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INTRODUC TION

[1–3]. Despite substantial progress in elucidating the genetic basis 

].

6].

treatment outcomes [
to provide objective gait measures that might be more sensitive for 

diseases [9–11].

tained using a wearable gait analysis system in a multicenter setting; 

more accurate and objective assessment of treatment response over 
time to reduce the number of subjects required for future clinical 
trials in rare movement disorders.

METHODS

Recruitment and inclusion criteria

 1.

BoNT treatment

jection schemes were made on a clinical basis before study inclusion. 

 1

Clinical and gait assessment

 S1

12
13

n =

14] was performed at baseline. 

machine learning algorithms identified important denominators to predict treatment 
response.
Conclusions: Our study provides evidence supporting the beneficial effects of botulinum 

digital gait analysis and machine learning represents a novel approach for monitoring 
treatment effects and predicting treatment response.
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×

± ±

17

strides [18

[9

culated for further analysis.

19
20].

Statistical analysis

Details on the statistical analysis are provided in the Supplemental 

change of each parameter over the three time points with time as a 
patient as a random effect [21

22
α=

 2

analyses were performed on individual changes between baseline 

[23 ρ α=

TA B L E  1
baseline.

± ±

± ±

n =

=

n =

=

n =

=

n =

=

n =

=

n =

=

n =

=

n = =

n = =

Rectus femoris n = =

n = =

Semitendinosus n = =

n = =

Improve gait stability n =

Improve gait speed n =

Reduce toe clawing n =

Reduce pain n =

Reduce muscle cramps n =

SPAST n =

SPG7 n =

REEP1 n =

SPG11 n =

ABCD1 n =

ATL1 n =

CYP7B1 n =

GDAP1 n =

KIF1C n =

KIF5A n =

MT- ATP6 n =

TUBB4A n =

RTN2 n =

n =

n =

n =

n =

n =

n =

± ±

TA B L E  1
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| IBRAHIM ET AL.

 S4

RESULTS

Recruitment and patient characteristics

 1. 

SPAST

their different bioequivalence [26

=

Clinical and gait improvement 1 month after 
BoNT treatment

TA B L E  2 p
between the three visits.

Parameters

Baseline 1- month follow- up 3- month follow- up
p (baseline vs. p (baseline p

n ± n ± n ±

Clinical parameters

64 ± 64 ± 42 ±
† 0.7 0.03†

64 ± 64 ± 42 ± 1.0 0.4 0.06

64 ± 64 ± 42 ± 0.1 0.3

64 ± 64 ± 42 ± 1.0 0.2

64 ± 64 ± 42 ±
††† 1.0 <0.0001†††

58 ± 51 ± 20 ± 1.0 1.0 1.0

58 ± 50 ± 40 ± 1.0 1.0 1.0

component
58 ± 50 ± 40 ± 0.4 1.0 1.0

64 ± 64 ± 30 ± 0.3 1.0 1.0

59 ± 59 ± 34 ± 0.7 1.0 0.2

59 ± 59 ± 34 ± 0.5 1.0 0.2

Relative swing duration 59 ± 59 ± 34 ± 0.2 1.0 0.9

59 ± 59 ± 34 ± 0.4 0.9 0.08

59 ± 59 ± 34 ± 0.6 0.5 0.06

Relative swing duration 59 ± 59 ± 34 ±
†† 0.2 0.5 0.007††

Note ±

p p < p <

†p <
††p <

†††p <
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|BOTULINUM TOXIN AND GAIT ANALYSIS IN HSP

 2  1

 2  1

 2
±

±

n =

n =

objectively record treatment response.

 2

nificant effect on a subset of gait and clinical parameters including 

Gait parameters reflect individual treatment response

between changes in mobile gait parameters and changes in clinical 

disease severity and has been used as a primary outcome in clinical 

ρ = p <

 2a  S2

negative correlation between change in gait speed and relative 
ρ| > p <

change in this subscore and the change in stride time and swing 

showed distinct positive correlations to changes in the variability 
 2a  S2

gait score correlated significantly with improvements in stride 
 2c  S2

associated with corresponding improvements in specific clinical 

negative correlation was identified between changes in variability 
of gait measures and changes in adductor spasticity scores as well 

7] and contractures of the lower limbs [item 11];  
 S2

stance time parameters and a significant negative correlation with 
 2c  S2

Machine learning assessment of treatment outcomes

balanced prediction accuracy of 66% with a best result of 83%; 
 S4

when using baseline gait parameters only and omitting clinical in

=  3

DISCUSSION

established correlations of changes in gait cycle measures to treat
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Clinical heterogeneity of HSP

 1

[27–29]. Rather than limiting our analyses to a specific subcohort or 

useful in cases where treatment impacts may vary between patients. 

BoNT effects

 2  1

 1 and 2  1

 2  1

 2

previously suggested values of minimal clinically significant differ

30–32

 2c  S2

anchor parameter. Our observation of significant correlations be

 2c  S2
correlations reinforce that mobile gait analysis captures treatment 

F I G U R E  1

p < p <

p <

significant.
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|BOTULINUM TOXIN AND GAIT ANALYSIS IN HSP

ratings may be influenced by a rater bias because ratings were 

individuals with higher clinical severity may adopt more stereo
typed or adaptive gait patterns as a compensatory mechanism. 

neurological conditions [33] and may represent a unique aspect 

F I G U R E  2

p < ρ ρ

ρ
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| IBRAHIM ET AL.

outcomes.

mal dosing schemes are only established after several repeat visits. 

regimens based on patient characteristics and treatment history to 

Context of previous BoNT studies in HSP

 S5. 
Servelhere et al. [34

28

have permitted adaptations [

36

et al. [37

its biological effects [38]. Contrasting to stationary gait analysis sys

that can easily be used in different environments and at different 
centers.

8] studied the effect of a combined approach in

Added benefit of digital gait parameters

used validated wearables [

to gain more insight regarding at which point reinjection visits are 

interpretation.

ing for predicting treatment response represents a novel approach 

F I G U R E  3

indicate increased importance of the 
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factors that might remain unnoticed in traditional clinical assess

ity and leading to more effective outcomes.

CONCLUSIONS

gait analysis as a valuable tool in monitoring and quantifying treat
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