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Abstract
Background and Objectives
Hereditary spastic paraplegia (HSP) causes progressive spasticity and weakness of the lower
limbs. As neurologic examination and the clinical Spastic Paraplegia Rating Scale (SPRS) are
subject to potential patient-dependent and clinician-dependent bias, instrumented gait analysis
bears the potential to objectively quantify impaired gait. The aim of this study was to investigate
gait cyclicity parameters by application of a mobile gait analysis system in a cross-sectional
cohort of patients with HSP and a longitudinal fast progressing subcohort.

Methods
Using wearable sensors attached to the shoes, patients with HSP and controls performed a
4 × 10 m walking test during regular visits in 3 outpatient centers. Patients were also rated
according to the SPRS, and in a subset, questionnaires on quality of life and fear of falling were
obtained. An unsupervised segmentation algorithm was used to extract stride parameters and
respective coefficients of variation.

Results
Mobile gait analysis was performed in a total of 112 ambulatory patients with HSP and 112 age-
matched and sex-matched controls. Although swing time was unchanged compared with
controls, there were significant increases in the duration of the total stride phase and the
duration of the stance phase, both regarding absolute values and coefficients of variation values.
Although stride parameters did not correlate with age, weight, or height of the patients, there
were significant associations of absolute stride parameters with single SPRS items reflecting
impaired mobility (|r| > 0.50), with patients’ quality of life (|r| > 0.44), and notably with disease
duration (|r| > 0.27). Sensor-derived coefficients of variation, on the other hand, were asso-
ciated with patient-reported fear of falling (|r| > 0.41) and cognitive impairment (|r| > 0.40). In
a small 1-year follow-up analysis of patients with complicated HSP and fast progression, the
absolute values of mobile gait parameters had significantly worsened compared with baseline.

Discussion
The presented wearable sensor system provides parameters of stride characteristics which seem
clinically valid to reflect gait impairment in HSP. Owing to the feasibility regarding time, space,
and costs, this study forms the basis for larger scale longitudinal and interventional studies in
HSP.
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Hereditary spastic paraplegias (HSPs) are a heterogeneous
group of rare genetic diseases characterized by progressive
degeneration of the corticospinal tract.1,2 Age at onset and rate
of progression of HSP show a wide variability, which is in part
attributed to the underlying genetics.3 However, the clinical
hallmark across all genetic subtypes and distinct clinical phe-
notypes is a progressive lower limb spasticity and weakness,
leading to an insidiously worsening spastic gait disorder
and—eventually—to loss of ambulation in many cases.45-6 In
conjunction with reduced sensory input and loss of bladder
control, this constitutes the clinical hallmark of “pure HSP.”4

No disease modifying or causal therapies are available for HSP
yet, and objective biomarkers to measure disease progression
are sparse. Although clinical examination and a rating scale are
established to quantify impaired gait and mobility in HSP,
these scales are subject to potential patient-dependent and
clinician-dependent variance. Different stationary gait analysis
systems have been applied in HSP.7-10 Although these studies
mostly focused on the identification of specific movement
patterns using optical motion capture systems, their use is
limited in particular by space requirements, long setup and
measurement times, the need for specialized staff, and high
equipment costs. We have previously validated the technical
calculation of gait cycle parameters in patients with HSP using
a mobile gait analysis system based on an inertial measure-
ment unit fixed to the patient’s shoes.11,12 However, a detailed
understanding of the feasibility and the clinical potential of the
extracted gait parameters in a larger multicenter cohort of
patients with HSP has been lacking.

Applying this mobile instrumented gait analysis system in
clinical practice at 3 academic movement disorder centers, the
aims of this study were (1) to compare gait cycle parameters
between HSP and matched controls, (2) to investigate the
relation of these gait parameters to clinical and patient-
reported measures of impaired gait in HSP, and (3) to analyze
longitudinal changes of gait parameters after 1 year.

Methods
Recruitment
Patients were recruited during routine outpatient visits within
the HSP outpatient units of the Department of Molecular
Neurology at the University Hospital Erlangen (n = 70 pa-
tients and 63 controls), the Department of Neurology at the
University Hospital Essen (n = 29 patients and 46 controls),
and the Center of Neurology at the University Hospital
Tübingen (n = 13 patients and 3 controls), within the

framework of a German clinical consortium (TreatHSP.net).
Inclusion criteria were a genetic or clinical diagnosis of HSP
and the ability to walk over a distance of at least 10 m with or
without the use of a walking aid. Controls were recruited from
accompanying spouses and relatives in whom familial HSP
variants had been excluded and who showed no neurologic or
other disease affecting gait. Additional controls were recruited
from the local general population. As there are no major
differences between the clinical phenotypes of genetic, fa-
milial, and sporadic cases and their symptomatic treatment,
HSP patients with a clinical diagnosis, but without a genetic
diagnosis were also included in this study (Figure 1C).

Procedure/Design
The study design is depicted in Figure 1A. Patients with HSP
were rated based on the Spastic Paraplegia Rating Scale
(SPRS, with scores ranging from 0 to 52 and higher scores
indicating more severe disease13). For instrumented gait
analysis, patients and controls performed a 4 × 10 m walking
test while wearing inertial measurement units fixed to the
patients’ shoes at the respective outpatient units.14 Gait cy-
clicity parameters were calculated from the sensor signals
applying a previously established algorithm based on Hidden
Markov models.11 Hereby, single steps are correctly seg-
mented despite missing heel strike and despite continuous
foot movement even during the stance phase in HSP gait, as
previously described in the technical validation study.12 All
patients and controls also performed the timed up and go test
(TUG).15 Subsets of patients rated their perceived tendency
to fall using the Falls Efficacy Scale International question-
naire (FES-I16; n = 99) and quality of life using the Short
Form 12 (SF-1217; n = 67) questionnaire. In a minor subset of
patients (n = 54), the Montreal Cognitive Assessment
(MoCA)18 test was performed to assess cognitive deficits.
Application of these questionnaires and tests was added to the
study protocol after recruitment had already started.

For the longitudinal analysis of gait parameters, an additional
gait analysis was performed in 11 patients with complicated
HSP due to the anticipated rapid deterioration and conse-
quent increase in disability. The follow-up interval ranged
from 9 to 21 months, with a mean of 14 months.

Standard Protocol Approvals, Registrations,
and Patient Consents
All participants provided written informed consent as ap-
proved by the respective local ethics committees: Friedrich-
Alexander-Universität Erlangen-Nürnberg (No. 166_18B and
347_17B), University of Essen (No. 19-8762-BO), and
University of Tübingen (No. 347/2019BO2).

Glossary
3D = 3-dimensional; CV = coefficient of variation; FES-I = Falls Efficacy Scale International questionnaire; HSP = hereditary
spastic paraplegia;MoCA = Montreal Cognitive Assessment; SF-12 = Short Form 12; SPRS = Spastic Paraplegia Rating Scale;
TUG = timed up and go test.
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Gait Analysis
Patients were instructed to use their walking aid if regularly
used for a distance of 40 m. To validate step recognition,12 the
gait task was videotaped in a subset of patients. The Mobile
GaitLab system consists of 2 inertial measurement units
which are rigidly attached to shoes.19 Gyroscopic and accel-
erometric measures are transmitted to a mobile device during
the gait tests. On the respective outpatient unit hallways of
sufficient width, patients and controls were asked to walk over
an outlined distance of 4 × 10 m as fast as possible without
increasing risk of falling.

Stride Segmentation and Extraction of Gait
Cycle Measures
A previously developed and technically validated algorithm
was used for segmentation of gait data into stance and swing
phases.12 It uses gyroscopic data from the sagittal plane and
the frontal plane accelerometer to calculate specific signal
features. Consequently, a hidden Markov model separates the
recorded inertial measurement unit data into swing and stance

phases. The algorithm was personalized for each patient and
recording session within this study before the calculation of
gait parameters. In addition, the visual results were post-
processed manually to exclude turning strides from the
analysis. Furthermore, single swing phases with no preceding
stance phase were manually deleted.

Sensor signals from each individual’s 4 × 10 m walking test
were segmented into stance phase and swing phase. Since
most patients showed neither self-rated nor clinical differ-
ences between both legs, steps recorded from the left foot and
the right foot were both included in the identical analysis.
Both the initiation and the termination step of each of the 4
bouts showed a considerable variability compared with the
remaining steps. Initiation and termination steps of each bout
were therefore not included in the analysis of the 4 calculated
gait cycle parameters and their respective coefficient of vari-
ation (CV) values because this yielded increased correlation
with total SPRS values, as determined by Spearman ρ values.
Two patients aborted the 4 × 10 m walk test after 1 × 10 m

Figure 1 Study Design and Cohort

(A) Cross-sectional study design: Patients with HSP from 3 academic centers andmatched controls underwent clinical examination and instrumentedmobile
gait analysis performing the standardized 4 × 10 m walking test. Gait cyclicity measures were extracted using HSP-specific pattern recognition algorithms. A
longitudinal gait analysis was performed in a subcohort with fast disease progression. (B) Schematic illustration of the temporal and spatial extraction of gait
parameters from inertial measurement unit signals. (C) Depiction of scores on the SPRS scale (scale ranges from 0 to 52) within the different HSP genotypes.
CV = coefficient of variation; HSP = hereditary spastic paraplegia; SPRS = Spastic Paraplegia Rating Scale.
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because of exhaustion, and these recordings were also in-
cluded in the analyses.

Statistical Analysis
The Mann-Whitney U test was used to evaluate baseline
differences between matched groups in nonparametric or
nonnormally distributed parameters. Longitudinal data were
compared with baseline data using the Wilcoxon matched-
pairs signed rank test. Correlation analysis between functional
gait measures and clinical rating scores or self-rating ques-
tionnaires was performed using Spearman rank correlation
(ρ). p Values for multiple correlations reported in eTable 1
(links.lww.com/WNL/C118) were adjusted applying the
Holm-Sidak method at α = 0.05. All statistical analyses were
performed using SPSS software package version 21 (released
2012; IBM Corp., Armonk, NY), and graphs were prepared
using Prism 8.3.0 (GraphPad, San Diego, CA).

Data Availability
The data sets used and/or analyzed during this study are
available from the corresponding authors on request.

Results
Recruitment
A total of 112 ambulatory patients with HSP together with
112 control persons were enrolled at 3 academic HSP centers.
There were no substantial differences of age, sex, height, and
body weight between HSP and controls (Table 1). SPG4,

SPG7, and SPG11 were the most frequently affected genes
(34%, 17%, and 13%, respectively), which is in line with the
previously reported proportional prevalence based on Euro-
pean HSP registries.3,20 No confirmed genetic diagnosis had
been established in 19 patients (17%), but they fulfilled
clinical diagnostic criteria for spastic paraplegia. Patients with
HSP at all disease stages (if ambulatory over at least 10 m)
were included, whereby SPRS scores ranged from 1 to 35
(mean total SPRS score of 16.8; Figure 1C; Table 1).

Specific Gait Cycle Alterations in HSP
In HSP, there was a significant increase in stride time by 13%
(Figure 2A), which seemed more pronounced for a subset of
patients. Dissecting stride times into stance time and swing
time compared with controls, we observed a significant in-
crease in stance times by 22% (Figure 2B), but not in swing
times (Figure 2C). In fact, absolute swing time seemed in-
creased in a subset of patients, but decreased in the majority of
patients. To normalize stance time and swing time to total
stride times, we calculated swing duration, that is, a ratio of
swing time to total stride time per gait cycle. There was a
significant reduction of swing duration by 14% in HSP
compared with controls (Figure 2D).

Increased Gait Variability in HSP
Comparing patients with HSP with controls, CV values were
significantly increased for both stride time by 36% (Figure 2E)
and stance time by 55% (Figure 2F). As observed for the
absolute values of swing time (Figure 2C), there was no change
of swing time CV values in HSP (Figure 2G). However, the CV
values of relative swing duration (normalized to total stride
time) were significantly increased by 59% in HSP (Figure 2H).

Gait Parameters Correlate With
Disease Severity
According to nonparametric Spearman ρ correlation analyses,
significant correlations between SPRS values and all 4 abso-
lute gait cycle measures were observed (Figure 3, A–D). For
the parameters presented, ρ correlation coefficients were >0.5,
indicating intermediate effect sizes. The total SPRS scores
correlated with the 4 respective CV values of each gait cycle
parameter showing an intermediate effect size and a signifi-
cance level of similar range (Figure 3, E–H).

Gait CycleMeasures Reflect Functional Aspects
in HSP
We next sought to analyze which aspects of disease severity
(as reflected by the SPRS score) were specifically associated
with alterations in gait cycle parameters.13 According to
multiple correlation analyses as presented in Figure 4A and
eTable 1 (links.lww.com/WNL/C118), all individual values
of the “functional mobility” SPRS items 1–6 were significantly
associated with both, absolute and CV gait cycle parameters,
showing an intermediate effect size (|r| > 0.50). The clinical
motor ratings for spasticity, weakness, and contractures
(7–11) were also significantly associated with most gait cycle
parameters, however, at lower effect sizes (|r| > 0.22).

Table 1 Patient Characteristics

Parameter, mean ± SD
HSP
(n = 112)

Controls
(n = 112)

Age, y 47.7 ± 15.2 48.5 ± 13.8

Sex (male:female) 60:52 49:63

Height, cm 173.0 ± 9.8 172.9 ± 8.3

Body weight, kg 79.1 ± 15.3 77.1 ± 14.2

Age at onset, y 29.8 ± 18.3 —

Disease duration, y 17.7 ± 12.5 —

SPRS total 16.8 ± 7.5 —

SPRS functional measures
(sum of items 1–6)

9.9 ± 4.6 —

SPRS spasticity measures (7–10) 4.2 ± 2.4 —

SPRS nonmotor measures (11–13) 2.8 ± 2.1 —

FES-I (n = 99) 33.7 ± 13.2 —

Quality of life (SF-12) physical (n = 67) 33.2 ± 12.0 —

MoCA scale (n = 54) 24.0 ± 4.6 —

Abbreviations: HSP = hereditary spastic paraplegia; FES-I = Falls Efficacy
Scale International; MoCA = Montreal Cognitive Assessment; SF-12 = Short
Form 12; SPRS = Spastic Paraplegia Rating Scale.
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Contractures are rated on subitem 11, and the majority of
patients with HSP in our cohorts showed no contractures
(51/112 patients) or merely a mild, nonfixed abnormal joint
position (52/112 patients). The 2 last subitems, 12 as a
measure of spastic paraplegia-related pain and 13 of bladder
and bowel dysfunction, did not significantly correlate with gait
cycle measures.

Mobile Gait Analysis Measures Associate With
Quality of Life and With Fear of Falling
Therewere no significant correlations of each of the absolute and
CV parameters with age, height, or body weight (Figure 4B).
Compatible with the association of mobile gait parameters with
SPRS values and the different rates of disease progression in
HSP, there was a fair correlation of most gait parameters with
disease duration (|r| > 0.27). The FES-I questionnaire reflects
patient-reported fear of falling and was available in 88% of the
patients. FES-I scores (n = 99) showed significant correlations
with gait parameters, specifically with stride time (r = 0.63) and
stance time (r = 0.64), but also with their respective CV

parameters (r > 0.41). It is important to note that there were
moderate correlations of absolute and CV gait parameters
with physical quality of life, as measured by the SF-12 ques-
tionnaire (|r| > 0.39; n = 67). Finally, cognitive function as
evaluated by scores of the MoCA scale was significantly asso-
ciated with CV values for all stride parameters (|r| > 0.40; n
= 54), but not with the absolute values of these stride
parameters.

Longitudinal Change of Mobile Gait
Parameters in a Fast Progressing Subcohort
As a next step toward the validation of mobile gait pa-
rameters to capture impairment of gait in HSP, we per-
formed a longitudinal follow-up gait analysis in a subcohort
of 11 patients with HSP as a proof-of-principle. Owing to
the high variability of progression in HSP, we selected
patients with a fast progressing gait impairment. To this
end, only patients with a complicated phenotype, that is,
the presence of additional symptoms such as motor neu-
ropathy or cognitive impairment, were included. After a

Figure 2 Mobile Gait Parameters in Patients With HSP and Controls

Differences in mobile gait parameters comparing HSP and controls. (A–D) Absolute values for (A) stride time, (B) stance time, (C) swing time, and (D) swing
duration (ratio of total stride time). (E–H) In addition, respective CVs were compared between controls and HSP. n = 112 for controls and HSP; ****p < 0.0001
according to the unpaired Mann-Whitney U test. CV = coefficients of variation; HSP = hereditary spastic paraplegia; ns = not significant; SPRS = Spastic
Paraplegia Rating Scale.
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mean interval of 14 months, there was a significant de-
terioration of SPRS scores, gait speed, and time to complete the
TUG task (Figure 5, A–C). Comparing gait cycle parameters
between baseline and follow-up, there was a significant increase
in stride time and in stance time, and a significant decrease of
relative swing duration (Figure 5, D–G; eTable 2, links.lww.
com/WNL/C118). This small substudy suggests that, in par-
ticular, cyclicity parameters “worsened” over time in this fast
progressing HSP cohort. It is of interest that there were no
significant changes of the CV parameters at the follow-up
(Figure 5, H–K).

Discussion
The aim of this study was to investigate sensor-based gait as-
sessment for HSP in a clinical setting by correlating sensor-

based gait parameters with clinical scores in HSP. Focusing on
temporal parameters of gait cycle components and their re-
spective CV values, we observe significant changes compared
with a control cohort matched for age and sex. Moreover, the
present data demonstrate significant correlations with disease
severity as reflected by total SPRS scores and specifically with
gait-related quality of life. In addition, we demonstrate longi-
tudinal changes of digital gait parameters with disease pro-
gression in a small subpopulation showing a rapid progression.

Our findings extend previous reports using 3-dimensional
(3D) motion capture analyses. Using stationary approaches,
altered ranges of motion in hip, knee, and ankle joints were
observed for HSP when compared with controls and, in part,
also with patients with cerebral palsy.7,8,21,22 In addition, 3D
motion capture studies also characterized altered trunk
movement patterns during gait in HSP.23,24 Moreover,

Figure 3 Correlation of Sensor-Based Gait Parameters With Total SPRS Values

Correlation ofmobile gait parameters with SPRS values, showing significant correlationswith (A) stride time, (B) stance time, (C) swing time, (D) swing duration
(ratio of stride time), and the respective CV values (E–H). CV = coefficient of variation; HSP = hereditary spastic paraplegia; r = Spearman ρ; SPRS = Spastic
Paraplegia Rating Scale.
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different subtypes of gait impairments in HSP have been
proposed, according to the severity and clinical phenotype
of proximal vs distal spasticity and paresis of the legs.9,25,26

Although the presented mobile gait analysis may not be able
to capture the entire spectrum of the trunk, pelvis, and lower
extremities due to the restriction to 2 foot-worn sensors, our
findings of increased stride time and stance time in HSP
match previous reports in 3D motion capture analysis of
HSP.27 We show that the proportional reduction of swing
duration in HSP is not due to a consistent decrease in ab-
solute swing time but rather due to the increase in stride
times and specifically stance times. Prolongation of stance
time may be the result of compensatory mechanisms to
counteract postural instability or fear of falling and delayed
toe/heel off due to spasticity or muscle weakness. As gait
cyclicity measures intercorrelate with each other and we
observed the highest Spearman ρ values for absolute stance
time and stance time CV, it may be sufficient to focus on
these 2 measures in future studies.

Compared with global measures of gait, such as gait speed on
the 10-m walk test or distance on the 2-minute walk test, this
study sets the ground to apply this mobile system also for long-
term measurements, that is, outside of a clinical or gait labo-
ratory setting even if annotation of mobile gait analysis data
obtained during free living gait remains a challenge.19,28 Al-
though the present mobile gait analysis system overcomes
disadvantages associated with the use of stationary systems and
is easily used by health care staff after a short training, seg-
mentation of steps and gait bouts from processed data still
requires manual curation by a trained computer scientist. De-
velopment of a graphical user interface is one of the crucial
requirements to make this system applicable for clinical use in
the future.

Disease duration was significantly correlated with both, abso-
lute values of gait cycle measures and with their respective CV
values. In conjunction with the significant associations of gait
cycle measures with total SPRS values and SPRS items 1–6
reflecting functional gait impairment, our data suggest that the
calculated gait cycle parameters also provide an objective and
digital biomarker of disease progression inHSP. To this end, we
provide a proof of principle in a small and defined subcohort of
patients with HSP showing significant changes in specific gait
cycle parameters after 1 year of follow-up. Additional longitu-
dinal studies and larger patient cohorts are required to dissect
the precise contribution of each of the presented parameters
during progressive gait impairment.

SPRS items 7–11, reflecting spasticity and weakness of hip
and ankle muscles as well as contractures, showed a lower
association with gait cycle measures than the functional
items 1–6 (Figure 4A). This may be due to a less homoge-
neous distribution of scores on these subitems in our HSP
cohort; in addition, spasticity and weakness may influence
gait in specific interactions rather than showing a linear
correlation. Future machine learning-based development of
additional algorithms and eventually introduction of addi-
tional mobile sensors may improve the prediction of these
parameters and/or the disease course.

Figure 4Correlation of Sensor-BasedGait ParametersWith
SPRS Subitems and Patient Characteristics

Heatmaps of correlation matrices demonstrating the associations of mobile
gait parameters with (A) subitems of the SPRS scale and (B) patient charac-
teristics. Spearmanρ is color coded fromblue (p= +1.0) overwhite (p= 0) to red
(p = −1.0). Only significant correlations with p values <0.05 after adjusting for
multiple testing using the Holm-Sidakmethod (α = 0.05) are indicated. n = 112
unless otherwise indicated. CV = coefficient of variation; HSP = hereditary
spastic paraplegia; MoCA = Montreal Cognitive Assessment score; SF-12 =
short formquality-of-life questionnaire; SP = spastic paraplegia; SPRS= Spastic
Paraplegia Rating Scale.
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It is of interest that the absolute values of gait cycle compo-
nents showed slightly higher associations with physical quality
of life and patient-reported fear of falling than their respective
variabilities (as measured by CV values, Figure 4B). These
digital measures suggest that the physical component of
quality of life and fear of falling are mainly affected by gait
disability, that is, prolonged duration of gait cycle components
and reduced ratio of the swing phase within the gait cycle.

Gait dysfunction is the major driver for impaired quality of life
in HSP. In our cohort, gait cycle parameters were significantly
correlated with physical quality of life, as measured by the
SF-12 questionnaire (Figure 4B). While it has to be kept in

mind that SF-12 was available for a subset of patients (67/112)
solely, this matches our previous observation that SF-12
physical component summary scores correlate with SPRS,
FES-I, and manually recorded gait measures.29 This is also in
line with previous studies demonstrating (1) that the mental
and physical component scores of the SF-36 questionnaire
both correlated significantly with total SPRS values in a cohort
of 143 German patients with HSP,30 (2) that health-related
quality of life as measured by the RAND-36 questionnaire was
associated with subjective changes in health in a cohort of 49
Estonian patients with HSP,31 (3) that spastic gait in HSP
causes withdrawal from social activities and shame in 14
Dutch patients with HSP as determined by semistructured

Figure 5 Longitudinal Progression of Mobile Gait Parameters in a Subcohort

Longitudinal progression of gait impairment andmobile gait parameters in a subset of patients with complicated, fast progressing HSP after 1 year. (A) SPRS
values, (B) walking speed over 10m, and (C) time to complete the timed up and go task at baseline and follow-up. (D–G) Absolute values for (D) stride time, (E)
stance time, (F) swing time, and (G) swing duration (ratio of total stride time) at baseline and follow-up. (H–K) Respective CVs at baseline and follow-up. n = 11;
ns = not significant; *p < 0.05, **p < 0.01, ***p < 0.001, according to the Wilcoxon signed rank test. CV = coefficient of variation; HSP = hereditary spastic
paraplegia; SPRS = Spastic Paraplegia Rating Scale.
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interviews,32,33 and (4) that specific interventions to improve
mobility also lead to improved quality of life34 and fatigue.35,36

Moreover, the maximum gait distance correlated with quality of
life as measured with the EuroQol-5 dimension questionnaire in
118 SPG4 patients.37 Thus, symptomatic treatment to improve
gait and eventually also the prevention of progressive gait dis-
ability is an urgent need in clinical care and research for HSP.
Our study paves the way for future application of mobile gait
analysis in larger longitudinal studies, addressing either the nat-
ural history of gait impairment in HSP or the symptomatic effect
of antispastic therapies such as baclofen or botulinum toxin.

Cognitive impairment, that is, a MoCA value below 26 points,
was present in 31 of the 54 patients (57%). Of these, 23 pa-
tients were mildly cognitively impaired (MoCA 20–25), with
15 showing a pure phenotype of HSP. This is in line with
previous observations that mild cognitive impairment is fre-
quent even in pure types of HSPs, including SPG4, SPG5, and
SPG7.37,38 A total of 8 patients showed a moderate to severe
impairment (MoCA below 20 points), and 6 of these 8 patients
had a complicated phenotype. Despite the limitation that only a
subset of patients underwent the testing, cognitive impairment
was significantly associated with increased gait variability, but
not with absolute gait measures. This may be due to the high
ratio of complicated HSP within the cognitively impaired pa-
tients. Alternatively, cognitive impairment itself might have led
to an increased variability of gait during the applied 4 × 10 m
paradigm. Indeed, it has been shown in the general population
that bothmild cognitive impairment and dementia increase gait
variability more than gait speed, especially during gait para-
digms applying a distraction task.39-41 Thus, it would be in-
teresting to include an additional dual task gait test in future
analyses of gait in HSP to test its effect on gait parameters in
cognitively impaired vs unaffected patients.

Although this study demonstrates the relevance of mobile
sensor-based gait cycle parameters in HSP, additional measures
reflecting specific components of spastic gait in HSP might
improve the prediction of SPRS values or the classification of
different subtypes of spastic gait in HSP, as demonstrated before
usingmotion capture analyses.9 Specifically, quantification of calf
vs adductor muscle spasticity and paresis would be of clinical
relevance, using parameters such asmaximum toe clearance, heel
strike angle, or gait width, respectively.42 To this end, further
bioinformatic development of feature extraction from inertial
measurements in HSP is needed in the future.11,12

Several limitations have to be kept inmindwhen interpreting the
presented data. First, it is important to note that the correlative
analyses of this study did not control for intercorrelations of
different factors and that correlations do not imply causality. We
also did not control for antispastic therapy, that is, physiother-
apy; use of walking aids; current oral, intrathecal, or in-
tramuscular medication; and previous surgery. Second, most of
the observed correlations, with absolute values ranging from 0.2
to 0.7, are weak to moderate, which means that none of the
mobile gait parameters perfectly matches with certain SPRS

items. It is important that questionnaires and cognitive testing
measures were obtained only in subsets of patients (FES-I: 88%;
SF-12: 60%; MoCA: 48%). Although this was related to orga-
nizational circumstances rather than insufficient return of
questionnaires, a certain degree of selection bias may have been
introduced. In addition, the design of our longitudinal study,
specifically focusing on a subcohort of HSP patients with a
complicated phenotype, is subject to a selection bias. Owing to
the small sample size of 11 patients, these data may not reflect
the mean rate of progression in complicated HSP. Moreover,
these data on disease progression cannot be extrapolated to
patients with HSP in general. Finally, when interpreting CV
values, it has to be kept in mind that they do not reflect gait
variability in general but rather specifically indicate the variability
of the respective gait cycle phase during the applied 4 × 10 m
test. Nevertheless, the present results with its cross-sectional
multicenter design in a relatively large patient cohort with a rare
movement disorder and first longitudinal data provide a pow-
erful and promising approach to objectively validate the appli-
cation of mobile gait analysis in HSP.

Performed during specific gait tasks in a hospital setting, mobile
gait analysis provides cyclicity parameters that correlate well
with measures of disease severity, patient-reported outcomes,
and gait impairment in HSP. This study builds the basis for
future applications in monitoring disease progression, objective
assessment of therapeutic intervention, and studying mobility
in HSP outside of a gait laboratory environment.
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13. Schüle R, Holland-Letz T, Klimpe S, et al. The Spastic Paraplegia Rating Scale (SPRS): a
reliable and valid measure of disease severity. Neurology. 2006;67(3):430-434.

14. Gassner H, Jensen D, Marxreiter F, et al. Gait variability as digital biomarker of disease
severity in Huntington’s disease. J Neurol. 2020;267(6):1594-1601.

15. Podsiadlo D, Richardson S. The timed “up& go”: a test of basic functional mobility for
frail elderly persons. J Am Geriatr Soc. 1991;39(2):142-148.

16. Dias N, KempenGIJM, Todd CJ, et al. The German version of the Falls Efficacy Scale-
International Version (FES-I) [in German]. Z Gerontol Geriatr. 2006;39(4):297-300.

17. Ware JE, Kosinski M, Keller SD. A 12-item short-form health survey: construction of
scales and preliminary tests of reliability and validity.Med Care. 1996;34(3):220-233.
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