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A B S T R A C T   

Background: Freezing of gait (FOG) is a highly incapacitating symptom that affects many people with Parkinson’s 
disease (PD). Cueing triggered upon real-time FOG detection (on-demand cueing) shows promise for FOG 
treatment. Yet, the feasibility of implementation and efficacy in daily life is still unknown. Therefore, this study 
aims to investigate the effectiveness of DeFOG: a smartphone and sensor-based on-demand cueing solution for 
FOG. 
Methods: Sixty-two PD patients with FOG will be recruited for this single-blind, multi-center, randomized 
controlled phase II trial. Patients will be randomized into either the intervention group or the active control 
group. For four weeks, both groups will receive feedback about their physical activity using the wearable DeFOG 
system in daily life. In addition, the intervention group will also receive on-demand auditory cueing and in-
structions. Before and after the intervention, home-based assessments will be performed to evaluate the primary 
outcome, i.e., “percentage time frozen” during a FOG-provoking protocol. Secondary outcomes include the 
training effects on physical activity monitored over 7 days and the user-friendliness of the technology. 
Discussion: The DeFOG trial will investigate the effectiveness of personalized on-demand cueing in a controlled 
design, delivered for 4 weeks in the patient’s home environment. We anticipate that DeFOG will reduce FOG to a 
greater degree than in the control group and we will explore the impact of the intervention on physical activity 
levels. We expect to gain in-depth insight into whether and how patients control FOG using cueing methods in 
their daily lives. 
Trial registration: Clinicaltrials.gov NCT03978507.   

1. Background 

Freezing of gait (FOG) is a disabling motor disorder in Parkinson’s 

disease (PD), defined as ‘a sudden and brief episode of inability to 
produce effective forward stepping despite the intention to do so’ [1]. 
The overall prevalence of people with FOG is 40% [2], and 
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approximately 61–69% of falls are related to FOG [3,4]. The emergence 
of FOG gives rise to depression and anxiety [5,6] and has a large impact 
on quality of life [7]. Parkinsonian medication may alleviate FOG, but as 
the disease progresses, FOG becomes less responsive to medication [8, 
9]. Alternative treatment options have been shown to be insufficiently 
efficacious so far [10], underscoring the importance of developing 
alternative strategies [11]. 

Patients with PD rely on attentional resources to control their gait 
due to deficits in automaticity [12,13]. Consequently, FOG is more likely 
to occur when walking through complex circumstances [14]. Cueing, 
defined as facilitating movement execution by providing patients with 
external temporal or spatial stimuli as motor targets [15], is a promising 
strategy to reduce FOG [16]. Cueing may assist in the shift from auto-
matic to goal-directed motor control [13,17], offering an external sen-
sory reference to re-initiate gait. Considering the high prevalence of 
non-motor symptoms in PD [18,19], cueing may also facilitate the 
necessary executive function and attention to overcome FOG. Alterna-
tively, internal strategies, such as prompting oneself to perform 
mediolateral weight shifting before stepping, may also reduce FOG 
[20–22]. However, it is unknown if patients remember to employ such 
rescue strategies without external input. 

Although the positive effects of cueing on PD gait are well-known, 
the effects on FOG are less clear [17,23,24]. Several explanations 
exist. First, many studies were of insufficient quality and pooling them 
was difficult due to variable study designs [23,25]. Second, self-reported 
measures were often used to evaluate the effects, such as the New 
Freezing of Gait Questionnaire (NFOG-Q) [25]. However, the minimal 
detectable change of the NFOG-Q precludes a sensitive estimation of 
small effects [26,27]. Third, cueing was mostly delivered during one 
session [28–31], disregarding previously shown low retention effects 
after short cueing periods [15,32]. Finally, cueing is often provided as a 
one-size-fits-all solution, contradicting the understanding that FOG is a 
very heterogeneous phenomenon [14,33]. 

As many unanswered questions remain regarding the feasibility, 
implementation and efficacy of cues for FOG, the current phase II study 
will test a novel method to integrate cues in patients’ daily lives. DeFOG 
is a low-cost, wearable, sensor-based device that provides personalized 
auditory cues in an on-demand manner, i.e., only when FOG is detected. 
We hypothesize that using DeFOG will reduce the percentage time 
frozen (%TF), the primary outcome, in the experimental group to a 
greater degree than in the control group, who will use the same system 
configured to give feedback on daily step counts only. Additionally, we 
will examine the impact of DeFOG on mobility and user-experience. 
Altogether, this study will significantly further our knowledge on the 
use of cueing to reduce FOG in the daily lives of patients with PD. 

2. Methods/design 

2.1. Study design and setting 

This randomized controlled trial (RCT) (clinicaltrials.gov 
NCT03978507) uses a parallel, single-blind, multi-centered design (see 
Fig. 1), in which the effects of DeFOG will be compared to an active 
control group that only receives feedback about physical activity. The 
study will include a power-based sample of 62 patients with Parkinson’s 
disease (PD) with freezing of gait (FOG) and is entirely situated in each 
patient’s home and community setting. Sampling is divided equally over 
the sites: the Tel Aviv Sourasky Medical Center, Israel (TASMC) and KU 
Leuven, Belgium (KUL). 

A two-phase screening procedure will be performed by the re-
searchers to establish the eligibility of interested participants (phase 1) 
and the likelihood to provoke FOG (phase 2). Blinded researchers will 

administer the first test (T1) in the patient’s home, capturing both OFF 
and ON medication on the same day (without and with anti- 
Parkinsonian medication), and followed by 1 week of free-living gait 
monitoring (M1). At the end of M1, participants will be randomly 
allocated to either the intervention (DeFOG) or the active control group. 
A home visit of an unblinded therapist will conclude the monitoring 
week and initiate the 4-week intervention period. In the RESCUE trial 
[15], intervention effects were found after 3 weeks of supervised 
at-home cueing training. In the current study, 1 additional intervention 
week will be implemented for familiarization and personalization of the 
settings. After the intervention, the assessment and activity monitoring 
week will be repeated (T2 and M2). In a final home visit, the therapist 
will administer exit questionnaires and collect the study material. Study 
procedures are standardized across centers and protocol deviations will 
be recorded. Regular fidelity checks will be implemented to ensure 
harmonization across centers whilst avoiding unblinding. 

2.2. Screening and recruitment 

Recruitment will be conducted via existing databases of PD patients, 
who have given informed consent to save and use their contact infor-
mation for study participation within the clinical sites, and by referral of 
clinicians and movement disorders specialists. Potential participants 
will be informed about the study procedures and goals. If interested, 
most inclusion and exclusion criteria will be evaluated during the first 
phase of the screening (see box 1), which includes the 26-item Mini- 
Mental State Examination (MMSE) [34] and part I and II of the Char-
acterizing Freezing of Gait (C-FOG) questionnaire [33]. The most 
important criterion is to gauge whether patients will likely show FOG 
during testing. As this cannot be guaranteed through verbal screening, 
patients will be informed that the baseline assessment at T1 will be used 
for exclusion if no observable FOG is determined. This extra screening 
was implemented for two reasons: 1) to ensure that intervention effects 
can be detected on the primary outcome (%TF); and 2) to target a 
clinical population of freezers that is likely to benefit from the DeFOG 
intervention. Full ethical approval has been granted by the local Ethics 
committees in Israel: protocol/ID number 0908-18-TLV and in Belgium 
(EC Research UZ/KU Leuven): S62453. Written informed consent will be 
obtained prior to study participation. 

2.3. Randomization and blinding 

At the end of M1, participants will be randomized into either the 
DeFOG group or the active control group based on computer-generated 
blocks with a random size of 2, 4 or 6 per center. Randomization pro-
cedures are fully concealed and group allocation is conducted auto-
matically within REDCap (http://www.project-redcap.org). All 
assessments will be performed by a blinded researcher. To avoid per-
formance bias and disappointment when not receiving the on-demand 
cueing, participants are partially blinded by withholding the exact 
purpose of the DeFOG trial. Hence, subjects are informed that the study 
aims to compare the effects of two different types of feedback about 
levels of physical activity on FOG. 

In both arms, the interventions will be supervised by unblinded 
therapists through home visits and telephone calls. The therapists will 
remind patients of the risk of unblinding the assessors prior to testing. 
All cases of unblinding and their corresponding causes will be logged. At 
T2, the blinded researchers will give an estimation of group allocation of 
the subject to evaluate the success of the blinding procedure [39]. 
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2.4. Assessment procedures 

2.4.1. General assessment procedures 
The main outcomes will first be assessed following the overnight 

withdrawal of anti-parkinsonian medications for at least 12 h (OFF 
medication). FOG will be evaluated using a specific FOG-provoking 
protocol (see below and Fig. 2). Additionally, the Movement Disorders 
Society-Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) [40] 
part III will be administered. Approximately 1 h after medication intake, 
when patients are in the ON-medication state as evaluated using a Visual 
Analogue Scale (VAS), the FOG-provoking protocol and the MDS-UPDRS 
part III will be repeated together with the Mini Balance Evaluation 
Systems Test (MiniBESTest) [41]. Between the OFF and ON states, 
questionnaires will be administered to collect descriptive information. 

2.4.2. FOG-provoking protocol 
FOG will be recorded using a video camera during a protocol that 

consists of five parts, presented in detail in Fig. 2 and adapted from the 
paper by Ziegler et al. [42]. Inertial measurement units (IMUs) as part of 
the DeFOG system will also be used to gather data on gait and balance. 
The following testing conditions will be standardized within patients for 
repeated measurements within their specific home environment:  

1) 4-m walk test (4 MW) back and forth with turn: patients will be 
instructed to perform the 4 MW test back and forth once, including a 
180◦ turn to make the task more FOG provocative. A total space of 
5 m is needed, including 0.5 m before and after the 4 m. This task will 
also enable the determination of straight-line gait outcomes.  

2) Timed Up and Go (TUG): patients are instructed to rise from a chair, 
walk 3 m, turn in place and return to the chair. This task is performed 
two times with and without a cognitive dual task (DT; i.e., serial-3 
subtractions).  

3) Full 360◦ turns in place: a total of four fast turns will be performed, 
alternating the direction after every turn. This task is the most 

Fig. 1. Overview of the study design. PD: Parkinson’s disease. FOG: freezing of gait. TASMC: Tel Aviv Sourasky Medical Center. KUL: KU Leuven. T1: baseline 
assessment. M1: baseline gait monitoring week. DeFOG group: intervention group. T2: post-intervention assessment. M2: post-intervention gait monitoring week. 
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consistent trigger of FOG [43] and will also be performed with and 
without the serial-3 subtractions, using different starting numbers as 
during the TUG.  

4) Hotspot door, based on the well known trigger of FOG ‘walking 
through narrow space passages’ [44]: patients are instructed to walk 
2 m (if space allows this), open a door and pass the doorway, turn in 
place and return to the starting position. If possible, the task is per-
formed at a location where the participant can turn in a small space, 
such as the bathroom, to enhance the likelihood of FOG occurrence.  

5) Personal FOG ‘hotspot’: a particular location in the home indicated 
by the patients as highly FOG-provoking. The results of part II of the 
C-FOG questionnaire (about FOG triggers) will be used to help define 
the hotspot. 

The above protocol will be repeated at T2 with and without the on- 

demand cueing in both groups to ascertain training effects in the DeFOG 
group and to determine short-term cueing effects in the control group. 
Cueing will always be applied after the non-cued condition to minimize 
the likelihood of carryover effects and to ensure that the long-term ef-
fects of the interventions can be captured without interference from the 
device. Patients in the control arm will undergo a familiarization session 
with the on-demand cueing during the last therapist visit, allowing 
personalization of the cueing settings. 

2.5. Gait monitoring 

During week 0 and week 5 (M1 and M2; see Fig. 1), the participant’s 
physical activity will be monitored using the DeFOG system. Partici-
pants will not receive cueing or feedback, except for feedback regarding 
the system’s battery life. Additionally, a small activity monitor (AX3, 
Axivity; Newcastle, UK) will be positioned on the patient’s lower back at 
the level of the fifth lumbar vertebrae using hypoallergenic tape. The 
activity monitor will record activity for 7 consecutive days at a sampling 
frequency of 100 Hz. In contrast to the supervised structured home as-
sessments (T1 and T2) which record the participant’s gait capacity, the 
monitoring weeks are unsupervised and aim to record the participant’s 
performance (to what extent the user utilizes his/her capacity). 

2.6. Intervention 

2.6.1. Both groups 
After randomization, the therapist will schedule a home visit for 

participants in both groups, to set the parameters of the device, both for 
the DeFOG-mode and the control-mode. All participants will receive the 
same smartphone and sensor hardware, which will provide a daily step 
counting function. Participants will be encouraged to activate the sys-
tem during as many bouts of daily activity as possible to obtain a valid 
measurement and feedback on their physical activity levels. Each par-
ticipant’s use of the system (compliance) will be reviewed weekly 
together with the therapists, based on smartphone logs and patient re-
ports using a standardized question. Consultation by telephone or in- 
person in case of difficulties will also be offered by the therapist and 
logged in full detail. In the control group, a target will be set for 
increasing physical activity by 10% over the study period to avoid 
performance bias and lack of compliance. Considering the fall risk in this 
population [4], targets will be personalized and not overemphasized. All 
adverse events and reactions during the full study period will be 
monitored and logged by the therapists and reviewed by the local ethical 
committees and a dedicated review board. 

2.6.2. DeFOG intervention 
Additional to the daily step counts, subjects in the DeFOG group will 

receive on-demand auditory cueing targeted to reduce FOG, which will 
be triggered upon FOG detection. Based on pilot work, cues will be 
released for a fixed duration of 10 s. If FOG persists, a personalized 
verbal instruction, set by the therapist, will be started to remind the 
patient to use a personal internal strategy to overcome FOG. Since false 
positive FOG detections are possible and very short or very long FOG 
episodes may occur, therapists will personalize the settings to ensure 
that the system will deliver the appropriate dose of auditory input so as 
not to overwhelm the patients. 

Personalization of the system’s settings will be tested at the patients’ 
personal FOG ‘hotspots’ and will include:  

1. Adjustment of the cueing frequency to re-initiating walking. This will 
start from a rhythm that is 10% lower than the patient’s preferred 
cadence determined during the baseline 4 MW gait test. The cueing 
frequency needed to overcome a FOG episode is expected to be 
substantially lower than during steady-state walking.  

2. Optimization of the verbal instruction setting based on the patient’s 
preferred strategy for overcoming FOG [20]. For instance, 

Box 1 
Inclusion and exclusion criteria 

Inclusion criteria.  

a) Clinical diagnosis of PD (n = 31 per site) according to the UK 
PD Society Brain Bank criteria [35];  

b) Modified Hoehn & Yahr Stage I to IV in the ON-state [36,37];  
c) Age between 40 and 90 years;  
d) Ability to walk 5 min while unassisted by another person;  
e) Mini-Mental State Examination (MMSE) score of≥21 [38] 

or > 16 on the 26-item MMSE screening [34];  
f ) Stable PD medication during the previous month and no 

medication change foreseen for the next 6 weeks;  
g) Self-reported FOG severity of at least 1 FOG episode per day, 

based on Characterizing of Freezing of Gait Questionnaire (C- 
FOG) [33], irrespective of FOG occurring ON- or 
OFF-medication. 

Exclusion criteria.  

a) Participation in another clinical study;  
b) Use of a cueing device as normal practice;  
c) A fall frequency of more than once a day;  
d) Acute musculoskeletal or other neurological or cardiovascular 

conditions affecting gait or any other medical condition which, 
in the opinion of the investigator, may prevent completing the 
protocol;  

e) Hearing problems, precluding use of auditory feedback from 
the DeFOG system;  

f ) The occurrence of any of the following within 3 months prior to 
informed consent: orthopedic surgery of the lower extremity, 
myocardial infarction, hospitalization for unstable angina, 
coronary artery bypass graft, percutaneous coronary inter-
vention, implantation of a cardiac resynchronization therapy 
device, implantation of deep brain stimulation;  

g) Substance abuse, major depressive disorder or clinical apathy 
that affects daily walking activity or may interfere with the 
patient’s compliance;  

h) Inability to walk without a rollator indoors; 
i ) Use of a duodopa pump or apomorphine injections, jeopard-

izing OFF-medication assessments;  
j ) Absence of clinically observed FOG during the FOG-provoking 

assessment at T1. 
PD: Parkinson’s disease. ON-state: optimal medication state. MMSE: Mini-Mental 
State Examination. FOG: freezing of gait. C-FOG: Characterizing Freezing of Gait 
Questionnaire. ON-medication: approximately 1 h after PD medication intake. 
OFF-medication: without intake of Parkinsonian medication in the morning (at 
least 12 h). T1: baseline assessment.  
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consciously shifting the weight mediolaterally to offload the swing 
leg is one of the most used strategies for FOG [21,22], which can be 
set as a verbal instruction in the DeFOG system.  

3. Adjustment of the FOG detection algorithm (see section on the 
DeFOG system) to a higher specificity setting in case the patient 
experiences many false positives. As this may also increase the 
number of false negatives, the therapists will carefully consider 
adjustment of the settings in collaboration with the patient. In 

addition, the therapists will also educate the patient about how to 
cope with false positives. 

2.7. The DeFOG system 

2.7.1. Concept of cue-application 
Fig. 3 shows the concept of cue-application in relation to a possible 

manifestation of FOG as it may occur in real life. When FOG is detected 

Fig. 2. An overview of the different tasks included in the FOG-provoking protocol. OFF-medication: without intake of Parkinsonian medication in the morning (at 
least 12 h). ON-medication: approximately 1 h after PD medication intake. T1: baseline assessment. T2: post-intervention assessment. NCUE: without cueing. CUE: 
with cueing. ST: single task. DT: dual task (serial-3 subtractions). 
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(t = 0), a metronome starts playing for a fixed duration of 10 s (t = 0 
until t = 10). If a second FOG episode is detected within the first 8.75 s 
after FOG detection (t = 0 until t = 8.75), nothing happens after the 
metronome beats stop. However, if a second FOG episode is detected 
within the following window of 2.25 s (t = 8.75 until t = 11), the preset 
verbal instruction will be triggered. The verbal instruction will be trig-
gered immediately after the cueing is stopped (i.e. at t = 10), or at the 
moment the second FOG episode is detected (i.e. between t = 10 and 
t = 11 s). When a FOG episode is detected during or in the subsequent 5 s 
of the verbal instruction, no cueing or verbal instruction will be trig-
gered to avoid overburdening the patient and the technology. The same 
cycle of detection and response will start again if FOG re-occurs. 

2.7.2. Device hardware 
The DeFOG device represents a development of the Gait Tutor system 

(mHealth Technologies; Bologna, Italy), which is certified as a Medical 
Device. Fig. 4A illustrates its components and patient-friendly technol-
ogy. Two IMUs will be placed on the patient’s shoes with Velcro straps, 
connected to a smartphone via Bluetooth (Fig. 4B). Auditory cueing is 
delivered through earphones. Patients will be advised to use only one 
earphone for safety and social reasons. The smartphone-sensor Blue-
tooth connection is automated, requiring no patient interaction. 
Connection status is indicated via the color of the DeFOG widget on the 
smartphone. Social acceptance in daily life is facilitated by camou-
flaging the sensors using black Velcro straps and turning off the sensor 
lights upon Bluetooth connection. The system set-up including the bat-
tery recharging will be demonstrated by the assessor at the end of T1 and 
by the provision of a detailed user manual and instruction videos on the 
smartphone. 

The IMUs consist of a tri-axial accelerometer (full scale at ±8 g) and a 
tri-axial gyroscope (full scale at ± 1000 deg/s). Raw IMU data are 
transmitted to the smartphone with a sampling frequency of 200 Hz. 
This results in a battery capacity of approximately 3–4 h, exceeding the 
average daily walking duration in PD [45]. The smartphone is used for 
real-time calculations and for data storage of the raw and processed 
data. Overnight, all data is uploaded to the cloud for backup purposes. 
Daily performance reports are sent automatically to the therapists, 
enabling remote follow-up and adjustment of therapeutic settings. 

2.7.3. Device operating modes 
The DeFOG system has three operating modes:  

(1) Assessment mode, used with an additional chest sensor to gather 
detailed information on performance during the FOG-provoking 

protocol. The on-demand cueing can be turned ‘off’ (T1 and 
T2) or ‘on’ (only T2).  

(2) Intervention mode, employed during daily activity to provide the 
number of steps taken (both groups) and the on-demand cueing 
for the DeFOG group. DeFOG intervention settings will be hidden 
on the smartphone to prevent unblinding of the assessor when 
switching the settings to the Assessment mode during T2.  

(3) Monitoring mode, used for activity monitoring in week M1 and 
M2. Participants will only receive information regarding battery 
life during these weeks. 

Table 1 provides an overview of the functions of the different devices 
throughout the study, including the different operating modes of the 
DeFOG system. 

2.7.4. FOG detection algorithm and real-time step count 
The DeFOG algorithm, provided by mHealth Technologies, enables 

the automatic and on-line detection of FOG events based on the Gait 
Tutor system. The algorithm was refined using data from 31 patients 
suffering from FOG: eighteen from the CuPiD dataset [46], nine from the 
DeFOG Leuven cohort, and four from the Tel Aviv DeFOG cohort. These 
patients produced over 300 FOG events during FOG-provoking protocols 
in the laboratory setting. The presence of FOG is evaluated every 0.5 s 
using a sliding window of 3.2 s. The latency between the presence of a 
FOG episode and the actual detection is approximately 1 s. The real-time 
step count calculations are based on the processing of the angular ve-
locity signal along the medio-lateral axis of the foot [47]. 

2.8. Outcome measures 

The primary outcome measure is the percentage time frozen (%TF) 
during the FOG-provoking protocol in the OFF and ON medication states 
combined, as determined by video ratings using the annotation software 
Elan [48,49]. %TF is a reliable and responsive outcome when applied to 
the TUG test in the OFF state (intraclass coefficient of 0.73) and is 
currently the gold standard when based on expert ratings of video re-
cordings [50,51]. Here, we will build on this knowledge by determining 
%TF in the home situation during several FOG-provoking tests in both 
OFF and ON medication to enhance ecological validity. %TF will be 
calculated as the total duration of FOG divided by the total duration of 
the motor tasks multiplied by 100%. Blinded researchers will perform 
the video annotations based on definitions (see Table 2). Several fidelity 
checks will be performed between centers to ensure a consistent 
approach. Furthermore, the inter-rater reliability will be calculated be-
tween centers on a sample of approximately 10% of the videos. 

Fig. 3. Concept of cue application in response to detection of a FOG episode. VI: verbal instruction. FOG: freezing of gait.  
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An overview of all the primary and secondary outcome measures and 
all descriptors are shown in Tables 3 and 4, respectively. In addition, 
exploratory outcomes are shown in Table A1. All data, except for the raw 
video and sensor data, will be saved electronically in RedCAP (www.pr 

oject-redcap.org). Data processing of the digitized data and the extrac-
tion of the dependent variables will be executed using custom Matlab 
software. The analysis of the Axivity gait monitoring data will focus on: 
(1) the identification of bouts of walking activity; (2) the calculation of 

Table 1 
Use of the technology in the different tests and phases of the study.    

T1 & T2 M1 & M2 Intervention period control group Intervention period DeFOG group 

DeFOG system Gait monitoring x x x x 
Gait monitoring chest sensor x    
FOG detection x x x x 
Provision of a step count   x x 
Provision of on-demand cueing and verbal instructions    x 

Axivity Gait monitoring x x   
Video camera FOG annotations x    

T1: baseline assessment. M1: baseline 1-week free-living gait monitoring. T2: post-intervention assessment. M2: post-intervention 1-week free-living gait monitoring. 

Table 2 
Definitions for the annotation of FOG and the tasks during the FOG-provoking protocol.  

Definitions video annotations 

Freezing of gait (FOG) 

Akinetic FOG Onset The moment the intention to move is first observeda and the participant is unable to do so, showing ‘clear sticking of the feet’ without 
considerable trembling movements in the legs. 

Termination The moment of initial toe-off after the FOG when the participant is again able to perform at least two effective alternating steps with both 
legs showing no FOG-related features. 

Trembling FOG Onset The moment when the foot of the participant is suddenly no longer producing an effective step forward and is displaying trembling in the 
legs, despite the participant’s intention to continue walking, or the moment the intention to move is first observed and the participant is 
unable to do so, showing clear trembling in the legs. 

Termination The moment of initial toe-off after the FOG when the participant is again able to perform at least two effective alternating steps with both 
legs showing no FOG-related features. 

Festination Onset The first moment of toe-off when an abnormal and high-pace oscillatory stepping behavior is observed without considerable FOG-related 
features. 

Termination The moment of initial toe-off when the participant is again able to perform at least two effective alternating steps with both legs showing no 
FOG- or festination related features. 

Movement 
interruptionsb 

Onset The moment a movement interruption is first observed - when the foot of the participant is not or is suddenly no longer producing an 
effective step forward (despite the task instruction to do so), without a definite indication to consider it either as a FOG subtype or as 
voluntary stopping. 

Termination The moment of initial toe-off after the movement interruption when the participant is again able to perform at least two effective alternating 
steps with both legs showing no FOG-related features or the first moment a definite indication is observed to annotate it as FOG or voluntary 
stopping. 

Task duration 

As outcomec Onset The moment the researcher gives the ‘Go’ signal to start the task. 
Termination The moment the participant has finished the task. 

For calculation %TFc Onset The moment the first intention to start the task is observed. 
Termination The moment the participant has finished the task. 

FOG: freezing of gait. %TF: percentage time frozen. 
a An all-encompassing definition for the ‘first intention to move’ cannot be provided as this varies between situations and is therefore left for the interpretation of the 

expert rater. Examples are movements observed in the upper body, arms and/or clothing indicating an attempt to initiate the intended movement, multiple APA’s 
during gait initiation, etc.). 

b Not included in the calculation of %TF. 
c The start of the Task is defined differently for task duration as an outcome on its own and for calculation of the %TF, as the duration for the patient to respond to the 

‘Go’ signal can be indicative for impairment but would add noise to the calculation of %TF. 

Fig. 4. Device components of the DeFOG system. A: Smartphone showing the step count and the three sensors with Velcro straps to attach them to the feet and chest. 
B: The feet sensors attached to the shoes. 
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quantitative accelerometer-derived gait measures, as previously 
described [52]. 

2.9. Statistics 

2.9.1. Power analysis 
Based on a single group pilot study on visual cueing [30], the esti-

mated %TF in the ON-medication state is 8.8% ± 4.1% in the control 
group and 6.0% ± 3.1% in the intervention group (Cohen’s D: 0.77). 
With alpha set at 0.05, power set at 80% and considering a potential 
dropout rate of 10%, this implies that the estimated sample size requires 
31 patients per group to find a group difference in ON-medication state. 
As the effect size was much larger in OFF, we relied on the most con-
servative estimate (in ON) for our power analysis. 

2.9.2. Planned analysis 
Descriptive statistics will be presented by means and standard de-

viations, or if data are skewed, by medians and quartiles for numerical 
data. The statistical analysis plan will be finalized before blinding is 
undone. The main analysis will rely on the intention-to-treat technique. 
%TF will be evaluated using generalized mixed models controlling for 
baseline values and with the clinical site (TASMC/KUL) as a random 
factor. We will evaluate between-group clinical differences at baseline 
and test the influence of possible confounders such as medication dose, 
cognitive capacity and FOG severity. Accordingly, we will add an 
interaction term to the model or if necessary control for confounders in 
an analysis of covariance. Secondary endpoints will be analyzed using 
the same approach. As a secondary analysis, a per protocol analysis will 
be performed, including all patients that completed both the interven-
tion and the measurements (excluding drop-outs). Furthermore, an 
exploratory sensitivity analysis will be conducted excluding patients 
within the lowest quartile of compliance (total duration of system use 
during the intervention period), as recorded by the DeFOG system. 
Alpha will be set at 0.05 (two-sided). 

3. Discussion 

The aim of this two-center single-blind randomized controlled trial is 
to evaluate the effectiveness of on-demand cueing delivered with 
wearable technology to ameliorate FOG and this in contrast to a control 
device aimed to give feedback on step counts in general. The novelty of 
the study is threefold. It addresses 1) on-demand personalized cueing in 
conjunction with verbal instructions to overcome FOG, 2) automatic 

FOG detection outside a laboratory setting and 3) a user-tool to prevent 
FOG at home in the daily lives of people with PD. These three novel 
aspects will be discussed in detail in the next sections. 

First, the current study tests the efficacy of a personalized cueing 
method, thereby responding to the notoriously heterogeneous expres-
sion of FOG. Freezing episodes have been stratified by their predominant 
triggers, which can be motor, cognitive or limbic [33], as well as by their 
kinematic manifestation, e.g., festinating, trembling and akinetic FOG 
[11]. To date, the pathophysiological basis for this heterogeneity is not 
well understood [57]. Prospective studies have identified a range of risk 
factors that predict the onset of FOG, including early lower limb or gait 
abnormalities, more axial symptoms, more cognitive disturbances, 
poorer balance, depression, anxiety and levodopa response [58–61]. 
Irrespective of the exact origins of FOG, this trial will likely make further 
progress in finding a low-cost, non-invasive therapeutic solution for this 
complex clinical problem as it plays into some of its diversity and pro-
vides personalized behavioral solutions. The DeFOG system gives feed-
back only when and where FOG occurs, which is considered as an 
innovative form of cueing. Although FOG may occur frequently, patients 
do not necessarily undergo the experience consciously. Recently, this 
notion came to the fore during an analysis of repeated measures of 
self-reported FOG using the NFOG-Q, showing high variability and poor 
alertness of this symptom [27]. We anticipate that using the DeFOG 

Table 3 
Primary and secondary outcome measures.  

Outcome measures T1 & T2 M1 & M2 

Primary outcome measures 
FOG severity %TF OFF + ON (video annotationsa) x  
Secondary outcome measures 
FOG severity %TF OFF (video annotationsa) x  

%TF ON (video annotationsa) x  
Number and duration of FOG episodes, OFF and ON (video annotationsa) x  
NFOG-Q x  

Physical activity Number of steps per dayb  x 
Duration of bouts of activityb  x 
Number of bouts of daily activityb  x 

Gait performance Task duration: TUG, ST and DTa, OFF and ON x  
Duration 4 m: 4 MWa, OFF and ON x  

Motor function MDS-UPDRS III, OFF and ON x  
Balance MiniBESTest score x  

T1: baseline assessment. M1: baseline 1-week free-living gait monitoring. T2: post-intervention assessment. M2: post-intervention 1-week free-living gait monitoring. 
FOG: freezing of gait. %TF: percentage time frozen. OFF-medication: without intake of Parkinsonian medication in the morning (at least 12 h). ON-medication: 
approximately 1 h after PD medication intake. NFOG-Q: New Freezing of Gait Questionnaire [26]. TUG: Timed Up and Go. ST: single task. DT: dual task. 4 MW: 
4-m walk test. MDS-UPDRS: Movement Disorder Society-Unified Parkinson’s Disease Rating Scale [40]. MiniBESTest: Mini-Balance Evaluation Systems Test [41]. 

a Recorded with a video camera. 
b Recorded using an Axivity sensor. 

Table 4 
Descriptors.  

Descriptors 

PD severity MDS-UPDRS (full) 
FOG severity C-FOG 
Cognitive function Montreal Cognitive Assessment (MoCA) 

Interference (Stroop test) 
Alternating fluency (ANT) 

Anxiety PAS 
Medication Levodopa equivalent daily dose (LEDD) 
Technology skills Mobile Device Proficiency (MDPQ) 
Functional mobility Life-Space Assessment (LSA) 
Other Demographics 

PD: Parkinson’s disease. MDS-UPDRS: Movement Disorder Society-Unified 
Parkinson’s Disease Rating Scale [40]. FOG: freezing of gait. C-FOG: Charac-
terizing Freezing of Gait Questionnaire [33]. MoCA: Montreal Cognitive 
Assessment [53]. ANT: Alternating Names Test [54]. PAS: Parkinson Anxiety 
Scale [55]. LEDD: Levodopa equivalent daily dose [56]. MDPQ: Mobile Device 
Proficiency Questionnaire: only parts 1, 2 and 8 are used. LSA: Life-Space 
Assessment. 
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system may increase the patient’s awareness about their personal 
pattern of FOG, teaching the patient inadvertently to anticipate an up-
coming episode. Thus, patients may become more confident knowing 
that the device will respond and assist them through difficult situations, 
putatively resulting in enhanced physical activity and a reduction of 
FOG-related anxiety. 

So far, the evidence about the effects of cueing on FOG is inconsistent 
[17,23,25,62] and few studies exist that address on-demand cueing 
upon automatic FOG detection [63,64]. Part of the lack of success of 
cueing for FOG may be ascribed to an impaired cognitive ability, which 
is more prevalent in freezers than in non-freezers [65]. In addition, 
during an actual FOG episode, patients may also experience cognitive 
overload and anxiety-related distraction [66], making it more difficult 
to respond appropriately to cueing in contrast to when it is applied 
during normal gait. To overcome these problems, the DeFOG system will 
provide a ‘paired strategy’ consisting of cueing plus a verbal instruction 
to use as an attentional strategy administered via headphones. This 
verbal instruction is only triggered in case FOG persists, and could 
include asking a patient to stop first and subsequently perform a 
movement, promoting gait initiation. Verbal rescue strategies may 
prompt a ‘mental resetting’ and thus have a greater impact than a simple 
auditory signal, especially when FOG is persistent. Previous work from 
our group also showed that patients with FOG seemed to prefer the use 
of verbal instructions over auditory cueing, albeit not pertaining to FOG 
but to ongoing gait [67]. Furthermore, DeFOG makes it possible to 
personalize the cue settings and verbal instructions, taking into account 
FOG-provoking factors, fall risk and cognitive capacity. As such, DeFOG 
is also likely to reduce the risk of cue-induced habituation and fatigue 
[68,69]. In summary, this study will collect novel data on the experience 
of FOG and the remaining therapeutic reserve during these episodes in 
people with different disease profiles. 

The second novel aspect of this study is that it will rely on online 
automated FOG detection in an uncontrolled setting. Real-time detec-
tion requires high computational speed whilst safeguarding against 
energy costs to avoid battery drainage. Also, an optimal trade-off be-
tween sensitivity and specificity should be achieved using the limited 
information within a sliding window. Over the past years, many studies 
have been conducted on automatic sensor-based FOG detection with 
various sensor configurations and FOG detection algorithms [23,70]. 
These studies sometimes lacked clinical validation against a gold stan-
dard and were often not tested in daily life. Bearing these limitations in 
mind, FOG detection algorithms have shown high values for sensitivity 
and specificity. However, as daily life is less structured, higher rates of 
false positives can be expected, depending on the patient’s disease 
phenotype (degree of tremor, the presence of dyskinesia and the 
different types of FOG). Bächlin et al. demonstrated a relatively high 
average sensitivity and specificity for their FOG detection algorithms, 
but with considerable variability between patients, underscoring the 
importance of personalized settings [63]. Therefore, DeFOG allows 
therapists to select a FOG detection option with a lower sensitivity and 
higher specificity if needed for a specific patient to enhance the face 
validity of the tool and reduce the risk of low compliance. Of note, false 
positives may not always be detrimental, as it may reflect an upcoming 
breakdown of gait, creating an opportunity to learn how to prevent FOG. 
In the present study, it will be particularly informative to evaluate how 
the FOG detection algorithm will perform in an uncontrolled setting for 
a therapeutic purpose. As the day-to-day FOG detection will not be 
compared against a gold standard, the subjective experience of patients 
will be used for this purpose. However, the home-based structured 
protocol of using FOG-triggers in patients’ daily environment to test 
FOG at T1 and T2 will be validated against video annotations. By car-
rying out these standardized procedures both OFF and ON medication, a 
robust and ecologically valid picture of daily life FOG will emerge, 
contributing to the refinement of digitized outcomes against video rat-
ings [62]. In short, the DeFOG study has the potential to improve 
real-time FOG detection algorithms using a wearable device and 

advance the development of digitized FOG outcomes. 
The third novel feature of DeFOG-trial is the opportunity to assess the 

feasibility of relatively long-term use of the technology in the home in a 
population with FOG, who usually are more severely affected by non- 
motor symptoms than those without. A recent study in the 
Netherlands showed that in a large cohort of mild to moderately affected 
PD patients wearing a smartwatch for 3 months was highly acceptable 
[71]. However, when devices have more complex features, such as those 
used in a FOG-preventing therapeutic context, people give high scores 
for usability in a laboratory, but acceptance rates tend to be lower in 
daily life [64]. For daily use, wearable systems should be low-cost, un-
obtrusive and have a simple interface. During the development of 
DeFOG, the user-feedback from the GaitTutor was considered, a certified 
Medical Device on which DeFOG was based [72]. DeFOG requires 
minimal user interaction, as it establishes Bluetooth connection auto-
matically, and voice messages indicate when the sensors or smartphone 
need to be charged. DeFOG requires input from a therapist in selecting 
appropriate settings, in troubleshooting, and in helping the patient cope 
with false positives. Nonetheless, we anticipate that once the patient is 
familiar with the system, it can be used with minimal assistance. Based 
on the results of this study, we will be able to characterize the profiles of 
patients who can achieve independent use and who will comply with the 
DeFOG method. This will help clinicians to provide more targeted 
treatment with less in-person assistance and help engineers with the 
development of updated systems. In conclusion, by teaching patients to 
use cueing in the very circumstances in which they are likely to expe-
rience FOG, the DeFOG trial will reveal whether the on-demand cueing 
concept can decrease the burden of FOG and enhance physical activity 
and quality of life for patients experiencing this symptom. 
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Appendices.  

Table A.1 
Exploratory outcome measures  

Exploratory outcome measures T1&T2 M1&M2 Intervention Exit 
questionnaire 

FOG severity, OFF and ON %TF and total duration and number of FOG episodes (DeFOG algorithma), OFF and ON x    
%TF, as detected using the algorithm of Mancini et al. (2021) [73]a, OFF and ON x    

FOG severity, free-living %TF and total duration and number of FOG episodes during free-living (DeFOG 
algorithma)  

x   

%TF during free-living, as detected using the algorithm of Mancini et al. (2021) [73]a  x   
FOG manifestations %TF: Akinetic FOG only, OFF and ON (video annotationsb) x    

%TF: Trembling FOG only, OFF and ON (video annotationsb) x    
%TF: Festination only, OFF and ON (video annotationsb) x    

Turning Turning speed during Full 360◦ turns in placea, OFF and ON x    
Gait and balance IMU-based measures during 30s standinga, OFF and ON x    

IMU-based measures during 4 MW, TUGa, OFF and ON x    
Falls and fear Fall frequency   x x 

Fear of falling (FES-I) x    
Depression and QoL Depression (GDS-15) x    

Quality of life (PDQ-8) x    
Patient experience Perceived effects of intervention    x 

User satisfaction    x 

T1: baseline assessment. M1: baseline 1-week free-living gait monitoring. T2: post-intervention assessment. M2: post-intervention 1-week free-living gait monitoring. 
FOG: freezing of gait. OFF-medication: without intake of Parkinsonian medication in the morning (at least 12 h). ON-medication: approximately 1 h after PD medi-
cation intake. %TF: percentage time frozen. IMU: inertial measurement unit. 4 MW: 4-m walk test. TUG: Timed Up and Go. FES-I: Falls Efficacy Scale-International 
[74]. QoL: quality of life. GDS-15: Geriatric Depression Scale-15 items. PDQ-8: Parkinson’s Disease Questionnaire-8 items [75]. 

a Recorded using the DeFOG system. 
b Recorded with a video camera. 
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