  4.1% -0.22[-0.42, -0.02] _—
Delval et al., 2008 30 115 0.13 15 1.35 0.1 15  9.7% -0.20[-0.28, -0.12] —_—
GaRner et al., 20209 1.3 025 43 152 0.12 43 9.7% -0.22[-0.30, -0.14] R
Koller & Trimble, 198524 0.74 0.23 13 1.2 0.12 10 6.0% -0.46 [-0.61, -0.31] —_—
Purcell et al., 202031 1.23 0.155 17 134 0.133 17 8.7% -0.11[-0.21, -0.01] -
Pyo etal., 20172 0.8906 0.1865 7 1.1946 0.0588 7 6.0% -0.30 [-0.45, -0.16] -
Radovanovi¢ etal., 202027 1.0074 0.2739 16 1.3199 0.1389 24 6.0% -0.31[-0.46, -0.17] e —
Rao et al., 20058 1.255 0.22 12 1.389 0.11 22 6.6% -0.13 [-0.27, -0.00] —
Total (95% CI) 271 276 100.0% -0.24 [-0.29, -0.19] -
itv: Tau? = . Chi? = - - L= + + L ;
T 0 = 21t 130 0007 5% i
g . P . Lower than Controls Higher than Controls
Stride length variability (CV)
HD Control Mean Difference Mean Difference
Study or Mean [CV] SD [CV] Total Mean [CV] SD [CV] Total Weight IV, 95% CI v, d 95% ClI
Beckmann et al., 2018 8.37 23.35 40 3.06 3.85 30 5.4% 5.31[-2.06, 12.68]
Dalton et al., 201321 13.81 8.64 14 2.19 0.25 10 10.0% 11.62 [7.09, 16.15] e
Delval et al., 200628 871 868 15 1.94 1 15 10.2% 6.77[2.35,11.19]
Delval et al., 200830 5.8 84 15 1.7 0.5 15 10.6% 4.10[-0.16, 8.36] —
GaRner et al., 2020° 7.96 2.13 43 6.59 3.08 43 19.5% 1.37[0.25, 2.49] —
Purcell et al., 20203 5.24 295 17 261 035 17 18.8%  2.63[1.22, 4.04] —
Pyo etal., 201725 12.97 8.64 7 3.69 1.59 7 6.4% 9.28 [2.77,15.79] e e —
Radovanovi¢ et al., 202027 7.15 25 16 256  1.16 24 19.1%  4.59[3.28,5.90] —
Total (95% CI) 167 161 100.0% 4.80 [2.82, 6.78] P
Heterogeneity: Tau? = 4.88; Chi* = 34.82, df = 7 (p < 0.0001); I* = 80% l—ZO —10 150 205
Test for overall effect: Z = 4.76 (p < 0.00001) Lower than controls Higher than controls

Figure 4. Manifest HD vs. Controls. Forest plots showing the pooled effect sizes (95% confidence intervals) using a random effects model
to compare footstep parameters in participants with HD against those in healthy controls. HD, Huntington’s disease; SD, standard devia-
tion; Cl, confidence interval; CV, coefficient of variation.
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the synthesis. One study'' was excluded from the meta-analysis,
as the author reported using participants from an already in-
cluded study.

Speed-related measures

All included studies reported on at least one speed-related
spatiotemporal gait parameter. The majority of the included
studies reported gait speed data, with all but one' finding a sig-
nificant reduction in individuals with manifest HD compared to
healthy controls. As outlined in Figure 4, the meta-analysis esti-
mated significantly lower gait speed in individuals with HD
compared to those without HD, with an overall mean difference
of -0.31 m/s (95% CI [-0.36, -0.26], p < 0.00001). Sixteen stud-
ies examined differences in cadence between participants with
HD and controls, with the majority finding a significant reduc-
tion in this parameter for participants with HD. Combining
these findings produced an overall difference of -11.43 steps/
min (95% CI [-17.77, -5.09], p = 0.0004). High heterogeneity
across studies (I* = 93%) should be considered when interpret-
ing this result, although post hoc sensitivity analysis revealed one
study™ to be a major source of heterogeneity (33%).

Spatial parameters

Most included studies (76%) reported on at least one spatial
gait parameter, including stride length, step length and step
width. Most found stride length to be significantly reduced in
participants with manifest HD compared to healthy controls.
Pooled stride length measures (Figure 4) resulted in an overall
mean difference between participants with HD and control par-
ticipants of -0.24 m (95% CI [-0.29, -0.19], p < 0.00001), with
moderate heterogeneity between studies. Likewise, step length
was reported to be significantly shorter in individuals with HD
than in controls.”*? Four studies®'**** also found step width
to be significantly wider in participants with HD compared to
controls, indicating the presence of a wide base of support.

Temporal parameters

Over half of the included studies described one or more tem-
poral characteristics of the participant gait patterns. While eight
studies examined differences in the DLS percentage of the gait
cycle, only two"' found it to be significantly higher in partici-
pants with HD than in controls. Similarly, only two studies**
found the DLS time to be significantly increased in individuals
with HD compared to healthy controls. Both the SLS time and
percentage were found to be significantly reduced in the HD
cohort.* Stride time was also determined to be significantly
longer in duration in participants with HD than in controls.>*®

Gait Changes in Adults with Huntington’s Disease
Browning S, et al.

Gait variability measures

Fifteen studies (60%) examined variability within footstep pa-
rameters in participants with HD and healthy participants. Most
studies®**!*2>?73! found stride length variability to be signifi-
cantly greater in individuals with HD than in healthy controls.
Combined analysis (Figure 4) found a positive effect of HD on
stride length variability, with an overall mean difference of
4.80% (95% CI [2.82, 6.78], p < 0.00001). Heterogeneity across
studies was high (I* = 80%), and estimation of an overall effect
1128 and step
length®"* was also demonstrated to be significantly greater in the
HD groups than in the control groups.

may be inappropriate. Variability in stride time

Correlations between gait changes and disease severity

Seven”!0142:283132 gtydies used correlation analyses to exam-
ine the relationship between gait parameter changes in partici-
pants with HD and disease severity based on the TMS and
TFC score. All studies found moderate to strong correlations
between footstep parameter changes and the TMS and TFC
score. Both gait speed and stride length were negatively corre-
lated with the TMS.>**** In contrast, stride length variability
had a positive relationship with the TMS.>*! Interestingly, two
studies®®* found no significant correlation between cadence
and DLS measures with the TMS. One study®® found gait speed
to be positively correlated with the TFC score, while another’
outlined negative relationships with stride length and stride time
variability.

DISCUSSION

To our knowledge, this is the first systematic review to quan-
titatively synthesize literature on the spatiotemporal gait chang-
es that occur throughout the progression of HD. Through the
comprehensive collation of footstep data from 1,088 partici-
pants across 25 articles, our findings confirmed the existence
of spatiotemporal gait changes in the presence of the HD ge-
netic mutation. This review established that individuals identi-
fied as being in the premanifest stage of the disease had signifi-
cant alterations in footstep patterns compared to healthy controls.
In particular, the premanifest period featured significant effects
on speed, cadence and stride length measures, indicating the pres-
ence of spatiotemporal changes prior to other motor changes.
Changes in footstep patterns were also intensified in individuals
with a confirmed diagnosis of HD. Spatiotemporal variability
was noted in individuals with PreHD and further increased in
those with manifest disease compared to healthy controls, sug-
gesting greater irregularity in step and stride parameters across
gait cycles. Multiple studies also linked reductions in gait speed
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and stride length and increased spatiotemporal variability to a
poorer TMS and TFC score in people with manifest HD.

Alterations in footstep patterns in carriers of the HD muta-
tion may reflect the disease’s underlying pathological process,
inhibiting the neural pathways involved in gait regulation.” Im-
pairment in basal ganglia functioning results in a hyperkinetic
disorder and a lack of inhibitory motor control,” leading to the
typical choreatic movement described in HD.** However, our
findings suggest the presence of hypokinesia, as observed in the
reduced amplitude and speed gait parameters, commencing in
the premanifest disease stage. Reduced postural control in indi-
viduals with PreHD and HD may also manifest as an increased
DLS duration and step width, as well as reduced time spent in
SLS, perhaps reflecting an attempt to establish stability through-
out the gait cycle.® Furthermore, dementia may contribute to
declining gait speed’”’
occurring in the early stages of disease. Reduced gait speed may
also be the result of an inadequate step or stride length in peo-
ple with PreHD and HD.

The findings of this review suggest that spatiotemporal foot-

as a common symptom of HD,* often

step changes could potentially act as digital biomarkers, allow-
ing health professionals to effectively monitor the onset of mo-
tor decline in people who carry the HD genetic mutation. As
an efficient means of assessment, spatiotemporal gait analysis
may have benefits over other tools currently in clinical use for in-
dividuals with PreHD. Early detection of decline in motor func-
tioning and delivery of timely interventions, such as pharmaco-
logical and exercise therapies, may help to maximize patient
outcomes.” Our findings also indicate the worsening of spatio-
temporal gait deviations in individuals with manifest disease, with
significant relationships between footstep changes and clinical
outcome measures that detect functional and motor decline.
These findings suggest that spatiotemporal gait analysis (partic-
ularly spatial measures) may be an effective tool to monitor the
progression of disease in individuals with manifest HD.

This systematic review collated existing research; however, a
number of issues should be considered. We acknowledge that the
exclusion of non-English and gray literature increases the risk of
selection bias and that considerable heterogeneity among the in-
cluded studies is a key limitation. Disparities in participant char-
acteristics, including disease stage, height, leg length, weight and
medication use, are likely to be major sources of variation across
the included studies. Anthropometric data were only recorded
in half of the included studies, which rarely controlled for po-
tentially impacting gait parameters.*®*' Participant weight was
notably underreported in the literature, suggesting that the in-
fluence of body weight on footstep parameters is not fully un-
derstood. Most studies grouped participants with manifest HD
together, despite probable differences in symptom severity, like-
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ly contributing to heterogeneous results in the footstep data.
Variations in methodology across studies may have also con-
tributed to diversity in the findings. In particular, studies utiliz-
ing longer distances to collect footstep data may have recorded
higher measures of spatiotemporal variability compared to
measurements collected for shorter distances.

The underrepresentation of individuals with PreHD and dis-
parities in HD subgroup classifications mean that comparisons
of footstep measures at differing stages of manifest disease re-
main difficult. However, despite utilizing differing classification
systems for disease severity, two included studies®'* found pre-
liminary evidence that spatiotemporal gait changes worsen with
each stage of the disease. HHT CAG repeat length can also be
used to classify disease severity.>*” With less than half of the in-
cluded studies reporting these data, the association of CAG re-
peat length with gait parameter changes remains unclear. If in-
dividual patient data from the original studies are available, it may
be possible to perform further data synthesis and meta-analyses
on gait parameters with predefined subgroups that would allow
the exploration of the relationship among gait parameters, CAG
repeat length and predominant movement disorder. This might
allow for greater consistency in how the stages of HD progres-
sion are defined. It is also suggested that studies strive for more
representative sampling and recruitment procedures to increase
external validity and include participants with PreHD. Finally,
turther exploration into the relationship between step length and
speed-related measures may help in the design of therapeutic in-
terventions to improve walking patterns in individuals with Pre-
HD and HD.

Opverall, the quantitative synthesis of the included studies
demonstrated significant spatiotemporal footstep deviations in
people with HD compared to healthy controls. This systematic
review outlined the key spatiotemporal gait changes that pres-
ent in the premanifest stage of the disease, including reduced
gait speed, cadence and stride length and increased spatiotem-
poral variability in individuals with HD. The included studies
demonstrate the challenges of working with a relatively rare
population and controlling for potential confounders, and some
results should be interpreted accordingly. Monitoring gait char-
acteristics in people with premanifest HD could help in identi-
fying the onset of symptoms earlier than other currently used
biomarkers. This might allow for timely referral for health care
interventions that may alter the trajectory of disease progres-
sion and improve the quality of life of individuals who carry the
HD mutation.
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Supplementary Table 1. Search strategy and results

# Query
CINAHL (Results on 17/03/2022) — 58 results

S1 Tl Huntington* OR AB Huntington*

S2  (MH “Huntington’s Disease”)

S3 S10RS2

S4 Tl ( (spatiotemporal OR spatial OR temporal OR time OR timing OR length OR velocity OR speed OR cadence
OR variability) ) OR AB ( (spatiotemporal OR spatial OR temporal OR time OR timing OR length OR velocity OR
speed OR cadence OR variability) )

S5  S3AND sS4

S6 Tl ( (gait OR footfall OR footstep OR walk* OR locomot* OR ambulat* OR mobility OR step OR stride OR stance OR
swing) ) OR AB ( (gait OR footfall OR footstep OR walk* OR locomot* OR ambulat* OR mobility OR step OR stride
OR stance OR swing) )

S7  (MH “Gait+”) OR (MH “Gait Analysis”) OR (MH “Locomotion”) OR (MH “Walking”) OR (MH “Step”)
S8 S60RS7
S9 S5AND S8
Medline (Results on 17/03/2022) — 348 results
S1 Tl Huntington* OR AB Huntington*
S2  (MH “Huntington’s Disease”)
S3 S10RS2

S4  TI( (spatiotemporal OR spatial OR temporal OR time OR timing OR length OR velocity OR speed OR cadence
OR variability) ) OR AB ( (spatiotemporal OR spatial OR temporal OR time OR timing OR length OR velocity OR
speed OR cadence OR variability) )

S5  (MH “Spatio-Temporal Analysis”)
S6 S40RS5
S7  S3AND S6

S8 Tl ((gait OR footfall OR footstep OR walk* OR locomot* OR ambulat* OR mobility OR step OR stride OR stance
OR swing) ) OR AB ( (gait OR footfall OR footstep OR walk* OR locomot* OR ambulat* OR mobility OR step OR
stride OR stance OR swing) )

S9  (MH “Gaitt+”) OR (MH “Gait Analysis”) OR (MH “Walking Speed”)
S10 S8 ORS9
S11  S7AND S10

Embase (Results on 17/03/2022) — 635 results

1 “Huntington*”.ab,ti.

2 Huntington chorea/

& 1or2

4 (spatiotemporal or spatial or temporal or time or timing or length or velocity or speed or cadence or variability).ab,ti.
5 spatiotemporal analysis/ or spatial analysis/ or temporal analysis/

6 4or5

7 3and 6

8 (gait or footfall or footstep or walk* or locomot* or ambulat* or mobility or step or stride or stance or swing).ab,ti.
9 exp walking/

10 gait/ or wide based gait/ or gait disorder/

1 8or9or10

12 7 and 11

Scopus (Results on 17/03/2022) — 706 results

1 ( TITLE-ABS-KEY ( huntington*) AND TITLE-ABS-KEY ( ( spatiotemporal OR spatial OR temporal OR time
OR timing OR length OR velocity OR speed OR cadence OR variability ) ) AND TITLE-ABS-KEY ( ( gait
OR footfall OR footstep OR walk* OR locomot* OR ambulat® OR mobility OR step OR stride OR stance
OR swing)))

Cochrane (Results on 17/03/2022) — 38 results

1 ( TITLE-ABS-KEY ( huntington* ) AND TITLE-ABS-KEY ( ( spatiotemporal OR spatial OR temporal OR time
OR timing OR length OR velocity OR speed OR cadence OR variability ) ) AND TITLE-ABS-KEY ( ( gait
OR footfall OR footstep OR walk* OR locomot* OR ambulat* OR mobility OR step OR stride OR stance
OR swing)))

Web of Science (Results on 17/03/2022) — 610 results

1 (Huntington* (Topic)) AND (spatiotemporal OR spatial OR temporal OR time OR timing OR length OR velocity OR
speed OR cadence OR variability (Topic)) AND (gait OR footfall OR footstep OR walk* OR locomot* OR ambulat*
OR mobility OR step OR stride OR stance OR swing (Topic))

PEDro (Results on 17/03/2022) — 17 results

1 TITLE-ABS ( huntington* )
PubMed (Results on 17/03/2022) — 306 results
Huntington*[Title/Abstract]
huntington’s disease[MeSH Terms]
S10R S2

spatiotemporal[Title/Abstract] OR spatial[Title/Abstract] OR temporal[Title/Abstract] OR time[Title/Abstract]
OR timing[Title/Abstract] OR length[Title/Abstract] OR velocity[Title/Abstract] OR speed|[Title/Abstract] OR
cadence[Title/Abstract] OR variability[Title/Abstract]

Spatiotemporal Analysis[MeSH Terms]
#4 OR #5
#3 AND #6

gait[Title/Abstract] OR footfall[Title/Abstract] OR footstep[Title/Abstract] OR walk*[Title/Abstract] OR locomot*[Title/
Abstract] OR ambulat*[Title/Abstract] OR mobility[Title/Abstract] OR step|[Title/Abstract] OR stride[Title/Abstract]
OR stance([Title/Abstract] OR swing[Title/Abstract]

9 gaitfMeSH Terms]
10 gait analysis[]MeSH Terms]

A W N

o N O O

1" walking speed[MeSH Terms]
12 #9 OR#10 OR #11

13 #83 OR#12

14 #7AND #13

Number of results

2,414
2,024
2,788

959,892

479
222,737

40,157
231,119
58

19,228
13,036
20,874
5,549,057

5,888
5,549,523
4,102
1,118,688

33,644
1,122,909
348

26,594
30,451
35,162
6,817,557
22,937
6,820,256
6,706
1,211,415
140,252
82,136
1,239,474
635

706

38

610

17

19,658
13,073
21,252
5,052,611

7,532
5,053,844
3,950
937,234

33,855
1,222
2,298

33,855

941,404
306
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Supplementary Figure 1. Funnel plots. A-H: Created for each subgroup analysis to determine the risk of publication bias. The dashed lines
represent the overall common effect of each analysis. HD, Huntington’s disease; SE, standard error; MD, mean difference.




