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1. Introduction

The capacity of humans to learn new motor abilities is known as motor learning,
which is often understood as increasing movement precision over time and space through
repetition [1–3]. Theories suggest that motor learning involves cognitive processes such
as working memory and is not only a physical function [4–6]. Although motor and cog-
nitive deficits are often studied separately, a connection between the two is emphasized
in our growing understanding of the task-dependent interaction between the motor and
cognitive systems, each of which has different neuroanatomic substrates [7–10]. The im-
portance of motor–cognitive interactions in neurodegenerative illnesses and other clinical
groups, including dementia, stroke, Parkinson’s disease, and multiple sclerosis, is becoming
increasingly evident. As such, considerable effort has been devoted to creating rehabilita-
tive procedures that focus on motor–cognitive connections to address the circumstances
associated with these disorders.

The ten papers and six reviews in this Special Issue of Brain Sciences provide an in-
triguing and well-matched mixture of all these research areas in terms of understanding the
fundamental processes of motor–cognitive connections and novel therapies. The first group
of papers focuses on experimental and clinical investigations dealing with relevant aspects
of the motor–cognitive interactions, and a second group of articles consists of review papers,
which collate the existing literature on various aspects concerning the connections between
motor skills and neural effects and their possible clinical applications. The articles in this
collection, based on the topics covered, can be classified into three sugroups: mechanisms
of cognitive–motor interactions, diagnostic tools, and intervention strategies.

2. Cognitive–Motor Interaction Mechanisms

Xiao et al. (contribution 1) used a mouse-tracking technique to analyze the hand mo-
tions of participants to investigate the role of attention in subliminal semantic processing.
Their findings suggest that the temporal–spatial features extracted from cursor motion
trajectories can reliably reveal subliminal semantic processing and attentional status, prov-
ing that, for a wide range of topics, the mouse-tracking approach is a suitable tool for
uncovering implicit dynamic cognition in future studies.

In an investigation into the brain mechanisms underpinning the perception of others’
activities, Urgen et al. (contribution 2) provided a series of videos featuring 100 human
behaviors captured in real environments. The study observation of the 100 events triggered
a well-established action observation network, and they used fMRI to validate the dataset.
This extensive collection of videos is a valuable tool for studying the brain and perception.

Dahm et al. (contribution 3) investigated whether leg vs. arm left–right judgments are
harder and if limb type affects these judgments. A combined score for accuracy and speed
was investigated to further avoid any trade-offs and accurately assess each subject’s unique
ability. They concluded that realistic stimulus material enhances the effects of perspective
and facilitates the understanding of tasks. The linear speed–accuracy score was found
to be a reliable indicator of performance in mental body rotations by repeating earlier
research findings.
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The flexibility of the peripersonal area was examined by Ferroni et al. (contribution
4) both before and after actual or virtual motor training using a tool. Their findings
demonstrate that the peripersonal area only expands in response to the use of real-world
tools, not in response to virtual ones, underscoring the possibility that the two forms of
training depend on distinct mechanisms. The state of the art regarding the malleability of
the peripersonal area in both real and virtual environments is enhanced by this study. The
authors discuss about their data’s applicability to the creation of training, learning, and
rehabilitation immersive environments.

Van Hove et al. (contribution 6) aimed to examine how speech production and
cognitive load levels affect timed up and go (TUG) and static equilibrium tasks. They
assessed the impact of speech production (SP), cognitive load (CL), and dual-task cost
(DTC) on these variables. The center of pressure oscillation velocity during static balancing
was substantially higher when both tasks were completed orally than in the control scenario.
The cognitive load was linked to an increase in TUG, but the oral or mental component
did not appear to have any impact. SP more strongly impacted mobility in complicated
cognitive tasks. This might be crucial for test selection and comprehending abnormalities
in postural control.

3. Diagnostic Tools

The discriminating value of the trail-walking test was assessed by Klotzbier et al.
(contribution 5) as a prospective diagnostic tool to enhance the prediction ability during
clinical evaluation regarding the severity of Parkinson’s disease and documenting the many
walking-related characteristics. Patients with Parkinson’s disease who exhibit postural
instability or problems with walking must be diagnosed using reliable, thoroughly assessed
clinical tests that provide an accurate evaluation of each patient’s unique fall risk, illness
severity, and disease prognosis. The trail-walking test allows for the distinction of motor
phenotypes in Parkinson’s disease and covers a variety of mobility-related topics, including
the link between walking and cognitive functioning.

Chen et al. (contribution 7) created a prediction model of cognitive degradation in
patients with Parkinson’s disease using a machine learning technique. The clinical informa-
tion, plasma biomarkers, and cognitive test results of people with Parkinson’s disease were
gathered as model predictors. Machine learning techniques such as principal component
analysis and support vector machines were used to create a cognitive categorization model.
The classifier achieved an accuracy of 92.3% and an area under the receiver operating
characteristic curve (AUC) of 0.929 employing 32 comprehensive predictive criteria. Fur-
thermore, with 13 well-selected features, the accuracy of the classifier was increased to
100% and the AUC to 1.0. The priorities for future perspectives include expanding the
sample size and conducted a longitudinal investigation.

Beauchet et al. (contribution 8) investigated the relationship between incident major
neurocognitive disorders (MNCDs) in older community-dwelling individuals and the
inability to name the date (a sign of cognitive impairment), the use of a walking assistance,
and/or a history of falls (a sign of motor impairment). The incidences of MNCDs was
found to be higher when the inability to recall the date and the use of a walking assistance
and/or a history of falls were combined. This suggests that the combination of items may
be used for screening for the risk of MNCD in the older population, particularly for the
incidence of AD. This study opens new avenues for identifying MNCD risk and managing
its modifiable risk factors due to the ease with which older populations may obtain data on
both of these factors.

Corbo et al. (contribution 9) trained and evaluated a unique automated and image-
derived scoring system to improve the capability to discriminate the sensorimotor im-
pairments that are predictive of sensorimotor dysfunction with the Luria–Nebraska Neu-
ropsychological Battery (LNNB) for neuro-motor tasks. The conventional scores, which
were evaluated and verified by numerous administrators to reduce subjectivity, showed a
strong association with the image-derived LNNB task scores (Pearson’s correlation > 0.70).
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The innovative image-based scoring method distinguished between individuals with poor
motility (<mean population values) with 70–83% specificity and 70% sensitivity. The new
image-derived LNNB task scores have potential for use in telemedicine and in the timely
evaluation of sensorimotor skills and delays.

Chen et al. (contribution 10) investigated the variables linked to the fear of falling
(FOF) in people with moderate cognitive impairment (MCI) owing to Parkinson’s disease
(PD-MCI) and minor cognitive impairment (MCI) owing to Alzheimer’s disease (AD-MCI).
In the AD-MCI group, the FOF was strongly linked with gait speed, stride length, Tinetti
assessment scale score, executive function, attention and working memory, and global
cognitive function. Furthermore, the primary causes of the FOF were working memory and
attention. The FOF strongly correlated with both gait speed and timed up and go subtask
performance in the PD-MCI group. Moreover, the primary cause of the FOF was turn-
to-walk behavior. Therapies targeting attention and working memory and turn-to-walk,
respectively, may be used to reduce the FOF in people with AD-MCI and PD-MCI.

4. Intervention Strategies

The review of Saviola et al. (contribution 11) summarizes the research on the neu-
roimaging outcomes of physical therapy in cohorts of patients with psychosis. The twenty-
one studies included in this narrative review were all research publications. Saviola et al.
suggest that physical intervention is now considered the standard for helping patients with
psychosis experience brain alterations. This means that physical intervention is beneficial
not only when the disease first manifests but also for enhancing the illness’s course and
functional result. However, additional data are required to further the understanding of
the long-term plastic reorganization of the psychotic brain, particularly in areas of the brain
that have not been thoroughly studied, including motor circuits.

Xiao et al. (contribution 12) summarized the available data on the impact of dual-task
training on motor and cognitive skills in patients with Parkinson’s disease to support the
therapeutic practice of dual-task training. The present views on the mechanism underlying
the interplay between motor and cognitive training were also covered. In summary, dual-
task training can help people with PD with varying lengths of illness to enhance their motor
performance. Dual-task training can help with balance, single-task steep length, single-
task gait speed, objective experience of gait freezing in Parkinson’s disease, and motor
symptoms. This review has several restrictions as well: Because the control intervention
and dual-task training design differed among the studies, studies that were not written in
English were excluded. Additionally, study quality varied because both RCT and non-RCT
studies were included.

Deste et al. (contribution 13) conducted an overview of the literature on physical
exercise as a treatment for cognitive impairment in schizophrenia and of the studies that
combined physical exercise and cognitive remediation as an integrated rehabilitation
intervention. More research is currently required to better understand how to incorporate
physical exercise and cognitive remediation in psychiatric rehabilitation practice, even
though these interventions seem to be effective treatments for cognitive impairment in
people with schizophrenia.

Pertichetti et al. (contribution 14) systematically reviewed the scientific literature
on both neuropsychological tests and fMRI tasks for preoperative planning. Changes in
functions during the neuropsychological evaluation may assist in identifying patients who
can benefit from fMRI and, potentially, functions that should be examined, according to
the correlation between the findings of the two tests. fMRI and neuropsychological testing
play complimentary roles in the preoperative evaluation. The small number of studies that
satisfied the inclusion criteria is the main constraint of this study. This dearth of information
is a reflection of the diversity of the literature in terms of behavioral experimental design,
neuropsychological testing, fMRI investigations, and particular objectives examined.

Kamińska et al. (contribution 15) assessed the efficacy of different treadmill training
outcomes in individuals with Down syndrome (DS), including adults and children. With a
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total of 687 people, they chose 25 trials for analysis and found 25 distinct results, which
are then narratively presented. They found favorable benefits in every case, with the
treadmill training being the most effective. People with DS see improvements in their
physical and emotional health when they incorporate treadmill exercise into their regular
physiotherapy regimen.

Jylänki et al. (contribution 16) conducted a systematic review to better understand
the methodological quality and the impact of physical exercise and fundamental motor
skill therapies on academic and cognitive skills in 3- to 7-year-old children with special
educational needs. The effects of the intervention seemed to vary depending on the severity
of the learning difficulty. Regarding language and cognitive skills, children who were at
risk because of their family background benefited the most from the intervention, whereas
children with learning disabilities benefited most in terms of executive functions. However,
providing a broadly applicable summary of the results is difficult because of the wide
variation in the included studies and the relatively low methodological quality. Therefore,
more thorough studies are needed to evaluate the efficacy of these therapies.

Taken together, the papers gathered in this Special Issue of Brain Sciences dealing with
motor–cognitive interactions should therefore be of considerable interest for neuroscien-
tists interested in understanding of key mechanisms of motor–cognitive interactions and
innovative treatments.

Funding: This study received no external funding.
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Abstract: Background: Current surgical treatment of gliomas relies on a function-preserving, maxi-
mally safe resection approach. Functional Magnetic Resonance Imaging (fMRI) is a widely employed
technology for this purpose. A preoperative neuropsychological evaluation should accompany this
exam. However, only a few studies have reported both neuropsychological tests and fMRI tasks
for preoperative planning—the current study aimed to systematically review the scientific literature
on the topic. Methods: PRISMA guidelines were followed. We included studies that reported both
neuropsychological tests and fMRI. Exclusion criteria were: no brain tumors, underage patients, no
preoperative assessment, resting-state fMRI only, or healthy sample population/preclinical stud-
ies. Results: We identified 123 papers, but only 15 articles were included. Eight articles focused
on language; three evaluated cognitive performance; single papers studied sensorimotor cortex,
prefrontal functions, insular cortex, and cerebellar activation. Two qualitative studies focused on
visuomotor function and language. According to some authors, there was a strong correlation be-
tween performance in presurgical neuropsychological tests and fMRI. Several papers suggested that
selecting well-adjusted and individualized neuropsychological tasks may enable the development
of personalized and more efficient protocols. The fMRI findings may also help identify plasticity
phenomena to avoid unintentional damage during neurosurgery. Conclusions: Most studies have
focused on language, the most commonly evaluated cognitive function. The correlation between
neuropsychological and fMRI results suggests that altered functions during the neuropsychological
assessment may help identify patients who could benefit from an fMRI and, possibly, functions
that should be tested. Neuropsychological evaluation and fMRI have complementary roles in the
preoperative assessment.
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1. Introduction

Patients diagnosed with brain tumors may have variable prognoses influenced by
histology and the molecular profile of the neoplastic formation, and by the degree of re-
section achieved in the tumor during surgery [1–3]. Indeed, among the several prognostic
factors suggested in the literature, the extent of resection (EOR) based on objective tumoral
volume analysis seems to be one of the main predictors of overall survival [4–7]. Surgical
treatment, however, can only rarely be considered radical due to the infiltrating nature of
gliomas per se [2]. Therefore, in recent years, treatment paradigms shifted from surgery fo-
cused on gross-total resection (GTR) to a maximally safe and function-preserving resection
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approach [8–11]. This transition was possible thanks to changes in the clinical approach
by applying technological and conceptual innovations to improve safety during surgery,
such as intraoperative ultrasound, cortical mapping, awake surgery, and tumor margin
detection with fluorescence dye [4,5,12–14]. Parallel to this, the preoperative evaluation of
patients and accurate presurgical planning also improved, including different noninvasive
methods to identify the relationship between the brain tumor and eloquent areas, both at
the cortical and subcortical levels [15].

Firstly, Functional Magnetic Resonance Imaging (fMRI) started to be widely employed
for this purpose [16,17], allowing the creation of a functional map of the eloquent brain
regions based on modifications in blood oxygenation levels by using the blood oxygen level-
dependent (BOLD) contrast [18,19]. Specifically, fMRI can be employed at rest while the
subject is lying still in the scanner and instructed to think about nothing in particular. In this
case, fMRI measures the inter-regional dependencies across the brain and can be applied
in presurgical functional mapping [20]. Otherwise, fMRI can be employed during the
execution of a cognitive task (i.e., task-based fMRI). Task-based fMRI compares BOLD signal
changes while performing specific tasks to baseline conditions, assuming that increased
cerebral blood flow reflects neuronal activity [21]. Among several potential tasks suitable for
fMRI experiments, a defined group of tasks are commonly applied for presurgical mapping
in gliomas: sensorimotor, language-related, and executive function tasks [19,22,23]. In
this context, the sensorimotor paradigm demonstrated high reliability [19,24,25], whereas
mapping language and other higher cognitive functions is more debated regarding both the
anatomical specificity and the paradigm’s sensitivity [18,19,26]. Paradigms for identifying
visual and somatosensory areas have also been proposed.

Secondly, the neuropsychological evaluation is another important aspect regarding
the preoperative assessment of patients with brain tumors [27,28]. Patients can develop
impairments in multiple cognitive domains before or after surgery [29]. Therefore, the
evaluation of cognitive function is essential for informing management and monitoring
the long-term effects of tumors [29]. However, the wide range of existing tests reflects the
fractionation of the cognitive system, and an in-depth assessment can take several hours.
Furthermore, the wide range and variety of available tests may lead to reduced overlap
between those used from one center to another, making the comparison of outcomes
complex [29]. The presurgical combination of fMRI and neuropsychological assessment
should help define (i) the tumor’s anatomical features, such as tumor site compared to fMRI-
positive areas, plasticity phenomena, and prediction of EOR; (ii) the tumor’s functional
effects on cognition. These data not only inform the surgeon during surgical planning, but
also suggest the possible cognitive outcome and potential recovery. Preoperative findings
can also be compared postoperatively to assess surgical results and to monitor cognitive
functions during the follow-up. Nevertheless, only a few studies reported the tests included
in the neuropsychological assessment together with the fMRI tasks for the preoperative
planning.

Previous reviews focused on the multimodal MRI assessment of healthy brain aging
and neurodegenerative diseases [30,31], but the literature focusing on patients with gliomas
is scarce. In this context, motivated by the need for defined functional treatment protocols
in brain tumor surgery, this review specifically targeted this patient population. The current
study aimed to systematically review scientific evidence to identify studies including both
the preoperative neuropsychological assessment and the fMRI task protocol, contributing
to improving the neurosurgical treatment of gliomas.

2. Materials and Methods

Preferred Reporting Items for Systematic Reviews and Metanalyses (PRISMA) guide-
lines were followed for the systematic review [32,33]. A systematic search of the PubMed
electronic database was conducted in February 2023 by cross-matching the following key-
words: functional, magnetic resonance imaging, fMRI, MRI, brain tumor, glioma, task,
neuropsy*. We included English studies published before February 2023. After duplicate
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removal, two researchers (MP and FB) independently reviewed titles and abstracts to
identify articles of interest. Disagreement was resolved with a discussion that involved
a third researcher (DC). We included studies that reported both neuropsychological tests
and functional neuroimaging studies. Exclusion criteria included tumors not affecting the
brain, secondary brain tumors, patients under 18 years old (given that cognitive results may
be affected by developmental brain plasticity mechanisms), no preoperative assessment,
resting state fMRI only, or healthy sample population/preclinical studies.

The articles were then evaluated, looking for correlations between neuropsychological
assessment and fMRI task results, defined as the quantitative outcome. Papers report-
ing tests and tasks but without specifying the results attained by the patients in them,
or exclusively showing the results of the postoperative assessment, were only included
qualitatively according to the PRISMA guidelines (i.e., not meeting the review criteria but
reporting additional beneficial results). The current review has been registered in the Open
Science Framework (OSF) registry (https://doi.org/10.17605/OSF.IO/8DCZG; accessed
on 10 June 2023).

The “Risk Of Bias In Systematic reviews” (ROBIS) assessment tool was employed to
check for bias in the review process [34].

3. Results

We identified 123 papers after duplicate removal. After title and abstract analysis,
62 articles were identified for full-text analysis. Eligibility evaluation led to the inclusion of
15 articles in the systematic review (Figure 1). According to the ROBIS assessment tool, we
identified a low risk of bias in the “study eligibility criteria”, “identification and selection
of studies”, and “data collection and study appraisal” domains. Based on the heterogeneity
of results and the low number of eligible studies, a high risk of bias was identified in the
“synthesis and findings” domain.

Nevertheless, we aimed to address all the concerns while interpreting the findings. We
highlighted the relevance of each included study but avoided emphasizing results based
on statistical significance. We also state the limitations of the current review in the paper’s
discussion section.

Detailed results about the included papers and the employed neuropsychological and
fMRI tasks are shown in Table 1 (we report specific fMRI tasks and neuropsychological
tests extensively in Supplementary Materials). The aims of those studies were rather
heterogeneous, as were the methods and conclusions. Only one study was published in
2006, reporting a single patient [35]. All the remaining papers were published after 2010:
one in 2010 [36], one in 2011 [37], one in 2014 [38], one in 2015 [39], two in 2017 [40,41], two
in 2019 [42,43], three in 2020 [44–46], and three in 2022 [47–49].

Their main results are discussed in the following sections according to the cognitive
function investigated in the attempt to draw general conclusions about the clinical relevance
of integrating pre-surgical neuropsychological assessment and fMRI. As a qualitative result,
we found two more studies reporting only the details of the neuropsychological evaluation
administered postoperatively [50,51].
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Figure 1. PRISMA flow diagram of the systematic review [33]. Figure 1. PRISMA flow diagram of the systematic review [33].
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3.1. Sensorimotor Functions

In the neurological context, the sensorimotor domain aims to integrate the sen-
sory/perceptual component for processing stimuli and the motor response. Within this
domain, four of the studies selected in this review reported the fMRI mapping of motor
cortices in glioma patients (Table 2).

Most of these studies focused on the general mapping of motor cortices. This result
was usually obtained by employing standard and well-established experimental fMRI
paradigms (e.g., finger tapping) [43], together with neuropsychological scores investigating
motor skills and praxis.

Concerning the investigation of specific functions of the sensorimotor cortex, only two
studies were found. The first one, by Argiris et al., suggested how the use of specific motor
and sensory neuropsychological tests can be related to the tumor-affected hemisphere. This
proposal underlined the concept of functional cerebral lateralization: gliomas located in the
right hemisphere are more susceptible to impact visuospatial domains. Right-lateralized
gliomas more frequently result in neglect conditions. Therefore, an accurate estimation of
correlated neuropsychological visuospatial profile (i.e., visuospatial short-term memory,
constructional apraxia, constructive ability, etc.) could help the pre-surgical planning by
focusing first on the impairments and then on the related brain functional areas specific
for this type of tumors. The same context applies to left-lateralized brain tumors, where
the focus will be on linguistic functioning instead. By doing so, the authors showed
a discrimination between tumor hemispheric localization in the performance of tasks
previously considered unrelated to hemispheric lateralization, such as motor imagery
processes [44]. Indeed, left tumor patients presenting a lesion near somatotopic hand
representations performed significantly worse on the mental rotation hand fMRI task,
correlating with motor-evoked potential (MEP) amplitudes in the upper limb motor region,
and highlighting the involvement of the motor system in motor imagery processes [44].

The second study, by Zacharia et al., focused instead on investigating the role the
cerebellum plays in cognitive, motor, and emotional functions, potentially acting during
the development and refinement of internal models in motor and cognitive functions.
Specifically regarding the motor domain, authors employed classic experimental designs
to test motor activation (e.g., finger tapping, lip movement, etc.). They demonstrated that
besides the presence of gliomas, the cerebellar activation patterns noted on functional MRI
and cerebro-cerebellar connections remain intact [43].

Hence, regarding the sensorimotor functions, this novel review provides insights
about (i) the importance of considering brain tumor lateralization for an accurate neu-
ropsychological assessment, and shows that (ii) the cerebellar function and its associated
cognitive performance seem to be preserved even in the presence of cortical gliomas.
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3.2. Language

Language is the cognitive ability to communicate through a system of conventional
and structured rules. Given its paramount importance, the linguistic function was the
cognitive domain mainly investigated in the presurgical phases of treatment for glioma
patients, with ten studies exploring the topic (Table 3).

The results of studies focusing on language were highly heterogeneous, with several
experimental paradigms and neurocognitive assessments exploited. However, some main
findings can be drawn.

Firstly, a large part of the studies focused on investigating the relationship between
these three components: areas belonging to the neoplastic formation, the neuropsycholog-
ical assessment of linguistic performance, and fMRI mapping of the language network.
This mainly ensured the mapping of anatomo-functional language-related relationships
within the brain. Preoperatively, the cognitive impairment of linguistic performance was
associated with neoplastic formations involving the ventral precentral gyrus and the arcu-
ate fasciculus [37]. Despite this, conserved landmarks of functional pars opercularis were
observed with task-fMRI in these patients, making the region highly relevant in presurgical
planning [37].

Furthermore, gliomas involving the uncinate fasciculus or right temporal lobe also
significantly impacted linguistic performance in denomination tasks [36] and speech percep-
tion [49], respectively. In this context, fMRI effectively described task response in different
sub-components of the language domain, with high specificity. For example, in right
superior temporal lobe gliomas, speech perception was characterized by a lower activation
within the tumor site and enhanced activation of the contralateral hemisphere, which was
reversed during speech production [49]. Additional evidence concerns left-lateralized
tumor response during phonemic fluency tasks, which not only exhibited classic activation
in left temporal and parietal regions, but included increased activity in frontal regions
strongly correlated with the behavioral executive components of this linguistic skill [47].

Additionally, other authors highlighted aspects related to intra-operative language
assessment and its relationship with presurgical evaluation. Indeed, Leote et al. focused
on the intraoperative consequences of impaired presurgical cognitive performance. They
described how presurgical cognitive deficits led to a decreased DCS duration and con-
sequently to lower reliability of the methodology [45], which was also reflected by an
ineffective fMRI mapping of the relevant cognitive functions [45].

Moreover, the compensatory capability of the unaffected brain areas was also recently
studied postoperatively in the context of the linguistic domain. The functional recovery
of language functions seemed to rely on changes in activation near the surgical resection
(not in the contralateral hemisphere) [38]. However, these changes in the activation pattern
were unrelated to functional variations of the performance following surgery, as measured
with neuropsychological testing [38]. Lastly, the histology of the tumors could also play
a role in language function preservation, with grading being one of the most impacting
factors on cognitive recovery. Mitolo et al. reported that low-grade tumors showed higher
rightward frontal operculum fMRI activations and, therefore, better cognitive performance
in tests measuring general cognitive abilities, semantic fluency, verbal short-term memory,
and executive functions [47].

Therefore, some main findings can be drawn: (i) the anatomo-functional brain cor-
respondence of linguistic performance is not straightforward; (ii) presurgical fMRI can
help detect eloquent areas and regions specific for linguistic sub-components otherwise
disregarded; (iii) linguistic cognitive impairments must be taken into account for an effi-
cient intra-surgical cortical mapping; (iv) language plasticity processes depend on tumor
features and are related to complex diaschisis changes. Nevertheless, results about the
language domain across different studies were discrepant, and more robust evidence could
be provided only by considering longitudinal studies.
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3.3. Executive Functions

The last category of cognitive function investigated regards executive skills. These
include many high-cognitive abilities, including sustained and selective attention, response
and inhibition control, working memory, and processing speed. They comprise the capabil-
ities necessary for monitoring and controlling our behavior to reach a chosen goal. In this
review, we selected six studies investigating the above-cited cognitive processes (Table 4).

The majority of the selected studies focused their investigations on working memory
capacity by explicitly looking at changes in large-scale functional networking. Lang et al.
showed that the task-evoked reconfiguration of the frontoparietal network (FPN; i.e., the
executive network) correlates with cognitive performance, suggesting that its reconfigu-
ration may play a role in cognitive deficits in brain tumor patients [41]. Nevertheless, a
higher average connectivity within the FPN or in the parietal region of the tumor-affected
hemisphere was associated with lower cognitive scores, and a lower connectivity of the
parietal region of the non-tumor hemisphere was associated with worse neuropsychologic
outcomes [41]. Therefore, patients with less connectivity in the FPN in the tumor hemi-
sphere had preserved cognition. Alternatively, the authors hypothesized that the presence
of the glioma may result in inefficient processing in the FPN due to maladaptive brain
reorganization [41]. Furthermore, the fMRI results reveal normal central executive network
(CEN) activation in glioma patients but a reduced default mode network (DMN) deactiva-
tion. This reduced responsiveness of the DMN may suggest that cognitive deficits reflect
a reduced capacity to achieve a brain state necessary for normal cognitive performance,
rather than the abnormal functioning of executive brain regions [46].

Additionally, one paper underlined the role of histology, showing that high-grade
gliomas were significantly associated with lower cognitive flexibility and working memory
capacity [42]. Lastly, tumor site was also reported as a relevant variable to consider pre-
surgically: frontal tumors and left hemisphere lesions led to lower working memory
skills [42].

On the other hand, Arbula et al., studying sustained attention and response control,
concluded that right prefrontal damage led to frequent target omissions, probably due
to sustained attention lapses, and that left prefrontal patients showed both target omis-
sions and high false alarm rates to warning stimuli, suggesting a decisional rather than
inhibitory impairment [40]. The anatomo-functional correlation of gliomas showed that left
ventrolateral and dorsolateral prefrontal lesions were associated with target discrimination
failure. In contrast, right ventrolateral and medial prefrontal lesions correlated with target
detection failure [40].

One study focused instead on the self-monitoring function, with a particular interest in
the functional role of the insular cortex. It proposed a new multimodal protocol combining
DCS, awake surgery, and fMRI to measure self-monitoring skills with a modified version
of the Stroop task. They reported differences in metacognitive domains of glioma patients,
showing (i) increased difficulties in detecting action–outcome mismatches during insular
DCS, and (ii) significant insular BOLD activations during outcome incongruences for self-
made actions [48]. This highlights the importance of considering the insula activation
in executive processing, especially in the metacognitive domain, for patients undergoing
surgery.

Globally, these preliminary findings may imply that (i) executive function performance,
such as working memory, is highly susceptible to plastic connectivity changes in related
brain networking; (ii) such changes can relate to both attentive (FPN) and general (DMN)
functional networks; (iii) tumor features, such as grade and site, can be negative predictors
of executive performance; (iv) there is an existing correspondence between tumor site and
attentive performance; (v) executive processing together with its networking can also be
related to metacognitive skills.
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3.4. Additional Studies (PRISMA Qualitative Analysis)

In addition to this review, two studies reporting postoperative-only neuropsycholog-
ical assessment together with fMRI mapping within the above-cited cognitive domains
were found and, therefore, were qualitatively included.

In greater detail, Amiez et al. studied the sensorimotor function and specifically
the role of the rostral part of the left dorsal premotor cortex in four patients with low-
grade tumors close to that region [50]. The fMRI task’s experimental design undertaken
pre- and postoperatively was based on a visuomotor conditional task (i.e., the ability to
select between competing responses based on previously defined conditional rules). The
employment of the task enabled the localization of the functional activation area in the
proximity of the tumor area in all four patients, enabling the exact delineation of premotor
regions and aiding the planning of the surgery efficiently. This was further corroborated
not only by an optimization of the EOR, but also by the absence of postoperative deficits in
the visuomotor conditional task [50].

Quirarte et al. reported a case report of a left superior frontal glioma exhibiting linguis-
tic impairments after surgery (i.e., language supplementary motor area syndrome). This
study demonstrated the potential of fMRI mapping of the linguistic domain not only for
localization purposes (i.e., surgical mapping), but also to gain better insights about plastic-
ity processing occurring after surgery, and how these can be related to neuropsychological
deficits exhibited by the patients [51].

4. Discussion

Function-preserving, maximally safe resection for brain tumors relies upon changes
in the clinical approach. Indeed, not only does it consist of applying intraoperative map-
ping methods, but also improving the preoperative evaluation of patients and performing
accurate presurgical planning to identify the relationship between the tumor and cortical
and subcortical eloquent areas [15]. FMRI is a widely employed technology to identify the
functional involvement of the cortical regions at rest or during different tasks [16,17,21].
The same tasks used during fMRI can be applied during awake surgery to obtain consistent
results during direct cortical stimulation (DCS) [46]. Sensorimotor and language tasks are
commonly used, but other functions (e.g., executive and attentive functions) are evaluated
sporadically [40–42,46,48], and the task’s experimental design is not standardized among
different centers [18,19,22,26]. Furthermore, integrating fMRI results with neuropsycholog-
ical assessment increases the variability of protocols and reduces the comparability of the
outcome [29].

In this review, we found only 15 studies reporting both the fMRI tasks and neuropsy-
chological tests included in the preoperative evaluation of patients. Previous evidence pro-
vides insights into the following cognitive domains: (i) sensorimotor functions, which can
be efficiently mapped during standard motor paradigms and conserved by pre-surgically
investigating visuospatial abilities; (ii) language, which historically is the most largely
mapped cognitive function in glioma patients, with the recent efficient brain localization
of different linguistic sub-components and related improvements in the recovery of the
linguistic function after surgery; (iii) executive abilities, which might depend on resilient
plastic processes of large-scale networks’ connectivity, especially in the case of working
memory. Nevertheless, the correlation between the results of the two examinations has yet
to be extensively evaluated.

4.1. Anatomo-Functional Correlations of fMRI Mapping and Cognitive Performance

The first clinical implication of the investigated studies reporting fMRI data and neu-
ropsychological assessment is the definition of correlations between areas with neoplastic
involvement, functional brain sites, and cognitive status. These correlations may help in
designing a specific multimodal presurgical planning strategy to improve the functional
recovery of the patients. Currently, a broader part of the available literature focuses on
language. But in this review, we demonstrated how, even for the same cognitive function
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(i.e., language), there is considerable variability across studies evaluating different eloquent
areas as sub-parts of the cognitive network without a precise domain localization. Therefore,
fMRI mapping, together with assessing neuropsychological correlates of a certain cognitive
function, becomes influential if the tumor infiltrates one or more areas belonging to the sup-
posed spatial localization of the corresponding neural network. In this context, language
function is one of the most suitable candidates across cognitive domains, given the ease of
its preoperative evaluation, intraoperative testing, and monitoring during follow-up [19,22].
On the contrary, evidence regarding other functions, such as sensorimotor, perceptual,
and executive functions, is scarce and anecdotal. Therefore, more studies are needed to
determine anatomo-functional correlations of cognitive domains at the single-subject level
in glioma patients to precisely define a tailored surgical procedure.

4.2. Integration of fMRI Data and Neuropsychological Assessment

Secondly, only a few of the included studies emphasized the relationship between neu-
ropsychological evaluation and fMRI tasks, reporting heterogeneous results. Some authors
reported a complementary role of the two preoperative assessments; for example, regarding
speech disturbances, fMRI-positive areas correlated with presurgical neuropsychological
language tests were found in the frontal operculum [37,45], besides the well-known involve-
ment of the arcuate fasciculus. Indeed, Schouwenaars et al. corroborated this hypothesis
by showing how lower fMRI in-scanner performances in glioma patients compared to
controls were associated with the same cognitive impairment during neuropsychological
testing [46].

Further plastic evidence about specific compensatory and resilient fMRI activations,
consequent to tumor presence, was given by Mitolo and colleagues, who assessed how they
are positively correlated with a better cognitive performance in tests measuring general
cognitive abilities (especially in semantic fluency, verbal short-term memory, and executive
functions) [47]. Therefore, a correlation between fMRI and neuropsychological assessment
is confirmed based on the currently available data. In cases where the two methods disagree,
they should be seen as complementary tools, integrating their results for better surgical
planning.

4.3. Role of fMRI-Positive Regions during Surgery

The most apparent transposition of functional data to surgical procedures is exhibited
in the correlating of fMRI data and intraoperative monitoring with DCS to detect the spatial
distribution of “function-positive” spots [45].

In this review, the only work reporting correspondence between DCS and fMRI was
that by Leote, which was equal to 100% for the precentral gyrus for motor function and
84% regarding the opercular frontal inferior gyrus for language function. They found a
correlation between worse presurgical neuropsychological performance and decreased
DCS duration. Nevertheless, they stated that presurgical language disturbances limited
the applicability of DCS mapping in awake surgery [45]. Indeed, according to the author’s
interpretation, this was due to the surgeon’s decision to proceed with the tumor resection,
having considered the systematic errors in language tasks instead of performing more
efficient cortical mapping. Errors in language tasks without applying DCS were seen;
therefore, the patients were engaged in spontaneous conversation, which demands a lower
cognitive load but was not evaluated in fMRI paradigms [45].

Additionally, the surgeon focused more on negative cortical regions after DCS than
positive fMRI regions, probably because of an unconscious preference for DCS for brain
eloquent function mapping [45]. In addition to preoperative assessments with fMRI and
comparisons with DCS results, some papers suggested the direct implementation of func-
tional data intraoperatively [35,45,50]. This process can be done by fusing fMRI data
into morphological MRI sequences and employing intraoperative navigation. Several
pieces of evidence have highlighted how the intraoperative use of fMRI data in the context
of neuronavigation can add highly informative and integrated knowledge about tumor
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features during resection [19]. Indeed, neuronavigation with fMRI increases both the neu-
rosurgeon’s accuracy and the identification of target regions for resection. Furthermore,
information can be combined with neuronavigation in a multimodal manner, taking ad-
vantage also of the white matter fiber-tracking visualization [52,53]. The superimposition
of white matter tracts on eloquent functional brain areas during neuronavigation may
support both the evaluation of better functional limits for the resection and intraoperative
neurophysiological mapping. As noted by Leote et al., the usage of navigated fMRI data
during the surgery seems to not influence or improve DCS in practice [42], and therefore,
further multimodal studies are still needed.

Finally, as a potential future development, Argiris et al. reported that patients per-
forming worse on the mental rotation hand fMRI task had lower MEP amplitudes in the
upper limb motor region during transcranial magnetic stimulation [44]; this may also have
an impact on DCS during surgery if tested systematically.

4.4. Patient-Tailored Protocols According to the Lesion Site and Plasticity Evaluation

Different authors suggested that selecting well-adjusted and individualized neuropsy-
chological tasks pre- and intraoperatively may enable the development of personalized
and more efficient brain mapping protocols [39]. Yamamoto et al. pushed this concept
forward, suggesting that fMRI findings, also regarding brain plasticity, may have important
implications for the surgical management of patients with brain tumors [49]. Kamada et al.
highlighted the same evidence, identifying how fMRI can successfully map the dissociation
of cognitive functions, particularly within the language domain. Indeed, they probed that
fMRI activation during abstract/concrete categorization tasks was located within their
patients’ right superior temporal region, in contrast to the activation of the left superior
temporal and left supramarginal gyri in controls [35]. Moreover, knowledge of the areas
showing functional reorganization may help avoid unintentional damage during neuro-
surgery [49]. Future prospective studies are needed to define fMRI and neuropsychological
protocols specific to tumor locations and types, which will help clinicians select the most
appropriate assessment method for the individual patient. In this context, preoperative
task-based fMRI is a feasible and highly sensitive tool for localizing eloquent cortical areas
in patients affected by brain tumors. Nevertheless, its prognostic role, regarding reduced
morbidity and improved oncologic outcome, still needs to be definitively addressed and
clarified.

4.5. Limitations of the Current Study

The major limitation of the current study is the limited number of studies that met
the inclusion criteria. This paucity reflects the heterogeneity of the literature regarding
fMRI studies, behavioral experimental design, neuropsychological tests, and specific aims
investigated.

This systematic review included only brain gliomas, discarding secondary nervous
system tumors. Here, we did not specifically focus on precise brain tumor sites and grading,
given our aim of including the vast majority of relevant neuro-oncologic works in the field.
Nevertheless, this contributed to a lack of straightforward conclusions; findings from
the literature underlined this complexity. They were characterized by high variability
in concordance rates, with sensitivity and specificity ranging from 59 to 100% and 0 to
97% [54,55]. Moreover, the difficulty in the generalizability of the results not only relates
the hypothesis of each study, but is also caused by the nature of neural network connections
related to cognitive functions, which are highly complex and require several heterogeneous
tasks and tests in extensively mapping them. In addition, diverse acquisition protocols
and image post-processing techniques may also significantly impact the areas identified as
related to a specific cognitive function in fMRI studies. The heterogeneity of data further
dilutes the strength of any current recommendations made in the review.
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4.6. Future Perspectives

Based on the results of this systematic review, further studies focusing on the relation-
ship between the preoperative mapping of eloquent brain areas and neuropsychological
profiles in gliomas are needed. Attention should be primarily set on defining acquisition
protocols that can be tailored to single patients, but assessing standardized and reproducible
parameters, ideally including:

- Preoperative and postoperative evaluations, as longitudinal comparisons have not
been made extensively in the previous literature;

- fMRI tasks focused on specific cognitive functions and put in perspective with rel-
ative neuropsychological assessments, also taking into account the tumor site and
hemisphere;

- Correlations of specific neuropsychological tests with experimental fMRI tasks’ results
to identify clinical criteria for the indication of preoperative fMRI.

5. Conclusions

The results of this review re quite heterogeneous, and only a few papers satisfied
the inclusion criteria, significantly impacting the generalizability of the findings. Most
studies considered language as the most commonly evaluated cognitive function in clinical
practice. In the literature, fMRI and neuropsychological assessments differed in almost
every paper regarding the studied functions, but also the protocols fused to assess a specific
function, impacting the chance of drawing broad conclusions and protocol suggestions.
Furthermore, the fMRI and neuropsychological results demonstrated high variability even
when evaluating the same cognitive domain [37]. Nevertheless, the correlation between
neuropsychological and fMRI results reported by some authors suggests that altered func-
tions during the neuropsychological assessment may help identify patients who could
benefit from an fMRI evaluation in general and, possibly, which specific function should
be tested [45]. However, this should follow a decision based also on tumor site and sus-
pected grading, as low-grade tumors seem to be associated with higher levels of plasticity
processes and better cognitive functions [47]. Based on the current literature, the neuropsy-
chological evaluation and fMRI complement each other in preoperative patient assessment,
surgical planning, and within the surgical procedure itself through neuronavigation and
awake testing. They could potentially even improve post-surgical outcomes in the future.
However, clinicians must consider multiple patient-related and tumor factors to determine
the most appropriate protocol.
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Abstract: Theories of embodied cognition suggest that hand motions and cognition are closely inter-
connected. An emerging technique of tracking how participants move a computer mouse (i.e., the
mouse-tracking technique) has shown advantages over the traditional response time measurement to
detect implicit cognitive conflicts. Previous research suggests that attention is essential for subliminal
processing to take place at a semantic level. However, this assumption is challenged by evidence
showing the presence of subliminal semantic processing in the near-absence of attention. The incon-
sistency of evidence could stem from the insufficient sensitivity in the response time measurement.
Therefore, we examined the role of attention in subliminal semantic processing by analyzing par-
ticipants’ hand motions using the mouse-tracking technique. The results suggest that subliminal
semantic processing is not only enhanced by attention but also occurs when attention is disrupted,
challenging the necessity of facilitated top-down attention for subliminal semantic processing, as
claimed by a number of studies. In addition, by manipulating the color of attentional cues, our
experiment shows that the cue color per se could influence participants’ response patterns. Overall,
the current study suggests that attentional status and subliminal semantic processing can be reliably
revealed by temporal–spatial features extracted from cursor motion trajectories.

Keywords: mouse-tracking; cursor motion; attention; congruency effects; subliminal semantic
processing; area under the curve

1. Introduction
1.1. Background

Regarding the relationship between consciousness and attention, a classic theory is
that consciousness and unconsciousness have distinct features: conscious processing is
elaborate, flexible, and controlled by attention, while unconscious processing is superficial,
stereotypical, and independent of attention [1,2]. On the contrary, recent Global Workspace
Theory argues that unconscious processing is more elaborate and flexible than previously
regarded [3]. Research on masked priming suggests that semantic processing, which is
conventionally considered relatively elaborate, can take place at a subliminal level. And
subliminal semantic processing is modulated by top-down attention [4]. However, the
role of attention in unconsciousness is controversial because of inconsistent results; the
unsatisfactory reproducibility could be attributed to the lack of sensitivity in the traditional
reaction time measure to reveal subtle unconscious cognition [5]. Thus, the current study
proposes a novel methodology, which tracks participants’ hand motions in choice-reaching
tasks, to investigate the influence of attention on subliminal semantic processing.

According to theories of embodied cognition, cognition and body motion are closely
interconnected [6], such as the interplay of visual perception and motion processing [7].
In particular, choice-reaching by hand (i.e., moving hands to select an intended target) is
a fluid process of decision making, where muscles and neurons coordinate dynamically
in a continuous feedback loop: higher cortical systems make a coarse motor plan, and
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local sensorimotor subsystems adjust the hand motion by adapting to sensory feedback in
real-time [8,9]. If these sensorimotor coordination processes are intervened by cognitive
conflicts, the motor plan for choice-reaching will be restructured (e.g., speed change or
making a turn), modifying temporal–spatial features of the hand motion path [10–12].
Thus, hidden cognitive states, such as implicit semantic processing, can be revealed by how
people move their hands during choice-reaching [13,14].

An emerging technique has been developed to track users’ hand motion by record-
ing the cursor movements of a computer mouse [15,16]. Temporal–spatial features of
the cursor motion paths reflect participants’ dynamic decision-making processes [17,18].
The mouse-tracking technique has been widely used in research on semantic process-
ing [19], social judgment [20], and affective computing [21,22]. Recent research further
integrates mouse-tracking into neuropsychological tests and finds that mouse-tracking
benefits psychopathological assessment of stress [23,24], impulsivity [25], and attention
deficit hyperactivity disorder [26–28]. Particularly, the cursor motion features are powerful
in uncovering hidden cognitive conflicts [29–31], such as the implicit social stereotype [32],
attitudinal ambivalence [33], uncertainty in economic choices [34], and syntactic incongru-
ency [35]. Thus, the mouse-tracking technique provides a promising methodology to shed
light on unconscious cognition.

1.2. Subliminal Semantic Processing and Attention

A typical unconscious cognitive conflict is semantic incongruency. For example [36],
participants judged if a target digit was larger or smaller than five, preceded by a subliminal
priming digit (i.e., the “prime”), which was masked (Figure 1). Although the prime was
invisible, it influenced participants’ semantic judgment: the response time was shorter for
“congruent” trials (i.e., priming and target digits were both smaller or both larger than five)
than “incongruent” trials (e.g., prime = 4, target = 9), known as the “congruency effect”.
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Figure 1. An illustration of the “congruency effect”. The participants’ task was to judge whether
the target number was larger or smaller than 5. Before presenting the target, a priming digit was
displayed briefly for 29 ms, sandwiched by masks to make the priming digit subliminal. The response
time was shorter for congruent trials than incongruent trials, which is the “congruency effect”.

The congruency effect demonstrates that semantic information of the subliminal stim-
uli can been processed without participants’ awareness [37,38]. Furthermore, participants’
attentional status was manipulated by occasionally presenting a cue: in the “cued” condi-
tion, an attentional cue (i.e., a green square) forecasting the impending target facilitated
top-down attention, while in the “uncued” condition, the pre-target duration varied ran-
domly with no cue presented to disrupt participants’ temporal attention window [39]. The
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congruency effect was observed only in the cued condition, suggesting that top-down
attention enhanced relevant types of subliminal semantic processing [40,41].

However, the exact role of attention in unconscious semantic processing is controver-
sial [42,43]. Some research argued that assistance from attention was necessary for semantic
processing to occur at a subliminal level [44–46]. Meanwhile, other studies only confirmed
that attention modulated semantic priming but found no solid evidence for the necessity of
attention [47,48]. On the other hand, some studies failed to replicate the modulation effect
of attention on unconscious processing [49–51]. And subliminal congruency effects were
also observed in the near-absences of attention [52,53]. For example, the gender of masked
faces could be reliably identified with little attention, whereas non-face stimuli could not
be unconsciously distinguished [54–56]. And masked pictures of natural scenes could be
correctly categorized when the focal attention was suppressed [57,58].

The inconsistency of evidence regarding the role of attention in subliminal semantic
processing may arise from the way that congruency effects have been evaluated. The
traditional method of measuring response time captures only two data points for each
trial: the onset and end times. This approach overlooks any cognitive process that takes
place in between. Relying solely on the temporal measurement provides limited informa-
tion about the intricate cognitive processes that unfold rapidly in real-time, which are yet
fundamental for subliminal semantic processing to occur [59]. To probe these dynamic
processes, a measurement recording fine-tuned data points corresponding to the contin-
uous cognition-sensorimotor coordination is needed. In this case, the mouse-tracking
data are beneficial because they integrate temporal–spatial information that characterizes
participants’ dynamic cognitive processes [60,61]. Though temporal data alone may under-
estimate semantic congruency effects, the temporal–spatial features of cursor motion help
tease apart subliminal semantic processing [62,63].

1.3. Summary of Previous Research

A number of studies suggest that subliminal semantic congruency effects measured
by response time are generally small and difficult to replicate [64–66]. One reason for the
mediocre reproducibility could be the inadequate sensitivity in the measurement to detect
the nuance of unconscious processing [67,68]. Indeed, substantial research corroborates the
advantage of mouse-tracking measurement over response time, particularly for uncovering
implicit cognitive conflicts [31,59,62]. For example, when participants judged whether a
face belonged to a white or black person, their cursor motion trajectories were attracted to
the unintended label “white” without awareness if an atypical black face was presented [20].
Similarly, semantic congruency effects can be reliably measured by the attraction of cursor
trajectories toward the unintended alternative option, which is quantified by the “area
under the curve” (AUC) of the cursor motion curves [59,69]. Research comparing mouse-
tracking and response time shows that semantic congruency effects measured by AUC were
significantly larger than those by response time [62,70,71]. Thus, the absence of semantic
congruency effects in the uncued condition in the Naccache et al. [39] and follow-up studies
could stem from the insufficient resolution in the response time measurement to reliably
expose subliminal processing.

Another unresolved issue is the role of the attentional cue. It is possible that the cue
not only facilitated top-down attention but also worked as another indirect prime. Previous
research shows that the color of a visual cue is closely associated with semantic priming [72];
for example, a green-color priming picture facilitates participants’ positive responses while
a red-color picture polarizes negative responses [69,71,73]. Because the green/red colors
are often associated with go/no-go signals, the cue color per se could influence the pattern
of responses. Thus, the exact role of the attentional cue needs further clarification.
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1.4. Purposes of the Current Study

To address these unresolved issues, the current study employs the mouse-tracking
paradigm rather than the response time method to examine the role of attention in sub-
liminal semantic processing. Following the experimental procedures in the Naccache et al.
study [39], participants’ attentional status was manipulated by occasionally presenting
an attentional cue. To investigate the influence of cue color, the experiment contrasted
two between-participant conditions: one group of participants received only a green cue
(i.e., the green condition), while the other group received only a red cue (i.e., the red
condition). The experiment seeks to clarify (1) whether subliminal semantic processing
occurs when attention is disrupted, (2) the influence of cue color on subliminal semantic
processing, and (3) whether subliminal semantic processing and attentional status can be
revealed by characteristics of cursor motion trajectories.

2. Materials and Methods
2.1. Overview of the Experiment

We combined the procedure of the second experiment in the Naccache et al. (2002)
research and the mouse-tracking technique [39]. Participants indicated if a target digit was
larger or smaller than 5, and a masked priming digit was presented prior to the target.
In some trials, an attentional cue (a green square) was shown to signal impending digits.
Unlike the original study, however, we added a between-subject condition to manipulate
the cue color—in addition to the green square cue, participants received a red square cue in
another condition. In this manner, we investigated the role of the cue in a 2 × 2 × 2 factorial
design, in which congruency (congruent vs. incongruent—within-subject factor), cue (cued
vs. uncued—within-subject factor), and cue color (green vs. red—between-subject factor)
were contrasted. If top-down attention enhances subliminal processing of the digits,
both red and green cues should elicit more substantial priming effects relative to uncued
conditions. If the cue color influences semantic priming, red and green cues should lead to
different patterns of congruency effects.

2.2. Participants

Eighty undergraduate students participated in the experiment for course credit. They
were randomly assigned to the green (n = 40) or red (n = 40) condition. All participants’
response accuracy was above 80%. Three participants failed to finish the experiment, and
data from 77 participants (n = 37 in the green condition; n = 40 in the red condition) were
analyzed. There were 18 males and 19 females in the green condition while 18 males and
22 females were in the red condition. Their ages ranged from 17 to 23 (Mgreen = 19.68,
SDgreen = 2.12; Mred = 20.08, SDred = 1.95). A meta-analysis shows that 23 studies on
masked semantic priming (within-subject design) had a mean sample size of twenty and
a mean effect size of 0.8 with a 95% confidence interval [0.60, 1.00] [5]. Using this pooled
estimate of effect size, our prospective power analysis indicates that a sample size above
37 for each condition is sufficient to detect a congruency effect size of 0.6 at an alpha level
of 0.05 with a power of 0.90.

2.3. Materials and Apparatus

We employed single-digit numbers (i.e., 1, 4, 6, or 9) as the prime and target. The
display refresh rate of the monitor was 70 Hz, and the resolution was 1280 × 720. The
computer program was developed using Microsoft Visual Studio v.15.0, and the computer
mouse was a Logitech M100 Corded Mouse.

2.4. Experimental Procedure

In the mouse-tracking paradigm, participants move a computer mouse to select a
choice, and the area under the curve (AUC) is measured in each trial (Figure 2). A smaller
AUC denotes a more straightforward and certain response, while a larger AUC reflects
uncertainty during the response and more distraction from the unselected option [15,30,59].
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To depict the curve, the computer program obtains the location of the cursor on the monitor
screen every 15 ms; all data points in each trial are standardized into 101 steps with a linear
interpolation method.
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Figure 2. An illustration of the area under the curve (AUC). In each trial, the AUC (shaded area) is
measured as the number of pixels enclosed by the dashed direct line connecting the starting and
ending points and the actual cursor curve that goes over the direct path toward the unselected option.
Any area that goes over the direct path toward the selected choice is subtracted as negative AUC. The
cursor always starts from the center of the “START” button and ends where participants click one of
the two options.

The experiment had two phases: a number judgment task and an awareness test. In the
number judgment task, participants were assigned randomly to one of the two conditions:
the green condition (i.e., the cue color is green) or the red condition. The procedure followed
Experiment 2 in the Naccache et al. study [39], except that the red condition was added.

In each trial, a mask (i.e., a black-white rectangle doodled with circles and lines) was
displayed for a random number of frames (i.e., 15 to 25 frames) in the center of the screen;
each frame lasted for a fixed duration of 71 ms. Thus, this pre-mask lasted randomly from
1065 ms to 1775 ms with a 71 ms increment. Succeeding the pre-mask, a cue (i.e., a 200 ms
green/red square) in the cued trials or one frame of the mask (71 ms) in the uncued trials
was presented. The cue was green for participants assigned to the green condition and red
for those to the red condition. Following the cue (or the 71 ms mask), 4 frames of 71 ms
masks were displayed, succeeded by a 29 ms priming digit (i.e., 1, 4, 6, or 9), and then a
71 ms post-mask was presented. Following that, a target number (i.e., 1, 4, 6, or 9) was
presented for 200 ms (Figure 3). Participants were required to judge if the target number
was smaller or larger than five and move a computer mouse to select the “Small” or “Large”
button on the top left/right locations on the screen (Figure 2). The locations of the “Small”
and “Large” buttons were counterbalanced among participants.

In this number judgment task, there were 96 cued trials and 192 uncued trials, pre-
sented in random order. Half of the trials were congruent (i.e., the target and prime were
both smaller or larger than five; e.g., prime = 4, target = 1), and the remaining half were
incongruent (e.g., prime = 4, target = 6). Before the number judgment task, there was a
practice session, where 96 trials (32 cued and 64 uncued trials) were performed. Trials
with a response time longer than 5000 ms were excluded from the data analysis (0.6% of
total trials).
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Figure 3. The procedure in the green and red conditions. The two conditions differed only in the
cue color.

Following the number judgment task, an awareness test was given, where trials
(192 trials in total) were the same as in the number judgment task. Participants were
explicitly informed that a priming digit would flash briefly and were required to judge
if the prime was visible and whether it was larger or smaller than 5, instead of judging
the target digit [37]. The d’ was calculated for each participant to check the visibility of
priming digits: correctly indicating a prime as larger than five was defined as “hit” and
choosing “Large” when the prime was smaller than five as “false alarm”. We applied
linear regression analyses for congruency effects on d’s to examine the extent to which the
visibility of primes would contribute to priming effects [37].

3. Results
3.1. The Three-Way ANOVA

The experiment was a 2 (cue: cued, uncued; within-subject) × 2 (cue color: green, red;
between-subject) × 2 (congruency: congruent, incongruent; within-subject) factorial design.
The dependent variable was the area under the curve (AUC).

A three-way ANOVA (cue color × cue × congruency) revealed significant impacts
of cue color (F(1, 75) = 5.62, MSE = 48,246,665.40, p = 0.02, partial η2 = 0.07), congruency
(F(1, 75) = 53.43, MSE = 953,709.97, p < 0.001, partial η2 = 0.42), and interaction between
congruency and cue (F(1, 75) = 13.54, MSE = 618,393.72, p < 0.001, partial η2 = 0.15). The
three-way interaction was not significant (F < 1).

The congruency effects were prominent, suggesting that the masked priming num-
bers can be processed at a semantic level without much awareness. Below, we report
the impacts of presenting an attentional cue and those of the cue color on congruency
effects, respectively.

3.2. The Impact of Presenting an Attentional Cue

The significant interaction between congruency and cue (F(1, 75) = 13.54, MSE = 618,
393.72, p < 0.001, partial η2 = 0.15) shows that the congruency effects were larger in the cued
than the uncued conditions (Figure 4), which means presenting an attentional cue enhanced
the congruency effects. It is noticeable that congruency effects were still robust in uncued
conditions (Figure 4), suggesting that the masked numbers elicited semantic processing
even when the temporal attentional window was disrupted (i.e., in the uncued condition).
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Figure 4. The average AUCs of congruent and incongruent trials are shown for cued and uncued
conditions in the green and red conditions, respectively. The AUCs were measured by amounts of
pixels on the screen.

3.3. The Impact of Cue Color

The cue color influenced overall AUCs. The average AUC in the red condition
(M = 3611.62, SD = 3383.87) was larger than that in the green condition (M = 5506.54,
SD = 3724.76); (F(1, 75) = 5.62, MSE = 4,8246,665.40, p = 0.02, partial η2 = 0.07). Mean-
while, the interaction between cue and congruency was significant in the green condition
(F(1, 36) = 11.00, MSE = 515,318.83, p = 0.002, partial η2 = 0.23) but not in the red condition
(F(1, 39) = 4.04, MSE = 713,539.77, p = 0.051, partial η2 = 0.09).

3.4. Characteristic of Average Motion Trajectories: Congruent vs. Incongruent Trials in Green
and Red Conditions

Figure 5 below shows the average cursor motion trajectories in the cued/uncued
conditions as well as in the green (a) and red (b) conditions. Blue trajectories are for
congruent trials while brown trajectories are for incongruent trials. The congruency effect is
illustrated by the distance between the congruent and the incongruent trajectories toward
the same ending location, which corresponds to the difference in average AUCs between
congruent and incongruent trials (i.e., the size of congruency effects). The congruency effect
is larger in the cued than the uncued conditions yet still present in the uncued condition
(Figure 5), suggesting that subliminal semantic processing occurs in the near-absence of
top-down attention.
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Figure 5. Average trajectories in the green condition (a) and the red condition (b), with the cued
condition on the left panel and the uncued condition on the right panel. Trajectories in light blue
represent congruent trials while those in light brown represent incongruent trials. All trajectories
start from the lower-middle location and travel to one of the two options either on the upper-
left corner (e.g., “Small”) or on the upper-right corner (e.g., “Large”) of the screen, depending on
participants’ choices. The congruency effect is illustrated by the distance between the congruent and
the incongruent trajectories toward the same ending location, which corresponds to the difference in
average AUCs between congruent and incongruent trials. The X and Y axes denote amounts of pixels
on the screen.

3.5. Awareness Analyses

In the awareness test, no participant could correctly report any priming digit. To
further examine the visibility of primes, we calculated the d’s in the awareness test [37].
The d’s were statistically indistinguishable from zero: in the green condition, M = 0.001,
t(36) = 0.10, and p = 0.923; in the red condition, M = 0.004, t(39) = 0.49, and p = 0.625; these
results suggest that participants had little awareness of primes. Linear regressions showed
that d’s could not predict congruency effects; thus, congruency effects were unlikely to be
impacted by the visibility of primes (Tables 1 and 2). The intercepts were higher than zero
at null d’, indicating that congruency effects were significant at a subliminal level [37].
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Table 1. Regressions with congruency effects 1 on d’s in the green condition.

Predictor b SE 95% CI t p

Cued
(intercept) 1251.03 198.07 [862.81, 1639.25] 6.32 *** <0.001

d’ 0.17 0.16 [−0.16, 0.50] 1.02 0.313

Uncued
(intercept) 479.97 133.92 [217.49, 742.45] 3.58 ** 0.001

d’ 0.13 0.17 [−0.19, 0.46] 0.80 0.429
1 The congruency effect = AUCincongruent − AUCcongruent. ** p < 0.01, two-tailed. *** p < 0.001, two-tailed.

Table 2. Regressions with congruency effects on d’s in the red condition.

Predictor b SE 95% CI t p

Cued
(intercept) 1014.28 297.93 [430.34, 1598.22] 3.40 ** 0.002

d’ −0.01 0.17 [−0.35, 0.34] −0.03 0.973

Uncued
(intercept) 474.07 132.30 [214.76, 733.38] 3.57 ** 0.001

d’ 0.04 0.16 [−0.28, 0.36] 0.25 0.807
** p < 0.01, two-tailed.

4. Discussion

The overall AUCs in the red condition were larger than those in the green condition,
suggesting that cue color per se influenced subliminal semantic processing. Given that
color is closely associated with semantic priming (e.g., the red color is often associated with
negative connotations like “alarm” and “stop”) [72,73], the red cue could make participants
more cautious and hesitant to respond, resulting in larger AUCs. The same rationale
could explain the smaller AUC in the green condition—positive meanings implied by
the green color, such as “safe” and “go”, might have prompted more straightforward
responses [69,71]. The results suggest that researchers manipulating attentional status
with visual cues shall proceed with caution and minimize the influence of cue color on
priming effects.

The relationship between attention and consciousness is a long-debated core issue
in human cognition. The classic theory claims that conscious processing is guided by
attention while unconscious processing is autonomous, stereotypical, and independent of
attention [74,75]. In contrast, recent research suggests that attention can orient to invisible
stimuli and influence unconscious processing. Accumulated evidence suggests that top-
down attention can modulate subliminal processing at a semantic level [76]. According
to the Global Workspace Theory (GWT), unconscious processing needs assistance from
top-down attention to reach a semantic level [77,78]. More specifically, subliminal seman-
tic information is automatically coded by specialized neural modules in the peripheral
workspace and sent into the global workspace; the top-down control mechanism in the
global workspace allocates more cognitive resources to the attended semantic information,
leading to enhanced subliminal priming, while unattended subliminal processing quickly
fades away [79].

Challenging this view, the current study finds significant congruency effects in the
uncued conditions, suggesting that unconscious information is processed at a semantic level
even with little support from attention. Thus, unconscious processing need not be sustained
by attention to produce semantic priming [62,70]. On the other hand, congruency effects
are larger in the cued than in the uncued conditions, consistent with previous research on
GWT [39,80]. Therefore, the current study rather proposes a revision than disproves the
GWT: in the global workspace, the top-down control mechanism does enhance attended
unconscious information; meanwhile, at least some types of semantic processing, though
not sustained by attention, persist for a notable duration in a bottom-up manner instead of
immediately vanishing.

The current study adds solid evidence to the robustness and flexibility of subliminal
semantic processing, contrary to the traditional opinion that unconscious processing is
short-lived and stereotypical [81,82]. Given the close interplay of top-down attention
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and subliminal information, the boundary between conscious control and unconscious
processing becomes vague [83]. Since hand movements reflected subliminal processing,
the underlying mechanism linking overt body motions and implicit cognition deserves
further clarification to enrich the embodied cognition theory.

Overall, the mouse-tracking measure (e.g., AUC) shows advantages over response
time to detect implicit cognitive conflicts [71]. Conventionally, decoding real-time cog-
nitive activities relies on brain imaging techniques (e.g., EEG and fMRI), which require
costly devices and cumbersome settings. In contrast, the mouse-tracking technique is
an affordable, easy-to-use method adaptive to a broad range of user environments [59].
A computer mouse is one of the most ubiquitous devices and the cursor motion is traced
by time-stamped x-y coordinates, minimizing costs for data collection and analysis. Given
that subthreshold motor control processes cannot be revealed by button responses yet
can be detected by BOLD signals [84], it is also possible that similar mechanisms can be
measured with mouse-tracking. Thus, the mouse-tracking technique provides a promis-
ing tool to dissect dynamic cognitive processes and contribute to brain sciences in future
research [16,85].

Admittedly, the current study comes with limitations. First, since disrupted attention
in the uncued condition did not guarantee a complete absence of attention, we cannot rule
out the possibility that minimal attention still played a role there. Rather, because semantic
priming was present in both cued and uncued conditions, assistance from attention is
unlikely to be essential for subliminal semantic processing. Second, the main effect of
cue color was based on between-group comparisons, which could be confounded with
potential between-group individual differences in movement styles, if any. Although the
between-group design helps prevent red and green colors from working against each other,
future research shall consider within-group design to re-examine the color effect.

5. Conclusions

In conclusion, the current study investigates the role of attention in subliminal semantic
processing with the mouse-tracking technique and provides three critical messages. First,
while attention enhances subliminal semantic processing, the cue color per se influences
semantic priming effects. Second, top-down attention is unlikely to be a prerequisite
for subliminal semantic processing, which occurs in the near-absence of attention. The
findings add solid evidence to the robustness and flexibility of unconscious processing and
propose a revision of the Global Workspace Theory. Third, subliminal semantic processing,
attentional status, and the influence of cue color can be revealed by cursor motion features,
such as the curvature of trajectories, demonstrating that the mouse-tracking technique
is a promising tool to reveal dynamic implicit cognition on a broad range of topics in
future research.
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Abstract: Recently, genuine motor abnormalities have been recognized as prodromal and predictive
signs of psychosis onset and progression. Therefore, physical exercise could represent a potentially
relevant clinical tool in promoting the reshaping of neural connections in motor circuitry. The aim of
this review is to provide an overview of the literature on neuroimaging findings as a result of physical
treatment in psychosis cohorts. Twenty-one studies, all research articles, were included and discussed
in this narrative review. Here, we first outlined how the psychotic brain is susceptible to structural
plastic changes after aerobic physical training in pathognomic brain areas (i.e., temporal, hippocampal
and parahippocampal regions). Secondly, we focused on functional changes, both region-specific
and in terms of connections, to gain insights into the involvement of distant but inter-related neural
regions in the plastic process occurring after treatment. Third, we attempted to bridge neural plastic
changes occurring after physical interventions with clinical and cognitive outcomes of psychotic
patients in order to assess the relevance of such neural reshaping in the psychiatric rehabilitation
field. In conclusion, we suggest that the current state of the art is presenting physical intervention
as effective in promoting neural changes for patients with psychosis; it is not only useful at the
onset of the pathology but also in improving the course of the illness and its functional outcome.
However, more evidence is needed to improve our knowledge of the efficacy of physical exercise
in plastically reorganizing the psychotic brain in the long term, especially within regions lacking
specific investigations, such as motor circuitry.

Keywords: physical exercise; neural plasticity; brain connectomics; psychosis; genuine movement
abnormalities

1. Introduction

Psychosis is a pathological condition characterized by a set of severe symptoms
affecting different levels of everyday life (i.e., social, cognitive and perceptual domains)
and is related to poor functional outcomes [1]. Signs of altered motor development are
increasingly recognized as an important marker of risk for psychosis [2,3]. Indeed, a
growing body of literature suggests that genuine movement abnormalities (GMA; e.g.,
akathisia, catatonia, dyskinesia, parkinsonism and psychomotor slowing) [4] are present
long before the first signs of thought disorder, and prospective studies of youth at risk show
that GMA may predict the transition to psychosis [5–7]. Therefore, it is alleged that motor
circuitry has a relevant role in the pathophysiology of psychosis [4].

At a neural level, several brain regions were shown to be structurally implicated in
the neuropathology of psychosis [8–12], with a main focus on the medial temporal lobe
(together with hippocampal and parahippocampal areas), parietal lobe and subcortical
areas involvement. However, there is still limited information about how functional motor
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areas disruption co-occur with GMA in psychosis and how different motor circuits may
contribute to the understanding of the pathology [13].

Specifically, the functional somatomotor network (SMN) is a large-scale functional
network usually involving both (i) motor circuitry within the precentral gyrus together
with supplementary motor areas and (ii) somatosensory regions relying on the postcentral
gyrus [14].

The SMN connections were found to be functional transdiagnostic hubs across several
psychiatric disorders [15,16]. Indeed, dysconnectivity within the SMN is believed to be a
common feature across multiple psychiatric conditions; whereas its connections to frontal
areas are rather disrupted, with an illness-specific pattern, when considering psychotic dis-
orders [16]. These findings highlight that psychiatric disorders share common impairments
linked to perception and motor output (i.e., related to the bottom-up networking within
regions of the motor circuitry); whereas unique brain connectivity profiles can be found
for each pathology mediating more distinctive features of the disorder (i.e., related to the
top-down networking between motor circuitry and frontal areas) [4,17].

Hence, in the case of psychosis, efficiently targeting motor circuitry connections could
be of foremost importance in treating and acting on overall symptomatology. Clinical treat-
ment of psychosis is generally carried out through the application of a pharmacological
therapy combined with several non-pharmacological psychosocial interventions [18,19]
consistently varying in types across different guidelines. Evidence-based psychosocial
treatments are aimed at improving the quality of life and at a more efficient management
of the illness; among them, the ones recognized as most common are cognitive-behavioral
therapy, social skills training and cognitive remediation. Recently, physical exercise has
also appeared as a valid tool for psychotic rehabilitation [20], not only given its potential
to target GMA from the beginning of the pathology—or even in high-risk subjects with a
preventive role—but also as a non-pharmacological treatment acknowledged to improve
symptoms and cognitive performance in schizophrenia [21]. Furthermore, physical train-
ing is characterized by high practical feasibility, which makes it extremely appealing for
psychiatric rehabilitation. Thus, a better understanding of its expected neural effects on the
multifaceted symptomatology of psychosis and its potential outcomes may represent an
important clinical topic.

Aims

Therefore, the general aim of this review is to provide an overview of brain connec-
tomics literature (both structural and functional) on physical exercise plasticity effects as a
treatment for mental illness, with a particular focus on psychosis.

The first more specific aim is to evaluate how volumetric properties of diverse brain
regions are affected by physical training, considering both areas thought to be pathogenic
for the psychotic phenomena and ones believed to be targeted during the treatment (i.e.,
within the neural motor circuitry). The second specific aim is to obtain a better look at
effects on the implicated regions from a functional point of view in order to gain insights
about the reshaping of functional connections as a result of aerobic training, even between
remote regions or areas not structurally affected. The third aim tries to combine neural
plastic changes resulting from physical training with behavioral outcomes of the patient,
potentially ameliorating prognosis. In addition, our last specific aim is to understand if
physical treatment via promoting neural changes can be considered a potentially interesting
clinical tool among the everyday rehabilitation techniques proposed for psychotic patients.

2. Materials and Methods

This narrative review was conducted by following a re-adaptation of the PRISMA
flow [22].
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2.1. Inclusion Criteria

As previously stated, the aim of this narrative review was to include all research
studies fulfilling the following criteria: MRI-based neuroimaging studies investigating the
effects of physical training in psychotic populations. To be included, research studies had
to provide enough methodological details with regard to both the MRI acquisition protocol
and strategy of analysis and the type of physical training applied. No age limit was applied
to the samples included as psychotic patients. Studies had to index psychotic populations
via a validated measure (e.g., Positive and Negative Syndrome Scale, Structured Interview
for Psychosis-risk Syndromes, Structured Clinical Interviews for DSM-5, etc.). Samples
consisting of patients potentially experiencing psychosis (i.e., bipolar disorders) but lacking
diagnosis and/or clinical information on the nature and specificity of the phenomena in
the study manuscripts were excluded.

2.2. Search Strategy and Selection of Studies

In order to evaluate the relevant literature in the field, works published up to April
2023 were included in this qualitative critical review, chosen from a search conducted in
open databases (PubMed, Scopus and Google Scholar). The initial search and all databases
used a combination of the following terms: [physical AND (exercise OR activity), neu-
roimaging AND (fMRI OR DWI OR anatomy OR Voxel-based morphometry OR cortical
thickness)] AND (psychosis OR schizophrenia OR psychotic disorder) without specifying a
certain period of publication dates. References from the detected articles, further sources
and pertinent literature reviews were also assessed for potential inclusion in the reviews.
Database inclusion, exclusion, secondary searches and final inclusion, summarized in the
flow diagram (Figure 1), were conducted by one of the authors (FS).
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We found 204 hits from our initial search, among which, after adjusting for duplicates,
141 articles were retained and screened for title and abstract. Additionally, 104 of these
were discarded as not meeting the inclusion criteria. The full texts of the remaining
37 articles were assessed for eligibility and 18 of these papers were included in the narrative
review. Moreover, the reference lists of these articles were searched for relevant records,
and this search yielded 15 additional articles. Of these secondary searchers, three articles
were included in the review.

Thus, out of 52 full-text screened papers, the total number of articles that met the
criteria for inclusion was 21. As a last step, the entire manuscript texts of the final full
list of 21 final included articles was further reassessed to ensure that they meet inclu-
sion/exclusion criteria.

The following information was extracted from each included study: (1) authors and
year of publication; (2) sample size; (3) participant characteristics (demographic information
of the sample, clinical diagnosis, clinical assessment scores, cognitive scores); (4) study
characteristics (design, control condition); (5) physical exercise protocol characteristics
(type, frequency, duration); (6) neuroimaging study characteristics (MRI scanner, MRI
sequences, outcome measure); and (7) main conclusions.

3. Results

In recent decades, a growing body of literature has assessed the association between
neural connectivity changes and exercise intervention in patients with psychotic disorders.
The search identified 21 neuroimaging studies investigating physical training effects in
psychosis, 20 studies looking at structural brain plasticity and 8 at functional ones.

These studies proposed several techniques for physical activities as treatments and
investigated, by means of MRI, the neural plastic variations in brain connections both
on a structural anatomical level and on a functional one. The type of physical training
investigated in the above cited studies included mainly aerobic exercise (e.g., cycling, en-
durance training or yoga), ranging from two to three times a week, with sessions of variable
duration (i.e., from 30 min up to 120 min) for an observational period of a minimum of
12 weeks. A large portion of the studies (N = 14) also included a control condition for
the physical treatment frequently consisting of the absence of exercise (e.g., as waitlist or
recreational/occupational activities such as table soccer). Furthermore, three of the se-
lected studies considered only passive assessments of physical exercise without promoting
physical treatment.

3.1. Exercise Effects on Structural Plasticity in Psychosis
3.1.1. Anatomical MRI

The largest portion of selected studies (N = 19) investigated the structural modification
of cortical grey matter as an effect of physical exercise (Table 1).
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Most of the studies focused on precise a priori regions where the expected structural
changes (Figure 2A) should take place based rather on the pathophysiology of psychosis
than supposed motor neural networking enhancement.
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plasticity changes occurring in brain regions of psychotic patients as a function of physical activity.
The figure was generated with Surf Ice toolbox (https://www.nitrc.org/projects/surfice/) (accessed
on 29 April 2023) by rendering on the surface mesh previously selected and atlas-derived regions
of interest (Harvard–Oxford cortical and subcortical structural atlases [42]; Anatomical labelling
Atlas [43] (AAL3); Atlas of Intrinsic Connectivity of Homotopic Areas [44] (AICHA)) found to be
implicated in previous studies. Abbreviations: VBM (voxel-based morphometry); CTh (cortical
thickness); fMRI (functional MRI).

Therefore, the utmost investigated brain region is the hippocampus, together with
its subfields and the parahippocampal areas. Volumetric studies reported mixed results
consequent to aerobic fitness, with evidences for either an increased cortical volume of the
hippocampus in schizophrenic patients [25,27,30,35,39] or stable hippocampal grey matter
both in clinical high-risk subjects [23,24] and later stages of psychosis [31,36,37]. The same pat-
tern is found also while looking at the hippocampal subfields, with Damme et al. [23] reporting a
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negative correlation of its volume in the absence of aerobic activity and Maurus et al. [25] re-
porting an increased volume associated with physical activity; whereas Malchow et al. [31]
describe no structural changes. Only two studies instead focused on parahippocampal
regions, highlighting that in ultra-high-risk subjects for psychosis. a structural smaller
volume of the area is associated with lower physical activity [34] can develop an increased
white matter volume promoted by aerobic training in cases of schizophrenia [25].

Similarly, focusing on whole brain volumetric changes, other works highlighted the
absence of cortical region differences in psychosis due to treatment [28,29]. Only one
study exhibited subtle localized differences in temporal gyri [31] in schizophrenic patients
undergoing aerobic training and also found increased volumetric grey matter in the motor
and anterior cingulate cortex for the control condition (i.e., table soccer), both of which fade
after physical inactivity.

Differently, as concerns effects on cortical thickness (Figure 2B), physical exercise was
found to enhance prefrontal and temporal regions both in early psychosis [26,33,40] and
chronic schizophrenia [38].

3.1.2. Diffusion MRI

Only one study in the context of structural plasticity investigated the white matter
structures’ modifications in schizophrenia due to physical exercise [41], showing an im-
provement in white matter integrity (in terms of fractional anisotropy (FA)) in motor fiber
tracts thanks to training and regardless of the presence of diagnosis (i.e., both in schizophre-
nia and in healthy controls). Concerning patients, this structural connectivity study also
corroborates previous findings about the beneficial effect of physical training on overall
mental health with a peculiar alleviation of positive psychotic symptoms.

3.2. Exercise Effects on Functional Plasticity in Psychosis
Functional MRI

Looking at the total number of studies included in this narrative review, a smaller
portion of the studies (N = 8) investigated the effect of exercise on functional connections in
psychotic patients compared to those dedicated to structural plasticity (Table 2, Figure 2C).
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Indeed, the vast majority of functional studies based their hypotheses on previous
structural findings and aimed at shining new light on hippocampal changes consequent
to exercise training by looking at its functional connectivity [23,24,27,32]. Functional
connectivity of the hippocampus seemed to increase with the occipital lobe after physical
exercise both in ultra-high risks subjects for psychosis [24] and in attenuated forms of
psychosis [23] compared to control conditions. However, while looking at patients with
schizophrenia, no changes were found in hippocampal functional connections to more
neighboring structures (e.g., subfields, parahippocampal regions, amygdala, thalamus,
middle/frontal and cingulate gyrus) after physical activity [27,32].

As regards whole-brain findings, only two studies investigated physical activity effects
in psychosis on functional brain activation during tasks [28,46]. The study from Takahashi
et al. is the first study to investigate functional activity changes after aerobic exercise. It
demonstrated that a precise part of the occipital cortex, the extra-striate body area (EBA),
increased its activity in schizophrenic patients in relation to exercise and this seemed to
facilitate an improvement in psychotic symptoms. However, no further studies looked
at how this increase in EBA BOLD activation relates to functional connections with other
brain areas. The second task-based fMRI study, on the contrary, tried to depict a more
comprehensive, connectome-based picture of brain activity changes after body-oriented
interventions for psychotic patients. Their results showed a connectivity normalization of
the aberrant salience network activation usually found in psychotic patients, potentially
driven also by the aerobic kick-boxing training present in the body-oriented therapy.
Furthermore, other functional connectivity studies highlighted an involvement of large-
scale brain networking in plasticity after aerobic training, such as within the default mode
network (DMN) (precuneal amplitude of low-frequency fluctuations (ALFF) decrease with
yoga [45]) and the central executive network (CEN) (improved connectivity in combination
with cognitive training [26]).

However, no studies have investigated the functional connectivity changes between
hippocampus, DMN and SMN networking in relation to physical treatment in psychosis.

3.3. Behavioral Correlation with Neuroimaging Findings

A portion of the selected studies (N = 17; Table 3) concerning both structural and
functional plasticity, also investigated the association of neural changes with behavioral
variables that can be grouped into three main domains, namely, cognitive performance,
psychotic symptomatology and social functioning.
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Regarding the cognitive profile, neural changes promoted by physical exercise were
found to be associated with: (i) a better general cognitive outcome in high-risk subjects [23,24];
(ii) improved short term memory in schizophrenia [29,35]; (iii) enhanced working memory
and reasoning/problem solving skills both in early and overt psychosis [45].

Similarly, as regards behavioral clinical variables, all studies demonstrated an im-
proved outcome as a function of exercise. Concerning clinical scores, the evidence was
found for better overall psychotic symptomatology in schizophrenia [29,30,40,41,46] and
for negative symptoms in early psychosis [45] and positive symptoms in high-risk co-
horts [23,24]. Even though the proven effects on psychotic symptoms, there is no such
clear evidence showing either an investigation of GMA or an effect of physical training in
delaying the worsening/improving the management of these symptoms in association to
neural changes.

On the other hand, concerning scores of social functioning, a positive association of
physical treatment with improved skills of occupation [34] and work/school [33] function-
ing, and social adaptation [24,38] was found in diverse conditions of psychosis.

4. Discussion

At the current state of the art, beside the given clinical importance of physical activ-
ity [47–50] in the context of psychosis, there is no clear consensus on the expected neural
plastic changes occurring after such treatment in psychotic patients.

In this narrative review we showed the following (Figure 3): (i) hippocampal and
parahippocampal structural and functional plasticity in schizophrenia and high-risk pa-
tients as a consequence of physical exercise; (ii) preliminary whole-brain functional plastic
processes occurring after physical treatment and their associations with patients’ outcome.
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Figure 3. Schematic representation of physical training effects on multiple levels and relevant
observed pathological impairments in psychosis. Observed effects are reported with the relevant
reference, whereas the expected effects still lacking investigations are reported in grey. Abbreviations:
VBM (voxel-based morphometry); CTh (cortical thickness); DWI (diffusion-weighted imaging); fMRI
(functional MRI); GM (grey matter); WM (white matter); EBA (extra-striate body area); SN (salience
network); DMN (default mode network); CEN (central executive network).

As regards structural plasticity, most studies reported results based on a priori hy-
pothesized regions involved in the psychotic disorder. The focus was concentrated on
hippocampal and medial temporal regions, but there was no clear consensus on the vol-
umetric effect of physical exercise across the selected studies. The only region showing
consistent directionality in structural plasticity is the parahippocampus, which seemed
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to have a protective role both in grey and white matter portions. Prior evidence obtained
from both animal and human models demonstrated that the structure and function of
the parahippocampal region susceptible to physical exercise [51] are critically implicated
in psychosis [52]. Reductions in parahippocampal volume have been reported in high-
risk individuals with transient or isolated psychotic symptoms, and high-risk patients
who developed psychosis showed longitudinal reduction. Exercise has various effects
on parahippocampal regions such as increasing neural excitability, increasing grey/white
matter, volumetric reduction, enhancing regional glucose metabolism, increasing cerebral
blood flow, augmenting various markers of synaptic plasticity and increasing the functional
connectivity with other proximal brain structures. Therefore, it is reasonable to suppose
a potential role of parahippocampal regions in the motor domain. Future work could
investigate the effects of exercise on connections of these regions to other areas, such as
(i) the motor circuitry [13] system and (ii) or temporal and frontal regions, which were
previously found to be structurally affected by aerobic training in psychosis [31,38].

Concerning structural connections changes, we also highlighted that only one study
investigated the effect of exercise on white matter motor bundles. Brain white matter
alterations are well-documented in adults with psychotic disorders; the results indicate
widespread lower FA, with the largest effect sizes in the anterior corona radiata and corpus
callosum (CC). The involvement of the CC seems to be connected to the role of abnormal
hemispheric specialization and abnormal interhemispheric communication in the etiology
of the disease. Accumulating evidence suggests that aerobic exercise training and higher
cardiorespiratory fitness are associated with improved microstructural organization of the
CC; in particular, practicing aerobic exercise regularly or intense cardiorespiratory fitness
leads to an increase in FA values in the CC. Despite the idea that temporary physical training
might not be persistent or effective enough to provoke such structural changes, all these
elements highlight the need of a more extensive investigation of structural connectivity.

In addition, a small number of studies looked at functional plasticity reporting based
on regions structurally affected by exercise, changes in connectivity of the hippocampus
and in large scale networking. However, the generalizability of these results is very poor
due to power issues limiting the possibility to draw comprehensive conclusions; hence,
further studies are needed.

Moreover, the selected studies investigating behavioral associations with neural
changes due to physical treatment consistently reported a positive effect on multiple
domains affected by the presence of psychosis (i.e., cognitive deficits, psychotic symp-
tomatology and functional outcome). This poses aerobic exercise as a potentially effective
treatment for schizophrenia and psychotic spectrum disorders in general, as previously
hypothesized [48]. However, the level of persistence of plastic neural changes over time
after the conclusion of the treatment, which is thought to re-organize the psychotic brain
back to physiology, is still a matter of debate.

Nevertheless, there is another relevant point to raise regarding the investigation of mo-
tor circuitry changes. Previous investigations [13] demonstrated how three main networks
involved in motor functions, namely, the basal ganglia, the cerebellar–thalamocortical
and the corticomotor circuits, are relevant for the pathophysiology of psychosis. With
this review, we have highlighted the lack of studies investigating how these connections
can be affected or influenced by physical and motor exercise in psychosis. Indeed, the
vast majority of studies included in this narrative review were focused mainly on brain
changes occurring after physical treatment in regions allegedly expected to be affected [8]
by psychosis symptomatology, rather than on motor connections. Furthermore, in this
narrative review no evidence was found investigating the correlation between the rise in
neural plasticity thanks to exercise and the effect on GMA symptoms, leaving the door
open for upcoming investigations. Therefore, future experimental studies should examine
changes in the inter-relationships of motor networks in psychosis as a result of aerobic
exercise to better probe its potential as a targeted treatment on GMA.
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Most of the studies focus on the effects of aerobic activity, although there is no literature
that guarantees a better effect of this physical exercise over others. This choice is probably
due to a greater simplicity in conducting the intervention compared to team sports or other
sports such as contact sports, which could have a positive impact on the dopaminergic
circuits but increase aggressive attitudes. It would be of interest to compare various
modalities of exercise with other forms of intervention, including medication, cognitive
behavioral therapy and imagined locomotion. In future studies, it will also be important to
acquire information on the amount of previously played sports to correlate with the MRI
acquired before treatment, as the outcome of the therapy could be different in relation to
patient’s habit of physical exercise.

However, the limitations of this study must be considered. Being a narrative review, it
was beyond the scope of this work to systematically investigate the quantitative effects of
physical treatment in psychosis; therefore, future meta-analyses could shed light on precise
estimated effects.

Despite this limitation, this review is of scientific interest as it underlines how physical
exercise can have a strong therapeutic impact on those suffering from psychosis.

5. Conclusions

In this review, we provide evidence of both structural and functional brain plasticity
in psychosis as a result of physical treatment. Although there is no obvious directionality
and the effects do not last once the exercise phase is over, physical training, especially
aerobic exercise, promotes structural changes in the areas of the hippocampus. Physical
exercise and brain changes altered the hippocampus’ functional connectivity as well as that
of other large-scale networks, and these changes were associated with improved functional
outcomes for patients. To evaluate the long-term effectiveness of physical therapy within
the psychotic spectrum and its reliability in the therapeutic setting, more research is still
required. Future studies should concentrate on enhancing our understanding of how
neural connections within motor circuitry alter in psychosis, emphasizing both cortical and
subcortical connection changes.
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Abstract: Background: The objective of this study was to evaluate the effectiveness of various results
of treadmill training in children and adults with Down syndrome (DS). Methods: To provide an
overview of this effectiveness, we conducted a systematic literature review of studies in which
participants with DS from all age groups received treadmill training, alone or combined with phys-
iotherapy. We also looked for comparisons with control groups of patients with DS who did not
undergo treadmill training. The search was performed in medical databases: PubMed, PEDro, Science
Direct, Scopus, and Web of Science, and included trials published until February 2023. Following
PRISMA criteria, the risk of bias assessment was conducted using a tool developed by the Cochrane
Collaboration for RCT. The selected studies presented multiple outcomes with differences in method-
ology; therefore, we were not able to conduct any sort of data synthesis, so we present measures
of treatment effect as mean differences and corresponding 95% confidence intervals. Results: We
selected 25 studies for the analysis with a total number of 687 participants, and identified 25 different
outcomes which are presented in a narrative manner. In all outcomes we observed positive results
favoring the treadmill training. Discussion: Introducing treadmill exercise into typical physiotherapy
generates improvement in mental and physical health of people with DS.

Keywords: Down syndrome; treadmill training; physiotherapy; intellectual disability

1. Introduction

Down syndrome (DS) is a genetic disorder that affects people of all races and societies,
occurring in approximately 1 in every 1000–1100 children. It is caused by either partial or
complete triplication of chromosome 21, and is considered to be one of the most preva-
lent causes of intellectual disability globally [1]. There are three genetic types of Down
syndrome: trisomy 21, mosaicism, and Robertsonian translocation [2].

1.1. Health Complications Associated with Down Syndrome

It has been reported that people with Down syndrome struggle with many health
problems and their life expectancy (approximately 55 years) is shorter than in neurotypical
individuals. Furthermore, its incidence has been increasing over the years [3]. The reported
health problems include congenital heart defects, hypothyroidism, leukemia, coeliac dis-
ease, muscle hypotonia, ligamentous laxity, atlantoaxial instability, epilepsy, obstructive
sleep apnea, autoimmune diseases, recurrent respiratory infections, hearing and vision
problems, early onset Alzheimer disease, and anxiety disorder [3,4].

1.2. Motor Development and Cognitive Function in Down Syndrome

Low muscle tone and ligamentous laxity results in delay of walking onset in infants
with Down syndrome. They stand alone and walk independently when they are 9, 18, or
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19 months old, whereas neurotypical infants usually walk when they are 6, 11, or 12 months
old [5,6]. The atypical motor behavior of infants with Down syndrome is seen even in the
first weeks of their life and leads to various implications for their future motor skills, for
example, weaker grip strength and difficulty maintaining body posture [7,8]. Independent
walking is also important because of its influence on cognitive and social development [9].

1.3. Obesity and Alzheimer’s Disease in Down Syndrome

People with Down syndrome also have a higher risk of obesity, which is associated
with a pro-inflammatory status [10]. Furthermore, they are susceptible to early progressive
loss in executive functions (cognitive strategies to process adaptive, goal-directed actions)
which is associated with early onset Alzheimer’s disease in individuals with Down syn-
drome. Postmortem analyses showed the presence of beta-amyloid plaques, characteristic
features of the development of Alzheimer’s disease, in almost all of the neurological tissue
of people with Down syndrome aged 35–40 years [11]. These plaques were also found in
8-year-old children [12].

1.4. Treadmill Training as a Physical Therapy Method

Studies have shown that adolescents who have Down syndrome exhibit weaker work-
ing memory, slower processing speed, and poor attention span and inhibitory control when
compared to their peers who are typically developing. It surely degrades their quality
of life [13,14]. Individuals with Down syndrome also have difficulty in productivity of
words and switching in the semantic and the phonological fluency test compared with neu-
rotypical persons [15]. It is widely accepted that treadmill training is a universal physical
therapy method for supporting the treatment of many various conditions, for example,
Parkinson’s disease [16], chronic stroke [17], and cerebral palsy [18]. Physical therapy
incorporates treadmill training as a means to enhance the locomotor functions of patients,
which is made feasible by the plasticity of the central nervous system. The activation of
trophic factors, neurogenesis, synaptogenesis, and angiogenesis during treadmill training
leads to this improvement, especially in the early stages of development [19]. According to
reports, a single 30 min exercise session could enhance the information processing speed
and executive function of teenagers and young adults who have Down syndrome [20].

1.5. Evaluating the Effectiveness of Treadmill Training for Down Syndrome

It might be worthy of attention to evaluate the effectiveness of treadmill training, not
only to improve locomotor performance, but also more universally, in various problems
that people with Down syndrome struggle with, especially those related to the brain
functions (executive and cognitive) or their inflammatory system. There are several existing
systematic reviews that focus only on one of these functions or not particularly on treadmill
training, or not only in patients with Down syndrome, and often describe only studies
related to children [21–27]. The aim of this review is to address the existing gap in accessible
analyses and evaluate the effectiveness of various results of treadmill training in children
and adults with Down syndrome, because up until the present time there are no available
systematic reviews on this topic.

2. Materials and Methods

This systematic review was conducted according to reporting standards of the PRISMA
protocol [28]. The review was registered at the International Prospective Register of Sys-
tematic Reviews PROSPERO with the following number: CRD42023412948.

2.1. Research Question

The research question was formulated using the PICO format. We aimed to analyze
the benefits of treadmill training alone or combined with physiotherapy in study groups
compared to control groups, in which no interventions were applied, in patients with Down
syndrome.
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2.2. Objectives of Systematic Review

The objectives of this systematic review were to:

• Determine various effects of treadmill training, alone or combined with physiotherapy
among children and adults with Down syndrome;

• Assess the quality of the included RCTs using the Cochrane risk-of-bias tool for
randomized trials;

• Analyze and compare the results of the selected studies.

2.3. Search Strategy and Selection Process

The search was conducted on 21 February 2023 in five online medical databases:
PubMed, PEDro, Science Direct, Scopus, and Web of Science. All databases were searched
using the same search query: (“Down Syndrome”) AND (“treadmill”) in the title, abstract,
and keywords fields. These search terms were developed based on preliminary searches
carried out in each selected database. All identified records were documented and screened
in Mendeley reference manager, which was also used for duplicate removal. Both authors
independently screened titles and abstracts against the eligibility criteria of the review.
Cases of disagreement were discussed until a consensus was reached. The search process is
illustrated in Figure 1.
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2.4. Eligibility Criteria

• Types of studies: Randomized controlled, quasi-experimental, or clinical trial or pilot
study published in English or Polish in peer-reviewed journals published from the
inception of the database until 21st February 2023.

• Participants: Study participants with Down syndrome from all age groups.
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• Intervention: Studies in which participants undergo treadmill training, alone or com-
bined with physiotherapy.

• Comparison: Control groups formed only with patients with DS, who were offered
only standard physiotherapy care or no therapeutic intervention.

• Outcome: In order to be included in the analysis, the study had to use a defined clinical
outcome relating to mental or physical health in Down syndrome.

2.5. Risk of Bias Assessment

Following the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) criteria [28], the risk of bias (RoB) assessment was conducted using a tool
developed by the Cochrane Collaboration for randomized controlled trials [29].

2.6. Data Extraction

Data were extracted from each of the included reports using the Data Collection Form
for Intervention Reviews for RCTs and non-RCTs template, consistent with the Cochrane
Handbook for Systematic Reviews of Interventions [30].

2.7. Data Analysis

In the current review, we aim to summarize and analyze various types of outcome
because in the selected articles we identified differences in study designs, effect measures,
and clinical questions. Moreover, the age spectrum of the participants was wide, from
infants to elderly people. Taking into consideration all the reasons presented above, we
report all the data in a narrative review instead of in a meta-analysis. All outcome measures
in this review are continuous. In order to measure the treatment effect, we used the mean
difference and corresponding 95% confidence intervals.

3. Results

A total of 418 articles we originally identified. Within those results, duplicate removal
was conducted using Mendeley reference manager and manual searching, which resulted in
200 records. Next, 166 articles were excluded based on title and abstract evaluation, mostly
because the article was not an intervention study (specifically, reviews, book reviews, media
reviews, editorials, obituaries, and case studies), or it did not have an eligible design, it
recruited participants without DS, or a treadmill was not used as an intervention. Two
articles were excluded because they could not be obtained. Therefore, 32 reports underwent
full-text examination, after which 7 were excluded: 2 due to an intervention other than
treadmill, 2 due to not being an intervention, and 3 due to treadmill training not being an
intervention. Finally, 25 articles met the inclusion criteria.

The results of the search are presented in Table 1.

Table 1. Study characteristics and participants. Abbreviations: SG—study group, CG—control group,
EG—experimental group, LG—lower-intensity-generalized training group, HI—higher-intensity-
individualized training group, LG—generalized low intensive training, MI—moderate-intensity
exercise.

No. Study Duration Design Intervention Age Co-
Morbidities

1 Ulrich et al.
(1992) [31] 11 months Single group

design

Supported treadmill
stepping for infants

with DS
7 months

Congenital
heart defects

(n = 5)

2 Ulrich et al.
(1995) [32] 4–21 months Single group

design

Longitudinal
supported treadmill
stepping for infants

with DS

8–11 months
Congenital

heart defects
(n = 5)
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Table 1. Cont.

No. Study Duration Design Intervention Age Co-
Morbidities

3 Ulrich et al.
(2001) [33]

Until
independent

walking

Randomized
controlled trial

Treadmill stepping
practice for infants

with DS
307.4 days

Congenital
heart disease

requiring
surgery (SG:

n = 7,
CG: n = 2)

4 Carmeli et al.
(2002) [34] 6 months Parallel group

design

Treadmill walking
program for adults

with DS
63 years SG: Cardiac

disease (n = 2)

5 Carmeli et al.
(2004) [35] 15 weeks Parallel group

design

Treadmill walking
program for ID

adults with arterial
occlusive disease

SG: 65.5 years,
CG: 62 years

Arterial
occlusive
disease

6 Wu et al.
(2007) [36]

Until 3
independent
steps + 1 and

3-month
follow-up

Randomized
controlled trial

Different treadmill
interventions for
infants with DS

SG:
LG—21.4 months,
HI—19.2 months,
CG: 23.9 months

Not reported

7 Wu et al.
(2008 [37])

LG group—
11 months, HI

group—
9.6 months +

1-year follow-up

Randomized
trial (no
control)

Treadmill
interventions for
newly walking

toddlers with DS

HI group:
9.65 months, LG

group:
10.40 months

Not reported

8 Ulrich et al.
(2008) [38]

Until 3
independent

steps

Randomized
trial (no
control)

Individualized,
progressively intense
treadmill training for

infants with DS

HI group:
9.65 months, LG

group:
10.40 months

Congenital
heart defects

(HI: n = 8, LG:
n = 6)

9
Angulo-

Barroso et al.
(2008) [39]

15 months +
1-year follow-up

Randomized
trial (no
control)

Higher intensity,
individualized TMT
protocol for infants

with DS

HI group:
9.65 months, LG

group:
10.40 months

Not reported

10

Angulo-
Barroso, Wu

et al.
(2008) [40]

15 months +
1-year follow-up

Randomized
trial (no
control)

Long-term effect of
different treadmill

interventions on gait
patterns in infants

with DS

HI group:
9.7 months, LG

group:
10.40 months

Not reported

11
Mendonca

et al.
(2009) [41]

12 + 28 weeks Single group
design

28-week training
program for DS

males to improve
aerobic capacity and
locomotor economy

34.5 years Not reported

12 Looper et al.
(2010) [42]

Until 3
independent

steps + 1-month
follow-up

Randomized
controlled trial

Early orthosis use
combined with

treadmill training in
infants with DS vs.
treadmill training

alone

SG: 578 days, CG:
642 days Not reported

13 Wu et al.
(2010) [43]

Until 3
independent
steps + 1-year
gait follow-up

Randomized
trial (no
control)

Different treadmill
interventions on joint
kinematic patterns in

infants with DS

LG: 35.7 months,
HI: 75 months Not reported
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Table 1. Cont.

No. Study Duration Design Intervention Age Co-
Morbidities

14 Ordonez et al.
(2010) [44] 12-week training

Parallel group
design with

matched
control

Aerobic training for
reducing protein

oxidation
16.3 years Not reported

15
El- Meniawy

et al.
(2012) [45]

3 months
intervention +

3-month
follow-up

Randomized
trial (no
control)

Treadmill training vs.
suspension therapy on

balance in children
with DS

9.34 years Not reported

16 Ordonez et al.
(2013) [46]

10-week aerobic
training program

Randomized
controlled trial

Aerobic training on
plasma adipokines in
obese women with DS

EG: 24.7 years,
CG: 25.1 years

Obesity, mild
ID

17 Lin et al.
(2012) [47]

6-week program +
6-week follow-up

Randomized
controlled trial

Strength and agility
training for

adolescents with DS

SG: 10.6 years,
CG: 11.2 years Not reported

18 Ordonez et al.
(2014) [48]

10-week aerobic
training program

Randomized
controlled trial

Aerobic training on
pro-inflammatory

cytokines and acute
phase proteins in
women with DS

EG: 24.7 years,
CG: 25.1 years Obesity

19
Rodenbusch

et al.
(2013) [49]

Only intervention Single group
design

Effects of upward
treadmill inclination
on gait of children

with DS

8.43 years Not reported

20 Chen et al.
(2014) [50]

~20 min (only
intervention)

Randomized
controlled trial

Relation between grip
strength,

anthropometric
factors, and aerobic
exercise impact on

grip strength in young
men with DS

EG: 21.76 years,
CG: 17.77 years Not reporte

21

Rosety-
Rodriguez

et al.
(2014) [51]

10-week aerobic
training program

+ 6-month
follow-up

Parallel group
design with

matched
control

Reduced
inflammation effects

maintenance after
aerobic program

completion

EG: 24.7 years,
CG: 25.1 years

Obesity, mild
ID

22 Chen et al.
(2015) [52]

~20 min (only
intervention)

Randomized
controlled trial

Impact of single
exercise intervention
on executive function

in young adults
with DS

EG: 23.45 years,
CG: 20.58 years Not reported

23 Chen et al.
(2016) [53]

~20 min (only
intervention)

Parallel group
design with

matched
control

Dose-response
relationship between

acute exercise
intensity and

cognitive performance

MI: 23.7 years, HI:
22.10 years, CG:

19.11 years
Not reported

24 Chen et al.
(2019) [54]

~20 min
intervention +
5–10 min rest +

~1.5 h verbal tests

Parallel group
design with

matched
control

Relationship between
acute exercise and

verbal fluency

MI: 21.42 years,
HI: 22.70 years,
CG: 20.58 years

Not reported

25
Alsakhawi

et al.
(2019) [8]

4 months Randomized
controlled trial

Core stability training
vs. treadmill exercises
on balance in children

with DS

4.59 years Not reported
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3.1. Study Characteristics of Included Studies

We included 25 studies with a total number of 687 participants [8,31–54]. The real
number of subjects included in this analysis might be different because seven of the
trials were performed with the same experimental group [36–40]. Papers by Ulrich et al.
(1992) [31] and Ulrich et al. (1995) [32] had the same method of recruitment and intervention
and the same number of participants. Similar situations happened in the case of trials
by Ordonez et al. (2013) [46], Ordonez et al. (2014) [48], and Rosety-Rodriguez et al.
(2014) [51]. Six studies [50,52–54] had the same method of recruitment and the same type
of intervention. In the manuscripts by Wu et al. (2007) [33] and Ulrich et al. (2001) [36],
there was the same control group.

3.1.1. Study Design

Nine studies were randomized controlled trials [8,33,36,42–44,50,52], six trials used
a randomized parallel group design with no control group [37–40,44,47], six were quasi-
experimental designs [34,35,44,51,53,54], and four were single-group designs [31,32,41,49].

3.1.2. Setting

Fourteen studies were conducted in the USA [31–33,36–40,42,43,50,52–54], four in
Spain [44,47,48,51], two in Israel [34,35], two in Egypt [8,45], one in Portugal [41], one in
Taiwan [46], and one in Brazil [49].

In eleven studies, interventions were provided at participants’ homes [31–33,36–40,42,43].
In the study by Looper et al. (2010) [42], interventions were also located at the motor
development laboratory. In the El-Meniawy et al. (2011) trial [45], the intervention took
place in the outpatient clinic of The Faculty of Physical Therapy in Cairo University. Lin
et al. (2012) [47] performed their study in a 48 m² room located at the Department of
Occupational Therapy of Kaohsiung Medical University. Other studies did not include
information about their settings.

3.1.3. Participants
Characteristics

All studies [8,31–54] focused on people diagnosed with Down syndrome, both in the
experimental and control groups. The most common comorbidities were those associated
with the cardiovascular system, for example, congenital heart defects [31–33,38], cardiac
disease [34], arterial occlusive disease [35], and obesity [46,48,51]. The percentage of
male participants was approximately 53.86%. In the studies of Ulrich et al. (2001) [36],
Looper et al. (2010) [42], and Chen et al. (2016) [53], there was no information about this.
In Alskhawi et al. (2019) [8] and El-Meniawy et al. (2011) [45], there was information
indicating that both sexes participated in the study. The trials of Mendonca et al. (2009) [41],
Ordonez et al. (2010) [44], and Chen et al. (2014) [50] included only males, while those
of Ordonez et al. (2013) [46], Ordonez et al. (2014) [48], and Rosety-Rodriguez et al.
(2014) [51] included only females. The age of patients varied substantially. Some of the
studies referred to infants [31–33,36–40,42,43] from 8 months [32] to 75 months [43], and
children and adolescents [44,45,47,49,54] from 4.5 years [8] to 16.3 years old [44]. Other
studies [34,35,41,46,48,50–54] involved adults with Down syndrome, with a mean age of 24.
The information about race or ethnicity was only known in 5 studies: Ulrich et al. (2001) [33]
(2 mixed race and 28 white); Ulrich et al. (2007) [38] (2 African American, 26 white, and
2 biracial); Angulo-Barroso et al. (2008) [39] (2 African American, 26 Caucasian, and 2 other);
Mendonca et al. (2009) [41].

Number of Participants, Method of Recruitment, and Other Relevant Information

Ulrich et al. (1992) [31] enrolled seven infants, all of them to the experimental group.
They were recruited from the Down Syndrome Support Association of Central Indiana.
These infants received physical therapy from 30 min to 1 h per week before the beginning
of the study. Ulrich et al. (1995) [32] enrolled seven infants, all in the experimental group.
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They were recruited from the same place as in the Ulrich 1992 trial. Two infants were
born prematurely. Ulrich et al. (2001) [33] conducted another study, which involved
recruiting a total of 30 participants from both parent support groups and DS clinics, with
15 participants in each of the experimental and control groups. Before the experiment,
they received traditional physical therapy every week. Carmeli et al. (2002) [34] enlisted
26 inhabitants of an Israeli foster home, with 16 assigned to the experimental group and
10 assigned to the control group. It was ensured that the subjects did not consume any drugs
that could have impeded their balance or strength performance. Additionally, Carmeli
et al. (2004) [35] conducted another study with 26 residents of an Israeli foster home, in
which 14 individuals were placed in the experimental group and 12 were placed in the
control group. Six participants in the experimental group had symptoms of intermittent
claudication. The paper by Wu et al. (2007) [36] involved the enrollment of 45 participants,
with 30 assigned to the experimental group and 15 to the control group. The study included
two cohorts of participants from two separate studies. The initial cohort was comprised
of infants with DS who were recruited when they were capable of completing six steps
per minute while receiving assistance from a treadmill. Participants were sourced from
parent support groups in Lower Michigan. The control group for the analysis was taken
from another study, by Ulrich et al. (2001) [33], who enrolled patients from parent support
groups and DS clinics when they could sit alone for 30 s. Studies by Wu et al. (2008) [37],
Ulrich et al. (2007) [38], Angulo-Barroso et al. (2008) [39], Angulo-Barroso, Wu et al.
(2008) [40], and Wu et al. (2010) [43] each involved 30 participants, who were members
only of the experimental groups, which were the same groups as in the paper by Wu
et al. (2007) [36]. Mendonca et al. (2009) [41] enrolled 12 participants, all of them to the
study group. They were recruited from a vocational center dedicated to the professional
employability of individuals with intellectual disabilities. At the entry to the study, the
subjects’ average weight was 66.9 ± 8.9 kg and their height was 155.4 ± 9.5. In the study
conducted by Looper et al. (2010) [42], a total of 17 participants with DS were included,
with 10 assigned to the experimental group and 7 to the control group. The study by
Ordonez et al. (2010) [44] included 38 participants (31 in the experimental group and
7 in the control group). Thirty participants took part in the study by El-Meniawy et al.
(2012) [45]; all of them were members of the experimental group, but they were divided into
two equal groups. In the work by Lin et al. (2012) [47], 92 individuals with disabilities from
the Kaohsiung and Pingtung metropolitan areas met the inclusion criteria for the study
(46 of them were in each of the experimental and control groups). School nurses, teachers,
and directors selected individuals eligible for the experiment. In the study conducted
by Ordonez et al. (2013) [46], they selected 20 women with Down syndrome who were
obese, of which 11 were in the experimental group and 9 were in the control group. The
participants did not have any harmful habits such as smoking or alcohol consumption,
and were not taking any medication that could affect their appetite regulation or physical
performance. To ensure that diet did not affect the results, the parents of the participants
were carefully instructed to avoid any differences in the quantity or quality of food given
to the control and experimental groups. In a similar study by Ordonez et al. (2014) [48],
20 obese women with DS were also enrolled (11 to the experimental group and 9 to the
control group). They were recruited from different community groups for people with
ID and their families. In the experiment by Rodenbush et al. (2013) [49], the participants
were 16 non-probabilistically chosen subjects from 2 rehabilitation centers (the Association
of Parents and Friends of Exceptional Children—APAE—and the Association to Assist
Disabled People—ADOTE). There was no control group. Rosety-Rodriguez et al. (2014) [51]
had the same experimental and study group as that of Ordonez et al. (2014) [48]. Chen
et al. (2014) [50] recruited 20 young men—12 to the experimental group and 8 to the
control group. In the studies by Chen et al. (2015 [52], 2016 [53], and 2019 [54]) the
investigators invited participants recruited from local Special Olympic programs or DS
organizations (e.g., Sharing Down syndrome Arizona, DS Network Arizona). Chen et al.
(2015) [52] enrolled 20 young adults (10 in each of the experimental and study groups). In
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the study by Chen et al. (2016) [53] there were 18 young adults (12 in the experimental
group and 6 in control group). Chen et al. (2019) [54] recruited 28 young adults (18 to
the experimental group and 10 to the control group). Alsakhawi et al. (2019) [8] invited
45 participants recruited from an outpatient clinic at the Faculty of Physical Therapy in Cairo
University. There were three equal groups: A, B and C. The inclusion criteria in studies
focusing on infants referred to the ability to take a minimum of six spontaneous steps on
a treadmill [37–40,43]. The exclusion criteria often refer to pre-existing conditions that
may affect the ability to undergo the intervention, for example blindness, seizure disorder,
musculoskeletal and auditory problems [34,36,38,40–42,45,46], mental age of participants
lower than 3 years [50,52–54], or hypothyroidism [48]. Following the application of these
criteria and occurrence of other conditions, there were some cases of withdrawing the
participants from the studies described in the above table [32,36,38,39,42,43,46,49]. The
information about ethical approval of the studies was included in all of them except for
two [31,45]. The information about informed consent obtained from the participants was
included in all the studies except for one [31].

3.1.4. Interventions
Treadmill Training Interventions in Various Studies

Treadmill training was the form of intervention applied in all of the twenty-six stud-
ies [8,31–54]. Specifications such as speed, duration, and inclination of treadmill exercise
were adapted to the aims of the studies and the characteristics of the participants. In the
study by Ulrich et al. (1992) [31], the treadmill training was performed 8 times for 30 s,
and the speed of this training was 0.1 m/s, 0.15 m/s, and 0.2 m/s, in each set in 6 of
8 trials. Infants were supported by the investigators under the arms. The same method of
intervention was used by Ulrich et al. (1995) [32], but additional information was added
that the infants perform training trials monthly for several months, until every participant
demonstrated consistent alternating step patterns across three successive testing sessions.
Ulrich et al. (2001) [33] conducted an experiment in which the treadmill training was
conducted for eight minutes a day, five days a week, until the participants displayed the
capability to walk independently. The speed of the training was set at 2 m/s, and the
infants were supported by their parents. Infants began participating in the study when
they were able to sit independently for 30 s. The study was monitored by a team of re-
searchers who visited all participants biweekly. Carmeli et al. (2002) [34] and Carmeli et al.
(2004) [35] instructed the participants to walk at a comfortable pace, and if required, they
could hold onto the handrails for balance adjustments while walking. Prior to the training,
a warm-up session was conducted for 3 min, followed by knee extension and flexion
exercises in the sitting position, and then 5 min of active stretching. The participants only
walked between 9:30 a.m. and 11:30 a.m. indoors, and the environmental conditions were
controlled to maintain a temperature of 23 ◦C and 40% humidity. In the study by Carmeli
et al. (2002) [34], treadmill training was performed 3 times per week for 25 consecutive
weeks, initially for 10–25 min, then increasing to 45 min. In the experiment of Carmeli et al.
(2004) [35], treadmill training was performed 3 times per week, for 15 consecutive weeks,
initially 5–15 min, then increasing to 40 min. The control groups did not undergo treadmill
exercises. The study by Wu et al. (2007) [36] had an experimental group which consisted
of two subgroups. The first was a lower-intensity-generalized (LG) training group, which
included 14 participants, while the second subgroup was a higher-intensity-individualized
(HI) training group, which was composed of 16 participants. The same groups of partic-
ipants can be found in the publications by Wu et al. (2008) [37], Ulrich et al. (2007) [38],
Angulo-Barroso et al. (2008) [39], Angulo-Barroso and Wu et al. (2008) [40], and Wu et al.
(2010) [43]. In studies by Wu et al. (2007) [36], Wu et al. (2008) [37], Angulo-Barroso and
Wu et al. (2008) [40], and Wu et al. (2010) [43], the LG group performed treadmill training
for 6 min per day for 5 days a week; the HI group trained for 5 days per week, but the
participants had individualized programs. The speed was 0.18 m/s. In works by Ulrich
et al. (2007) [38] and Angulo-Barroso et al. (2008) [39], the LG group performed treadmill
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training for 8 min per day, 5 days per week; the HI group trained for 8–12 min a day. The
speed for the LG group was 0.15 m/s and that for the HI group 0.15–0.3 m/s. Infants
were supported by their parents in all studies [36–40,43]. Throughout the pre-walking
phase of the study by Wu et al. (2007) [36], the research team made biweekly visits to
all participants in order to measure their physical dimensions, record a 5 min period of
treadmill stepping, and ensure that the training program was being followed as neces-
sary. In a subsequent gait follow-up, participants were asked to walk at their own pace
on the GAITRite mat, with measurements taken from an average of four walking trials.
Participants in the control group did not engage in the treadmill training program but were
instead asked to walk at their own pace across an 8-foot walkway that was covered with a
long strip of 3-foot-wide butcher paper during the follow-up. The research performed by
Wu et al. (2008) [37] also involved regular visits to the infants’ homes by the staff during the
treadmill intervention. The high-intensity (HI) group utilized ankle weights ranging from
0 to 115% of their calf mass. Thirteen individuals from each group completed a one-year
follow-up of their gait after the treadmill intervention. The initial visit was scheduled
as soon as parents reported that their child could walk 8–10 steps continuously at home,
which took approximately 3 months for both groups. Ulrich et al. (2007) [38] conducted an
experiment on the HI group where ankle weights were added, equivalent to 125% of the
calf mass circumference, along with increased belt speed and daily duration to optimize the
stepping response. The researchers visited all families every two weeks to ensure that the
infants were following the treadmill training protocols. They also recorded five 1 min trials
of the infants stepping while being supported on the treadmill, measured body weight,
height, and shank length, and answered questions from the caregivers. In the work by
Angulo-Barroso et al. (2008) [39], the HI group participated in the treadmill intervention,
with progressively increasing treadmill belt speed, time, and ankle weights (to 125% of
calf mass). In the study by Angulo-Barroso and Wu et al. (2008) [40], the research staff
visited all the participants biweekly throughout the treadmill intervention. The HI group
had an ankle weight that was 14–115% of calf mass. There was a one-year gait follow-up
after the treadmill intervention—thirteen new walkers in the LG group (four male, nine
female) and twelve in the HI group (nine male, three female) came into the laboratory
immediately after walking onset. In the paper by Wu et al. (2010) [43], as soon as the
parents informed the researchers that their child could take 8 to 10 independent steps at
home, the initial visit was promptly arranged. The papers authored by Wu et al. (2007) [36],
Angulo-Barroso et al. (2008) [39], Angulo-Barroso and Wu et al. (2008) [40], and Wu et al.
(2010) [43] all had a similar scheduling pattern for the second, third, and fourth gait visits,
which were set to occur three, six, and twelve months, respectively, after the first visit. In
the experiment by Mendonca et al. (2009) [41], treadmill training was performed 8 min
(submaximal protocol) and 12 min (graded maximal exercise protocol) 2 times per week for
28 weeks. The submaximal protocol was at 2.5 km/h and there was a 0% grade. The graded
maximal exercise protocol was at 4 km/h and increased by 1.6 km/h every minute until
exhaustion, and the grade increased by 2.5% every 2 min until 12.5% was reached. Before
the study, participants received pre-training for 2 times a week for 12 weeks, as follows:
30 min (treadmill), 5 min warm-up dynamic activities, 40 min of continuous ergometer
conditioning (treadmill, stepper, upright stationary cycle, and rowing ergometer), followed
by a 5 min dynamic cool-down.

Treadmill Training with Orthoses and Virtual Reality

In Looper and colleagues’ study (2010) [42], children wore orthoses throughout the
entire study, which involved training sessions lasting 8 min per day, 5 days per week. The
training continued until the children could take three independent steps, and the infants
were assisted by their parents during the process. Between walking onset and follow-up
testing, the children underwent treadmill training at a speed of 0.2 m/s while wearing
the orthoses. After one month from the walking onset, the developmental tests were
administered again. The control group did not wear orthoses. In the study by Ordonez et al.
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(2010) [44], there was a 12-week treadmill training program (3 days per week for 20–35 min,
increasing by 5 min each 3 weeks). The participants also received a warm-up (15 min) and
cool-down (10 min). The work intensity on the treadmill was 60–75% of peak heart rate.
The control group did not undergo treadmill training. In the study by El-Meniawy et al.
(2012) [45], the duration of treadmill training was 20 min, 3 times a week for 3 months with
75% of over-ground speed. There was a warm-up for 5 min and cool-down for 5 min. Each
group received an exercise program for balance and posture control for 30 min. Data were
also collected three months after the treatment. In the experiment by Lin et al. (2012) [47],
treadmill training took place for 5 min, 3 times a week for 6 weeks. The speed varied
between 2.0 (0% incline) and 3.0 kph (5% elevation). Additionally, there was a warm-up
(10 min), and a single virtual reality-based activity lasted for 20 min, administered 3 times
per week for a duration of 6 weeks, with a 10 min break. There was a follow-up after
6 weeks. The control group did not undergo treadmill training.

Treadmill Training Duration and Intensity

Ordonez et al. (2013) [46], Ordonez et al. (2014) [48], and Rosety-Rodriguez et al.
(2014) [51] conducted studies in which treadmill training lasted for 30–40 min, 3 times per
week, over a period of 10 weeks. The training duration was gradually increased by 2.5 min
every 2 weeks. The participants began with a 10–15 min warm-up period and ended with a
5–10 min cool-down period. The initial stage involved walking at a speed of 4.0 km/h for
2 min. The incline of the treadmill was then raised by 2.5% every 2 min until it reached
a grade of 12.5%. The grade was then kept constant while the speed was increased by
1.6 km/hr every minute until the point of exhaustion. The work intensity on the treadmill
was 55–65% of peak heart rate. Rosety-Rodriguez et al. (2014) [51] conducted re-evaluations
of the parameters at 1, 3, and 6 months following the completion of the training program,
during which time the participants did not engage in any further training program. In the
experiment by Rodenbusch et al. (2013) [49], the treadmill training lasted 2 min for each
inclination (0–10%). Speed was comfortable for participants. There was a 1 min rest period
between changes in inclination. Data were captured for 30 s in each inclination.

Chen et al. (2014) [50], (2015) [52], (2016) [53], and (2019) [54] conducted studies where
the training session was 20 min long, with a speed of 2.0–3.0 mph. The treadmill incline was
increased by 2.5% every 4 min until the walking protocol was completed, which involved
5 stages and a 0–10% incline. Prior to the training, a warm-up was performed, where the
speed was increased from 0.5 mph to 2.0 mph, with increments of 0.5 mph per minute. The
walking protocol was stopped if the participant’s heart rate exceeded 85% of their predicted
maximum, the entire protocol was completed, or the participant reported feeling too tired
or being unwilling to continue. In the work by Chen et al. (2015) [52], during the last 15 s
of each stage, the participants were asked to select a picture on the rating of perceived
exertion (RPE) scale in response to their perception of exertion. In the experiment by Chen
et al. (2016) [54], the participants were assigned to high-intensity exercise (i.e., 75–85%
of predicted maximum heart rate) (N = 6) or moderate-intensity exercise (i.e., 50–75% of
predicted maximum heart rate) (N = 6). Chen et al. (2019) [55] conducted a study with two
groups of participants who performed either high- or moderate-intensity exercise, with
the former involving heart rates of 70–85% of predicted maximum and the latter involving
heart rates of 50–69% of predicted maximum. After the intervention, participants were
given 5–10 min of rest before taking the verbal fluency test again as a post-test measure.
The total duration of the testing period was about an hour and a half. Control groups in all
studies spent 20 min watching a video.

Combining Treadmill Training with Other Physical Therapy Interventions

Alsakhawi et al. (2019) [8] conducted a study with three groups. Group A received
traditional physical therapy for 60 min to improve balance in the participating children.
Group B underwent the same therapy as Group A for 30 min and additional core stability
exercise training. Group C followed the same intervention strategies as Group A for 30 min,
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combined with a treadmill exercise program (20 min, three times a week, for eight weeks at
75% of over-ground speed and individually prescribed low-endurance walking). Before
each walking session, the children in all groups engaged in 5 min of active stretching
exercises that involved prolonged and progressive stretching of the hamstrings, quadriceps
muscles, and Achilles tendon, followed by 30 min of physical therapy.

3.1.5. Outcome Assessment Tools
Walking Onset and Gait Patterns in Infants

The Bayley Scales of Infant Development was used in the studies by Ulrich et al.
(1995) [32], Ulrich et al. (2001) [33], Ulrich et al. (2007) [38], Angulo-Barroso et al.
(2008) [39], and Angulo-Barroso and Wu (2008) [40]. To measure the motor skills (four step
types—alternating, single, parallel, and double) in Ulrich et al. (1992) [31] and Ulrich
et al. (1995) [32], researchers used the camera. The GAITRite system and the camera were
used in studies by Wu et al. (2007) [36], Wu et al. (2008) [37], and Angulo-Barroso et al.
(2008) [39] to measure average velocity, stride length, step width, stride time, stance time,
and dynamic base of infants. An ankle band with an activity monitor was used in the study
by Angulo-Barroso and Wu et al. (2008) [40]. In the experiment by Wu et al. (2010) [43], the
researchers used markers to measure the kinematics of the hip, knee, and ankle joints. The
study conducted by Looper et al. (2010) [42] utilized Gross Motor Function as a tool for
assessing gross motor skill development in various positions and movements, including
lying and rolling, sitting, crawling and kneeling, and standing, as well as walking, running,
and jumping.

Motor and Cardiovascular Function

In the study by Carmeli et al. (2002) [34], a dynamometer and the “timed get-up and
go” test were applied to measure dynamic balance. In the study by Carmeli et al. (2004) [35],
researchers used Vasculab PPG, Pain Physiopathology Index (PPI), and ABI to assess the
volume of blood present in capillaries and pain levels. In the experiment by Mendonca
et al. (2009) [41], a standardized body composition assessment was used (anthropometric
measurements and bioelectrical impedance spectroscopy), and the following tools were
applied: a resting protocol, submaximal steady-state exercise protocol, and a maximal
graded exercise protocol to measure VO2 and pulmonary minute ventilation elicited by
the selected submaximal treadmill exercise task and peak VO2. A Biodex instrument
system was applied to assess stability level, feet angles, and heel coordinates in the study
by El-Meniawy et al. (2011) [45]. In the experiment by Lin et al. (2012) [47], a handheld
dynamometer, the Bruininks–Oseretsky Test of Motor Proficiency—Second Edition, a study
questionnaire, and the Wechsler Intelligence Scale for Children—Third Edition were used
to measure muscle strength (hip extensor, hip flexor, knee extensor, knee flexors, hip
abductors, and ankle plantarflexor) and agility performance. In the work by Rodenbusch
et al. (2013) [49], GMFCS, Berg Balance Scale (BBS), and the Qualisys Motion Capture
System helped to evaluate spatial-temporal variables and angular variation of the hip,
knee, and ankle in the sagittal plane. A hydraulic dynamometer was used in the study by
Chen et al. (2014) [50] to measure grip strength. In the study by Alsakhawi et al. (2019) [8],
the Berg Balance Scale and the Biodex Balance System were applied to assess functional
balance and the steadiness of a circular force plate that was hanging and supported from
above.

Protein Oxidation and Plasma Leptin Levels

In the study by Ordonez et al. (2010) [44], a Sport Tester PE3000 telemetric heart rate
monitor and blood samples were used to measure carbonyl and protein content in the
blood. In studies by Ordonez et al. (2013) [46], Ordonez et al. (2014) [48], and Rosety-
Rodriguez et al. (2014) [51], a wireless heart rate monitor, bioelectrical impedance analysis,
anthropometric tapes, and blood samples were applied to measure fat mass percentage
and distribution, leptin and adipokine plasma levels, maximum oxygen uptake, waist
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circumference, and waist-to-hip ratio; the experiment by Rosety-Rodriguez et al. (2014) [51]
additionally used plasma levels of IL-6 and high-sensitivity CRP; and the work by Ordonez
et al. (2014) [48] additionally used fibrinogen and a1-antitrypsin.

Executive Function, Cognitive Performance and Verbal Fluency

In studies by Chen et al. (2015) [1], (2016) [2], and (2019) [3], protocols such as the
Peabody Picture Vocabulary Test, Physical Activity Readiness Questionnaire, and vision
and hearing tests were carried out. The time between the presence of a possible stimulus
until the initiation of movement, the Knock-Tap test, and the Dimensional Change Card
Sort Test were used in studies by Chen et al. (2015) [1] and (2016) [2] to assess executive
function. Chen et al. (2016) [2] performed an experiment to evaluate cognitive performance,
where participants were asked to respond to a blue light by pressing a specific button with
their right index finger, and to a white light by pressing a different button with their left
index finger. Chen et al. (2019) [3] conducted a study in which participants were asked to
complete a verbal test. The initial 2 parts of the test required them to list as many words as
they could think of that were associated with specific categories such as animals or food
and drink, within a 60 s time limit. The final 2 parts of the test required them to list words
beginning with the letters S and F, also within a 60 s time limit.

3.2. Outcomes

Two of the studies did not provide sufficient data for calculating mean differences
(MD); therefore, they are only presented in narrative form. Ulrich et al. (1992) [31] tested
alternating stepping patterns of 11-month-old infants with Down syndrome. The infants
produced alternating steps on a moving treadmill, contrary to on a steady treadmill on
which they produced no steps. There was no statistically significant difference in the
number of steps taken at each of the three speeds of the treadmill. In the study it was found
that the participants took a higher number of alternating steps (241 steps) than single (101),
parallel (22), or double (4). In the study by Ulrich et al. (1995) [32], correlation was found
between the development and shifting between stepping patterns produced by treadmill
stimulation in infants with DS. The authors found that infants produce more alternating
steps while growing up and a there is a shift from different step types to consistent and
dominant alternation in stepping. The study conducted by Ulrich et al. (2001) [33] aimed
to investigate whether infants with DS undergoing treadmill training achieved earlier
development of three specific locomotor behaviors when compared to a control group.
The mean advantages of those who participated in the treadmill training compared to
the control group are that they were able to raise themselves to stand in 60 days, walk
with help in 73 days, and walk independently after 101 days. However, in the comparison
with the control group, only results referring to the walking with help reached statistical
significance. Carmeli et al. (2002) [34] performed a study, the aim of which was to evaluate
how treadmill exercise impacts leg strength and dynamic balance in older individuals
diagnosed with DS. In the experimental group, peak torque %BW, and average power %BW
of quadriceps and hamstrings of aged individuals with DS significantly increased after
completing the treadmill protocol. Dynamic balance performance was also significantly
improved in the walking group. The study by Carmeli et al. (2004) [35] focused on walking
performance of elderly people with DS and intermittent claudication. Upon completion
of the training program, all participants exhibited notable enhancements in their walking
speed, distance, and duration. Individuals experiencing intermittent claudication also
reported a reduction in pain levels. Additionally, significant improvements were observed
in the participants’ blood hemodynamic parameters. Wu et al. (2007) [36] measured basic
gait parameters and walking onset. There were three groups, which differed in walking
experience (which was adjusted for in data analysis): control, low-, and high-intensity
treadmill training. The high-intensity training group started walking at a younger age in
comparison to the control. In terms of walking onset, there were no differences between
low- and high-intensity training groups. An analysis conducted after the study showed
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that, aside from stride length, there were no significant differences in gait parameters
between the groups. The high-intensity (HI) group had a significantly greater stride length
compared to the control (C) group, while there was no significant difference between
the low-intensity-generalized (LG) and HI groups. Stride length was the gait parameter
that mainly contributed to the difference between the groups. The HI group showed a
significantly longer stride length than the C group. Overall, the results suggest that the HI
treadmill intervention led to earlier walking onset and advanced gait patterns, particularly
in terms of stride length, in infants with DS. Wu et al. (2008) [37] measured the percentage
of locomotor strategy and adjustment in obstacle clearance in a group of new walking
toddlers with DS. The study participants trained in two different protocols: high and low
intensity. The high-intensity group (84.3%) used walking strategies to avoid the obstacle
more often than the low-intensity group (67.8%). There were no significant differences
between the groups in terms of gait parameters in the five steps before approaching the
obstacle. The study by Ulrich et al. (2008) [38] focused on stepping and motor development
while comparing two groups: one with high-intensity and second with low-intensity
treadmill training. There was no notable distinction between the groups in terms of the
quantity of alternating steps taken at the start of the study. The group that engaged in high-
intensity activities achieved all of the motor milestones more quickly than the group with
low-intensity activities. However, only the accomplishment of item 52, which involved
raising oneself to a standing position, was deemed statistically significant. The study
by Angulo-Barroso et al. (2008) [39] compared physical activity in individuals with DS
performing two treadmill training protocols: high intensity and low intensity, respectively.
Infants receiving the high-intensity training had higher levels of High-act than infants in
the low-intensity training group. Infants in the low-intensity group had higher duration of
Low-act. The study by Angulo-Barroso et al. (2008) [40] explored the long-term effects of
high-intensity and low-intensity treadmill training on gait development in walkers with DS.
Six basic gait parameters were measured: normalized velocity, cadence, step length, step
width, double support percentage, and dynamic base. On average, the high-intensity group
performed better, producing higher normalized velocity and cadence, and lower double
support percentage. Moreover, both groups significantly reduced foot rotation asymmetry
over time, but no difference was observed between the groups. The study by Mendonca
et al. (2009) [41] had a single group design, which measured the effect of treadmill training
on submaximal and peak aerobic capacity. After the intervention, researchers observed
decreased fat mass, increased absolute fat-free mass, and improved peak exercise capacity.
There were no significant differences in participants’ body weight, BMI, resting VO2, or
heart rate. In the study by Looper et al. (2010) [42], researchers compared the effect of
treadmill training combined with orthoses (experimental group) and treadmill training
alone (control group). In both groups, all scores in the Gross Motor Function Measure
were increased, although the control group had higher scores in the standing and walking,
running, and jumping subscales. In their research, Wu et al. (2010) [43] conducted a
comparison between low-intensity and high-intensity treadmill training groups in terms
of joint kinematics. Results showed that both groups made significant progress in terms
of joint kinematics during gait follow-up. However, in the high-intensity training group,
peak ankle plantar flexion occurred at or before toe-off, and there was an increase in the
forward thigh swing after toe-off time. The study by Ordonez et al. (2012) [44] explored the
correspondence with treadmill training and protein oxidation based on the carbonyl content
in individuals with DS. In the intervention group, plasmatic carbonyl content significantly
decreased, in contrast to the control group in which the researchers observed no significant
changes. El-Meniawy et al. (2012) [45] compared the effects of suspension therapy and
treadmill training on balance in children with DS. The mean differences in overall, anterior-
posterior, and medio-lateral stability indexes suggest that both interventions are beneficial
for balance; however, the Student t-test showed no significant differences between the
groups. The study by Lin et al. (2012) [47] measured the strength of lower-extremity muscle
and agility in two groups: the first experimental, which performed treadmill training, and
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the second, control group. Significant differences in muscle strength were observed for
hip flexors, extensors and abductors, knee flexors and extensors, and ankle plantar flexors
in the experimental group. Treadmill training also increased participants’ agility scores.
The study by Ordonez et al. (2013) [46] explored the anti-inflammatory effect of treadmill
training by measuring leptin levels in obese women with DS. Participants were divided into
control and experimental groups. There were no significant changes in adiponectin plasma
levels between the groups, but they differed in leptin plasmatic levels, which decreased
in the training group. Fat mass percentage and waist-to-hip ratio were also reduced in
the training group. Moreover, researchers found a positive association between leptin and
WHR and a negative association between adiponectin and waist circumference. The study
by Ordonez et al. (2014) [48] assessed the impact of treadmill training on plasmatic levels
of pro-inflammatory cytokines and body composition in obese women with DS. In the
intervention group, plasmatic levels of TNF- α, IL-6, high-sensitivity C-reactive protein,
and fibrinogen were significantly decreased. Similarly, both waist-to-hip ratio and fat mass
percentage decreased in the training group. No significant changes were observed in the
control group. The experiment by Rodenbusch et al. (2013) [49] was a single group design
study that aimed to explore the effect of treadmill inclination on gait of children with DS.
In spatio-temporal variables, a reduction in cadence and an increase in cycle and swing
time were observed, after the upward treadmill inclination was increased. In angular
variables, researchers observed an increased angle at initial contact in hip, knee, and ankle
joints, increased maximum flexion angle in the hip joint, maximum plantarflexion at pre-
swing, and an increase in maximum dorsiflexion in stance, while walking on an inclined
surface. The study by Chen et al. (2014) [50] explored the effect of treadmill training on
grip strength in individuals with DS. Both study groups’ post-test scores were significantly
different, although the intervention group had higher grip strength scores. In the study
by Rosety-Rodriguez et al. (2014) [51], researchers analyzed the longitudinal effect of
treadmill training on pro-inflammatory cytokines and body mass composition. There were
no significant changes over time in the control group. The intervention group showed a
significant increase in plasma levels of IL-6 and hs-CRP (P = 0.026) at 3 months following
the completion of the training program, compared to the post-test results. Moreover, there
was a significant increase in both IL-6 and hs-CRP at 6 months after training, compared to
the measurements taken just 1 month after the end of the intervention program. The study
by Chen et al. (2015) [52] focused on the effect of treadmill training on choice-response time,
attention shifting, and inhibition. The ANCOVA showed that both choice-response time
and attention shifting did not significantly differ between the study groups. A statistically
significant difference was present only in inhibition favoring the exercise group. Chen
et al. (2016) [53] explored the dose–response relationship between exercise and cognitive
performance represented by information processing, attentional switching, and inhibitory
control. The ANCOVA and polynomial contrast showed no significant changes nor any
trend in terms of attentional shifting. Inhibitory control improved linearly with intensity
of training. Regarding information processing speed, the low-intensity group performed
better than both the control group and the high-intensity group. The purpose of the study
by Chen et al. (2019) [54] was to assess the relationship between exercise and cognitive
functions, and especially their verbal fluency aspects. The ANCOVA, Levene’s test, and
normality check showed only a significant quadratic trend for semantic fluency. The study
by Alsakhawi et al. (2019) [8] compared treadmill training and core stability exercises to
the effects of treatment in the control group (receiving standard physiotherapy) in order to
determine which intervention is more effective in improving balance in children with DS.
Functional balance and the overall stability index were significantly higher in stability and
treadmill training groups MD, respectively, although there was no significant difference
between intervention groups.

Overall, the studies suggest that treadmill training can have positive effects on various
aspects of motor development, such as increasing the number of alternating steps, improv-
ing leg strength and dynamic balance, and enhancing walking performance in individuals
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with DS. Additionally, treadmill training has been found to have anti-inflammatory effects
and improve body composition in obese individuals with DS. The studies also suggest
that treadmill training can improve cognitive functions, particularly inhibitory control and
information processing speed, in individuals with DS.

3.3. Ethical Issues Concerning Studies Involving Infants and Children

In the analysis of ethical approvals and informed consent across the studies involving
infants and children, there is a broad yet uneven adherence to the established ethical
guidelines of biomedical research. Studies involving infants, including those by Ulrich
et al. (1992) [31], Ulrich et al. (1995) [32], Ulrich et al. (2001) [33], Wu et al. (2007) [36], Wu
et al. (2008) [37], Ulrich et al. (2008) [38], Angulo-Barroso et al. (2008) [40], Looper et al.
(2010) [42], and Wu et al. (2010) [43], demonstrate a general compliance with the principle
of informed consent. They reported obtaining consent from parents or legal guardians,
thereby respecting their autonomy and their right to decide on their infants’ participation in
their respective studies. However, the reporting on the acquisition of ethical approval from
relevant institutional review boards or ethics committees in these studies was inconsistent.
The studies by Ulrich et al. (2001) [33], Wu et al. (2007) [36], Wu et al. (2008) [37], Ulrich
et al. (2008) [38], Looper et al. (2010) [42], Angulo-Barroso et al. (2008) [40], and Wu et al.
(2010) [43] explicitly stated that they received ethical approval, indicating their commitment
to the principles of beneficence and non-maleficence. These principles require researchers
to ensure that the potential benefits of their research outweigh any potential harm to the
participants. On the other hand, the studies by Ulrich et al. (1992) [31] and Ulrich et al.
(1995) [32], while acknowledging the acquisition of informed consent, did not explicitly
mention obtaining ethical approval.

When it comes to studies involving children, such as those by Ordonez et al. (2012) [44],
El-Meniawy et al. (2012) [45], Lin et al. (2012) [47], Rodenbusch et al. (2013) [49], and Chen
et al. (2019) [54], the adherence to the ethical principles of informed consent and ethical
approval appears to be more consistent. All these studies reported obtaining informed
consent from parents or legal guardians, respecting their autonomy and their right to decide
on their children’s participation in the research. Furthermore, the studies by Ordonez et al.
(2012) [44], Rodenbusch et al. (2013) [49], and Chen et al. (2019) [54] explicitly stated
that they received ethical approval from the respective institutional ethics committees
or review boards. These reports confirm their commitment to ensuring the safety and
well-being of the child participants in their research. However, the studies by El-Meniawy
et al. (2012) [45] and Lin et al. (2012) [47] reported obtaining informed consent but did not
specify the acquisition of ethical approval.

In conclusion, while most studies demonstrate a broad adherence to the principles
of informed consent and ethical approval, there is a need for more consistent and explicit
reporting of ethical aspects in research focusing on infants and children with DS, particularly
regarding ethical approval. This is crucial not only to uphold the ethical integrity of research,
but also to ensure the trust of the public and the scientific community in the research process
and its outcomes.

3.4. Risk of Bias

In this section we present the results of risk of bias assessment for 15 studies:
9 randomized controlled trials and 6 parallel randomized trials with no control group.
A summary of the analysis across all domains for each individual study can be seen in
Table 2 and the proportion of studies in each domain is shown below. Only three studies
met the criteria for an overall low risk of bias, six studies were identified as having some
concerns, and six were identified as having a high risk of bias.

• Domain 1: Risk of bias arising from randomization process

Six studies had a well-described randomization process [8,36,40,43,47,48]; therefore,
we identified them as having low risk of bias in this domain. We assessed seven stud-
ies [8,31,37–39,46,52] as having some concerns, because of evasive descriptions of random-
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ization and concealment and lack of differences between study groups. Two studies had
high risk of bias in this domain due to no allocation concealment and baseline differences
between study groups [42,50].

• Domain 2: Risk of bias due to deviations from the intended interventions

Seven studies had no dropouts and no deviations from the outcome; on that account
we judged them as having low risk of bias [8,33,37,45–48]. Seven studies were marked
as having some concerns because of a lack of intent to treat analysis when dropouts
occurred. [36,38–40,43,50,52]. The study by Looper et al. (2010) had a high risk of bias
in this domain since the lack of concealment of caregivers led to deviations from the
protocol [42].

• Domain 3: Risk of bias due to missing outcome data

Nine studies were assessed as having low risk of bias because there were no miss-
ing data [1,2,6–9,11–13]. Five studies had a high risk of bias because of missing data
and “per protocol” or “as treated” analysis model; also, no sensitivity analysis was con-
ducted [5,6,9,10,14]. In the study by Wu et al. (2010) [12], the participants also dropped out
during the trial, but the recruited group was 10% bigger as a precaution of missing data.

• Domain 4: Risk of bias in measurement of the outcome

We found no potential misconduct in this domain; in most studies, researchers used
adequate scales and tools for an outcome measure. Furthermore, in most cases the outcome
assessor was unaware of the group assignment or this knowledge was unlikely to affect the
assessment. Therefore, none of the included studies had a high risk of bias in this domain
and only one was judged as having some concerns, because of the authors’ statement that
the assessor was not blinded and this is likely to interfere with the results [12].

• Domain 5: Risk of bias in selection of the reported results

All of the included reports had a low risk of bias in domain 5, because we found no
evidence that authors used multiple outcome measurements or analysis.

Table 2. Risk of bias: authors’ judgment about risk of bias for each domain for each included study
eligible for assessment. Colors used in the table represent—green: low risk of bias; yellow: some
concerns about bias; red: high risk of bias.

Randomized
Controlled Trials Domain 1 Domain 2 Domain 3 Domain 4 Domain 5 Overall

Ulrich et al. (2001) [33] Some concerns Low risk Low risk Low risk Low risk Some concerns
Wu et al. (2007) [36] Low risk Some concerns High risk Low risk Low risk High risk
Looper et al. (2010) [42] HIgh risk High risk High risk Some concerns Low risk High risk
Lin et al. (2012) [47] Low risk Low risk Low risk Low risk Low risk Low risk
Ordonez et al. (2013) [46] Some concerns Low risk Low risk Low risk Low risk Some concerns
Ordonez et al. (2014) [48] Low risk Low risk Low risk Low risk Low risk Low risk
Chen et al. (2014) [50] HIgh risk Some concerns Low risk Low risk Low risk High risk
Chen et al. (2015) [52] Some concerns Some concerns High risk Low risk Low risk High risk
Alsakhawi et al.
(2019) [8] Low risk Low risk Low risk Low risk Low risk Low risk

Randomized Trials with
no Control Domiain 1 Domain 2 Domain 3 Domain 4 Domain 5 Overall

Wu et al. (2008) [37] Some concerns Low risk Low risk Low risk Low risk Some concerns
Ulrich et al. (2008) [38] Some concerns Some concerns High risk Low risk Low risk High risk
Angulo-Barroso et al.
(2008) [39] Some concerns Some concerns High risk Low risk Low risk High risk

Angulo-Barroso, Wu
et al. (2008) [40] Low risk Some concerns Low risk Low risk Low risk Some concerns
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Table 2. Cont.

Randomized Trials with
no Control Domiain 1 Domain 2 Domain 3 Domain 4 Domain 5 Overall

Wu et al. (2010) [43] Low risk Some concerns Some
concerns Low risk Low risk Some concerns

EL-Meniawy et al.
(2012) [45] Some concerns Low risk Low risk Low risk Low risk Some concerns

4. Discussion

Down syndrome is a genetic disorder impacting physical and cognitive development.
Exercise, particularly treadmill training, offers benefits such as enhanced strength, balance,
and physical functioning. This review examined treadmill training’s advantages for indi-
viduals with DS by evaluating 25 studies with 687 participants, assessing its effectiveness
across all ages [8,31–54]. Because we were unable to conduct a meta-analysis, we narra-
tively reported results. Unlike other articles, we considered all benefits of treadmill use
for individuals with Down syndrome across various domains [21–27]. Compared to other
physical activities such as aerobic exercise, swimming, and cycling, treadmill training has
proven to be one of the more effective, simpler, and safer methods of helping people with
DS with their various health problems [55–57]. The review of the studies faced several
challenges. One of them was a wide spectrum of age groups in the examined populations.
The manuscripts we analyzed referred to infants [31–33,36–40,42,43], children and adoles-
cents [44,45,47,49,54], and adult DS patients [34,35,41,46,48,50–54]. The number of partici-
pants in the study group also varied among the papers, with two cases having very small
sample sizes of less than ten [31,32]. Most of the studies had an intermediate size, between
10 and 30 participants [34,35,41,46,48,50–54]. Only three papers had larger study groups
with more than thirty participants [8,44,47]. All the studies applied treadmill training as
the form of intervention; however, there were some differences concerning speed, duration,
and inclination of the treadmill exercise. In the studies involving infants [31–33,42], the
participants were supported by other individuals, trainings were repeated up to five times a
week, and the whole program lasted from eight repetitions of training to a longer period of
several months. In the studies involving adults [34–37,40,41,43–49,51], the trainings lasted
from 6 to 40 min and were repeated from 3 to 5 times a week. The training program lasted
from 3 months to 14 weeks. Various assessment tools were used to evaluate outcomes
such as motor skills, cardiovascular function, cognitive performance, and verbal fluency.
These tools included scales for infant development, camera recordings, balance and motion
capture systems, heart rate monitors, and tests for cognitive and verbal abilities. Effects
measures in mean differences (MDs) of the analyzed studies could be presented for eighteen
studies, and two of the studies did not provide sufficient data for calculating MD. The most
commonly observed outcomes of the trainings were significant improvements in walking
speed, distance, and duration, and better motor development in children.

This systematic review examining the benefits of treadmill training for individuals
with Down syndrome (DS) unveils several important implications for practice. Firstly,
treadmill training can accelerate walking onset and enhance gait development in children
with DS, helping them walk with improved patterns at an earlier age. Secondly, adults with
DS can experience anti-inflammatory advantages and cognitive function improvements
through treadmill training.

As a form of exercise that is both safe and easy to perform for people of all ages,
treadmill training presents a practical, accessible solution for those with DS. In essence,
these findings emphasize the significance of treadmill training as a safe, effective method
for boosting physical and cognitive functions in people with DS.

To provide a more comprehensive understanding of the effects of treadmill train-
ing, future studies should concentrate on several key areas: assessing cognitive function,
including memory and attention; determining the optimal duration and frequency of tread-
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mill training for maximum benefits; investigating the potential of treadmill training as a
preventative measure against Alzheimer’s disease in people with DS; and employing an
appropriate control group, such as individuals with DS who do not partake in treadmill
training, to accurately gauge the intervention’s effects.

Despite the comprehensive approach and extensive analysis, this manuscript has
several limitations that should be acknowledged. Firstly, the studies included in this review
were conducted at different times and locations, which could have resulted in variations in
methodology and results. Secondly, the majority of studies included were conducted on
small sample sizes, which may limit the generalizability of the findings. Thirdly, the studies
varied in terms of the age ranges of participants, which may have impacted the effectiveness
of the interventions. Fourthly, the studies also varied in terms of the intervention duration
and frequency, which makes it difficult to draw conclusions about the optimal parameters
for effective intervention. Lastly, the risk of bias assessment revealed that some studies
had high risk of bias, particularly in the domains of randomization and missing outcome
data, which may have influenced the results. These limitations suggest a need for further
well-designed studies with larger sample sizes and consistent intervention protocols to
fully explore the effects of treadmill training on individuals with Down syndrome.

5. Conclusions

Our systematic review found that treadmill training can help children with Down
syndrome develop walking and gait patterns at an earlier age, and can provide anti-
inflammatory and cognitive benefits for adults with DS. Treadmill training is safe and easy
to implement, and has the potential to improve physical and cognitive functions. Future
studies should focus on assessing cognitive function, determining the optimal duration
and frequency of training, exploring the potential of treadmill training as a preventative
intervention for Alzheimer’s disease, and using appropriate control groups.
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Abstract: Rehabilitation is a high-potential approach to improving physical and cognitive functions in
Parkinson’s disease (PD). Dual-task training innovatively combines motor and cognitive rehabilitation
in a comprehensive module. Patients perform motor and cognitive tasks at the same time in dual-task
training. The previous studies of dual-task training in PD had high heterogeneity and achieved
controversial results. In the current review, we aim to summarize the current evidence of the effect of
dual-task training on motor and cognitive functions in PD patients to support the clinical practice
of dual-task training. In addition, we also discuss the current opinions regarding the mechanism
underlying the interaction between motor and cognitive training. In conclusion, dual-task training
is suitable for PD patients with varied disease duration to improve their motor function. Dual-task
training can improve motor symptoms, single-task gait speed, single-task steep length, balance, and
objective experience of freezing of gait in PD. The improvement in cognitive function after dual-task
training is mild.

Keywords: dual-task training; Parkinson’s disease; cognition; motor

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease characterized by cardinal
motor dysfunction (bradykinesia, resting tremor, rigidity, and postural instability) and
non-motor symptoms such as cognitive impairments. Patients with PD have difficulty
in daily activities and the difficulty increases with the disease progression. Although
anti-Parkinson drugs can relieve motor symptoms, patients with PD suffer from gait and
balance dysfunction in their daily lives during the disease’s course [1]. No disease-modified
treatment is available. In addition to the above-mentioned motor symptoms, there are
specific motor dysfunctions that add to the burden of disease on patients. Freezing of
gait (FoG), defined as sudden and usually brief episodes of inability to produce effective
stepping, is a commonly reported motor dysfunction in PD. FoG is related to a higher risk
of falls and significantly decreased patients’ quality of life. As FoG shows a poor response
to pharmacotherapy, other treatments such as rehabilitation have been proposed [2,3].

The prevalence of cognitive impairment is also high and increases with disease pro-
gression in patients with PD. At diagnosis, from 10% to 38% of de novo PD patients have
mild cognitive impairment. After 5 years, around 14% to 28% of PD patients reached
the point of dementia. Unfortunately, only symptomatic treatment is currently available
for cognitive impairment and no treatment can modify the progression of cognitive de-
cline. Preventing cognitive decline before the incidence of dementia has received increased
attention in recent years [4].

A motor-cognitive task involves performing two independent tasks at the same time,
for example, answering arithmetic questions while walking. The conduction of motor-
cognitive tasks requires the involvement of both the motor and the cognitive systems. In
patients with PD, the performance of the motor-cognitive task is decreased compared to
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age-, sex-, and education-matched healthy controls [5]. The dual-task cost is the deficit in
task performance in the dual-task condition compared to that in the single-task condition.
The dual-task cost is higher in patients with FoG compared to that in patients without
FoG [6].

Rehabilitation is a potential way to improve physical and cognitive function in patients
with PD [7]. Motor-cognitive dual-task training is a comprehensive rehabilitation method
combining motor training and cognitive training [8]. The interaction between motor and
cognitive tasks may have an extra benefit compared to single-task training [9]. A large
number of studies researched the effect of dual-task training on improving gait, balance,
motor symptoms, and cognition in patients with PD [10–12]. Several meta-analyses were
conducted in the past few years but achieved controversial results [13–15]. In the current
review, we summarize the current evidence of the physical and cognitive effect of dual-task
training on patients with PD.

We searched the following online databases: the Cochrane Database of Systematic
Reviews, MEDLINE, Scopus, EMBASE, and PROSPERO. The research was performed in
September 2022. We used the following keywords and searched for them in the title and
abstract: (dual task or dual-task or motor cognitive or motor-cognitive or cognitive-motor),
and (Parkinson or Parkinson’s disease). We also searched through the references of related
articles to capture other studies that met the eligibility criteria. The PICO strategy was used
to conduct the study selection. The eligibility criteria were: (1) included subjects were PD
patients; (2) the intervention was dual-task training, and the control was other training or
single-task training or no intervention; (3) outcomes were cognitive or physical functions
and performances. The exclusion criteria were: (1) articles not written in English; (2) the
full article was not available.

2. Construction of Motor-Cognitive Dual-Task Training

The basic method to construct motor-cognitive dual-task training is to add a cognitive
task to a motor task [8]. The cognitive task can be simple (arithmetic problems) or complex
(combining verbal fluency tasks and reciting switching and working memory tasks). The
level of difficulty of motor tasks also varied from gait training to a highly intensive HiBal-
ance program [16]. The difficulty of the training can be unstable and increase with time as
the participants adapt to a lower level of difficulty and reach a previously settled aim. In
addition, the use of electronic devices adds numerous advantages to training. The motor
task and cognitive task can be combined through video-based or virtual-reality-based
exergames, adding fun and convenience to the training [17]. Portable exercise instruments,
such as stationary bikes and sensors, move the scenario of rehabilitation from the hospital
or rehabilitation center to home.

3. Effects of Dual-Task Training on Cognitive and Physical Function
3.1. Motor Symptom

Previous studies found that motor symptoms were improved after dual-task train-
ing [18–20]. Twenty patients were randomized into a 24-session single-modal training
group (performing gait and cognitive training sequentially) or a dual-task training group
(performing gait and cognitive training simultaneously). Both groups had a significantly
decreased Movement Disorder Society-Unified Parkinson’s disease Rating Scale motor sub-
scale score (a higher score indicating a more severe symptom) after 8 weeks of training. The
dual-task training group had a larger decrease in scale score compared to the single-modal
training group (15% vs. 8%). The improvement in motor symptoms could be preserved
for at least 4 weeks [18]. Another study found that the shorter session of cognitive-cycling
training (16 sessions) also showed benefits [20]. The Hoehn–Yahr stage of the included
patients ranged from two to three, indicating that the dual-task training was suitable for
mild to moderate PD [18–20]. Some studies assessed motor function outcomes using other
scales. Previous studies found that performances of the Timed Up-and-Go Test and the
6-Minute Walk Test were improved after dual-task training [21].
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3.2. Single Task Gait

Studies showed that some gait parameters in the single-task condition improved after
dual-task training [16,22,23]. After 30 sessions of the HiBalance program, the training group
had a significant improvement in speed and step length compared to the no-intervention
group [16]. One study included seventeen patients and found that achieved walking
distance increased after four weeks of training. The gait variability in the step length in the
single-task condition decreased but did not reach statistical significance [23]. The cadence
of the dual-task training group was not improved compared to that of the no-intervention
group [16,24].

3.3. Dual-Task Gait

In daily life situations, the motor task is always accompanied by cognitive tasks,
for instance, walking while reading signs. Dual-task walking can simulate the complex
walking scenario in reality. Previous findings of the dual-task performance after dual-task
training were controversial [16,18]. A RCT with one hundred participants found that the
gait speed and step length in the dual-task condition was not improved [16]. However,
another study included twenty patients and found increasing velocity and step length in
dual-task conditions after training. The improvement in the step width and arm swing
varied in different cognitive tasks [18]. The different cognitive tasks may contribute to
inconsistent results.

3.4. Balance and Fall

Dual-task training can lead to an improvement in balance [10,11,16]. Large-sample-
size RCTs found an improvement in balance assessed by the Mini-BESTest or Berg Balance
Scale in the dual-task training group compared to the no-intervention group [10,16]. The
results of previous studies regarding decreasing fall risk were controversial. An RCT with
one hundred and twenty-one participants found that the 24-week frequency of falls did
not decrease after dual-task training [25]. However, another RCT with a total of twenty-
one patients found that 8 weeks of dual-task training decreased the 30-day frequency of
the falls by 60% [19]. The dual-task training may decrease the risk of all groups for a short
duration after training but the benefit is not persistent.

3.5. FoG

Several primary studies indicated a potential improvement in FoG after dual-task
training [23,26,27]. A randomized, single-blinded, cross-over design trial included forty-six
patients with PD and FoG. Patients received the cognitively challenging Agility Boot Camp
Program (dual-task training) and education (control), sequentially. Compared to education,
dual-task training showed a significant improvement in the subjective experience of FoG
assessed by the Freezing of Gait Questionnaire. But there was no significant improve-
ment in the objective measurement of FoG [27]. An improvement in the Freezing of Gait
Questionnaire score was also found after dual-task training in an RCT that included sixty
participants [21]. Another study included seventeen patients with PD and also found a
decrease in scores on the Freezing of Gait Questionnaire after dual-task training, but this
decrease did not reach statistical significance [23]. Killane et al. included thirteen patients
with PD and FoG and found the mean number of FOG episodes per trial for the dual tasks
decreased from three to one after dual-task training [26].

3.6. Cognitive Function

The effects of dual-task training on cognition in PD have been rarely researched [28,29].
An RCT found that the dual-task training group had an increased performance of the
cognitive task in dual-task walking compared to the no-intervention group [16]. A single-
blind RCT included forty patients with PD and found that the dual-task group showed a
trend but no significant improvement in the executive function test (Frontal Assessment
Battery and Trail Making Test) after training compared to the single-task training group
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(gait training) [28]. The trend of improvement in the cognitive test (Stroop) after dual-task
training was also found in another study, but this improvement failed to reach statistical
significance [29].

4. Advantages and Enhancement of Dual-Task Training
4.1. Dual-Task vs. Single-Task Training

Dual-task training may have some advantages over single-motor training but further
studies are needed because the current evidence is not adequate. An RCT found that
the dual-task training group had better gait velocity and stride length compared to the
single-motor training group [28]. However, another small-sample-size RCT found that
there were no differences in gait and motor symptoms between the dual-task training group
and the single-task training group [18]. The improvement in balance was also comparable
between the two training groups [10]. One primary study indicated that the dual-task
group performed better in mediolateral balance with an eye closed but performed worse
in anteroposterior balance compared to the single-motor-training group [11]. However, a
previous study found that dual-task training was more effective in the improvement of
motor symptoms and decreased the frequency of falls in a 30-day period compared to the
separate motor and cognitive training [19].

4.2. Enhancement of Dual-Task Training

Several studies researched combining dual-task training and other rehabilitation to
boost their effectiveness. Dual-task training plus action observation and motor imagery
had a better effect on motor and cognitive function [30]. The intervention group was asked
to observe a task before conducting the task while the control group only conducted the
task. The intervention group had greater improvements in gait, balance, and executive
function compared to the control group [30]. An RCT found that transcranial direct current
stimulation enhanced the effect of dual-task training. The transcranial direct current
stimulation device was placed in a small bag positioned around the participant’s hips,
and was active (intervention group) or sham (control group) during the gait training. The
cognitive performance during the dual-task and Timed Up-and-Go Test was improved.
However, the gait and bradykinesia were not enhanced by the transcranial direct current
stimulation [31]. The enhancement depends on the specific type of supplementary training.
A previous study that included sixty participants showed that the multi-intervention group
(combining dual-task training and aquatic therapy) did not improve motor function (FoG,
balance, gait, and motor symptoms) compared to the single-intervention group (dual-task
training) in PD [21].

5. Mechanism of Dual-Task Training
5.1. Motor Automaticity

One of the potential mechanisms of the physical benefit of dual-task training is the
improvement in motor automaticity after training. Motor automaticity is the ability to
conduct a skilled motor task without conscious attention or executive control, and plays an
important role in performing dual tasks [32,33]. Functional magnetic resonance imaging has
been used to assess the brain activity associated with motor automaticity in patients with PD.
Participants practiced dual tasks until they could conduct the tasks automatically and then a
visual letter-counting task was added to the dual tasks. Compared to healthy controls, fewer
patients with PD automatically performed the combined tasks. The neuroimaging showed
that only the bilateral superior parietal lobes and left insular cortex were less activated in PD
when the proficiency of the task reached the automatic stage, while activities in more areas
decreased in healthy controls [34]. In the automatic stage, the parietal cortex, premotor
area, cerebellum, precuneus, and prefrontal cortex were more active in patients with PD
compared to healthy controls [34]. The impaired motor automaticity in PD contributes
to automaticity-associated motor deficits, such as akinesia, slowness of simple repetitive
movements, shorter stride length, and FoG [35].
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The striatum is the main pathological region in PD and is also related to the mainte-
nance of the motor automaticity in PD [35,36]. Increased activity of the anterior putamen
was found in patients with PD in the automatic stage compared to the controls [35]. Par-
ticipants were asked to direct their attention back to the previously practiced automated
tasks. Patients with PD had a decreased connectivity from the putamen to the motor cortex
in the controlling attention stage compared to the automatic stage. However, in healthy
controls, the activity and connectivity of the striatum at the controlling attention stage were
comparable to those at the automatic stage [36]. Impaired sensorimotor striatum in PD
results in the loss of previously learned automatic skills and the deficit in learning new
skills [35].

Previous studies indicated that exercise can improve the function of the striatum.
Positron emission tomography showed that expression of the striatal dopamine D2 receptor
increased after high-intensity treadmill exercise in MPTP mouse models of PD compared
to that in controls [37]. The improvements in striatum function were replicated in vivo in
patients with PD. Four patients with PD were randomized into 24 sessions of an intensive
treadmill exercise group or a control group. Increased dopamine D2 receptor binding
potential and improved postural control were found in the exercise group after training,
while there were no differences found in the control group [38]. Fifty-six patients with
PD were randomized into an aerobic exercise group or stretching group and received
six months of intervention. The performance of the oculomotor cognitive control task
was improved in the exercise group compared to that of the stretching group. Functional
magnetic resonance imaging found that the anterior putamen had increased functional
connectivity with the sensorimotor cortex compared to the posterior putamen in the exercise
group, while this phenomenon was absent in the stretching group [39]. Another study
included ninety-one patients with PD and randomized them into the HiBalance group
or the active control group (speech training). After 20 sessions of training, the HiBalance
group had increased left putamen volumes and stronger thalamic–cerebellar connectivity
in structural covariance networks, while the active control group showed no changes
post-training [40].

5.2. Dual-Task Practice Advantage

In addition to the improvements achieved by motor training, there are additional ben-
efits from combining motor and cognitive training, named the dual-task practice advantage.
The dual-task practice advantage is described as an advantage in dual-task performance
after dual-task practice compared to single-task practice (where tasks are completed se-
quentially) [41]. The dual-task practice advantage was found in a previous RCT of older
adults. Older adults with balance problems were assigned to a single-task training group
or dual-task training group (fixed-priority or variable-priority instructions). After four
weeks of training, all the groups showed improvements in balance and single-task walking
speed. However, only the dual-task training group had improved dual-task walking speed.
In addition, the dual-task training group with variable-priority instructions was the only
group that quickly showed improvement in the second week of training and maintained
the training effect in the twelfth week after training [42].

The classical theoretical mechanism of the dual-task practice advantage is the allocation
and scheduling hypothesis [41]. This hypothesis assumes that dual-task training improves
the cognitive resource for allocation and scheduling tasks during comprehensive tasks.
In a previous study, participants were arranged to conduct dual tasks, such as copying
different sentences while reading stories, and then were tested for the meaning of the
sentences. As they understood the meaning of sentences, the research considered that the
completion of the two tasks was not automatically performed as one task but by switching
between different tasks. In addition, they found that the skill to switch attention during
dual tasks could be improved with practice [43]. Through dual-task training, patients can
improve their ability to manage multiple tasks and the achievements can be transferred to
other untrained dual tasks shared with the same neural circuit. A previous study divided
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dual-task performance-matched participants into hybrid training (combine single-task and
dual-task training) or single-task training groups. A visual-manual task and an auditory-
vocal task were trained. After training, the hybrid training group was found to have
better performance in practiced dual tasks and new dual tasks compared to the single-task
training group [44]. Another study explored the synergistic effect of cognitive training and
motor training. A total of one hundred and thirty-six older adults were randomized into
four intervention groups: cognitive training plus motor training, cognitive control plus
motor training, cognitive training plus motor control, and cognitive control plus motor
control. The task-set cost is the ratio between the trial mixed with two different single tasks
and the trial composed of pure single tasks, and reflects the ability to memorize specific
requirements of different single tasks and respond to distinct single tasks. The cognitive
training was associated with a reduction in the dual-task cost. The dual-task training group
predicted a decreased task-set cost, which indicated that dual-task training improved the
ability to manage and switch between different tasks [45].

The neuroimaging studies found increased connectivity in older adults after dual-
task training, which supported the theory. The right cerebellar vermis, left lobule V of the
cerebellar anterior lobe, and precuneus were activated in the dual-task processing. The dual-
task training increased the functional connectivity between these cerebellar regions and
cerebellar areas related to motor and cognitive control during dual tasks [46]. However, the
existence of dual-task practice advantages in patients with PD remains unclear. One study
found that compared to the sequential gait and cognitive training group, the simultaneous
training group had better upper extremity performance [18]. However, another study
evaluated the dual-task practice advantages in PD and found that the improvements in
gait parameters were comparable between simultaneous motor-cognitive training and
sequential motor-cognitive training [47]. Different domains of cognitive training may
contribute to the reverse results of the previous studies, as the former study trained verbal
fluency, working memory, discrimination and decision making, mental tracking, and
reaction time, while the latter study trained language, memory, executive function, and
attention. More studies are needed in the future to establish the theory of additional
improvements resulting from dual-task training in PD.

5.3. Guided Plasticity Facilitation Hypothesis

The guided plasticity facilitation hypothesis may contribute to the improvement in
cognition by motor-cognitive dual-task training. In this hypothesis, motor training facili-
tates the neuroplasticity and cognitive training guides the neuroplasticity. An experiment
in mice found that exercise can stimulate hippocampal neurogenesis. Mouse undergoing
exercise and cognitive stimuli (environmental enrichment) recorded a greater increase in
new neurons in the dentate gyrus compared to that in mice with single exercise or cognitive
stimuli [48].

Brain-derived neurotrophic factor (BDNF) is a potential factor that mediates the
neurogenesis induced by exercise. BDNF is known as a synapse regulator and plays an
important role in the underlying mechanism of learning and memory, and hippocampal
long-term potentiation (synaptic efficacy enhancement) [49]. In patients with PD, the
level of serum BDNF was found to be decreased compared to that of the healthy controls,
and was related to the binding ratio of the presynaptic dopamine transporter in caudate
and putamen [50]. Previous animal experiments found that the level of BDNF in the
circulation increases after intensive exercise [51]. A meta-analysis confirmed that the level
of serum BDNF significantly increased after exercise in patients with PD [52]. In addition,
the volume of the left hippocampal subfields CA1, CA4/dentate gyrus, and subiculum
showed a group-dependent increase in PD [53]. When BDNF function was inhibited using
a specific immune-adhesin chimera that selectively binds BDNF, the benefit of exercise on
cognition vanished. The learning and recall abilities of animals that received exercise and
the BDNF blocker were reduced to those of the control level [54]. However, the increase
in BDNF induced by exercise is temporary, which indicates that the interaction of the
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motor and cognitive training is influenced by the execution arrangement and interval of
the two tasks. The level of serum BDNF was elevated at day seven of the motor training
program compared to baseline in patients with PD, but showed no changes compared to
baseline in the following days of training and at the sixty-day follow-up after the end of
the training [55].

The two tasks induce neurogenesis through distinct but complementary mechanisms
as exercise stimulates the proliferation of precursor cells, whereas cognitive stimuli promote
the survival of the newborn cells [56]. The synergic effect of motor-cognitive tasks may be
based on neurotrophic factors. Ninety-five healthy young participants were divided into
exercise, dual-task training, and control groups. Participants who had a greater cognitive
improvement after training had a greater increase in BDNF and insulin-like growth factor-
1. These participants who had greater increases in neurotrophic factors after exercise
also showed a greater improvement after dual-task training compared to single-exercise
training [57]. In patients with PD with mild cognitive impairment, the level of serum BDNF
increased after the training of executive cognition compared to the control group [58].
Further research is needed to establish the role of cognitive training in dual-task training
and the neural mechanism behind the synergic effect of motor-cognitive tasks.

6. Future Studies

There were some limitations of the previous studies. First, the selections of motor and
cognitive tasks to build dual-task training were different between studies and this may
influence the results [15]. In addition, the settings of the control group may be another
source of heterogeneity. There were three main types of control group. The first was no
control group. Researchers evaluated the effect of dual-task training by comparing the
performance of patients before and after training [59]. The second was that the control
group received no intervention or maintained daily activity [60,61]. The third was that
the control group had a different activity, such as a single motor or cognitive task [62,63],
or performed motor and cognitive tasks separately [47]. The third kind of setting was
more likely to achieve a negative result compared to the others because the positive effect
of exercise on physical function has been proved by previous studies [14]. However, the
results of the three kinds of studies were combined in the previous meta-analysis. This
partly explained the controversial results of the previous meta-analysis [13–15]. The settings
of control groups in future studies should be chosen carefully and more attention should
be paid to the separate training of motor and cognitive tasks.

There were some gaps in the specific outcomes of dual-task training. First, the effect
on cognition in PD deserves more attention. The positive effects of dual-task training on
cognition were found in older adults and patients with Alzheimer’s disease [64]. To date,
few studies have researched the cognitive benefit of dual-task training in PD, and further
studies are needed to determine whether dual-task training can kill two birds with one
stone. [12,28,29] Second, because of the prosperity and diversity of rehabilitation methods in
neurodegenerative disease, there is a trend to build comprehensive rehabilitation modules
by combining different interventions to achieve better effectiveness [65]. Although the
standardized mean difference of the different modules can be calculated and compared
in a meta-analysis [14], the best way to establish evidence for a comparison between
them is to use a randomized controlled trial. In addition, a training program with high-
intensity and high-diversity tasks seems to result in a greater improvement in motor and
cognitive function, which has guided the direction of the design of the training program [66].
However, the safety of the comprehensive module with challenging tasks should be tested
because heavy training may be beyond the physical and cognitive endurance range of
patients, resulting in negative results.

Individualized rehabilitation is also important, as a previous study found that the
effects of dual-task training were different among patients with different characteristics.
A worse cognitive status was associated with higher dual-task costs in cognition and gait
in PD. The existence of other PD non-motor symptoms was related to a higher dual-task
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cost in cognition [67]. A large-sample-size RCT found that a lower dual-task gait velocity
and a higher cognitive performance at baseline were related to a larger improvement
in the dual-task velocity after training [68]. Different strategies used in dual tasks and
different learning abilities may contribute to this phenomenon. Patients with PD with mild
cognitive impairment used a posture-first strategy while patients with PD with normal
cognition used a posture-second strategy [67]. Evidence showed that high physical activity
was related to a slower apolipoprotein ε4-related cognitive decline in PD [69]. To date,
the classification of PD patients in rehabilitation clinical trials has been based on motor
symptoms. Future studies should consider more clinical and genetic characteristics as
stratification factors and design individualized training programs for PD patients.

There are also some limitations of the current review. First, we did not pool the results
of studies because the control intervention and the construction of dual-task training varied
between studies. Second, we did not include studies not written in English. Third, we
included RCT studies and non-RCT studies, so the quality of studies varied.

7. Conclusions

In the current review, we summarize the present evidence of the impact of dual-
task training on motor and cognitive function in patients with PD. The summary of the
current review please check Figure 1. Significant improvement has been observed in motor
symptoms, single-task gait speed, single-task step length, and balance, but the effects of
dual-task training on FoG, dual-task gait, and cognition are still being researched. Trends
of improvement in these fields were observed in previous studies. Large-sample-size
randomized control tails of dual-task training are needed to establish the effectiveness of
this training. In addition, the settings for intervention and control groups should be more
specific, and more attention should be paid to the additional benefit resulting from the
interaction between motor and cognitive training and the mechanism of the synergic effect.
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Abstract: Physical exercise and cognitive remediation represent the psychosocial interventions with
the largest basis of evidence attesting their effectiveness in improving cognitive performance in peo-
ple living with schizophrenia according to recent international guidance. The aims of this review are
to provide an overview of the literature on physical exercise as a treatment for cognitive impairment
in schizophrenia and of the studies that have combined physical exercise and cognitive remediation
as an integrated rehabilitation intervention. Nine meta-analyses and systematic reviews on physical
exercise alone and seven studies on interventions combining physical exercise and cognitive remedia-
tion are discussed. The efficacy of physical exercise in improving cognitive performance in people
living with schizophrenia is well documented, but more research focused on identifying moderators
of participants response and optimal modalities of delivery is required. Studies investigating the
effectiveness of integrated interventions report that combining physical exercise and cognitive reme-
diation provides superior benefits and quicker improvements compared to cognitive remediation
alone, but most studies included small samples and did not explore long-term effects. While physical
exercise and its combination with cognitive remediation appear to represent effective treatments
for cognitive impairment in people living with schizophrenia, more evidence is currently needed to
better understand how to implement these treatments in psychiatric rehabilitation practice.

Keywords: cognitive remediation; integrated interventions; physical exercise; psychiatric rehabilitation;
psychosocial interventions; schizophrenia; cognitive functioning; recovery

1. Introduction

Schizophrenia (SCZ) represents a severe mental disorder which is often associated with
poor functional outcomes [1–3]. Cognitive impairment is one of the core features of the
disorder and has been considered of great relevance since its earliest conceptualizations [4,5].
In fact, deficits in both neurocognitive performance [6] and social cognition abilities [7] can
be frequently observed in people living with SCZ. Cognitive deficits are one of the core
determinants of functional impairment, showing an important negative impact on both func-
tional capacity and real-world functioning [8–10], and they also represent one of the main
limiting factors for the process of recovery in the context of psychiatric rehabilitation [11–14].

Pharmacological treatment is effective in reducing the core symptoms of SCZ [15,16],
but its impact on cognition appears to be limited, as available medications provide minimal
effects on cognitive functioning [17,18]. This has led to a considerable scientific and clinical
interest regarding the potential usefulness of non-pharmacological interventions [3,19].
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According to the most recent European Psychiatric Association guidance, the psychoso-
cial interventions that have the most solid body of evidence confirming their effectiveness
in improving cognitive performance in people living with SCZ are physical exercise (PE)
and cognitive remediation (CR) [18].

PE can be considered an evidence-based intervention, as it provides consistent benefits
for people living with mental disorders, and in people living with SCZ, physical activity is
currently recommended as an adjunctive treatment in rehabilitation programs to improve
symptoms severity and also overall quality of life [20,21]. While PE could also provide
substantial benefits to cognitive performance, its moderators of effectiveness and the
optimal modalities to deliver it in clinical practice to specifically target cognitive impairment
in SCZ currently require better understanding.

CR is a behavioral training-based intervention that specifically targets cognitive pro-
cesses and that has proven to be effective also in improving functional outcomes [22–25],
and which appears to be more effective in the real-world context when implemented into
structured rehabilitation programs or alongside other evidence-based treatments [23,26–28].

As both these interventions appear to be characterized by good practical feasibility
and relatively low resource cost for implementation in rehabilitation practice, better un-
derstanding the extent of their effectiveness and their potential as a combined treatment
program could represent a topic of considerable clinical interest.

The aims of the present narrative review are to provide a comprehensive overview of
the literature attesting the effectiveness of PE as a treatment for cognitive impairment in
people living with SCZ and of the studies that have combined PE and CR as an integrated
rehabilitation intervention.

2. Methods

To ensure a comprehensive assessment of the relevant literature, works included
in the present narrative review were drawn from a search conducted in open databases
(PubMed, Scopus, and Google Scholar) with combinations of the following research terms:
[physical AND (exercise OR activity)], [cognitive AND (remediation OR rehabilitation OR
training)] and (schizophrenia OR psychosis). Given the substantial number on studies
of the effects on PE on cognition in people living with SCZ, only systematic reviews and
meta-analyses were considered for the first part of the present work, while individual
studies were considered for interventions combining PE and cognitive remediation.

Results of this search were also checked against the results of a recent European
Psychiatric Association guidance document on treatment of cognitive impairment [18] and
from the systematic search conducted for a recent and comprehensive systematic review
and meta-analysis on CR trials [29].

3. Results
3.1. Effectiveness of Physical Exercise on Cognition in Schizophrenia

In recent years, an ever-growing body of literature exploring the relationship between
PE and cognition in people living with SCZ has been published, posing an interesting
background for future research (Table 1).

Exploring the literature in chronological order, we found that in a 2012 systematic
review including 10 randomized clinical trials (RCT) (for a total of 322 SCZ participants),
it is stated that aerobic and strength exercises have been proven to be effective in im-
proving short-term memory, a result that was correlated to an increase in the volume of
the hippocampus [30].
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Table 1. Studies on the effect of physical exercise on cognition in schizophrenia.

Year of Publication
and Authors Type of Study

Number of Included Studies
(Total Number of

Participants)
Summary

Vancampfort et al.,
2012 [30] Systematic Review 10 (322) In one study, STM (correlated to an increased hippocampal

volume) is improved by both AE and SE.

Dauwan et al., 2016 [31] Meta-analysis 17 (659) In one study, exercise improved verbal STM by 34%
(p < 0.05) and brain volume was increased by 12%.

Firth et al., 2015 [32] Meta-analysis 29 (1109)
Only yoga seems to influence the subdomain of LTM

(p < 0.05), and to have a trend towards significance for AT
and EF (p = 0.08).

Firth et al., 2017a [33] Systematic Review 16 (423)

Improvements in brain structure and connectivity are
associated to exercise’s beneficial effects on cognition in

SCZ. Some studies also found a positive correlation
between BDNF and cognitive enhancements.

Firth et al., 2017b [34] Meta-analysis 10 (385)

PE significantly improves cognition and “higher dosages”
of PE and supervised PE are associated with larger
improvements in global cognition. Moreover, PE is

particularly beneficial for SC, WM, and AT. Finally, AE
seems more effective than yoga.

Li et al., 2018 [35] Systematic Review 7 (679)
In one RCT (n = 194, low quality), mindful exercise is

significantly more effective than other forms of exercise in
WM subtests (MD 0.39).

Van der Stouwe et al.,
2018 [36] Systematic Review 29 (4448)

The protective effects of exercise on the reduction of
hippocampal volume and white matter tracts were similar

for both SSD and HC and they showed a dose–response
relationship, but the effects in people with SSD appear to

be of reduced entity.

Dauwan et al., 2021 [37] Meta-analysis 122 (7231)
PE was superior to TAU in improving AT and WM

(p < 0.009), EF (p = 0.013), memory (p = 0.038), and PS
(p = 0.003). Results were proven not to be age-dependent.

Fernández-Abascal
et al., 2021 [38] Meta-analysis 59 (4202)

Post-intervention benefit was found for many cognitive
domains: STM and AT measured through the WAIS’

forward and backward DSTs showed a significant effect at
the end of the intervention (p = 0.014 for the forward test
and p < 0.001 for the backward test), although the effects

did not persist at follow-up (p = 0.528 and p = 0.291,
respectively). Furthermore, different studies explored other
outcomes through different measures: through the RAVLT
test (significant only for the STM); through the Corsi direct

block span for visual STM (not significant); through the
Penn computerized neurocognitive battery for attention,

SM, and WM (several domains showed a significant
improvement for both yoga and other types of exercise,

some persisting at follow-up as well); through the WCST
for EF (significant improvement); through the MCCB for
AT, memory, and SC (improvements seen in the scores
correlated to improvement in physical performances);
through the NES test for motor and sequencing skills

(showing improvement but not maintained at follow-up);
and other miscellaneous tests for SP, WM, VeL, and ViL

(only WM was significantly improved). Only two studies
found no post-intervention effects on cognition.

AE (aerobic exercise), AT (attention), DST (digit span test), EF (executive functioning), HC (healthy controls), LTM
(long-term memory), MCCB (MATRICS Consensus Cognitive Battery), NES (Neurological Evaluation Scale), PE
(physical exercise), PS (psychomotor speed), RCT (randomized controlled trial), RAVLT (Rey Auditory Verbal
Learning Test), SC (social cognition), SCZ (schizophrenia), SE (strength exercise), SM (spatial memory), SP (speed
of processing), SSD (schizophrenia spectrum disorders), STM (short-term memory), TAU (treatment as usual),
VeL (verbal learning), ViL (visual learning), WAIS (Weschler Adult Intelligence Scale), WCST (Wisconsin Card
Sorting Test), WM (working memory).

Then, in 2015, Firth et al. analyzed 17 trials (for a total of 659 non-affective psychotic
patients), finding a positive effect of exercise on neurocognition and, in particular, in one
study it was observed that exercise was associated to improvements in short-term verbal
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memory of 34% (p < 0.05) and to increase in brain volume of 12% (significantly more than
that in one of the control groups) [32].

The next year, a Dutch review with broader inclusion criteria selected 29 studies (for a
total of 1109 SCZ patients) and found that exercise in general had no demonstrated effect on
cognition, with the exception of yoga which was seen to improve the cognitive subdomain
of long-term memory (n = 184: Hedges’ g = 0.32, p < 0.05), and with an additional trend
towards significance for the subdomains of attention and executive functioning (n = 184:
Hedges’ g = 0.38, p = 0.08) [31].

In 2017, the group of Firth et al. published a review including 16 trials (for a total
of 423 SCZ patients) of which 7 focused on neuroimaging: preliminary evidence indi-
cated that cognitive improvements provided by PE for people living with SCZ are related
to improvements in brain structure and connectivity, and some of these studies found
a positive correlation between brain-derived neurotrophic factor (BDNF) and cognitive
enhancements, indicating that neurogenesis could be the mechanism underlying the cog-
nitive benefits of exercise in SCZ (current evidence, however, is too limited to provide
definitive conclusions) [33].

In the same year, Firth and collaborators also conducted a meta-analysis presenting
evidence that PE significantly improves cognition and that interventions using “higher
dosages” of PE are related to greater improvements in global cognition. Moreover, subgroup
analyses suggested that interventions including direct supervision from a physical activity
instructor resulted in larger cognitive improvement. Moreover, domain-specific analyses
highlighted that attention/vigilance, working memory, and social cognition had substantial
improvements: all these domains are among those most commonly impaired in people
living with SCZ and represent well-known predictors of real-world outcomes. Finally, the
authors report that aerobic exercise (AE) may be more effective than yoga for cognitive
outcomes in SCZ, unlike what was observed in previous research [34].

The next year, in 2018, a systematic review by Li et al. explored the efficacy of mindful
(i.e., yoga, different forms of Tai Chi, and Qigong) versus non-mindful exercise in subjects
with SCZ: the former came out as being significantly more effective than the latter in the
accuracy index for working memory, but the RCT (n = 194) coming to the conclusion
is described by Li et al. as being low-quality (MD = 0.39), whereas in the domains of
“attention” and “social functioning”, no clear difference was found (MD = −0.48) [35].

In the same year, a Dutch systematic review comparing the effects of AE in people
living with a SCZ spectrum disorder (168 subjects) and healthy participants (for a total
of 201 subjects) within a similar age range was published. Most studies included in this
work effects on hippocampal volume, reporting positive outcomes: PE could help in
preventing the reduction of hippocampal volume over time in people living with SCZ;
in healthy subjects, changes in connectivity of the dorsolateral prefrontal cortex related
to better cognitive performance were reported. In the comparisons between participants
with SCZ spectrum disorders and healthy subjects, similar exercise-mediated effects with
a dose–response relationship on hippocampal volume as well as on white matter tracts
were observed. However, these effects appear to be smaller in people living with SCZ
spectrum disorders. Finally, this systematic review underlines the need for further studies
to investigate additional neural correlates beside the hippocampus [36].

In 2021, then, a meta-analysis by Dauwan et al. (including studies on neurological
conditions such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and
multiple sclerosis, as well as mental disorders such as SCZ and major depressive disorder)
showed that exercise provided greater gains than treatment as usual (TAU) in several cog-
nitive domains, including attention and working memory (p < 0.009), executive functioning
(p = 0.013), memory (p = 0.038), and psychomotor speed (p = 0.003), and these results were
proven not to be age-dependent [37].

In the same year, a Spanish research team published a meta-analysis of 59 RCTs analyz-
ing interventions on diet and physical activity in people living with non-affective psychosis,
including also participants with first-episode psychosis (FEP). Significant improvements
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were observed for many cognitive domains: two studies evaluated short-term memory
performance and attention through the WAIS’ forward and backward digit span tests,
with positive post-treatment effects for both measures (g = 0.309, p = 0.014 for the forward
test and g = 0.621, p < 0.001 for the backward test), although neither had an effect that
persisted at follow-up (g = −0.132, p = 0.528 and g = −0.201, p = 0.291, respectively). Fur-
thermore, different studies explored other outcomes such as short- and long-term memory
measured through the Rey Auditory Verbal Learning Test (RAVLT) (significant only for
the short-term memory component); short-term visual memory measured through the
Corsi direct block span (not significant); attention, spatial memory, and working memory
measured via the Penn computerized neurocognitive battery (several domains showed
a significant improvement for both yoga and other types of exercise, some persisting at
follow-up as well); executive functions measured through the Wisconsin Card Sorting Test
(WCST) (showing a significant improvement); attention, memory, social cognition, and
other domains measured through the MATRICS Consensus Cognitive Battery (showing
improvement in the scores correlated to improvement in physical performances); motor
and sequencing skills measured through the Neurological Evaluation Scale (showing im-
provements after exercise interventions that were not maintained at follow-up); and speed
of processing, working memory, verbal learning, and visual learning measured through a
variety of tests (only working memory was significantly improved after the intervention).
Only two studies found no post-intervention effect on cognition [38].

3.2. Combination of Physical Exercise and Cognitive Remediation for Treating Cognition
in Schizophrenia

Both CR and PE have been reported to be effective on improving cognition in SCZ:
several works in the recent literature compare the efficacy of the two interventions and
explore whether they have a synergistic effect. In the next paragraph, we present the
relevant literature in a chronological order. A summary of the studies can be found
in Table 2.

Table 2. Studies on the effect of physical exercise in combination with cognitive remediation on
cognition in schizophrenia.

Year of
Publication and

Authors
Type of Study Groups

Total Number of
Participants
(Diagnosis)

Summary

Tan and King,
2013 [39] RCT PE and CR 70 (SCZ)

The CR group kept a greater improvement in all of
neurocognitive tests when compared to the PE group

(p < 0.05 for all tests).

Oertel-Knöchel
et al., 2014 [40] RCT CR+AE, CR+RT,

WW 51 (29 SCZ + 22 MDD)

Cognitive performances were improved in both treatment
groups (CT+AE group better than CT+RT), particularly in
the cognitive subdomains of SP (p < 0.001), WM (p = 0.01),
and ViL (p = 0.004). Additionally, the results show that the

improvement is greater in SCZ compared to MDD,
suggesting that the combined intervention is even more

effective in SCZ (p < 0.001).

Malchow et al.,
2015 [41] Clinical Trial PE, PE + CACR,

TT + CACR 65 (43 SCZ + 22 HC)
The performance in VLMT and WCST significantly

improved in the PE + CACR group. The positive effects
were not seen in the TT + CACR group.

Nuechterlein
et al., 2016 [42] Pilot Study CT&E, CT 18 (recent onset SSD)

The ES for the improvement in the MCCB score was
larger for CT&E patients when compared to CT patients:

the largest differential gains that were seen for CT&E
were SC (f = 0.65), WM (f = 0.50), SP (f = 0.38), and

attention (f = 0.33).
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Table 2. Cont.

Year of
Publication and

Authors
Type of Study Groups

Total Number of
Participants
(Diagnosis)

Summary

Choi et al., 2019
[43] RCT PE, CT, PE + CT 85 (SCZ)

WM was improved in all intervention groups (vs. the CT
only group) and mostly in the PE only group (p < 0.001).

At follow-up instead, the only group still showing
significant improvements in WM was the CT + PE group

(p < 0.001). Moreover, concerning PS, the only group
showing a more significant improvement (vs. other

groups) was the PE only group (p < 0.001), whereas at
follow-up, only the PE + CT group (p < 0.001).

Nuechterlein
et al., 2022 [44] RCT CT&E, CT 47 (FEP)

PE + CT (compared to CT alone) provided faster gains in
cognition and greater improvements in psychosocial

functioning. Strong correlations were observed between
cognitive gains at six months and proportion of PE

completed (r = 0.56) and the number of homework PE
sessions (r = 0.61). The transfer of cognitive improvement

to real-world functioning appears to be related to the
quantity of completed PE (r = 0.51), and to participation in
both CT sessions (r = 0.46) and bridging groups (r = 0.56).

Dai et al.,
2022 [45] RCT CAE, AE, TAU 82 (SCZ)

The CAE group had a significantly better performance in
PS and cognitive flexibility when compared to the TAU

and the AE groups (p < 0.05).

AE (aerobic exercise), CACR (computer-assisted cognitive remediation), CAE (cognitive remediation + aerobic
exercise), CR (cognitive remediation), CT (cognitive training), CT&E (Cognitive Training & Exercise), ES (effect
size), FEP (first episode psychosis), HC (healthy controls), MCCB (MATRICS Consensus Cognitive Battery),
PE (physical exercise), RCT (randomized controlled trial), RT (relaxation training), SC (social cognition), SCZ
(schizophrenia), SP (speed of processing), SSD (schizophrenia spectrum disorders), TAU (treatment as usual), TT
(table tennis), ViL (visual learning), VLMT (Verbal Learning Memory Test), WCST (Wisconsin Card Sorting Test),
WM (working memory), WW (wait and watch).

In 2013, Tan and King published their RCT on the effects of CR on functional outcomes
in people living with SCZ. A total of 70 included participants were allocated to 2 groups: 34
subjects were randomized to the PE group, whereas 36 were randomized to the CR group.
Neurocognitive and functional outcomes were measured at baseline, after 3 months (end
of treatment), after 9 months, and after 1 year and 3 months from baseline. Over time, the
CR group kept a greater improvement on all measures of neurocognition when compared
to the PE group (p < 0.05 for all tests: Comprehensive Trail Making Test, RAVLT, Wechsler
Adult Intelligence Scale’s Digit Span Forward and Backward tests) [39].

In 2014, Oertel-Knöchel et al. published a study focusing on the effects on cognition of
a combination of PE and cognitive training (CT) in SCZ (SCZ, n = 29) and major depres-
sive disorder (MDD, n = 22). Patients were randomly allocated in the following groups:
CT + PE (n = 16, of which 8 diagnosed with SCZ); CT + relaxation exercises (n = 17, of
which 11 diagnosed with SCZ); and “waiting control group” to check for potential biases
(n = 18, of which 10 diagnosed with SCZ). Amelioration of the cognitive performances was
observed in both treatment groups, although the improvement was greater in the group un-
dergoing CT + AE. Specifically, the results showed a significant post-intervention increase
in performances in the cognitive subdomains of speed of processing (p < 0.001), working
memory (p = 0.01), and visual learning (p = 0.004). Additionally, the results showed that
the improvement in cognition was greater in patients living with SCZ compared to people
suffering from MDD, suggesting that the combined intervention is even more effective in
SCZ (p < 0.001) [40].

Malchow et al. conducted a single-center trial, taking place between 2010 and 2013
and evaluating the effects of bicycle ergometer training and add-on computer-assisted
remediation (CACR) training, compared to a control group playing table tennis + CACR.
The study included 22 subjects with SCZ and 22 healthy controls matched for age and sex;
all the subjects underwent 3 months of endurance training (30 min, three times/week) and
CACR training (30 min, two times/week) was added from week 6. An additional group
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including 21 subjects living with SCZ played table soccer and additionally received the same
CACR training. The performance in the Verbal Learning Memory Test (VLMT) and WCST
improved significantly in subjects with SCZ belonging to the endurance training + CACR
group. The positive effects were specific to the endurance training + CACR group and were
not observed in patients playing table soccer + CACR [41].

A pilot study conducted in 2016 by Neuchterlein et al. was designed to test the
efficacy of enhancing CT with AE in patients with a recent onset of psychotic illness. A
total of 18 patients were enrolled into two different groups: 7 subjects were allocated to
the Cognitive Training & Exercise (CT&E) group and 9 to CT alone group for a 10-week
period. All patients received treatment with a second-generation antipsychotic medication
and regular psychiatric visits in addition to the study interventions. The effect size for
the improvement in the MCCB score was larger for CT&E patients when compared to CT
patients: Cohen’s f is 0.48 and the single cognitive domains with the largest differential
gains for CT&E (when compared to CT alone) were social cognition (f = 0.65), working
memory (f = 0.50), speed of processing (f = 0.38), and attention/vigilance (f = 0.33) [42].

In 2020, Choi et al. randomly allocated 85 outpatients diagnosed with SCZ into
2 groups of 18 hours of either PE (29 subjects), CT focused on processing speed and
working memory (27 subjects), or a time-matched combination of the two (29 subjects).
Working memory was seen to be improved post-intervention in all groups, with greater
gains in the PE only group, and to a lesser extent in the PE + CT group, when compared to
the CT only group (p < 0.001). After 3 months from the end of the treatment instead, the
only group still showing significant improvements in working memory was the CT + PE
group (p < 0.001). Moreover, concerning processing speed, after the intervention, all groups
showed better scores, but the only group showing a significant improvement compared
to the others was the PE only group (p < 0.001), whereas at follow-up, the only group
showing a persistent improvement compared to the other groups was the PE + CT group
(p < 0.001) [43].

A very recent work by Neuchterlein et al. on the same topic explored the effect of
a PE + CT program lasting 6 months compared to CT in 47 outpatients with FEP. The
combination of AE and CT led to faster cognitive improvement and to larger gains in
psychosocial functioning compared to CT. Both groups improved in a six-month period of
CT treatment, but AE appeared to provide an additional boost to CT in the first three months.
BDNF increase appeared to be associated with the dimension of cognitive improvement,
but this association was observed only at a statistical trend-level. The authors reflect upon
the possibility that people with FEP could be more motivated to participate in PE and
present fewer medical comorbidities, limiting the access to PE than people living with
more advanced stages of SCZ; the randomized treatments were delivered in the context
of a psychiatric rehabilitation program, and this could facilitate larger effects on cognitive
performance and its transfer to real-world functioning. The view that the quantity of
completed exercise represented an essential factor in the cognitive improvement observed
in the PE + CT group is backed also by correlations observed between improvements in
cognitive performance and proportion of completed exercise (r = 0.56) and the number of
homework sessions (r = 0.61). The transfer of improvement in cognitive performance to
real-world functioning appeared to be related to the amount of completed exercise (r = 0.51),
but it also appeared to be associated with the amount of participation in CT sessions as
well as in bridging groups. These findings support the hypothesis that exercise represents
the core factor behind cognitive improvement, while participation in other components of
the intervention is responsible for improving generalization to real-world functioning [44].

Very recently, Dai et al. published an RCT comparing 3 groups of individuals living
with SCZ: 31 subjects in the treatment as usual group, 26 subjects in the computerized CR
therapy + aerobic exercise (CAE) group, and 25 subjects in the AE group. From the results,
it is reported that the CAE group had a significantly better performance in terms of change
of processing speed and cognitive flexibility scores when compared to the control and the
AE groups after treatment (p < 0.05) [45].
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4. Discussion

Considering the emerging evidence, there is a clear rationale to propose PE interven-
tion to people living with SCZ.

PE interventions delivered in trials recruiting people living with SCZ and considering
cognitive performance among the study outcomes included a wide variety of different
types of PE. Among these, the most represented were AE, anaerobic exercise (also defined
as strength exercise), mind-body exercise (also defined as mindful exercise, encompassing
exercise such as yoga, Tai Chi, and Qigong), and dance movement therapy. AE included
both light exercise requiring low consumption of energy, such as walking or light intensity
exercise in standing or sitting position, and moderate or vigorous exercise requiring high
energy consumption for several minutes, such as high intensity cycling, dancing, jogging,
and running; some studies combined both AE and anaerobic exercise. Frequency of
administration varied considerably between studies, ranging from 60 min once per week
to 45–60 min three times per week for AE and anaerobic exercise; mind-body exercise
interventions were implemented with higher intensity, up to 90 min seven times per week.
The duration of the program also varied considerably, ranging from 4 to 56 weeks.

According to the results of several meta-analysis and systematic reviews, PE-based
interventions could not only provide substantial benefits for metabolic, endocrinological,
and health-related reasons, but also provide reliable improvement in cognitive performance.

In fact, several cognitive domains that are frequently impaired in people living with
SCZ, including attention, short- and long-term memory, executive functions, working
memory, and social cognition abilities, showed consistent gains in systematic reviews and
meta-analytic evidence investigating the effects of PE.

In this regard, PE can be fully considered an evidence-based intervention for treatment
of cognitive impairment in SCZ [18,21].

However, despite the wealth of the literature attesting its efficacy, moderators of
participants response and optimal modalities of delivery of psychical exercise-based inter-
ventions still require to be further explored. For instance, in one of the most recent and
well-conducted meta-analyses [34], no significant moderator of response emerged besides
a trend–level relationship between greater amounts of exercise in minutes of activity per
week of treatment and greater cognitive gains. Another recent meta-analysis [38] reported
similar results, as it found a small superior effect of moderate-to-vigorous AE compared to
light AE or mind-body exercise.

While these observations further confirm the clinical effectiveness of PE, as they
show a dose–response effect, they do not provide useful insight to improve its usefulness
in a clinical context and to better implement it in rehabilitation settings. In this regard,
future research should focus on better identifying ideal candidates for this treatment, the
optimal duration and intensity of programs, as well as barriers and facilitators for its
implementation in rehabilitation settings [46].

As CR represents the psychosocial intervention with the highest level of recommen-
dation in recent international guidance [18], and it appears to provide greater benefits on
both cognitive and functional outcomes when combined with other interventions [23,28],
pairing it with psychical exercise as a combined treatment appears to be a potentially
effective strategy.

To date, to the best of our knowledge, no systematic assessment and meta-analysis
focusing on interventions combining CR and PE has been performed. However, several
individual studies, independently conducted in different research and clinical centers, have
assessed the efficacy of this combination.

Most of these studies report a superior effect on cognitive outcomes of combined treat-
ment compared to CR alone or to non-specific control conditions; one study in particular
reported that adding PE appears to provide a ‘boosting effect’ on cognitive performance,
leading to faster gains [44].

While these results are very interesting, it should also be pointed out that all of
these studies included small samples of participants, so their results must be considered
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preliminary and do not offer a definite proof of superior efficacy or effectiveness of this
combined treatment.

Instead, these promising results should represent the conceptual basis for additional
confirmatory studies, including larger samples and conducted with a multicentric approach.

Moreover, long-term effectiveness of PE and combined interventions requires further
study: durability of positive effects is essential if cognitive gains are to be translated into
real-world outcomes [26,47], and while the results of several studies including follow-up
observations suggest that CR does indeed provide lasting benefits [48–51], the long-term
effect of combined approaches remains to be better explored, and their long-term superiority
to CR alone remains to be demonstrated.

Finally, moderators of response of this combined treatment also remain to be further
explored: possible moderators include both participant-related characteristics, such as
duration of illness, duration of untreated psychosis, age of onset of the disorder, baseline
cognitive functioning, and baseline symptoms severity, and treatment-related features,
such as duration and intensity of both CR and PE, the presence of an active and trained
therapist, and an individual or group delivery of treatment. Several of these factors appear
to affect participants’ response to CR interventions [22,23], but their impact on a combined
treatment requires further research.

The present review has some notable points of strength. It presents a solid element of
novelty, as it provides both a comprehensive update on systematic works that investigate
the effectiveness of PE-based interventions on cognition in people living with SCZ and is, to
the best of our knowledge, the first review to provide a collection of all studies integrating
CR and PE interventions. As cognitive performance represents one of the stronger predic-
tors of real-world rehabilitation outcomes and is also one of the main treatment targets of
importance in the patient’s perspective [52,53], providing further insight on effective ways
to improve it represents an issue of clear scientific and clinical interest.

However, some limitations have to be acknowledged. As a narrative review, the
studies summarized and discussed were not identified through a systematic search strat-
egy, which was beyond the scope of the present work and may represent an interesting
perspective for future research. Moreover, no quantitative analysis was performed for
combined treatments; however, considering the wide heterogeneity of designs and control
conditions of reported studies, a pooled effect estimate might not be sufficiently accurate,
and certainty of the provided evidence may not be sufficient.

Despite these limitations, the reviews and the studies offer valuable insight on a topic
of considerable scientific interest, highlighting that steps are required in clinical research to
further improve cognitive and rehabilitation outcomes of people living with SCZ.

5. Conclusions

Several systematic reviews and meta-analysis attest to the efficacy of PE in improving
cognitive performance in people living with SCZ, but moderators of participants response
and optimal modalities of delivery remain to be identified.

Integrated interventions combining CR and PE appear to provide superior benefits
and quicker improvements compared to cognitive radiation alone, but larger studies are
required to confirm these findings and longitudinal observations are necessary to attest the
durability of positive effects.

Future research should also focus on better understanding the barriers and facilitators
for the implementation in rehabilitation practice of both PE and combined interventions.
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Abstract: The investigation of the perception of others’ actions and underlying neural mechanisms
has been hampered by the lack of a comprehensive stimulus set covering the human behavioral
repertoire. To fill this void, we present a video set showing 100 human actions recorded in natural
settings, covering the human repertoire except for emotion-driven (e.g., sexual) actions and those
involving implements (e.g., tools). We validated the set using fMRI and showed that observation
of the 100 actions activated the well-established action observation network. We also quantified the
videos’ low-level visual features (luminance, optic flow, and edges). Thus, this comprehensive video
set is a valuable resource for perceptual and neuronal studies.

Keywords: vision; action observation; fMRI; action videos; naturalistic stimuli; cognitive neuroscience;
systems neuroscience

1. Introduction

One of the most important skills social organisms possess is the ability to perceive
the actions of conspecifics in their environment. This skill has a survival value since it
allows the organisms to take the appropriate action based on what they perceive. For
instance, if somebody smiles at you, you probably smile back but if that person is about to
attack you, you will probably want to flee. Therefore, the perceptual and neural mecha-
nisms of action perception have received great interest from psychologists, systems, and
cognitive neuroscientists.

Although there is a growing body of research in observed action processing [1], the
range of actions used in such empirical studies has been limited. Since the beginning of
1990s, the majority of neuroscience studies have used grasping as the exemplary action to
study action observation [1]. More recent work has extended this work by introducing
other action categories, such as locomotion actions (e.g., walking), communicative actions
(e.g., gestures), self-directed actions (e.g., scratching one’s own body), interaction actions
(e.g., hugging), vocal actions (e.g., singing), or other manipulative actions (e.g., pushing
an object) [2–5]. This body of work has demonstrated the significance of studying action
categories other than grasping as the neural activations for different actions were local-
ized in different brain regions especially at the level of parietal cortex. However, each
individual study created its own limited set of action videos, and it has been difficult
to make comparisons across studies due to variations in terms of actors, scenes, video
durations, and video quality (e.g., frame per seconds or resolution). Given the richness of
the human action repertoire, the aim of the current study is to introduce a large video set of
actions performed in natural settings, covering the entire human repertoire and make it
available to researchers working primarily in the fields of visual, cognitive neuroscience
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and psychology. We believe that such an effort is necessary and timely given recent work,
indicated above, that shows differences in neural representations of different actions [2–5],
the move to use more naturalistic stimuli in neuroscience studies [6,7], and the availability
of multivariate pattern analysis techniques to analyze experimental data that has a rich set
of conditions, i.e., a wide variety of actions [8], instead of a few of them, as is traditionally
done in previous studies. It is important to note that in creating this database, we aim to
address the shortcomings of earlier attempts, such as those that provided action stimuli
in the form of point-light displays (See Table 1 in [9], as they do not have high ecological
validity, and the ones that come from the computer vision community ([10,11]), as they are
usually unconstrained in terms of actors, context, camera angle, and movements.

The action set presented in the current paper has two major features. It represents,
as far as we know, the first attempt in visual and cognitive neuroscience to systematically
encompasses the entire human behavioral repertoire, with the exception of emotion-driven
actions (e.g., sexual) and those involving implements (e.g., using a tool or driving a car).
Second, it aims to concentrate on actions that are evolutionarily old, i.e., actions to which
the human brain would have adapted during evolution. Thus, all videos were recorded in
natural settings (beaches, parks, riverbanks) avoiding artificial structures in the background,
and using natural objects as targets of the actions (e.g., we used stones, fruits, and pieces of
wood instead of man-made items). These specifications define a homogeneous group of
action exemplars and distinguish our set from the large set of 80 atomic actions, collected
by the Google research group from the internet [12].

Crucially, the action exemplars in this set are unrelated to any a-priori categories. Such
a stimulus-driven approach, inspired by an fMRI study of voxel-level selectivity for the
meanings of words [13], can be considered complementary to the earlier studies in which
the action exemplars were selected a priori as part of a single class (e.g., dragging, grasping,
dropping, and pushing considered to be manipulative actions in earlier studies) [3,5,14].
On the other hand, it is important to note that, unlike the studies that use continuous
natural movies (e.g., [13,15]), our stimuli set includes human actions without the clutter
of other movements such as those of objects or other actors. Therefore, it constitutes a
more suitable dataset for researchers who would like to study visual action perception and
processing in humans.

2. Materials and Methods

In this section, we describe the stimulus set and the post-processing of the videos. The
stimulus set is freely available and can be downloaded from https://osf.io/u62bp/?view_
only=393a2924aa05461394fe9f3171863b94 (accessed on 29 December 2022). We also carried
out a validation study with fMRI to show that our stimuli drive the regions established
to be associated with the processing of actions, also known as the Action Observation
Network [1,7,8]. The fMRI data can also be downloaded from the same link above.

2.1. Stimulus Set

Actors: Four actors performed the actions (2 males, 2 females). One additional
female actor accompanied some actors in videos portraying actions that involved two
individuals. They were undergraduate students at the University of Parma. We did not
choose professional actors for two reasons. First, we wanted to record actions that were as
natural as possible, without stylized movements that could be introduced by professional
actors. Second, we wanted to have variability in the body movements which reflected
individual differences. Before the recording of each action video, all actors were directed
concerning how to perform the action and instructed to perform the action as naturally as
possible within 3 s. For each action, several recordings were taken one after the other to
make sure that the action was performed as intended in terms of timing and naturalness,
and the best recording was chosen during the post-processing of videos. The actors were
paid for their participation in the recordings and gave informed consent for their videos to
be published in scientific journals.
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Actions: One hundred different actions were recorded for several seconds (at least 3 s)
and each action was performed by 3 of the 4 actors. So, in total, we recorded 300 videos
with a fixed camera. Actions involved various effectors including the fingers, hand, arm,
foot, mouth, upper body, or full body. One or 2 actors were portrayed in each video.
When two actors were present, one could target the other with his action, or the two
could interact. The actions were recorded from a lateral viewpoint. A sample frame from
each video is presented in Figure 1. Table 1 lists the actions shown in the 100 videos
and the actors who perform each of them. The different actions are described in the
Supplementary Information.
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Figure 1. Sample frames from the stimulus set, one frame from each action exemplar. The first row
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Table 1. Number and name of action exemplars, with the actors performing them (M1: male actor 1,
M2: male actor 2, F1: female actor 1, F2: female actor 2).

Action Exemplar No Action Exemplar Name Actors

1 Measuring with fingers F1, F2, M1

2 Shouting F1, M1, M2

3 Carrying with head and hands F1, M1, M2

4 Caressing another person F1, F2, M1

5 Free style swimming F2, M1, M2
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Table 1. Cont.

Action Exemplar No Action Exemplar Name Actors

6 Kicking wood with feet F2, M1, M2

7 Dragging F1, F2, M2

8 Reaching F1, F2, M2

9 Measuring a long distance with feet F1, F2, M1

10 Crushing a leaf with fingers F1, F2, M2

11 Fanning with leaf F1, F2, M2

12 Pushing a small stone F1, F2, M2

13 Dropping a small stone F1, F2, M2

14 Ridiculing another person F1, F2, M1

15 Massaging own cheek F1, F2, M2

16 Scratching own cheek F1, F2, M2

17 Swallowing F1, F2, M1

18 Yawning with hand F1, F2, M2

19 Licking an orange F1, F2, M2

20 Gazing at an object F1, F2, M1

21 Peeling a fruit F1, F2, M1

22 Filling a hole with hand F1, F2, M1

23 Hitting own cheek F1, F2, M1

24 Swimming back style F1, M1, M2

25 Displacing wood F1, F2, M2

26 Weighing an object with one hand F1, F2, M2

27 Climbing down a tree F1, F2, M1

28 Whistling F2, M1, M2

29 Measuring with hands F1, F2, M1

30 Picking a fruit from a tree F2, M1, M2

31 Kicking horizontally F2, M1, M2

32 Kicking vertically F2, M1, M2

33 Carrying with head F1, M1, M2

34 Blowing a leaf F1, M1, M2

35 Chasing another person F1, M1, M2

36 Struggling F2, M1, M2

37 Waving goodbye F1, M1, M2

38 Beating with a piece of wood F1, M1, M2

39 Carrying with shoulder and hand F1, F2, M2

40 Reprimanding a person F2, M1, M2

41 Biting a banana F2, M1, M2

42 Fighting with another person F2, M1, M2

43 Washing own body F2, M1, M2

44 Foraging F1, M1, M2

45 Stretching own body F1, M1, M2

46 Writing with fingers F1, M1, M2
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Table 1. Cont.

Action Exemplar No Action Exemplar Name Actors

47 Charging to attack F1, F2, M1

48 Diving F2, M1, M2

49 Pointing nearby F2, M1, M2

50 Squeezing an orange F1, F2, M2

51 Forbidding with fingers F2, M1, M2

52 Wrapping a stone F1, M1, M2

53 Grasping F2, M1, M2

54 Carrying on shoulder F1, F2, M1

55 Running F1, F2, M2

56 Burying in the sand F2, M1, M2

57 Stopping a person F1, F2, M2

58 Pushing a person F1, M1, M2

59 Kissing a person F1, F2, M1

60 Throwing and catching a small piece of wood F1, M1, M2

61 Caressing own cheek F2, M1, M2

62 Overtaking an obstacle F1, F2, M1

63 Touching another person on the shoulder F1, F2, M2

64 Building pyramid from sand F1, F2, M1

65 Hiding an object behind back F2, M1, M2

66 Washing fruit F1, F2, M1

67 Carrying with hands F1, F2, M2

68 Walking F1, F2, M2

69 Marching F1, F2, M1

70 Rubbing own cheek F1, M1, M2

71 Throwing nearby F1, M1, M2

72 Masticating F2, M1, M2

73 People meeting F2, M1, M2

74 Climbing up a tree F1, F2, M2

75 Dancing with another person F2, M1, M2

76 Getting up F1, M1, M2

77 Crawling F1, M1, M2

78 Spitting a piece of banana F1, F2, M1

79 Doing gymnastics with both feet and arms F1, F2, M2

80 Pushing a large object F2, M1, M2

81 Rolling body sidewise F1, F2, M1

82 Walking on hand and knees F1, M1, M2

83 Laughing together with another person F2, M1, M2

84 Carrying with one hand F1, F2, M1

85 Singing a song F1, F2, M1

86 Weighing an object with two hands F1, M1, M2

87 Pointing distantly F1, F2, M2
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Table 1. Cont.

Action Exemplar No Action Exemplar Name Actors

88 Drinking with hands F2, M1, M2

89 Massaging another person F1, F2, M1

90 Drinking with mouth F1, F2, M2

91 Measuring height with own body F1, M1, M2

92 Pinching off piece of banana F1, F2, M1

93 Erasing F1, F2, M2

94 Hugging a person (passive) F1, M1, M2

95 Speaking with another person F1, F2, M1

96 Rotating a stone F2, M1, M2

97 Measuring a short distance with feet F1, M1, M2

98 Hugging each other F1, M1, M2

99 Digging a hole with a hand F2, M1, M2

100 Throwing far F1, F2, M1

2.2. Post-Processing of the Videos

The videos were recorded using Panasonic HCX 900 camcorders. After recording, the
videos were edited using Final Cut Pro software and 3-s clips were made. The frame rate
of these videos was 50 fps, so each video consisted of 150 frames. The size (height and
width) of the frames was set to 314 × 410 pixels. The 3-s videos were then exported in .avi
format and compressed using MPlayer’s mencoder command (http://www.mplayerhq.hu/,
accessed on 29 December 2022).

The videos portray different action exemplars in natural settings, which entails vari-
ations in low-level features such as luminance, motion, or edges. We quantified those
variables for each video. Hence, they can be used as variables of no interest in the experi-
mental designs to minimize the effects of such low-level factors.

2.3. Data Validation

We validated our stimuli set with an fMRI experiment. Four human subjects partici-
pated in our study (2 females and 2 males; Mean Age: 26.5). Ethical approval was received
from the Human Research Ethics Committee of Bilkent University.

2.3.1. fMRI Experiment

Each participant underwent two fMRI sessions, each having 8 runs. In each session,
the 100 action exemplar videos were split across odd and even runs. In each of the odd runs
(i.e., runs one, three, five, and seven), the first 50 action exemplars were shown in a random
order as mini-blocks of three video versions of the same action presented consecutively.
Each video lasted 3 s, and thus, each mini-block was shown for a total of 9 s. In each of the
even runs (i.e., runs two, four, six, and eight), the other 50 action exemplars were shown as
randomly ordered mini-blocks of three video versions as in the odd runs. So, in total, each
of the 100 action exemplars was presented 24 times across the two sessions. The order of the
mini-blocks and video versions in each mini-block was randomized across different runs.
An inter-stimulus interval ranging between 1–2 s was included in between the mini-blocks.
The total duration of each run was 553.36 s.

In order to keep their attention throughout the runs, a question was asked in each
repetition cycle about the video that was just presented (e.g., “Was it climbing up a tree?”)
with a simple yes or no button-press response time period of 3 s. The periods of question
were not included in the analysis.
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2.3.2. fMRI Data Acquisition

Participants were scanned at National Magnetic Resonance Research Center (UMRAM)
in Bilkent University by using a 3T Siemens TimTrio MR scanner with a 32-channel phase
array head coil. In order to minimize head movement, relevant foam paddings were put
under their skull, around their neck, and under their legs. Stimuli were presented on an
MR-compatible LCD screen (TELEMED, 60 Hz refresh rate, 800 × 600 pixel, 32 inches) and
seen through a mirror system mounted on top of the head coil that is 168 cm away.

A high-resolution T1-weighted anatomical image covering the entire brain was acquired
before the functional scans using the following acquisition parameters: TE = 2.92 ms, TR = 2.6 s,
flip angle = 12◦, Acceleration factor = 2, 176 sagittal slices with 1 mm × 1 mm × 1 mm res-
olution). Later on, for each of the eight experimental runs, functional images were ac-
quired using echo-planar imaging (EPI) sequence (TR = 3 s, TE = 30 ms, flip angle = 90◦,
96 × 96 matrix with FOV 240, 49 horizontal slices with 2.5 mm slice thickness). Each
run started with the collection of 5 dummy scans to ensure that MR signal reached a
steady state.

2.3.3. fMRI Data Preprocessing

Results included in this paper are based on fMRI data preprocessed using fMRIPrep
20.1.1 ([9]; RRID:SCR_016216), which is based on Nipype 1.5.0 ([10]; RRID:SCR_002502).

Anatomical Data Preprocessing

A total of 2 T1-weighted (T1w) images were found within the input BIDS dataset. All
of them were corrected for intensity non-uniformity (INU) with N4BiasFieldCorrection [16],
distributed with ANTs 2.2.0 ([17], RRID:SCR_004757). The T1w-reference was then skull-
stripped with a Nipype implementation of the antsBrainExtraction.sh workflow (from
ANTs), using OASIS30ANTs as target template. Brain tissue segmentation of cerebrospinal
fluid (CSF), white-matter (WM), and gray-matter (GM) was performed on the brain-
extracted T1w using fast (FSL 5.0.9, RRID:SCR_002823, [18]). A T1w-reference map was
computed after registration of 2 T1w images (after INU-correction) using mri_robust_template
(FreeSurfer 6.0.1, [19]). Brain surfaces were reconstructed using recon-all (FreeSurfer 6.0.1,
RRID:SCR_001847, [20]), and the brain mask estimated previously was refined with a
custom variation of the method to reconcile ANTs-derived and FreeSurfer-derived segmen-
tations of the cortical gray-matter of Mindboggle (RRID:SCR_002438, [21]). Volume-based
spatial normalization to one standard space (MNI152NLin2009cAsym) was performed
through nonlinear registration with antsRegistration (ANTs 2.2.0), using brain-extracted
versions of both T1w reference and the T1w template. The following template was selected
for spatial normalization: ICBM 152 Nonlinear Asymmetrical template version 2009c ([22],
RRID:SCR_008796; TemplateFlow ID: MNI152NLin2009cAsym).

Functional Data Preprocessing

For each of the 16 BOLD runs recorded per subject (across all sessions), the following
preprocessing was performed. First, a reference volume and its skull-stripped version were
generated using a custom methodology of fMRIPrep. The BOLD reference was then co-
registered to the T1w reference using bbregister (FreeSurfer) which implements boundary-
based registration [23]. Co-registration was configured with six degrees of freedom. Head-
motion parameters with respect to the BOLD reference (transformation matrices, and six
corresponding rotation and translation parameters) are estimated before any spatiotemporal
filtering using mcflirt (FSL 5.0.9, [24]). BOLD runs were slice-time corrected using 3dTshift
from AFNI 20160207 ([25], RRID:SCR_005927). The BOLD time-series were resampled to
surfaces on the following spaces: fsaverage5. The BOLD time-series (including slice-timing
correction when applied) were resampled onto their original, native space by applying
a single, composite transform to correct for head-motion and susceptibility distortions.
These resampled BOLD time-series will be referred to as preprocessed BOLD in original
space, or just preprocessed BOLD. The BOLD time-series were resampled into standard space,
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generating a preprocessed BOLD run in [‘MNI152NLin2009cAsym’] space. First, a reference
volume and its skull-stripped version were generated using a custom methodology of
fMRIPrep. Several confounding time-series were calculated based on the preprocessed BOLD:
framewise displacement (FD), DVARS and three region-wise global signals. FD and DVARS
are calculated for each functional run, both using their implementations in Nipype (following
the definitions by [26]). The three global signals are extracted within the CSF, the WM, and
the whole-brain masks. Additionally, a set of physiological regressors were extracted to
allow for component-based noise correction (CompCor, [27]). Principal components are
estimated after high-pass filtering the preprocessed BOLD time-series (using a discrete
cosine filter with 128s cut-off) for the two CompCor variants: temporal (tCompCor) and
anatomical (aCompCor). tCompCor components are then calculated from the top 5%
variable voxels within a mask covering the subcortical regions. This subcortical mask is
obtained by heavily eroding the brain mask, which ensures it does not include cortical
GM regions. For aCompCor, components are calculated within the intersection of the
aforementioned mask and the union of CSF and WM masks calculated in T1w space, after
their projection to the native space of each functional run (using the inverse BOLD-to-T1w
transformation). Components are also calculated separately within the WM and CSF masks.
For each CompCor decomposition, the k components with the largest singular values are
retained, such that the retained components’ time series are sufficient to explain 50 percent
of variance across the nuisance mask (CSF, WM, combined, or temporal). The remaining
components are dropped from consideration. The head-motion estimates calculated in the
correction step were also placed within the corresponding confounds file. The confound
time series derived from head motion estimates and global signals were expanded with the
inclusion of temporal derivatives and quadratic terms for each [28]. Frames that exceeded
a threshold of 0.5 mm FD or 1.5 standardized DVARS were annotated as motion outliers.
All resamplings can be performed with a single interpolation step by composing all the
pertinent transformations (i.e., head-motion transform matrices, susceptibility distortion
correction when available, and co-registrations to anatomical and output spaces). Gridded
(volumetric) resamplings were performed using antsApplyTransforms (ANTs), configured
with Lanczos interpolation to minimize the smoothing effects of other kernels [29]. Non-
gridded (surface) resamplings were performed using mri_vol2surf (FreeSurfer).

Many internal operations of fMRIPrep use Nilearn 0.5.2 ([30], RRID:SCR_001362),
mostly within the functional processing workflow. For more details of the pipeline, see the
section corresponding to workflows in fMRIPrep’s documentation.

2.3.4. Activation Maps for Observed Actions

An important aim of the present study is to show that our novel stimuli set could
drive the action observation network as previously identified, and to investigate whether
it could be extended given that previous work used a limited number of actions. This is
achieved by univariate analysis, which reveals the activation map of actions.

Following pre-processing, we ran a general linear model (GLM) composed of 8 regres-
sors, including 1 regressor for all the action videos, 6 motion regressors (3 translations and
3 rotations), and a constant factor. All regressors were convolved with the default canonical
hemodynamic response function in SPM12. The activation map was generated by the beta
value corresponding to the action videos.

2.3.5. Definition of ROIs

We defined three a priori ROIs that represent the three levels of the Action Observation
Network based on previous work: Lateral occipito-temporal cortex (LOTC), posterior
parietal cortex (PPC), and premotor cortex (PMC) (Figure 2). LOTC included the regions
of the action observation network based on the activation map (threshold at p < 0.001)
of [3]. These regions included (1) the MT cluster [31,32], (2) a portion extending dorsally
from the MT cluster onto the middle temporal gyrus referred to as MTG, and (3) a portion
extending ventrally from the MT cluster onto occipital temporal sulcus that we refer to as
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OTS. The MTG and OTS correspond to the upper bank and lower bank of the macaque STS
anterior to the MT cluster [33], the two regions which project to the parietal level of the
action observation network in the macaque [34]. They are therefore considered to be input
regions for the next level, PPC.
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The PPC included the cyto-architectonic regions of SPL, IPS, IPL, and parietal
operculum [35–38]. Its posterior boundary coursed between V6 and V6A [39] and ex-
tended between V3D and V7 [40].

The PMC included the cyto-architectonic supplementary, dorsal, and ventral premotor
areas taken from the Anatomy software, but the ventral part was extended in the rostral
direction to include regions that are responsive to observed actions according to [41,42].

All ROIs were defined on flat maps in Caret software [43]. Only ROIs in the left
hemisphere were considered, because we now have considerable evidence that the position
of the actor in the visual field affects the lateralization of PPC activation in the action
observation paradigm [41], with the activation being contralateral to the hemifield in which
the actor is shown. In almost all videos (with only a few exceptions represented by the
2 swimming exemplars, diving, and rolling side-way), the body of the actor was either
motionless in the right visual field or remained in this field where actions (e.g., walking)
implied horizontal motion to the left, as the camera partially followed the action.

3. Results
3.1. Post-Processing of Video Stimuli

We quantified low-level visual features for each video, including luminance, motion,
and edges. These features can be used as variables of no interest in fMRI experiments
to minimize the effects of those low-level factors. The MATLAB codes that generate
these features as well as the output of these codes for each video can be downloaded
from https://osf.io/u62bp/?view_only=393a2924aa05461394fe9f3171863b94 (accessed on
29 December 2022).
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Luminance: For a given video, we first found the average of the RGB pixel values
in all 150 frames (temporal averaging), and then calculated the average of the pixels in
the averaged frame (spatial averaging). Thus, we obtained a single luminance value
characterizing each video. Figure 3A shows the histogram of the average luminance values
over the 100 action exemplars (further averaged over the three versions of an exemplar
performed by different actors), and Figure 3B shows the values for the different actions.
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luminance values across 100 action exemplars (averaged over the 3 versions of each action performed
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Motion: We computed the mean speed in each video using an algorithm by [44]. The
local motion vector was computed for each pixel in the image on a frame-by-frame basis.
We performed temporal averaging (across frames) and spatial averaging (within a frame)
(see Luminance above) to obtain one value for each video. Figure 4A shows the histogram
of the average speed values covering the 100 action exemplars (further averaged over the
three versions of each exemplar performed by different actors), and Figure 4B shows the
values for the different actions.
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Edges (Form): We passed each video frame of each action exemplar through a set
of Gabor filters [45] to extract the edge information. We used Gabors of 5 scales and 8
orientations using the Gabor filtering algorithm described in [46]. We performed temporal
averaging (across frames) and spatial averaging (within a frame) (see Luminance above) to
obtain one output value for each video. Figure 5A shows the histogram of the average edge
information covering the 100 action exemplars (further averaged over the three versions of
an exemplar performed by different actors), and Figure 5B shows the edge information for
the different actions.
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3.2. fMRI Activation Maps

Observation of the 100 actions used in the present study activated the three levels of
the action observation network (p < 0.001 uncorrected): LOTC, PPC, and to a lesser degree
PMC in the left hemisphere, as expected (Figure 6). The LOTC level included activations
in the MT cluster as well as MTG and to some extent OTS, as previously defined (See
Section 2.3.5). The PPC level included activations in functionally defined areas DIPSM
in all participants and DIPSA in subjects 1, 2, and 4. Other PPC level activations in cyto-
architectonic areas of the inferior parietal lobule (IPL) include PFcm, PGa, and PGp in
subject 1; PFcm, PFm, PGa, and PGp in subject2; PFcm and PFt in subject 3, and finally
PFop, PGa, and PGp in subject 4. In addition, superior parietal lobule areas in dorsal
postcentral gyrus were activated in subjects 2, 3, and 4. The PMC level included areas in
the anterior part of the dorsal premotor and ventral premotor cortex in Subject 2 and the
posterior part of the ventral premotor cortex in Subject 3.

In addition to the ROIs of the action observation network, several other areas were
activated by the observation of actions. These included mainly the early visual cortex,
extending into the neighboring parieto-occipital sulcus, including V7 [47], in Subject 1.
Additional activations included a medial frontal site in Subjects 1, 2, and 3 and another
small cluster neighboring the parieto-occipital sulcus (POS) in Subjects 2 and 4.
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4. Discussion

We describe a video stimulus set that consists of 100 different natural actions covering
most of the human repertoire. Each action is performed by multiple actors. The low-
level features of the videos were quantified, allowing them to be factored out in future
experiments. Our fMRI validation study showed that the novel stimuli presented here
drove the action observation network. The weak activation of the premotor level likely
reflects a combination of two factors: a lower level of activation due to distance from
the retina [34], as documented in many studies (e.g., [2]), and an increased selectivity of
premotor voxels whereby these voxels are activated by only a small number of observed
actions, typical for the present study.

To the best of our knowledge, this is the largest action database to be made available
for use in psychology and cognitive neuroscience research. Earlier work used grasping as
the exemplary action for a long-time in action observation research [1]. More recent work
has introduced different action categories such as locomotion, communicative, self-directed,
interaction, and vocal actions [2–5]. However, each study was constrained by a small set
of action videos that was created for the purposes of that study and this made it difficult
to compare the results across different studies due to variations in actors, scenes, video
durations, and video quality. There are video databases that display actions in the form of
point-light displays (See the list in [9]) to overcome the visual differences in the stimuli, but
the shortcoming of these databases is that the stimuli are not naturalistic enough and lack
ecological validity. There are some action databases with naturalistic actions, such as [48],
but it focuses on actions that have emotional content. There are yet other naturalistic action
databases, such as UCF50 [10] or HMDB51 [11], but their target is usually the computer
vision community. Computer vision research has different constraints such as multiple
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cameras, camera motion, or clutter in the videos. Therefore, the databases have been
created in accordance with the problems needing to be solved from a computer-vision
perspective. Given that we are at the early stages of understanding the perceptual and
neural mechanisms processing observed actions, it is necessary to initiate such studies using
a stimulus set that is natural yet simple and sufficiently controlled to facilitate interpretation.
In this respect, they differ from the set of 80 atomic actions [12].

We believe that our database will prove useful for researchers who intend to study the
perceptual and neural differences between observing action exemplars such as locomotion
or communicative actions, as well as interactions between two individuals, extending
ongoing fMRI work in passive subjects with different action classes [2–5]. Our stimulus
set can, however, be used in a much wider set of behavioral and neuroimaging studies,
allowing some generic plausible models to be built for action perception. Indeed, our
stimulus set can be used in an array of visual tasks. A first set are discrimination tasks,
probing the identity of the observed actions, such as identification or same–different
tasks [49,50]. If, as has been proposed [51], observed actions of different classes, such as
manipulation or locomotion, are processed in different PPC regions, one would expect
action discriminability, whether measured perceptually or in neural activity, to depend on
the classes involved. A second set of tasks are classification studies probing the semantic
categories of observed actions. The classification of static images has received a lot of
attention comparing human and deep network performance, in an effort to model object
processing in the ventral pathway [52]. This can be extended to the classification of videos
to model observed action processing in the dorsal pathway. Yet another set of studies are
similarity studies. Subjects have to rate how close two actions are, allowing to derive the
distances between observed actions in perceptual space, which can be compared using RSA
to the distance between these actions in a neural space derived from single cell recordings or
fMRI activations. Such perceptual and neuronal studies would stimulate the computational
modelling of observed actions. There have been a few modelling attempts to explain the
neural mechanisms of observed actions [53–56], but so far these have been limited to only a
few action exemplars such as locomotion or grasping and such modelling efforts would
benefit from testing a larger set of actions. It is noteworthy that in the present stimulus set
the actions were performed by several actors, which makes it easy to design control tasks,
requiring subjects to discriminate or classify actors. Extending this further, the video set
can also be used in studies for person or gender identification from body movements as we
have multiple actors performing the same action with the same background.

A limitation of our stimuli set is that all actions take place in an outdoor scene.
Therefore, researchers who are interested in contextual effects, such as the scene in which
the action takes place, may not find sufficient variability in the stimulus set, although some
actions were set on a beach, or in a lake, in addition to the grassy landscape. However,
many of these actions can be performed indoors as well, and hence from an action-identity
point of view, many of them can still be used in behavioral and neuroimaging experiments
probing action observation.

Another limitation of the stimuli set is that we do not systematically control the
emotional content of the actions. Most actions can be considered as neutral, such as
locomotion, but some of them have an inherently positive valence, such as laughing, or
negative valence, such as signing “no”. Therefore, the set may not be optimal for studies
aiming to systematically investigate the emotional content of the actions.

5. Conclusions

In summary, we believe that our stimuli set will be beneficial to the scientific com-
munity studying action perception from behavioral, neuro-scientific, and computational
perspectives, particularly those who wish to move away from mere grasping and reaching
as prototypical actions. As the stimulus set can be combined not only with fMRI, but also
MEG, EEG, and stereo-EEG, it should find a wide range of applications from the bedside to
the laboratory.
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Abstract: Action imagery involves the mental representation of an action without overt execution,
and can contribute to perspective taking, such as that required for left-right judgments in mental
body rotation tasks. It has been shown that perspective (back view, front view), rotational angle
(head-up, head-down), and abstractness (abstract, realistic) of the stimulus material influences speed
and correctness of the judgement. The present studies investigated whether left-right judgements
are more difficult on legs than on arms and whether the type of limb interacts with the other factors.
Furthermore, a combined score for speed and accuracy was explored to eliminate possible tradeoffs
and to obtain the best possible measure of subjects’ individual ability. Study 1 revealed that the
front view is more difficult than the back view because it involves a vertical rotation in perspective
taking. Head-down rotations are more difficult than head-up rotations because they involve a
horizontal rotation in perspective taking. Furthermore, leg stimuli are more difficult than hand
stimuli, particularly in head-down rotations. In Study 2, these findings were replicated in abstract
stimuli as well as in realistic stimuli. In addition, perspective taking for realistic stimuli in the back
view is easier than realistic stimuli in the front view or abstract stimuli (in both perspectives). We
conclude that realistic stimulus material facilitates task comprehension and amplifies the effects of
perspective. By replicating previous findings, the linear speed-accuracy score was shown to be a
valid measure to capture performance in mental body rotations.

Keywords: motor imagery; action imagery ability; mental action representations

1. Introduction

Perspective taking occurs in many situations of daily life. For example, one may
withdraw one’s own hand when watching another person putting their hand into a hot
flame. Another example is a soccer coach who synchronously imitates a goal-kick of his
striker without himself being in position or having a ball. The mechanisms underlying this
aspect of everyday behavior are still not fully understood. Therefore, the present studies
aimed to replicate and extend investigations on whether perspective taking follows certain
rules that are based on action imagery theories [1] and embodied cognition [2]

As a specific type of imagination [3], action imagery (also called motor imagery) refers
to the imagination of one’s own movement without actually executing the movement [1,4].
In contrast to visual imagery, action imagery may involve the imagination of all types
of perception that include motor, kinesthetic, tactile, and visual elements of oneself, of
the environment, as well as of the action consequences [5,6]. The visual content can
be imagined either from a first-person perspective (i.e., through one’s own eyes during
the action) or a third-person perspective (i.e., seeing oneself doing an action through an
observer’s eyes) [7]. It is proposed that action imagery draws on mechanisms from action
execution [1,5,8] and recruits neural regions similar to those used for action execution [1,9].
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In this way action imagery is consistent with theories of embodied cognition, which propose
that offline cognitive processes such as memory or language processing engage perceptual
and motor neural systems [10,11]. For instance, proprioception of one’s own body posture
is more relevant when imagining in the first-person perspective than in a third-person
perspective [12], which indicates embodied cognition, e.g., a simulation of one’s own
actions and body [8,13]. Similarly, neural activation in somatosensory areas is stronger in
the first-person perspective than in the third-person perspective [12].

As in overt action execution, in action imagery, inverse models select the motor com-
mands for the upcoming action which involve information about the corresponding muscle
activations. An efference copy of the motor commands is then used by forward models
to predict the action consequences [5,14]. In action imagery, inhibition processes [15,16]
are assumed to prevent the motor commands from overtly activating the effectors. In
the present studies, we investigated the involvement of action imagery in perspective
taking in a mental body rotation task [17] by showing whole body figures to participants who
judged whether the figure raised the left or right limb. Solving mental (body) rotation tasks
involves executive functions such as perceptual attention, visual working memory [18],
and decision making [19]. Subjects need to quickly select between relevant and irrelevant
features of the visual stimuli, keep the updated image stored in working memory in order
to mentally rotate it, and then decide about the raised limb [20].

Left-right judgements in a mental body rotation task are presumed to involve per-
spective taking, i.e., imagining oneself in the position of the human figures [21]. It is
assumed that perspective taking involves the same mechanisms that are used in action im-
agery [4,17,22]. For instance, one may imagine rotating their own body towards a position
that is congruent with the presented figure. Hence, this perspective taking involves egocentric
perspective transformations if the depicted position of the human figure differs from the
participant’s position, because the task requires that participants adjust their own reference
frame to that of the depicted figure [23–25]. The idea that perspective taking involves a
covert action of oneself has been supported by corresponding neural activity in motor
areas [26] and somatosensory areas [27] during hand rotations. However, an alternative
explanation is that perspective taking involves mechanisms required for mental object
transformation that do not involve action imagery [17]. For instance, one may imagine
rotating the figure towards a position that is congruent with one’s own body position [28].

It has been shown that participants who are experts in executing body rotations out-
performed control participants in left-right judgments that involve perspective taking [29],
but not in same-different judgements that do not involve perspective taking [17,30]. In
addition, experts in executing body rotations outperformed control participants only when
making judgements about upside-down body positions, but not when making judgements
about head-up body positions [17,30]. Furthermore, in experts and novices, response times
and error rates increase with angular disparity from head-up positions [17,31–33] or with
abstractness of the stimuli [30]. For instance, when using photographs rather than line
drawing figures and stick figures, response times (RTs) were shorter for the more realistic
photograph stimuli than the more abstract stimuli, particularly for experts in executing
body rotations [30].

It has previously been shown that efficiency scores combining speed (RTs) and accuracy
(error rates: ER) are better suited to show individual differences in laterality judgements [34].
Previous studies have used an inverse efficiency score—RT/(1 − ER)—to combine these
measures, however, this score does not take into account differences in variance between the
two measures [35,36]. Therefore, linear speed-accuracy scores (LISAS) have been proposed as
an alternative way to combine speed and accuracy, while also considering their respective
variances. The LISA score is practically identical to the response time in case a participant
made no errors. However, the LISA score increases with an increase of committed errors.
Hence, good performance is indicated by low LISA scores which indicate fast and correct
responses. In comparison to analyses of RTs alone [37] or to separate analyses of RT and
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errors [17,30–32], the LISA score additionally tracks performance increments that are caused
by (lacking) accuracy, as with a speed-accuracy trade-off [17,30,31].

In the present studies, our goal was to replicate previous findings of perspective and
rotation effects on mental body rotation task performance using LISA scores. Hence, by
investigating healthy participants and using a counterbalanced within-group experimental
design, we expected better performance (lower LISA scores) in head-up positions than in
head-down positions [17,32,33], and in a back view/egocentric perspective rather than in
a front view/allocentric perspective [17]. Such effects of positional (in)congruency [38]
between one’s own body position and the depicted figure could indicate the involvement
of action imagery in mental body rotations.

In addition to the replications of these previously observed effects, we used stimuli
that included arm and leg items. Leg items have not previously been investigated in whole
body laterality judgement tasks. By using leg items, we intended to increase task difficulty
of the laterality judgements. In daily situations, distinguishing between the left and right
leg is less common than distinguishing between the left and right arm. Furthermore,
the lower limbs may be more sensitive for some motor control functions than the upper
limbs [39]. In accordance with this assumption, RTs have been observed to be shorter in
hand items than in foot items [37]. Therefore, we expected better performance (lower LISA
scores) for raised arms than for raised legs. Effects of the limbs would provide additional
evidence for the use of action imagery in mental body rotation tasks.

In the second study, we compared realistic stimuli (human-like, gender-free avatars)
with the abstract stimuli used in the first study (elliptical drawings of a human body).
Realistic stimuli are assumed to make the task more intuitive [30]. Using LISAS, we
expected to replicate better performance in realistic than in abstract stimuli [30] not only
for arm, but also for leg items.

2. Study 1

For the first study, we created abstract stimulus material with elliptical drawings of a
human body. The aim of Study 1 was to replicate findings of perspective and rotational
angles on linear speed-accuracy scores. Further, we manipulated the raised limb, expecting
higher scores on raised legs than on raised arms.

2.1. Methods of Study 1
2.1.1. Participants of Study 1

The link for participation was provided to interested students at the University of
Calgary. Participants were not familiarized with the task prior to the study. Because the data
collection was online where distractions cannot be controlled for, a rigorous outlier analysis
was performed on RTs and error rates. Of 182 English-speaking participants, 27 participants
were excluded from analysis because they were just clicking through (n = 9; error rates close
to 50% and RTs below 500 ms), they were inattentive or distracted (n = 7; error rates close
to 50%), they did not comply with the instructions (n = 9; error rates close to 100% in front
view, but not in back view), due to missing values in RT of correct responses (n = 2) or due to
LISA scores above 3 SD from the mean (n = 1). The remaining 153 participants (128 females,
24 males, 1 else) were on average 21 years old (SD = 4.5, range from 18 to 44 years). The
laterality index (assessed with the Edinburgh Handedness Inventory, [40]) ranged from
−100 to +100 with the mean (M = 73.9, SD = 37) indicating mainly right-handers. The
Vividness of Movement Imagery Questionnaire 2 VMIQ-2; [7] indicated that participants
had clear and vivid external visual imagery (M ± SD = 2.2 ± 0.9), internal visual imagery
(M ± SD = 1.8 ± 0.8), and kinesthetic imagery (M ± SD = 2 ± 0.9). All participants gave
informed consent. The study was in accordance with the Belmont Report [41] and was
approved by the local ethics committee.

The data reported here were collected in a larger experiment involving language
processing tasks that are not the focus of the present manuscript [42], and the sample
size was selected based on having sufficient power to detect effects in the language tasks.
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For the purposes of the present analysis, we conducted a post-hoc power analysis for an
interaction between eight conditions (the combination of perspective, rotation and limb)
using G*Power [43]. The LISA score was the primary outcome measure. We assumed an
effect size of f = 0.25 and alpha was set at 0.05, which resulted in the power (1-beta) of 0.87.

2.1.2. The Stimulus Material of Study 1

We created gender-free items that showed an abstract depiction of a human figure
(Figure 1) either in front view (i.e., the figure is facing the participant) or in back view (i.e.,
the figure is looking in the same direction as the participant). The eight rotational angles
were 0, 45, 90, 135, 180, 225, 270, and 315. The figure raised one limb (left arm, right arm,
left leg, right leg). This resulted in a total of 64 stimuli.
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2.1.3. Task and Procedure of Study 1

The experiment was created using the PsychoPy Builder interface [44] and run online
using PsychoJS Version 3.2 [45]. Participants were told that the visual stimuli represent
the figure of a human body which will be rotated. They were asked to press the ‘D’ key
if the raised limb (foot or arm) is left and to press the ‘K’ key if the raised limb is right.
Participants were told that in the front view they could see the face of the figure, whereas in
the back view no face was visible. They performed eight familiarization trials with stimuli
featuring every combination of perspective (i.e., front or back view), limb (i.e., arm or leg)
and side (i.e., left or right), all presented at 0 rotation. This was followed by a block of
64 trials in which the stimuli (or conditions) were presented in random order. Participants’
responses triggered the presentation of the next stimulus.

2.1.4. Data Analysis of Study 1

RT was defined as the interval between presentation of the stimulus and participants’
response. The error rate indicates the percentage of incorrect responses. Median RTs and
the percentage of errors were calculated for each perspective, rotation, and limb. Rotational
angles were differentiated between head-up (−45, 0, +45) and head-down (−135, 180, 135),
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which have been shown to make the largest difference to behavioral responses [30]. Analysis
of RTs and error rates revealed that the main effects could be observed in both measures (see
Supplementary Materials). To take into account the speed-accuracy tradeoff in individuals,
linear integrated speed-accuracy scores (LISAS) were calculated [35]. Because RTs are
usually not normally distributed, we used the median and median absolute deviation
(MAD; instead of the mean and standard deviation) when calculating these scores. Hence,
either the median RT of correct responses (if the error rate is 0%) or median RT of correct
responses + error rate × MAD (RT)/SD (ER) was used. For the repeated measures ANOVA,
partial eta squared (ηp²) is reported as effect size. Further comparisons were conducted
using t-tests with Holm adjusted pairwise comparisons with Cohen’s d as effect size. Where
appropriate, minimum (pmin) or maximum (pmax) statistical values are reported. For all
analyses, the probability of errors of the first kind was set at α = 0.05. The tidyverse
1.3.1 [46] and rstatix 0.7.0 [47] packages were used for analysis using version 1.2.5033 of
RStudio [48] and the ggplot2 package for the generation of graphs [49]. Data as well as the
syntax for data analyses are available at https://osf.io/ymf8w.

2.2. Results of Study 1

A repeated measures ANOVA with the within-subject factors of perspective (front
view, back view), rotation (head-up, head-down), and limb (arm, leg) was calculated on the
LISAS. Means and standard errors of LISAS are shown in Figure 2.

Brain Sci. 2022, 12, x FOR PEER REVIEW 5 of 16 
 

64 trials in which the stimuli (or conditions) were presented in random order. Participants’ 
responses triggered the presentation of the next stimulus.  

2.1.4. Data Analysis of Study 1 
RT was defined as the interval between presentation of the stimulus and participants’ 

response. The error rate indicates the percentage of incorrect responses. Median RTs and 
the percentage of errors were calculated for each perspective, rotation, and limb. Rota-
tional angles were differentiated between head-up (−45, 0, +45) and head-down (−135, 180, 
135), which have been shown to make the largest difference to behavioral responses [30]. 
Analysis of RTs and error rates revealed that the main effects could be observed in both 
measures (see Supplemental Material). To take into account the speed-accuracy tradeoff 
in individuals, linear integrated speed-accuracy scores (LISAS) were calculated [35]. Be-
cause RTs are usually not normally distributed, we used the median and median absolute 
deviation (MAD; instead of the mean and standard deviation) when calculating these 
scores. Hence, either the median RT of correct responses (if the error rate is 0%) or median 
RT of correct responses + error rate * MAD (RT)/SD (ER) was used. For the repeated 
measures ANOVA, partial eta squared (ηp²) is reported as effect size. Further comparisons 
were conducted using t-tests with Holm adjusted pairwise comparisons with Cohen’s d 
as effect size. Where appropriate, minimum (pmin) or maximum (pmax) statistical values are 
reported. For all analyses, the probability of errors of the first kind was set at α = 0.05. The 
tidyverse 1.3.1 [46] and rstatix 0.7.0 [47] packages were used for analysis using version 
1.2.5033 of RStudio [48] and the ggplot2 package for the generation of graphs [49]. Data 
as well as the syntax for data analyses are available at https://osf.io/ymf8w. 

2.2. Results of Study 1 
A repeated measures ANOVA with the within-subject factors of perspective (front 

view, back view), rotation (head-up, head-down), and limb (arm, leg) was calculated on 
the LISAS. Means and standard errors of LISAS are shown in Figure 2.  

 
Figure 2. Boxplots of the linear integrated speed-accuracy scores (LISAS) depending on rotation 
(head-down, head-up), perspective (back view, front view), and limb (arm, leg) in Study 1. 

Figure 2. Boxplots of the linear integrated speed-accuracy scores (LISAS) depending on rotation
(head-down, head-up), perspective (back view, front view), and limb (arm, leg) in Study 1.

The significant main effect of perspective, F (1, 152) = 121.7, p < 0.001, ηp² = 0.45,
indicated significantly higher scores in the front view (M ± SD = 2.1 ± 1.1) than the back
view (M ± SD = 1.7 ± 0.9). The significant main effect of rotation, F (1, 152) = 360.7, p < 0.001,
ηp² = 0.7, indicated significantly higher scores in head-down rotations (M ± SD = 2.4 ± 1.1)
than head-up rotations (M ± SD = 1.4 ± 0.6). The significant main effect of limb, F (1, 152) = 95,
p < 0.001, ηp² = 0.39, indicated significantly higher scores for leg items (M ± SD = 2 ± 1)
than arm items (M ± SD = 1.8 ± 0.9). The significant interaction between rotation and limb,
F (1, 152) = 13.6, p < 0.001, ηp² = 0.08, indicated that the difference between limbs was
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significantly larger in head-down rotations (∆M = 0.3) than in head-up rotations (∆M = 0.1;
p < 0.001, d = 0.3). All remaining interactions were not significant, ηp² < 0.01.

2.3. Discussion of Study 1

Visual inspection of the effect sizes of RT, ER (in the Supplementary Materials) and
LISAS indicated that effect sizes in RT and ER were lower than in the LISA scores. Hence,
LISA scores reflect the performance better than single analyses of RT or ER, as the effects in
both measures and the relative values considering the variances of the two measures are
taken into account in the LISAS. For instance, one participant may slow down in RTs to keep
the ER low in more difficult items. In contrast, another participant may accept an increase in
ER to keep RTs at the same level in more difficult items. In case of speed-accuracy tradeoffs
in individual participants, the effects in RT and ER can also neutralize each other in the
LISAS, making it a more appropriate measure, particularly to compare between individuals
who differ in speed-accuracy preferences. This could also explain the small correlations
between ER and RT (as shown in the Supplementary Materials).

As observed previously [17], performance was better in the back view than in the front
view. It is assumed that this results from participants imagining a perspective rotation on
the vertical axis, which is necessary in the front view, but not in the back view. In the back
view, the participant’s body is already congruent with the body position of the figure of the
stimulus. Hence, when putting oneself in the perspective of the targeted stimulus figure to
accurately make the left-right judgement, one uses imagery in a way that is consistent with
the principles of embodied cognition [2,10].

Like the perspective factor, we also replicated the rotation effects observed in previous
studies [17,32,33]. Performance was better in head-up rotations (rotations of maximal
45 degrees to the left or right) than in head-down rotations (rotations between 135 and
225 degrees). Similar to the perspective factor, it is assumed that this results from an
imagined rotation. Such rotations on the horizontal axis are more time consuming and
produce more errors proportional to the rotational angle [17,31–33]. In the present study,
LISAS were higher in head-down rotations than in head-up rotations. Head-up stimuli do
not involve such time-consuming and error-prone imagined rotations, which explains the
better performance compared to head-down stimuli. This applies even for those head-up
stimuli that involve slight rotational angles of 45 degrees.

As expected, the raised limb had an additional influence on mental body rotations. This
was observed particularly in difficult rotational angles when the head is down. Performance
was lower in leg stimuli than in arm stimuli, which may emerge due to various reasons.
First, in daily life, we use our legs less often than our arms [39]. This applies particularly for
students when they are sitting in the classroom or office. Second, distinguishing between
left and right is often less important for legs than it is for arms. For instance, the right
hand is typically used for a handshake, whereas there is no such greeting method or other
everyday behavior for legs that favors left or right. Third, congruency with the response
action [38] may have increased these effects, as participants responded with the fingers
of the hands and not the feet. Hence, responding with the fingers (of the hand) to hand
stimuli was more congruent than responding with the fingers (of the hand) to feet stimuli.
In any event, differentiating between left and right legs increased task difficulty, which may
be useful to measure individuals’ action imagery ability more precisely [4].

3. Study 2

In Study 2, our goal was to replicate and extend the findings of Study 1. Therefore, we
expected higher LISA scores in raised legs than in raised arms. Furthermore, we used more
realistic stimuli (human-like avatars) to compare them with the abstract stimuli of Study 1.
Using LISA scores, we expected better performance for realistic stimuli than for abstract
stimuli [30].

As a secondary research aim, we assessed participants’ general self-efficacy [50] and
a German version [51] of vividness in action imagery (VMIQ-2, [7]) to test discriminative
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and convergent validity. As observed previously [52], we expected low to moderate
(0.2 < r < 0.5) correlations between these self-assessment questionnaires (self-efficacy and
VMIQ-2). Most importantly, we expected low correlations between self-efficacy and LISA
scores of the mental body rotations, as they assess different constructs using different
methods. In contrast, action imagery self-assessment questionnaires may measure the
same construct as objective measures such as the mental body rotation task. Therefore, we
expected low to moderate correlations between the VMIQ-2 ratings and LISA scores.

3.1. Methods of Study 2
3.1.1. Participants of Study 2

The link for participation was disseminated by student project members to their friends
and to interested students at the UMIT—the Tyrolean Private University. As in Study 1, a
rigorous outlier analysis was performed on RTs and error rates. Of 146 German-speaking
participants, 24 participants were excluded from analysis because they were just clicking
through (n = 6; error rates close to 50% and RTs below 500 ms), they were inattentive or
distracted (n = 2; error rates close to 50% and large variance in RTs), they did not comply
with the instructions in abstract stimuli (n = 9; error rates close to 100% in back view, but
not in front view), or due to extreme outliers in RTs (above 5 s; n = 3) or error rates (above
50% in several but not all conditions; n = 4). The remaining 122 participants (72 females,
50 males) were on average 28.5 years old (SD = 10.3, range from 18 to 71 years) and mainly
right-handed, as self-reported by the participants (N = 109). A German version [51,52]
of the VMIQ-2 [7] indicated that participants had clear and vivid external visual imagery
(M ± SD = 2.1 ± 0.7), internal visual imagery (M ± SD = 1.8 ± 0.7), and kinesthetic imagery
(M ± SD = 1.9 ± 0.7). All participants gave informed consent. The study was in accordance
with the Belmont Report [41] and was approved by the local ethics committee.

The required sample size for an interaction between 16 conditions (the combination
of abstractness, perspective, rotation and limb) was estimated with G*Power [43]. The
primary outcome measure used for sample size estimation was the LISA score. We assumed
an effect size of f = 0.25. Alpha was set at 0.05 and the power (1-beta) at 0.8 which resulted
in a minimum sample size of N = 128. Because the estimated sample size was not achieved
in the final sample (N = 122), the power for medium effects (f = 0.25) was 0.78, which is
only slightly below the recommended value of 0.8 [53].

3.1.2. The Stimulus Material of Study 2

In addition to the stimuli from Study 1, gender-free realistic avatars were created for
purposes of Study 2, either in front view, i.e., the figure is facing the participant, or in the
back view, i.e., the figure is looking in the same direction as the participant (Figure 3). The
stimuli were created using makehuman in blender [54] by selecting 50% male and 50%
female characteristics in body and face.
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3.1.3. Task and Procedure of Study 2

The experiment was run online using OpenSesameWeb Version 3.3.11 [55] and JATOS [56].
The experiment file is available at https://osf.io/ymf8w. As in Study 1, participants were
instructed that the visual stimuli represent the figure of a human body that will be rotated.
They were asked to press the ‘X’ key if the raised limb (foot or arm) is left and to press the
‘Y’ key if the raised limb is right. They were told that in the front view they could see the
face of the figure, whereas in the back view no face was visible. To avoid learning effects
during the assessment, participants started with four randomized familiarization blocks of
64 trials where either one of abstractness (abstract vs. realistic) or the limbs (arm vs. leg)
was fixed for the block (e.g., a block of only abstract stimuli). This was followed by the
assessment block of 128 trials in which all stimuli (or conditions) were presented in random
order. A fixation dot was presented for 500 ms before each stimulus appeared on the screen.
Participants’ response triggered the presentation of the next fixation dot.

3.1.4. Data Analysis of Study 2

As in Study 1, linear integrated speed-accuracy scores (LISAS) were calculated and
analyzed. Additionally, correlations between the vividness of movement imagery [51], self-
efficacy [50], and the LISAS were calculated. Data as well as the syntax for data analyses
are available at https://osf.io/ymf8w.

3.2. Results of Study 2

A repeated measures ANOVA with the within-subject factors of abstractness (abstract,
realistic), perspective (front view, back view), rotation (head-up, head-down), and limb
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(arm, leg) was calculated on the LISAS. Means and standard errors of LISAS are shown in
Figure 4. Results of the ANOVA are shown in Table 1.
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Table 1. Statistical values of the ANOVA (df 1 = 1, df 2 = 121) on LISAS in Study 2.

F p ηp²

Abstractness 5.2 0.025 0.41
Perspective 29.4 <0.001 0.20

Rotation 137.2 <0.001 0.53
Limb 93.0 <0.001 0.44

Abstractness × Perspective 42.0 <0.001 0.26
Abstractness × Rotation 0.1 0.803 <0.01

Abstractness × Limb 30.6 <0.001 0.20
Perspective × Rotation 67.3 <0.001 0.36

Perspective × Limb 0.2 0.643 <0.01
Rotation × Limb 2.9 0.094 0.02

Abstractness × Perspective × Rotation 0.3 0.565 <0.01
Abstractness × Perspective × Limb 5.8 0.018 0.05

Abstractness × Rotation × Limb 0.3 0.564 <0.01
Perspective × Rotation × Limb 22.3 <0.001 0.16

Abstractness × Perspective × Rotation × Limb 3.5 0.065 0.03

The significant main effect of perspective was modified by the significant interaction
between abstractness and perspective. In realistic stimuli, the scores were significantly
higher in the front view (M ± SD = 1.5 ± 0.9) than the back view (M ± SD = 1.2 ± 0.7,
p < 0.001, d = 0.71). In abstract stimuli, the scores did not significantly differ between front
view (M ± SD = 1.4 ± 0.7) and back view (M ± SD = 1.4 ± 0.7, p = 0.287, d = 0.1).

The significant main effect of rotation indicated significantly higher scores for head-
down rotations (M ± SD = 1.5 ± 0.8) than head-up rotations (M ± SD = 1.2 ± 0.7). The
significant interaction between rotation and perspective indicated that this difference was
significantly larger in the back view (∆M = 0.5) than in the front view (∆M = 1.3, p < 0.001,
d = 0.74).

The significant main effect of limb indicated significantly higher scores for leg stimuli
(M ± SD = 14.7 ± 0.8) than arm stimuli (M ± SD = 1.2 ± 0.6). The significant interaction
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between abstractness and limb indicated that this difference was significantly larger for
realistic stimuli (∆M = 3.6) than abstract stimuli (∆M = 1.1, p < 0.001, d = 0.5).

The significant main effect of abstractness was modified by the significant interaction
between abstractness, perspective, and limb. For arm stimuli, the scores were significantly
higher for abstract stimuli than realistic stimuli in the front view (∆M = 0.11, p < 0.001,
d = 0.32) and back view (∆M = 0.26, p < 0.001, d = 0.69). In contrast, for leg stimuli, the
scores were significantly lower for abstract stimuli than realistic stimuli in the front view
(∆M = −0.23, p < 0.001, d = −0.39), but not in the back view (∆M = 0.09, p = 0.067, d = 0.17).

Pearson correlations between self-efficacy (SE, [49]) vividness of external visual (EVI),
internal visual (IVI), and kinesthetic (KIN) imagery [7] and linear integrated speed-accuracy
scores are shown in Figure 5. High interfactor-correlations were observed between the
subdimensions of the VMIQ-2 [7]. Moderate correlations were observed between self-
efficacy and vividness of action imagery. High correlations were observed between all
LISA scores of the mental body rotations. Low correlations were observed between the
questionnaires and the LISA scores.
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Figure 5. Pearson correlations between self-efficacy (SE; [49]) vividness of external visual (EVI),
internal visual (IVI), and kinesthetic (KIN) imagery [7] and linear integrated speed-accuracy scores
depending on perspective (front view: FV, back view: BV), rotation (head-up: HU, head-down: HD),
abstractness (realistic: R, abstract: A), and limb (arm, leg). Additionally, correlations of the difference
score (DIFF) of each condition with the baseline (back view head-up) are shown. Larger and darker
circles indicate larger correlations.

In addition, we performed an exploratory analysis by calculating difference scores
between the baseline condition without any rotational movement in the back view with
heads up and the other conditions (e.g., front view head-down realistic legs—back view
head-up realistic legs) to separate the unique variance of action imagery from other possible
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constructs in the mental body rotation task. Correlations of these difference scores are also
shown in Figure 3.

3.3. Discussion of Study 2

As in Study 1, we observed higher scores for head-down rotations than head-up
rotations, which is consistent with the findings of several previous studies [17,31–33]. In
Study 2, this effect was even amplified in the back view, which allows a simple egocentric
perspective without the need of a vertical rotation necessary for head-up rotations in the
front view. Additionally, we observed higher scores for the front view than the back
view [17]. However, this was observed for realistic but not abstract stimuli. The data
pattern suggests that the egocentric perspective in realistic stimuli facilitates perspective
taking, resulting in lower LISAS. An explanation for these findings may be that head-up
figures in the back view do not require any mental rotations, only perspective taking, which
is then facilitated if the stimuli are more realistic. Head-down figures in the back view
require lateral horizontal mental rotations of one’s own body to fully take the perspective
and make a left/right judgement. Therefore, there was a large difference between the
rotations in the back view. For the front view, however, both rotational angles (head-up
and head-down) require a mental rotation. Head-up figures in the front view require a
vertical mental rotation. One may assume that in head-down figures in the front view the
vertical and lateral horizontal mental rotations are performed in a stepwise manner [33]
which should have increased the scores considerably. However, this was not observed.
Therefore, we assume that participants performed a frontal horizontal rotation (like a
back-flip or front-flip), which was still slightly more difficult (or time-consuming) than a
single vertical rotation, but easier (less time-consuming) than performing the rotations in a
stepwise manner.

In accordance with Study 1, we observed higher scores for leg stimuli than arm stimuli.
This was even amplified in realistic stimuli. One reason for this could be that the angle of the
limb was more difficult to perceive in realistic stimuli than in abstract stimuli. Participants’
verbal reports indicated that for realistic stimuli they needed to focus more strongly on both
the foot the figure was standing on and the foot that was raised. It is possible that this was
not the case in abstract stimuli where they focused on the raised limb only. From an action
imagery point of view, this may indicate that for realistic stimuli, participants intended to
replicate the balancing position on the standing foot to then imagine raising the other foot.
This suggests that participants engaged in simulations of somatosensory experience to a
greater degree for foot items, particularly for realistic stimuli. These assumptions are in
line with the observation of lower scores in realistic stimuli than in abstract stimuli when
arms were raised, but not when legs were raised. When legs were raised this was reversed
in the front view. Hence, the allocentric perspective made the judgements on realistic leg
figures more difficult.

The correlations in the present study showed that action imagery self-assessments via
questionnaire and experimental assessments do not correlate. Similarly, such assessments
do not correlate in visual imagery [3,57]. For instance, mental rotations of characters and
numbers [58] did not correlate with the vividness of the visual imagery questionnaire [59].
In action imagery, it has been argued that the lack of correlations between experimental
and self-report assessments [60] is due to the methods of measurement capturing different
components of action imagery. However, such findings may also indicate that the different
methods may capture constructs other than action imagery, because experimental methods
always involve a combination of several abilities [3]. For instance, mental body rotations
may not only require action imagery ability, but also independent constructs such as left-
right disorientation, and closely related constructs such as fluid intelligence or working
memory capacity. To rule out this argument, we calculated explorative difference scores
that partialled out other constructs by using the position without any rotations (back view
head-up) of the mental body rotation task as baseline. However, like the absolute scores,
these difference scores did not correlate with the self-ratings of the VMIQ-2. Finally, the
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lack of correlation between self-ratings and objective measures in action imagery may be
due to biases in self-reports [4,61] and a lack of variance in self-report questionnaires [52].

Interestingly, the difference scores were more strongly correlated with the absolute
head-down scores than with the absolute head-up scores. This shows that the variance
in the difference scores is mainly influenced by the rotation on the horizontal axis (which
indicates the imagined action) and not as much by other constructs that may influence
response times (e.g., general response times, working memory capacity). Furthermore,
variance was also influenced by the perspective (rotations on the vertical axis), although
not as strong as by rotations on the horizontal axis.

4. General Discussion

The results of both studies provide a replication of previous mental body rotation
studies [17,31,32], showing that the rotational angle strongly affects participants’ responses,
not only in RTs but also in a combined measure of RT and ER. The LISA scores were
higher (indicating worse performance) in head-down positions than in head-up positions.
Furthermore, the scores were higher in the allocentric front view than in the egocentric back
view [17], indicating that participants engaged in action imagery [1] for the task decisions,
consistent with theories of embodied cognition [11]. Moreover, the scores were higher for
abstract stimuli than realistic stimuli [30]. In addition to these replications, the present
studies showed that leg judgments were more difficult to solve than arm judgements.

Regarding the vertical and horizontal rotations, it can be argued that this does not
necessarily imply action imagery, i.e., a mental representation of one’s own action in the
absence of completing that action. Imagery may involve either a mental rotation of oneself
or a mental rotation of the stimulus to gain congruency between one’s own perspective
and the depicted perspective [28]. However, it has been shown that hand judgments (as
used in the present study) involve representations grounded in the motor system, while
same-different judgements involve object-based representations grounded in the visual
system [32].

Additionally, it can be argued that action imagery usually involves imagination of
oneself, whereas the stimuli are neutral. However, verbal reports of participants indicated
that they tended to imagine rotations of their own body to put themselves into the position
of the figure. Furthermore, it has been shown that there is no advantage if the figures in a
mental body rotation task show pictures of oneself instead of another person [32,38]. This
implies that participants adopt a strategy to mentally rotate their own body to be congruent
with a depicted figure, regardless of whether they implicitly associate themselves with the
figure or not. Such first person imagery is most likely enriched by embodied kinesthetic
action imagery where proprioceptive information is more relevant than in visual action
imagery [12].

When comparing the absolute values of both studies (see Figures 2 and 4), it becomes
apparent that the median LISAS in Study 1 (from 1.25 to 2.5) are at least tendentially higher
than in Study 2 (from 1 to 1.5). Most likely, this resulted from the additional familiarization
blocks in Study 2 (4 × 64 trials) compared to just eight trials in Study 1. Additional analyses
in Study 2 (see Supplementary Materials) indicated significant improvements over the
familiarization blocks. Hence, repeated familiarization with the task leads to lower LISAS.

Limitations and Perspectives

The angle of the raised limb may affect both speed and accuracy of the judgment in
mental body rotations. Unfortunately, this effect was not consistent between abstract
and realistic images, nor between arms and legs. Future studies may wish to investigate
whether the angle between the raised limb and the body has an impact on mental body
rotation scores.

It remains unclear whether the mental body rotation task involves internal visual
imagery, external visual imagery, or kinesthetic imagery. None of these dimensions of the
VMIQ-2 [7] correlated with the mental body rotation scores. Still, it remains likely that
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at least one of these dimensions are related to action imagery ability that is used during
mental body rotations [4]. Future studies may focus on participants’ strength of representation
during mental body rotations. For instance, after mental body rotations, participants could
be asked to report how strongly they focused on these modalities (i.e., visual or kinesthetic)
and perspectives (i.e., internal or external) using a provided scale [62].

Our findings have implications for the assessment and measurement of action imagery
ability. For a more sensitive measure of action imagery ability, we suggest using both leg
and arm stimuli to increase the overall difficulty of the task. Furthermore, we suggest using
realistic stimuli rather than abstract stimuli, which may prevent misunderstandings of the
perspective in some participants (see participant exclusions in both studies). To render
out confounding factors in the measure of action imagery ability (such as other cognitive
abilities like working memory), we recommend taking the front view head-up condition as
a baseline measure that does not require any movement (only perspective taking, but no
rotation of one’s own body) to calculate difference measures.

The present study was not designed to test the effects in different populations. Hence,
to provide greater generalizability of the findings, future studies may investigate selected
subpopulations. For instance, action imagery ability may differ between gender [63] or
movement expertise [63]. Furthermore, patients with pain (or amputations) specific to
either legs or arms could be investigated.

From an applied point of view, improved measurements of action imagery ability
may be helpful in various fields such as physiotherapy [64], neurorehabilitation [65,66],
sports [67], speech and language therapy [68], and music [69]. In action imagery practice
(or mental practice) which designates the repetitive use of action imagery to improve
motor performance, it has been proposed that high action imagery abilities boost the
practice effects [70,71]. Using an objective measure of action imagery ability, individualized
interventions may compensate for potential imagery deficits [72].

5. Conclusions

The results support the assumption that action imagery is involved in solving the
mental body rotation task with left-right judgements [17,31]. An increase in LISA scores
was caused by vertical and horizontal rotations that required the imagination of a rotational
action. Although it appears likely that action imagery is involved in mental rotations,
the object of rotation during action imagery remains unresolved. One does not need
to necessarily imagine rotating oneself to be congruent with a depicted figure. In the
imagination, the depicted figure could also be rotated. The latter would be a mental
object transformation rather than action imagery. However, mental object transformations
should not be influenced by the abstractness of the stimuli. Therefore, the increase in LISA
scores in abstract stimuli compared to realistic stimuli strongly supports the assumption of
action imagery processes in mental body rotations. Such imagery processes may be similar
to processes engaged for action execution [1,17], thereby providing further support for
embodied theories of cognition [2].
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Author Contributions: Conceptualization, S.F.D.; methodology, S.F.D.; software, S.F.D. and E.J.M.;
validation, S.F.D.; formal analysis, S.F.D.; investigation, S.F.D. and E.J.M.; resources, P.M.P.; data
curation, S.F.D.; writing—original draft preparation, S.F.D.; writing—review and editing, S.F.D.,
E.J.M. and P.M.P.; visualization, S.F.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

133



Brain Sci. 2022, 12, 1500

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Ethics Committee of the UMIT TIROL—private
university of health sciences and health technology (protocol code 3021 at the 5 January 2022).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The authors confirm that the data supporting the finding of this study
are available within the article and its Supplementary Materials. Data exclusions, manipulations, and
all measures in the study are reported in the manuscript. Stimulus material and data are available in
the following link: https://osf.io/ymf8w.

Acknowledgments: Many thanks go to the students involved in data collection: Anna-Laura Blas-
bichler, Sharleen Büchel, Jara Campbell, Christoph Heckelsmüller, Christina Ortner, Julia Reinstaller,
Vanessa Rupprechter and Elisabeth Wolf.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References
1. Jeannerod, M. Neural Simulation of Action: A Unifying Mechanism for Motor Cognition. Neuroimage 2001, 14, S103–S109.

[CrossRef] [PubMed]
2. Iachini, T. Mental Imagery and Embodied Cognition: A Multimodal Approach. J. Ment. Imag. 2011, 35, 1–66.
3. Kosslyn, S.M.; Brunn, J.; Cave, K.R.; Wallach, R.W. Individual Differences in Mental Imagery Ability: A Computational Analysis.

Cognition 1984, 18, 195–243. [CrossRef]
4. Dahm, S.F. On the Assessment of Motor Imagery Ability: A Research Commentary. Imagin. Cogn. Pers. 2020, 39, 397–408.

[CrossRef]
5. Dahm, S.F.; Rieger, M. Is Imagery Better than Reality? Performance in Imagined Dart Throwing. Hum. Mov. Sci. 2019, 66, 38–52.

[CrossRef]
6. Kilteni, K.; Andersson, B.J.; Houborg, C.; Ehrsson, H.H. Motor Imagery Involves Predicting the Sensory Consequences of the

Imagined Movement. Nat. Commun. 2018, 9, 1617. [CrossRef]
7. Roberts, R.; Callow, N.; Hardy, L.; Markland, D.; Bringer, J. Movement Imagery Ability: Development and Assessment of a

Revised Version of the Vividness of Movement Imagery Questionnaire. J. Sport Exerc. Psychol. 2008, 30, 200–221. [CrossRef]
8. Grush, R. The Emulation Theory of Representation: Motor Control, Imagery, and Perception. Behav. Brain Sci. 2004, 27, 377–396.

[CrossRef]
9. Lorey, B.; Naumann, T.; Pilgramm, S.; Petermann, C.; Bischoff, M.; Zentgraf, K.; Stark, R.; Vaitl, D.; Munzert, J. How Equivalent

Are the Action Execution, Imagery, and Observation of Intransitive Movements? Revisiting the Concept of Somatotopy during
Action Simulation. Brain Cogn. 2013, 81, 139–150. [CrossRef]

10. Barsalou, L.W. Perceptual Symbol Systems. Behav. Brain Sci. 1999, 22, 577–660. [CrossRef]
11. Barsalou, L.W. Grounded Cognition: Past, Present, and Future. Top. Cogn. Sci. 2010, 2, 716–724. [CrossRef] [PubMed]
12. Lorey, B.; Bischoff, M.; Pilgramm, S.; Stark, R.; Munzert, J.; Zentgraf, K. The Embodied Nature of Motor Imagery: The Influence of

Posture and Perspective. Exp. Brain Res. 2009, 194, 233–243. [CrossRef] [PubMed]
13. Gallese, V. Embodied Simulation: From Neurons to Phenomenal Experience. Phenom. Cogn. Sci. 2005, 4, 23–48. [CrossRef]
14. Wolpert, D.M.; Diedrichsen, J.; Flanagan, J.R. Principles of Sensorimotor Learning. Nat. Rev. Neurosci. 2011, 12, 739–751.

[CrossRef]
15. Bart, V.K.E.; Koch, I.; Rieger, M. Inhibitory Mechanisms in Motor Imagery: Disentangling Different Forms of Inhibition Using

Action Mode Switching. Psychol. Res. 2021, 85, 1418–1438. [CrossRef]
16. Rieger, M.; Dahm, S.F.; Koch, I. Inhibition in Motor Imagery: A Novel Action Mode Switching Paradigm. Psychon. Bull. Rev. 2017,

24, 459–466. [CrossRef]
17. Steggemann, Y.; Engbert, K.; Weigelt, M. Selective Effects of Motor Expertise in Mental Body Rotation Tasks: Comparing

Object-Based and Perspective Transformations. Brain Cogn. 2011, 76, 97–105. [CrossRef]
18. Hyun, J.-S.; Luck, S.J. Visual Working Memory as the Substrate for Mental Rotation. Psychon. Bull. Rev. 2007, 14, 154–158.

[CrossRef]
19. Seepanomwan, K.; Caligiore, D.; Cangelosi, A.; Baldassarre, G. Generalisation, Decision Making, and Embodiment Effects in

Mental Rotation: A Neurorobotic Architecture Tested with a Humanoid Robot. Neural Netw. 2015, 72, 31–47. [CrossRef]
20. Xue, J.; Li, C.; Quan, C.; Lu, Y.; Yue, J.; Zhang, C. Uncovering the Cognitive Processes Underlying Mental Rotation: An

Eye-Movement Study. Sci. Rep. 2017, 7, 10076. [CrossRef]
21. Parsons, L.M. Imagined Spatial Transformation of One’s Body. J. Exp. Psychol. Gen. 1987, 116, 172–191. [CrossRef] [PubMed]
22. Barhoun, P.; Fuelscher, I.; Do, M.; He, J.L.; Bekkali, S.; Cerins, A.; Youssef, G.J.; Williams, J.; Enticott, P.G.; Hyde, C. Mental

Rotation Performance in Young Adults with and without Developmental Coordination Disorder. Hum. Mov. Sci. 2021, 77, 102787.
[CrossRef] [PubMed]

23. Voyer, D.; Jansen, P. Motor Expertise and Performance in Spatial Tasks: A Meta-Analysis. Hum. Mov. Sci. 2017, 54, 110–124.
[CrossRef] [PubMed]

134



Brain Sci. 2022, 12, 1500

24. Zacks, J.M.; Mires, J.; Tversky, B.; Hazeltine, E. Mental Spatial Transformations of Objects and Perspective. Spat. Cogn. Comput.
2000, 2, 315–332. [CrossRef]

25. Böffel, C.; Müsseler, J. Perceived Ownership of Avatars Influences Visual Perspective Taking. Front. Psychol. 2018, 9, 743.
[CrossRef]

26. Zacks, J.M.; Michelon, P. Transformations of Visuospatial Images. Behav. Cogn. Neurosci. Rev. 2005, 4, 96–118. [CrossRef]
27. Vingerhoets, G.; de Lange, F.P.; Vandemaele, P.; Deblaere, K.; Achten, E. Motor Imagery in Mental Rotation: An FMRI Study.

NeuroImage 2002, 17, 1623–1633. [CrossRef]
28. Tomasino, B.; Rumiati, R.I.; Umiltà, C.A. Selective Deficit of Motor Imagery as Tapped by a Left-Right Decision of Visually

Presented Hands. Brain Cogn. 2003, 53, 376–380. [CrossRef]
29. Feng, T.; Zhang, Z.; Ji, Z.; Jia, B.; Li, Y. Selective Effects of Sport Expertise on the Stages of Mental Rotation Tasks with Object-Based

and Egocentric Transformations. Adv. Cogn. Psychol. 2017, 13, 248–256. [CrossRef]
30. Habacha, H.; Lejeune-Poutrain, L.; Molinaro, C. Realistic Stimuli Reveal Selective Effects of Motor Expertise during a Mental

Body Rotation Task. Am. J. Psychol. 2017, 130, 47–62. [CrossRef]
31. Jost, L.; Jansen, P. Manual Training of Mental Rotation Performance: Visual Representation of Rotating Figures Is the Main Driver

for Improvements. Q. J. Exp. Psychol. 2022, 75, 695–711. [CrossRef] [PubMed]
32. Kaltner, S.; Riecke, B.E.; Jansen, P. Embodied Mental Rotation: A Special Link between Egocentric Transformation and the Bodily

Self. Front. Psychol. 2014, 5, 505. [CrossRef] [PubMed]
33. Schwabe, L.; Lenggenhager, B.; Blanke, O. The Timing of Temporoparietal and Frontal Activations during Mental Own Body

Transformations from Different Visuospatial Perspectives. Hum. Brain Mapp. 2009, 30, 1801–1812. [CrossRef]
34. Barhoun, P.; Fuelscher, I.; Kothe, E.J.; He, J.L.; Youssef, G.J.; Enticott, P.G.; Williams, J.; Hyde, C. Motor Imagery in Children with

DCD: A Systematic and Meta-Analytic Review of Hand-Rotation Task Performance. Neurosci. Biobehav. Rev. 2019, 99, 282–297.
[CrossRef]

35. Vandierendonck, A. A Comparison of Methods to Combine Speed and Accuracy Measures of Performance: A Rejoinder on the
Binning Procedure. Behav. Res. Methods 2017, 49, 653–673. [CrossRef]

36. Vandierendonck, A. On the Utility of Integrated Speed-Accuracy Measures When Speed-Accuracy Trade-off Is Present. J. Cogn.
2021, 4, 26. [CrossRef]

37. Vannuscorps, G.; Pillon, A.; Andres, M. Effect of Biomechanical Constraints in the Hand Laterality Judgment Task: Where Does It
Come From? Front. Hum. Neurosci. 2012, 6, 299. [CrossRef] [PubMed]

38. van Elk, M.; Blanke, O. Imagined Own-Body Transformations during Passive Self-Motion. Psychol. Res. 2014, 78, 18–27. [CrossRef]
39. Peters, M. Neuropsychological Identification of Motor Problems: Can We Learn Something from the Feet and Legs That Hands

and Arms Will Not Tell Us? Neuropsychol. Rev. 1990, 1, 165–183. [CrossRef]
40. Oldfield, R.C. The Assessment and Analysis of Handedness: The Edinburgh Inventory. Neuropsychologia 1971, 9, 97–113.

[CrossRef]
41. The Belmont Report: Ethical Principles and Guidelines for the Protection of Human Subjects of Research; DHEW Publication; The

Commission for Sale by the Supt. of Docs., U.S. Government Printing Office: Bethesda, MD, USA; Washington, DC, USA, 1978.
42. Muraki, E.J.; Dahm, S.F.; Pexman, P.M. Meaning in Hand: Investigating Shared Mechanisms of Motor Imagery and Sensorimotor

Simulation in Language Processing. PsyarXiv 2022, preprint.
43. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A Flexible Statistical Power Analysis Program for the Social, Behavioral,

and Biomedical Sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]
44. Peirce, J.; Gray, J.R.; Simpson, S.; MacAskill, M.; Höchenberger, R.; Sogo, H.; Kastman, E.; Lindeløv, J.K. PsychoPy2: Experiments

in Behavior Made Easy. Behav. Res. Methods 2019, 51, 195–203. [CrossRef] [PubMed]
45. Bridges, D.; Pitiot, A.; MacAskill, M.R.; Peirce, J.W. The Timing Mega-Study: Comparing a Range of Experiment Generators, Both

Lab-Based and Online. PeerJ 2020, 8, e9414. [CrossRef]
46. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.; François, R.; Grolemund, G.; Hayes, A.; Henry, L.; Hester, J.;

et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686. [CrossRef]
47. Kassambara, A. Rstatix: Pipe-Friendly Framework for Basic Statistical Tests. Rstatix, 2021. Available online: https://rpkgs.

datanovia.com/rstatix/ (accessed on 5 January 2022).
48. RStudio Team. RStudio: Integrated Development Environment for R; RStudio Team: Boston, MA, USA, 2022.
49. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer International Publishing: Berlin/Heidelberg, Germany, 2016;

ISBN 9783319242750.
50. Schwarzer, R. Optimistische Kompetenzerwartung: Zur Erfassung Einer Personellen Bewältigungsressource. Diagnostica 1994, 40,

105–123.
51. Dahm, S.F.; Bart, V.K.E.; Pithan, J.M.; Rieger, M. Deutsche Übersetzung und Validierung des VMIQ-2 zur Erfassung der

Lebhaftigkeit von Handlungsvorstellungen. Z. Für Sportpsychol. 2019, 26, 151–158. [CrossRef]
52. Dahm, S.F. Validation of a Computer-Based Version of the Vividness of Movement Imagery Questionnaire. PTAD 2022, 1–13.

[CrossRef]
53. Serdar, C.C.; Cihan, M.; Yücel, D.; Serdar, M.A. Sample Size, Power and Effect Size Revisited: Simplified and Practical Approaches

in Pre-Clinical, Clinical and Laboratory Studies. Biochem. Med. 2021, 31, 010502. [CrossRef]

135



Brain Sci. 2022, 12, 1500

54. Blender Online Community. Blender—A 3D Modelling and Rendering Package; Stichting Blender Foundation: Amsterdam, The
Netherlands, 2018.

55. Mathôt, S.; March, J. Conducting Linguistic Experiments Online with OpenSesame and OSWeb. Lang. Learn 2022, 1–32. [CrossRef]
56. Lange, K.; Kühn, S.; Filevich, E. “Just Another Tool for Online Studies” (JATOS): An Easy Solution for Setup and Management of

Web Servers Supporting Online Studies. PLoS ONE 2015, 10, e0130834. [CrossRef]
57. Burton, L.J.; Fogarty, G.J. The Factor Structure of Visual Imagery and Spatial Abilities. Intelligence 2003, 31, 289–318. [CrossRef]
58. Shepard, R.N.; Cooper, L.A. Mental Images and Their Transformations; The MIT Press: Cambridge, MA, USA, 1986; p. 364,

ISBN 9780262192002.
59. Marks, D.F. Visual Imagery Differences in the Recall of Pictures. Br. J. Psychol. 1973, 64, 17–24. [CrossRef] [PubMed]
60. Williams, S.E.; Guillot, A.; Di Rienzo, F.; Cumming, J. Comparing Self-Report and Mental Chronometry Measures of Motor

Imagery Ability. Eur. J. Sport Sci. 2015, 15, 703–711. [CrossRef] [PubMed]
61. Zell, E.; Strickhouser, J.E.; Sedikides, C.; Alicke, M.D. The Better-than-Average Effect in Comparative Self-Evaluation: A

Comprehensive Review and Meta-Analysis. Psychol. Bull. 2020, 146, 118–149. [CrossRef]
62. Dahm, S.F.; Rieger, M. Cognitive Constraints on Motor Imagery. Psychol. Res. 2016, 80, 235–247. [CrossRef]
63. Pietsch, S.; Jansen, P. Different Mental Rotation Performance in Students of Music, Sport and Education. Learn. Individ. Differ.

2012, 22, 159–163. [CrossRef]
64. McInnes, K.; Friesen, C.; Boe, S. Specific Brain Lesions Impair Explicit Motor Imagery Ability: A Systematic Review of the

Evidence. Arch. Phys. Med. Rehabil. 2016, 97, 478–489. [CrossRef]
65. Boe, S.; Gionfriddo, A.; Kraeutner, S.; Tremblay, A.; Little, G.; Bardouille, T. Laterality of Brain Activity during Motor Imagery Is

Modulated by the Provision of Source Level Neurofeedback. NeuroImage 2014, 101, 159–167. [CrossRef]
66. Guillot, A.; Debarnot, U.; Louis, M.; Hoyek, N.; Collet, C. Motor Imagery and Motor Performance: Evidence from the Sport Science

Literature; Oxford University Press: Oxford, UK, 2010; ISBN 9780191701412.
67. Simonsmeier, B.A.; Androniea, M.; Buecker, S.; Frank, C. The Effects of Imagery Interventions in Sports: A Meta-Analysis. Int. J.

Sport Exerc. Psychol. 2021, 14, 186–207. [CrossRef]
68. Durand, E.; Masson-Trottier, M.; Sontheimer, A.; Ansaldo, A.I. Increased Links between Language and Motor Areas: A Proof-of-

Concept Study on Resting-State Functional Connectivity Following Personalized Observation, Execution and Mental Imagery
Therapy in Chronic Aphasia. Brain Cogn. 2021, 148, 105659. [CrossRef] [PubMed]

69. Bernardi, N.F.; De Buglio, M.; Trimarchi, P.D.; Chielli, A.; Bricolo, E. Mental Practice Promotes Motor Anticipation: Evidence from
Skilled Music Performance. Front. Hum. Neurosci. 2013, 7, 451. [CrossRef] [PubMed]

70. Isaac, A.R.; Marks, D.F.; Russell, D.G. An Instrument for Assessing Imagery of Movement: The Vividness of Movement Imagery
Questionnaire (VMIQ). J. Ment. Imag. 1986, 10, 23–30.

71. Milton, J.; Small, S.L.; Solodkin, A. Imaging Motor Imagery: Methodological Issues Related to Expertise. Methods 2008, 45,
336–341. [CrossRef]

72. Adams, I.L.J.; Lust, J.M.; Wilson, P.H.; Steenbergen, B. Development of Motor Imagery and Anticipatory Action Planning in
Children with Developmental Coordination Disorder—A Longitudinal Approach. Hum. Mov. Sci. 2017, 55, 296–306. [CrossRef]

136



Citation: Klotzbier, T.J.; Schott, N.;

Almeida, Q.J. Profiles of

Motor-Cognitive Interference in

Parkinson’s Disease—The

Trail-Walking-Test to Discriminate

between Motor Phenotypes. Brain Sci.

2022, 12, 1217. https://doi.org/

10.3390/brainsci12091217

Academic Editor: Daniele Corbo

Received: 20 July 2022

Accepted: 6 September 2022

Published: 9 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Article

Profiles of Motor-Cognitive Interference in Parkinson’s
Disease—The Trail-Walking-Test to Discriminate between Motor
Phenotypes
Thomas J. Klotzbier 1,* , Nadja Schott 1 and Quincy J. Almeida 2

1 Institute of Sport and Movement Science, University of Stuttgart, 70569 Stuttgart, Germany
2 Movement Disorders Research & Rehabilitation Centre, Department of Kinesiology,

Wilfrid Laurier University, Waterloo, ON N2L 3C5, Canada
* Correspondence: thomas.klotzbier@inspo.uni-stuttgart.de

Abstract: Background and Aims. Most research on Parkinson’s disease (PD) focuses on describing
symptoms and movement characteristics. Studies rarely focus on the early detection of PD and the
search for suitable markers of a prodromal stage. Early detection is important, so treatments that
may potentially change the course of the disease can be attempted early on. While gait disturbances
are less pronounced in the early stages of the disease, the prevalence, and severity increase with
disease progression. Therefore, postural instability and gait difficulties could be identified as sensitive
biomarkers. The aim was to evaluate the discriminatory power of the Trail-Walking Test (TWT; Schott,
2015) as a potential diagnostic instrument to improve the predictive power of the clinical evaluation
concerning the severity of the disease and record the different aspects of walking. Methods. A
total of 20 older healthy (M = 72.4 years, SD = 5.53) adults and 43 older adults with PD and the
motor phenotypes postural instability/gait difficulty (PIGD; M = 69.7 years, SD = 8.68) and tremor
dominant (TD; M = 68.2 years, SD = 8.94) participated in the study. The participants performed a
motor-cognitive dual task (DT) of increasing cognitive difficulty in which they had to walk a given
path (condition 1), walk to numbers in ascending order (condition 2), and walk to numbers and letters
alternately and in ascending order (condition 3). Results. With an increase in the cognitive load,
the time to complete the tasks (seconds) became longer in all groups, F(1.23, 73.5) = 121, p < 0.001,
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In addition to the motor symptoms, various aspects of cognitive impairment in Par-

kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
[3]. The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits 
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p = 0.214. Mutual interferences in the cognitive and motor domain can be observed. However, clear

group-specific patterns cannot be identified. A differentiation between the motor phenotypes of PD
is especially feasible with the purely motor condition (TWT-M; AUC = 0.685, p = 0.44). Conclusions.
PD patients with PIGD must be identified by valid, well-evaluated clinical tests that allow for a
precise assessment of the disease’s individual fall risk, the severity of the disease, and the prognosis
of progression. The TWT covers various aspects of mobility, examines the relationship between
cognitive functions and walking, and enables differentiation of the motor phenotypes of PD.

Keywords: dual-task; Trai-Walking Test; gait disorder; diagnosis; motor-cognitive interference;
Parkinson’s disease

1. Introduction

In addition to the motor symptoms, various aspects of cognitive impairment in Parkin-
son’s disease (PD) patients can have a negative impact on the ability to balance in static
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in
those affected and worsens in the course of the disease parallel to the motor symptoms [3].
The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits being
found in the executive/attentional, memory, and visuospatial domains [4], which can mag-
nify their gait problems. In their multicenter study, Hely and colleagues [6] reported that at
least 83% of survivors had dementia after 20 years. In particular, walking with additional

Brain Sci. 2022, 12, 1217. https://doi.org/10.3390/brainsci12091217 https://www.mdpi.com/journal/brainsci137



Brain Sci. 2022, 12, 1217

motor or cognitive tasks to be performed in parallel seems difficult for those affected [7–9].
This is particularly significant because walking in the real world—usually under dual
task (DT) conditions—requires attention to various changing environmental features to
avoid tripping and slipping and to recover quickly from unavoidable postural disturbances.
Therefore, it is not surprising that deficits in attention and executive functioning (EF) are
independently associated with risk for postural instability, impairments in activities of daily
living (ADL), and future falls [10–12]. Individuals with PD who have cognitive decline
appear to be more susceptible to gait impairments due to their inability to use cognitive
resources required to plan and control movements, especially when the automaticity of
well-learned movements (gait) is compromised and where increased conscious control is
required [13].

Although the diversity of DTs found in the literature makes a comparison between the
studies difficult, the gait of individuals with PD is more influenced during the performance
of more complex secondary tasks [14]. A meta-analysis by Ruffegeau and colleagues [15]
demonstrated sufficient evidence to conclude that DT conditions involving EF skills sig-
nificantly hinder walking in people with PD, despite variation between study paradigms.
Moreover, DT paradigms with additional cognitive tasks can be helpful to parse apart
the tremor dominant (TD) patients that will progress slower than those that are assigned
to the phenotype postural instability/gait difficulty (PIGD) and will progress faster [16].
However, there is some controversy in this regard. While some studies report that the TD
phenotype has a better prognosis and a lower rate of disease progression compared to the
PIGD phenotype, others claim that there is no difference in long-term outcomes [17–20].

While most studies with the DT paradigm use relatively simple straight walking as a
locomotion task—and also the guidelines of the Canadian Consortium on Neurodegenera-
tion in Aging (CCNA) only address recommendations for straight walking [21]—complex
locomotion tasks in which the walking speed is adjusted and the walking direction change
seem to be particularly demanding and sensitive for PD patients to produce dual-task costs
(DTC). While simple information processing processes can solve straightforward walking,
cognitive flexibility and the ability to change tasks explain the speed of cornering [22] and
walking with direction changes [23]. During complex walking situations (walking with
direction changes), the increased cognitive and sensory processing required to plan gait
modifications may strongly impact the walking performance [24]. Difficulties in turning
around the body axis are one of the most common complaints among people with PD,
may cause extreme gait slowness and loss of balance and may result from an overloaded
or inefficient cognitive system in PD when planning complex gait adjustments. For this
reason, and since walking performance is most affected by internal disturbances [25,26], a
mobile version of the Trail-Making Test (TMT) is used in this study (Trail-Walking Test; [27])
as a motor-cognitive DT that demands EF with varying degrees of difficulty.

Research usually focuses on the early detection of PD and the search for suitable
markers of a prodromal stage [28]. So far, there is no gold standard for the operationalization
of gait disorders in PD. The walking test (Item 29) integrated into the motor part of
the Unified Parkinson’s Disease Rating Scale (UPDRS; Movement Disorder Society Task
Force on Rating Scales for Parkinson’s Disease, [29]) is frequently used in clinical settings.
However, the PIGD score does not include the classification of freezing of gait, does
not capture the performance of tandem gait, and lacks details about the range of postural
deficits [30]. In order to improve the predictive power of the clinical examination concerning
the risk of falling or to differentiate between the PD motor phenotypes, it appears necessary
to record not only reactive and supportive aspects of balance control but also anticipatory,
arbitrary, and cognitive aspects of locomotion.

The aim was to compare single task (ST) and DT conditions concerning a possible
detection of PIGD and whether it is possible to differentiate the groups based on the
TWT, what might be important for the timing and duration of therapy initiation and may
help to assist with the prognosis and the tailoring of treatment. Based on the difficulties
in the mentioned motor and cognitive domains in PD patients, we hypothesized that
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overall, individuals with PIGD perform more poorly than the control group and the TD
group in all conditions of the TWT. We also assume that individuals with PIGD exhibit
proportionally greater DTC under more complex, attention-demanding motor-cognitive
DTs (TWT conditions) relative to TD patients or healthy older adults (see also [31] in people
with mild cognitive impairment, MCI).

2. Materials and Methods
2.1. Participants

Table 1 shows the inclusion and exclusion criteria of the control group, PD patients with
TD, and PD patients with PIGD. A total of 20 healthy older adults and 43 older adults with
PD voluntarily participated in the study. Based on the Unified Parkinson Disease Rating
Scale—Part 3; UPDRS; [32]—two motor phenotypes of PD patients were distinguished: the
tremor dominant (TD) and the postural instability (PIGD) motor phenotype (classification
according to Jankovic et al. [33]; see Table 2). Participants were invited in writing or orally
(by telephone) to the Sun Life Financial Research and Rehabilitation Centre for Movement
Disorders (MDRC) at Wilfrid Laurier University in Waterloo, Canada. The subjects with
PD were asked to postpone their medication intake by 12 h before visiting the clinic to
participate in the study without medication (“off-state”) to minimize the confounding
effect of dopaminergic medication on cognitive and motor performance, especially gait
speed [34,35].

Table 1. Inclusion and exclusion criteria for the control group, PD patients with TD, and PD patients
with PIGD.

Control TD PIGD

Inclusion
criteria

- Either gender
- Age 50 to 80 years of age
- Ability to walk for 10 min continuously

unassisted
- Able to understand English instructions
- Normal or corrected vision

- Either gender
- Age 50 to 80 years of age
- Diagnosed with idiopathic PD by a

Neurologist
- Ratio of mean tremor score/mean PIGD

score (Jankovic-based classification) is 1.5
or more (with the use of UPDRS-II)

- Ability to walk for 10 min continuously
unassisted

- Able to understand English instructions
- Normal or corrected vision

- Either gender
- Age 50 to 80 years of age
- Diagnosed with idiopathic PD by a

Neurologist
- Ratio of mean tremor score/mean PIGD

score (Jankovic-based classification) was
less than or equal to 1.0 (with the use of
UPDRS-II)

- Ability to walk for 10 min continuously
unassisted

- Able to understand English instructions
- Normal or corrected vision

Exclusion
criteria

- A neurological disease other than PD
- Had brain surgery in the past including

implanted deep-brain-stimulation
- Have significant co-morbidities likely to

affect gait, e.g., history of stroke,
- Peripheral neuropathy
- Visual impairments that cannot be

corrected
- Clinically diagnosed with dementia (as

stated in the patient’s information chart
from the patient database at the Sun Life
Financial Movement Disorders Research
and Rehabilitation)

- Are not able to comply with the protocol.

- Tremor score <4 or PIGD score >3 (with
the use of UPDRS-II)

- A neurological disease other than PD
- Had brain surgery in the past including

implanted deep-brain-stimulation
- Have significant co-morbidities likely to

affect gait, e.g., history of stroke,
- Peripheral neuropathy
- Visual impairments that cannot be

corrected
- Are unable to walk in the OFF state
- Clinically diagnosed with dementia (as

stated in the patient’s information chart
from the patient database at the Sun Life
Financial Movement Disorders Research
and Rehabilitation)

- Are not able to comply with the protocol.

- Tremor score >3 or PIGD score <4 (with
the use of UPDRS-II)

- A neurological disease other than PD
- Had brain surgery in the past including

implanted deep-brain-stimulation
- Have significant co-morbidities likely to

affect gait, e.g., history of stroke,
- Peripheral neuropathy
- Visual impairments that cannot be

corrected
- Are unable to walk in the OFF state
- Clinically diagnosed with dementia (as

stated in the patient’s information chart
from the patient database at the Sun Life
Financial Movement Disorders Research
and Rehabilitation)

- Are not able to comply with the protocol.
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Table 2. Items of the UPDRS to classify the motor subtypes Tremor Dominant (TD) and Postural
Instability (PIGD) in PD patients.

UPDRS

N
Items Tremor-Dominant (TD) N

Items
Postural Instability and Gait

Difficulty (PIGD)

Part 2—Activities of daily living (ADL)

1 2.16 Tremor 3
2.13 Falling (independent of rigidity)
2.14 Freezing during walking
2.15 Walking

Part 3—Motor examination

7

3.20 Rest Tremor, F
3.20 Rest Tremor, RH
3.20 Rest Tremor, LH
3.20 Rest Tremor, RF
3.20 Rest Tremor, LF
3.21 Action or posture tremor of the
hands, L
3.21 Action or posture tremor of the
hands, R

2 3.29 Gait
3.30 Postural Stability *

Note. F = face; RH = right hand; LH = left hand; RF = right foot; LF = left foot; R = right; L = left; * Reaction to
sudden rearward displacement by pulling on the patient’s shoulders; standing straight with eyes open and feet
slightly apart (the patient is prepared). The ratio of the mean TD scores (8 items) to the mean PIGD scores (5 items)
was used to classify the motor subtypes: TD (ratio ≤ 1.5), PIGD (ratio ≥ 1).

2.2. Instruments
2.2.1. Sociodemographic Information, Cognitive Performance, and Fall-Associated Self-Efficacy

Demographic information, medical history, physical activity, and the number of falls
in the last year were collected using questionnaires. In addition, the height and weight of
the participants were measured, and the body mass index (BMI, kg/m2) was calculated.

Since cognitive status influences strategies for allocating attentional resources [36,37]
and Johansson et al. [38] have shown in a recently published study that PD patients
with MCI use a posture-first strategy and had larger DTCs on gait than PD non-MCI
patients, it is important to consider the cognitive status. Although it is recommended to
use a comprehensive cognitive assessment battery rather than individual global cognitive
measures to assess the cognitive state, we used the well-established Montreal Cognitive
Assessment (MoCA; score range: 0–30; [39]) to test general cognitive performance. This
instrument appears to be sensitive to slight cognitive loss (mild cognitive impairment; MCI)
in cognitively intact older adults [40,41].

The paper-pencil-based Trail-Making Test [42] comprises 25 circles to be connected
(∅13 mm), which are numbers (Part A; visuomotor skills, visual processing speed) and
numbers or letters (Part B; working memory, cognitive flexibility, executive functions,
and visuo-spatial skills). The aim is to connect the numbers in ascending order from
1 to 25 (Part A) and the numbers in ascending order from 1 to 13 alternately with the
letters in alphabetical order from A to L (Part B) in the shortest possible time without
error. In addition, we introduced a motor speed condition with the task of following
a predefined path connecting 25 circles [43] with (a) the idea of calculating the purely
cognitive performance of the task of connecting numbers or numbers and letters without
the influence of motor performance (moving the stylus, which can be difficult, especially
for people with TD) and (b) to calculate the cognitive DTC.

The Activities Specific Balance Confidence (ABC) Scale [44] assessed fall-associated
self-efficacy. On a scale of 0–100%, the participants should estimate their confidence to
carry out 16 activities without becoming unbalanced. High percentages stand for a high
fall-associated self-efficacy.
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The Timed Up and Go (TUG; [45]) test is one of the most common tests used to examine
balance, gait speed, and functional ability related to the performance of basic activities of
daily living (ADL) in older populations. The TUG measures the time (seconds) it takes a
participant to stand up from a chair, walk 3 m at a comfortable speed, walk around a cone,
walk back, and sit down on the chair. With a “cut-off” value of 14 s or more, the TUG is
considered a good predictor for identifying healthy individuals at risk of falling [46,47].

The Geriatric Depression Scale (GDS) according to Sheikh and Yesavage [48] comprises
in short form 15 questions. The GDS allows for early detection of possible depression in
aging patients. Scores between 0–5 are normal, scores between 6–10 indicate mild to
moderate depression, and scores between 11–15 indicate severe depression.

2.2.2. Rating Scale for Parkinson’s Disease

The UPDRS [32] is divided into the areas of (1) cognitive functions, behavior, and
mood, (2) activities of daily living (ADL), (3) motor examination, and (4) complications of
treatment. The motor dimension of UPDRS was used to determine PD cardinal symptoms
of tremor, rigor, bradykinesia, and postural instability. Based on the evaluation and the
classification algorithm according to Jankovic et al. [33], this scale allows for a classification
of the mentioned PD motor phenotypes: tremor dominant type (TD = mean value of
points for tremor/mean value of points for PIGD ≤1.5) and motor phenotype with postural
instability and gait disorder (PIGD = mean value of points for tremor/mean value of points
for PIGD ≥1.0). The following items were used to evaluate the two motor phenotypes:

2.2.3. Trail-Walking Test

The TWT [27] was used to assess motor-cognitive interference under change in di-
rection walk conditions. In this motor-cognitive DT, 15 hats with banderoles are placed
randomly in a 16 m2 area (4 × 4 m). A 30 cm (diameter) circle was drawn around each hat.
The TWT has three different conditions. In the first condition (TWT-M, ST), participants
were instructed to follow a line connecting 15 circles (purely motor task). In condition
2 (TWT-A, DT), participants were asked to navigate to numbered targets in sequential
and ascending order from 1 to 8. In a third and more cognitive demanding DT (TWT-B),
participants were instructed to step on targets with an ascending, alternating number(1-8)-
letter(A-G) sequence (1-A-2-B-3...-8) (see Supplementary Materials: Figure S1). Participants
were asked to perform the task as accurately but as quickly as possible in all conditions. No
priority was given to one domain or the other. Time per trial was taken with a stopwatch to
the nearest 0.01 s, and motor errors (e.g., knocking over a hat or not stepping inside the
circle) and shifting and sequencing errors (e.g., navigating to the wrong number/letter; [48])
were recorded. Sequence and shift errors were corrected promptly by the test administrator
asking the participant to return to the last correct circle. Errors are reported and accounted
for in the required times since the correction of errors takes extra time [43]. Each condition
was performed three times.

2.3. Procedure

The participants were informed about the objectives and contents of the planned
study and the test procedure, test duration, and possible risks of data collection. Before
the data collection was carried out, a written declaration of consent was obtained. The
methods used in these studies are in accordance with the ethical principles of the Helsinki
Declaration [49], national legislation and relevant international norms and standards. The
implementation of the procedures was randomized to avoid possible sequence effects. All
tests were performed in a quiet environment to avoid distractions and to exclude possible
interfering variables in the experimental situation. The majority of the participants could
be tested within the planned 90 min. In order to keep the effect of fatigue to a minimum, a
rest time of 1–3 min between the conditions and trials was made. None of the participants
experienced complications during data collection. Previously trained test administrators
carried out the data collection. The research project received ethical approval (REB # 4791
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Project, “Motor-cognitive interference in dual tasks: allocation of resources in Parkinson’s
Disease patients” REB Clearance Issued: 19 February 2016). Participants were recruited in
March 2016. Data collection also took place in March 2016.

2.4. Data Analysis

All statistics were performed with SPSS v.27 (SPSS, Chicago, IL, USA). We first explored
dependent variables to examine missing values, normality of distributions (Kolmogorov–
Smirnov tests), and presence of outliers (defined by the Explore command of SPSS v.27).

For the sample description, between group differences for continuous variables (e.g.,
age, height, weight, BMI, physical activity) were calculated using ANOVAs; partial eta2

was calculated as an effect strength measure (Conventions of Cohen, [50]: 0.01 small effect;
0.06 medium effect; 0.14 strong effect). In addition, categorical demographic variables were
tested with a Chi2 test (e.g., sex).

To test the effect of different cognitive conditions and difficulty levels, a 3 (group: Control,
TD, PIGD) × 3 (condition: TWT-M, TWT-A, TWT-B) ANOCVA with repeated measurements
and duration of disease as covariate was performed for the times in the TWT. The between-
subject factor is group, and the within-subject factor is condition (TWT-M, TWT-A, TWT-B).
Group differences within a condition (e.g., TWT-M) were calculated with ANOVA. For the
calculation of the dual-task costs (DTC), a 3 (group: Control, TD, PIGD) × 3 (condition:
TWT-M, TWT-A, TWT-B) × 2 (interferences: motor vs. cognitive) ANOVA with repeated
measurements was performed for the TWT. With significant results, post-hoc tests (Bonferroni
correction) were used to check which factor levels significantly differ. An alpha value of 0.05
was used for all statistical tests (also for post-hoc analyses; [51]). In addition to the significance
value (p < 0.05, * significant; p < 0.01; ** highly significant; p < 0.001, *** highly significant), the
effect sizes for all ANOVAs were indicated using the partial eta2.

The times in the conditions of the TWT were measured using a stopwatch and ex-
pressed as 0.01 s. For the times in the TWT conditions (TWT-M; TWT-A, and TWT-B), the
mean values (X) of the three runs were used:

X =
1
n

1

∑
i=1

Xi =
X1 + X2 + X3

n
(1)

To calculate the DTCs, the performance under DT condition is related to the perfor-
mance under ST condition. Since higher values indicate worse performance (times in the
TWT), a negative sign was inserted. Negative DTCs indicate a deterioration compared to
the ST condition [52]. Therefore, the motor and cognitive DTCs for the TWT are calculated
as follows:

DTC =
Performance in DT − Performance in ST

Performance in ST
× 100 (2)

TWT

motorDTC for TWTA (%) =
−(TWTA − TWTM)

TWTM
× 100 (3)

motorDTC for TWTB (%) =
−(TWTB − TWT)

TWTM
× 100 (4)

cognitiveDTC for A (%) =
−(TWTA − (TMTA − TMTM)

(TMTA − TMTM)
× 100 (5)

cognitiveDTC for B (%) =
−(TWTB − (TMTB − TMTM)

(TMTB − TMTM)
× 100 (6)

The Trail-Making Test [42] was used to evaluate cognitive ST performance. Due to the
different lengths of the conditions in the TMT (TMT-M: 185.4 cm; TMT-A: 185.4 cm and
TMT-B: 243.8 cm) [53], the velocities in all conditions are first calculated as follows:

Velocity TMT condition
(cm

s

)
=

Length of the condition
Time for TMT condition

(7)
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The velocity was normalized to the length of 200 cm (required time for 200 cm):

Time for TMT condition (s) =
200

Velocity TMT condition
(8)

In addition, a “two-way” intra-class correlation coefficient (ICC) was calculated to
quantify the consistency within the three trials of each TWT condition and the groups [54].
The test-retest reliability was assessed using the Standard Error of the Measurement
[SEM = (SD × √

(1 − ICC))] and the Minimum Detectable Change with a confidence
interval of 95% [MDC95 = (1.96 × SEM × √

(2))] [55]. In order to be able to compare both
measures, these were additionally expressed as percentages (SEM% and MDC95%; [56]).

ROC (Receiver Operating Characteristic) analyses were performed to determine the
diagnostic quality of the TWT, where sensitivity, specificity, and area under the curve (AUC)
were considered (for the interpretation of the values, see [57]). The Youden index was used
to determine which threshold was best suited to differentiate the groups [58].

3. Results
3.1. Characteristics of the Study Population

Sixteen PD patients with dominant tremor (TD, M = 68.2 years, SD = 8.94), 27 PD
patients with postural instability and gait difficulty (PIGD, M = 69.7 years, SD = 8.68) and
20 healthy older adults (control, M = 72.4 years, SD = 5.53) participated in this study. In
the MoCA, no differences between the groups can be observed. Compared to TD and
the control group, an increased frequency of falls can be observed in persons with PIGD.
Accordingly, fall-associated self-efficacy is significantly lower in PIGD. The proportion of
mild to moderate depression is also higher in PIGD than in both other groups (see Table 3).

Table 3. Characteristics of PD patients differentiated into motor phenotypes TD and PIGD, including
mean values (standard deviation) and test values of UPDRS-III.

Control TD
Ratio ≤ 1.5

PIGD
Ratio ≥ 1.0 Stat. Analyses

(n = 20) (n = 16) (n = 27)

sex 7 men,
13 women

11 men,
5 women

23 men,
4 women CHI2(2) = 14.2 **

age (years) 72.4 (5.53) 68.2 (8.94) 69.7 (8.68) F(2, 60) = 1.32,
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In addition to the motor symptoms, various aspects of cognitive impairment in Par-

kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
[3]. The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits 
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ɳ2p = 0.042 

BMI (kg/m2) 
Under-, Normal-, Obesity 

(n) 

27.9 (4.73); 
0, 6, 6, 5 
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ɳ2p = 0.222 
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kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
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F(2, 57) = 3.79 *,  
ɳ2p = 0.117 

UPDRS-III 
(Score; max = 108) 

- 22.53 (7.47) 23.7 (7.97) t(41) = 0.646, d 
= 0.147 

Duration of the disease 
(years) 

- 6.19 (4.92) 4.93 (4.37) t(41) = 0.388, 
d = 0.275 

Activities Specific Balance 
Confidence (ABC)Scale, % 95.3 (3.77) 89.7 (8.24) 79.3 (19.9) ŧ 

F(2, 59) = 8.05 
**,  

ɳ2p = 0.214 
Fall experience last year (n 

persons; n in %, n falls) 
3 persons (15%); 

3 falls 
4 persons (26.7%); 

6 falls 
9 persons (33%); 

31 falls 
F(2, 14) = 1.68, 
ɳ2p = 0.222 

Timed Up-and-Go test 
(TUG), seconds 

8.55 (1.29) 9.19 (2.28) 11.1 (2.99) ŧ F(2, 61) = 7.29 *, 
ɳ2p = 0.198 

Montreal Cognitive As-
sessment (MoCA), score 

27.9 (1.48) 26.9 (3.23) 27.6 (1.95) F(2, 60) = 0.854, 
ɳ2p = 0.028 

 
2 participants with a 

score below 26 
4 participants with a 

score below 26 
6 participants with a 

score below 26 CHI2(2) = 1.61 

Education (years) 10.5 (0.76) 13.7 (4.17) 13.5 (3.40) ŧ 
F(2, 61) = 6.62 
**, ɳ2p = 0.189 

Geriatric Depression Scale 
(GDS), n 

20 normal 
0 mild to moderate 

0 severe 

15 normal 
1 mild to moderate  

0 severe 

22 normal 
5 mild to moderate  

0 severe 
CHI2(2) = 3.21 

Note. ** p < 0.01; * p < 0.05; ŧ significant difference to control group (p < 0.05). 

3.2. Reliability of Measurement Repetition in the TWT 
Table 4 shows the relative and absolute reliability measures (ICC, SEM, MDC95). The 

inter-trial reliability is medium to excellent for all conditions and groups, with ICC values 
between 0.87 and 0.98. The reliability of the trials is between 0.87 and 0.98. In total, the 
SEM is between 0.22–3.20 s. The SEM% is low in all conditions and groups (0.51–4.05%). 
In 100% of the observations, a SEM% ≤ 10% can be found. The SEM varies between 0.26–

F(2, 61) = 6.62 **,
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Schott, 2015) as a potential diagnostic instrument to improve the predictive power of the clinical 
evaluation concerning the severity of the disease and record the different aspects of walking. Meth-
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formed a motor-cognitive dual task (DT) of increasing cognitive difficulty in which they had to walk 
a given path (condition 1), walk to numbers in ascending order (condition 2), and walk to numbers 
and letters alternately and in ascending order (condition 3). Results. With an increase in the cogni-
tive load, the time to complete the tasks (seconds) became longer in all groups, F(1.23, 73.5) = 121, p 
< 0.001, ɳ2p = 0.670. PIGD showed the longest times in all conditions of the TWT, F(2, 60) = 8.15, p < 
0.001, ɳ 2p = 0.214. Mutual interferences in the cognitive and motor domain can be observed. How-
ever, clear group-specific patterns cannot be identified. A differentiation between the motor pheno-
types of PD is especially feasible with the purely motor condition (TWT-M; AUC = 0.685, p = 0.44). 
Conclusions. PD patients with PIGD must be identified by valid, well-evaluated clinical tests that 
allow for a precise assessment of the disease’s individual fall risk, the severity of the disease, and 
the prognosis of progression. The TWT covers various aspects of mobility, examines the relationship 
between cognitive functions and walking, and enables differentiation of the motor phenotypes of 
PD. 
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1. Introduction
In addition to the motor symptoms, various aspects of cognitive impairment in Par-

kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
[3]. The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits 

Citation: Klotzbier, T.J.; Schott, N.; 

Almeida, Q.J. Profiles of  

Motor-Cognitive Interference in  

Parkinson’s Disease. The  

Trail-Walking-Test to Discriminate 

between Motor Phenotypes. Brain 

Sci. 2022, 12, x. 

https://doi.org/10.3390/xxxxx 

Academic Editors: Daniele Corbo 

Received: 20 July 2022 

Accepted: 6 September 2022 

Published: 9 September 2022 

Publisher’s Note: MDPI stays neu-

tral with regard to jurisdictional 

claims in published maps and institu-

tional affiliations. 

Copyright: © 2022 by the authors. 

Licensee MDPI, Basel, Switzerland. 

This article is an open access article 

distributed under the terms and con-

ditions of the Creative Commons At-

tribution (CC BY) license (http://cre-

ativecommons.org/licenses/by/4.0/). 

2
p = 0.189

Geriatric Depression Scale (GDS), n
20 normal

0 mild to moderate
0 severe

15 normal
1 mild to moderate

0 severe

22 normal
5 mild to moderate

0 severe
CHI2(2) = 3.21

Note. ** p < 0.01; * p < 0.05;
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(n) 

27.9 (4.73); 
0, 6, 6, 5 

24.2 (4.40) ŧ; 
2, 6, 6, 1 

27.4 (4.07); 
0, 8, 12, 5 

F(2, 57) = 3.79 *,  
ɳ2p = 0.117 

UPDRS-III 
(Score; max = 108) 

- 22.53 (7.47) 23.7 (7.97) t(41) = 0.646, d 
= 0.147 

Duration of the disease 
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- 6.19 (4.92) 4.93 (4.37) t(41) = 0.388, 
d = 0.275 

Activities Specific Balance 
Confidence (ABC)Scale, % 95.3 (3.77) 89.7 (8.24) 79.3 (19.9) ŧ 

F(2, 59) = 8.05 
**,  

ɳ2p = 0.214 
Fall experience last year (n 

persons; n in %, n falls) 
3 persons (15%); 

3 falls 
4 persons (26.7%); 

6 falls 
9 persons (33%); 

31 falls 
F(2, 14) = 1.68, 
ɳ2p = 0.222 

Timed Up-and-Go test 
(TUG), seconds 

8.55 (1.29) 9.19 (2.28) 11.1 (2.99) ŧ F(2, 61) = 7.29 *, 
ɳ2p = 0.198 

Montreal Cognitive As-
sessment (MoCA), score 

27.9 (1.48) 26.9 (3.23) 27.6 (1.95) F(2, 60) = 0.854, 
ɳ2p = 0.028 

 
2 participants with a 

score below 26 
4 participants with a 

score below 26 
6 participants with a 

score below 26 CHI2(2) = 1.61 

Education (years) 10.5 (0.76) 13.7 (4.17) 13.5 (3.40) ŧ 
F(2, 61) = 6.62 
**, ɳ2p = 0.189 

Geriatric Depression Scale 
(GDS), n 

20 normal 
0 mild to moderate 

0 severe 

15 normal 
1 mild to moderate  

0 severe 

22 normal 
5 mild to moderate  

0 severe 
CHI2(2) = 3.21 

Note. ** p < 0.01; * p < 0.05; ŧ significant difference to control group (p < 0.05). 

3.2. Reliability of Measurement Repetition in the TWT 
Table 4 shows the relative and absolute reliability measures (ICC, SEM, MDC95). The 

inter-trial reliability is medium to excellent for all conditions and groups, with ICC values 
between 0.87 and 0.98. The reliability of the trials is between 0.87 and 0.98. In total, the 
SEM is between 0.22–3.20 s. The SEM% is low in all conditions and groups (0.51–4.05%). 
In 100% of the observations, a SEM% ≤ 10% can be found. The SEM varies between 0.26–

significant difference to control group (p < 0.05).

143



Brain Sci. 2022, 12, 1217

3.2. Reliability of Measurement Repetition in the TWT

Table 4 shows the relative and absolute reliability measures (ICC, SEM, MDC95). The
inter-trial reliability is medium to excellent for all conditions and groups, with ICC values
between 0.87 and 0.98. The reliability of the trials is between 0.87 and 0.98. In total, the SEM
is between 0.22–3.20 s. The SEM% is low in all conditions and groups (0.51–4.05%). In 100%
of the observations, a SEM% ≤ 10% can be found. The SEM varies between 0.26–2.68 s
for the control group, 0.22–3.20 s for TD, and 0.43–2.18 s for PIGD. In total, the MDC95 is
between 0.62–88.8 s for the absolute times in the TWT. The MDC95% fluctuated between
1.41–11.5% for the whole sample and is thus below ≤30%.

Table 4. Intra-class correlation (ICC) and absolute inter-trial reliability (SEM) across the three
TWT conditions.

Control TD PIGD

ICC (95%
CI)

SEM/
SEM (%)

MDC95/
MDC95%

ICC (95%
CI)

SEM/
SEM (%)

MDC95/
MDC95%

ICC (95%
CI)

SEM/
SEM (%)

MDC95/
MDC95%

TWT-M 0.974
(0.95–0.99)

0.26/
0.68

0.76/
1.89

0.987
(0.97–0.99)

0.22/
0.51

0.62/
1.41

0.959
(0.92–0.98)

0.43/
0.74

1.18/
2.05

TWT-A 0.894
(0.78–0.96)

1.15/
2.31

3.19/
6.39

0.959
(0.90–0.98)

0.72/
1.33

1.99/
3.68

0.939
(0.88–0.97)

1.03/
1.63

2.86/
4.54

TWT-B 0.870
(0.72–0.94)

2.68/
4.05

7.43/
11.21

0.886
(0.74–0.96)

3.20/
4.14

8.88/
11.48

0.918
(0.84–0.96)

2.18/
2.59

6.02/
7.17

Note. In order to calculate the reliability measures, 3 trials (measurement time points) were included; CI = confi-
dence interval; SEM = standard error of measurement; MDC = minimal detectable change.

3.3. Times as Performance Measure in the TWT

The times in TWT-M and TWT-A are normally distributed in all groups (p < 0.05). The
times in the TWT-B tend to be normally distributed (p = 0.069). Age (r = 215, p = 0.043)
correlates significantly with the times in TWT-B. Sex tends to have a significant influence
on performance in TWT-B (p = 0.093), with higher times observed for women (women:
M = 79.4, SE = 3.74; men: M = 68.7, SE = 5.02). Education does not correlate with the
performance in the conditions of the TWT (r = −0.064–0.035). Duration of disease, however,
correlates with performance on TWT-A (r = 0.221, p = 0.04) and TWT-B (r= 0.249, p = 0.03),
but not with performance on TWT-M (r = 0.128, p = 0.16). Across groups, we observe
2 outliers. One participant in the PIGD group with a value of M = 136.3 in the TWTB and
one participant in the TWT-M with a value of M = 127.7, also in the PIGD group.

A 3 (condition: TWT-M, TWT-A, TWT-B) × 3 (group: Control, TD, PIGD) ANCOVA
with repeated measurement of times for the TWT and duration of disease as covariate
shows significant main effect for condition, F(1.24, 82.3) = 42.3, p < 0.001,

Brain Sci. 2022, 12, x. https://doi.org/10.3390/xxxxx www.mdpi.com/journal/brainsci 

Article 

Profiles of Motor-Cognitive Interference in Parkinson’s  
Disease—The Trail-Walking-Test to Discriminate between 
Motor Phenotypes 
Thomas J. Klotzbier 1,*, Nadja Schott 1 and Quincy J. Almeida 2 

1 Institute of Sport and Movement Science, University of Stuttgart, 70569 Stuttgart, Germany; 
nadja.schott@inspo.uni-stuttgart.de 

2 Movement Disorders Research & Rehabilitation Centre, Department of Kinesiology, Wilfrid Laurier 
University, Waterloo, ON N2L 3C5, Canada; qalmeida@wlu.ca 

* Correspondence: thomas.klotzbier@inspo.uni-stuttgart.de.

Abstract: Background and Aims. Most research on Parkinson’s disease (PD) focuses on describing 
symptoms and movement characteristics. Studies rarely focus on the early detection of PD and the 
search for suitable markers of a prodromal stage. Early detection is important, so treatments that 
may potentially change the course of the disease can be attempted early on. While gait disturbances 
are less pronounced in the early stages of the disease, the prevalence, and severity increase with 
disease progression. Therefore, postural instability and gait difficulties could be identified as sensi-
tive biomarkers. The aim was to evaluate the discriminatory power of the Trail-Walking Test (TWT; 
Schott, 2015) as a potential diagnostic instrument to improve the predictive power of the clinical 
evaluation concerning the severity of the disease and record the different aspects of walking. Meth-
ods. A total of 20 older healthy (M = 72.4 years, SD = 5.53) adults and 43 older adults with PD and 
the motor phenotypes postural instability/gait difficulty (PIGD; M = 69.7 years, SD = 8.68) and 
tremor dominant (TD; M = 68.2 years, SD = 8.94) participated in the study. The participants per-
formed a motor-cognitive dual task (DT) of increasing cognitive difficulty in which they had to walk 
a given path (condition 1), walk to numbers in ascending order (condition 2), and walk to numbers 
and letters alternately and in ascending order (condition 3). Results. With an increase in the cogni-
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< 0.001, ɳ2p = 0.670. PIGD showed the longest times in all conditions of the TWT, F(2, 60) = 8.15, p < 
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types of PD is especially feasible with the purely motor condition (TWT-M; AUC = 0.685, p = 0.44). 
Conclusions. PD patients with PIGD must be identified by valid, well-evaluated clinical tests that 
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In addition to the motor symptoms, various aspects of cognitive impairment in Par-

kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
[3]. The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits 
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2
p = 0.426, and

group, F(2, 657) = 5.55, p < 0.05,
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2
p = 0.138. The post-hoc analysis shows that times are

significantly higher in TWT-B (M = 74.1, SE = 3.01) than in TWT-A (M = 55.9, SE = 1.50;
p < 0.001, 95%CI = 13.1–23.3) or in the purely motor condition (TWT-M: M = 45.1, SE = 1.88;
p < 0.001; 95%CI = 22.6–35.5) for all subjects. PIGD (M = 65.9, SE = 2.58) differ from TD
(M = 56.2, SE = 3.74; p = 0.108, 95%CI = −1.44–20.9) and significantly differ from the control
group (M = 52.9, SE = 3.81; p < 0.05, 95%CI = 0.735–25.1). TD patients are not significantly
different from the control group (p = 0.630, 95%CI = −16.3–5.24). A significant interaction
of condition x group does not exist, F(2.88, 82.3) = 0.254, p = 0.851,
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2
p = 0.009). This shows

that all groups walk slower with increasing cognitive load and therefore need longer (see
Figure 1). A difference in the times in the TWT can thus be observed, in particular between
PIGD and the control group. The covariate duration of disease has no significant effect,
F(1, 57) = 0.582, p = 0.449,
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p = 0.010.
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Figure 1. Mean and standard deviation of groups (PIGD, TD & control) and TWT conditions (TWT-A,
TWT-B & TWT-M) based on times.

3.4. Motor-Related Cognitive Costs and Cognitive-Related Motor Costs in the TWT

Table 5 summarizes the mean values and standard deviations of the calculated DTC
for the TWT.

Table 5. Mean values and standard deviation of DTC in the TWT divided into the PD phenotypes
and healthy controls.

PIGD
(n = 27)

TD
(n = 16)

Control
(n = 20) Statistical Analysis

Motor DTC
TWT-A −29.9 (18.4) −29.7 (18.7) −26.6 (17.6) F(2, 60) = 0.220,

p = 0.803,
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In addition to the motor symptoms, various aspects of cognitive impairment in Par-

kinson’s disease (PD) patients can have a negative impact on the ability to balance in static 
and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
[3]. The prevalence of comorbid dementia is estimated at 26–44% [4,5], with main deficits 
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and dynamic situations [1,2]. The extent of the cognitive impairment is heterogeneous in 
those affected and worsens in the course of the disease parallel to the motor symptoms 
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p = 0.037

Cognitive DTC
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2
p = 0.072

Note. DTC = dual-task costs; the empirical mean values and standard deviations are shown; PIGD: Parkinson-
Postural Instability and Gait Difficulty; TD: Parkinson-Tremor Dominant; Control: older adults without Parkin-
son diagnosis.

Regarding the proportional DTC a 3 (group: Control, TD, PIGD) × 2 (condition:
TWT-A, TWT-B) × 2 (interference: cognitive, motor domain) ANOVA with repeated
measurement for the times in TWT was calculated. The results show significant major
effects for condition, F(1, 60) = 19.5, p < 0.001,
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2
p = 0.354. Post-hoc analysis shows that with low

cognitive load, (TWT-A: M = −211, SE = 28.7) the performance losses are greater than they
are with high cognitive load (TWT-B: M = −80.3, SE = 5.52; p < 0.001; 95%CI = −189.9–71.5).

Figure 2a shows the distribution of cognitive and motor interference in TWT-A in
individuals with PD (PIGD & TD) and healthy controls. Most participants show mutual
interferences with performance losses, especially in the cognitive task. Interferences in the
motor task are low across all groups. The level of motor and cognitive interference and
the range is comparable in all groups. Some participants show minor interference in the
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motor task but improvements in the cognitive task performance. However, group-specific
patterns cannot be identified. In the condition with a high additional cognitive load (TWT-B,
Figure 2b), the cognitive interferences are lower than in the TWT-A. Mutual interference
can also be observed in TWT-B across groups. A few participants show low or positive
interferences in the cognitive but deterioration in the motor task performance (cognitive-
motor interference or cognitive task prioritization). However, clear group-specific patterns
also cannot be identified.

Figure 2. (a) Pattern of motor-cognitive DTC in TWT-A based on times in PIGD, TD, and control.
(b) Pattern of motor-cognitive DTC in TWT-B based on times in PIGD, TD, and control. Motor
and cognitive DTCs are calculated using the following formula: DTC (%) = ((performance DT −
performance in ST)/performance in ST) ×100).

Based on the calculated velocities, the TWT conditions allow for an appropriate
differentiation between the motor phenotype PIGD and the control group (AUC > 0.8; see
Table 5; grey marked cells). The TWT-A allows for a good differentiation (AUC = 0.831;
sensitivity = 0.852; specificity = 0.800). However, the differentiation between phenotypes,
PIGD and TD, is not satisfactory by any TWT conditions (AUC < 0.7). Only the TWT-M
condition shows a significant result here as evidence of the accuracy of the test procedure
(see Table 6; value in bold). The TWT-A tends to be significant (see Table 6; value in bold).
Additionally, a distinction between TD and the control group is not sufficiently precise
with any of the TWT conditions (AUC < 0.7).
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Table 6. Statistics and receiver operating characteristic curve thresholds for the TWT (velocities in the
TWT; motor DTC) to differentiate between PIGD, TD, and the control group.

Condition Groups n Youden Index Sensitivity Specificity Threshold AUC p

TWT-M
PIGD vs. TD 27/16 0.326 0.889 0.438 1.05 0.685 0.044

PIGD vs. Control 27/20 0.530 0.630 0.900 0.891 0.791 <0.001
TD vs. Control 16/20 0.288 0.436 0.850 0.914 0.553 0.588

TWT-A
PIGD vs TD 27/16 0.352 0.852 0.500 0.778 0.662 0.079

PIGD vs. Control 27/20 0.652 0.852 0.800 0.776 0.831 <0.001
TD vs. Control 16/20 0.400 0.500 0.900 0.711 0.638 0.161

TWT-B
PIGD vs. TD 27/16 0.303 0.741 0.563 0.593 0.623 0.183

PIGD vs. Control 27/20 0.541 0.741 0.800 0.567 0.783 <0.001
TD vs. Control 16/20 0.325 0.375 0.950 0.503 0.613 0.252

Motor DTC
TWT-A

PIGD vs. TD 27/16 0.234 0.296 0.938 −16.52 0.588 0.340

PIGD vs. Control 27/20 0.356 0.556 0.800 −37.81 0.659 0.064

TD vs. Control 16/20 0.300 0.500 0.800 −38.13 0.597 0.324

Motor DTC
TWT-B

PIGD vs. TD 27/16 −0.093 0.407 0.500 −241.1 0.479 0.821

PIGD vs. Control 27/20 −0.089 0.111 0.800 −133.7 0.513 0.880

TD vs. Control 16/20 0.188 0.938 0.250 −378.7 0.541 0.679

Cognitive DTC
TWT-A

PIGD vs. TD 27/16 0.264 0.889 0.625 −823.6 0.528 0.763

PIGD vs. Control 27/20 −0.219 0.481 0.300 −493.3 0.431 0.426

TD vs. Control 16/20 −0.375 0.625 0.000 −786.5 0.413 0.373

Cognitive DTC
TWT-B

PIGD vs. TD 27/16 0.215 0.778 0.438 −35.53 0.567 0.466

PIGD vs. Control 27/20 0.344 0.444 0.900 2.65 0.615 0.182

TD vs. Control 16/20 0.225 0.375 0.850 −3.94 0.544 0.656

Note. n = number of cases; p = significance value; PD = Parsinson Disease; PIGD = Postural Instability/Gait
Difficulty; TD = Tremor Dominant; DTC = dual-task costs; TWT = Trail-Walking Test; AUC (AUROC) = Area
Under the Receiver Operating Characteristic Curve; For continuous variables, limit values were determined from
the optimal combination of sensitivity and specificity using the Youden index; the relevant data mentioned in the
text are highlighted in the table by the grey cells and significant results are highlighted in bold.

On the other hand, the motor and cognitive DTC do not allow the groups to be
differentiated. Sensitivity and specificity are insufficient to distinguish the groups from
each other. As a result, the areas under the curve of the ROC analyses as a measure of
accuracy are too small.

4. Discussion

This study aimed to evaluate the TWT as a potential method for quantifying postural
instability and gait disturbances in PD patients and distinguishing between PD motor
phenotypes. As expected, all participants in the study were slower under DT conditions [59].
The effect was greater in PIGD patients than in the control and TD groups. The greater the
cognitive load, the greater the influence on walking performance. However, the difference
between the groups became smaller with increasing cognitive load. The largest differences
between the groups were found in the TWT-M (purely motor condition).

The TWT performance differs both overall and within the three groups as expected.
Times increase with increasing cognitive load and is in line with the studies by
Spildooren et al. [60], Wild et al. [61], and Kelly et al. [62]. They demonstrated increased
difficulties and balance problems with locomotion tasks under DT conditions in PD (cf.
the meta-analysis by Raffegeau et al. [15]). In particular, walking speed is significantly
influenced in these studies. A significant difference between the two PD phenotypes can
only be observed in the TWT-M and the task with low cognitive load (TWT-A). A distinction
between PIGD and the control group becomes significant in all conditions. However, a
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95% CI between 0.735—25.1 s shows that the confidence interval is very large. The values
are very heterogeneous. The increased time by 25.1 s would be clinically relevant, but an
increased processing time by 0.735 s is clinically less relevant. The difference between TD
and the control group does not become significant in any condition. This can be explained
by the fact that the TWT primarily claims aspects of mobility [27]. In the condition of high
cognitive load, the control group also shows problems with the automatic execution of
walking and increased walking times, so the group differences become smaller. Based on
the calculated AUC values, a good discriminatory power is demonstrated to distinguish
PIGD from individuals without PD (control group), with only TWT-A showing sufficient
sensitivity (85.2%) and specificity (80%). Only moderate to poor AUC values can be found
to differentiate between the two PD groups. These results suggest that one of the underly-
ing mechanisms for gait dysfunction is cognition and slowed walking in complex situations
may result from an overloaded or inefficient cognitive system in PIGD.

Regarding the motor and cognitive DTC, differences between the conditions of the
TWT (TWT-A & TWT-B) can be observed. Higher motor DTCs (−66.3%) can be observed in
condition TWT-B compared to −28.7% for TWT-A (p < 0.001). The magnitude of the motor
DTC is larger than the studies summarized in the overview article by Kelly et al. [9]. In the
studies by Kelly and colleagues, a range between −1% to −59% motor DTC is reported.
This indicates that the TWT is significantly more demanding and requires more cognitive
resources than walking straight ahead [63,64] or walking with a 180-degree turn [60,65].
In contrast, higher cognitive DTC can be observed in the TWT-A condition, with −392%
compared to −94.1% for TWT-B (p < 0.001). In comparison to the few studies that also
calculate DTC for the cognitive task (Galletly & Brauer, [66], with +31% and +72%, points to
an improvement and prioritization of the cognitive task; O’Shea, Morris & Iansek, [67], with
−5%; Yogev et al. [14], with −42%), in the present study cognitive DTCs can also be found,
which are many times larger. With −392% (TWT-A) and −28.7% (TWT-B) cognitive DTC,
high cognitive performance decrements can be observed, especially under low cognitive
load. Moreover, there is a difference between the conditions of TWT in motor and cognitive
DTC. All groups in the condition with high cognitive load (TWT-B) show greater motor-
related cognitive DTCs compared to cognitive-related motor DTCs (p < 0.001). In the
condition with low cognitive load (TWT-A), larger motor-related cognitive DTCs can be
observed across all groups (p < 0.001). One possible explanation for the large cognitive
DTC in TWT-A is that the relatively simple counting in ascending order is possible despite
resource allocation toward the motor task, and the task can still be accomplished. In the
TWT-B, on the other hand, the cognitive task (numbers and letters running alternately and in
ascending order) requires more cognitive resources, which means that the limited attention
resources [68] must be shifted in the direction of the cognitive task in order to complete
TWT-B. Thus, a strategic allocation of attention resources is necessary to complete the TWT
as successfully as possible. Contrary to theoretical expectations, no group-specific patterns
of this allocation can be observed in this study. PD patients and the control group appear to
have similar motor-cognitive interference patterns in complex locomotor tasks. Both PD
groups and the control group show a risky allocation of resources towards cognitive tasks
(“posture second” strategy) in DTs with high cognitive load (TWT-B) [36]. In the DT with
lower cognitive load (TWT-A), on the other hand, an allocation of resources towards motor
tasks with high cognitive DTC can be observed (“posture first” strategy) (see [61]).

There are some limitations in this study that need to be mentioned. Our sample size is
very small. It is difficult to draw meaningful conclusions from analyses based on groups of
16, 27, and 20 participants. The study is cross-sectional. With longitudinal studies, changes
over time can be mapped, and the prognosis can be improved. An explanation of the insuf-
ficient differentiation between the groups is that the classification into the mentioned motor
phenotypes by the classification algorithm according to Jankovic et al. [33] only reflects
the relationship between the cardinal symptoms (tremor and postural instability). For
example, TD with strong tremors also showed significant constraints in balance control [69].
If the UPDRS is used to classify motor phenotypes, the scale (especially the UPDRS III;
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motor analysis) is fundamental. While some neurologists and researchers advocate the
scale, others consider the scale to be a less representative snapshot of the current physical
condition of PD patients. The test is based on subjective assessment by a neurologist and
is highly dependent on the examiner’s expertise. In addition, the DTC was calculated
based on the required times. Other measures are probably needed to show differences
between the two PD motor phenotypes [70]. Gait parameters and their changes under DTs
could allow for a more differentiated conclusion of the motor differences between these
phenotypes [28,71] and improve the prognosis in the progression of PIGD.

5. Conclusions

Currently, there is no gold standard for assessing postural instability and gait dis-
orders that encompasses all aspects of cognitive and physical characteristics in PD [71].
DTs, compared to STs, are often more sensitive in assessing these gait disorders [31,72].
Problems that remain undetected in the single-task condition can emerge with the use of
DT paradigms.

PD therapy is primarily based on early detection and treatment of symptoms. The
aim is to maintain the independence of those affected by the disease as long as possible
to preserve the quality of life. Thus, patients with gait disorders must be identified by
valid, well-evaluated clinical tests that precisely assess the individual fall risk and severity
of the disease. Unfortunately, there is currently no gold standard for assessing postural
instability and gait disorders that address all aspects of PD’s cognitive and physical charac-
teristics [71]. The TWT covers various aspects of mobility and examines the relationship
between cognitive functions and walking [27]. Especially the pure motor condition shows
high ICC values and a SEM% below 1. Based on the results and concerning the sensitivity
and specificity of the procedure, a differentiation into PD motor subtypes can be made
as expected, especially with the purely motor condition of the TWT (TWT-M) and based
on times. In future studies, it would be interesting to examine whether walking with
directional changes (TWT) and an additional motor task (e.g., box-checking task; analo-
gous to the studies by Heinzel, Maechtel, Hasmann, Hobert, Heger, Berg & Maetzler, [73])
generates more apparent differences in the DTCs between PD and a control group.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/brainsci12091217/s1, Figure S1: The conditions of the Trail-Walking-Test.
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Abstract: One of the most surprising features of our brain is the fact that it is extremely plastic.
Among the various plastic processes supported by our brain, there is the neural representation of the
space surrounding our body, the peripersonal space (PPS). The effects of real-world tool use on the
PPS are well known in cognitive neuroscience, but little is still known whether similar mechanisms
also govern virtual tool use. To this purpose, the present study investigated the plasticity of the
PPS before and after a real (Experiment 1) or virtual motor training with a tool (Experiment 2).
The results show the expansion of the PPS only following real-world tool use but not virtual use,
highlighting how the two types of training potentially rely on different processes. This study enriches
the current state of the art on the plasticity of PPS in real and virtual environments. We discuss
our data with respect to the relevance for the development of effective immersive environment for
trainings, learning and rehabilitation.

Keywords: action; multisensory integration; plasticity; space; tool use; virtual reality

1. Introduction

Through evolution, the brain has functionally developed a modular representation of
space creating an imaginary sector immediately surrounding our body, known as periper-
sonal space (PPS) [1–3]. This region of space is a multisensory space where visual or
auditory inputs related to the environment are integrated with tactile and proprioceptive
information concerning specific body parts [1,4–6]. This spatial representation remaps
plastically after different experiences, e.g., it expands after tool use [7–11], it contracts after
immobilization [12], it blurs after sensory deprivation [13], or it is modulated by the type
of social context [14,15]. Several studies have described the changes in the representation
of PPS after interacting with physical tools [16–18]. However, we often interact also with
remote tools to control computers, such as a keyboard, computer mouse or joysticks. As
an example of the variety of applications, more and more surgeons interact daily with
robotic devices that allow them to perform complex surgical procedures in a more accurate
and efficient manner without being in direct contact with the patient [19–21]. In these
contexts, our relationships with objects/people in the space surrounding our body–PPS–are
affected. Indeed, although still few in number, some studies have started to investigate
how PPS can be influenced by remote interactions. It has been in fact demonstrated that
PPS is shaped by remote interaction mediated by the computer mouse [22] or surgical
robots [23,24]. Specifically, Sengül et al. [24] have demonstrated that the active use of a
robotic tool changes the integration of multisensory information, assessed by means of
the cross-modal congruency task in PPS, comparable with the remapping of PPS during
real-world tool use. Moreover, Bassolino and colleagues [22] showed that the space where
a pointing tool (i.e., a computer mouse) was actually held, close to hand, was extended
to the space where it operated (i.e., the computer screen), even though these spaces were
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not physically connected. Alongside increasingly cutting-edge technologies that integrate
real-objects and remote virtual interactions, immersive virtual technologies are finding
widespread applications in our hybrid (i.e., real–virtual) world. Today, the virtual reality
environment is a valid technology applied to several activities, including neuropsychologi-
cal rehabilitation [25]; psychopathological exposure therapy [26]; and military, educational
and surgical training [27,28]. In these virtual immersive environments, people have the
ability to move around in the space with the potential to manipulate or interact with objects
much as they could in the real world. Despite all these technical advances in the field of
virtual immersive technologies and a recent growing interest of neuroscience in virtual
environments, e.g., [15,29–33], little attention has been paid to the neural and behavioral
mechanisms underlying the interactions with these devices and the consequent remapping
of the physical milieu surrounding our body. Thus, taking into account the potentially
relevant implications on our current world and the physical space in which we act every
day, it is relevant to investigate what happens during a virtual interaction with a tool in
one’s own PPS. To fill this gap, we have investigated the plasticity of PPS after two different
motor training in a real (Experiment 1) and a virtual immersive environment (Experiment 2).
Based on previous observations [30,34], in both tasks, we assess the extension of PPS in an
immersive virtual reality environment. With respect to previous studies in this field [35,36]
that adopted not widely used tasks as accurate proxies for measuring PPS, we decided to
use a multisensory task to measure PPS in order to have more generalizable results with
the current literature in this field. Moreover, we adopted a within-subjects experimental
design to compare the performances of participants during real (i.e, real-world tool use)
and virtual (virtual-world tool use) trainings. Taking into account evidence from several
previous studies on PPS remapping after tool use [7,8,11,22], we expected (i) to confirm
the validity of the visuo-tactile PPS task [29,30] in detecting PPS boundaries; (ii) to find a
PPS expansion after the real-world tool use, accordingly with the current wide literature
e.g., [7,8,37]; (iii) to detect a similar expansion, or slightly smaller, after the virtual motor
training than that observed during the real training.

2. Materials and Methods

A total of 22 participants took part in this study (9 males, M = 24.57 years, SE = 5.24).
Participants performed both Experiment 1 and Experiment 2 (within subjects design),
administered in a balanced manner among participants. Participants’ handedness was
assessed by the Edinburgh handedness inventory [38] (M = 0.83, SE = 0.18). All participants
had normal touch and normal or corrected-to-normal vision. The study was approved by
the Local Ethical Committee (AVEN) and was carried out in accordance with the Declaration
of Helsinki (1964 and subsequent amendments).

2.1. Procedure

The experimental procedure, identical for Experiments 1 and 2, consisted of three
sessions all carried out on the same day. First, participants performed the visuo-tactile
Peripersonal Space task (Session 1) in order to measure the individual PPS at baseline. After
this session, they took part in Session 2 (i.e., training phase, different for Experiment 1 and 2;
see below). Lastly, participants were submitted again to the PPS task (Session 3) in order to
measure PPS boundaries after the Session 2.

2.1.1. Session 1 and 3

The location of participants’ PPS boundary was measured with the adapted version of
the visuo-tactile task widely adopted to measure PPS extent [30,39–44] implemented by
our group using Unity3D 2020 for Meta Quest 2. Participants were seated behind a table
and were asked to wear the head-mounted display while holding the controllers in both
hands. They were instructed to ignore the presentation of the approaching or receding
visual stimuli, travelling at the velocity of 75 cm/s, and respond as fast as possible to the
vibrotactile stimulation, administered on the right controller, by pressing the button on the

154



Brain Sci. 2022, 12, 1125

left controller. The visual stimulus was a tridimensional virtual red ball, 6.5 cm in diameter,
looming toward the right hand of the participant. The ball travelled in virtual space from
far to near or vice versa in the case of receding stimuli. Tactile stimuli of 10 ms of duration
were delivered at 5 different temporal delays from the onset of the looming and receding
visual stimuli (after 2165, 1732, 1299, 866, and 433 ms), resulting in 5 different distances
from the body (D1–D5, ranging from 37.12 to 167.03 cm from the participant, in 32.5 cm
intervals), following the procedure adopted by Masson and colleagues [29]. Trials were
equally divided into two blocks for a total of 220 trials, lasting about 8 min each. Each trial
was repeated if participants failed to respond to the tactile target. For a detailed description
of the procedure, please refer to Supplementary Materials (Section 1).

2.1.2. Session 2

Session 2 differed between the two experiments. Specifically, in Experiment 1, during
Session 2 participants were instructed to move 50 small colored objects (green and red),
placed on two marked areas of the table, in the far space (85 cm from participants’ chest) [8].
Participants sat along the short side of the table and were requested to use a tool to grab and
move one object at a time across the two areas. All objects were moved from one marked
area to the other and then repositioned on the initial area for a total of 100 movements
(Figure 1). In Experiment 2, participants performed the virtual version of the motor training
adopted in our previous study [8], described above. Participants were instructed to move
50 small colored virtual objects (green and red), placed on two marked areas of the virtual
table in far space, using a virtual 75 cm-long garbage clamp held pressing a button of
the right controller, as in Experiment 1. Participants had to wear a pair of white surgical
gloves in order to promote a sense of embodiment with the virtual white hands, as we did
not use an avatar with humanoid appearance and with phenotypic characteristics of the
participants’ real hand. In both experiments, Session 2 lasted around 10 min (Figure 1).
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1 and Session 3 show the experimental setting of the visuo-tactile Peripersonal Space (PPS) task.
Session 2 shows the qualitative representation of the training phase for both Experiments 1 and 2.

3. Data analysis and Results
3.1. Multisensory Tactile RTs

We first performed an analysis of variance (ANOVA) to check the different mod-
ulations of the looming compared with receding stimuli on tactile reaction times (RTs)
independent of condition (Session 1, Session 3) or experiment (Experiment 1, Experi-
ment 2) at different distances (D1, D2, D3, D4, D5). Specifically, data were entered in
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a repeated-measures ANOVA with two within-subject factors, Visual stimuli (Looming,
Receding) and Distance (D1, D2, D3, D4, D5). For RT measurement, please consult the
Supplementary Materials (Section 2). The ANOVA showed a significant effect of visual
stimuli (F(1,80) = 14.80, p < 0.001, η2

p = 0.42). Indeed, it has been repeatedly shown that
the present task is especially sensitive to approaching as compared with receding stim-
uli [7,14,39,42,45]; therefore, we here focused on results concerning the Looming visual
stimuli only (Receding visual stimuli data are reported in Supplementary Table S1), as
in previous studies on PPS, e.g., [42]. The function describing the relationship between
tactile RTs and the perceived position of the visual stimuli in space showed that tactile RTs
progressively sped up as the perceived visual stimuli’s distance from the body decreased,
as expected. Specifically, the ANOVA conducted on Looming stimuli only revealed a
significant main effect of Distance (F(1,4) = 11.10, p < 0.001, η2

p = 0.36). Newman–Keuls
post hoc tests showed that RTs at D1 (when the visual stimuli were perceived far from the
body; M = 560.53 ms, SE = 20.40) and D2 (M = 535.31 ms, SE = 12.91) were significantly
slower compared with RTs at D3 (when the visual stimuli were perceived close to the body;
M = 515.53 ms, SE = 12.23), D4 (M = 499.28 ms, SE = 12.15) and D5 (M = 498.48, SE = 12.70;
all ps < 0.03). This was considered a preliminary step in order to proceed to considering
only Looming stimuli as experimental variables.

3.2. Unisensory Tactile RTs

Additionally, an ANOVA across sensory modalities was carried out to confirm that
multisensory looming trials (regardless of distance) were faster than unisensory tactile
trials, and thus, as expected, visual presentations facilitated tactile responses e.g., [46].
Specifically, we performed a repeated-measures ANOVA on Looming and Unisensory RTs
to tactile targets measured across sensory modalities to confirm the multisensory facilitation
effect independently from Distance (D1, D2, D3, D4, D5), Condition (Session 1, Session 3) or
Experiment (Experiment 1, Experiment 2). Thus, RTs were entered in a repeated-measures
ANOVA with sensory modality (multisensory, unisensory) as the within-subjects factor.
The ANOVA showed a significant main effect of sensory modality (F (1,20) = 55.77, p < 0.001,
η2

p = 0.74), showing that multisensory RTs (multisensory: M = 521.83, SE = 12.58) were
faster than the unisensory tactile ones (unisensory: M = 604.11, SE = 16.64), demonstrating
a clear multisensory facilitation effect in line with previous studies e.g., [9,46].

3.3. Peripersonal Space Estimation

Lastly, to estimate the individual boundary of PPS, PSE (point of subjective equality) of
the psychometric function describing visuo-tactile RTs as a function of visuo-tactile distance
was measured via the Spearman–Karber (SK) method [47,48] in line with recent studies
on PPS [9,29,46]. For more specific details about the implemented procedure, please refer
to the Supplementary Materials (Section 2). PSE values estimated using Looming RTs in
Session 1 (PSE-pre) and in Session 3 (PSE-post) were entered into ANOVA with Condition
(PSE-pre, PSE-post) and Experiment (Experiment 1, Experiment 2) as within-subjects factors.
Results showed a significant interaction Experiment by Condition (F (1,21) = 9.37, p = 0.005,
η2

p = 0.31). Newman–Keuls post-hoc carried out on the significant interaction Experiment
by Condition revealed that PSE-pre values (M = 1277.50 ms, SE = 42.31) were significantly
higher than the PSE-post ones (M = 1167.63 ms, SE = 33.60, p = 0.03) only for the Real
Training (Figure 2), thus revealing a peripersonal space expansion only after the real-world
tool use (Experiment 1). No differences were found between PSE-pre and PSE-post values
after the virtual-world tool use (Experiment 2) or in any other comparison (all ps > 0.08).
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3.4. Slopes Estimation

The slope’s values (hereafter DL, difference limen, estimated via the SK method)
measured in Session 1 (DL-pre) and in Session 3 (DL-post) were entered into ANOVA
with Condition (DL-pre, DL-post) and Experiment (Experiment 1, Experiment 2) as within-
subjects factors. No significant results were found (all ps > 0.09).

For all the analyses, whenever appropriate, significant differences were explored
performing Newman–Keuls post-hoc comparison. Partial eta-squared (η2

p) was calculated
as effect size measure.

4. Discussion

The present study investigated the plasticity of PPS after a real (Experiment 1) and a
virtual motor training session (Experiment 2) executed with a tool in the extrapersonal space.
To reach this goal, participants performed a visuo-tactile interaction task, e.g., [15,29] to
identify the distance at which an approaching visual stimulus speeded up tactile processing
as a proxy for the boundary of PPS, both before and after the two different training sessions
with a tool. Our results confirm the validity of the visuo-tactile PPS task [30,34]. Indeed,
independently from Experiments 1 and 2, we showed that a virtual approaching visual
stimulus sped up participants’ reaction time to match a tactile stimulation on their body at
Session 1. This visuo-tactile interaction effect depended on the distance between the virtual
stimulus and the body of the participant, as a significant facilitation emerged specifically
when the virtual object was closer than a certain distance, which can be measured as a
proxy of the location of the boundary of the individual’s PPS, e.g., [15,30]. Importantly, we
found a PPS expansion only after the real-world tool use (Experiment 1), as shown by the
lower PSE-post values than the PSE-pre ones only in the case of Experiment 1. Differently,
and contrary to our expectations, an effect of virtual tool use in the remapping of PPS was
not found, as no significant change was pointed out between PSE-pre and -post values in
the case of Experiment 2.

Today, we live in an unprecedented condition in which the space around our bodies
can abstract from physical contingency and might have a virtual immanence. The data of
the present work show that under the same minimal conditions (the appearance and type
of interactions in the two experiments were in fact the same), the virtual environment is less
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effective than the real one in stimulating the plasticity of PPS. Multiple factors, which must
be taken into account when developing immersive virtual environments, could explain
this difference.

Firstly, participants were not familiar with the use of the virtual tool. Indeed, no prelim-
inary familiarization phase with the virtual tool was carried out. Despite it is well known
that the boundaries of PPS enlarge even after an interaction with a real unfamiliar object [49],
it is possible that the use of a virtual unfamiliar tool requires an extra-familiarization phase
to elicit a PPS expansion. Knowing that, the higher the level of practice with a real tool,
the longer the extension of PPS [11,50], it is possible that a virtual training relies on dif-
ferent temporal dynamics than those of the real training, requiring a longer time to elicit
the expansion.

Secondly, we did not use an avatar with humanoid appearance and with phenotypic
characteristics of the participants’ body. Participants simply saw virtual white hands mov-
ing in synchrony with their own hands while wearing white surgical gloves. In agreement
with studies showing that action self-attribution in virtual environment resulted from an
interaction between bottom-up and top-down processes e.g., [51], the here implemented
dynamic visual congruency was not enough to induce the integration of the virtual tool
into the participants’ body representation. Considering also previous studies highlighting
the impact of the bodily self on the encoding of virtual environment e.g., [52–54], to develop
effective virtual immersive environment the inclusion of an avatar body in a first-person
perspective should be considered.

Lastly, in the present setup, a tactile vibration was delivered by the controller when
participants grasped the virtual object with the virtual pliers. However, other propriocep-
tive and sensory feedbacks resulting from the movement of the real objects (e.g., weight
changes at the end of the clamp) were missing in the case of virtual objects. Often surgeons
and robotics researchers report this lack of sensory feedback, thus highlighting a significant
limitation in robot-assisted minimally invasive surgery [55]. To date, the issue of haptic and
proprioceptive feedbacks in robotic surgery systems is still a major technological limitation
that does not allow surgeons to feel the interaction between the tool and the anatomy,
operating with obscured sensory feedback [56]. Providing sensory feedback in virtual
training can produce a strong change in PPS representation and a relevant remapping of
visuo-tactile integration, not just for virtual tool use training but also in action observation
task [36].

At first glance, it is impossible to define which of these hypothesized factors might be
the most plausible one. To our knowledge, this is the first study in which the expansion
of the PPS is tested in a virtual immersive environment, by adopting a multisensory
interaction task as a proxy for the PPS. As a benchmark, we can certainly confirm that
the minimum conditions proposed here (and currently available to the common virtual
reality devices) are not sufficient to induce PPS plasticity. It is of interest to emphasize
how these conclusions can lead to improvements in both neuroscientific research and the
application of virtual reality [57]. Indeed, on the one hand, the use of virtual settings in
neuroscientific research can shed light on the processes required to induce plasticity in
the PPS, which to date have been little investigated [42]. By individually modifying the
factors evidenced here (i.e., familiarity, body presence and sensory feedback) in future
studies, it will be possible to determine what are the necessary and sufficient conditions
to induce a PPS expansion in virtual immersive environments. There is no doubt that
virtual environment is the only context in which it is possible to manipulate each of the
aforementioned factors individually. On the other hand, virtual technologies are finding
widespread applications in our hybrid-world and they are progressively more popular in
various fields (e.g., information services, video-games, people services), especially now that
spatial computing and the metaverse are promising to be the next standard paradigm of
the internet and therefore become pervasive in everyday life. Understanding what are the
mandatory features that our brain requires to allow a virtual environment to induce plastic
change can greatly enhance the performativity of the designed environments. Indeed,
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although much is already known about the neural basis underlying the representation
of PPS e.g., [58–61], the neural mechanisms underlying the PPS plasticity elicited in real
and virtual environments still remain to be well understood. The resulting increased
concreteness of virtual environments may turn out to be of pivotal importance for the
design of future learning, training, and rehabilitative protocols [62,63].

5. Conclusions

The present study provides the first evidence of the expansion of the PPS only follow-
ing a real world tool use but not a virtual one, highlighting how the two types of training
potentially rely on different processes. The unity of our bodily experiences with respect
to an ever-changing and evolving world is a fundamental condition of human interaction
with the external environment, even when the environment is virtual. Indeed, the way
in which the environment offers more and more variation affects the impact of the space
(around us) on humans and vice versa. Thus, in order to maintain this mutual interaction,
it is necessary to investigate the virtual environment from a neuroscientific perspective so
that it is truly a space for (inter)-action.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci12091125/s1, Table S1: Data of Receding RTs at five different
distances [64,65].
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Abstract: This study developed a predictive model for cognitive degeneration in patients with
Parkinson’s disease (PD) using a machine learning method. The clinical data, plasma biomarkers, and
neuropsychological test results of patients with PD were collected and utilized as model predictors.
Machine learning methods comprising support vector machines (SVMs) and principal component
analysis (PCA) were applied to obtain a cognitive classification model. Using 32 comprehensive
predictive parameters, the PCA-SVM classifier reached 92.3% accuracy and 0.929 area under the
receiver operating characteristic curve (AUC). Furthermore, the accuracy could be increased to 100%
and the AUC to 1.0 in a PCA-SVM model using only 13 carefully chosen features.

Keywords: Parkinson’s disease; machine learning; neuropsychological test; biomarker

1. Introduction

Parkinson’s disease (PD) is a neurodegenerative disease. Clinical motor dysfunctions,
such as resting tremors, rigidity, bradykinesia, postural instability, and inability to initiate
motion, are commonly seen in patients with PD. In addition to motor dysfunction, patients
with PD also tend to have cognitive impairments, such as mild cognitive impairment (MCI)
and dementia. MCI and dementia may also affect motor dysfunction in PD patients, and
there is a complicated relationship between motor function and cognition in patients with
PD [1].

According to previous research, there is a high probability that patients with PD
develop cognitive impairment that may affect their quality of life; this impairment predom-
inantly involves the cognitive domains of attention, executive function, and visuospatial
skills [2–4]. Biomarkers obtained mainly from neuroimaging data were extensively dis-
cussed for finding predictors of cognitive dysfunction in Parkinson’s disease in a literature
survey [5,6]. Indeed, it is crucial to identify the factors influencing cognitive decline that
affect clinical prognosis and require early intervention [7].

Machine learning in artificial intelligence is popular in constructing a predictive
model. In a study with 45 subjects, four machine learning models were developed to
assess the ability to discriminate between PD patients with cognitive integrity (PDCI), mild
cognitive impairment (PDMCI), and dementia (PDD). In an SVM model for classifying PDD
and PDCI, the most relevant variables related to PD dementia were white matter, lateral
ventricle, and hippocampus volume, and the prediction accuracy could reach 96.67% [8].
In another study with a cohort of 75 PD patients, a set of five biomarkers (cerebrospinal fluid
(CSF) total tau levels, CSF phosphorylated tau levels, CSF Aβ42 levels, APOE genotype, and
SPARE-AD imaging score) was adopted as the predictor of a logistic regression classifier,
and 80% accuracy was achieved in discriminating PD patients with normal cognition from
PD patients with dementia [9].

In this preliminary study, a cross-sectional investigation of clinical variables, neuropsy-
chological test results, and plasma biomarkers [10–12] in patients with PD was conducted
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to identify features related to cognitive impairment. More specifically, machine learn-
ing was applied to obtain a predictive cognitive degeneration model and ascertain key
predictors that help medical experts quickly identify a patient’s cognitive condition and
provide treatment.

2. Methods
2.1. Participants

This cross-sectional study recruited patients with PD from October 2019 to November
2019 and from July 2020 to November 2020. The patients were recruited at the Neurology
Department of the MacKay Memorial Hospital (Taiwan).

The study was performed following the Declaration of Helsinki and was approved
by the Institutional Review Board of Mackay Memorial Hospital in Taiwan (IRB Number:
18MMHIS152). Informed consent was obtained from all participants. A consecutive series
of patients with PD were recruited in the Neurology outpatient clinics of a tertiary medical
center in northern Taiwan from October 2019 to November 2020. All participants met the
following criteria: (a) age > 30 years, (b) diagnosed with idiopathic PD according to the
PD clinical diagnostic criteria of the Movement Disorder Association [13,14], and (c) no
diagnosis of dementia (for those who have received more than six years of education, the
Mini-Mental State Evaluation [MMSE] score must be >23 points; for those who have less
than six years of education, the MMSE must be >13 points). Participants were excluded if
(a) they had more than two incomplete tests or (b) uncontrolled medical conditions that
cause severe physical and cognitive disabilities. A physician evaluated the presence of the
exclusion criteria, and the process was shown in Figure 1.
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2.2. Clinical Data

We collected clinical information from patients, including sex, age, course of the
disease, education level, levodopa dose, Barthel index, Hoehn and Yahr stage, and Unified
Parkinson’s Disease Rating Scale (UPDRS) parts I–III subscale scores [15–19].

Trained nurses performed a comprehensive neuropsychological assessment of all pa-
tients. The assessment includes general cognition and specific cognitive domains involving
the following examinations: (1) global cognition (MMSE and Clinical Dementia Rating-Sum
of Boxes [CDR-SB]); (2) processing speed and working memory (Digits Recall Forward and
Backward); (3) verbal learning and memory (California Verbal Language Test-II Short Form
[CVLT-SF]); (4) semantic verbal fluency (animal naming); (5) language (Boston Naming
Test); (6) attention and visuospatial processing (Trail Making Test A and B [TMT-A and
TMT-B]); and (7) visuoperceptual and visuospatial processing (Benton Judgement of Line
Orientation) [20–27].
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2.3. Neurobiological Indicator

A blood sample of 10 mL was collected from each subject and centrifuged within
one hour of collection. The plasma was separated and immediately frozen in test tubes at
−80 ◦C. We then delivered frozen plasma on dry ice to MagQu Co., Ltd. (New Taipei City,
Taiwan) and measured the levels of plasma α-syn, Aβ42, and t-tau using an immunomag-
netic reduction assay.

2.4. Data Analysis

This study collected 29 clinical data and the three plasma biomarkers for each par-
ticipant, as shown in Table 1. In addition, 42 patients with these complete data were
included to build a classification model using support vector machine (SVM) and principal
component analysis (PCA) in the Python Sklearn package. It was previously shown that
the PCA–SVM method effectively classified PD–MCI from non-PD–MCI patients with high
accuracy, provided good predictors were used [28].

Table 1. Twenty-nine clinical data and the three plasma biomarkers.

Hoehn–Yahr Stage UPDRS I UPDRS II UPDRS III

LED (mg/day) Gender Age of visits Age of onset

Disease duration Education
(years) Barthel Index MMSE

IADL JLO PSQI EQ-5D index
EQ-5D VAS GDS−15 GAD−7 TMT-A

TMT-B Verbal fluency Digits Forwards Digits Backwards
CVLT-SF

total recall
CVLT-SF

Immediate
CVLT-SF

delay
CVLT-SF

recognition
BNT α-syn (pg/mL) Aβ42 (pg/mL) t-tau (pg/mL)

Abbreviation: Aβ42, amyloid-β 42; BNT, Boston Naming Test; CVLT-SF, California Verbal Learning Test-Short
Form; EQ-5D, EuroQol-5 dimensions; GAD-7, Generalized anxiety disorder scale 7-item; GDS-15, Geriatric
depression scale 15-item; IADL, Instrumental activities of daily living; JLO, Judgment of Line Orientation;
LED, Levodopa equivalent dose; MMSE, Mini-Mental State Examination; PSQI, Pittsburgh sleep quality index;
SD, Standard Deviation; TMT, Trail Making Test; UPDRS, Unified Parkinson’s Disease Rating Scale; VAS, visual
analog scale; t-tau, total tau; α-syn, α-synuclein.

2.5. Data Normalization

Before using the SVM prediction model, it is necessary to preprocess the collected data
to obtain a better data structure for training and avoid differences in the data distribution
area, which affects the convergence speed and accuracy of the prediction model. Normal-
ization is a standard preprocessing technique [29]. Min-max normalization is used in the
data preprocessing. The data are scaled to between 0 and 1 through normalization without
changing the distribution of the data [30] using the following transformation:

xnorm =
x − xmin

xmax − xmin
(1)

where xmax is the maximum value, xmin is the minimum value, and xnorm is the normalized
value between 0 and 1 for the dataset, x.

2.6. SVM

SVMs are a type of supervised learning method. It is to find a hyperplane between
two-class categories. The SVMs try to find the decision boundary in the training data
set to maximize the margin between the two classes to reduce the generalization error of
the classifier. The maximum boundary hyperplane can be determined through various
kernels to build a linear or nonlinear classification [31–33]. This study uses different kernel
functions, including linear, RBF (radial basis function), and Poly (polynomial) functions to
compare which model is better for predicting cognitive impairment.
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2.7. PCA

PCA is an unsupervised learning method for feature extraction. Using the first few
principal components (PCs) of the covariance matrix, normalized high-dimensional data
can be projected into a lower-dimension space using orthogonal transformation while
preserving the essential features [34–36]. More specifically, the dimensionality of the
original dataset X ∈ Rn×p (i.e., n samples and p features) can be reduced to X′ ∈ Rn×s by PCA
with s < p. That is, X′ with less dimension presents the data more concisely while retaining
most of the key features (the cumulative energy of the first s eigenvalues of the covariance
matrix is above a certain threshold, for example, 90%, of the total energy). The new features
are then provided to the SVM with a lower dimension for predictive classification; hence,
the training model can accelerate the calculation and improve the accuracy.

2.8. Area under the Receiver Operating Curve

The receiver operating characteristic curve (ROC curve) is drawn as a plot with the
false positive rate (FPR) as the X-axis, and the true positive rate (TPR) as the Y-axis that
illustrates the diagnostic ability of a classifier as its discrimination threshold is varied. The
area under the ROC curve (AUC) measures the power of a classifier to distinguish between
classes and is used as a summary of the ROC curve [37]. The higher the AUC, the better the
model’s performance at distinguishing between the positive and negative classes. When
the AUC is equal to 0.5, the classifier cannot differentiate between positive and negative
categories. Therefore, an AUC between 0.9 and 1 indicates that the predictive classifier has
an excellent discriminatory ability.

3. Results

After one year of data collection, there were 116 patients with idiopathic PD. Of those,
41 patients refused blood and neuropsychological tests, five were transferred to another
hospital, six lost contact, and 22 had incomplete data. Ultimately, only 42 patients had
complete data. In this study, we used CDR-SB scores for the two classifications. The score
interval for the patients without cognitive impairment (from normal to MCI) was ≤0.5, and
the score interval for those with moderate and severe cognitive impairment was >0.5. After
judging and categorizing, 16 patients were classified as not having cognitive impairment,
and 26 patients had moderate to severe cognitive impairment. The demographic and
collected data for these two groups were presented in Table 2.

It was worth mentioning why CDR-SB scores were used for the dichotomy of cognitive
degeneration. A more quantitative representation of the CDR is provided by the sum of
the severity ratings for the six cognitive and functional domains. CDR-SB provides a more
quantitative measure of dementia severity than the global CDR. The CDR-SB frequently
assesses Alzheimer’s disease progression in clinical research [38,39] and has been used in
patients with Parkinson’s disease [40]. Owing to the increased range of values, the CDR-SB
offers several advantages over the global score, including increased utility in tracking
changes within and between stages of dementia severity. Unlike the other global cognitive
testing (i.e., MMSE) in this study, CDR is not influenced by age, education, and gender.

First, all variables (p = 32) were included as feature inputs; 70% of the 42 patients
were randomly selected as the training set and 30% as the verification set. Different kernel
functions were used to train the SVM and PCA–SVM classification models. The validation
accuracy under the full-parameter linear function reached 84.6%, and the AUC was 92.9%.
After reducing the dimensionality of the original 32 features using PCA to six features, the
accuracy increased to 92.3% for the same AUC rate. After PCA’s dimensionality reduction,
the overall forecast confidence improved, as shown in Table 3 and Figure 2.
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Table 2. The demographic and data comparisons of the participants.

N = 42 Without Cognitive
Impairment (N = 16)

Moderate and Severe Cognitive
Impairment (N = 26) p Value

Hoehn–Yahr stage 1.78 (0.73) 2.37 (0.61) 0.291
UPDRS I 2.38 (1.147) 4.15 (1.78) 0.078
UPDRS II 5.63 (2.391) 11.23 (5.88) 0.002
UPDRS III 12.63 (5.35) 20.65 (10.35) 0.013

LED (mg/day) 428.56 (229.13) 440.77 (241.8) 0.617
Gender Male 8/50% Male 10/38.46% 0.463

Age of visits 68.38 (8.57) 76.65 (7.27) 0.417
Age of onset 65.81 (8.72) 71.92 (8.19) 0.753

Disease duration 2.56 (2.39) 4.73 (3.52) 0.022
Education

(years) 7.69 (3.22) 7.04 (4.96) 0.114

Barthel Index 156.25 (225) 88.27 (16.31) 0.019
MMSE 26.94 (2.24) 22.96 (3.96) 0.015
IADL 23.38 (1.26) 17.38 (6.76) 0.000
JLO 14.5 (4) 12.23 (4.86) 0.366

PSQI 5.38 (2.39) 7 (2.79) 0.71
EQ-5D index 0.77 (0.17) 0.75 (0.21) 0.78
EQ-5D VAS 68.88 (10.78) 66.54 (16.54) 0.335

GDS−15 2.5 (3.16) 3.54 (4.71) 0.067
GAD−7 1 (1.86) 2.08 (3.5) 0.068
TMT-A 27.19 (10.88) 36.62 (12.74) 0.494
TMT-B 72.06 (28.19) 87.96 (33.74) 0.15

Verbal fluency 11.56 (4.56) 9.27 (3.76) 0.426
Digits Forwards 7.38 (1.31) 6.12 (1.58) 0.21

Digits Backwards 5.19 (1.56) 3.58 (1.53) 0.897
CVLT-SF

total recall 19.94 (5.89) 17.54 (4.42) 0.440

CVLT-SF
immediate 6 (1.75) 4.96 (1.8) 0.784

CVLT-SF
delay 4.69 (2.06) 3.81 (1.96) 0.696

CVLT-SF
recognition 5.69 (2.44) 4.65 (2.45) 0.461

BNT 23.88 (2.99) 19.08 (6.46) 0.006
α-syn (pg/mL) 0.1 (0.05) 0.12 (0.05) 0.793
Aβ42 (pg/mL) 16.66 (0.45) 16.7 (0.59) 0.669
t-tau (pg/mL) 22.75 (2.63) 23.62 (3.63) 0.162

Table 3. Thirty-two parameter set to predict CDR-SB deterioration.

Classifier Kernel Feature Number Accuracy AUC

SVM
Linear

32
0.846 0.929

RBF 0.769 0.857
Poly 0.615 0.762

PCA-SVM
Linear

6
0.923 0.929

RBF 0.769 0.857
Poly 0.615 0.833

Second, from the above results, it suggested that a set of more concise predictors was
possible. The six items (Hoehn–Yahr stage, IADL, Barthel Index, UPDRS I, II, and III) are
related to essential motor and non-motor functions in PD patients. They are commonly
used as clinical tools to assess PD patients. For the advanced neuropsychological tests, we
selected four tests on executive functioning (TMT-B, Verbal fluency, Digits Forwards and
Backwards) based on previous research [41–43] showing that executive dysfunction was
joint in PD, especially early PD. The three biomarkers (α-syn, Aβ42, and t-tau), typically
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pathognomonic for the pathology of PD and AD, were also included which could predict
executive dysfunction and cognitive decline in PD [12,44]. Therefore, a total of condensed
13 parameters were chosen as feature inputs as shown in Table 4. A randomly selected set
of 70% of the 42 patients was used to train the prediction model, and the remaining 30%
were used to verify the model performance. Different kernel functions were used to train
the SVM and PCA–SVM classification models. The validation accuracy under the linear
function in the SVM classification model reached 84.6%, and the AUC reached 100%. When
reducing the dimensionality of the 13 features using PCA to three features, the accuracy
under the linear function significantly improved to 100%. The AUC was maintained at
100%, as shown in Table 5 and Figure 3.
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Table 4. Condensed thirteen parameters as the model predictors.

Hoehn–Yahr Stage IADL Barthel Index

UPDRS I UPDRS II UPDRS III
Verbal fluency Digits Forwards Digits Backwards

TMT-B α-syn Aβ42
t-tau

Table 5. Thirteen selected parameters to predict CDR-SB deterioration.

Classifier Kernel Feature Number Accuracy AUC

SVM
Linear

13
0.846 1

RBF 0.538 0.738
Poly 0.846 0.976

PCA-SVM
Linear

3
1 1

RBF 0.923 0.976
Poly 0.692 0.905
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4. Discussion

In this study, machine learning was used to accurately classify the presence or ab-
sence of cognitive disorders in terms of CDR-SB scores in patients with idiopathic PD.
In particular, we selected ten parameters related to clinical data and dynamic execution
in neuropsychological tests and the three plasma biological indicators shown in Table 4
as the predictors that led to an accuracy rate and AUC for the PCA-SVM model as high
as 100%. Therefore, dynamic execution and plasma biometrics are highly relevant for
assessing the cognitive ability of PD patients. Compared to the two previously mentioned
machine learning models for predicting cognitive degeneration [8,9], the developed PCA-
SVM model produced the best prediction accuracy. In addition, literature on the use of
the standard clinical assessment tools including neuropsychological tests for PD patients
as cognitive predictors in a machine learning was limited and was even rarely seen using
plasma biomarkers.

CDR is generally used to determine the severity of a patient’s overall cognitive status,
which is time-consuming and requires professional judgment. A patient’s cognitive ability
cannot be determined by questionnaires alone. However, only ten questionnaire items from
clinical and neuropsychological tests and three plasma biological indicators were needed
to train the predictive model through this training model. It is noted that questionnaires
can be readily implemented after suitable personnel training and do not necessarily require
professional medical persons; thus, it can reduce the time and burden on medical persons.

This study has some limitations. First, this was a cross-sectional study. Longitudinal
studies are needed to identify the key indicators that can predict cognitive degeneration in
a future time in PD patients, trace these predictors in the different disease stages, and clarify
their roles in other cognition domains. Second, the sample size of this study was relatively
small because of the need for neuropsychological evaluations and blood tests. Third, there
was a lack of a control group of healthy subjects to compare the levels of these indicators.
Finally, although all our participants fulfilled the diagnostic criteria of clinically established
or probable PD, the possibility of overlapping clinical manifestation and misdiagnosis
of progressive supranuclear palsy-parkinsonism predominant type (PSP-P) and postural
instability and gait difficulty subtype of PD should be emphasized [45].
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For future perspectives, increasing the sample size and conducting a longitudinal
study are among the priorities. Specifically, increasing the sample size can further validate
and support the developed model’s performance in view of the small sample size in this
study. Conducting longitudinal study can identify the key indicators and help develop a
prediction model that can predict cognitive degeneration in a future time in PD patients,
which is extremely important for medical experts to quickly identify a patient’s cognitive
condition and provide treatment in advance.

Author Contributions: Study conception and design: P.-H.C., F.-Y.C. and J.-S.S. Material preparation,
data collection and analysis: P.-H.C., F.-Y.C. and T.-Y.H. Reviewing and supervision: P.-H.C. and
J.-S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Taipei University of Technology, Mackay Medical
College, and MacKay Memorial Hospital (NTUT-MMH-109-07, MMH-MM-10811, MMH-TT-10905).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Mackay Memorial Hospital in Taiwan
(IRB Number: 18MMHIS152).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due to the privacy of participants.

Acknowledgments: The authors would like to thank all the participants and the research assistants,
Shu-Ju Shiao, Wen-Chun Wu, and Ya-Yuan Yang for participating in the assessment.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Poewe, W. Non-motor symptoms in Parkinson’s disease. Eur. J. Neurol. 2008, 15, 14–20. [CrossRef] [PubMed]
2. Dubois, B.; Pillon, B. Cognitive deficits in Parkinson’s disease. J. Neurol. 1997, 244, 2–8. [CrossRef] [PubMed]
3. Caballol, N.; Marti, M.J.; Tolosa, E. Cognitive dysfunction and dementia in Parkinson disease. Mov. Disord. 2007, 22 (Suppl. 17),

S358–S366. [CrossRef] [PubMed]
4. Saredakis, D.; Collins-Praino, L.E.; Gutteridge, D.S.; Stephan, B.C.M.; Keage, H.A.D. Conversion to MCI and dementia in

Parkinson’s disease: A systematic review and meta-analysis. Parkinsonism Relat. Disord. 2019, 65, 20–31. [CrossRef] [PubMed]
5. Kalia, L.V. Biomarkers for cognitive dysfunction in Parkinson’s disease. Parkinsonism Relat. Disord. 2018, 46, S19–S23. [CrossRef]

[PubMed]
6. Vitale, A.; Villa, R.; Ugga, L.; Romeo, V.; Stanzione, A.; Cuocolo, R. Artificial intelligence applied to neuroimaging data in

Parkinsonian syndromes: Actuality and expectations. Math. Biosci. Eng. 2021, 18, 1753–1773. [CrossRef]
7. Jones, J.D.; Kuhna, T.P.; Szymkowiczb, S.M. Reverters from PD-MCI to cognitively intact are at risk for future cognitive impairment:

Analysis of the PPMI cohort. Parkinsonism Relat. Disord. 2018, 47, 3–7. [CrossRef]
8. Morales, D.A.; Vives-Gilabert, Y.; Gómez-Ansón, B.; Bengoetxea, E.; Larrañaga, P.; Bielza, C.; Pagonabarraga, J.; Kulisevsky, J.;

Corcuera-Solano, I.; Delfino, M. Predicting dementia development in Parkinson’s disease using Bayesian network classifiers.
Psychiatry Res. 2013, 213, 92–98. [CrossRef]

9. Berlyand, Y.; Weintraub, D.; Xie, S.X.; Mellis, I.A.; Doshi, J.; Rick, J.; McBride, J.; Davatzikos, C.; Shaw, L.M.; Hurtig, H.; et al.
An Alzheimer’s disease-derived biomarker signature identifies Parkinson’s disease patients with dementia. PLoS ONE 2016,
11, e0147319. [CrossRef]

10. Chang, C.W.; Yang, S.Y.; Yang, C.C.; Chang, C.W.; Wu, Y.R. Plasma and serum alpha-synuclein as a biomarker of diagnosis in
patients with Parkinson’s disease. Front. Neurol. 2019, 10, 1388. [CrossRef]

11. Chen, C.H.; Lee, B.C.; Lin, C.H. Integrated plasma and neuroimaging biomarkers associated with motor and cognition severity in
Parkinson’s disease. J. Parkinsons Dis. 2020, 10, 77–88. [CrossRef] [PubMed]

12. Lin, W.T.; Shaw, J.S.; Cheng, F.Y.; Chen, P.H. Plasma total tau predicts executive dysfunction in Parkinson’s disease. Acta Neurol.
Scand. 2022, 145, 30–37. [CrossRef] [PubMed]

13. Postuma, R.B.; Berg, D.; Stern, M.; Poewe, W.; Olanow, C.W.; Oertel, W.; Obeso, J.; Marek, K.; Litvan, I.; Lang, A.E.; et al. MDS
clinical diagnostic criteria for Parkinson’s disease. Mov. Disord. 2015, 30, 1591–1601. [CrossRef] [PubMed]

14. Hughes, A.J.; Daniel, S.E.; Kilford, L.; Lees, A.J. Accuracy of clinical diagnosis of idiopathic Parkinson’s disease: A clinico-
pathological study of 100 cases. J. Neurol. Neurosurg. Psychiatry 1992, 55, 181–184. [CrossRef]

15. Kahn, L.; Mathkour, M.; Lee, S.X.; Gouveia, E.E.; Hanna, J.A.; Garces, J.; Scullen, T.; McCormack, E.; Riffle, J.; Glynn, R.; et al.
Long-term outcomes of deep brain stimulation in severe Parkinson’s disease utilizing UPDRS III and modified Hoehn and Yahr
as a severity scale. Clin. Neurol. Neurosurg. 2019, 179, 67–73. [CrossRef]

170



Brain Sci. 2022, 12, 1048

16. Siciliano, M.; Micco, R.D.; Trojano, L.; Stefano, M.D.; Baiano, C.; Passaniti, C.; Mase, A.D.; Russo, A.; Tedeschi, G.; Tessitore, A.
Cognitive impairment is associated with Hoehn and Yahr stages in early, de novo Parkinson disease patients. Parkinsonism Relat.
Disord. 2017, 41, 86–91. [CrossRef]

17. Winser, S.J.; Kannan, P.; Bello, U.M.; Whitney, S. Measures of balance and falls risk prediction in people with Parkinson’s disease:
A systematic review of psychometric properties. Clin. Rehabil. 2019, 33, 1949–1962. [CrossRef]

18. Sangarapillai, K.; Norman, B.M.; Almeida, Q.J. Boxing vs sensory exercise for Parkinson’s disease: A double-blinded randomized
controlled trial. Neurorehabil. Neural. Repair. 2021, 35, 769–777. [CrossRef]

19. Polo-Morales, A.; Alcocer-Salas, Á.; Rodríguez-Violante, M.; Pinto-Solís, D.; Solís-Vivanco, R.; Cervantes-Arriaga, A. Association
between somatization and nonmotor symptoms severity in people with Parkinson disease. J. Geriatr. Psychiatry Neurol. 2021,
34, 60–65. [CrossRef]

20. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”: A practical method for grading the cognitive state of patients for
the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

21. Lynch, C.A.; Walsh, C.; Blanco, A.; Moran, M.; Coen, R.F.; Walsh, J.B.; Lawlor, B.A. The Clinical Dementia Rating Sum of Box
Score in mild dementia. Dement. Geriatr. Cogn. Disord. 2006, 21, 40–43. [CrossRef] [PubMed]

22. Dennis, N.; Michael, P.A.P.; Jane, H. Learning nonwords: The Hebb repetition effect as a model of word learning. Memory 2018,
26, 852–857.

23. Woods, S.P.; Delis, D.C.; Scott, J.C.; Kramer, J.H.; Holdnack, J.A. The California Verbal Learning Test—Second edition: Test-retest
reliability, practice effects, and reliable change indices for the standard and alternate forms. Arch. Clin. Neuropsychol. 2006,
21, 413–420. [CrossRef] [PubMed]

24. Nevado, A.; Río, D.D.; Martín-Aragoneses, M.T.; Prados, J.A.; López-Higes, R. Preserved semantic categorical organization in
mild cognitive impairment: A network analysis of verbal fluency. Neuropsychologia 2021, 157, 107875-1–107875-8. [CrossRef]
[PubMed]

25. Tallberg, I.M. The Boston Naming Test in Swedish: Normative data. Brain Lang. 2005, 94, 19–31. [CrossRef]
26. Nascimento Silva, R.D.; Afonso, S.V.; Felipe, L.R.; Oliveira, R.A.; Martins, L.J.P.; Souza, L.A.P.S.D. Dual-task intervention based on

trail making test: Effects on Parkinson’s disease. J. Bodyw. Mov. 2021, 27, 628–633. [CrossRef]
27. Qualls, C.E.; Bliwise, N.G.; Stringer, A.Y. Short forms of The Benton Judgment of Line Orientation Test: Development and

psychometric properties. Arch. Clin. Neuropsychol. 2000, 1, 159–163.
28. Chen, P.H.; Lien, C.W.; Wu, W.C.; Lee, L.S.; Shaw, J.S. Gait-based machine learning for classifying patients with different types of

mild cognitive impairment. J. Med. Syst. 2020, 44, 1–6. [CrossRef]
29. Jain, S.; Shukla, S.; Wadhvani, R. Dynamic selection of normalization techniques using data complexity measures. Expert Syst.

Appl. 2018, 106, 252–262. [CrossRef]
30. Singh, D.; Singh, B. Investigating the impact of data normalization on classification performance. Appl. Soft Comput. 2020,

97, 105524-1–105524-23. [CrossRef]
31. Liu, Z.; Xu, H. Kernel parameter selection for support vector machine classification. J. Algorithm Comput. Technol. 2014, 8, 163–177.

[CrossRef]
32. Gu, X.; Chen, C.; Yang, Y.; Miao, X.; Yao, B. Reliability prediction of further transit service based on support vector machine. Meas

Control. 2020, 54, 845–855. [CrossRef]
33. Yu, Y.; Shao, M.; Jiang, L.; Ke, Y.; Wei, D.; Zhang, D.; Jiang, M.; Yang, Y. Quantitative analysis of multiple components based on

support vector machine (SVM). Optik 2021, 237, 166759-1–166759-6. [CrossRef]
34. Ali, A.K.; Erçelebi, E. Automatic modulation classification using different neural network and PCA combinations. Expert Syst.

Appl. 2021, 178, 114931-1–114931-17. [CrossRef]
35. Qaraei, M.; Abbaasi, S.; Ghiasi-Shirazi, K. Randomized nonlinear PCA networks. Inf. Sci. 2021, 545, 241–253. [CrossRef]
36. Zhang, J.; Zhou, D.; Chen, M. Monitoring multimode processes: A modified PCA algorithm with continual learning ability.

J. Process. Control. 2021, 103, 76–86. [CrossRef]
37. Mandrekar, J.N. Receiver operating characteristic curve in diagnostic test assessment. J. Thorac. Oncol. 2010, 5, 1315–1316.

[CrossRef]
38. Williams, M.M.; Storandt, M.; Roe, C.M.; Morris, J.C. Progression of Alzheimer’s disease as measured by Clinical Dementing

Rating Sum of Boxes scores. Alzheimers Dement. 2013, 9, S39–S44. [CrossRef]
39. Samtani, M.N.; Raghavan, N.; Novak, G.; Nandy, P.; Narayan, V.A. Disease progression model for Clinical Dementia Rating-

Sum of Boxes in mild cognitive impairment and Alzheimer’s subjects from the Alzheimer’s Disease Neuroimaging Initiative.
Neuropsychiatr. Dis. Treat. 2014, 10, 929–952. [CrossRef]

40. Wyman-Chick, K.A.; Scott, B.J. Development of clinical dementia rating scale cut-off scores for patients with parkinson’s disease.
Mov. Disord. Clin. Pract. 2015, 2, 243–248. [CrossRef]

41. Levy, G.; Jacobs, D.M.; Tang, M.X.; Côté, L.J.; Louis, E.D.; Alfaro, B.; Mejia, H.; Stern, Y.; Marder, K. Memory and executive
function impairment predict dementia in Parkinson’s disease. Mov. Disord. 2002, 17, 1221–1226. [CrossRef] [PubMed]

42. Kudlicka, A.; Clare, L.; Hindle, J.V. Executive functions in Parkinson’s disease: Systematic review and meta-analysis. Mov. Disord.
2011, 26, 2305–2315. [CrossRef] [PubMed]

43. Lange, F.; Brückner, C.; Knebel, A.; Seer, C.; Kopp, B. Executive dysfunction in Parkinson’s disease: A meta-analysis on the
Wisconsin Card Sorting Test literature. Neurosci. Biobehav. Rev. 2018, 93, 38–56. [CrossRef] [PubMed]

171



Brain Sci. 2022, 12, 1048

44. Liu, C.; Cholerton, B.; Shi, M.; Ginghina, C.; Cain, K.C.; Auinger, P.; Parkinson Study Group DATATOP Investigators; Zhang, J.
CSF tau and tau/Aβ42 predict cognitive decline in Parkinson’s disease. Parkinsonism Relat. Disord. 2015, 21, 271–276. [CrossRef]
[PubMed]

45. Alster, P.; Madetko, N.; Koziorowski, D.; Frieman, A. Progressive Supranuclear Palsy—Parkinsonism Predominant (PSP-P)—A
clinical challenge at the boundaries of PSP and Parkinson’s Disease (PD). Front. Neurol. 2020, 11, 180. [CrossRef] [PubMed]

172



Citation: Van Hove, O.; Pichon, R.;

Pallanca, P.; Cebolla, A.M.; Noel, S.;

Feipel, V.; Deboeck, G.; Bonnechère, B.

Influence of Speech and Cognitive

Load on Balance and Timed up and

Go. Brain Sci. 2022, 12, 1018. https://

doi.org/10.3390/brainsci12081018

Academic Editors: Daniele Corbo and

Yang Zhang

Received: 15 June 2022

Accepted: 29 July 2022

Published: 31 July 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

brain
sciences

Article

Influence of Speech and Cognitive Load on Balance and Timed
up and Go
Olivier Van Hove 1,* , Romain Pichon 2,3 , Pauline Pallanca 4, Ana Maria Cebolla 5, Sarah Noel 5,
Véronique Feipel 6 , Gaël Deboeck 7 and Bruno Bonnechère 8,9

1 Department of Pneumology, Erasme Hospital, 1070 Brussels, Belgium
2 Institut de Formation en Pédicurie-Podologie, Ergothérapie Kinésithérapie (IFPEK), 35000 Rennes, France;

r.pichon@ifpek.org
3 M2S Laboratory—EA7470, University Rennes 2, 35000 Rennes, France
4 Department of Intensive Care, Erasme Hospital, 1070 Brussels, Belgium; pauline.pallanca@ulb.be
5 Laboratory of Neurophysiology and Movement Biomechanics, Université Libre de Bruxelles,

1070 Brussels, Belgium; ana.maria.cebolla.alvarez@ulb.be (A.M.C.); noux99@hotmail.com (S.N.)
6 Laboratory of Functional Anatomy, Université Libre de Bruxelles, 1070 Brussels, Belgium;

veronique.feipel@ulb.be
7 Research Unit in Rehabilitation, Université Libre de Bruxelles, 1070 Brussels, Belgium; gael.deboeck@ulb.be
8 REVAL Rehabilitation Research Center, Faculty of Rehabilitation Sciences, University of Hasselt,

3590 Diepenbeek, Belgium; bruno.bonnechere@uhasselt.be
9 Technology-Supported and Data-Driven Rehabilitation, Data Sciences Institute, University of Hasselt,

3590 Diepenbeek, Belgium
* Correspondence: olivier.van.hove@erasme.ulb.ac.be

Abstract: The interaction between oral and/or mental cognitive tasks and postural control and
mobility remains unclear. The aim of this study was to analyse the influence of speech production
and cognitive load levels on static balance and timed up and go (TUG) during dual-task activities.
Thirty healthy young subjects (25 ± 4 years old, 17 women) participated in this study. A control
situation and two different cognitive arithmetic tasks were tested: counting backward in increments
of 3 and 7 under oral (O) and mental (M) conditions during static balance and the TUG. We evaluated
the dual-task cost (DTC) and the effect of speech production (SP) and the level of cognitive load (CL)
on these variables. There was a significant increase in the centre of pressure oscillation velocity in
static balance when the dual task was performed orally compared to the control situation The DTC
was more pronounced for the O than for the M. The SP, but not the CL, had a significant effect on
oscillation velocity. There was an increase in TUG associated with the cognitive load, but the mental
or oral aspect did not seem to have an influence. Mobility is more affected by SP when the cognitive
task is complex. This may be particularly important for the choice of the test and understanding
postural control disorders.

Keywords: balance; dual task; cognitive loads; Wii balance board; timed up and go

1. Introduction

The interactions between postural control, motor control and cognitive load have been
previously highlighted [1]. However, only a few studies have investigated the impact of
the cognitive tasks separately, also referred to as cognitive cost, and the impact of speech
production on gait and posture.

Postural control is a complex mechanism resulting from the integration of information
from the vestibular, visual and proprioceptive systems [2]. Furthermore, there is a strong
link between balance and respiratory functions. Breathing is known to influence balance:
different studies have shown that increased tidal volume [3], increased inspiratory load [4]
and inspiratory muscle fatigue [5] decrease postural control. On the other hand, cognitive
load [6] or the absence of breathing (apnea) seems to improve the balance [7]. This is likely
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due to a cross effect between cognitive load and breathing, as it has been demonstrated
that cognitive load decreases the tidal volume, which can lead to balance improvement [6].
An interesting condition that involves both breathing and cognition is speech. Speaking
is characterized by shorter inspiration, longer expiration and an increased tidal volume
and respiratory rate [8], leading to deteriorated postural control [9]. Interestingly, postural
control and cognitive function are related [10] but the effects of cognition on postural
control are still unclear. Indeed, some studies have shown that focusing on postural control
could deteriorate balance [11]. Meanwhile, the addition of a cognitive load distraction
improves it [12], but the postural sway increases with the difficulty of the task [1]. To
summarize, a mild cognitive task improves balance, but postural control is negatively
affected if the task is too challenging. The production of speech requires a cortical control
of breathing [13]. Therefore, an oral cognitive task may be considered a dual-task activity;
this may explain the increased postural sway during vocalization [9].

The motor control required during a mobility task is also influenced by cognitive load.
In fact, a motor task may require a high-level process and interfere with cognition [14].
Thus, cognitive performance decreases when walking under a significant cognitive load
(i.e., countback in increments of 7) [15]. During TUG, a decrease in mobility and cognitive
performance is observed even in young subjects [16]. Controlling breathing for speech
could also play a role in increasing cognitive-motor interference.

Speaking while performing a cognitive or motor task can also be considered a double
task. Motor aspects of speech are affected by cognitive load. It increases articulatory
coordination variability and movement [17]. There is thus a cognitive–motor interaction
during speech production. There is also, for example, a complex relationship between hand
movements and speech. This relation produces interference, facilitation, or null effects on
hand motor tasks depending on conditions and their complexity [18]. For postural control,
speaking increases sways [9,19,20] or interferes with the gait in both healthy subjects [21]
and patients (e.g., stroke [22]).

Activities of daily living require the ability to perform several tasks simultaneously.
It is therefore of the utmost importance to assess the subject’s abilities to perform such
complex tasks. In clinics, dual-task tests are the evaluation that mimics the best real-
life conditions. These tests allow evaluating the cognitive-motor interference in several
circumstances such as walking [23,24] or balance [18,19]. This cognitive-motor interference
marks the limit in the ability of humans to manage several tasks simultaneously. This is the
dual-tasking paradigm [25]. This suggests that the motor task, which requires attention
(more or less important depending on the complexity of the tasks), and the cognitive task
share, at least partially, the same brain systems. This implies a decrease in performance in
one or both tasks [26]. The decrease in performance observed when adding a task is called
the cost of dual tasking [27].

Responding verbally to a cognitive task while performing a task requiring postural
control may resemble multitasking. Multiple interferences are possible, including cognitive
load on speech, speech on postural control, cognitive load on postural control and postural
control on cognitive tasks.

The mental and the oral task will have a different effect on postural control. We
hypothesize that the oral task will have a negative effect on postural control, whether
dynamic or static. While for the mental task the impact will be less or will improve the
postural control. Nevertheless, a mental or oral task may have a different effect on our
dynamic static test. This is what we will test in this study and the influence of the cognitive
load will also be evaluated. These data could be important when choosing a test to evaluate
postural control or establish a dual task training plan. However, also, they can allow a better
understanding of balance disorders in the real life. In fact, in real life, we alternate static and
dynamic phases as well as oral and mental tasks and light and heavy cognitive tasks. To
our best knowledge, the influence of speech on balance and TUG during dual-task activities
is still poorly understood. Therefore, the aim of this study was to analyse the influence of
speech on static balance and TUG on healthy subjects during different cognitive tasks.
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2. Materials and Methods
2.1. Participants

Thirty healthy participants participated in this study (23.7 ± 2.5 years; 64.9 ± 10.1 kg;
171.6 ± 8.2 cm; 22 ± 2.5 kg/m2; 17 women). This study was approved by the Ethical
Committee of Erasme Hospital (B4062021000062), and written informed consent was
obtained from all subjects prior to their participation. Inclusion criteria were healthy
subjects aged 18–40 years Exclusion criteria included neurological conditions, balance
deficits or orthopaedic disorders in the last six months.

2.2. Protocol
2.2.1. Balance Assessment

Subjects were asked to stand on the middle of the Wii balance board (WBB)
(45 × 26.5 cm) as quietly as possible with arms relaxed along the body and fix a tar-
get located on a wall two meters away. Participants were asked to not move from the WBB
during the protocol to decrease the risk of bias inherent to body position while it has been
shown that the position of the foot on the WBB did not influence the results [28]. The WBB
is a valid tool to assess balance in different conditions [4,29]. A control situation and two
different cognitive arithmetic tasks were tested. Each trial lasted for 60 s, and the order
of the five trials was randomly determined. The WBB was connected to a laptop (Intel
Core I5, Windows 7, 6 GB RAM) through a Bluetooth connection; data were retrieved using
custom-written software based on the WiimoteLib software. The data collection frequency
was set at 100 Hz.

2.2.2. Mobility Task

The mobility test consists of a TUG. It is a standardized test commonly used in clinics:
the subject is seated on a chair, must stand up, walk 3 m, make a 180-degree turn and sit
down again as quickly as possible [30]. The outcome is the time needed to achieve the task.
A control situation and two different cognitive situations (see below) were tested.

2.2.3. Cognitive Task

Two different cognitive tasks were evaluated. In the first one, the subjects had to count
backwards in increments of 3 (starting from a number randomly selected between 300 and
340, denoted 3), and in the second, the subjects had to count backwards in increments of 7
(still starting from a randomly selected number between 300 and 340, denoted 7).

Those two tasks were performed mentally (M) and orally (O). When performed orally,
the ranges (difference between start and end numbers) were computed as well as the
number of potential errors. To check that the participants performed the cognitive task
under the mental condition, we asked the participants at the end of the mental tasks the final
number they reached to assess the range and evaluate if the task was performed error-free.

For reference values, and to be as close as possible to the conditions of balance and
mobility, we performed the countback 3 and 7 tests at rest in a seated position: 1 min for
the balance test and 15 s for the TUG.

The order of the different conditions (oral or mental) and cognitive load (3 and 7) were
randomly defined to avoid fatigue or familiarization. Subjects have 1 min of rest between
the different trials and a 10 min wash-out period between the static and the dynamic
evaluation. The complete flow of the study is presented in Figure 1.
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Figure 1. Study flow diagram.

2.3. Data Processing

For the balance assessment, several parameters were computed based on the centre
of pressure (COP) displacement using a previously validated method [4]. CP anterior-
posterior (CP AP) and mediolateral (CP ML) displacements were obtained from the four
strain gauge loads located at the four corners of the WBB using Equations (1) and (2):

CPap = (FR + PR)− (FL + PL) (1)

CPml = (FL + FR)− (PL + PR) (2)

where PL, PR, FL and FR are the displacement values from the posterior left, posterior
right, front left and front right WBB sensors, respectively. Previous works have shown that
the time interval between samples of WBB was inconsistent, therefore, linear interpolation
of the raw signals of WBB sensors was applied to obtain a regular sample rate. From
those displacements, the nine studied parameters were computed, and descriptions of the
computed variables and the equations are presented in Table 1. Data were analysed during
the 5th and 55th seconds of each trial, as previous studies have shown that the signal is the
most stable during this period.

Table 1. Descriptions of the variables used in this study and equations used to process the data.

Balance

Name Description Equation

DOT Total displacement of sway N
∑

i=1

√
CPap(i)2 + CPml(i)2

Area
The area of the 95% prediction ellipse

(often referred to as the 95% confidence
ellipse)

π × prod
(

2.4478 ×
√

svd(eig(cov(CPap, CPml)))
)

AP RoM
The distance between the maximum and

minimum COP displacement in the
antero-posterior direction

max(CPap)− min(CPap)

ML RoM
The distance between the maximum and

minimum COP displacement in the
medio lateral direction

max(CPml)− min(CPml)

AP SD
The dispersion of COP displacement

from the mean position in the
antero-posterior direction

1
N

√
N
∑

i=1
CPap(i)2
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Table 1. Cont.

ML SD
The dispersion of COP displacement

from the mean position in the
medio-lateral direction

1
N

√
N
∑

i=1
CPml(i)2

AP velocity The mean AP velocity of COP
displacement

f
N

N−1
∑

i=1
|CPap(i + 1)− CPap(i)|

ML velocity The mean ML velocity of COP
displacement

f
N

N−1
∑

i=1
|CPap(i + 1)− CPap(i)|

TMV
The AP and ML displacements of the
total COP sway divided by the total

duration of the trial
f
N

N−1
∑

i=1

√
(CPap(i + 1)− CPap(i))2 + (CPml(i + 1)− CPml(i))2

Motor and Cognitive Interaction

Name Description Equation

CCR Correct response rate response rate per sec ond × percent of accuracy

DTCcogn

Dual-task cost cognitive expressed in
percent. A negative value indicates

improvement, while a positive value
indicates worse performance.

(single CCR score¯dual_task CCR score/single CCR score )× 100

DTCmob

Dual-task cost mobility in percent. A
negative value indicates improvement,
while a positive value indicates worse

performance.

(dual_task mobility score¯single_task mobility score/single_task mobility score )× 100

SP The effect of speech production on
postural control DTCMob (Mental)− DTCMob (Oral)

CLO
The effect of cognitive load level on
postural control during oral tasks DTCMob (O3)− DTCMob (O7)

CLM
The effect of cognitive load level on
postural control during mental tasks DTCMob (M3)− DTCMob (M7)

To evaluate the motor and cognitive interaction, we assessed the dual-task cost (DTC).
The different variables and formulas used to assess the influence of the dual task on cogni-
tive and mobility or postural control performance are presented in Table 1. Two cognitive
loads (3;7) and two conditions (O; M) were tested. CCR and DTCmob were calculated for 3
and 7 at rest during the quiet standing and TUG. A negative value indicates improvement,
while a positive value indicates worse performance.

We then evaluated the effect of speech production (SP) on postural control during
quiet standing and TUG. Finally, we evaluated the effect of cognitive load (CL) on postural
control during quiet standing and TUG for each condition (oral (CLO) or mental (CLM))
and for all balance parameters and TUG times.

2.4. Statistical Analysis

The normality of each parameter was checked using graphical methods (boxplots,
histograms and Q–Q plots) and the homogeneity of variances using the Levene test. As
the data were normally distributed, we used the parametric method. Two-way ANOVA
was used to compare the effects of the conditions (i.e., control, oral and mental task), the
cognitive loads (i.e., 3 and 7) and the interaction between these two factors. Bonferroni’s
corrections were adjusted for multiple comparisons in our post hoc analysis. Statistical
analyses were performed at an overall significance level of 0.05. Statistics were analysed in
RStudio (version 1.2.135) with R version 3.6.1.

To detect a difference of 15% in TMV between the different conditions (for static
balance) with 80% power and a two-sided type I error of 5%, we calculated prior to the
start of the study the need to include 29 subjects.

3. Results

We first discuss the results for the balance, then for the mobility.
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First, we compared the results of the cognitive tasks and found no difference between
the two conditions (mental or oral) for the simple (3-3 countback) and more complex task
(7-7 countback). The results of the balance assessment for the different conditions are
presented in Table 2.

Table 2. Mean (std) results for the studied parameters under the five different conditions. p-values
are the results of the ANOVA.

Variables Control Oral 3 Mental 3 Oral 7 Mental 7
p-Values

Cond. Cogn. Inter.

DOT (mm) 1303 (438) 1109 (324) 1171 (464) 1195 (462) 1199 (521) 0.074 0.92 0.16
Area (mm²) 3488 (2956) 2775 (3120) 2476 (3552) 3472 (4700) 2825 (2963) 0.078 0.72 0.63

ML RoM (mm) 38 (19) 33 (30) 32 (21) 37 (28) 38 (20) 0.021 0.53 0.93
AP RoM (mm) 161 (91) 137 (96) 148 (74) 174 (121) 158 (83) 0.029 0.87 0.32
ML SD (mm) 5.6 (2.7) 5.3 (3.9) 5.4 (4.5) 5.4 (5.0) 6.4 (3.2) 0.056 0.54 0.99
AP SD (mm) 30.4 (17.9) 25.4 (12.8) 27.4 (19.9) 30.8 (21.9) 26.1 (14.7) 0.081 0.99 0.12

MVml (mm/s) 2.8 (0.5) 3.1 (0.6) 2.7 (0.5) 3.0 (0.6) 2.7 (0.4) <0.001 0.34 0.38
MVap (mm/s) 6.1 (1.3) 7.8 (1.9) 6.0 (1.4) 7.9 (2.5) 6.0 (1.3) <0.001 0.52 0.21
TMV (mm/s) 7.50 (1.53) 11.2 (3.70) 9.19 (6.35) 12.0 (5.95) 8.00 (2.90) <0.001 0.82 0.19

TUG, s 4.82 (0.62) 5.77 (1.03) 5.66 (1.21) 6.25 (1.22) 5.80 (1.32) <0.001 0.43 0.21

Cond. = conditions (control, oral and mental), Cogn. = cognition (3 or 7), Inter. = interaction between conditions
and cognitions.

We observed a significant effect of the conditions for the ML and AP displacement
(RoM) for the speed-related parameters (MLml, MVap, TMV) and for the TUG but no
effect of the cognitive loads and no interaction between the conditions and the cognitive
loads. Statistically significant mean differences between the conditions with 95% confidence
intervals are presented in Figure 2, and complete results and the post hoc analysis results
are presented in Supplementary Table S1.

Table 3 summarizes the results for dual-task cost mobility and cognitive for the
postural control and TUG. We observe a decrease in motor and cognitive performance
during the dual task. This decrease in performance seemed to be more marked for the
oral task.

Table 3. Dual-task costs for the different studied parameters. Mean [95% CI].

Balance

Parameters Conditions Oral Mental

Cognitive 3 4 [−19; 3]% /
7 6 [−25; 37]% /

MVml
3 30 [14; 47]% 6 [−7; 18]%
7 25 [8; 42]% 0 [−8; 9]%

MVap 3 44 [24; 64]% 9 [−6; 25]%
7 44 [28; 60]% 1 [−12; 15]%

TMV
3 40 [23; 57]% 8 [−5; 22]%
7 39 [25; 54]% 2 [−10; 14]%

TUG

Cognitive 3 4 [−12; 19]% /
7 67 [59; 75]% /

Time (mobility) 3 20 [14; 26]% 17 [11; 23]%
7 30 [23; 36]% 20 [13; 26]%

DTC, dual-task cost; cogn, cognitive; mob, mobility; O, oral; M, mental; 3, countback 3; 7 countback 7, MVml;
mean medio-lateral velocity, MVap; mean antero-posterior velocity, TMV; total mean velocity.
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The effect of speech production on oscillation velocity and TUG is presented in Table 4.
There was a significant effect of speech production on all oscillation speeds. The TUG only
increased for countback 7.

Table 4. Mean difference [95% CI] for speech production effect and cognitive load level on oscillation
velocity and TUG. p-value are the results of the comparison with control situation (paired t-test).

Balance

Effect of Speech
Production Diff. p-Value Cognitive Load

Level Diff. p-Value

SP3 MVml −25 [−45; −3]% 0.0001 CLO MVml 5 [−18; 29]% 0.334
SP3 MVap −35 [−60; −10]% 0.0002 CLO MVap −0 [−25; 26]% 0.961
SP3 TMV −32 [−54; −9]% 0.0001 CLO TMV 1 [−22; 2]% 0.842

SP7 MVml −25 [−44; −17]% 0.003 CLM MVml 5 [−11; 21]% 0.389
SP7 MVap −43 [−64; −21]% 3.19 × 10−5 CLM MVap 8 [−13; 29]% 0.429
SP7 TMV −37 [−56; −17]% 4.69 × 10−5 CLM TMV 6 [−12; 25]% 0.411

TUG

SP3 3 [−6; 11]% 0.343 CLO −11 [−26; −13]% 0.00025
SP7 10 [1; 20]% 0.0014 CLM −3 [−11; −6]% 0.16

SP: effect of speech production, 3: countback 3, 7: countback 7, MVml: mean velocity medio-lateral, MVap; mean
velocity antero-posterior, TMV: total mean velocity, CLO: cognitive load level oral task, CLM: cognitive load level
mental task.
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There was no significant effect of cognitive load level for the MVml (5 [−18; 29]%,
p = 0.334), MVap (0 [−25; 26]%, p = 0.961) and TMV (1 [−22; 2]%, p = 0.842) for the
oral condition. We observed the same results on MVml (5 [−11; 21]%, p = 0.389), MVap
(8 [−13; 29]%, p = 0.429) and TMV (6 [−12; 25]%, p = 0.411) for the mental condition. The
cognitive load level affected the TUG only in the oral condition: CLO (−11 [−26; −13]%,
p = 0.00025), CLM (−3 [−11; −6]%, p = 0.16).

Finally, to compare the static and dynamic (TUG) aspects, we compared the relative
changes (in comparison with the control condition) induced by the different cognitive tasks
on balance and TUG. We did not find a correlation between these changes for any of the
studied conditions (R = 0.20 for Oral 3, 0.36 for Oral 7, 0.08 for Mental 3 and 0.11 for Mental
7, see Figure 3).
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Figure 3. Relative changes (percentage of change relative to the control condition) for the different
tasks for TUG and balance.

4. Discussion

The main result of this study is that speech production had a direct influence on gait
and posture. First, we evaluated the effect of a cognitive task (countback 3 and 7; oral or
mental) on postural control and TUG.

In our research, neither the cognitive task nor its level (cognitive load level) appeared
to influence static postural control. Dual tasking is the interference of one task with
another when they are performed simultaneously. The effect of a cognitive task depends
on its difficulty level. Indeed, a light task decreases postural oscillations [12], whereas a
difficult task increases them [1,31]. Our result may indicate that the cognitive task was not
sufficiently challenging to produce cognitive-motor interference. The effect of dual tasking
on postural velocity illustrates this finding. The impact of dual tasking on sway velocity
is comparable across cognitive levels. In spite of this, a recent study demonstrated that,

180



Brain Sci. 2022, 12, 1018

regardless of the level of difficulty, postural oscillation velocities decrease with cognitive
load [32]. It should be noted that these studies use different cognitive tasks: arithmetic
calculations [32] and executive function on a tablet (i.e., shifting, inhibition, updating) [31].
This disparity in testing can perhaps explain the conflicting results. For dynamic postural
control, we used a protocol similar to that of Brustio et al. [16] but we focused on the
effect of the dual task on the timed up and go test. The mobility performance (i.e., the
dual-task cost) is altered with the cognitive load with a reduction of 20% and 30% for
countback 3 and 7, respectively. In contrast to the Brustio study [16], we did not observe
any difference in TUG between the levels of cognitive load. However, the dual-task cost
on time is 10% higher for countback 7. Other studies have also shown a similar effect
of cognitive load level on gait [33]. On the other hand, the cognitive load levels have a
negative impact on timed up go in the oral condition. This may be due to a combination of
two factors: an increased cognitive load and articulation. It is also known that talking while
walking decreases gait speed [16,34]. Subjects seem to prioritise speaking over walking [35].
The difference between countback 3 and 7 may be increased by speaking prioritization.

In this study, we found statistically significant differences between the oral and mental
conditions. These results are consistent with those found in the literature on elderly
subjects [36].

We found a more significant decrease in postural control with the oral tasks than the
mental tasks and control conditions. However, in our study, only the oscillation velocity
(i.e., TMV, MVap, MVml) increased, not the COP displacement (DOT, area, AP RoM, ML
RoM). The dual task increases the time on TUG; however, there was no difference between
the type of tasks (oral vs. mental) and cognitive load (3 vs. 7). Secondly, we analysed
the mobility performance (TUG), postural control performance (TMV, MVap, MVml) and
cognitive performance during the dual task (dual-task cost). We observed a more significant
decrease in postural control performance during the oral task compared to the mental task.
An example with the TMV showed a score of 8% for the mental countback 3 and 40% for
oral countback 3. As a reminder, the more positive the score, the more the performance is
altered. We observed the same thing for cognitive load 7. The TUG evolved similarly but
with less marked differences between the oral and mental tasks. The cognitive performance
during the dual task in quiet standing was only slightly impaired. This difference was
more marked during the TUG. During this dual task, the cognitive performance was
more impaired with cognitive load 7 than 3 (67% vs. 4%). Third, to refine our results, we
calculated the effect of speech production and cognitive load. Speech production had a
significant effect on oscillation velocity. However, this was only observed for countback 7
for the TUG. Nevertheless, these observations further emphasize the importance of the oral
task on balance.

The cognitive load level did not affect oscillation velocity but did affect the TUG with
countback 7 in the oral condition. These last observations reinforce the effect of speech on
postural control.

When comparing our results with the literature, we found that a previous study high-
lighted that mental tasks could improve postural control [6]; however, when the task is
performed orally, there is an increase in postural sway [9,19]. The difficulty of the task also
had a negative influence on postural control [1]. In our study, only the oscillation velocity
was significantly increased during cognitive tasks in oral conditions. Our results are, there-
fore, at least partially, in agreement with those of previous studies [9,19,20]. The increase
in oscillation velocity can be interpreted as an alteration of balance control [37]. It did not
seem to have a difference between the oral tasks (O3 vs. O7) except for mediolateral velocity,
nor between the different mental tasks (M3 vs. M7). These observations were corroborated
by the effect of speech production. These changes in oscillating velocity during the oral
tasks can be attributed to the motor requirements during speech production [19] more than
the effect of attention itself. However, other parameters such as the tidal volume changes
during speech or mental tasks could also explain this. During a mental task, we found a
decrease in tidal volume and a stabilization [6]. Meanwhile, during speech, we found an
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increase in tidal volume [8], which could induce an increase in oscillations; other parame-
ters such as changes in lung volume could also explain these changes. In this study, we did
not assess respiratory parameters and breathing patterns and therefore cannot evaluate
these hypotheses. Another hypothesis is that the movements of the jaw will induce modi-
fications in the maintenance of the head. This is important for postural control. Indeed,
a stabilization of the cervical spine during a cognitive task (mental) increases postural
disturbances [38]. It has been previously demonstrated, for example, that jaw clenching or
biting may reduce the postural sway [39]. However, to the authors’ best knowledge, there
is currently no study assessing the impact of jaw motion on postural control during speech
production. This would be an important factor to study and to determine the implications
for the clinics. We did not measure the influence of cognitive load on speaking. However,
by modifying the duration of speech-related movements or their variability, it can influence
static postural control [17]. This is to be also determined in the future.

In addition, the effect of conducting a dual task on cognitive performance was not
modified when the subject was in quiet standing. Cognitive performance was maintained
despite the increased cognitive load. It has been previously shown that quiet postural
standing [40] and speech production [13] can involve the cortex. Therefore, the task
performed in this study could be interpreted as a triple task: cognition, speech production
and postural control [21]. However, only postural control was altered. As the cognitive
performance was maintained, we hypothesize that, given the possible competitive nature
of the cognitive tests, the subjects prioritized the cognitive task over the balance control [41].
We did give any prioritization instructions; however, it could be carried out automatically.

For the TUG, we observed an increase in time associated with the cognitive load, which
agrees with a previous study [15]. However, there was no difference in task difficulty or oral
or mental type in our study. Nevertheless, the effect of speech production was significant for
countback 7, and the effect of the level of the cognitive load was significant during the oral
task. This tautologically reinforces our observation of the effect of an oral complex cognitive
task on motor performance. This decrease in mobility performance can be explained by the
association between the high cognitive task and speech production [21,42]. On the other
hand, as previously said, large pre-phonatory breaths involve the premotor cortex [13].
The premotor cortex is also involved in anticipatory postural adjustments during stepping
leg selection [43]. A lesion in this area will thus lead to gait dysfunctions. In our study we
evaluated healthy subjects, we can therefore hypothesize a competition between speech
production and gait control occurring in the premotor cortex.

The multi-tasking effect (speech production, motor task and cognition) was more
important for a mobility task than for postural control, which is logical when comparing
the tasks’ complexity (balance control vs. TUG). There was a significant impact of mobility
on cognition, unlike quiet standing. During the dual task on cognition, the cognitive
performance was more impacted for countback 7 than 3 for TUG, which can be consid-
ered a marker of a more pronounced interaction between cognition and mobility in the
oral condition.

The absence of correlation found between the changes induced by the cognitive loads
for the static balance and the TUG (Figure 2) highlights the importance of analysing these
two tests individually to have a more precise evaluation of the cognitive-motor interaction.

While these data are important for determining the choice of test type, they are also
important for the rehabilitation of these patients. It is important to train the subjects
in dual tasks in order to get situations as close as possible to real life. This dual-task
training improves walking ability [44] and balance [45] and is more effective than sequential
training [46] in elderly subjects with different impairments. However, the exact modalities
are yet to be determined [24]. Our study leads to possible research in this area. This study
applies to young but the influence of cognitive on postural sways is the same in young and
old adults [31]. Multiple tasks, either static or dynamic, are performed in the course of daily
life. Or study highlights the possible need to train dynamic and static postural control in a
specific manner. In addition, it would be intriguing to observe the results of training with
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mental and/or oral tasks. In our research, we did not ask the participant to rank the tasks.
It may be of interest to investigate the impact of prioritized training (cognitive, motor) as
well as the level of difficulty on the subject’s performance improvement [47].

This study has a few limitations, and the results must be interpreted carefully. A first
limitation is the absence of tidal volume measurement during the cognitive task. It has
been shown that the cognitive task impacts tidal volume and could therefore influence
the postural sway [6]. Our observations are, thus, a net result of the oral and cognitive
task on postural control without discriminating the effects of the dual task and tidal
volume. Another potential limitation is that participants were not given specific instructions
on whether they should focus more on the cognitive or motor tasks—this can impact
the subjects’ performance, since some may decide to focus more on motor or cognitive
strategies [41].

Another limitation of the study is that there is no precise objective assessment of COP
during or after the functional task (TUG). The analysis of such variables may bring relevant
information into future investigations, particularly in assessing the risk of fall in patients
with chronic respiratory diseases [48].

Despite these limitations, we highlighted the complex interaction between speech
production, motor aspect and complexity of the cognitive task. Therefore, these factors are
important to consider when determining the best tests to assess patients suffering from
specific diseases. Further studies need to focus on the impact of various pathologies on
these outcomes and relationships. The proposed solution is cost-effective, portable and
easy to use and could therefore be easily implemented into daily care.

5. Conclusions

In this study, we have shown that the influence of different cognitive tasks on postural
control is influenced by the production of speech. During static balance, the oral task seems
to significantly alter the balance in healthy subjects more than the similar task performed
mentally. However, during a more functional task (TUG), both conditions (oral and mental)
had a similar impact on postural control.

This study opens new perspectives for assessing patients with respiratory diseases,
cognitive limitations or speaking problems. The results of this study are also of importance
for the implementation of specific rehabilitation programs for these patients. Future
investigations are needed to confirm our findings and determine the implications of the
pathologies in this relationship.
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Abstract: Background and purpose: Cognitive and motor impairments are risk factors of major
neurocognitive disorders (MNCD). Inability to name the date and use of a walking aid and/or
history of falls are two items which are surrogate measures of cognitive and motor impairments.
This study aims to examine the association of inability to name the date (i.e., cognitive impairment),
use of a walking aid and/or history of falls (i.e., motor impairment) and their combination with
incident MNCD in community-dwelling older adults. Methods: A total of 709 participants (mean
age 79.8 ± 3.7; 100% female) of the EPIDémiologie de l’OStéoporose (EPIDOS) study recruited in
Toulouse (France) were selected for this study. EPIDOS is an observational population-based cohort
study with a 7-year follow-up period for Toulouse participants. Inability to name the date and use
of a walking aid and/or history of falls were collected at baseline. Incident MNCD and their type
(i.e., Alzheimer’s disease (AD) and non-AD) were diagnosed at the end of the 7-year follow-up.
Results: Overall incidence of MNCD was 29.1%. Cox regressions revealed that inability to name the
date and its combination with use of a walking aid and/or history of falls was associated with a
significant increased incidence of MNCD (hazard ratio (HR) = 1.10 with p = 0.003 and HR = 1.81 with
p = 0.011, respectively) and AD (HR =1.13 with p = 0.003 and HR = 2.80 with p = 0.016, respectively).
Conclusions: Increased incident MNCD was reported when inability to name the date and use of a
walking aid and/or history of falls were combined, suggesting that this combination of items may be
used for risk screening of MNCD in the older population, especially for incident AD.

Keywords: older adults; epidemiology; cohort study; dementia; screening

1. Introduction

Cognitive impairment is a typical risk factor of major neurocognitive disorders
(MNCD) [1,2]. Motor impairment is also a risk factor for MNCD in the aging popula-
tion [3–7]. For instance, mild parkinsonian signs—which are prevalent in aging—and slow
walking speed have been associated with the occurrence of MNCD [5,6]. Both cognitive and
motor impairments are independent risk factors of MNCD which may interact. Cognitive
impairment is a risk factor of motor impairment and vice versa [1,3–8]. In addition, when
they coexist, the risk of MNCD increases significantly [8–10]. The co-occurrence of slow
walking speed and subjective cognitive complaint (SCC) in individuals free of MNCD
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defines motoric cognitive risk syndrome (MCR) [8]. MCR is a pre-MNCD stage and poses a
greater risk of MNCD than each MCR component considered individually [8,9], suggesting
a synergistic effect which may be used to screen MNCD in the older population [10].

Frailty is also associated with increased risk of MNCD [11]. Cognitive frailty is a clini-
cal syndrome which combines physical and cognitive impairment [11,12]. Individuals with
cognitive frailty have a higher risk of MNCD than those with physical frailty alone [11–13].
“Emergency Room Evaluation and Recommendations” (ER2) is a clinical tool which screens
frailty and its related risk of adverse outcomes in older emergency department users [14].
Inability to name the date and use of a walking aid and/or history of falls are two ER2

items which are surrogate measures of cognitive and motor impairments. We hypothesized
that, like the MCR components, interaction between these two ER2 items could be asso-
ciated with an increased risk of MNCD. This study thus aims to examine the association
of inability to name the date (i.e., cognitive impairment) and use of a walking aid and/or
history of falls (i.e., motor impairment) and their combination with incident MNCD in
community-dwelling older adults.

2. Material and Methods
2.1. Design

The “EPIDémiologie de l’OStéoporose” (EPIDOS) database was used for the present
study [15]. EPIDOS is an observational population-based cohort study designed to examine
risk factors for hip fracture in older French women. The participants selected for the present
study were recruited in Toulouse (city in Southern France). They had an additional 3-year
follow-up after the initial 4-year EPIDOS follow-up period, which included a final full
cognitive assessment, which was performed at the University Hospital of Toulouse or at
the participant’s home.

2.2. Population

The initial set of EPIDOS participants was composed of 7598 women, aged 75 and over,
living in communities in five French cities (Amiens, Lyon, Montpellier, Paris and Toulouse).
A total of 1462 (19.2%) participants were recruited in Toulouse. We excluded from this
subset of participants those with a suspicion of MNCD at baseline using the threshold
value of ≥3 incorrect answers on the Short Portable Mental Status Questionnaire (SPMSQ),
and those without information on their cognitive status (i.e., no MNCD versus MNCD and
its etiology coded as Alzheimer’s Disease (AD) vs. non-AD) at the end of follow-up [16]. A
total of 709 (48.5% of the Toulouse EPIDOS participants) participants were finally selected
for the present study.

2.3. Baseline Assessment

Age, living in residence, high education level (i.e., high school level or higher com-
pleted), living alone, frequency of contact with someone over the past week, number of
drugs taken daily, measured weight (in kg) and height (in cm), regular physical activity
(i.e., ≥ one hour a week during the past month), use of a walking aid, history of falls in the
past 6 months and inability to name the date were recorded at baseline assessment using a
standardized face-to-face physical examination. Age was stratified into two groups using
the threshold value ≥ 85. Body mass index (BMI) was calculated. Overweight and/or
obesity were defined as a BMI ≥ 25 kg/m2. Polypharmacy was defined as ≥5 drugs taken
daily. Social isolation was defined as living alone and no contact with someone over the
past week.

2.4. Definition of MNCD

At the end of the 7-year follow-up, a face-to-face cognitive assessment including the
SPMSQ [10], the Mini Mental State Examination [17] and the Grober and Buschke test (i.e.,
Free and Cued Selective Reminding Test) was performed [18]. Data collected were analyzed
by a geriatrician and a neurologist in a double-blind manner to determine the cognitive
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status of participants. DSM-IV criteria were used for the diagnosis of MNCD [13,14].
AD diagnosis was made using the criteria of the NINCDS-ADRDA Work Group [19–22].
Participants who satisfied DSM-IV criteria but not NINCDS-ADRDA criteria were classified
with a diagnosis of non-AD. Participants were separated in four groups: no MNCD, all
categories of MNCD, AD and non-AD.

2.5. Standard Protocol Approval and Patient Consents

The Research Ethics Boards (REB) of Toulouse University Hospital approved the
EPIDOS protocol (protocol code EPIODS (@ and 1992/01/05). Written informed consent
for research was obtained for all recruited EPIDOS participants.

3. Statistics

The participants’ baseline characteristics were described using means, standard de-
viation (SD), percentages and confidence intervals. Cox regressions were performed to
examine the association of inability to name the date, use of a walking aid and/or history
of falls and their combination (independent variables; separated model for each variable)
with incident MNCD (dependent variable; separated model for each type of MNCD). All
models are adjusted by age, place of living, education level, abnormal body mass index (i.e.,
≥25 kg/m2), regular physical activity, polypharmacy and social isolation; p-values < 0.05
were considered statistically significant. All statistics were performed using SPSS (version
28.0; SPSS, Inc., Chicago, IL, USA).

4. Results

Table 1 shows the baseline characteristics of participants. The incidence of MNCD was
29.1%. AD was more incident than non-AD (15.5% vs. 13.5%). Cox regressions showed that
inability to name the date and its combination with use of a walking aid and/or history
of falls were significantly associated with an increased incidence of MNCD (hazard ratio
(HR) = 1.10 with p = 0.003 and HR = 1.81 with p = 0.011) and AD (HR =1.13 with p = 0.003
and HR = 2.80 with p = 0.016) (Table 2). No significant association was found with incident
non-AD. Use of a walking aid and/or history of falls was not associated with incident
MNCD, including its subtypes.

Table 1. Participants’ baseline characteristics and incident major neurocognitive disorders (n = 709).

Characteristics Value [95% CI]

Age (year)
Mean ± SD 79.8 ± 3.7 [79.5; 80.1]

Age ≥ 85, n (%) 69 (9.7) [7.5; 11.9]
Living in residence, n (%) 77 (10.9) [8.6; 13.3]

Social isolation *, n (%) 276 (38.9) [35.2; 42.4]
High education level †, n (%) 299 (42.2) [38.4; 45.7]
Number of drugs taken daily

Mean ± SD 5.0 ± 2.9 [4.8; 5.3]
Polypharmacy ‡ 388 (54.7) [51.0; 58.4]

Body mass index (kg/m2)
Mean ± SD 25.0 ± 3.9 [24.7; 25.3]

Overweight/Obese ¶ 324 (45.7) [42.01; 49.3]
Regular physical activity # 297 (41.9) [38.5; 45.8]

Use of walking aid and/or history of fall in the past 6 months 227 (32.0) [29.5; 34.6]
Inability to name day’s date 147 (20.7) [18.1; 23.7]

Incident major neurocognitive disorders, n (%)
All categories 206 (29.1) [25.5; 32.2]

Non-Alzheimer’s disease 96 (13.5) [11.0; 16.0]
Alzheimer’s disease 110 (15.5) [12.7; 18.0]

SD: standard deviation; CI: confidence interval; *: living alone and no contact with someone over the past week;
†: high school and greater; ‡: number of drugs taken daily > 5; ¶: value ≥ 25 kg/m2; #: at least one recreational
physical (walking, gymnastics, cycling, swimming or gardening) activity for at least one hour a week for the past
month or more.

188



Brain Sci. 2022, 12, 1021

Table 2. Cox regressions showing the association of inability to name day’s date, use of walking
aid and/or history of falls and their combination (independent variable; separated model for each
variable) and incident major neurocognitive disorders (all categories, non-Alzheimer’s disease,
Alzheimer’s disease; dependent variable; separated model for each category) in EPIDOS participants
(n = 709).

Major Neurocognitive Disorders

All Categories Non-Alzheimer’s Disease Alzheimer’s Disease

HR [95% CI] p-Value HR [95% CI] p-Value HR [95% CI] p-Value

Inability to name the day’s date 1.10 [1.03; 1.17] 0.003 1.06 [0.97; 1.16] 0.226 1.13 [1.05; 1.23] 0.003
Use of walking aid and/or history

of falls 1.01 [0.96; 1.08] 0.646 0.98 [0.90; 1.07] 0.679 1.04 [0.96; 1.13] 0.316

Inability to name the day’s date
AND use of walking aid and/or

history of falls
1.81 [1.15; 2.85] 0.011 1.53 [0.76; 3.09] 0.235 2.08 [1.14; 3.78] 0.016

HR: hazard ratio; CI: confidence interval; all models are adjusted by age, place of living, social isolation, education
level, body mass index ≥ 25 kg/m2, regular physical activity and polypharmacy; p-value significance (i.e., <0.05)
indicated in bold.

5. Discussion

The findings show that an increased incidence of MNCD and AD were associated
with inability to name the date alone and its combination with use of a walking aid and/or
history of falls in EPIDOS participants. The greatest incidence of MNCD was reported
when inability to name the date was combined with use of a walking aid and/or history of
falls and AD.

We found that inability to name the date, but not use of a walking aid and/or history
of falls, was associated with incident MNCD and AD. This result is consistent with a
previous study which examined the association of MCR and its components (i.e., slow
walking speed and SCC) with incident MNCD [6]. In this former study, the cognitive
component of MCR (i.e., subjective cognitive complaint) and not slow walking speed was
associated with incident MNCD in older community dwellers. An explanation of this
specific association may be due to the fact that the onset of MNCD is characterized by
cognitive impairment [1]. Inability to name the date may be assimilated as an objective
cognitive impairment. In our study, selected participants were free of MNCD at baseline
and only those with temporal impairment had significant risk of incident MNCD. Although
specific motor impairment related to gait disorders or mild parkinsonian signs may predict
cognitive decline, the association between cognitive impairment and incident MNCD is
stronger than between motor impairment and incident MNCD [7–9]. Finally, there are more
mixed results regarding the association between motor impairment and incident MNCD
compared to cognitive impairment [7–10].

Our findings also revealed that the association between both items (i.e., inability to
name the date and use of a walking aid and/or history of falls) and incident MNCD was
significant and greater when combined, compared to the inability to name the date by
itself. Again, this result is consistent with previous results reported on MCR [9,10]. Indeed,
we report that the magnitude of this risk is two-fold when compared to the cognitive
impairment item alone. This result highlights an interaction between cognitive impairment
and motor impairment, which may be used to screen individuals at risk of MNCD and
AD. Interestingly, inability to name the date alone or combined with use of a walking aid
and/or history of falls did not predict non-AD. This contrast with the prediction of AD
may be related to the heterogeneity of the patients included in the non-AD dementia group.
Indeed, vascular dementia, Lewy bodies dementia, or other neurodegenerative conditions
affecting the oldest old (i.e., PART, LATE) rely on different neuropathogenic mechanisms.

The 7-year duration of the prospective, observational follow-up and the sample size
are the main strengths of the present study, but some limitations emerged. First, even if
EPIDOS’s design was appropriate for the objective of our study, examining an association
between the ER2 items and incident MNCD was not initially planned. Second, we selected
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only EPIDOS participants recruited in Toulouse, only about half of which were included
in the present study, which may have introduced selection bias and impacted outcomes.
Third, Cox models were adjusted for participants’ baseline characteristics, but residual
confounders may still be present and modify the association between the ER2 items and
incident MNCD. For instance, chronic morbidities may influence both cognitive and motor
impairments, and thus their association with incident dementia [11]. We tried to control for
the effects of comorbidities by adjusting for polypharmacy, which is a surrogate measure of
accumulation of morbidities [23]. Finally, the generalization of the study findings does not
apply to males, as EPIDOS included only women.

6. Conclusions

Increased incident MNCD was reported when inability to name the date and use of a
walking aid and/or history of falls were combined, suggesting that these items may be used
for risk screening of MNCD in the older population. Both items are easy to collect at the
level of an older population, which creates new opportunities for MNCD risk identification
and the preventive care of its modifiable risk factors [24,25].
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Abstract: This systematic review aimed to investigate the methodological quality and the effects
of fundamental motor skills and physical activity interventions on cognitive and academic skills in
3- to 7-year-old children with special educational needs. The review was reported in accordance
with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA 2020)
statement. A literature search was carried out in April 2020 (updated in January 2022) using seven
electronic databases, including ERIC, Scopus, Web of Science, PsycINFO, CINAHL, PubMed, and
SPORTDiscus. The methodological quality of the studies was assessed with Effective Public Health
Practice Project (EPHPP) Quality Assessment Tool. Cohen’s d effect sizes and post-hoc power
analyses were conducted for the included studies. Altogether 22 studies (1883 children) met the
inclusion criteria, representing children at-risk for learning difficulties, due to family background
(nstudies = 8), children with learning difficulties (nstudies = 7), learning disabilities (nstudies = 5), and
physical disabilities (nstudies = 2). Two of the included 22 studies displayed strong, one moderate,
and 19 studies weak methodological quality. The intervention effects appeared to be somewhat
dependent on the severity of the learning difficulty; in cognitive and language skills, the effects
were largest in children at-risk due to family background, whereas in executive functions the effects
were largest in children with learning disabilities. However, due to the vast heterogeneity of the
included studies, and a rather low methodological quality, it is challenging to summarize the findings
in a generalizable manner. Thus, additional high-quality research is required to determine the
effectiveness of the interventions.

Keywords: academic skills; cognition; early intervention; motor skills; physical activity; special
educational needs; systematic review

1. Introduction

Children’s cognitive (e.g., executive functions) and academic skills (e.g., early numer-
acy and literacy skills) start to develop during the early years [1,2] which provide important
grounds for later development [3]. During these years, in particular, the development of
cognitive and academic skills is highly interrelated [4]. Thus, early childhood education
has an important role in children’s development, especially for children with special ed-
ucational needs (SEN) [3] whose later academic success is at risk [5]. Children with SEN
are not a homogeneous group, but rather include a wide range of children with various
types and extents of learning difficulties or disabilities [4,6]; stemming, for instance, from
biological, neurobiological, intellectual, genetic, or environmental factors [7]. While the
challenges of children with SEN differ widely, in general, a requirement for customized
special education is observed [4]. Early childhood education provides a valuable environ-
ment for the implementation of effective interventions to support the learning of children
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with SEN, and thereby minimize or prevent the impact of learning difficulties, disabilities,
or at-risk conditions on children’s development and future capabilities [4,8].

Fundamental motor skills (FMS, i.e., balance, and manipulative and locomotor move-
ment skills) [9] and physical activity (PA; i.e., bodily movements that increase energy
expenditure) [10] have been found to be related to cognitive and academic skills in chil-
dren [11,12]. The close relationship between FMS and cognitive skills has been explained
by co-activation in the same brain areas (i.e., cerebellum, prefrontal cortex, and basal gan-
glia) [13]. In addition, studies have shown that the relationship between PA and cognitive
skills may be mediated through improved executive functions, especially inhibition [12,14],
and that particularly high-intensity PA may affect cognitive skills through changes in
the brain, via increased cerebral blood volume, and other physiological changes, such as
increased neurogenesis [11,14,15].

In recent decades, studies examining the effects of FMS and PA interventions on
cognitive skills have increased rapidly [12]. A recent systematic review demonstrated
the positive effects of FMS and PA interventions on preschoolers’ cognitive and academic
skills in typically developing children [16]. However, the effects, as well as the quality
of FMS and PA interventions on children with SEN have not been previously analyzed.
Considering that children with SEN are at risk for developing more severe problems in
their academic skills during later years [17], it is highly important to investigate the most
effective evidence-based practices for supporting cognitive and academic learning at an
early age [18]. As FMS and PA are associated with cognitive and academic skills already in
early childhood [13], and FMS and PA interventions have been found to improve typically
developing children’s cognitive and academic skills [16], it is plausible that FMS and PA
interventions similarly support the learning of children with SEN. Thus, the aim of the
present systematic review was to investigate the methodological quality and the effects of
FMS and PA interventions on cognitive and academic skills in children aged 3–7 years-old
with SEN. Since children with SEN include a wide range of children with various types and
extents of learning difficulties or disabilities [4,6], the intervention effects were examined in
groups based on the assumed severity of the children’s learning difficulties.

2. Materials and Methods

The present systematic review was reported in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses (PRISMA 2020) statement, which is
designed for systematic reviews that evaluate the effects of intervention studies [19]. The
review protocol was not pre-registered. The systematic review was conducted as follows:

Step 1: A literature search, including abstract rating and full-text screening, based
on the pre-determined eligibility criteria, was carried out in April 2020 by two authors
(P.J. and T.M.).

Step 2: In January 2022, an updated literature search was carried out for studies
published between April 2020 and January 2022 by two authors (T.M. and A.B.) following
the aforementioned protocol.

Step 3: Methodological quality of the studies was assessed with the Effective Public
Health Practice Project Quality Assessment Tool for Quantitative Studies (EPHPP).

Step 4: Cohen’s d effect sizes were calculated, and post hoc power analyses were
conducted to determine the statistical power of the included studies.

2.1. Eligibility Criteria

Peer-reviewed intervention studies investigating the effects of FMS or PA interventions
on cognitive or academic skills in preschoolers with SEN published in English, were eligible
for the present systematic review. Specific eligibility criteria are reported according to the
PICO framework [20]:

Population: Published peer-reviewed intervention studies that were published in
English and included children aged 3–7-years old with SEN. For instance, children at risk
for learning difficulties due to family background (e.g., low socioeconomic status (SES)),
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children with learning difficulties (e.g., high risk of attention deficit hyperactivity disorder
(ADHD)), learning disabilities (e.g., autism spectrum disorder), and physical disabilities
(e.g., cerebral palsy) were included.

Intervention: All intervention studies with only FMS and/or PA practices or a program
that combined FMS and/or PA with cognitive or academic skill practices (e.g., children
counting balls while playing with them or collecting items in a particular order) [21] were
included. For study designs, all intervention designs except case studies were included.
Considering that the present study focused on children with a wide range of SEN (e.g.,
children with cerebral palsy) it may prove difficult to find a comparable control group, and
thus, this was not required.

Comparator: The business-as-usual control groups were used in the analysis as a com-
parator. Studies that used an active control group were analyzed as separate interventions.

Outcome: The effects of the intervention had to be assessed via cognitive or academic
outcomes, such as measures of cognitive, language, and numeracy skills or executive functions.

The systematic literature search was carried out on 16 April 2020, by two authors,
P.J. and T.M., using seven electronic databases, including ERIC, Scopus, Web of Science,
PsycINFO, CINAHL, PubMed, and SPORTDiscus. Since there was more than one year
from the previous literature search, an updated search, following the same methods, was
carried out on 18 January 2022 by the authors T.M. and A.B. Search terms were designed in
accordance with the PICO framework [20] and consisted of the following: “early education”
OR child * AND motor * OR “physical activity” AND intervention OR program * OR
treatment OR training OR instruction AND cognit * OR academic *. When possible,
additional search filters were used to exclude studies that investigated children older than
seven years, and in the updated literature search only articles published from 2020 onwards
were examined.

2.2. Study Selection

Three authors performed the article selection according to the predetermined eligibility
criteria. The articles were initially screened based on the abstract. In terms of inclusion, the
abstracts were coded as “yes”, “maybe” or “no”. The inter-rater agreement was determined
during the abstract rating processes by calculating Cohen’s weighted kappa. In the first
literature search, both authors rated the first 40% (n = 2266) of the abstracts independently,
after which the inter-rater agreement was 0.718 and the remaining abstracts were divided
between the authors. In the updated literature search, both authors rated all of the abstracts
(n = 2198) independently with an inter-rater agreement of 0.771. In both cases, the inter-rater
agreement could be considered as good [22]. Following the abstract screening, all of the
eligible articles underwent full-text screening, where the authors independently decided
whether to “exclude”, “include” or “maybe” include each article.

2.3. Methodological Quality

The methodological quality of the eligible studies was assessed with the Effective Pub-
lic Health Practice Project Quality Assessment Tool for Quantitative Studies (EPHPP) [23,24].
The tool is suitable for evaluating the quality of a variety of study designs (e.g., randomized
controlled trials (RCT) and pre-post designs (PPD)) [25] and has been used previously in
systematic reviews in this particular field [16,26]. The inter-rater agreement has been shown
to be more consistent with the EPHPP tool compared to the Cochrane Collaboration Risk
of Bias Tool [25], for instance. Three authors rated each study procedure as “strong”, “mod-
erate” or “weak”. Final ratings were formed based on six sections (selection bias, study
design, confounders, blinding, data collection methods, and withdrawals and drop-outs)
with the following criteria: studies with no weak ratings and at least four strong ratings
were considered as “strong”; studies with less than four strong ratings and one weak rating
were considered as “moderate”; studies with two or more weak ratings were considered as
“weak”. For more detailed criteria see the Quality Assessment Tool for Quantitative Studies
Dictionary [23]. Any disagreements were solved in consensus meetings with all authors.
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2.4. Data Extraction

Data were extracted from the eligible studies independently by three authors. Ex-
tracted data included the geographical location, study design, sample size, children’s age,
gender, and reason for SEN, cognitive and academic outcomes, intervention exposure,
intervention details (only FMS and/or PA interventions and combined interventions),
control conditions, and data for effect size calculations. If missing data was encountered,
the corresponding author was contacted in order to receive the required information.

2.5. Effect Size Calculations

Cohen’s d effect sizes [27] were calculated to allow for the quantification and com-
parison of the effects across the studies. Effect sizes were calculated for the studies that
demonstrated significant effects and provided sufficient information (i.e., pre- and post-
scores, as well as the associated standard deviations or standard errors). If a study demon-
strated significant effects for multiple outcomes, all of them were included. Cohen’s
d effect sizes of <0.2, 0.2, 0.5, and 0.8, correspond to trivial, small, medium, and large
effects, respectively [27].

Between-group effects were calculated in accordance with the following;

ES(d) =

(
Mpost, E − Mpre, E

)
−

(
Mpost, C − Mpre, C

)

SDpooledpre

where

SDpooledpre =

√
(nE − 1) SDpre2, E + (nC − 1) SDpre2, C )

(nE + nC − 2)

And within-group effects were calculated as:

ES(d) =

(
Mpost − Mpre

)

SDpre

ES(d) = Cohen’s d effect size
Mpost = mean post-score
Mpre = mean pre-score
E = experimental group
C = control group
SDpooled = pooled standard deviation
n = sample size

2.6. Power Analyses

Power calculations were carried out with G*power 3.1.9.6 [28]. If a study had multiple
groups, the power calculations were conducted on a sub-group basis in order to determine
the power of specific group comparisons. Type 1 error probability (α) was computed as
0.05, corresponding to a significance level of 5%. A medium effect size (0.5) was used as the
reference point to establish observed power for each outcome and a type 2 error probability
(β) of 0.2, corresponding to a power of 0.8 (1 − β), or 80%, was selected as the cut-off point
for adequate power [29].

3. Results
3.1. Search Results

The stages of the systematic selection of the studies are presented in detail in
Figure 1. In the updated literature search, a total of 3211 articles were found, which became
2198 articles after removal of duplicates. Of these, 2128 articles were excluded due to not
meeting the eligibility criteria and the remaining 70 articles underwent full-text screening.
Finally, 2 and 20 articles from the updated and the previous literature search (i.e., studies
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which were identified in the previous systematic review [16] but excluded since the review
focused on typically developing children), respectively, were included.
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3.2. Study Characteristics and Population

Study characteristics are presented in detail in Supplementary Table S1. The included
22 studies represented 1883 children with various types and extents of SEN. In order to
compare the intervention effects, children were divided into four groups based on the
assumed severity of the learning difficulty. Thereafter, the following groups were formed:
children at-risk for learning difficulties due to family background (nstudies = 8; e.g., low
SES) [30], children with learning difficulties (nstudies = 7; e.g., high risk of ADHD) [31],
learning disabilities (nstudies = 5; e.g., autism spectrum disorder) [32], physical disabilities
(nstudies = 2; e.g., cerebral palsy) [33]. The mean ages of the participants ranged from 3.8 [34]
to 7.4 years [35], and all of the studies included both boys and girls, apart from two studies
that only included the former [36,37]. In terms of geographical location, the included
studies were conducted in ten countries representing North America, Europe, Asia, and
Africa, and were published between 1972 [38] and 2021 [35].
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3.3. Intervention Characteristics

In total, 22 studies with 25 intervention programs were included in the present review.
Three of the studies [38–40] included two intervention programs that met the eligibility
criteria, and thus, were analyzed separately. A total of 14 intervention programs focused
on FMS only interventions [30,31,38,39,41–44], PA only interventions [35,40], or FMS and
PA only interventions [32,45], while 11 programs combined FMS [3,21,33,36,37,46,47],
PA [34,48], or FMS and PA [40,49] with cognitive or academic skill practices. Intervention
duration ranged from five weeks [35] to one academic year [3,36–38,41,45]. The duration
of sessions ranged from 10 min [43] to two and a half hours [49], and sessions were held
once a week [21,42,46] to two times every preschool day [34,48]. Outcome measures were
divided into five categories based on the provided descriptions: cognitive skills (e.g.,
Miller assessment for preschoolers) [36,37], executive functions (e.g., Childhood executive
functioning inventory) [32], academic skills (e.g., Comprehensive test of basic skills) [39],
language skills (e.g., Assessment of children’s language comprehension) [49], and numeracy
(e.g., Counting and number recognition) [43].

3.4. Methodological Quality

The methodological quality was determined based on the following factors: study
design, selection bias, confounders, blinding, data collection methods, and withdrawals
and drop-outs [23]. Only two of the included 22 studies (9%) demonstrated strong method-
ological quality, while one study (5%) had moderate quality, and 19 studies (86%) were
considered methodologically weak. The rating for each section, as well as the overall
quality, of the studies is presented in Table 1.

Of the 22 included studies, 15 were controlled clinical trials (CCTs, i.e., quasi-
experimental designs and RCTs that did not report the randomization process), three
studies were RCTs, and the remaining four studies were PPDs. While only one study [30]
referred the participants through randomization, in eight studies [3,36–39,41,43], the par-
ticipants were referred from a source (e.g., preschool) in a systematic manner, and, thus,
the participants were considered only somewhat likely to be representative of the tar-
get population. Important confounders (i.e., participants’ age, gender, health status,
or pre-intervention score) were observed in four studies [21,36,37,40]. Of these, the
confounders were 80–100% controlled in three studies [21,36,40], while in seven stud-
ies [3,32,34,41,43,45,48], no important confounders were observed between the groups.
While most of the studies [3,21,30,33,34,37–39,41,42,44,46–49] did not report the outcome
assessors’ blinding, six of the studies [31,35,36,40,43,45] reported that the outcome assessors
were not aware, and only one study [32] reported that the outcome assessors were aware of
the intervention or exposure status of the participants. Data collection methods were shown
to be valid in seven studies [30,32,33,39,40,44,45] and of these, only three studies [30,40,44]
reported that the data collection methods demonstrated good reliability in that particular
data. Thus, only three studies [30,40,44] demonstrated strong quality in terms of data
collection methods. Only five of the studies [21,32,44,45,48] reported both withdrawals and
drop-outs in terms of numbers and reasons.

Of the included studies, ten (45%) were found to be underpowered to detect a medium
effect size [31,34,36,38–40,43,44,46,48], while seven (32%) were confirmed to be adequately
powered [3,21,30,32,35,41,45]; for the remaining five (23%) post hoc power could not
be determined (i.e., within-group designs without required information) [33,37,42,47,49].
Only three (14%) of the included studies reported the conducting of a priori power
analysis [32,36,37], and six studies stated small sample size as a limitation of the
study [31,34,35,42,43,48]. It should be noted, that while underpowered to detect a medium ef-
fect size, in one study [36], the authors conducted a priori power calculations with a large (0.74)
estimated effect size, based on a pilot study, for which the study was adequately powered.
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Table 1. Methodological quality of the included studies.

Authors and Year Selection
Bias Study Design Confoun-ders Blinding Data Collection

Methods
Withdrawals

and Drop-Outs
Overall Quality

Scores

Bala et al., 2013 [41] moderate strong strong moderate weak weak weak
Berrol, 1984 [39] moderate strong weak moderate moderate weak weak

Chevalier et al., 2017 [31] moderate strong weak moderate weak weak weak
Coleman & Andersson, 1978 [49] weak moderate weak moderate weak weak weak

Connor-Kuntz & Dummer, 1996 [40] moderate strong strong moderate strong weak moderate
Devesa et al., 2011 [33] weak moderate NA moderate moderate weak weak
Draper et al., 2012 [21] weak strong weak moderate weak moderate weak

Fisher & Turner, 1972 [38] moderate strong weak moderate weak weak weak
Flippin et al., 2021 [35] weak moderate NA strong weak weak weak
Golos et al., 2011 [36] moderate strong strong strong strong strong strong
Golos et al., 2013 [37] weak weak weak moderate strong weak weak

Hendry & Kerr, 1983 [46] weak strong weak moderate weak weak weak
Iwanaga et al., 2014 [42] weak moderate weak moderate moderate NA weak

Kirk et al., 2014 [34] weak strong strong moderate weak weak weak
Kirk & Kirk, 2016 [48] weak strong strong moderate weak strong weak

Lam et al., 2019 [3] moderate strong strong moderate weak weak weak
Mische Lawson et al., 2012 [43] moderate strong weak strong weak weak weak

Moore et al., 1984 [44] weak strong weak moderate strong strong weak
Mulvey et al., 2018 [30] strong strong weak moderate strong weak weak
Puder et al., 2011 [45] strong strong strong strong moderate strong strong
Wang et al., 2020 [32] weak strong strong moderate moderate weak weak

Zawadzka et al., 2012 [47] weak moderate weak moderate weak weak weak

Note. Some modifications were made to the EPHPP tool to solve misunderstandings between the raters. Study
design: Studies that used quasi-experimental design were coded as CCT. Confounders: The confounders of interest
included age, gender, health status, and pre-intervention score. Blinding: In question 2 “Were the study participants
aware of the research question?” we chose to code “no” if there was no mention that participants were aware of
the research question. This decision was made based on the young age of the participants. Data collection methods:
The outcome of interest (cognitive or academic measurement) was evaluated. Methods were coded to be “valid”
if the validity was mentioned in the article or if there was a citation to a test manual or another article where
the validity was reported. Some well-known methods were seen as valid methods without a separate mention
(e.g., Wechsler Intelligence Scale for Children or Bayley Scales of Infant and Toddler Development). Methods
were coded as “reliable” only if the reliability was measured and reported in that specific data set. Withdrawals
and drop-outs: In question 1, “Were withdrawals and drop-outs reported in terms of numbers and/or reasons
per group?”, if both numbers and reasons were reported it was coded as “yes”, otherwise “no” was selected.
Withdrawals and drop-outs were considered as children that did not finish the intervention, i.e., not missing data.

3.5. Effect Sizes

Individual effect sizes for each outcome and sub-group within the included studies are
reported in Table 2. The effect sizes were presented in four groups based on the assumed
severity of the participants learning difficulty:

Children at-risk for learning difficulties due to family background. In total, eight of the
included studies (one with two separate interventions) [38] investigated the effects of FMS
and PA interventions in children with low SES [21,30,34,35,38,44,48], while one was carried
out with immigrant children [45]. Two studies assessed cognitive skills as an outcome; one
with an FMS only intervention [38] and one with a combined FMS intervention [21]. Both
studies demonstrated a beneficial effect of the intervention. The effect was large (d = 3.0)
for the latter, while an effect size could not be calculated for the former due to the lack of
required data. Language skills were assessed in two studies [34,48], both of which demon-
strated large beneficial effects of a combined PA intervention (d = 0.78–1.57 x 1.18). Three
of the identified studies included executive functions as an outcome; one demonstrated a
small beneficial effect of an FMS only intervention (d = 0.48) [30]; one found a significant
benefit of a PA only intervention, but an effect size could not be calculated due to the lack
of required data [35]; while one did not observe significant effects of an FMS/PA only
intervention [45]. Finally, two studies investigated the effects of FMS only interventions
on academic skills [38,44]; of which one demonstrated beneficial effects [38]; however, an
effect size could not be calculated due to the lack of required data. The null-finding was
underpowered to detect a medium effect [44].

Children with learning difficulties. In total, three studies assessed the effects of
FMS and PA interventions in children at-risk for learning difficulties with low SES
backgrounds [36,37,43], two studies on children with learning and perceptual-motor diffi-
culties [39,46], one study on children with delays in language development [49], and one

198



Brain Sci. 2022, 12, 1001

study on children at high risk for ADHD [31]. Three studies assessed cognitive skills as
an outcome; two with combined FMS interventions [36,37]; and one with two separate
FMS only interventions [39]. Both combined FMS interventions found large beneficial
effects on cognitive skills (d = 0.78 − 1.87 x 1.33); while in two FMS only interventions
the effects were assessed on both cognitive and academic skills and no significant effects
were found [39]. The null-findings [39] were underpowered to detect a medium effect.
Three studies assessed language skills as an outcome [43,46,49]. One study with combined
FMS and PA intervention [49] and one study with FMS only intervention [43] reported a
beneficial effect on language skills; however, effect sizes could not be calculated due to the
lack of required data. The combined FMS intervention observed no significant benefits on
language skills [46]. The null-finding [46] was underpowered to detect a medium effect.
Finally, one study [31] investigated the effects of an FMS only intervention on executive
functions and demonstrated a large beneficial effect (d = 1.48).

Children with learning disabilities. Three of the included studies investigated the effects
of FMS and PA interventions in children with autism spectrum disorder [32,42,47]. One
study with two separate interventions involved children with significant delays in cognition,
social, motor, speech, or language development [40] and one study was on children with
global developmental delay, autism spectrum disorder, or speech development delay [3].
Two studies assessed the effects on cognitive skills with combined FMS interventions [3,47],
and both demonstrated beneficial effects; one study with large effects (d = 1.15) [47], while
the other demonstrated a medium beneficial effect (d = 0.52) [3]. Three studies (one with
two interventions) [40] assessed the effects on language skills [3,40,42]. A trivial effect was
found with the FMS and PA only intervention (d = 0.07) [40], whereas the effect was small
with the combined FMS and PA intervention (d = 0.34) [40] demonstrating significantly
greater benefits than the FMS and PA only intervention (d = 0.27) [40]. Medium beneficial
effects were found with combined FMS intervention (d = 0.57) [3]. For an FMS only
intervention, while reporting beneficial effects, the effect size could not be calculated [42].
One study assessed the effects of an FMS and PA only intervention on executive functions
and demonstrated large beneficial effects (d = 1.40) [32]. For academic skills, a trivial
beneficial effect was found with the combined FMS and PA intervention (d = 0.10) [40] and
a small effect with the FMS and PA only intervention (d = 0.30) [40]; with no significant
differences between the groups.

Children with physical disabilities. Two studies assessed the effects of FMS and PA
interventions on children with physical disabilities; with one of the studies including
children with cerebral palsy and growth hormone deficiency [33]; and one including
children who had below average physical development at birth [41]. Both studies assessed
the effects on cognitive skills and no significant effects were found, either with combined
FMS intervention [33] or with an FMS only intervention [41]. Of these, the former study [33]
was underpowered to detect a medium effect.

3.6. Methodological Quality and Effect Sizes

Methodological quality and effect sizes are presented in Table 3. Large effects were
found in children’s cognitive skills [21,36,47], executive functions [31,32], and language
skills [48]. Of these six studies, only one (17%) [36] had a strong methodological quality,
while five (83%) [21,31,32,47,48] displayed a weak methodological quality. In addition,
only one study that found large effects [32] used outcome measures that were shown to
be valid, while three studies [21,36,48] used outcomes that were shown to be reliable. Two
of these studies [31,47] used outcome measures that were neither shown to be valid nor
reliable. The studies that received a strong rating in terms of data collection methods
demonstrated small effects in two studies [30,40], and trivial effects in one study [40]. Five
studies reported that the intervention effects were significant [35,38,42,43], or children’s
skills improved during the intervention [49]; however, effect sizes could not be calculated
due to limited data availability.
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4. Discussion

The present systematic review aimed to investigate the methodological quality and
the effects of FMS and PA interventions on cognitive and academic skills in preschool-aged
children with SEN. The results demonstrated that only 9% of the included 22 studies had
strong methodological quality, while 86% of the studies were rated as methodologically
weak. The most often used outcome measures were cognitive and language skills and
the largest effect sizes were found for cognitive skills, executive functions, and language
skills. The intervention effects appeared to be somewhat dependent on the severity of the
difficulty; in cognitive and language skills, the intervention effects were largest in children
with minor learning difficulties (i.e., children at-risk due to family background), whereas in
executive functions the intervention effects were largest in children with more severe diffi-
culties (i.e., children with learning disabilities). However, due to the vast heterogeneity of
the included studies, and rather low methodological quality, it is challenging to summarize
the findings in a generalizable manner.

The finding that most of the included studies were methodologically weak is in
line with the findings from a previous systematic review that investigated the effects
of FMS and PA interventions on cognitive and academic skills in typically developing
preschoolers [16]. The low ratings were mostly a result of inadequate reporting practices,
especially in participant selection processes, confounders, blinding, data collection methods,
and withdrawals [23]. Inadequate reporting practices are a common limitation in other
educational interventions as well [50], and, thus, the use of reporting guidelines is highly
recommended in the future.

It is recognized that difficulties exist in recruiting adequate sample sizes in children
with SEN, and, thus, a large portion of the included studies were underpowered. Nonethe-
less, the limitations and potential risks of conducting underpowered studies cannot be
dismissed (i.e., studies may result in substantially inflated effects or lead to false negative
findings) [51]. Thus, results from underpowered studies may lead to erroneous conclusions
as per the efficacy of studied interventions, which can subsequently lead to misguided
decision making.

When considering the efficacy of PA and/or FMS interventions in children with
SEN, the benefits appear to be somewhat dependent on the severity of the difficulty.
Indeed, while large improvements in language skills were found for children at-risk due to
family background, the effects were trivial-to-medium in children with learning disabilities.
Importantly, the intervention effects observed in children at-risk due to family background
were comparable to the effects of children without at-risk conditions in the previous
review [16]. In cognitive skills, while medium-to-large improvements were demonstrated
among all children with SEN, except for children with physical disabilities, a similar
trend was observed. Indeed, the effects were progressively smaller in magnitude with
increasing severity of the difficulty. It should be noted, however, that the improvements
in cognitive skills—regardless of the severity of the difficulty (apart from children with
physical disabilities)—were comparable to the ones experienced by typically developing
children [16]. These findings indicate that it is easier to support children with more
minor difficulties with FMS and/or PA interventions. Indeed, children that are at-risk due
to family background, usually lack the opportunities to develop their cognitive [8] and
language skills [52] in their home environment, and, thus, they lag behind their average-
performing peers. With the right kind of early education support, these children have the
possibility to develop their skills, which can have a huge effect on their later success during
formal schooling [5,8].

The improvements in executive functions also appeared to be contingent on the
severity of the children’s difficulties. In contrast, however, here the effects were large
in children with learning difficulties and disabilities, whereas the improvements were
small in children at-risk due to family background. In accordance, children with learning
difficulties and learning disabilities improved executive functions to a greater extent than
typically developing children [16]; which might be reflective of a greater potential to
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develop executive functions in children with a lower level of executive functions. In line
with our findings, studies have demonstrated larger beneficial effects in older children with
ADHD in comparison to their typically developing counterparts [53].

Notably, only one of the studies assessed numeracy as an outcome, which was further
limited to only a few dimensions of numeracy (i.e., counting and number recognition).
Thus, in addition to cognitive and language skills, more studies investigating the effects of
FMS and PA interventions on numeracy in children with SEN are required.

In terms of the intervention type, evidence was found for the efficacy of combined
interventions for cognitive skills and FMS and/or PA only interventions for executive
functions. Due to an insufficient number of studies, comparison between intervention types
was possible only for language skills, and in line with our previous findings in typically
developing children [16], combined interventions appeared more effective than FMS and
PA only interventions. It should be noted, however, that in the combined interventions,
the outcome was typically related to the intervention content; thus, these differences might
simply stem from the direct practice of the assessed outcome. Finally, the comparison
between FMS and PA only interventions could not be done due to the small number of
studies and the vast heterogeneity of the participants in the included studies.

Study Limitations and Strengths

One of the strengths of the present systematic review was that both FMS and PA,
as well as combined FMS and PA, interventions were included. In addition, while it is
increasingly common for systematic reviews to only include RCTs [54], we included all
study designs apart from case studies. This is important, as the use of RCT designs in
children with SEN is largely impossible and, thus, remains scarce [55]. Furthermore, the
present effect size calculations allowed the quantification and comparison of the interven-
tion effects between the studies. However, some limitations of the present study should
be addressed. Namely, only studies that were published in English were included, and
some populations were vastly underrepresented, as only two studies assessed children
with physical disabilities; making the generalization of the findings unreasonable.

5. Conclusions

These results indicate that FMS and PA interventions may be beneficial in the support
of cognitive and academic skills in children with SEN. The intervention effects appear to be
somewhat dependent on the severity of the difficulty; in cognitive and language skills the
intervention effects were largest in children with minor difficulties (i.e., children at-risk due
to family background), whereas in executive functions the intervention effects appeared to
be largest in children with more severe difficulties (i.e., children with learning disabilities).
Moreover, in line with the findings from typically developing children, combined interven-
tions appeared to be more effective compared to FMS and PA only interventions. However,
the results should be treated with caution as most of the studies had low methodological
quality and displayed vast heterogeneity. More studies including combined interventions
as well as FMS and/or PA only interventions in children with SEN are required to confirm
the present findings. Finally, adherence to reporting guidelines and the inclusion of a priori
power analyses are strongly encouraged for future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/brainsci12081001/s1, Table S1: Intervention characteristics of the
included studies.
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Abstract: Mild cognitive impairment (MCI) is considered an intermediate state between normal aging
and early dementia. Fear of falling (FOF) could be considered a risk indicator for falls and quality of
life in individuals with MCI. Our objective was to explore factors associated with FOF in those with
MCI due to Alzheimer’s disease (AD-MCI) and mild cognitive impairment in Parkinson’s disease
(PD-MCI). Seventy-one participants were separated into two groups, AD-MCI (n = 37) and PD-MCI
(n = 34), based on the disease diagnosis. FOF was assessed using the Activities-specific Balance
Confidence scale. The neuropsychological assessment and gait assessment were also measured.
FOF was significantly correlated with global cognitive function, attention and working memory,
executive function, Tinetti assessment scale scores, gait speed, and stride length in the AD-MCI group.
Moreover, attention and working memory were the most important factors contributing to FOF. In
the PD-MCI group, FOF was significantly correlated with gait speed, and time up and go subtask
performance. Furthermore, turn-to-walk was the most important factor contributing to FOF. We
noted that FOF in different types of MCI was determined by different factors. Therapies that aim to
lower FOF in AD-MCI and PD-MCI populations may address attention and working memory and
turn-to-walk, respectively.

Keywords: mild cognitive impairment; fear of falling; Alzheimer disease; Parkinson disease

1. Introduction

Falls among community-dwelling older adults are common events in daily life, and
they can lead to disability, hospitalization and even death [1]. Older adults, especially
those at risk of falls, may also exhibit peculiar psychological features, such as fear of falls,
linked to the experience of negative emotions related to falls [2]. FOF is defined as cautious
concern with falling that leads to an individual losing confidence and avoiding activities
associated with daily life [3]. Having a FOF was an independent risk factor for falling
among persons older than 65 years of age [3]. Therefore, it is important to investigate the
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factors associated with FOF to incorporate these factors in prevention and rehabilitation
programs. Several factors may contribute to FOF among aging adults. Age, sex, history
of falls, balance and gait performance and depression are significantly associated with
FOF [4]. The completion time in the timed up and go task was also shown to be significantly
correlated with FOF [4].

Cognitive impairment has been identified as a risk factor for falls in aging [5]. Mild
cognitive impairment (MCI) is considered a clinical stage between the expected cognitive
decline in normal aging and the more serious decline in early dementia [6]. Falls are more
prevalent in older adults with MCI than in age-matched healthy subjects [7]. A previous
study noted that older adults with MCI reported FOF more often than patients with mild
Alzheimer’s disease and older adults with healthy cognition [2]. FOF not only leads to
an increased risk for falling but also causes restriction and avoidance of activities that
eventually result in degenerated physical and mental status [8]. Identifying factors related
to FOF in MCI patients may be useful in developing multicomponent strategies to decrease
FOF and improve quality of life. However, there is no study investigating the factors
associated with FOF in older adults with MCI.

There are many types of MCI. Clinical presentations have shown that they can be
amnestic, and they can involve a single nonmemory domain or involve multiple cogni-
tive domains [9]. Each of these clinical presentations may have multiple etiologies, such
as degenerative, vascular, metabolic, traumatic, and psychiatric etiologies [9]. Based on
etiopathology, the most common neurodegenerative disorders associated with MCI are
Alzheimer’s disease and Parkinson’s disease. Patients who are diagnosed with mild cogni-
tive impairment due to AD (AD-MCI) usually have amnestic MCI and positive biomarkers
for both Aβ and neuronal injury [10]. On the other hand, based on the guidelines proposed
by the International Parkinson and Movement Disorders Society, the definition of mild
cognitive impairment in PD (PD-MCI) refers to patients with a diagnosis of Parkinson’s
disease, whose cognitive abilities decline and are not caused by other comorbidities or
diseases [11]. These two types of MCI have different clinical manifestations because of
the different underlying diseases. For example, memory is the most commonly impacted
domain among patients with AD-MCI [10]; in contrast, both nonamnestic and amnestic
domains of cognition can be affected in persons with PD-MCI [12]. The factors that relate
to FOF in these two types of MCI populations may be different. However, there is limited
knowledge regarding the contributing factors. Hence, this study aimed to determine factors
associated with FOF among people with different types of MCI (i.e., AD-MCI and PD-MCI).

2. Materials and Methods
2.1. Participants and Study Design

This was an observational, cross-sectional design, and quantitative study. We recruited
71 older adults with MCI from the neurological outpatient clinics of a medical center in
Northern Taiwan. We included older adults (age 60 years and older) who were able to
walk 10 m independently and to meet the inclusion criteria of MCI (subjective cognitive
complaints, a global clinical dementia rating of 0.5, and a clinical dementia rating sum
of boxes of 0.5–4.0 [13]). We excluded individuals with dementia, positive psychiatric
history or unstable medical conditions and those taking any medications causing cognitive
complaints during the past 3 months. A total of 100 participants provided written informed
consent prior to enrollment. The study procedures were approved by the ethics committee
of the institution (number: 18MMHIS005e). The inclusion process for this study is depicted
in Figure 1 (n = 71). The participants’ age, sex, education, body mass index, history of
fall (have fallen in the last year), and history of metabolic disease were obtained from
patient interviews and medical charts. We administered the Barthel Index to explore
participants’ self-care activities, for example, transferring, bathing, and toileting [14], and
the Instrumental Activities of Daily Living scale to assess participants’ ability to perform
task such as cooking, using a telephone, laundry, and handling finances [15].
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Figure 1. Flow chart showing the process of selecting subjects in this study.

2.2. Defining the MCI Etiologies

The diagnosis for the MCI etiology of each participant was relied on reviewing clinical
chart, brain imaging data, neuropsychological tests, and biochemical results. Diagnosis
was made for AD-MCI according to the National Institute on Aging and the Alzheimer’s
Association workgroup consensus criteria [10]. AD-MCI was diagnosed if the patient
met the following criteria: (a) meets the core clinical criteria for MCI, and (b) has positive
biomarkers for both Aβ and neuronal injury. For the diagnosis of PD-MCI, we used the
Movement Disorder Society Task Force diagnostic criteria and classified patients with either
clinically established Parkinson’s disease or clinically probable Parkinson’s disease [11].
The diagnosis of PD-MCI was made if participants met the following criteria: (a) meets
the core clinical criteria for MCI, and (b) diagnosis of Parkinson’s disease as based on the
UK PD Brain Bank Criteria [16]. Patients with MCI due to cerebrovascular disease, other
etiologies, or at least two etiologies were excluded.

2.3. Assessment of Fear of Falling

We used the Activities-specific Balance Confidence (ABC) scale to measure FOF. The
ABC scale is a 16-item self-report measure of balance confidence in performing activities
without losing balance [17]. This scale was shown to have good validity [18] and excellent
test-retest reliability [17] in measuring FOF in community-dwelling older adults. The par-
ticipants are asked to rate their confidence in performing various activities without losing
their balance or becoming unsteady, where 0 is “no confidence” and 100 is “completely
confident”. The overall score is calculated by adding the item scores and dividing the total
by 16.

2.4. Outcome Measures

Participants included in the study underwent comprehensive neuropsychological
testing and physical activity testing.

The neuropsychological assessment included the Mini-Mental State Examination,
parts A and B of the Trail Making Test, the category fluency test, the forward and backward
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digit recall tests, the California Verbal Learning Test, the Judgment of Line Orientation
test-Short Form, the Boston Naming Test, the Geriatric Depression Scale-15, and the General
Anxiety Disorder-7 questionnaire. The Mini-Mental State Examination is a widely used and
valid test of global cognitive function among elderly individuals [19]. The parts A and B of
the Trail Making Test was designed to measure visual attention and executive function [20].
The category fluency test is one of the most commonly used measures of executive function
and language [21]. The forward and backward digit recall tests are neuropsychological tests
of short-term verbal language and executive function [22]. The California Verbal Learning
Test is a comprehensive, detailed assessment of episodic memory in older adults [23].
The short form of the Judgment of Line Orientation test is a commonly used measure
of visuospatial perception [24]. The Boston Naming Test is a valid assessment tool for
the measure of confrontation naming in individuals with language impairments caused
by stroke, Alzheimer’s disease and dementia [25]. The Geriatric Depression Scale-15 is
a widely used assessment tool to evaluate the prevalence of depressive symptoms in the
older adults [26]. The General Anxiety Disorder-7 questionnaire was designed to screen for
anxiety or to measure its severity [27].

Physical activity was assessed using the Tinetti assessment scale, straight walking
performance, and the timed up and go test. The Tinetti assessment scale is a very good
indicator of the fall risk of an older adult and evaluates balance ability and gait perfor-
mance [28]. The G-WALK® (BTS Bioengineering Corp., Quincy, MA, USA) system, which is
a wearable system for the functional analysis of movement, was used for straight walking
performance and the TUG test. This system comprises a portable inertial sensor placed in
the area of the S1–S2 vertebrae to record specific movements. The validity and reliability
of this system to evaluate movement performance has been well established [29]. In the
straight walking test, the participants were instructed to walk straight for 10 m at a usual
speed three times. In the TUG test, the participants were asked to rise from a 45 cm-high
chair, walk 3 m, turn around, return, and sit down three times. The total TUG duration
was divided into four subtasks: time to stand (sit-to-stand), time to turn around in the
midway (turn-to-walk), time to turn around to reach the chair (turn-to-sit), and time to sit
down in the chair (stand-to-sit). The average of the three trials in each test was used for
data analysis.

2.5. Statistics

Statistical analyses were conducted using SPSS 22.0 (SPSS, Inc., Chicago, IL, USA).
Descriptive data were reported in terms of means, SDs or numbers. Independent t-tests
(continuous variables) or chi-square tests (categorical variables) were used to compare the
between-group differences. In this study, the correlations were first established, and the
factors significantly correlating with ABC scores were further analyzed using multivariable
linear regression models. Covariates in multivariable models included age, sex, fall history,
education, and comorbidities (e.g., hypertension, diabetes mellitus and cardiovascular
disease). Spearman’s rank correlation analysis was used to examine correlations between
ABC scores and cognitive performance and gait performance. The level of significance was
set at a p value of less than 0.05.

3. Results
3.1. Baseline Demographic Data and Comparisons between AD-MCI and PD-MCI

Seventy-one participants (male: 38; female: 33) participated in this study. Table 1
presents the characteristics and performance of the participants in the AD-MCI (N = 37) and
PD-MCI (N = 34) groups. The mean ages of the participants in the AD-MCI and PD-MCI
groups were 72.4 ± 8.8 and 68.4 ± 10.2 years, respectively. There were no statistically
significant differences in the basic characteristics (sex, age, education, onset duration, body
mass index, functional status and falls history), cognitive functions, depression, anxiety,
straight walking performance, or performance in two timed up and go subtasks (sit-to-
stand and stand-to-sit) between the two groups. However, the participants with PD-MCI
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had significantly lower ABC scale scores (p = 0.002), which indicated less confidence in
performing activities without losing balance, than did the AD-MCI participants. In addition,
compared to the patients with AD-MCI, those with PD-MCI had significantly lower Tinetti
gait and balance scale scores (Tinetti gait, p = 0.018; Tinetti balance, p = 0.019) and longer
completion times on the two timed up and go turning subtasks (turn-to-walk, p = 0.007;
turn-to-sit, p = 0.022).

Table 1. Comparison of participants’ characteristics between the AD-MCI and PD-MCI groups (n = 71).

Variable Total (n = 71) AD-MCI
(N = 37)

PD-MCI
(N = 34) p-Value

Gender (male/female) 38/33 20/17 18/16 0.936
Age (years) 70.46 ± 9.64 72.41 ± 8.84 68.35 ± 10.16 0.077

Education (years) 7.85 ± 3.95 7.03 ± 4.11 8.74 ± 3.61 0.068
Onset duration (years) 1.83 ± 1.80 2.11 ± 1.91 1.53 ± 1.54 0.167

Falls history (n) 28 11 17 0.081
BMI 23.93 ± 3.42 23.86 ± 3.6 24.00 ± 3.27 0.861

Barthel Index 98.21 ± 7.42 99.59 ± 1.82 96.67 ± 10.51 0.124
IADL 21.54 ± 4.76 22.27 ± 4.37 20.73 ± 5.11 0.178

Hypertension (n) 42 26 16 0.047
Diabetes mellitus (n) 20 12 8 0.405

Cardiovascular disease (n) 25 19 6 0.003
Global cognitive function

MMSE 25.32 ± 3.57 24.65 ± 4.10 26.06 ± 2.79 0.096
Episodic memory

CVLT-SF 18.79 ± 5.40 18.70 ± 5.36 18.88 ± 5.51 0.890
Visuospatial performance

Judgment of line orientation 13.51 ± 3.56 13.25 ± 3.23 13.79 ± 3.91 0.534
Attention and working memory

Forward digits 7.24 ± 1.53 7.43 ± 1.56 7.03 ± 1.49 0.269
Backward digits 3.97 ± 1.52 4.03 ± 1.67 3.91 ± 1.38 0.753

Executive function
Category fluency test 12.45 ± 3.79 12.57 ± 3.87 12.32 ± 3.76 0.789
Trail making test A (s) 25.60 ± 15.57 24.51 ± 15.22 26.81 ± 16.09 0.542
Trail making test B (s) 67.00 ± 36.49 63.67 ± 36.67 70.65 ± 36.50 0.431

Language
Boston naming test 22.39 ± 5.24 21.78 ± 5.48 23.06 ± 4.97 0.309

Depression
GDS-15 3.07 ± 3.34 2.76 ± 3.11 3.42 ± 3.60 0.408

Anxiety
GAD-7 2.43 ± 3.67 2.00 ± 3.66 2.91 ± 3.68 0.304

Fear of falling
ABC scale 82.40 ± 22.60 90.28 ± 16.10 73.58 ± 25.62 0.002

Balance and gait performance
Tinetti gait 14.91 ± 2.52 15.62 ± 1.21 14.12 ± 3.30 0.018

Tinetti balance 11.44 ± 1.52 11.86 ± 0.67 10.97 ± 2.01 0.019
Straight walking performance

Gait speed (m/s) 0.84 ± 0.22 0.87 ± 0.22 0.82 ± 0.21 0.302
Stride length (cm) 63.01 ± 19.39 63.36 ± 17.38 62.63 ± 21.57 0.876

Cadence (steps/min) 97.86 ± 14.18 97.60 ± 11.39 98.13 ± 16.81 0.878
TUG subtasks

Sit-to-stand (s) 1.83 ± 0.57 1.74 ± 0.58 1.91 ± 0.55 0.209
Turn-to-walk (s) 2.65 ± 1.34 2.23 ± 0.80 3.11 ± 1.64 0.007

Turn-to-sit (s) 2.50 ± 1.53 2.09 ± 0.93 2.96 ± 1.91 0.022
Stand-to-sit (s) 2.45 ± 0.89 2.40 ± 0.83 2.51 ± 0.97 0.593

Abbreviation: AD-MCI, mild cognitive impairment due to Alzheimer’s disease. PD-MCI, mild cognitive impair-
ment in Parkinson’s disease. BMI, body mass index. MMSE, Mini-Mental State Examination. IADL, Instrumental
Activities of Daily Living. GDS-15, Geriatric Depression Scale-15. GAD-7, General Anxiety Disorder-7 question-
naire. ABC, Activities-specific Balance Confidence Scale.
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3.2. Factors Determining FOF

The correlation coefficients between cognitive performance and ABC scores are shown
in Table 2. In the AD-MCI group, the ABC scores were positively correlated with Mini-
Mental State Examination, forward digits recall test and backward digits recall test scores
(r = 0.414 to 0.516, p < 0.05), meaning that greater balance confidence was associated with
better global cognition, attention, and working memory performance. The Trail Making
Test B scores were negatively correlated with the ABC scores (r = −0.409, p < 0.05), meaning
that less balance confidence was associated with worse visual attention and executive
function. In the PD-MCI group, there were no significant differences between cognitive
functions and ABC scores.

Table 2. Correlation coefficients between cognitive performance and ABC scores.

Group
AD-MCI Group (N = 37) PD-MCI Group (N = 34)

ABC Score ABC Score

Domain Outcome Measures r p-Value r p-Value

Cognition

MMSE 0.431 * 0.008 0.244 0.165
CVLT-SF 0.315 0.058 0.221 0.209

Judgment of line
orientation 0.217 0.203 0.011 0.952

Forward digits 0.516 * 0.001 0.297 0.088
Backward digits 0.414 * 0.012 0.117 0.510

Category fluency test 0.155 0.360 0.279 0.109
Trail making test A −0.290 0.082 −0.319 0.070
Trail making test B −0.409 * 0.013 −0.221 0.217
Boston naming test 0.234 0.164 0.252 0.150

Depression GDS-15 −0.250 0.136 −0.056 0.754
Anxiety GAD-7 −0.218 0.195 −0.173 0.329

Abbreviation: AD-MCI, mild cognitive impairment due to Alzheimer’s disease. PD-MCI, mild cognitive im-
pairment in Parkinson’s disease. MMSE, Mini-Mental State Examination. CVLT-SF, California verbal language
test-short form. GAD-7, General Anxiety Disorder-7 questionnaire. GDS-15, Geriatric Depression Scale-15. ABC,
Activities-specific Balance Confidence Scale. * p < 0.05.

The correlation coefficients between balance and gait performance and ABC scores are
shown in Table 3. The gait speed, stride length, cadence, and Tinetti assessment scale scores
were positively correlated with the ABC scores in the AD-MCI group (r = 0.336 to 0.507,
p < 0.05), meaning that greater balance confidence was associated with better balance and
gait performance. In the PD-MCI group, gait speed was positively correlated with ABC
scores (r = 0.385, p < 0.05), meaning that greater balance confidence was associated with
better gait speed. Performance on the timed up and go subtasks was negatively correlated
with the ABC scores (r = −0.503 to −0.663), p < 0.05), meaning that less balance confidence
was associated with worse functional mobility.

Based on the regression models (Table 4), after adjusted for age, sex, fall history,
education, and comorbidities, attention and working memory were the most important
factors in determining ABC scores in the AD-MCI group (F = 10.162, effect size f2 = 0.328,
power = 0.92, p = 0.003). On the other hand, turn-to-walk time was the most important
factor in determining ABC scores in the PD-MCI group (F = 35.292, effect size f2 = 1.179,
power = 0.99, p < 0.001).
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Table 3. Correlation coefficients between gait performance and ABC scores.

Group
AD-MCI Group (N = 37) PD-MCI Group (N = 34)

ABC Score ABC Score

Domain Outcome Measures r p-Value r p-Value

Gait
performance

Speed (m/s) 0.507 * 0.002 0.385 * 0.027
Stride Length 0.439 * 0.007 0.321 0.065
Cadence step 0.349 * 0.037 0.119 0.503

Tinetti
assessment

scale

Tinetti Posture 0.482 * 0.003 0.165 0.352
Tinetti Gait 0.336 * 0.042 0.317 0.068

TUG
subtasks

Turn-to-walk −0.316 0.056 −0.663 ** <0.001
Turn-to-sit −0.302 0.069 −0.464 * 0.006
Sit-to-stand −0.292 0.079 −0.503 * 0.002
Stand-to-sit −0.138 0.415 −0.229 0.192

Abbreviation: AD-MCI, mild cognitive impairment due to Alzheimer’s disease. PD-MCI, mild cognitive im-
pairment in Parkinson’s disease. ABC, Activities-specific Balance Confidence Scale. TUG, timed up and go test.
* p < 0.05; ** p < 0.005.

Table 4. Summary of linear regression analyses in the AD-MCI and PD-MCI groups.

AD-MCI Group PD-MCI Group

Variable β Coefficient Variable β Coefficient

Age −0.338 −0.344 Age −0.113 −0.015
Sex −0.198 −0.224 Sex −0.089 −0.132

Fall history −0.056 −0.063 Fall history −0.191 −0.277
Education level 0.168 0.192 Education level 0.113 0.167
Hypertension −0.037 −0.042 Hypertension 0.019 0.028

Diabetes mellitus 0.001 0.001 Diabetes mellitus 0.197 0.291
Cardiovascular

disease −0.286 −0.328 Cardiovascular
disease −0.020 −0.029

MMSE 0.176 0.188 Speed 0.068 0.080
Forward digits 0.497 Turn-to-walk −0.735

Backward digits 0.049 0.047 Turn-to-sit −0.021 −0.014
Trail making test B −0.115 −0.127 Sit-to-stand −0.136 −0.173

Speed 0.268 0.297 R square 0.541

Stride Length 0.389 0.443 Adjusted R
square 0.525

Cadence step −0.047 −0.052 p value <0.001
Tinetti Posture 0.071 0.081

R square 0.247
Adjusted R square 0.223

p value 0.003
Abbreviations: AD-MCI, mild cognitive impairment due to Alzheimer’s disease. PD-MCI, mild cognitive
impairment in Parkinson’s disease. MMSE, Mini-Mental State Examination. Models: adjusted for age, sex, fall
history, education, and comorbidities (e.g., hypertension, diabetes mellitus and cardiovascular disease).

4. Discussion

This study investigated the factors associated with FOF in older people with different
types of MCI (i.e., AD-MCI and PD-MCI). The results indicated that attention and working
memory were the most important factors in determining ABC scores in the AD-MCI group,
whereas turn-to-walk was the most important factor in determining ABC scores in the
PD-MCI group.

A previous study indicated that older adults with cognitive impairments have greater
FOF [30], and the prevalence of FOF in those with MCI was significantly higher than that
in cognitively healthy older adults. Interestingly, we found different results in the two
MCI groups. In the PD-MCI group, the ABC scale score was significantly lower than
that in the AD-MCI group, which indicated that the individuals with PD-MCI had less
confidence/greater FOF in performing activities than those with AD-MCI. This might be due
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to poor balance and gait performance in the PD-MCI group. However, the ABC scale score in
the AD-MCI group was not only significantly higher than that in the PD-MCI group but also
significantly higher than that in age-matched controls (90.28 vs. 79.89 from Huang et al. [31],
one-sample t-test, p < 0.001). This result indicated that the participants with AD-MCI had
more confidence/less FOF in conducting activities of daily living that required transferring,
bending, reaching, or walking than cognitively healthy elderly participants. However, the
prevalence of falls in older individuals with MCI and Alzheimer’s disease is higher than that
in cognitively healthy individuals [2]. Do they truly have confidence in engaging in daily
activities, or do they lack an awareness of the risk of falling? Henry et al. found that patients
with mild dementia had difficulties differentiating high- from low-danger situations, and
this difficulty was related to more general cognitive decline [32]. A cross-sectional study
reported that cognitive impairment was significantly associated with the absence of FOF
in community-living older individuals, which indicated that worse cognitive function
may inhibit FOF [33]. Thus, the participants with AD-MCI in the present study may
have impaired threat perception, which led to lower FOF. Lack of FOF might lead to
subsequent fall incidents [34]. Future studies can further investigate this interesting and
important point.

In the AD-MCI group, global cognitive function, executive function, attention and
working memory were significantly correlated with ABC scores. The regression model
showed that attention and working memory were the most important factors in determining
FOF. There have been inconsistent findings on the relationship between FOF and cognition
in the aging population. Shirooka et al. indicated that cognitive impairment, especially
executive function, is related with the absence of FOF in older adults with frailty [33]. A
one-year longitudinal study of 406 community-dwelling older adults reported that the
presence of subjective memory complaints at baseline was related to FOF [35]. Another
longitudinal study of 4931 middle-age and older adults showed that FOF was associated
with a greater odds of decreased Montreal Cognitive Assessment but not Mini-Mental
State Examination scores [36]. A 3 year prospective study of 4280 older adults with normal
cognition noted that the older adults who were very afraid of falling were 1.45 times more
likely to cognitive decline than those who were not afraid of falling [37]. These inconsistent
results demonstrated that cognitive impairment may play different roles in determining
FOF in different aging populations. In our study, we found that the most important factors
in determining FOF in AD-MCI, but not PD-MCI, were attention and working memory.
Previous study indicated that the cognitive worsening over time is associated with a
worse motor performance at baseline [38]. Attention and working memory are crucial
for postural and gait control, and adding a concurrent secondary task while walking or
maintaining balance requires even more attention, especially in older adults [39]. Impaired
attention and working memory may have a negative effect on postural control, which
leads to FOF. The finding of present study appears in line with a broad psychogeriatric
perspective, regarding the peculiar involvement of psychological factors along cognitive-
physical trajectories of aging.

In the PD-MCI group, the turn-to-walk measure was the most important factor in deter-
mining ABC scores. A cross-sectional study of 104 people with Parkinson’s disease reported
that the strongest contributing factor to FOF was walking difficulties [40]. Haertner et al.
indicated that FOF was associated with a longer turning duration in individuals with
Parkinson’s disease, which is in line with our result [41]. A novel finding in this study was
that even in the presence of cognitive degradation, turning performance remained the most
important factor associated with FOF in individuals with Parkinson’s disease. Parkinson’s
disease is a neurodegenerative disease that leads to motor dysfunctions, including walking
difficulties. With the progression of the disease, people with Parkinson’s disease show
impairments in cognitive functions. Impaired cognitive function has been suggested to be
related to FOF [42]. However, our regression models indicated that turning performance,
not cognitive function, was the most important factor contributing to FOF in persons with
Parkinson’s disease. Turning is a complex movement that requires interlimb coordination,
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posture and gait control, and continuous movement of the center of gravity [43]. Turning
difficulties are a common problem in Parkinson’s disease patients due to impairments
in balance control and freezing of gait that can lead to falls [44]. When compared with
healthy subjects, people with Parkinson’s disease need more time to turn, have a narrower
base of support, and usually present freezing of gait during turning periods [45]. These
disturbances not only influence the quality of their turning performance but can also
cause FOF.

FOF has been shown to be a major barrier to performing daily activities and to
engaging in exercise, which may cause social isolation and functional decline in the older
adults. Thus, there is a need to understand the factors contributing to the FOF to efficiently
address this in clinical practice and research. Based on our results, attention and working
memory were the most important factors in determining FOF in the AD-MCI group, and
the turn-to-walk ability was the most important factor in determining FOF in the PD-MCI
group. We suggest that training programs that focus on improving cognitive function
and turning performance may decrease FOF in individuals with AD-MCI and PD-MCI,
respectively. Parry et al. reported that cognitive-behavioural therapy probably reduces FOF
and depression in community-living older adults with undue FOF [46]. A meta-analysis of
thirty trials noted that exercise intervention may have a small to moderate positive effect
immediately after intervention in community-dwelling older individuals [47]. Therefore,
future studies could design new cognitive and exercise programs based on our results and
explore their effects on FOF in aging population.

There were several limitations should be pointed out in this study. Firstly, the relatively
small sample size may limit the strength of the results. Future studies should have a larger
sample size to confirm our results. Moreover, we used a cross-sectional study design,
which limited our exploration of the predictive factors of FOF in these two groups. To
better understand the cause-effect relationship between contributing factors and FOF in
older adults with high risk of cognitive impairment, a large cohort study is encouraged.
Furthermore, we did not measure a parameter for the severity of motor impairment such
as Unified Parkinson’s Disease Rating Scale (MDS-UPDRS) score in PD-MCI group. The
turn-to-walk parameter was the most important parameter explaining FOF, which may
be explained by motor impairment. Treatment effects of cognitive training and turning
performance training to improve FOF in MCI populations are warranted and encouraged
for future studies.

5. Conclusions

The present study found that FOF in individuals with different types of MCI was
influenced by different factors. Attention and working memory were the most important
contributing factors in the AD-MCI group, whereas the turn-to-walk ability was the most
important contributing factor in the PD-MCI group. Thus, therapies that aim to lower FOF
in AD-MCI and PD-MCI populations may address attention and working memory and
turn-to-walk performance, respectively.
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Abstract: Background: Sensorimotor difficulties significantly interfere with daily activities, and when
undiagnosed in early life, they may increase the risk of later life cognitive and mental health disorders.
Subtests from the Luria-Nebraska Neuropsychological Battery (LNNB) discriminate sensorimotor
impairments predictive of sensorimotor dysfunction. However, scoring the LNNB sensorimotor
assessment is highly subjective and time consuming, impeding the use of this task in epidemio-
logic studies. Aim: To train and validate a novel automated and image-derived scoring approach
to the LNNB neuro-motor tasks for use in adolescents and young adults. Methods: We selected
46 adolescents (19.6 +/− 2.3 years, 48% male) enrolled in the prospective Public Health Impact
of Metal Exposure (PHIME) study. We visually recorded the administration of five conventional
sensorimotor LNNB tasks and developed automated scoring alternatives using a novel mathematical
approach combining optic flow fields from recorded image sequences on a frame-by-frame basis. We
then compared the conventional and image-derived LNNB task scores using Pearson’s correlations.
Finally, we provided the accuracy of the novel scoring approach with Receiver Operating Character-
istic (ROC) curves and the area under the ROC curves (AUC). Results: Image-derived LNNB task
scores strongly correlated with conventional scores, which were assessed and confirmed by multiple
administrators to limit subjectivity (Pearson’s correlation ≥ 0.70). The novel image-derived scoring
approach discriminated participants with low motility (<mean population levels) with a specificity
ranging from 70% to 83%, with 70% sensitivity. Conclusions: The novel image-derived LNNB task
scores may contribute to the timely assessment of sensorimotor abilities and delays, and may also be
effectively used in telemedicine.

Keywords: Luria neuromotor test; sensorimotor impairments; image-derived scoring

1. Introduction

Sensorimotor dysfunction is a pervasive developmental disorder with a prevalence
of up to 19% among school-aged children and adolescents [1,2]. Sensorimotor difficulties
significantly interfere with daily activities and academic performance, and, if untreated,
may lead to an increased risk of cognitive and mental health disorders later in life [1,2].
Childhood sensorimotor dysfunction is defined by decrements in fine and/or gross motor
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skills, with poor motor performance that is usually slower, less accurate, and more variable
than that of an unaffected individual [3]. It is also associated with reduced learning ability,
verbal and visuospatial memory problems, and cognitive impairments [1,2,4]. Sensorimotor
dysfunction is often a comorbidity with other developmental disorders, such as attention
deficit and hyperactivity disorder. Cognitive impairments in children with sensorimotor
conditions persist into adolescence and adulthood, and may even extend beyond their
motor difficulties [1,5]. Due to the common root and interactions between sensorimotor
and cognitive disorders, sensorimotor dysfunction is considered a condition of the central
nervous system [1,2,6]. Early detection of abnormal sensorimotor function can lead to
timely interventions able to mitigate the adverse long-term consequences [5,6].

Several different tests and exams are designed to detect childhood and adolescence
sensorimotor impairment [7–9]. The Luria-Nebraska Neuropsychological Battery (LNNB)
stands out for its evaluation of the presence of neuro-motor impairments and identifica-
tion of focal brain abnormalities that may account for these impairments in children and
adolescents [10].

The standard LNNB consists of 11 clinical scales assessing major areas of neuropsycho-
logical functioning (motor functions, rhythm, tactile functions, visual functions, receptive
speech, expressive speech, writing, reading, arithmetic, memory, intellectual processes),
two sensorimotor scales (left hemisphere, right hemisphere), and three summary scales
(pathognomonic, profile elevation, impairment) [10]. Although LNNB can capture early
sensorimotor impairments, it is not widely used in epidemiological and clinical studies
largely because it is both highly subjective and time consuming [10–12]. Indeed, while the
administration of the LNNB is standardized, the scoring and thus the interpretation of the
LNNB data are time-consuming duties and require the judgment of a trained administrator
who is responsible for evaluating the appropriateness of the movement and counting the
participant’s movements during a specific time frame [10–12].

To address the subjectivity and timeliness of the LNNB in epidemiologic studies,
we developed an automated scoring algorithm using a novel mathematical approach.
We applied this approach to LNNB data collected from a subset of adolescents enrolled
in the ongoing Public Health Impact of Metal Exposure (PHIME) study. Specifically,
we trained and validated five image-derived sensorimotor LNNB task scores able to
assess the adolescent’s movement by combining optic flow fields from recorded image
sequences on a frame-by-frame basis. We then validated the accuracy of those novel
image-derived LNNB task scores comparing them with conventional LNNB scores. To
limit the subjectivity of the conventional LNNB scores, multiple administrators evaluated
the appropriateness and counted the participant’s movements. This novel automatic image-
derived sensorimotor assessment may be implemented during telemedicine services, thus
leading to more personalized treatments and earlier interventions in subjects at a higher
risk of developing sensorimotor impairment.

2. Methods

Study Population: To test our novel scoring algorithm, we selected 46 participants
(ages 15–23; female = 52%) from the ongoing PHIME cohort consisting of 208 children
and adolescents, who were enrolled between 2007 and 2014, and followed up between
2017 and 2021. The overall objective of the study was to examine associations between
metal exposure and neurodevelopmental outcomes [11]. Participants were at first identified
through the local school districts and enrolled with the following inclusion criteria: born
in the respective area to a family who resided in the area for at least a generation, lived
in the study area since birth [11]. Exclusion criteria included: known hand or finger
motor deficits, visual deficits not adequately corrected, and any history of neurological,
metabolic, hepatic, or endocrine diseases [11]. Participants were also excluded if they
had a history of receiving parenteral nutrition that may cause overload of environmental
chemicals (i.e., manganese), or they were taking prescription psychoactive drugs or had
known psychiatric disturbances [11]. All participants were followed over adolescence and,
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during the follow-up visit, 46 of them underwent a LNNB test [11]. The 46 participants
were randomly selected and received a sensorimotor LNNB evaluation from two trained
administrators, who assessed the appropriateness and counted the participant’s movements.
Both administrators agreed on the correctness and the number of participant’s movements.

Ethics: Written informed consent was obtained from parents and children. Study
protocols were approved by the institutional review board at the Ethical Committee of the
Public Health Agency of Brescia and Mount Sinai. Extensive data on exposure assessment
in these areas were published previously [11].

The Luria-Nebraska Neuropsychological Battery: The LNNB is a battery of motor-
neuron tests used in combination with other neurodevelopmental exams to identify child-
hood or adolescence motor-cognitive deficits or delays [10–12]. Subjects were tested with
the LNNB according to the instructions provided in the test manual [13]. Briefly, partici-
pants were told to complete the movement/task for 10 s. This motor coordination exam
consisted of a standardized test battery of five tasks [10,11]. The five movements/tasks
include the dominant hand clench (Task 1), the finger–thumb touching with the dominant
hand (Task 2), the non-dominant hand clench (Task 3), the finger–thumb touching with
non-dominant hand (Task 4), and alternative hand clench (Task 5) [11]. The sum of the
frequency of each of the five task yields a final score that reflects a motor score [11]. The test
administrator kept track of time and the frequency of tasks completed in the 10 s period.

Analytical plan: Our novel scoring method leverages the image-derived LNNB task
scores with the following steps:

Visual record of all actions. A trained administrator visually recorded the participant’s
hand movements via an iPad Pro camera (Camera module iSight with8 megapixel) and
stored the video in a local hard drive. All participants were seated at a determined distance
(1.5 m) from the camera.

Normalization. To remove variability given by sex, age, and recording time, the hand
movements in each image were normalized to a pre-defined number of voxels, resolution,
and duration using MATLAB scripts.

Compute optic flow. The local motion vectors or optic flow fields were identified from an
image sequence on a frame-by-frame basis. Optical flow is an image analysis technique used
to detect motion in video sequences [14]. In each image sequence, the optical flow generates
a vector for each image pixel representing the apparent motion in the corresponding
sampling period. The movement represented by the optical flow is considered an apparent
movement because it is a projection of the real three-dimensional (3D) image on a two-
dimensional (2D) plane. In addition, previous optical flow computation techniques analyze
the brightness variations of each pixel, thus making it impossible to distinguish between
true and apparent motion.

We computed the local motion vector for each pixel in the image on a frame-by-frame
basis as previously done [15]. The instantaneous full velocity at x, y, z pixel locations that
results from a 3D camera rotation, ω = (ωx, ωy, ωz)T with ωp the angular velocity around
the p-axis (with p = x, y and z), can be well approximated by v(x) = B(x)ω [16], where the
B(x) matrix can be defined as:

B(x) =

[
xy/f

(
−f − x2)/f y(

f + y2)/f −xy/f −x

]

where f is the focal length of the camera.
The quality of the velocity estimates can be greatly influenced by camera shocks and vi-

brations. Using this algorithm, we removed this unstable component of the camera motion
and stabilized the image sequence, maximizing the temporal local velocity constancy over
the entire short sequence. This method, which is embedded within a phase-based optic flow
algorithm, was previously tested on both synthetic and complex real-world sequences [17].
The temporal evolution of contours of constant phase can yield a good approximation to the
local velocity field [18]. We used this approach because of its computational efficiency as it
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involves linear systems and simple transformations, the result of which can be computed
without time-consuming re-filtering.

Motion quality. We estimated the motional quality of each image-derived LNNB
task score as the mean motion over the whole recorded video, as previously done [19].
We analyzed the local motion energy (i.e., speed) of the participant’s hand movements
in each recorded video as a function of time by averaging speed over pixels [19]. We
then calculated mean local motion speed temporal profiles. This resulting measure was
expressed in degree/s and provided information about the quantity of motion performed
by the hand of the tested subject [19].

Correlation between conventional and image-derived LNNB scores and accuracy evaluation
of the image-derived LNNB scores. We estimated the association between conventional and
image-derived LNNB task scores with Pearson correlation coefficients. To determine the
accuracy of the image-derived LNNB score, we first classified participants with low motility
using both conventional and image-derived LNNB scores, and we considered low motility
when participant’s LNNB scores were below their corresponding mean population levels.
We then evaluated the accuracy of the image-derived LNNB scores using the Receiver
Operating Characteristic (ROC) curve and the area under the ROC curve (AUC).

Code availability: MATLAB code is publicly available on https://github.com/daniele
corbo/Luria/blob/c8cf999e92f5367b60d69e0a6915ca5347c43d6e/motion_calculation.m (ac-
cessed on 14 April 2022).

3. Results

PHIME population description. PHIME participants were 19.6 (+/−2.3) years of age
and were equally divided into males (48%) and females (52%). The majority of adolescents
did not smoke (67%) and did not report any alcohol consumption (57%) (Table 1). All
completed the five LNNB tasks (Table 2). The tasks performed by the non-dominant hand
(i.e., Task 2 and Task 5) showed lower scores (lower motility) and higher variability (less
precision in the movement) compared to the same tasks with the dominant hand (Task 1
and Task 4, respectively) (Table 2).

Table 1. Sociodemographic characteristics of selected participants from the Public Health Impact of
Metal Exposure (PHIME) Study.

Characteristics
N (%) or

Mean (SD)

Age (years) 19.6 (2.3)
Sex (male) 22 (48%)

Maternal education
≤High School 38 (83%)
>High School 3 (6%)

NA 5 (11%)
Self-reported cigarette smoking

No 31 (67%)
Yes 7 (15%)
NA 8 (17%)

Self-reported alcohol consumption
No 26 (57%)
Yes 12 (26%)
NA 8 (17%)

%: Percentage, SD: Standard Deviation; NA: Not Available.

The image-derived LNNB task scores. Visual recordings of the five sensorimotor
LNNB tasks completed by the 46 participants led to 240 visual recordings used to create
the novel image-derived LNNB task scores. From each video, we obtained: (a) conven-
tional LNNB task scores from two trained administrators, who both counted the number
of performed actions by visual inspection, and agreed on the correctness of the partici-
pants’ movements and the number of actions; and (b) the novel predicted image-derived
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LNNB task scores computed via MATLAB. Distributions and descriptive statistics of both
conventional and image-derived LNNB tasks are provided in Table 2 and Figure S1.

Table 2. Conventional and image-derived Luria-Nebraska Neuropsychological Battery (LNNB) test
scores among 46 PHIME participants.

Conventional Mean Standard
Deviation CV 1st

Quartile
2nd

Quartile
3rd

Quartile Minimum Maximum

Task 1 23.48 7.54 2.42 18 22 29 6 37
Task 2 23.15 7.69 2.56 19 21.5 29 5 40
Task 3 17.5 6.31 2.28 13 15.5 23.75 8 31
Task 4 9.67 2.86 0.85 8 10 11 4 17
Task 5 9.13 2.96 0.96 7 9 11 2 16

Image-derived Mean Standard
Deviation CV 1st

Quartile
2nd

Quartile
3rd

Quartile Minimum Maximum

Task 1 0.17 0.11 0.07 0.08 0.13 0.24 0.02 0.44
Task 2 0.18 0.11 0.06 0.1 0.17 0.22 0.02 0.43
Task 3 0.14 0.08 0.04 0.09 0.12 0.2 0.02 0.31
Task 4 0.1 0.05 0.03 0.07 0.1 0.13 0.01 0.24
Task 5 0.1 0.05 0.03 0.06 0.09 0.14 0.02 0.24

CV: Coefficient of Variation. Task 1: the dominant hand clench, Task2: the finger–thumb touching with the
dominant hand, Task 3: the non-dominant hand clench, Task 4: the finger–thumb touching with non-dominant
hand, Task 5 alternative hand clench.

We then evaluated the correlation between conventional and image-derived LNNB
task scores. All tasks showed a strong linear relationship between conventional and
image-derived LNNB task scores (Figure 1, Table S1). Specifically, the Pearson correlation
coefficients between the conventional and image-derived LNNB task scores ranged between
0.70 and 0.74, with all coefficients statistically significant different from 0 (Figure 1, Table S1).
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Neuropsychological Battery (LNNB) tasks, classifying participants with lower mobility (LNNB 
score < population mean levels). Dashed grey line indicates the line of no-discrimination. Task 1: 
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non-dominant hand clench, Task 4: the finger–thumb touching with non-dominant hand, Task 5 
alternative hand clench. 

Figure 1. Scatterplots, Pearson correlation coefficients (rho) and linear trends of the relationship
between the conventional (x-axis) and the image-derived (y-axis) Luria-Nebraska Neuropsychological
Battery (LNNB) task scores. Each dot represents an individual, the black line represents the linear
trend of the association between conventional and the image-derived LNNB task scores, and the grey
shade indicates the 95% Confidence Interval of the linear trend. Task 1: the dominant hand clench,
Task 2: the finger–thumb touching with the dominant hand, Task 3: the non-dominant hand clench,
Task 4: the finger–thumb touching with non-dominant hand, Task 5: alternative hand clench.
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In this subset and using the conventional LNNB task scores (from Task 1 to Task 5,
respectively), 25, 26, 27, 22, and 26 participants showed low motility, i.e., their conventional
LNNB scores were below the corresponding mean population levels. With the novel esti-
mated image-derived LNNB tasks and setting a sensitivity level of 70%, we discriminated
participants with low levels of motility with a specificity of 71%, 83%, 71%, 63%, 67% for
Task 1 to Task 5, respectively. The accuracy of those models ranged from 70% for Task 4 to
83% for Task 2 (Figure 2, Table S2).
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Figure 2. Receiver Operating Characteristic (ROC) curve (solid black line), empirical 95% confidence
interval (grey shade), and area under the ROC curve (AUC) of the image-derived Luria-Nebraska
Neuropsychological Battery (LNNB) tasks, classifying participants with lower mobility (LNNB
score < population mean levels). Dashed grey line indicates the line of no-discrimination. Task 1: the
dominant hand clench, Task2: the finger–thumb touching with the dominant hand, Task 3: the
non-dominant hand clench, Task 4: the finger–thumb touching with non-dominant hand, Task 5
alternative hand clench.

4. Discussion

This is the first study to develop automatic and image-derived LNNB task scores
in adolescents using a novel mathematical approach combining optic flow fields from
image sequences on a frame-by-frame basis. This novel image-derived LNNB task-scoring
approach accurately estimated an alternative for conventional LNNB measurements and
provided good discrimination of participants with lower scores, indicating motility below
the mean population values. These findings supported the hypothesis that imaging data
can lead to novel automatic tools able to provide a timely sensorimotor screening and
discriminate individuals at higher risk of developing sensorimotor impairments and delays.

Our findings were consistent with prior literature showing that the dominant hand is
faster [20], more accurate [21], and less variable [20] in movements than the non-dominant
hand. This supports the consensus regarding the specialization of the non-dominant
system for utilizing proprioceptive feedback [22–24], defined as the central motor ability
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to sense the position and the movement of a limb in space along with muscular effort
and tension [25]. The proprioceptive feedback is also strongly connected with peripheral
or central nervous structures [25]. Our findings also showed good accuracy (≥70%) in
the estimation of LNNB task score alternatives using image-derived data, especially in
evaluating the non-dominant hand clench tasks. This can be explained by the fact that the
non-dominant hand provides more accurate information on proprioception [25]. Indeed,
this information cannot be compensated for by the advantages of the dominant hand, such
as increased training of the hand muscles [26], the enlarged excitability of the dominant
motor cortex [27], and the increased excitability of motor-neuronal pool at the level of
spinal circuitry [28]. The conventional and image-derived LNNB scores also showed strong
correlation coefficients (≥0.70).

To determine the image-derived LNNB task scores, we employed a novel mathematical
approach leveraging the image sequence on a frame-by-frame basis and the local motion
energy as a function of time. The contribution of this approach was two-fold. First, we
used a normalized, robust, and computationally efficient method, which facilitates the
detection of movements that otherwise may be discarded or overestimated by the visual
count. Second, our strategy may limit time-consuming duties for the trained administrator
and may improve the timeliness of the assessment of sensory-motor impairments or delays.
Indeed, this novel LNNB scoring approach did not require any administrator and it may
be considered as sensorimotor screening during telemedicine services. We then compared
our image-derived LNNB task scores with conventional scores, which are highly subjective.
In this study, we were able to limit the subjectivity of conventional LNNB task scores
with the assessment by multiple trained administrators. This allowed us to properly
characterize the adolescents’ movement and to correctly estimate the number of actions
performed. We finally included the code to facilitate reproducibility and transparency of
our scientific results.

Our study population consisted of healthy adolescents, thus limiting the generalizabil-
ity of our findings to populations of other ages and different sensorimotor abilities. How-
ever, these preliminary results showed the potential of recorded videos for telemedicine
applications that aim to provide early diagnostics of any sensorimotor impairments and
delays, including Parkinsonians-like symptoms. An additional limitation was the rela-
tively small sample size, which led us to internally validate our results and to potentially
overfit our findings. To overcome these limitations and improve the performance of these
novel image-derived LNNB task-scoring approach, further studies should include larger
populations of different ages and sensorimotor abilities.

5. Conclusions

We trained and validated an automatic image-derived LNNB task-scoring approach
able to assess an individual’s movements. This novel image-derived LNNB task-scoring ap-
proach may mitigate administrator’s subjectivity, limit time-consuming duties, and provide
the groundwork for early diagnostics for any sensorimotor impairments and delays.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/brainsci12060757/s1, Table S1: Pearson correlation coefficient
between the conventional and the image-derived Luria-Nebraska Neuropsychological Battery (LNNB)
task scores among 46 PHIME participants. Table S2: Area under the Receiver Operating Characteristic
(ROC) curve (AUC) and 95% Confidence Interval (95%CI) of each Luria-Nebraska Neuropsychological
Battery (LNNB) task, classifying participants with lower mobility (LNNB score < population mean
levels). Figure S1: Boxplots of the Luria-Nebraska Neuropsychological Battery (LNNB) task scores:
(a) conventional LNNB measurements; (b) the image-derived LNNB measurements.
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