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Prodromal Early-stage Mid-stage Late-stage
Parkinson disease Parkinson disease Parkinson disease Parkinson disease
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Broadening the therapeutic window — reactive to proactive

Progression of Freezing of Gait (FOG) Across Time Scales

VULNERABILITY s FOG EXPRESSION

Stage -3 Stage -2 AT Stage -1 Stage 0

Prodromal Subclinical FOG | Pre-FOG FOG Episode
(Transitional)

k — k:l | -/v- e ((‘\\
RN 4 /] R -

Vulnerability / FOG detectable Impending Paroxysmal
risk factors only under instability inability to step
Vears before FOG challenges Seconds before despite intent

Months to Years episode Clinically
observable

Years Months to Years Seconds to Minutes Episode Duration
(Seconds)

From vulnerability to freezing expression

Known / established transition — = = Unknown / uncertain transition
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Time changes = compensatory recruitment in PD

High

Low

Clinical symptoms
Subcortical decline

Reserve capacity wmm—p

Compensation —,,

Reserve = lifelong dynamic

capacity to resist decline by

efficient use of resources

preclinical/prodromal early clinical mid clinical

late clinical

>
Time

Johansson ME et al 2024 Brain; Ruppert-Junck MC et al 2026 Brain

Compensation = dynamic

adaptive neural processing in

response to concrete deficits by

recruiting more resources
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nature reviews neurology https://doi.org/10.1038/s41582-025-01079-6

Expert recommendation ‘™ Check for updates

Management of freezing of gait —
mechanism-based practical
recommendations

Anouk Tosserams'?, Alfonso Fasano®**°, Moran Gilat®°®, Stewart A. Factor®’, Nir Giladi®'?, Simon J. G. Lewis®,
Caroline Moreau'®, Bastiaan R. Bloem', Alice Nieuwboer® & Jorik Nonnekes ® %"

Disrupted compensatory recruitment — Rehabilitation
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Compensatory recruitment related to FOG
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Optimizing compensation

No or rare FOG - relatively intact

Regular FOG - insufficient or maladaptive

v

Frequent FOG - depleted Differentiated rehabilitation
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Tosserams A et al Nature Reviews 2025
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Evidence for training effects

Facilitation of compensatory networks

Physical training and fall Exercise Improvement Level AT
prevention Insufficient data®
Physiotherapy (for example, gajt, balance and turning training) Inconsistent data® Level A1**
f I} Insufficient data®
Occupational therapy (for example, home adjustment, help with Improvement Level D
daily planning) Insufficient data®
Use of walking aids (for example, wheeled walker, Nordic walking Improvement Level D
poles, wheelchair for long distances) Insufficient data®

\4

Insufficient data = lack of studies with FOG as primary outcome

KU LEUVEN

Tosserams A et al 2025



Gait training

Exercise
Overground gait velocity 1

Pre-post RsMRI — altered corticocerebellar connectivity

Pre-post TMS - normalized corticomotor inhibitory processing

Adaptive gait T
FRs & NFRs benefitted equally

Asymmetrical perturbations FRs — self-reported FOG & fallsT pre-post

O Q

N\

Effects of gait training largely unknown.
o O

*------------------

Dose moderate & supervised
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Boccali L et al 2025; Ding H et al 2022; Tai SY et al 2025 MDJ Hulzinga F et al 2023; Sakikumar S et al 2025 MDCP; Elbek JA et al PRD 2025



Dual task training = compensatory capacity

Dual task training vs single training (11 RCTs, N=358)

Dual-ask training  Single-task training Cohen's d Weight
Study N Mean SD N Mean SD with 95% CI (%)
Conradsson 2015 47 009 012 7 0.05 018 | 0.31[ -0.49, 1.10] 9.94
Duncan and Earhart 2012 26 005 012 7 005 0.19 0.00[ -0.83, 0.83] 9.23
Mirelman 2016 66 006 012 7 005 019 = 0.08[ -0.70, 0.86] 10.28
Pelosin 2022 24 008 012 7 0.05 019 L 0.22[ -0.63, 1.06) 9.08
Rosenfeldt 2019 10 016 012 7 005 0.19 | 0.72[ -0.27, 1.72] 691
Sarasso 2021 12 01 016 7 0.05 0.19 | 0.35[ -0.59, 1.29] 7.63
Strouwen 2017 5 014 042 7 0.05 0.19 L 0.70[ -0.10, 1.50] 9.96
Valenzuela 2020 23 025 042 17  0.03 0.19 L] 143 073, 2.14] 12.04
Wallén 2018 47T 010 042 7  0.05 0.19 | 0.38[ -041, 1.18] 9.92
Wong-Mak 2015 41 009 012 7 005 019 L] 0.30[ -0.50, 1.11] 9.79

Yang 2019 6 013 012 & 001 019 ] 0.76[ -042, 1.83] 522

Overall |- - \ D.48[ 0.20, 0.77]

Heterogeneity: 1° = 0.05, I’ = 20.58%, H" = 1.26

Testof 8, =08; Q(10)=10.99, p=0.36 o _
Testof 8 = 0: z = 3.34, p = 0.00 DT>ST stronger within-NW connect. in

sensorimotor, frontal & cerebellar

Moderate A P dual task gait speed « Associated with A DTN

KU LEUVEN

Sarasso E et al 2024; Droby A et al 2020 NNR



Cued gait training = compensatory capacity

30 self-reported freezers
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fNIRS — EEG
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Group effect NS FRs=NFRs

Cue specific effect oxygenated hemoglobin levels

Vitorio R et al 2025 NNR; Capato et al 2020

Visual = Visual CxT and PMCx

Auditory = Visual Cx1T
Internal > PFCx?T
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Cued gait training = responsiveness

N= 277 HY lI-lll

39% freezers

External auditory cueing

-

J

(@)

Internal rhythmic cueing

Gait variability

Albers C et al 2026; accepted MDJ; UNITE-PD study NCT06142448

TMotor
ability
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TCognitive |
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For internal cueing ->motor-cognitive interaction for cue responsiveness

In low cognition group only: those with higher motor capacity were most cue responsive

Low cognition (-1 SD) High cognition (+1 SD)
2| . 2| . - Subjects
¢ T e . ° . |—Low Motor (-1 SD)
T oy —High Motor (+1 SD)

Internal cueing efficacy
o

-2 t Cue effects? (—) .
motor capacity?T | | | |
0 2 - 6 0 2 4 6
Uncued stride time variability Uncued stride time variability

Cognition-dependent allocation of compensatory resources

KU LEUVEN

Albers C et al 2026; accepted MDJ UNITE-PD study NCT06142448



Balance training — specificity?

High dose multimodal balance training is effective in those with initial low balance scores - exergames and VR1T

Antigipatory postural Reactive Postural Sensory Orientation Drvnamic Gait . : -
U8t 5 Control Scored: 0-6 Scored: 0-10 <Mini-Best scores decline faster in FRs > NFRs

i A
| }

Unique deficits of APA and Dynamic balance decline (12 m.)

step initiation in FRs — predicts conversion to FOG

ML amplitude & timingl

f—
—
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Picture: Bohnen N et al 2024; Sarasso E et al 2022 JOON; Conradsson et al 2015; Dos Santos de Oliveira L et al 2025 PRD; Vervoort G et al PRD 2016



Turning training

RCT 6 weeks of supervised multicomponent training
N=55 H&Y II-IlI

Turn-IT trial NCT04897256; King L submitted; Figures from Martina Mancini

Mini-BESTest

A scores in all subjects

**
f 1
[ ]

5 - (] @
e o0 B
®
[ ] @
® ¢

5 -

[ ]
Control TURN-IT

1.00

0.75 A

0.50 1

0.25

0.00 +

-0.25 -

-0.50

=0.75 1

-1.00 -

-1.25

i\,

MW\ In freezers only
Y I

% e PFC HbO: (M)
Dual Task Walking

.
ja—
» g .
F . ™
. TN >
. ; .~ 4 — ]
-

SRM=-0.13 SRM=0.97
Control TURN-IT
KU LEUVEN




e
| e T
g \

I Intact retrieval

e

Limited or no
retrieval

KU LEUVEN

Tosserams A et al Nature Reviews 2025



Facilitation of compensatory networks

Targeting non-motor symptoms

associated with FOG
Cognitive behavioural therapy No improvement Level B
Insufficient data®
Antidepressants (SSRIs) Insufficient data® Level C=°+'%

Inconsistent data®

DT-training studies — similar or better DT-outcomes in FRs>NFRs
DT-training studies — fallsl and executive function?T in FRs=NFRs
FOG did not improve

Tosserams A et al 2025 Shah VV et al 2022; Bekkers E et al 2020; Pelosin et al 2019; Walton CC et al 2018
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destination Sequence Effect (dSE)
Training to reduce the sequence effect To T
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Putorti P. et al 2021 Kal EC et al 2022; Russo Y et al 2025



Compensatory strategies

Available strategies

%

External cues Internal cues Action observation and
motor imagery

read more read more

read more

.

S
<> I\

f https://www.radboudumc.nl/en/patientenzorg/aandoening

en/ziekte-van-parkinson/walking-with-parkinson

Changing the Altering the
balance requirements mental state Adopting a
new gait
read more read more KU LEUVEN

Nonnekes et al. 2019; Tosserams et al 2022

read more




Facilitation of compensatory networks

Applying compensation Expert education on complex strategies (e.g., negotiating a doorway) Improvement Level D

strategies Insufficient data®
Compensation strategies (for example, cueing, weight shifting, Improvement Level AT+
action observation) Insufficient data®
Device-aided cueing strategies (for example, laser shoes, vibrating Insufficient data Level C'e154158
socks, augmented reality glasses) Inconsistent data®
Other device-aided interventions (for example, soft robotic apparel) Insufficient data® Level C'®®

Self-cueing Action-observation
23
Oo, Oo,
/’ .;
KU LEUVEN

Tosserams A et al 2025 Cosentino C. et al 2020; Mezzarobba et al 2018; Goh L et al 2022




Intact retrieval

Limited or no
retrieval
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Tosserams A et al Nature Reviews 2025



Intelligent auditory cueing

FOG detection sensors (| )
el L

2. Upon FOG-detection,
FOG auditory cueing is triggered,
helping to overcome FOG

< 1. The shoe-worn sensors send
data to the smartphone for real-
time processing

KU LEUVEN

Zoetewei et al. 2021; Zoetewei et al. 2024
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FOR PARKINSON’S RESEARCH

. Cueing effects Turning task, OFF and ON medication FOG-provoking home protocol in ON+OFF
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Zoetewei D. et al 2024



Intelligent vibration cueing for home use

Vibration on/off Sound on/off

VoY

Performance on the test set after model training

* %k

100 = 1004 104

6.4 cm

\4 Power on/off

Sensitivity (%)
3
Specificity (%)
3
1
Latency (s)

Cue2walk device

Tested in 24 people with FOG

Semi-standardized home setting

O 5 s stop
¥ 360° turn

Personalized (manual threshold settings) have potential

(7) Serial sevens

KU LEUVEN
Van der Laan M et al 2026 EJN
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Future directions

Determinants of compensatory potential> adaptive responses?

Efficacy of training strategies based on compensatory potential?

Closed-loop cueing for FOG plus explicit FOG prevention training?

CUNEARER
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