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Abstract 
Background: Neuromuscular dysfunction is common in older adults 
and more pronounced in neurodegenerative diseases. In Parkinson's 
disease (PD), a complex set of factors often prevents the effective 
performance of activities of daily living that require intact and 
simultaneous performance of the motor and cognitive tasks. 
Methods: The cross-sectional study includes a multifactorial mixed-
measure design. Between-subject factor grouping the sample will be 
Parkinson’s Disease (early PD vs. healthy). The within-subject factors 
will be the task complexity (single- vs. dual-task) in each motor activity, 
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i.e., overground walking, semi-tandem stance, and isometric knee 
extension, and a walking condition (wide vs. narrow lane) will be 
implemented for the overground walking activity only. To study dual-
task (DT) effects, in each motor activity participants will be given a 
secondary cognitive task, i.e., a visual discrimination task for the 
overground walking, an attention task for the semi-tandem, and 
mental arithmetic for the isometric extension. Analyses of DT effects 
and underlying neuronal correlates will focus on both gait and 
cognitive performance where applicable. Based on an a priori sample 
size calculation, a total N = 42 older adults (55-75 years) will be 
recruited. Disease-specific changes such as laterality in motor unit 
behavior and cortical control of movement will be studied with high-
density surface electromyography and electroencephalography 
during static and dynamic motor activities, together with whole-body 
kinematics.  
Discussion: This study will be one of the first to holistically address 
early PD neurophysiological and neuromuscular patterns in an 
ecologically valid environment under cognitive-motor DT conditions of 
different complexities. The outcomes of the study aim to identify the 
biomarker for early PD either at the electrophysiological, muscular or 
kinematic level or in the communication between these systems.  
Clinical Trial Registration: ClinicalTrials.Gov, NCT05477654. This 
study was approved by the Medical Ethical Committee (106/2021).

Keywords 
Parkinson’s disease (PD), Mobile Brain/Body Imaging (MoBI), dual-
tasking, neuromuscular function, older adults
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Introduction
Parkinson’s disease (PD) is the second most common neuro-
degenerative disease after Alzheimer’s disease, affecting 2–3% 
of the population over 65 years of age worldwide1,2. This  
progressive disorder results from the depletion of dopamin-
ergic neurons in the substantia nigra pars compacta3. In the 
early stages of the disease, PD patients present mainly with  
motor symptoms such as tremor at rest, rigidity, bradyki-
nesia, postural instability, and gait disturbances, which become 
more complex in advanced stages and are accompanied by  
non-motor symptoms4. Clinically, the most striking features 
of patients with postural instability/gait disorder (PIGD) are 
postural instability with falls and freezing of gait (FOG), 
which occur mainly in advanced stages and are episodic and  
unpredictable5,6. Gait impairments in PD patients encom-
pass reduced speed and stride length, increased double limb  
support time, and stride-to-stride variability7–10.

Although PD motor symptoms dominate clinical presenta-
tions, most patients also experience cognitive and behavioral 
impairments, cognitive executive deficits, and depression11,12.  
The cognitive dysfunction observed in PD patients is prima-
rily due to dopaminergic and cholinergic dysfunction13, and is 
typically associated with impaired frontostriatal circuitry11,14,  
which impairs action planning and problem-solving14, atten-
tional set-shifting15, response inhibition16, and decision making17. 
The three nonmotor frontostriatal circuits that connect  
frontal cortical regions to subcortical regions such as the 
basal ganglia originate in the dorsolateral prefrontal cortex 
(DLPFC), anterior cingulate cortex (ACC), and orbitofrontal  
cortex (OFC)18.

A link between global cognitive dysfunction and motor symp-
toms in PIGD patients has been previously suggested18. Com-
pared to tremor-dominant patients (TD), patients with PIGD  
have greater impairments on measures of global cognition19, 
a higher frequency of mild cognitive impairment20, and an 
increased risk of developing dementia21. In their study of 783  
participants, Kelly and colleagues19 found an association 
between deficits in global cognition, executive function, memory, 
phonemic fluency, and more severe symptoms of postural  
instability/gait disturbance. While visuospatial impairments 
were associated only with more severe freezing and poorer 
memory function was associated only with greater postural 
instability, executive function deficits were associated with  
greater postural instability, more severe freezing, and gait  
impairments. Interestingly, gait characteristics of speed, vari-
ability, and postural control were also found to precede and 

predict declines in attention and visual memory22,23, as well as  
dementia in old age24.

To understand the complexity of PIGD, locomotion control 
has been studied extensively. To efficiently perform a loco-
motor task, one should be able to (i) generate proper force  
for the step, (ii) maintain postural balance, and (iii) continu-
ously adapt to environmental demands and behavioral goals25. 
To ensure optimal walking, multiple sensorimotor processes 
must be functionally integrated on several levels to maintain  
the forward propulsion of the centre of mass while maintain-
ing dynamic stability26. At the highest level, the timing of  
muscle contraction between agonists, antagonists, and synergists  
acting on both sides of the body are precisely regulated26. At 
lower levels, the behavior of motor units (MU) pattern is reg-
ulated following a size principle to ensure smooth muscle  
contractions27. However, sensorimotor processes are impaired 
in PD patients, resulting in altered motor activity patterns dur-
ing rest and locomotion26. Moreover, it has been shown that the 
simultaneous performance of cognitive and motor tasks can 
increase differences in motor performance between healthy  
individuals and PD patients26.

In daily life, balancing or walking is rarely the only task  
performed at a given moment (single task; ST). Most often, 
it is performed together with another task (dual task; DT)  
or sometimes even several other tasks as a multitasking activ-
ity, resulting in competition for limited resources which can 
degrade performance on one or all tasks28. In case of performing 
cognitive and motor tasks simultaneously, the performance  
decrements are a consequence of cognitive-motor interference 
(CMI). By comparing the performance success of both, ST 
and DT conditions, we can calculate dual-task costs (DTC)  
using the following formula: (DT performance – ST perform-
ance) / ST performance29–32. In PD patients, performing a  
cognitive serial subtraction task has been shown to impair the 
concurrently performed motor task as observed in decreased 
accuracy of force tracking33, and promote deteriorating effects on  
the motor system such as inducing tremor34. Studies of postural 
stability have shown that individuals with PD have impaired  
postural control under dual-task conditions35,36. Impaired walk-
ing in PD patients is more pronounced under cognitive-motor 
DT conditions37–42, with additional impairments observed in  
symmetry and coordination between the left and right steps43,44. 
Walking difficulties in PD patients can additionally be exacer-
bated in situations where the walking path is being restricted, 
such as narrow pathways/corridors/doorways or when walking  
between objects45. For example, Cowie and colleagues46 have 
shown that PD patients slow down at doorways to an extent 
that is inversely proportional to doorway width and that the  
frequency of freeze events increases in narrower doorways.

Another important aspect is the cognitive effort involved in 
activities of daily living, which varies according to the com-
plexity of the situation and the associated cognitive demands47.  
Regardless of complexity, cognitive processing is highly 
dependent on visual information, ranging from the simplest  
scenario, such as recognizing and responding to a red light, to a  

          Amendments from Version 1
According to the reviewer’s request, we changed the introduction 
and removed part of the methods from it, moved the Figure 1 
below and added few additional information about the protocol.
Any further responses from the reviewers can be found at 
the end of the article
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highly complex scenario involving navigating through an unfa-
miliar city on uneven surfaces while ensuring the safety of the 
accompanying infant. These situations illustrate the importance 
of visual information processing for the generation, execution,  
and adaptation of motor commands during walking48–50.

PD patients experience walking difficulties and gait distur-
bances under the ST walking condition compared to healthy  
individuals, which become further exacerbated under the DT 
condition. Despite many efforts, it remains unclear how motor  
and cognitive symptoms contribute to ST or DT walking  
difficulties29. Investigating the interaction between motor and 
cognitive symptoms not only on behavioral and but also on 
neurophysiological levels in ecologically valid settings could  
greatly enhance our understanding of the underlying mecha-
nism of ST and DT performance decline. Such investigations,  
however, have only recently been enabled by the Mobile Brain/
Body Imaging (MoBI;51–53) approach. which will be used in the 
present study to investigate time-synchronized electroencepha-
lographic (EEG) and electromyographic (EMG) recordings  
as well as body movements in  multilevel approach to under-
standing cognitive-motor interactions and their neuromuscular  
signature. The aim of the present study is to investigate the 
early PD disease-specific changes and laterality of neuronal  
rhythms during the three motor activities that demand differ-
ent levels of cognitive-motor resources, namely (1) overground  
walking (dynamic condition), (2) semi-tandem stance (standing 
static condition), and (3) sustained isometric contraction (seated 
static condition), each as motor ST but also in combination  
with certain cognitive tasks in DT conditions. This will allow 
systematic assessment and identification of motor and cognitive  
factors contributing to the symptomatology of PD patients. 

Compared with healthy participants, we hypothesize that early 
PD will have poorer ST performance on cognitive and motor  
tasks and increased DT costs on all motor activities. Further-
more, we expect that performance impairments with increased 
neural recruitment will be most pronounced in the highest  
motor complexity condition (walking in the narrow pathway)  
and even more pronounced in the corresponding DT variant  
(DT -narrow). 

Methods
Trial design
This protocol is formulated according to the SPIRIT (Stand-
ard Protocol Items: Recommendations for Interventional  
Trials) statement54. It describes a multifactorial mixed-measure  
design and encompasses three different motor activities. Spe-
cifically, the overground walking activity on a wide and a nar-
row path (ST -wide and ST -narrow) will constitute the core  
part of the study and will also be examined during a concurrent 
cognitive color discrimination task (DT -wide and DT -narrow); 
the cognitive task will additionally be examined in an ST condi-
tion for a comprehensive comparison (ST -visual). Second, pos-
tural control will be examined in the semi-tandem stance alone 
(ST -sts) and simultaneously with a cognitive task examining  
attention (DT -sts). The attention task will also be examined 
as ST in the seated position (ST -Stroop). Finally, in the seated 

position, isometric force development activity over time will 
again be examined alone (ST -is), under dual-task cognitive  
conditions while performing a series-3 subtraction task (DT -
is), with the series-3 subtraction also performed in the absence 
of the motor task (ST -sub). In each motor activity, namely 
the overground walking, semi-tandem stance, and isomet-
ric contractions, one between-subject factor Group (early PD  
vs. neurotypical older adults) and within-subject factor task 
complexity (ST vs. DT) will be considered. In addition, in 
the walking activity, the second within-subject factor walking  
difficulty (wide vs. narrow) will be implemented. This leads 
to a mixed between-within 2 (Group) x 2 (task complex-
ity) study design for the isometric and stance activities and to 
a mixed between-within 2 (Group) x 2 (task complexity) x 2  
(walking difficulty) design for walking activity. Figure 1 pro-
vides an overview of the study structure and timeline, as well 
as motor activities with ST and DT conditions embedded.  
We are aware that the direct comparison between the DT  
conditions of the three motor activities will not be possi-
ble due to the use of different cognitive tasks, yet this deci-
sion was motivated to avoid extensive learning effects and 
increasing frustration during the measurement day. A detailed  
description of the cognitive tasks and their respective stimuli  
can be found below under “Cognitive task performance”.

Ethical approval and confidentiality. The study was registered 
at IRB of Trieste University Hospital – ASUGI, Trieste, Italy 
(ASUGI protocol number: 106/2021; approved 20.12.2022)  
and on ClinicalTrials.Gov under code: NCT05477654. The writ-
ten informed consent for the patients will be obtained by a 
medical doctor (PM or MC), a movement disorder specialist,  
employed by the Neurological Clinic of Trieste University  
Hospital, while for the healthy participants the lead researcher 
will obtain it. All participant information and data will be  
stored securely and identified by a coded ID number only to  
maintain participants’ confidentiality.

Managing adverse effect. The protocol and proposed  
experiments were modified after the pilot trials to minimize 
the occurrence of factors that led to experiment termination. 
Specifically, the number of stimuli and the duration of condi-
tions were kept low enough to avoid fatigue but high enough to  
ensure adequate data quality, while the breaks between tasks/ 
conditions were made sufficiently long. If reasons such as  
fatigue will nevertheless lead to a request for an interruption,  
the investigation will be terminated. Similarly, if patients/ 
participants will experience dizziness or will experience adverse 
effects for other reasons, the examination will be terminated.  
A physician will be present to ensure physical safety. The  
experimental day is organized in three experiments, so the  
recorded data will provide valuable insights despite the  
number of experiments completed.

Eligibility criteria
Inclusion criteria for the healthy older participants will be: 
(1) no diagnosis of cognitive or movement disorder, (2) Mon-
treal Cognitive Assessment (MoCA;55) score ≥ 24 points (3)  
Short Physical Performance Battery (SPPB)56 score > 7 points 
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(4) living independently in the community, (5) age range  
between 50 and 75 years, (6) no color blindness.

Inclusion criteria for the early-stage PD patients: (1) diagnosed 
according to the last International and Movement Disor-
der Society (MDS) criteria (2015), (2) duration of the disease  
less than 5 years, (3) positive Dopamine Transporter Scan (DAT-
SCAN), (4) diagnosed akinetic-rigid or mixed phenotype, 
(5) score of 1 or maximally 2 on the Hoehn and Yahr scale57,  

(6) MoCA score ≥ 24 points, (7) SPPB score > 7 points, 
(8) age range between 50 and 75 years, (9) no color  
blindness, (10) living independently in the community.

Exclusion criteria will be (1) advanced stages of PD (Hoehn 
and Yahr score > 2 points), (2) any acute or untreated chronic 
diseases, especially of the peripheral and central nervous  
system, such as heart failure, respiratory failure, severe oste-
oarthritis, and major psychiatric illness, such as depression, 

Figure 1. Graphic depiction of each motor activity, timeline of the procedure, and randomization order. (A) Overground walking 
will start with a resting-state EEG recording with both eyes closed and opened, followed by a baseline walk, and finally randomized order of 
ST and DT conditions during overground walking on either wide or narrow lanes with/or visual discrimination task (blue and purple light). 
(B) Next, the semi-tandem stance will be performed, again using randomization of the ST and DT conditions across participants, while the 
30-second segments within each condition will be kept at fixed order. (C) Lastly, during the isometric knee contraction the order of the 
leg blocks and ST-sub will be randomized, while during each leg block, the ST will always be performed before the DT. Duration of each 
recording is denoted below the time axis. For a detailed explanation refer to the main text. Abbreviations: ST – single task, DT – dual task, 
sts – Semi-tandem stance, sub – subtraction or mental arithmetic task.
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(3) MoCA score < 24 points, (4) severe disabling tremor, 
(5) recurrent falls, (6) impaired vision that is not corrected  
with e.g., glasses, (7) SPPB score ≤ 7 points.

Outcome measures
This protocol focuses on the behavioral, cognitive, motor,  
and/or kinematic outcomes as well as neurophysiological mark-
ers associated with CMI during dual-tasking in healthy aged  
individuals and early PD patients. The accompanying informa-
tion regarding the participants’ demographics and general health 
will be treated as a secondary outcome and used to control  
for the confounds.

Primary outcomes. The primary outcomes suggested by this 
protocol will be the DT effects associated with the concurrent 
execution of overground walking/semi-tandem stance/isometric  
contraction and a respective secondary cognitive task. The 
motor task parameters, e.g., the gait parameters using full-
body kinematics (step length and width, stride time variabil-
ity, walking speed), the center of pressure (COP) displacement  
for the static stance, and deviation of the required force devel-
opment over time for the isometric contractions, will be 
investigated in the ST and DT conditions. Additionally, each  
cognitive task performance will be recorded in the ST condi-
tion to allow for the investigation of the DT effect on the cogni-
tive level too. The cognitive ST condition will be performed in 
a seated position for all cognitive tasks (visual discrimination  
task, counting of Stroop stimuli, serial-3 subtraction; for  
description see below). High-density surface electromyography  
(HD-EMG) and high-density electroencephalography (HD-EEG)  
will be recorded in all motor activities in both ST and DT con-
ditions. In the overground walking experiment, the DT condi-
tion will be created using a visual discrimination task, in the  
semi-tandem stance experiment the cognitive secondary task 
will be counting the occurrences of specific visual Stroop stim-
uli, and finally, in the isometric contraction experiment, the  
secondary task will encompass mental arithmetic. All tasks 
include aspects of executive functions. However, to avoid learn-
ing effects the task-set up was conducted differently between  
all conditions. Below are detailed descriptions of the cognitive  
and motor tasks. 

Cognitive task performance:

•    �Contra- vs. Ipsi-Lateral Visual Discrimination Task 
performance in walking activity: The outcome meas-
ures for a visual discrimination task will be response  
accuracy and response time. The implementation of 
such a task will allow for the recording of the event-
related potentials as well as continuous brain activity.  
Stimuli of the cognitive task used in the ST and 
DT walking experiment will vary according to the  
presentation side (left vs. right), spectral properties 
(magenta vs. cyan), and presentation-response lateral-
ity (ipsi- vs. contra-lateral). DT costs and the associated  
neural underpinnings will be assessed in the cognitive  
task as well as in gait parameters.

•    �Silent counting of specific Stroop stimulus occurrences 
in the semi-tandem stance activity: Computerized Stroop 

task words “Blue” and “Red” will be presented one  
at a time in either blue or red ink color. Presenting stim-
uli at a rate of 1/s, participants will have to count the 
number of specific occurrences, e.g., “Blue” in blue  
ink, from the four possible options across 30-second inter-
vals. This will be repeated three times, each time focus-
ing on and counting a different color combination of  
stimuli.

•    �Mental arithmetic: Sequential subtracting is typically 
used as a screening procedure to assess attention/work-
ing memory functions. In our study, participants will  
be asked to quietly perform serial-3 subtraction from a  
random 3-digit number and verbally indicate the result-
ing number after a 30-second interval. This will be  
performed 3 times. The resulting number will be noted  
and will serve as an indirect measure of success.  
Standardization and adult norms are available58.

Motor performance:

•    �For the walking experiment, the full-body kinematics 
will be captured using 17 inertial Shadow Motion sen-
sors (Motion Workshop, Seattle, WA, USA). To ensure  
higher precision of body position and alignment cor-
rection in space, an additional infra-red based tracker 
(VivePro, HTC, Taoyuan, TW) surrounded by three base  
stations will be used. The following gait parameters 
will be extracted from the feet sensors: walking speed, 
step length, step width, double support time, and step-
to-step variability. The arm swing and hip rotation  
information will be extracted using the arm and torso  
sensors. 

•    �Second, postural control will be measured with a force 
plate (AMTI HE600600-2 k, Advanced Mechanical Tech-
nology, Inc., Watertown, MA, USA). The COP displace-
ment in antero-posterior and medio-lateral directions  
will be calculated in cm.

•    �Lastly in the sitting activity of isometric knee extension, 
the ST and DT performance will be investigated using 
the isometric dynamometer (Wise Technologies Ltd.,  
Ljubljana, Slovenia) Muscle activity:

EMG activity will be recorded using two wireless 32-channel 
probes (MUOVI, OT Bioelettronica S.r.l., Torino, Italy). For 
walking and semi-tandem stance, 8 x 4 matrix electrodes  
(10 mm interelectrode distance, HD10MM0804, OT Bioelet-
tronica S.r.l., Torino, Italy) will be attached to bilateral tibia-
lis anterior muscles. For the force tracking task, the electrodes  
will be attached to the bilateral vastus lateralis muscles. The 
electrodes and probes will be taped on the skin to minimize  
motion artifacts.

HD-EMG signals collected during walking and semi-tandem 
stance will be analyzed in the time and frequency domain 
using HD-EMG amplitude envelopes techniques to calculate  
entropy, HD-EMG amplitude barycenter, and spatial differ-
ences in HD-EMG signals. HD-EMG signals collected during 
the isometric force tracking will be decomposed in contributions  
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of single MUs using blind source separation methods59 to  
study individual motor unit firing patterns and early assessment  
of tremor.

Brain activity
EEG activity will be recorded using a mobile 128-electrode 
wireless system (CGX, Cognionics Inc., San Diego, USA). 
The electrodes will be mounted onto an elastic cap (easyCAP)  
and positioned according to the standard 5–10 system60. 
Before recording brain activity during the three motor activi-
ties, the continuous resting-state EEG will be recorded at  
baseline while sitting; for 3 min with both eyes open and 
eyes closed. After this, the brain activity will be continu-
ously recorded during ST and DT conditions in the overground  
walking, during postural semi-tandem stance, and finally for 
the static isometric knee extensions. The investigated event-
related markers associated with visual processing in the  
visual discrimination task during walking activity and atten-
tional task during the semi-tandem stance will be the visual 
P1, N1, and P2 components over the occipital cortex, and the 
P3 component over the parietal cortex assessed in both ST  
and DT conditions. The EEG data during all motor and 
motor-cognitive tasks will be analyzed by the means of  
time–frequency spectral analysis. For the first time, the gait-
phase spectral modulation61 will be assessed during overground 
walking in PD, to allow for investigation of the movement- 
related beta band hypersynchrony which is the disease 
characteristic62. The communication between the brain 
and muscles (i.e., cortico-muscular connectivity) will be  
assessed by EEG-EMG coherence analysis.

Secondary outcomes. The secondary measures will be col-
lected to assess the eligibility criteria and the general health 
status of cognitive and motor function. These measures will  
also be used to control for the covarying factors.

Demographic questionnaires will collect data on partici-
pants’ age, sex, ethnicity, body mass and height, leg length, 
and socio-educational status. Also, their handedness in 10  
everyday situations will be asked.

The general health questionnaire will include PD-specific 
anamnestic questions for the PD patients, while in all par-
ticipants we will scan for comorbidities, history and ongoing  
lower limb injuries/surgeries, presence of acute pains, sleep-
ing hours of the last night, and coffee/energy drink intake on  
the measurement day. 

The Short Falls-Efficacy-Scale-International (SFES-I;63–65) is 
a 7-item questionnaire used to assess the fear of falling asso-
ciated with the execution of easy and complex physical and  
social activities. A translated Italian version is available and 
we will provide a translation for the Slovenian-speaking  
subsample.

The Short Physical Performance Battery (SPPB;56) will 
assess lower extremity function in the elderly and consists 
of three sections. First, the ability to perform a Romberg,  
semi-tandem, and tandem stance. Second, the time of walking 

a 4-meter track at a comfortable speed is measured. Third, 
participants must perform 5 sit-to-stand transfers as fast as  
possible, and time-to-completion is measured. Total SPPB 
score ranges from 0 (low mobility) to 12 (high mobility; up  
to 4 points per section) and takes up to 10 min to complete.

The New Freezing of gait questionnaire (N-FOG;66) is a  
9-item self-reported questionnaire measuring the freezing 
of gait and walking abilities in PD patients through various  
scenarios, and the impact of gait freezing on daily activities.

The Falls History Questionnaire (FHS) assesses the falls 
incidence, location, and consequence in the previous 12 
months and is based on the recommendation of the Lamb and  
colleagues67 and Lord and colleagues68.

The Movement Disorder Society Unified Parkinson’s Disease 
Rating Scale (MDS-UPDRS;69) is a comprehensive assessment  
of various aspects of PD including motor and non-motor expe-
rience of daily living and the related complications. The  
evaluation characterizes the extent and burden of the disease.

The Montreal Cognitive Assessment (MoCA;55) is a one-
page 30-item test developed for screening for mild cognitive 
impairment. It involves items to assess a range of cognitive  
domains, including executive functions, visuospatial abili-
ties, language, attention, working memory, abstraction, and ori-
entation to time and place. The duration of the assessment is  
about 10 min. The validated Italian70 and Slovenian versions  
are available71.

The Trail Making Test (TMT;72) is a measure of psychomo-
tor speed and attentional set-shifting. It requires the sub-
ject to connect 25 encircled numbers randomly arranged on a  
page in increasing order (Part A), and 25 encircled num-
bers and letters in alternating and increasing order (Part 
B) using a pen. Both part A and part B include practice  
exercises. About 5 to 10 minutes are needed for test admin-
istration. The outcome measure of the TMT is the time of  
completion.

The Brief Mood Introspection Scale (BMIS;73) is comprised 
of 16 emotional/mood adjective or phrase items relating to 
the present moment and a participant is required to respond 
using a 4-point Likert scale ranging from definitely do not  
feel to definitely feel.

The Beck’s Depression Inventory (BDI;74) consists of 21 items 
of depressive symptoms experienced over the past week. 
Each symptom is described in 4 increasing intensities, and a  
participant must decide which one best describes their state. 
Zero to maximum of 3 points are given per item proportionally  
to the chosen intensity.

The Dual-Task Strategy Assessment is a modified version of 
the tool used by Wollesen and colleagues75 and consists of 
6 closed-type questions/statements regarding the employed  
strategy and allocation of one’s attention during DT  
performance.
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The NASA Total Load Index (NASA-TLX;76) is a tool assessing 
subjective workload across 6 subscales: mental, physical, 
and temporal demand, as well as performance, effort, and  
frustration. The participant marks the degree of workload 
on a visual scale, ranging between 1 – 21. The overall score 
is calculated as a sum or average of the 6 subscales and the  
questionnaire is applied after each randomized condition in  
the overground walking activity.

Recruitment process
PD patients will be recruited at the Neurological Clinic of 
Trieste University Hospital, while the research will be con-
ducted at the ASUGI Physiotherapy Gym of the Trieste  
University. During a regular visit to the Movement Disorders 
outpatient clinic, the potentially suitable candidates will be 
invited to participate and will have the study design, protocol  
as well as all procedures and treatment of clinical data fully 
explained, as for standard institutional practice. The con-
trol group of neurotypical older adults will be recruited via 
the Daily Activities Center Koper, a database of previously  
enrolled subjects in the experiments of the Institute of Kine-
siology, Science and Research Centre Koper, and via a word 
of mouth. The initial telephone screening in healthy adults  
(demographic and general health screening) will be performed 
to identify the potential participants. The enrolled patients 
and healthy adults will undergo a comprehensive screening  
session including motor and neurocognitive assessment (Meas-
urement Day 1 - M1). Having passed the inclusion/exclusion 
criteria confirmed on the M1, they will finally be invited  
to participate in Measurement Day 2 (M2). Participants will 
not be compensated for collaborating in the respective study in  
any way.

Procedure, tasks, and stimuli
The study proposed by this protocol will consist of 2 measure-
ment days per participant. Following the recruitment and sign-
ing of the informed consent, the participants’ characteristics  

will be collected, and the questionnaires and tests listed  
under the Secondary outcomes section performed (except for 
the Dual-Task Strategy Assessment and NASA-TLX). The M1  
will last approximately 1–1.5 hours. After the completion of  
the first measurement day, the fulfillment of inclusion/exclusion 
criteria will be carefully inspected, and the fitting participants  
will be invited for the M2. These participants will be shown 
a recording of the M2 setting embedded within the actual  
environment with a fully equipped volunteer performing a DT  
walking condition. The recording will serve to familiar-
ize the participants with the setting and address the potential 
anxiety of encountering new situations in a highly control-
led environment. This will also be the opportunity to respond  
to participants’ questions and concerns.

The M2 will begin with the participant preparation; fixing 
EEG, HD-EMG, and full-body kinematic sensors on the par-
ticipant. The order of motor activities, namely the overground  
walking, semi-tandem stance, and isometric force develop-
ment, will remain fixed for all participants (see Figure 1). The 
measurement day 2 will last approximately 5 hours. Below 
we specify the procedure of each motor activity and the  
associated cognitive tasks in more detail.

Overground walking. After the resting state EEG recording 
(3 min with eyes closed and 3 min with eyes open), the base-
line gait performance will be assessed by participants walking  
at self-selected speed but without carrying the response con-
trollers in their hands along the 80 cm wide and 8m long 
lane for 3 minutes (excluding turn time). Then, the order of  
the ST and DT conditions will be randomized using a bal-
anced Latin square formula for the 5 conditions, namely the 
ST-wide, DT-wide, ST-narrow, DT-narrow, and ST-visual condi-
tions. In the visual discrimination task, the stimulus-response  
combinations will either share the side or not – ipsilateral 
or contralateral stimulus-response combinations, respec-
tively (see Table 1). A practice session will be conducted prior 

Table 1. Stimuli number of the cognitive visual discrimination task separated by motor 
task condition, hemifield presentation side, cognitive task modality, visual modality-
specific properties, and presentation-response compatibility (in yellow).

COGNITIVE TASK: 
Visual discrimination

MOTOR TASK: Presentation side: Magenta Cyan ∑

ST-visual (Sitting) Left 30 30 60

Right 30 30 60

DT-wide (Walking) Left 60 60 120

Right 60 60 120

DT-narrow (Walking) Left 60 60 120

Right 60 60 120
∑ 300 300 600

Correct response is contra-lateral Ipsilateral to the presentation side
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to each condition to ensure task comprehension and pacing  
familiarization.

The ST-visual condition will be performed in the seated 
position in the middle of the walking lane while wearing  
response devices - VIVE pro controllers. In addition, partici-
pants will carry a custom-made spectacle frame with attached 
LED light on each end covering the periphery of the visual  
field, which will serve to provide visual stimulation. A total 
of 240 stimuli (120 magenta and 120 cyan) will be presented 
on either the left or right spectacle side (50–50%; see Table 1  
for stimuli characteristics). The interstimulus intervals will 
vary between 400–800 ms, and a response window will be 
limited to 900 ms after the stimulus presentation and indi-
cated by pressing the button on the left- or right-hand held  
controller. The trial duration will vary between 1.4 to 1.8 s. 
Should no response be given within the predetermined  
response window, the next trial will start after 900 ms.

ST-wide and ST-narrow walking multimodal data will be col-
lected while participants walk at self-selected speed in the wide 
(80 cm) and narrow (40 cm;77) lane of 8 m length, respectively.  
The entire walking distance excluding the turn path will 
amount to 384 m (approximately 420 m including the turn 
path). Passing the end of the lane, a turn will follow, and a  
new gait pass will start upon re-entering the lane. Partici-
pants will be carrying response devices (VIVE pro control-
lers) although they will not be used in these two conditions. The  
estimated time for each condition is 7-8.5 minutes with turn  
times included.

In both DT-wide and DT-narrow walking conditions, the tim-
ing for visual stimuli presentation and responses will be the 
same as in the ST-visual condition. However, at the same time,  
participants will be walking along either a wide or nar-
row lane (described above) and upon reaching the end of the  
lane will be required to make a turn and re-enter the lane. 
The walking time of 7-8.5 minutes is estimated per condi-
tion (including the turn time). Per one lane length, 5 stimuli  
will be presented. The condition will end as soon as a par-
ticipant walked 420 m (including the turn path) and 240 stimuli  
were presented.

Between each condition, a 2-min rest will be assured, dur-
ing which NASA-TLX will be applied and participants 
will be asked to refer to the past condition. At the end of 
the 5 conditions of the walking activity, also the dual-task  
strategy assessment will be asked.

Semi-tandem stance. Next, in semi-tandem postural experi-
ment participants will perform three 30-second repetitions 
of semi-tandem stance for the ST-sts motor condition. This  
will be repeated in the DT-sts condition while simultane-
ously counting the occurrences of specific Stroop stimuli, and 
in the seated position for the ST-Stroop condition. The order  
of the ST and DT conditions will be counterbalanced across 
participants, however, the three 30-second repetitions of a  
certain condition will follow in succession in a fixed order.

Participants will be standing on a force plate (AMTI HE600600-
2 k, Advanced Mechanical Technology, Inc., Watertown, MA,  
USA) in a semi-tandem position with their preferred (but 
always the same) foot in front and with their hands fixed 
on their hips. Over the 30-second runs in both ST-sts and  
DT-sts conditions, an average COP sway length (in cm) will 
be taken as an outcome measure. In DT-sts and ST-Stroop 
conditions the outcome measure will (also) be the reported  
number of the required observed Stroop-stimuli. In each of 
the three 30 sec repetitions, different combinations of Stroop 
stimuli will have to be attended, (e.g. “Blue” in blue ink,  
“Red” in red ink, and “Blue” in red ink). We choose silent 
counting of the Stroop-stimuli occurrences over loud to reduce 
the talking-related EEG artifacts. To motivate the participants  
into performing the cognitive task, they are required to 
report the result at the end of each 30-second trial. Dur-
ing the ST-sts condition, participants will be asked to direct 
their gaze to a fixation cross presented on the screen at the  
level of their eyes. 

Isometric knee extension. Finally, for the trapezoidal isomet-
ric force tracking participants will undergo two 32-second 
force tracking sessions of knee extension (6 s rising  
phase, 20 s sustained phase, 6 s decline phase) per both 
right and left lower limbs in the ST-is motor condition. The  
participants will be sitting in a knee extension dynamom-
eter (Wise technologies, Ljubljana, Slovenia) equipped with a  
force sensor and they will be instructed to actively con-
tract their knee extensors to produce force up to 30% of  
their maximum voluntary contraction (MVC). The force track-
ing task will be repeated while concurrently performing the  
secondary serial-3 subtraction task quietly during the DT-
is condition for both right and left lower limbs. The serial 
3-subtraction task will also be quietly performed in an 
ST-sub condition for 32 seconds. Each time, a random  
3-digit number between 300 and 500 will be selected as a start-
ing point and at the end of the 32 second period, participants 
will be asked to report the number they had reached. The  
order of the right and left limbs and the ST-sub will be 
counterbalanced across the participants, while they will 
always perform the ST-is before the DT-is with a respective  
lower limb. The task will consist of 2 rounds of described  
conditions. 

Randomization sequence. The randomization sequence will 
be created via the online balanced Latin square tool separately  
for each experiment.

Data streaming and management
All data collected through paper-pencil tests and question-
naires will be digitized for further processing. Functional test-
ing will be controlled through Unity3D (Unity Technologies,  
San Francisco, USA), which will also assign basic demo-
graphic data to each participant’s measurement data. All func-
tional measurements will be streamed and synchronized  
with the Lab Streaming Layer (Swartz Center for Computa-
tional Neuroscience, UCSD, USA). The synchronized data 
streams will comprise gait analysis (Motion Workshop, Seattle,  
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WA, USA and VivePro, HTC, Taoyuan, TW), EEG (CGX, 
Cognionics Inc., San Diego, USA), and HD-EMG (OT 
Bioelettronica S.r.l., Torino, Italy) recordings, and secondary 
task performance (VivePro, HTC, Taoyuan, TW & Raspberry 
Pi, Raspberry Pi Foundation, Cambridge, UK). Day-to-day 
management of the study, including data management, will 
be coordinated by the principal investigator of the study. All 
data collected will be fully anonymized. Each participant  
will be assigned a unique study identification number. Access 
to the data will be restricted to TwinBrain researchers and staff, 
in possession of authorization rights. Directly identifiable data  
(e.g., name, address, phone number) are kept secure and  
separate from other study data. Data procedures will be in  
accordance with the General Data Protection Regulation  
(GDPR). In accordance with the Ethics Committee commit-
ment, we will obtain informed consent from participants to share  
their anonymous data with other researchers. Data manage-
ment will be regularly reviewed by an internal data monitoring  
committee composed of data experts, engineers, psychologists,  
and movement disorder physicians.

Statistical analysis and power calculation
Descriptive data will be presented as means (M) and stand-
ard deviations (SD). The homogeneity of variances and nor-
mality of distribution of parameters will be tested with  
Levene’s test and Shapiro-Wilk test, respectively. Using uni-
variate analyses of variances (ANOVA), the between-subject 
factor grouping the sample will be PD (early PD vs. no PD), 
while the within-subject factors will be the task complexity  
(ST vs. DT) in each motor activity, i.e., the overground walk-
ing, semi-tandem stance, and isometric force knee exten-
sion, as well as the walking condition (wide vs. narrow) for  
the overground walking only. Significance will be set at 
alpha = 0.05. The effect size will be presented as the unbi-
ased adjusted partial eta squared78. All post-hoc comparisons  
will control for multiple comparisons (e.g., Bonferroni). Sta-
tistical analyses will be done using SPSS (IBM, SPSS Inc,  
Chicago, IL, United States) or R (R Core Team, 2013).

Sample size estimation calculated using g*Power software 
(a priori: F-tests; ANOVA: repeated measures, within-between 
interaction; effect size f = 0.2; alpha error probability = 0.05;  
power (1-beta error probability) = 0.8; number of groups = 2; 
number of measurements = 3) revealed a total of N = 42 sub-
jects, half of who will be healthy older adults, and the other  
half will belong to early PD patient population.

Discussion
Recent advances in neuroimaging, wearables and wireless tech-
nologies offer a range of opportunities to better understand 
human behavior and link it to cortical and muscular activation  
patterns. MoBI enables the investigation of brain and mus-
cle dynamics in conjunction with biomechanical parameters 
and secondary sensorimotor processes. The lack of scientific  
evidence in clinical populations has prompted us to conduct 
the present study with early-diagnosed PD patients. There-
fore, the aim of this study is to investigate the differences in 
functional static and dynamic performance between healthy  

and age-matched early-PD populations. The effect of inter-
est will be investigated through DT effects and associated 
neuromuscular underpinnings. Specifically, using the MoBI 
approach, EEG, HD-EMG, and whole-body kinematics will  
be recorded under various ST and DT conditions to uncover 
the underlying mechanisms of force production, balance, 
and gait control in early-diagnosed PD patients. The under-
lying processes of interaction between motor and cognitive  
tasks will be identified at behavioral and neurophysiologi-
cal levels under conditions of varying complexity. The gen-
eral hypothesis is that there are performance differences and 
corresponding neuromuscular correlates between subgroups, 
with the highest neuromuscular compensations occurring in 
the PD group. We hypothesize that the performance differ-
ences are related to the different motor-cognitive processes such  
as stimulus input, resource allocation, and movement execu-
tion. Our goal is to find a neuromuscular biomarker that dis-
tinguishes the two populations and thus reflects an early onset  
of neuromuscular deficit in PD.

We anticipate several challenges in conducting this study. 
First, recruitment of early-stage PD will be a relatively 
lengthy process because of the limited number of such  
patients in the Trieste region (Italy). Second, the complex-
ity of the test blocks is planned in such a way that subjects 
will have enough breaks and will be able to rest between  
trials. However, the long protocol (about 5 hours) will require 
careful preparation and handling with constant medical moni-
toring. We will try to maintain motivation throughout the  
measurement and avoid fatigue by taking multiple breaks.  
Finally, in our sample of early PD, we do not expect the  
occurrence of FOG during our measurements. A hypothetical  
explanation for the occurrence of FOG is that the narrow-
ness of the corridor causes an increase in optic flow, as the 
visual image of near objects moves faster on the retina than  
that of more distant objects79. Thus, visual and vestibu-
lar signals provide conflicting information to the brain in 
such situations. In our case, participants will be walking in a  
wide and narrow lane that gives the impression of a narrower  
path but does not enforce the narrow space/corridor.

In summary, the current study employs a state-of-the-art meth-
odology to assess neuromuscular outcomes that aim to elu-
cidate important underlying mechanisms of neural control of  
movement during dual motor-cognitive tasks in healthy older 
adults and in patients with early-diagnosed PD. Thus, we  
aim to uncover an early biomarker of movement (in)efficiency.

Dissemination
The communication about the running, upcoming or past 
activities for the general and specific public are regu-
larly uploaded to the webpage of the TwinBrain project  
(www.twinbrain.si). In addition, the webpage and social 
media contain links to all media press, podcast series, and  
newsletters which are intended to reach a wide audience.

The scientific output of the study will primarily target 
researchers and medical doctors. The output of the proposed 
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protocol will produce at least three scientific papers, which 
will be submitted to peer-review scientific journals. In addi-
tion, the results of the clinical trial will be disseminated at con-
tent-related conferences, seminars, and congresses, such as the 
International Congress of Parkinson’s Disease and Movement  
Disorders and the Mobile Brain/Body Imaging Conference. 

The website will also be used for the long-term sustainabil-
ity of the dissemination which will continue to communicate 
research findings and ongoing updates, and partnering with  
relevant organizations to continue research and dissemination 
efforts.

Study status
The protocol has been tested on 5 pilot healthy young sub-
jects, intended to detect potential issues with the soft-
ware and recorded data. Upon resolving all the issues, three  
healthy older adults underwent the protocol to assess subjec-
tive fatiguing effects in the target age group and to identify 
the strategies to ameliorate the fatigue. Currently, 6 subjects  
had been tested, of which 4 belonged to the health group and  
2 were PD patients.

Ethics and consent
The study will be conducted in accordance with the ethi-
cal standards of the 1964 Declaration of Helsinki and the  
guidelines of Good Clinical Practice. IRB of Trieste Univer-
sity Hospital – ASUGI, Trieste, Italy approved this study pro-
tocol (ASUGI protocol number: 106/2021). The study was  
registered on ClinicalTrials.Gov under code: NCT05477654. 

The informed consent for each study participant will be  
obtained by a medical doctor (MC or PM), a movement dis-
order specialist, employed by the Neurological Clinic Trieste. 
All participant information and data will be stored securely  
and identified by a coded ID number only to maintain  
participants’ confidentiality.
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No underlying data are associated with this article.

Extended data
Zenodo: Demographic and General Health Questionnaire.  
https://doi.org/10.5281/zenodo.776822880
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Authors’ contributions
UM, KG, CM, and PM conceived of the study and are  
grant holders. UM with help of MP, MMŠ, and MK drafted 
the manuscript. BW supervised and validated the DT settings  
All authors contributed to the refinement of the study protocol  
and approved the final manuscript.

Acknowledgements
We thank Benjamin Paulisch for programming the experimen-
tal paradigm and building the customized hardware as well  
as being a great support in the background.

References

1. 	 Poewe W, Seppi K, Tanner CM, et al.: Parkinson disease. Nat Rev Dis Primers. 
2017; 3(1): 17013.  
PubMed Abstract | Publisher Full Text 

2. 	 Tysnes OB, Storstein A: Epidemiology of Parkinson’s disease. J Neural Transm 
(Vienna). 2017; 124(8): 901–905.  
PubMed Abstract | Publisher Full Text 

3. 	 Gibb WR, Lees AJ: The relevance of the Lewy body to the pathogenesis of 
idiopathic Parkinson’s disease. J Neurol Neurosurg Psychiatry. 1988; 51(6): 
745–52.  
PubMed Abstract | Publisher Full Text | Free Full Text 

4. 	 Jankovic J: Parkinson’s disease: clinical features and diagnosis. J Neurol 
Neurosurg Psychiatry. 2008; 79(4): 368–76.  
PubMed Abstract | Publisher Full Text 

5. 	 Bloem BR, Hausdorff JM, Visser JE, et al.: Falls and freezing of gait in 
Parkinson’s disease: a review of two interconnected, episodic phenomena. 
Mov Disord. 2004; 19(8): 871–84.  
PubMed Abstract | Publisher Full Text 

6. 	 Müller MLTM, Marusic U, van Emde Boas M, et al.: Treatment options for 
postural instability and gait difficulties in Parkinson’s disease. Expert Rev 
Neurother. 2019; 19(12): 1229–1251.  
PubMed Abstract | Publisher Full Text 

7. 	 Blin O, Ferrandez AM, Serratrice G: Quantitative analysis of gait in Parkinson 
patients: increased variability of stride length. J Neurol Sci. 1990; 98(1): 91–7. 
PubMed Abstract | Publisher Full Text 

8. 	 Hausdorff JM, Cudkowicz ME, Firtion R, et al.: Gait variability and basal 
ganglia disorders: stride-to-stride variations of gait cycle timing in 
Parkinson’s disease and Huntington’s disease. Mov Disord. 1998; 13(3): 
428–37.  
PubMed Abstract | Publisher Full Text 

9. 	 Morris ME, Iansek R, Matyas TA, et al.: The pathogenesis of gait hypokinesia 
in Parkinson’s disease. Brain. 1994; 117(Pt 5): 1169–81.  
PubMed Abstract | Publisher Full Text 

10. 	 O'Sullivan JD, Said CM, Dillon LC, et al.: Gait analysis in patients with 
Parkinson’s disease and motor fluctuations: influence of levodopa and 
comparison with other measures of motor function. Mov Disord. 1998; 13(6): 
900–6.  
PubMed Abstract | Publisher Full Text 

11. 	 Zgaljardic DJ, Borod JC, Foldi NS, et al.: An Examination of Executive 
Dysfunction Associated with Frontostriatal Circuitry in Parkinson’s 
Disease. J Clin Exp Neuropsychol. 2006; 28(7): 1127–44.  
PubMed Abstract | Publisher Full Text | Free Full Text 

12. 	 Chaudhuri KR, Odin P, Antonini A, et al.: Parkinson’s disease: the non-motor 
issues. Parkinsonism Relat Disord. 2011; 17(10): 717–23.  
PubMed Abstract | Publisher Full Text 

13. 	 Mollenhauer B, Rochester L, Chen-Plotkin A, et al.: What Can Biomarkers Tell 
Us About Cognition in Parkinson’s Disease? Mov Disord. 2014; 29(5): 622–33. 
PubMed Abstract | Publisher Full Text | Free Full Text 

14. 	 Owen AM, James M, Leigh PN, et al.: Fronto-striatal cognitive deficits at 
different stages of Parkinson’s disease. Brain. 1992; 115(Pt 6): 1727–51. 
PubMed Abstract | Publisher Full Text 

15. 	 Cools R, Barker RA, Sahakian BJ, et al.: Enhanced or impaired cognitive 
function in Parkinson’s disease as a function of dopaminergic medication 
and task demands. Cereb Cortex. 2001; 11(12): 1136–43.  
PubMed Abstract | Publisher Full Text 

16. 	 Bokura H, Yamaguchi S, Kobayashi S: Event-related potentials for response 
inhibition in Parkinson’s disease. Neuropsychologia. 2005; 43(6): 967–75. 
PubMed Abstract | Publisher Full Text 

17. 	 Cools R, Barker RA, Sahakian BJ, et al.: L-Dopa medication remediates 

Page 12 of 20

Open Research Europe 2023, 3:58 Last updated: 08 SEP 2023

https://doi.org/10.5281/zenodo.7768228
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://www.ncbi.nlm.nih.gov/pubmed/28332488
http://dx.doi.org/10.1038/nrdp.2017.13
http://www.ncbi.nlm.nih.gov/pubmed/28150045
http://dx.doi.org/10.1007/s00702-017-1686-y
http://www.ncbi.nlm.nih.gov/pubmed/2841426
http://dx.doi.org/10.1136/jnnp.51.6.745
http://www.ncbi.nlm.nih.gov/pmc/articles/1033142
http://www.ncbi.nlm.nih.gov/pubmed/18344392
http://dx.doi.org/10.1136/jnnp.2007.131045
http://www.ncbi.nlm.nih.gov/pubmed/15300651
http://dx.doi.org/10.1002/mds.20115
http://www.ncbi.nlm.nih.gov/pubmed/31418599
http://dx.doi.org/10.1080/14737175.2019.1656067
http://www.ncbi.nlm.nih.gov/pubmed/2230833
http://dx.doi.org/10.1016/0022-510x(90)90184-o
http://www.ncbi.nlm.nih.gov/pubmed/9613733
http://dx.doi.org/10.1002/mds.870130310
http://www.ncbi.nlm.nih.gov/pubmed/7953597
http://dx.doi.org/10.1093/brain/117.5.1169
http://www.ncbi.nlm.nih.gov/pubmed/9827613
http://dx.doi.org/10.1002/mds.870130607
http://www.ncbi.nlm.nih.gov/pubmed/16840240
http://dx.doi.org/10.1080/13803390500246910
http://www.ncbi.nlm.nih.gov/pmc/articles/4456005
http://www.ncbi.nlm.nih.gov/pubmed/21741874
http://dx.doi.org/10.1016/j.parkreldis.2011.02.018
http://www.ncbi.nlm.nih.gov/pubmed/24757111
http://dx.doi.org/10.1002/mds.25846
http://www.ncbi.nlm.nih.gov/pmc/articles/4384332
http://www.ncbi.nlm.nih.gov/pubmed/1486458
http://dx.doi.org/10.1093/brain/115.6.1727
http://www.ncbi.nlm.nih.gov/pubmed/11709484
http://dx.doi.org/10.1093/cercor/11.12.1136
http://www.ncbi.nlm.nih.gov/pubmed/15716167
http://dx.doi.org/10.1016/j.neuropsychologia.2004.08.010


cued gait in people with Parkinson’s disease? Aust J Physiother. 2005; 51(3): 
175–80.  
PubMed Abstract | Publisher Full Text 

39. 	 Lord S, Rochester L, Hetherington V, et al.: Executive dysfunction and 
attention contribute to gait interference in ‘off’ state Parkinson’s Disease. 
Gait Posture. 2010; 31(2): 169–74.  
PubMed Abstract | Publisher Full Text 

40. 	 O’Shea S, Morris ME, Iansek R: Dual Task Interference During Gait in People 
With Parkinson Disease: Effects of Motor Versus Cognitive Secondary 
Tasks. Phys Ther. 2002; 82(9): 888–97.  
PubMed Abstract | Publisher Full Text 

41. 	 Plotnik M, Dagan Y, Gurevich T, et al.: Effects of cognitive function on gait 
and dual tasking abilities in patients with Parkinson’s disease suffering 
from motor response fluctuations. Exp Brain Res. 2011; 208(2): 169–79. 
PubMed Abstract | Publisher Full Text 

42. 	 Rochester L, Hetherington V, Jones D, et al.: Attending to the task: 
interference effects of functional tasks on walking in Parkinson’s disease 
and the roles of cognition, depression, fatigue, and balance. Arch Phys Med 
Rehabil. 2004; 85(10): 1578–85.  
PubMed Abstract | Publisher Full Text 

43. 	 Plotnik M, Giladi N, Hausdorff JM: Bilateral coordination of gait and 
Parkinson’s disease: the effects of dual tasking. J Neurol Neurosurg Psychiatry. 
2009; 80(3): 347–50.  
PubMed Abstract | Publisher Full Text 

44. 	 Yogev G, Plotnik M, Peretz C, et al.: Gait asymmetry in patients with 
Parkinson’s disease and elderly fallers: when does the bilateral 
coordination of gait require attention? Exp Brain Res. 2006; 177(3): 336–46. 
PubMed Abstract | Publisher Full Text 

45. 	 Rahman S, Griffin HJ, Quinn NP, et al.: The factors that induce or overcome 
freezing of gait in Parkinson’s disease. Behav Neurol. 2008; 19(3): 127–36. 
PubMed Abstract | Publisher Full Text | Free Full Text 

46. 	 Cowie D, Limousin P, Peters A, et al.: Doorway-provoked freezing of gait in 
Parkinson’s disease. Mov Disord. 2012; 27(4): 492–9.  
PubMed Abstract | Publisher Full Text 

47. 	 Colcombe S, Kramer AF: Fitness effects on the cognitive function of older 
adults: A meta-analytic study. Psychol Sci. 2003; 14(2): 125–30.  
PubMed Abstract | Publisher Full Text 

48. 	 Logan D, Kiemel T, Dominici N, et al.: The many roles of vision during 
walking. Exp Brain Res. 2010; 206(3): 337–50.  
PubMed Abstract | Publisher Full Text 

49. 	 Mahoney JR, Verghese J: Visual-Somatosensory Integration and Quantitative 
Gait Performance in Aging. Front Aging Neurosci. 2018; 10: 377.  
PubMed Abstract | Publisher Full Text | Free Full Text 

50. 	 Rosano C, Studenski SA, Aizenstein HJ, et al.: Slower gait, slower information 
processing and smaller prefrontal area in older adults. Age Ageing. 2012; 
41(1): 58–64.  
PubMed Abstract | Publisher Full Text | Free Full Text 

51. 	 Gramann K, Gwin JT, Ferris DP, et al.: Cognition in action: Imaging brain/body 
dynamics in mobile humans. Rev Neurosci. 2011; 22(6): 593–608.  
PubMed Abstract | Publisher Full Text 

52. 	 Gramann K, Ferris DP, Gwin J, et al.: Imaging natural cognition in action. Int J 
Psychophysiol. 2014; 91(1): 22–9.  
PubMed Abstract | Publisher Full Text | Free Full Text 

53. 	 Makeig S, Gramann K, Jung TP, et al.: Linking brain, mind and behavior. Int J 
Psychophysiol. 2009; 73(2): 95–100.  
PubMed Abstract | Publisher Full Text | Free Full Text 

54. 	 Chan AW, Tetzlaff JM, Gøtzsche PC, et al.: SPIRIT 2013 explanation and 
elaboration: guidance for protocols of clinical trials. BMJ. 2013; 346: e7586. 
PubMed Abstract | Publisher Full Text | Free Full Text 

55. 	 Nasreddine ZS, Phillips NA, Bédirian V, et al.: The Montreal Cognitive 
Assessment, MoCA: A Brief Screening Tool For Mild Cognitive Impairment.  
J Am Geriatr Soc. 2005; 53(4): 695–9.  
PubMed Abstract | Publisher Full Text 

56. 	 Guralnik JM, Simonsick EM, Ferrucci L, et al.: A short physical performance 
battery assessing lower extremity function: association with self-reported 
disability and prediction of mortality and nursing home admission.  
J Gerontol. 1994; 49(2): M85–94.  
PubMed Abstract | Publisher Full Text 

57. 	 Hoehn MM, Yahr MD: Parkinsonism: onset, progression and mortality. 
Neurology. 1967; 17(5): 427–42.  
PubMed Abstract | Publisher Full Text 

58. 	 Bristow T, Jih CS, Slabich A, et al.: Standardization and adult norms for the 
sequential subtracting tasks of serial 3’s and 7’s. Appl Neuropsychol Adult. 
2016; 23(5): 372–8.  
PubMed Abstract | Publisher Full Text 

59. 	 Holobar A, Farina D: Blind source identification from the multichannel 
surface electromyogram. Physiol Meas. 2014; 35(7): R143–65.  
PubMed Abstract | Publisher Full Text 

60. 	 Oostenveld R, Praamstra P: The five percent electrode system for high-
resolution EEG and ERP measurements. Clin Neurophysiol. 2001; 112(4): 713–9.  
PubMed Abstract | Publisher Full Text 

cognitive inflexibility, but increases impulsivity in patients with 
Parkinson’s disease. Neuropsychologia. 2003; 41(11): 1431–41.  
PubMed Abstract | Publisher Full Text 

18. 	 Middleton FA, Strick PL: A revised Neuroanatomy of Frontal-Subcortical 
Circuits. In: Lichter DG Cummings JL editors. Frontal-Subcortical Circuits in 
Psychiatric and Neurological Disorders. New York: The Guildford Press; 2000; 
44–58.  
Reference Source

19. 	 Kelly VE, Johnson CO, McGough EL, et al.: Association of cognitive domains 
with postural instability/gait disturbance in Parkinson’s disease. 
Parkinsonism Relat Disord. 2015; 21(7): 692–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

20. 	 Verbaan D, Marinus J, Visser M, et al.: Cognitive impairment in Parkinson’s 
disease. J Neurol Neurosurg Psychiatry. 2007; 78(11): 1182–7.  
PubMed Abstract | Publisher Full Text | Free Full Text 

21. 	 Poletti M, Frosini D, Pagni C, et al.: Mild cognitive impairment and 
cognitive-motor relationships in newly diagnosed drug-naive patients 
with Parkinson’s disease. J Neurol Neurosurg Psychiatry. 2012; 83(6): 601–6.  
PubMed Abstract | Publisher Full Text 

22. 	 Williams-Gray CH, Foltynie T, Brayne CEG, et al.: Evolution of cognitive 
dysfunction in an incident Parkinson’s disease cohort. Brain. 2007; 130 
(Pt 7): 1787–98.  
PubMed Abstract | Publisher Full Text 

23. 	 Morris R, Lord S, Lawson RA, et al.: Gait Rather Than Cognition Predicts 
Decline in Specific Cognitive Domains in Early Parkinson’s Disease.  
J Gerontol A Biol Sci Med Sci. 2017; 72(12): 1656–1662.  
PubMed Abstract | Publisher Full Text | Free Full Text 

24. 	 Beauchet O, Annweiler C, Callisaya ML, et al.: Poor Gait Performance and 
Prediction of Dementia: Results From a Meta-Analysis. J Am Med Dir Assoc. 
2016; 17(6): 482–90.  
PubMed Abstract | Publisher Full Text | Free Full Text 

25. 	 Balasubramanian CK, Clark DJ, Fox EJ: Walking Adaptability after a Stroke 
and Its Assessment in Clinical Settings. Stroke Res Treat. 2014; 2014: 591013. 
PubMed Abstract | Publisher Full Text | Free Full Text 

26. 	 Islam A, Alcock L, Nazarpour K, et al.: Effect of Parkinson’s disease and two 
therapeutic interventions on muscle activity during walking: a systematic 
review. NPJ Parkinsons Dis. 2020; 6(1): 22.  
PubMed Abstract | Publisher Full Text | Free Full Text 

27. 	 Henneman E, Somjen G, Carpenter DO: Functional significance of cell size in 
spinal motoneurons. J Neurophysiol. 1965; 28: 560–80.  
PubMed Abstract | Publisher Full Text 

28. 	 Al-Yahya E, Dawes H, Smith L, et al.: Cognitive motor interference while 
walking: A systematic review and meta-analysis. Neurosci Biobehav Rev. 
2011; 35(3): 715–728.  
PubMed Abstract | Publisher Full Text 

29. 	 Kelly VE, Eusterbrock AJ, Shumway-Cook A: A review of dual-task walking 
deficits in people with Parkinson’s disease: Motor and cognitive 
contributions, mechanisms, and clinical implications. Parkinsons Dis. 2012; 
2012: 918719.  
PubMed Abstract | Publisher Full Text | Free Full Text 

30. 	 Li KZH, Lindenberger U: Relations between aging sensory/sensorimotor and 
cognitive functions. Neurosci Biobehav Rev. 2002; 26(7): 777–83.  
PubMed Abstract | Publisher Full Text 

31. 	 Marusic U, Kavcic V, Giordani B, et al.: Computerized spatial navigation 
training during 14 days of bed rest in healthy older adult men: Effect on 
gait performance. Psychol Aging. 2015; 30(2): 334–40.  
PubMed Abstract | Publisher Full Text 

32. 	 Wollesen B, Scrivener K, Soles K, et al.: Dual-task walking performance in 
older persons with hearing impairment: Implications for interventions 
from a preliminary observational study. Ear Hear. 2018; 39(2): 337–43. 
PubMed Abstract | Publisher Full Text 

33. 	 Pradhan SD, Brewer BR, Carvell GE, et al.: Assessment of fine motor control in 
individuals with Parkinson’s disease using force tracking with a secondary 
cognitive task. J Neurol Phys Ther. 2010; 34(1): 32–40.  
PubMed Abstract | Publisher Full Text 

34. 	 Dideriksen JL, Gallego JA, Holobar A, et al.: One central oscillatory drive is 
compatible with experimental motor unit behaviour in essential and 
Parkinsonian tremor. J Neural Eng. 2015; 12(4): 046019.  
PubMed Abstract | Publisher Full Text 

35. 	 Nocera JR, Roemmich R, Elrod J, et al.: Effects of cognitive task on gait 
initiation in Parkinson disease: evidence of motor prioritization? J Rehabil 
Res Dev. 2013; 50(5): 699–708.  
PubMed Abstract | Publisher Full Text 

36. 	 Yogev-Seligmann G, Rotem-Galili Y, Mirelman A, et al.: How does explicit 
prioritization alter walking during dual-task performance? Effects of age 
and sex on gait speed and variability. Phys Ther. 2010; 90(2): 177–86.  
PubMed Abstract | Publisher Full Text | Free Full Text 

37. 	 Brown LA, de Bruin N, Doan JB, et al.: Novel Challenges to Gait in Parkinson’s 
Disease: The Effect of Concurrent Music in Single- and Dual-Task Contexts. 
Arch Phys Med Rehabil. 2009; 90(9): 1578–83.  
PubMed Abstract | Publisher Full Text 

38. 	 Galletly R, Brauer SG: Does the type of concurrent task affect preferred and 

Page 13 of 20

Open Research Europe 2023, 3:58 Last updated: 08 SEP 2023

http://www.ncbi.nlm.nih.gov/pubmed/16137243
http://dx.doi.org/10.1016/s0004-9514(05)70024-6
http://www.ncbi.nlm.nih.gov/pubmed/19896382
http://dx.doi.org/10.1016/j.gaitpost.2009.09.019
http://www.ncbi.nlm.nih.gov/pubmed/12201803
http://dx.doi.org/10.1093/PTJ/82.9.888
http://www.ncbi.nlm.nih.gov/pubmed/21063692
http://dx.doi.org/10.1007/s00221-010-2469-y
http://www.ncbi.nlm.nih.gov/pubmed/15468014
http://dx.doi.org/10.1016/j.apmr.2004.01.025
http://www.ncbi.nlm.nih.gov/pubmed/19228674
http://dx.doi.org/10.1136/jnnp.2008.157362
http://www.ncbi.nlm.nih.gov/pubmed/16972073
http://dx.doi.org/10.1007/s00221-006-0676-3
http://www.ncbi.nlm.nih.gov/pubmed/18641432
http://dx.doi.org/10.1155/2008/456298
http://www.ncbi.nlm.nih.gov/pmc/articles/5452481
http://www.ncbi.nlm.nih.gov/pubmed/21997389
http://dx.doi.org/10.1002/mds.23990
http://www.ncbi.nlm.nih.gov/pubmed/12661673
http://dx.doi.org/10.1111/1467-9280.t01-1-01430
http://www.ncbi.nlm.nih.gov/pubmed/20852990
http://dx.doi.org/10.1007/s00221-010-2414-0
http://www.ncbi.nlm.nih.gov/pubmed/30538628
http://dx.doi.org/10.3389/fnagi.2018.00377
http://www.ncbi.nlm.nih.gov/pmc/articles/6277592
http://www.ncbi.nlm.nih.gov/pubmed/21965414
http://dx.doi.org/10.1093/ageing/afr113
http://www.ncbi.nlm.nih.gov/pmc/articles/3234076
http://www.ncbi.nlm.nih.gov/pubmed/22070621
http://dx.doi.org/10.1515/RNS.2011.047
http://www.ncbi.nlm.nih.gov/pubmed/24076470
http://dx.doi.org/10.1016/j.ijpsycho.2013.09.003
http://www.ncbi.nlm.nih.gov/pmc/articles/3983402
http://www.ncbi.nlm.nih.gov/pubmed/19414039
http://dx.doi.org/10.1016/j.ijpsycho.2008.11.008
http://www.ncbi.nlm.nih.gov/pmc/articles/2796545
http://www.ncbi.nlm.nih.gov/pubmed/23303884
http://dx.doi.org/10.1136/bmj.e7586
http://www.ncbi.nlm.nih.gov/pmc/articles/3541470
http://www.ncbi.nlm.nih.gov/pubmed/15817019
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
http://www.ncbi.nlm.nih.gov/pubmed/8126356
http://dx.doi.org/10.1093/geronj/49.2.m85
http://www.ncbi.nlm.nih.gov/pubmed/6067254
http://dx.doi.org/10.1212/wnl.17.5.427
http://www.ncbi.nlm.nih.gov/pubmed/27218700
http://dx.doi.org/10.1080/23279095.2016.1179504
http://www.ncbi.nlm.nih.gov/pubmed/24943407
http://dx.doi.org/10.1088/0967-3334/35/7/R143
http://www.ncbi.nlm.nih.gov/pubmed/11275545
http://dx.doi.org/10.1016/s1388-2457(00)00527-7
http://www.ncbi.nlm.nih.gov/pubmed/12849761
http://dx.doi.org/10.1016/s0028-3932(03)00117-9
https://www.google.co.in/books/edition/Frontal_subcortical_Circuits_in_Psychiat/Ad2Cm_h1gZMC?hl=en&gbpv=1&pg=PA44
http://www.ncbi.nlm.nih.gov/pubmed/25943529
http://dx.doi.org/10.1016/j.parkreldis.2015.04.002
http://www.ncbi.nlm.nih.gov/pmc/articles/4524498
http://www.ncbi.nlm.nih.gov/pubmed/17442759
http://dx.doi.org/10.1136/jnnp.2006.112367
http://www.ncbi.nlm.nih.gov/pmc/articles/2117586
http://www.ncbi.nlm.nih.gov/pubmed/22492216
http://dx.doi.org/10.1136/jnnp-2011-301874
http://www.ncbi.nlm.nih.gov/pubmed/17535834
http://dx.doi.org/10.1093/brain/awm111
http://www.ncbi.nlm.nih.gov/pubmed/28472409
http://dx.doi.org/10.1093/gerona/glx071
http://www.ncbi.nlm.nih.gov/pmc/articles/5861960
http://www.ncbi.nlm.nih.gov/pubmed/26852960
http://dx.doi.org/10.1016/j.jamda.2015.12.092
http://www.ncbi.nlm.nih.gov/pmc/articles/5319598
http://www.ncbi.nlm.nih.gov/pubmed/25254140
http://dx.doi.org/10.1155/2014/591013
http://www.ncbi.nlm.nih.gov/pmc/articles/4164852
http://www.ncbi.nlm.nih.gov/pubmed/32964107
http://dx.doi.org/10.1038/s41531-020-00119-w
http://www.ncbi.nlm.nih.gov/pmc/articles/7481232
http://www.ncbi.nlm.nih.gov/pubmed/14328454
http://dx.doi.org/10.1152/jn.1965.28.3.560
http://www.ncbi.nlm.nih.gov/pubmed/20833198
http://dx.doi.org/10.1016/j.neubiorev.2010.08.008
http://www.ncbi.nlm.nih.gov/pubmed/22135764
http://dx.doi.org/10.1155/2012/918719
http://www.ncbi.nlm.nih.gov/pmc/articles/3205740
http://www.ncbi.nlm.nih.gov/pubmed/12470689
http://dx.doi.org/10.1016/s0149-7634(02)00073-8
http://www.ncbi.nlm.nih.gov/pubmed/25938245
http://dx.doi.org/10.1037/pag0000021
http://www.ncbi.nlm.nih.gov/pubmed/28857786
http://dx.doi.org/10.1097/AUD.0000000000000489
http://www.ncbi.nlm.nih.gov/pubmed/20212366
http://dx.doi.org/10.1097/NPT.0b013e3181d055a6
http://www.ncbi.nlm.nih.gov/pubmed/26061277
http://dx.doi.org/10.1088/1741-2560/12/4/046019
http://www.ncbi.nlm.nih.gov/pubmed/24013917
http://dx.doi.org/10.1682/jrrd.2012.06.0114
http://www.ncbi.nlm.nih.gov/pubmed/20023000
http://dx.doi.org/10.2522/ptj.20090043
http://www.ncbi.nlm.nih.gov/pmc/articles/2816029
http://www.ncbi.nlm.nih.gov/pubmed/19735787
http://dx.doi.org/10.1016/j.apmr.2009.03.009


61. 	 Seeber M, Scherer R, Wagner J, et al.: EEG beta suppression and low gamma 
modulation are different elements of human upright walking. Front Hum 
Neurosci. 2014; 8: 485.  
PubMed Abstract | Publisher Full Text | Free Full Text 

62. 	 Jenkinson N, Brown P: New insights into the relationship between 
dopamine, beta oscillations and motor function. Trends Neurosci. 2011; 
34(12): 611–8.  
PubMed Abstract | Publisher Full Text 

63. 	 Kempen GIJM, Yardley L, van Haastregt JC, et al.: The Short FES-I: a shortened 
version of the falls efficacy scale-international to assess fear of falling. Age 
Ageing. 2008; 37(1): 45–50.  
PubMed Abstract | Publisher Full Text 

64. 	 Kempen GI, Todd CJ, van Haastregt JC, et al.: Cross-cultural validation of 
the Falls Efficacy Scale International (FES-I) in older people: Results from 
Germany, the Netherlands and the UK were satisfactory. Disabil Rehabil. 
2007; 29(2): 155–62.  
PubMed Abstract | Publisher Full Text 

65. 	 Yardley L, Beyer N, Hauer K, et al.: Development and initial validation of 
the Falls Efficacy Scale-International (FES-I). Age Ageing. 2005; 34(6): 614–9. 
PubMed Abstract | Publisher Full Text 

66. 	 Nieuwboer A, Rochester L, Herman T, et al.: Reliability of the new freezing of 
gait questionnaire: Agreement between patients with Parkinson’s disease 
and their carers. Gait Posture. 2009; 30(4): 459–63.  
PubMed Abstract | Publisher Full Text 

67. 	 Lamb SE, Jørstad-Stein EC, Hauer K, et al.: Development of a common 
outcome data set for fall injury prevention trials: the Prevention of Falls 
Network Europe consensus. J Am Geriatr Soc. 2005; 53(9): 1618–22.  
PubMed Abstract | Publisher Full Text 

68. 	 Lord SR, Sherrington C, Menz HB, et al.: Falls in Older People: Risk Factors 
and Strategies for Prevention. 2nd edition. New York, USA: Cambridge 
University Press, 2011. 

69. 	 Goetz CG, Fahn S, Martinez-Martin P, et al.: Movement Disorder Society-
sponsored revision of the Unified Parkinson’s Disease Rating Scale (MDS-
UPDRS): Process, format, and clinimetric testing plan. Mov Disord. 2007; 
22(1): 41–7.  
PubMed Abstract | Publisher Full Text 

70. 	 Santangelo G, Siciliano M, Pedone R, et al.: Normative data for the Montreal 
Cognitive Assessment in an Italian population sample. Neurol Sci. 2015; 
36(4): 585–91.  
PubMed Abstract | Publisher Full Text 

71. 	 Potocnik J, Ovcar Stante K, Rakusa M: The validity of the Montreal cognitive 
assessment (MoCA) for the screening of vascular cognitive impairment 
after ischemic stroke. Acta Neurol Belg. 2020; 120(3): 681–5.  
PubMed Abstract | Publisher Full Text 

72. 	 Reitan RM: Validity of the Trail Making Test as an Indicator of Organic Brain 
Damage. Percept Mot Skills. 1958; 8(3): 271–6.  
Publisher Full Text 

73. 	 Mayer JD, Gaschke YN: The Experience and Meta-Experience of Mood. J Pers 
Soc Psychol. 1988; 55(1): 102–11.  
PubMed Abstract | Publisher Full Text 

74. 	 Beck AT, Ward CH, Mendelson M, et al.: An inventory for measuring 
depression. Arch Gen Psychiatry. 1961; 4: 561–71.  
PubMed Abstract | Publisher Full Text 

75. 	 Wollesen B, Mattes K, Schulz S, et al.: Effects of Dual-Task Management 
and Resistance Training on Gait Performance in Older Individuals: A 
Randomized Controlled Trial. Front Aging Neurosci. 2017; 9: 415.  
PubMed Abstract | Publisher Full Text | Free Full Text 

76. 	 Hart SG, Staveland LE: Development of NASA-TLX (Task Load Index): Results 
of Empirical and Theoretical Research. Adv Psychol. 1988; 52(C): 139–83. 
Publisher Full Text 

77. 	 Hennah C, Ellis G, Doumas M: Dual task walking in healthy aging: Effects of 
narrow and wide walking paths. PLoS One. 2021; 16(12): e0261647.  
PubMed Abstract | Publisher Full Text | Free Full Text 

78. 	 Mordkoff JT: A Simple Method for Removing Bias From a Popular Measure 
of Standardized Effect Size: Adjusted Partial Eta Squared. Adv Methods Pract 
Psychol Sci. 2019; 2(3): 228–32.  
Publisher Full Text 

79. 	 Shaikh AG, Zee DS, Taube J, et al.: Visual-vestibular interactions. Multisensory 
Percept From Lab to Clin. 2020; 201–19.  
Publisher Full Text 

80. 	 Peskar M: Demographic and General Health Questionnaire. Zenodo. 2023. 
http://www.doi.org/10.5281/zenodo.7768228

Page 14 of 20

Open Research Europe 2023, 3:58 Last updated: 08 SEP 2023

http://www.ncbi.nlm.nih.gov/pubmed/25071515
http://dx.doi.org/10.3389/fnhum.2014.00485
http://www.ncbi.nlm.nih.gov/pmc/articles/4086296
http://www.ncbi.nlm.nih.gov/pubmed/22018805
http://dx.doi.org/10.1016/j.tins.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/18032400
http://dx.doi.org/10.1093/ageing/afm157
http://www.ncbi.nlm.nih.gov/pubmed/17364765
http://dx.doi.org/10.1080/09638280600747637
http://www.ncbi.nlm.nih.gov/pubmed/16267188
http://dx.doi.org/10.1093/ageing/afi196
http://www.ncbi.nlm.nih.gov/pubmed/19660949
http://dx.doi.org/10.1016/j.gaitpost.2009.07.108
http://www.ncbi.nlm.nih.gov/pubmed/16137297
http://dx.doi.org/10.1111/j.1532-5415.2005.53455.x
http://www.ncbi.nlm.nih.gov/pubmed/17115387
http://dx.doi.org/10.1002/mds.21198
http://www.ncbi.nlm.nih.gov/pubmed/25380622
http://dx.doi.org/10.1007/s10072-014-1995-y
http://www.ncbi.nlm.nih.gov/pubmed/32193731
http://dx.doi.org/10.1007/s13760-020-01330-5
http://dx.doi.org/10.2466/pms.1958.8.3.271
http://www.ncbi.nlm.nih.gov/pubmed/3418484
http://dx.doi.org/10.1037/0022-3514.55.1.102
http://www.ncbi.nlm.nih.gov/pubmed/13688369
http://dx.doi.org/10.1001/archpsyc.1961.01710120031004
http://www.ncbi.nlm.nih.gov/pubmed/29326581
http://dx.doi.org/10.3389/fnagi.2017.00415
http://www.ncbi.nlm.nih.gov/pmc/articles/5733355
http://dx.doi.org/10.1016/S0166-4115(08)62386-9
http://www.ncbi.nlm.nih.gov/pubmed/34936676
http://dx.doi.org/10.1371/journal.pone.0261647
http://www.ncbi.nlm.nih.gov/pmc/articles/8694444
http://dx.doi.org/10.1177/2515245919855053
http://dx.doi.org/10.1016/B978-0-12-812492-5.00009-7
http://www.doi.org/10.5281/zenodo.7768228


Open Peer Review
Current Peer Review Status:   

Version 2

Reviewer Report 08 September 2023

https://doi.org/10.21956/openreseurope.17851.r34667

© 2023 Ray N. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Nicola J Ray   
Manchester Metropolitan University, Manchester, England, UK 

The authors have much improved the organisation of their proposal. I still have some comments: 
 
Minor: Primary and secondary outcomes has a special meaning that in clinical research, and the 
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primary/secondary study aim. Rather, in the current proposal, the authors have listed their full 
testing battery under Primary and Secondary outcomes.  
 
Minor: Reviewer 2 suggested not to use 'Patients' to describe your 'Participants'. I agree with this 
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Minor: In my previous report I identified an issue with the screening procedure. There remains an 
issue with this:  
 
Inclusion criteria are PD diagnosis, PD duration, Dopamine Transporter Scan (DATSCAN), 
diagnosed akinetic-rigid or mixed phenotype, Hoehn and Yahr scale, MoCA , SPPB score, age, no 
color blindness, independent living. Additional exclusions are (3) MoCA score < 24 points, (4) 
severe disabling tremor, (5) recurrent falls, impaired vision. 
 
The first testing session lasts 1.5 hours. Does this mean more tests are planned than are included 
in the exclusion criteria? This would mean that ineligible participants are taking part in research 
elements of the study. Will the authors discard this data? It is ethically dubious to ask a person 
with Parkinson's to take part in a 1.5 hour testing session for a study that their data cannot 
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'M2 testing battery'.
 
Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Parkinson's disease

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.

Version 1

Reviewer Report 10 July 2023

https://doi.org/10.21956/openreseurope.17047.r32804

© 2023 Ray N. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Nicola J Ray   
Manchester Metropolitan University, Manchester, England, UK 

The authors propose to use a MoBI approach to investigate cognitive and motor interactions in 
People with Parkinson's compared with controls. Participants will perform motor tasks under ST 
and DT conditions.  
 
I believe the presentation of this study requires closer attention. There are methods presented in 
the intro, for example. The description of the primary outcomes are very vague, and the 
hypotheses presented would only confirm findings already known in the literature. What does the 
MoBI approach add, and how will the authors analyse the data in order to add new knowledge to 
the field. 
 
The study design also requires closer attention. The different cognitive tasks will present a larger 
problem than acknowledged in comparing across tasks. I suggest to use a well practised task for 
all.  
 
Additionally, some of these tasks will interfere with ability to perform the motor tasks for reasons 
not related to CMI. For example, requiring people perform a visual task during walking will change 
their ability to use visual information for the walking task itself. This will deteriorate performance 
during DT conditions, but not because of cognitive interference. 
 
There also seems to be two levels of eligibility - one for M1 and the other for M2. However no 
information is provided to understand why this is.
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Is the rationale for, and objectives of, the study clearly described?
Partly

Is the study design appropriate for the research question?
Partly

Are sufficient details of the methods provided to allow replication by others?
No

Are the datasets clearly presented in a useable and accessible format?
Not applicable

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Parkinson's disease

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to state that I do not consider it to be of an acceptable scientific standard, for 
reasons outlined above.

Author Response 18 Aug 2023
Uros Marusic 

\\\\\\\\\\The authors propose to use a MoBI approach to investigate cognitive and motor 
interactions in People with Parkinson's compared with controls. Participants will perform 
motor tasks under ST and DT conditions.  
 
I believe the presentation of this study requires closer attention. There are methods 
presented in the intro, for example. The description of the primary outcomes are very 
vague, and the hypotheses presented would only confirm findings already known in the 
literature. What does the MoBI approach add, and how will the authors analyse the data in 
order to add new knowledge to the field. ////////// 
 
Thank you for the remark. As suggested, we reorganized the introduction section and 
moved the methods-oriented parts to the methods. As stated under the Data streaming and 
management chapter, our recordings of the hdEEG, hdEMG, and full-body kinematics will be 
time-synchronized while a participant will perform an overground walking task. Time 
synchronization will allow us to investigate the brain-muscle cross-talk for the first time in 
such a population in addition to unraveling the physiological dynamics in each modality 
separately. Because the technology and the whole MoBI field are relatively new (Gramann 
et al., 2010, doi: 10.3389/fnhum.2010.00202) such cross-modal investigations hold promise 
to better understanding the fundamental surface physiology and their potential 
compensatory mechanisms in PD patients during tasks resembling everyday functioning. It 
has been shown that PD patients demonstrate a hypersynchrony in the beta oscillatory 
range which is related to bradykinesia (Jenkinson & Brown, 2011; 
doi:10.1016/j.tins.2011.09.00). We made modifications to the Brain Activity chapter, where 
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we highlight the novel approach of performing a gait-phase modulations analysis (Seeber et 
al. 2014, doi: 10.3389/fnhum.2014.00485) that has not yet been performed in PD patients 
and would allow investigating how and when is beta modulated relative to the gait cycle. 
Due to its association with symptom manifestation, the outcomes of such analysis carry 
great functional significance. 
 
\\\\\\\\\\The study design also requires closer attention. The different cognitive tasks will 
present a larger problem than acknowledged in comparing across tasks. I suggest to use a 
well practised task for all.  ////////// 
 
We appreciate you pointing out this aspect, as we spent quite some time discussing this 
issue ourselves. We wrote in the manuscript: »We are aware that the comparison between the 
DT conditions of the three motor activities is complicated by the use of different cognitive tasks, 
yet this decision was motivated to avoid extensive learning effects and increasing frustration 
during the measurement day.« We are fully aware that a direct comparison across tasks will 
not be possible, however after a thorough consideration we decided upon taking this 
tradeoff instead of having participants perform thousands of trial repetitions of a single 
task which would promote a massive learning effect and automaticity. Such experimental 
(non)manipulation would in addition mean a step away from the ecological validity, which is 
one of the primary intents in the MoBI field. Being aware of this, we never intended on 
comparing across motor activities, that is overground walking vs balancing vs isometric 
knee extensions, but rather within each motor activity, meaning single-task walking vs dual-
task walking, for instance. The main comparison will always be performed within a certain 
motor activity experiment. Examining the performance across all motor activities will, 
however, allow for making general claims, such as cognitive-motor interference was/wasn't 
observed in the respective motor activity/ies. For the balance and isometric experiments, 
the cognitive tasks we decided to use were derived from our previous work (for instance: 
Marušič et al., 2019,  DOI: 10.1186/s11556-018-0209-7 ; Peskar et al. 2023, doi: 
10.1016/j.biopsycho.2023.108543)  and our research interests to better understand how the 
executive function as a complex and advanced cognitive system support our voluntary 
actions. For the walking activity, the visual secondary task was used because visuo-motor 
coordination holds great ecological validity. However, because exploring visual processing 
while overground walking is rather challenging due to the movement itself and controlling 
for the constant stimulus distance, evidence in this cross-domain remains rather scarce. For 
this reason, we decided to use a relatively simple visual working memory task (visual 
discrimination) not to overload the visual system. We believe our findings will contribute 
significantly to this as-of-yet vastly unexplored field. [Please consider also the answer to 
your next comment below.] Additionally, one of our goals (which exceeds the present 
protocol) is to compare the walking data in PD patients and in patients with hearing 
impairment (see protocol Wunderlich et al 2021, doi: 10.3389/fnagi.2021.773287). Lastly, to 
avoid recording adaptation to the task, all tasks will be well-trained during the practice run 
prior to recording. 
 
\\\\\\\\\\Additionally, some of these tasks will interfere with ability to perform the motor 
tasks for reasons not related to CMI. For example, requiring people perform a visual task 
during walking will change their ability to use visual information for the walking task itself. 
This will deteriorate performance during DT conditions, but not because of cognitive 
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interference. ////////// 
 
»Cognitive-motor interference (CMI) is evident when simultaneous performance of a cognitive 
task and a motor task results in deterioration in performance in one or both of the tasks, relative 
to performance of each task separately (Plummer et al., 2013 (doi: 10.1016/j.apmr.2013.08.002
).« According to this definition, CMI as a consequence of the limited attentional resources is 
precisely the reason why the visual task during walking would result in deteriorated gait 
performance. Not only it offers a theoretical model for understanding the mechanism 
behind performance decrements, but, in addition, tackles the functional capacities of PD 
patients in real-world situations. For instance, in reality, on a busy pavement surrounded by 
heavy traffic, the motor actions have to be continuously adapted with respect to the ever-
changing environment. Our perception and appropriate reactions to the environment will 
ensure our safety (such as reacting to or withdrawing action in response to passing cars or 
traffic lights). Here, vision arguably demonstrates the paramount importance to guide the 
translations of perception to motor actions. The ability to retain independence in PD 
patients can be legitimately assessed using a visual cognitive-motor dual-task walking 
experiment. In practical terms, however, the spectacle frame with LED lights attached to 
each end was custom-made with the awareness to avoid the coverage of a significant 
portion of the visual field, from which important information about the environment (and 
safety) could be detected. Also, because the frame (together with the lights) is attached to a 
participant, they are free to move the head around in all directions and use all visual angles 
to uncover potential occlusion to the walking lane, if needed. When using MoBI, we are 
translating the overly-controlled laboratory settings to more ecologically valid conditions, 
and through these lenses, the proposed paradigm is at the frontier of what technology 
currently allows. The outcomes of the present study hold great translational promise.  
 
\\\\\\\\\There also seems to be two levels of eligibility - one for M1 and the other for M2. 
However no information is provided to understand why this is. ////////// 
 
Under the Recruitment Process we wrote »The enrolled patients and healthy adults will undergo 
a comprehensive screening session including motor and neurocognitive assessment 
(Measurement Day 1 - M1). Having passed the inclusion/exclusion criteria confirmed on the M1, 
they will finally be invited to participate in Measurement Day 2 (M2).« M1 constitutes the first 
measurement day during which all the secondary outcomes are collected; these outcomes 
at the same time confirm either the inclusion or exclusion criteria. Measurement day M2 
then constitutes the 3 motor activity experiments in combination with hdEEG, hdEG, and 
full-body kinematics. If you suggest to add additional information to make the procedure 
clearer, we are happy to do so.  

Competing Interests: No competing interests were disclosed.
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© 2023 Leavy B. This is an open access peer review report distributed under the terms of the Creative Commons 
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the 
original work is properly cited.

Breiffni Leavy   
Department of Neurobiology, Karolinska Institutet, Huddinge, Sweden 

This protocol describes the planned test conditions for a cross-sectional investigation of the early 
PD disease-specific changes in motor-cognitive performance, assessed during three test 
conditions, compared to healthy age-matched controls. 
 
Background and rationale are clearly outlined, relevant and in line with the current evidence in the 
field. 
 
Methods and test protocols are clearly outlined and described in detail with an ambitious and 
widely encompassing list of outcome measures. I cannot see anything lacking.  
 
In summary, this is a clearly defined and scientifically robust plan to investigate motor-cognitive 
performance in mild PD. 
 
Suggestion: One minor semantic alteration I suggest to bring the test in line with use of a person-
centered language is not to refer to 'PD patients' (occurs frequently in the text) but people with 
PD. People are most often not patients, and not in the context of  cross-sectional research.
 
Is the rationale for, and objectives of, the study clearly described?
Yes

Is the study design appropriate for the research question?
Yes

Are sufficient details of the methods provided to allow replication by others?
Yes

Are the datasets clearly presented in a useable and accessible format?
Not applicable

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Rehabilitation for Parkinson's disease

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard.
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