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Abstract

Parkinson’s disease (PD) can cause postural instability, which may result in falls. These issues have been associ-

ated with motor and non-motor symptoms (NMS), including cognitive dysfunction. Several techniques have been
employed to investigate the underlying neural mechanisms involved in postural control in PD. These include behav-
ioural studies assessing associations between cognition and postural control, functional neuroimaging studies,

and resting-state neural correlates. This review provides an overview of these emerging bodies of research. Scopus,
PubMed, and ProQuest were searched and detailed the brain-imaging technique, cohort, and postural control
measures. A total of 79 studies were identified. Findings supported the notion of cortical involvement in postural
control function to compensate for subcortical damage resulting from PD. Future studies should standardise their
outcome measures and data analysis to allow comparisons of results across studies and ensure more comprehensive
and robust data collection to enhance the reliability and validity of these findings.
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Introduction

Parkinson’s disease (PD) is a common neurological disor-
der characterised by both motor and non-motor symp-
toms (NMS). Among these, postural control impairment
is one of the most debilitating motor symptoms and sig-
nificantly increases the risk of falls in people with PD,
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leading to reduced quality of life and increased health-
care costs [3]. Importantly, postural control issues have a
limited response to dopaminergic medication, presenting
challenges for treatment options [4].

Postural control is a complex skill which requires the
concurrent integration and processing of input from
multiple sensory systems including: visual, vestibular
and proprioceptive systems [5], but also cognitive infor-
mation [6—8]. The integration of sensorimotor informa-
tion allows an upright stance to be maintained with the
goal of achieving both stability and orientation [9, 10].
This process is facilitated by the Basal Ganglia, which
is affected in PD and can lead to postural instability [6].
Performance of postural control depends on the inter-
action of the individual’s capabilities, the task, and the
environment.

Poor postural control has been associated with age-
related changes, vestibular disorders, musculoskeletal
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issues, visual impairments, and various neurological
conditions. Recently, the role of non-motor symptoms
(NMS), such as anxiety and cognitive dysfunction, in
postural control difficulties in PD has been recognized
[6, 11].The associations between cognitive function and
postural control impairment have been observed across
all stages of disease severity of PD [12—16]. The empiri-
cal evidence regarding the effectiveness of dopaminergic
medication in the treatment of cognitive dysfunction var-
ies depending on cognitive domains, and between dis-
tinct PD phenotypes.

Underlying brain function related to postural control
can be measured in several ways. A growing number
of behavioural studies have researched the association
between cognition and motor skills [17, 18]. Yet, a dis-
proportionate amount of this research focuses on the
relationship between cognition and gait, rather than cog-
nition and balance [1].

Cognitive control of postural control involves the
dynamic interplay between cognitive function and the
neural circuits responsible for maintaining equilibrium in
an upright stance. The cognitive decline associated with
PD likely exacerbates postural control difficulties and fur-
ther increases falls risk. Various cognitive domains have
been positively associated with balance in PD, such as
attention [19], verbal fluency [20], visuospatial function
[21], executive function [19, 22], memory [22, 23], and
global cognition [19-24].

Dual tasking is the simultaneous performance of two
tasks. This paradigm is also often employed to assess the
cognitive control of postural control in people with PD
(PwPD). By incorporating a second task in addition to
one that involves postural control, additional cognitive
resources are challenged which can highlight cognitive-
motor interactions. When cognitive load exceeds capac-
ity, this can result in reduced/worsened postural control,
e.g., larger sway outcome measures [25].

In addition to behavioural associative studies, there
exists an emerging body of literature that reports the
use of portable brain imaging techniques, such as func-
tional near-infrared spectroscopy (fNIRS) and mobile
electroencephalography (EEG), to investigate cortical
activity during postural control tasks in PwPD [26]. The
advantage of these techniques is that they measure cor-
tical activity in real-time, during task execution, rather
than depending on associative analysis of the relation-
ships between postural control and brain activity. Both
fNIRS and mobile EEG are relatively inexpensive, non-
invasive, portable, and somewhat resilient to movement
artefacts, which makes them favourable techniques for
the study of cortical activity during tasks that challenge
postural control [27, 28]. Traditional imaging studies
using techniques such as functional magnetic resonance
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imaging (fMRI) are constrained by the need for a station-
ary supine position which creates ecological challenges
when researching neural correlates of postural control in
PwPD. Therefore, these studies are restricted to associa-
tive paradigms or are reliant on tasks to emulate balance
performance such as mental imagery or virtual real-
ity (VR). Yet, this research may also provide important
insights into the relationship between neural activity and
motor functions [29, 30].

Some previous efforts have been made to consolidate
findings related to the underlying neural mechanisms
involved in motor control in PwPD. For example, one
narrative review discussed motor and cognitive factors
that contribute to dual-task walking deficits [31]. How-
ever, to our knowledge, no such work has been done
pertaining to tasks that challenge postural control. More-
over, a structured review from 2018 provides an overview
of studies using fNIRS and EEG to examine cortical activ-
ity during walking and balance tasks in PwPD and older
adults [26]. Few studies were found that involved the
assessment of cortical control of postural stability in PD.
However, as this is a developing area of research, there
have since been a growing number of studies that have
focused on this topic, using techniques such as fNIRS
and EEG.

The overall aim of this review is to systematically pre-
sent the current evidence on the neuroimaging/cognitive
correlates of postural control in PwPD. This review will
encompass several techniques measuring brain function
(either through neuropsychological testing or brain imag-
ing) in relation to postural control performance (through
objective assessment/measures), to provide a compre-
hensive overview of this topic. The review includes the
following.

(1) Behavioural studies analysing the associations
between performance on neurocognitive measures
and standardised measures of postural control.

(2) Brain activity recorded in real-time during (postural
control-related) task performance with standard-
ised measures of postural control.

(3) Resting-state brain activity associations with stand-
ardised measures of postural control, measured by
one of the following techniques: functional mag-
netic resonance imaging (fMRI), positron emission
tomography (PET), single-photon emission com-
puted tomography (SPECT), electroencephalogra-
phy (EEG) or magnetoencephalography (MEG).

This review will provide a summary of the status quo
of the field of study that explores the underlying neu-
ral mechanisms involved in postural control in PwPD.
Enhancing knowledge of the conjunction of brain activity
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Neurodegenerative group: Parkinson* OR “Parkinson’s disease” OR Parkinsonian
AND

Brain Activity/Cognition/Mobile Imaging: “neural” OR “neuronal” OR “brain” OR “motor” OR “cortical”
OR “subcortical” OR “locomotor” OR “corticomotor” OR “cognition” OR “global intelligence” OR
“cognitive” OR “memory” OR “attention” OR “executive functioning” OR “executive function” OR
“processing speed” OR psychomotor OR visuospatial OR “verbal fluency” OR “reaction time” OR
“cognition disorders” OR “neuropsychological tests” OR visuoperception OR visuoconstruction OR EEG
OR electroencephalography OR nirs OR “functional near-infrared spectroscopy” OR “near-infrared
spectroscopy” OR fNIRS OR “Mobile Imaging” OR “near-infrared" OR “neuroimaging” OR “MRI” OR
"diffusion tensor imaging" OR "fMRI" OR "functional MRI" OR “PET” OR "positron emission
tomography" OR "single photon" OR “SPECT” OR MEG OR “functional magnetic resonance imaging” OR
magnetoencephalography

AND

Real-world task: “postural control” OR “balance control” OR balance OR Standing OR Dual-task* OR
“Centre of mass” OR “Postural sway” OR “dual task”
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AND NOT
Mouse OR Rat

Fig. 1 Search terms

involved in postural control in PD will inform the devel-
opment of PD-specific interventions and rehabilitation
programmes.

Methods

Search strategy

An initial search was conducted using three databases
(Scopus, PubMed & ProQuest) with the search terms
shown in Fig. 1. The search was limited to full journal
articles written or translated into the English language
from January 1980 to September 21st, 2023. Once the
search was complete, duplicates were deleted, and an ini-
tial title and abstract screen were conducted by two inde-
pendent reviewers (PT and LG). A full article review was
completed when it remained unclear from the abstract
whether a paper met the inclusion criteria. A meeting
was then held by both reviewers to discuss the articles
that were not initially mutually agreed upon for inclu-
sion. Any remaining conflicting studies were then evalu-
ated by a third reviewer (RM). This paper adheres to the
Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA). This review is registered with
PROSPERO. Registration number: CRD42023390771.

Inclusion and exclusion criteria

Articles were included if they assessed individuals with
a diagnosis of PD undergoing an objective measure of
balance associated with at least one of the following; (i)
neurocognitive assessment, (ii) real-time brain imaging,
or (iii) resting-state brain activity. Objective measures
of balance included rating scales (e.g., UPDRS question
3.12), wearable sensors, force plates, 3D motion capture
and timed measures such as the timed up and go (TUG),
due to its incorporation of various elements of dynamic
balance such as anticipatory postural adjustments
(APAs), turning and sit-to-stand/stand-to-sit.). Out-
come measures derived from TUG included total time
of TUG, but also duration of specific parts of TUG such
as sit-to-stand/stand-to-sit and turning. Moreover, TUG
tests that were completed with movement sensors were
included if they provided temporal and spatial parame-
ters relevant to postural control (e.g., turning angle, gait
initiation time). Studies that used a TUG DT paradigm
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Identification

Records identified through database searching: (5366)

Scopus (n=4294), ProQuest (n=560), PubMed (n=512)

\ 4

- Number after removal
g duplicates (n=3550) Number of duplicates
§ removed (n=1816)
)
(92
g Records screened (n=3550)
S
D
[y
Full-text articles excluded (n=49)
A\ 4
Full-text unavailable (n=4)
Records agreed upon for full- No balance measures (n=12)
text review eligibility No (baseline) associations analysed (n=30)
E > Not relevant (n=2)
g assessment (n=128) Not PD (n=1)
g v
Articles included for data extraction (n=79)

Fig. 2 PRISMA flow chart of the study design. This shows each stage of the review process and the corresponding number of studies

and reported cognitive outcome measures (e.g., DT cost)
were also included.

The following domains of postural control were used to
classify tests and measures. [10].

1. Static postural control (maintaining equilibrium and
stability in unchanging conditions).

2. Dynamic postural control (e.g., postural transitions
(sit-to-stand) or maintaining equilibrium whilst mov-
ing (turning).

3. Reactive postural control (e.g., adjusting to perturba-
tions).

4. Proactive postural control (e.g., anticipatory postural
adjustments (APAs)).

Two additional domains of postural control were used
to classify tests and outcome measures that specifically
target sensory aspects of postural control and cognitive-
motor interference on postural control.
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5. Sensory integration of postural control (e.g., manipu-
lating visual, vestibular, and proprioceptive/soma-
tosensory input).

6. Cognitive load on postural control (e.g., cognitive-
motor DTs) [32-34].

Several outcome measures can be considered to test
multiple domains of postural control. Testing of cogni-
tive function included neuropsychological assessments
including; Mini-Mental State Examination (MMSE),
Montreal Cognitive Assessment (MoCA), measures of
individual cognitive domains, comprehensive cognitive
batteries. Studies that employed dual-task paradigms to
demonstrate the impact of additional cognitive load on
postural control performance were also included.

Brain imaging studies were included if they meas-
ured brain activity in relation to balance, either during
task performance (real-time) or if they involved resting-
state functional connectivity associations with objec-
tive measures of postural control. Intervention studies
were excluded unless data analysis was performed, and
baseline assessment measures were reported. Similarly,
longitudinal studies were only included if they did not
delineate any type of rehabilitation programme or phar-
macological intervention.

Data extraction

Data were extracted and synthesised from full-text arti-
cles, into Tables 1 and 2, by the first reviewer (PT) and
checked by a second reviewer (LG). Extracted data for
the behavioural studies (Table 1) included first author
and year of publication, participant characteristics, bal-
ance measure(s) and domains, cognitive tests, and key
findings and interpretations. For the brain-imaging stud-
ies (Table 2), the cognitive domain (tests) section was
replaced with “cortical activity measurement device and
regions of interest (ROIs)” This process and the corre-
sponding number of studies of each stage of this litera-
ture review are displayed in Fig. 2.

Results

Search yield

After removing duplicate articles, the initial search
yielded 3550 results (as shown in Figure 2). Two
researchers (PT & LG) independently reviewed the titles
and abstracts. Following the title and abstract screen-
ing, 128 articles were agreed upon for full-text review.
This procedure was completed by the first reviewer (PT),
after which, 79 articles were identified as relevant and
remained for data extraction. Risk of bias was evaluated
for all included studies using QUADAS-2 (See appen-
dices). This assessment revealed a low risk of bias was
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found in 60 studies, moderate risk in 19 studies, and high
risk in 1 study. Studies were divided into three separate
tables/groups: behavioural studies (n=64), brain-imaging
studies during postural control task performance (n=9)
and associative brain function with postural control per-
formance (n=7). One study [24] was included in both
the behavioural studies, and brain imaging (during task
performance) tables as it had a protocol and findings that
were pertinent to both sets of inclusion criteria.

The 49 excluded articles that were removed following
full-text review and the reasons for exclusion are pro-
vided in Supplementary Material Table 1. These were
agreed with by the 2™ reviewer. Data from the remain-
ing studies was extracted and synthesised into tables by
the 1% author (PT) and confirmed by co-authors (LG, RV,
TW, ET, JO, SS, RM).

Behavioural studies (n = 64)

Participants

Data were extracted from the behavioural studies (n=64)
and formatted into Table 1. Within these studies, the
average age for the PD groups was 66.31. The majority
(n=34) used an older adult (OA) healthy control group.
One study assessed balance and cognitive performance
against a healthy younger adult (YA) group aged 24.9
[35] and one [36] included middle-aged adults who had
a mean age of 52.8 years. Most studies (n=46) tested PD
patients “ON” Parkinsonian medication. Some studies
(n=12) did test participants in their “OFF” state and one
study [37] tested participants ON and OFF medication.
Four studies [38-41] did not report medication status.
One study [42] tested drug naive patients i.e., patients
who had never taken any dopaminergic medication.

Balance measures/tasks and Dual tasks
Rating scales such as specific items of the UPDRS were
used as assessments of balance e.g.,, MDS-UPDRS item
3.12, (Pull-Test) (n=>5) and Tinetti balance assessment
test (n=3). One study [24] used a combination of MDS-
UPDRS items to create a clinical balance score (CBS); the
sum of MDS-UPDRS items 3.8 (leg agility), 3.9 (arising
from chair), 3.12 (postural stability) and 3.13 (posture).

Several studies employed the use of objective meas-
ures of balance (n=41) e.g.,, a postuographic force/
balance platform (n=26) or wearable inertial sensors/
accelerometers (n=12). The majority (n=238) of these
were inertial sensors. Two studies used cameras in
addition to a force platform.

One study only used optoelectrical cameras [37] and
one used a mobile device. Other measures included e.g.,
the BBS (n=9) and TUG (n=15), which assess different
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aspects of balance. Namely, static, and dynamic balance
and only dynamic balance, respectively.

Outcome measures from objective assessments of
postural control varied across studies and included
sway parameters and anticipatory postural adjustments
(APAs) derived from digital measuring devices such as
inertial measurement units (IMUs) and force platforms.
Moreover, clinical rating scales and tests such as the
TUG, Mini-BESTest and BBS were also included. The
postural control domains that each assessment/measure-
ment device was classified as, for purpose of this review,
is shown in the Tables 1, 2 and 3 under “Postural con-
trol domain” Which domain each measurement device/
assessment tested is considered by the authors of this
review to be part of is shown in Fig. 3.

Several studies challenged the visual system dur-
ing standing, e.g., eyes open/eyes closed (n=20), and
proprioception e.g., with a foam surface (n=8). Two
studies used the Smart Equitest system (Neurocom)
to manipulate both vision and proprioception [43, 44].
Manipulating cognitive load during standing trials was
often achieved by employing a cognitive dual task (DT)
(n=26). The most common cognitive test used was serial
3 s subtraction (n=9), followed by counting backwards
(n=5) and category naming (n=4). Other cognitive parts
of dual tasks (DTs) included word list generating (n=1),
digit span forward (n=3) and backwards (n=1), count-
ing (n=1), describing a familiar place, and naming days
of the week backwards (n=2). A small number of stud-
ies (n=3) involved listening to a story and either count-
ing pre-determined words (n=1) or depressing a button
(n=2) when they heard the pre-established word. One
study [45] provided visual stimuli which was a 3D object
which patients had to remember and match. Another
study [46] used 6 different cognitive tasks during DTs:
digit span (forward & backward), repeating 5 words,
naming days backwards, counting backwards and animal
naming.

Cognitive measures

Global cognition was the most widely tested domain.
Studies typically used either the MoCA (n=27) or
MMSE (n=31). Executive function/attention (n=31)
was the most tested cognitive domain, most commonly
by the Trail-Making Test (TMT) (n=18), followed by and
visuospatial function (n=11), which was most commonly
examined with the Judgement of Line Orientation (JLO)
(n=6). Other cognitive assessments included reaction
time (n=2), and verbal/semantic fluency (n=7).

Outcomes
Cognition and performance on postural control tasks
were generally found to be positively associated, i.e.,
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poorer cognition was associated with poorer postural
control. Specifically, executive function and attention
were among the domains most often positively correlated
with Postural control performance (n=23) [4, 11, 13, 22,
24, 37, 39-41, 47-60], in addition to global cognition
(n=22) [4, 15, 16, 23, 36, 39, 43, 46, 48, 50, 51, 54, 55, 58,
60-67] (Fig. 4.)

For the studies that incorporated DTs, there was a
range of different findings. The majority of results suggest
that a cognitive load has a negative impact on postural
control (n=15), e.g., increased sway measures (n=7)
[14, 20, 38, 61, 68—-70] and worsened balance task perfor-
mance (n=5) [37, 60, 71-73]. For some studies (n=8),
the significant findings pertained to the cognitive part of
the DTs, where PwPD showed more errors [61, 74-77],
reduced responses [70, 73] and less subtractions [78],
compared to healthy controls. Interestingly, a subset of
studies (n=6) demonstrated unexpected outcomes, such
as a significant decrease in postural sway measures (i.e.
improved performance) and excursion during specific
cognitive tasks [68, 76, 77, 79, 80] and improved perfor-
mance in dynamic balance [72].

Brain-imaging studies (during task performance) (n=9)
Participants

The average age for PD patients was approximately
66.69 years. Of the nine studies from which data were
extracted, eight included the use of healthy control
groups, which had a very similar average age of approxi-
mately 68.29 years. All studies included both male and
female participants. Two studies tested people ON medi-
cation and one study tested patients in an “ON” and
“OFF” state. The remaining studies (n=6) tested subjects
OFF dopaminergic medication or did not provide those
details.

Brain imaging devices

As shown in Table 2. Only one study used fNIRS to meas-
ure cortical activity in relation to postural control, using
a 29-channel array of optodes at 8.36 Hz, measuring PFC
activity, during the TUG task [81].

Three studies used fMRI to assess brain activity dur-
ing balance-related task performance, either with men-
tal imagery balance-related tasks (n=1) [82] or a built-in
force platform enabling stimulation of the feet in a supine
position (n=2) [83, 84].

The remaining studies (n=>5) all used EEG to assess
cortical control during a variety of tasks challenging pos-
tural control [24, 85-87]. Sampling frequencies ranged
from 500 to 4096 Hz with systems ranging from 32 to
64 channels. Three studies used a larger system with
64 channels [24, 85, 88] and one study used a 32-chan-
nel system [86]. One other study used a 30-channel EEG
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system [89]. All EEG systems differed in type, brand, and
model.

Balance measures/tasks and Dual tasks

A force plate was used in three studies [85, 86, 89] to
assess postural control performance with sway measures.
One study provided visual feedback whilst participants
were encouraged to sway mediolaterally [88]. Another
[86] used the force plate to administer perturbations, and
one [89] had various standing conditions including motor
and cognitive DTs. One study used triaxial accelerome-
ters to measure postural sway whilst proprioception was
challenged using a foam pad surface [24]. Trial durations
ranged from 10 to 100 s.

Regions of interest

The study that used fNIRS to measure cortical activ-
ity only examined the PFC [81]. This is likely a result of
technological limitations. Hemodynamic differences in
the left, right and total frontal cortices were found dur-
ing dynamic balance performance in PwPD [81]. The
EEG studies covered a wider range of cortical ROIs. For
example, parietal, frontal, occipital and central or one of
the sensorimotor cortices e.g., the primary motor cortex
(M1), primary sensory cortex (S1), primary visual cortex
(V1), and auditory areas (STS/STG) [24, 88].

Outcomes

In the single fNIRS study found, hemodynamic variations
were observed in various frontal cortices during the TUG
task in PwPD [81], with left frontal cortex HbO2 levels
surpassing those on the right in high-risk fallers. Addi-
tionally, frontal cortex HbR concentration negatively cor-
related with disease duration.

Some studies used fMRI to assess event-related BOLD
signal during (balance-related) task performance in a
supine position within an MRI-scanner. This included
APA’s [83], mental imagery [82] and a simulated bal-
ance task [84]. PwPD with impaired postural control
and a sleep disorder had decreased functional connectiv-
ity between the pedunculopontine nucleus (PPN) and the
SMA which also correlated negatively with the duration
of APAs i.e., proactive postural control. Furthermore, this
group showed showed a lack of focused brain patterns in
the parietal-frontal areas, compared to healthy controls.

During a simulated dynamic balance task, PwPD had
increased functional connectivity in regions associated
with motor control and parietal areas, compared to OA.
They also showed decreased connectivity between the
brainstem and subcortical areas, compared to OA. PwPD
were also found to have increased connectivity from
the SMA and premotor areas to the pre-SMA and the
superior parietal cortex to the precuneus. Furthermore,
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PwPD showed an increase in connectivity from the dor-
sal premotor area to the pre-SMA.

The remaining EEG (n=5) studies had a variety of
outcome measures [24, 85, 86, 88, 89]. These generally
showed dissimilar patterns in neural activity and pos-
tural performance between PwPD and OA (n=5). For
example, PwWPD with postural instability showed lower
theta-band power in the mid-frontal and mid-cerebellar
regions during a postural control task, compared to both
OA and PD patients without postural issues [24] (Fig. 4).
Similarly, another study [85] found absolute power spec-
tral density (PSD) for alpha waves was lower in people
with early PD compared to OA, whilst sway was signifi-
cantly higher in OA. This study also found differences
between PRE- and POST-phase PSD. Significant dif-
ferences in theta band were found between the tempo-
ral, frontal, and occipital lobes and alpha band power in
the temporal, parietal, and occipital lobes. PwWPD also
showed a significant increase in normalized alpha modu-
lation in the primary visual cortex and beta modulation
in the primary motor cortex during perceptual-motor
tasks, compared to healthy older adults [88].

Functional connectivity strength differences, based on
the phase-lag index (PLI) of 30 electrode pairs among
early-stage PD patients and older adults (OA), were
measured using EEG during various standing trials [89].
Both PD patients and older adults successfully reduced
postural sway during a trial whereby they were asked to
focus on postural control, corresponding to improved
postural control performance. PD patients showed higher
mean inter-regional connectivity strength during pos-
tural single-task and dual task (DT), whilst older adults
showed a decrease in inter-regional connectivity, during
the DT condition, compared to the single-task.

Contingent negative variation (CNV) in the alpha
(8—13 Hz) and beta (13-30 Hz) bands and event-related
desynchronization (ERD) were used to analyse cortical
activity during perturbations (anticipation) [86]. Among
older adults, no associations were found between pos-
tural control performance and cortical activity in the pri-
mary and supplementary motor areas. However, in PD
patients, increased beta ERD was linked with decreased
adaptability i.e., worse postural performance.

Brain-imaging studies (resting-state associations with
postural control) (n=7)

Participants

PwPD were an average of 64.64 years old. Most studies
(n=38) used aged-matched controls [82, 84, 90-95], with
one study using healthy young adults [83]. Three studies
separated participants based on FOG status: freezers vs
non-freezers [82, 95, 96].
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Imaging technique

The majority of studies (n=4) used fMRI to measure
brain activity correlates of postural control using rest-
ing-state fMRI (n=4) [92-95]. The remaining studies
included resting-state EEG (n=1), PET (n=1) [96] and
SPECT scan (n=2) [90, 97] brain activity correlates of
balance.

Outcomes

The BOLD signal was used as a proxy for neural activa-
tion in all fMRI studies. However, some studies used rest-
ing-state fMRI as a neural correlate of postural control
performance outside of the scanner such as task-specific
performance on the TUG test [95] or other objective
measures of postural control such as inertial sensors [94].
TUG duration was negatively correlated with functional
connectivity of the sensory-motor network. Functional
connectivity of different brain networks predicted differ-
ent domains of postural control for PwPD [19].

Both SPECT studies reported 99mTc-TRODAT-1 as
an outcome measure reporting dopaminergic uptake
[90, 97]. One did not show any significant correlations
between dopamine depletion and postural control per-
formance [90]. The other study that used SPECT found
that PwPD in H&Y stage 3 had significantly greater
depletion of dopamine and worse postural instability (i.e.,
increased sway displacement) than PwPD in H&Y stage
1 and 2 [97]. The single study that used PET measured
C-methyl-4piperdinyl propionate i.e., levels of acetyl-
choline [96]. This study found an association between
postural control performance and the right hemispheric
cholinergic network associated related to visual-ves-
tibular integration and self-motion perception. A high
anti-cholinergic burden in this region predicted postural
control impairment.

Discussion

The objective of this systematic review is to provide a
comprehensive overview of the current literature con-
cerning three primary areas of investigation relating to
the understanding of the relationship between neuroim-
aging/cognitive correlates and postural control in PwPD.
Firstly, this review encompasses behavioural studies that
involve cognitive associations of postural control. Sec-
ondly, this review focuses on brain imaging studies that
measured brain activity during real-time balance/stand-
ing task execution. Additionally, this review considers
studies incorporating the use of fMRI, PET, MEG, EEG
and SPECT to assess brain function correlates of postural
control in PwPD. These include associative relationships
between resting-state brain activity and postural control.

Page 27 of 39

Findings indicate a positive relationship between cog-
nitive function and postural control in PwPD, although
there was a lack of standardisation regarding protocols
across studies. Despite differences in techniques, ROIs,
measures and domains of postural control, brain-imag-
ing studies typically found dissimilar neural patterns in
PwPD compared to older adults, during tasks intended
to challenge balance systems. Increased levels of corti-
cal activity among PwPD during these tasks are generally
explained to be compensatory for subcortical damage.

Study protocols

One key finding from this review is that study protocols
were highly variable, making it challenging to compare
and collate findings. Variations among the behavioural
studies include factors such as disease duration/severity,
postural control tests/measures, trial conditions, par-
ticipant testing states ("ON" or "OFF"), explored cogni-
tive domains, cognitive performance, chosen tests for
assessment, sample size, and clinical characteristics of
PD patients (e.g., PIGD vs TD subtype). These factors
all play a crucial role in outcomes. Additionally, the dif-
ficulty level of the cognitive aspect of a DT is also a sig-
nificant consideration. These methodological limitations
and discrepancies between studies are all likely causes for
some of the heterogeneity in results we see in the current
literature.

All fMRI studies measuring brain function correlates
lack ecological validity. The conventional requirement
for participants to assume a supine and motionless
position during measurements significantly hampers
the real-time assessment of brain activity in relation to
postural control, which is a critical limitation. While
imaging techniques such as fMRI offer some advan-
tages in terms of superior spatial resolution in compar-
ison to their mobile counterparts like fNIRS and EEG,
the associated compromise becomes apparent in the
context of assessing dynamic skills like balance. The
need for participants to be stationary undermines the
authenticity of the evaluation, emphasising the need
for methodologies that capture the intricacies of real-
world scenarios. However, as mobile imaging tech-
niques are relatively novel, work using conventional
techniques like fMRI is important for the current
understanding of the underlying neural mechanisms
involved in postural control.

The ability to measure brain activity during stand-
ing tasks addresses the ecological validity concerns
by allowing for real-time assessment of brain func-
tion during tasks requiring postural control. Moreo-
ver, the superior temporal resolution, for EEG, allows
the detection of cortical control of specific events such
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Fig. 3 Six postural control domains that were used to categorise outcome measures. Total (and percentage) of postural control outcome

measures/tests used among the cognitive association studies

as perturbations and turns. A limited number of stud-
ies were identified as relevant for this review, which
reflects the relative recency of this technique. Seven
of these studies incorporated the use of EEG and only
one employed the use of NIRS. The fNIRS study had a
sampling frequency 8.36 Hz. For the EEG studies, this
ranged from 500 to 2048 Hz. The apparent preference
for EEG in this research area is likely because of this
superior temporal resolution compared to fNIRS.

The evolving landscape in neuroimaging method-
ologies not only broadens the scope of research pos-
sibilities but also underscores the importance of
considering the dynamic nature of the skills under
investigation. All these variables concerning the pro-
tocol are important to consider when testing cortical
control and cognitive associations of balance in PD
and are crucial to be mindful of when interpreting
findings.

Regions of interest

Concerning studies using mobile EEG, there was a lot
of variation regarding the use of systems and electrode
quantity. There was also very little consensus regarding
which electrodes corresponded to what brain regions
or how ROIs were reported.

The fNIRS study [81, 98] exclusively measured activ-
ity in the PFC, most probably due to hardware con-
straints and precedence set in gait studies in PwPD.
Advancements in hardware now allow for the meas-
urement of cortical activity across multiple cortical
regions and have already been used to investigate cor-
tical involvement in gait [99] and motor tasks [100] in
PwPD. In future studies aimed at exploring the neural
underpinnings underlying balance and how patholo-
gies like PD affect these mechanisms, the use of fNIRS
to assess activity across multiple cortical regions could
significantly enhance our understanding.
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Fig. 4 Visual representation of sig. evidence of associations between cognitive domains and domains of postural control in Table 1. Colours
within the postural control domains boxes correspond to each cognitive domain. The numbers represent the total number of study outcomes
that found a significant association between postural control and cognitive domain. Some outcomes may correspond to multiple domains. This

image is inspired by Fig. 3 in previous work [17] (adapted with permission)

Outcomes

There were many discrepancies in the outcomes being
used to measure and report both balance and neural
correlates of balance in PwPD within the reviewed stud-
ies. Although some studies implemented the use of an
objective balance measure, others used more subjective
assessments that require the interpretation of the admin-
istrator/researcher like the Pull Test or the Mini-BEST-
est [101, 102]. Although both the Pull Test (i.e., UPDRS
item 3.12) and Mini-BESTest are frequently used to
assess postural control in PwWPD in a clinical setting, for
research purposes these types of assessments can intro-
duce variability, reducing accuracy and sensitivity. Using
objective, quantitative measures such as a force plate,
walkway or accelerometers can improve the accuracy and
reliability of balance assessments in research [103, 104].
While these methods may provide valuable insights into
postural control performance for clinicians, this diversity
in assessments makes it challenging to establish a unified
understanding of neural correlates of balance when com-
paring outcomes.

In parallel, behavioural studies implementing DTs also
found divergent outcomes. Three studies showed no sig-
nificant difference in sway between single task and DTs
[35, 45, 105]. Conversely, several studies highlighted

significant findings related to the cognitive aspects of
DTs such as more errors [61, 74—77], reduced responses
[70, 73] and less subtractions [78] than older adults. A
subset of studies demonstrated unexpected outcomes,
such as a significant decrease in postural sway and excur-
sion during specific cognitive tasks [68, 72, 76, 77, 79, 80].
The lack of significant findings may be indicative of a pro-
tocol limitation whereby the cognitive part was not chal-
lenging enough and did not demand enough attentional
resources to negatively affect sway measures. One expla-
nation for the reduction in sway measures suggests that
when the DT becomes too challenging, cognitive load
surpasses capacity, leading to a “posture first” strategy.
This prioritises postural control resulting in PwPD over
constraining and impeding cognitive performance. Evi-
dence for this is shown in one study where dual-tasking
reduced postural sway in advanced PD but increased it in
older adults [80]

Among the brain imaging studies measuring brain
activity during balance-related task performance, one
NIRS study reported both HbO, and HbR changes in the
PEC during different stages of the TUG in PD but did not
change in OA [81].

For the EEG studies, there were more varied out-
come measures, including PSD in different bands,
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inter-regional and inter-hemispheric connectivity, and
ERD. While each of these outcome measures provides
its own unique and valuable insight, the lack of consist-
ency poses challenges for generalisation between studies.
These methodological differences add to the already dif-
ficult challenge of drawing overarching conclusions.

Although the static brain imaging studies lacked eco-
logical validity, several fMRI studies demonstrated
increased connectivity that involved cortical areas and
decreased subcortical connectivity. Specifically, PwPD
showed an altered pattern of activation within the motor
circuitry and limited focused brain patterns in the pari-
etal-frontal areas during an anticipatory postural adjust-
ment task in a supine position, compared to healthy
younger adults [83].

Resting-state fMRI was used to assess associations
between neural activity inside the MRI-scanner, with
postural control performance outside the scanner in
some studies [94]. For example, decreased resting-state
functional connectivity between the pedunculopontine
nucleus (PPN) and the pre-SMA and SMA proper was
correlated with worse performance on the pull test in
PwPD with postural impairment and REM sleep behav-
iour disorder [92]. Additionally, one study [84] found that
PwPD had increased connectivity in frontal and parietal
areas associated with motor control during a dynamic
balance task in an fMRI scanner, compared to OA. PwPD
were also found to have decreased connectivity from the
brainstem to subcortical areas, compared to OA. These
findings highlight the complex interplay between neural
activity and postural control and demonstrate that PD
pathology alters these underlying mechanisms.

Both brain imaging outcome measures may provide
valuable information on the brain function associa-
tions of postural control in PD. However, attempting to
directly compare these measures may lead to misinter-
pretations or oversimplifications. The variations within
behavioural, mobile brain-imaging and imaging stud-
ies, warrant a cautious interpretation and emphasise the
need for future research to address these limitations.

Interpretation of outcomes

Despite heterogeneity in outcome measures and pro-
tocols, recurring findings do emerge. Namely, PwPD
consistently require increased levels of cortical activity
compared to healthy older adults during standing/pos-
tural control tasks.

Moreover, cognitive dysfunction is significantly linked
to postural control impairments in PwPD. These findings
support the hypothesis that degeneration of subcortical
dopaminergic neurons in PwPD, which are responsible
for automatic postural control, results in a compensatory
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shift towards cortical/cognitive resources to rely on to
maintain appropriate postural control. This would in
part explain why cognitive dysfunction is correlated with
balance disturbances and increased cortical activity has
been found in PwPD.

Until recently, the notion that cognitive function and
postural control had shared neural underpinnings was
not widely accepted. Motor control and cognitive func-
tion were thought to be governed by distinct neural
networks. Motor function does indeed rely heavily on
subcortical structures such as the basal ganglia and cer-
ebellum [106]. Conversely, higher-order cognitive func-
tions like attention, planning and decision-making are
predominantly associated with cortical regions, particu-
larly in the frontal lobes [107, 108].

Yet, experimental methodologies and neuroimaging
studies, like those included in this review, have demon-
strated that there is a complex interplay between motor
and cognitive function. Subcortical structures have
increasingly been implicated in cognitive processes.
Structural and functional abnormalities in regions like
the basal ganglia and thalamus have been linked to
various psychiatric disorders including schizophrenia,
depression, and autism spectrum disorders [109], dem-
onstrating subcortical involvement in cognitive, social,
and affective functions. Cerebellar damage has also been
linked to cognitive and emotional impairments [110].

Moreover, individuals with subcortical lesions in the
putamen and thalamus show signs of cognitive dysfunc-
tions like aphasia and unilateral spatial neglect [111].
Considering the importance of visuospatial function in
balance, as suggested by many study findings included in
this review, the bidirectional relationship between cog-
nition and motor control becomes even more apparent.
In parallel, behavioural studies have shed light on the
importance and involvement of higher-order cognitive
capacities, and thus indirectly, cortical regions, in motor
function. In conjunction, imaging studies have reinforced
this notion by highlighting cortical activity during pos-
tural control tasks.

For example, both resting-state and functional con-
nectivity during task performance in some fMRI studies
demonstrate a decrease in modularity of cortical regions
in PWPD, compared to OA i.e., excessive global integra-
tion with less specialisation of brain regions. This sug-
gests a restructuring of brain patterns in individuals with
PD. Postural stability requires the integration of sensory,
motor, visual, vestibular and cognitive circuits [6]. Dam-
age to any one of these systems, e.g., through pathol-
ogy like PD, likely leads to changes in the neural circuits
involved in maintaining balance. Failure to reorganise
these mechanisms effectively may lead to maladaptive
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behaviours such as freezing [19] and postural impairment
[112].

To date, research on cortical control of, and cognitive
associations with, motor function in PwPD has predomi-
nantly focused on gait. As a result, supporting evidence
for cortical involvement in gait is more extensive and
advanced than for balance. However, the limited num-
ber of outcomes from the mobile brain-imaging studies
do generally demonstrate an increased level of cortical
activity during postural control tasks when comparing
PD patients and older adults. The only study to use fNIRS
showed increased PFC activity over the front, left and
total frontal cortices in the PD group was significantly
lower than in the control group at baseline, while signifi-
cantly higher than the control group during the sit-to-
stand section of the TUG over the left and right frontal
cortices [81].

For the EEG studies, PSD, CNV and increased beta
ERD were associated with increased sway. For PwPD,
functional inter-regional connectivity was higher during
both single and DT conditions compared to OA, whilst
OA showed a decrease in connectivity from single to DT.
This potentially reflects the neural proficiency in enabling
the prioritisation of cognitive processes which is not pre-
sent in PwWPD, even in the early stages of the disease.

Higher Theta power
correlates tobetter
performance (less
mean sway
acceleration)

Frontal lobe

SMA

Theta power (EEG)
Early-PD vs OA
— Jacob et al. 2023

11
4

Higher Theta
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(less CoP)

Temporal lobe H

Increased Beta ERD correlated
to worse performance in
PwPD (adaptability to
perturbations)

During Incongruent
visual feedback
condition of weight-
shifting
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The effect of dopaminergic medication on balance per-
formance in people with PD remains unclear. Certain
research [113] indicates enhancements in specific facets
of postural control, whereas others yield no significant
effects [114]. Furthermore, there is also evidence sug-
gesting that dopaminergic medication increases postural
sway in individuals with PD [115]. This study’s findings
demonstrate how dynamic balance performance and
cortical activity can change in response to dopaminergic
drugs. The cholinergic system also plays a significant part
in balance performance. A PET study found an associa-
tion between postural control and the right hemispheric
cholinergic network in freezers and non-freezers [96].
This emphasises the significance of the role of attention
and the cholinergic system in maintaining balance for
PwPD and corroborates the hypothesis that cognitive
systems and cortical areas become increasingly impor-
tant following nigrostriatal degeneration.

Clinical and future research recommendation

More work is required to enhance the understanding of
underlying neural mechanisms of postural control in PD,
as it remains poorly understood. Future studies must take
several variables into account when designing research
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focused brain
patterns in
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condition in
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less activity
FOG- and OA
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imagery of
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Fig.5 Overview of evidence of neural activity during postural control tasks in PwPD. (Arrows represent study outcome—upwards arrow indicates
increased activity/double curved arrows indicate inter-regional connectivity). This Image is inspired by Fig. 3 in previous work [1] (adapted

with permission). BOLD blood-oxygen-level-dependant, CoP centre of pressure, EEG electroencephalography, £ERD event-related desynchronisation,
fNIRS functional near-infrared spectroscopy, FOG + freezers, FOG non-freezers, HbO? oxygenated haemoglobin, M1 motor cortex, OA older adults,
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prefrontal cortex, PPC posterior parietal cortex, PwPD people with Parkinson’s disease, SMA supplementary motor area, SMC supplementary motor
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protocols, especially for brain-imaging studies; research-
ers should attempt to design and utilise standardised pro-
cedures and protocols. The single fNIRS study included
in this review only measured PFC activity, likely due to
technological/hardware limitations. As postural control
involves the incorporation of several sensory and motor
systems, future projects should aim to assess activity in
multiple cortical areas. Moreover, few studies combined
cognitive behavioural measures and brain imaging. An
integrated approach between cognitive behavioural
measures and mobile neuroimaging techniques like
fNIRS and mobile EEG will yield deeper insights into the
complex relationship between cognitive function and
postural control in PD. Regarding literature reviews on
this topic, one limitation of this review is that it did not
discriminate between subtypes (i.e., PIGD and tremor
dominant). As PD is highly heterogenous, future work
should aim to focus on classifying subtypes. Moreover,
it is important to acknowledge that although cognitive
domains have been characterised as independent features
for purpose of this review (Fig. 4), there is also a certain
level of overlap between these different domains. This
does have the potential to complicate results and makes
interpretation more challenging (Fig. 5).

In addition, this review included the TUG as an assess-
ment of dynamic postural control. This domain of pos-
tural control does overlap significantly with gait. To
be able to draw more robust conclusions about neuro-
imaging/cognitive control correlates of postural con-
trol, future projects may focus on specific relationships
between different domains.

Increasing the understanding of neural correlates of
balance holds the potential to drive the development of
more targeted interventions, improving the quality of life
for people with PD and reducing the financial burden on
healthcare services linked to fall-related injuries.

Conclusions

This review synthesises evidence from 79 studies, indicat-
ing that individuals with PD have dissimilar neural acti-
vation patterns compared to healthy controls and may
rely more on cortical activity to maintain postural control
due to subcortical degeneration. Key findings highlight a
consistent association between poorer cognitive function
and impaired postural control, with increased cortical
activity potentially compensating for subcortical deficits.
However, evidence is limited, and further work is needed
to support this notion. An effort should be made in these
studies to (1) standardise measures of postural control,
(2) use cortical-imaging devices to assess cortical activ-
ity during standing/balance task performance in PwPD,
and (3) focus on relationships between neuroimaging/
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cognitive correlates with specific domains of postural
control. The scarcity of cortical brain-imaging studies
investigating cortical control of balance in PD and the
lack of consensus on ROI’s and data analysis procedures
are areas that future research projects should consider.
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