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The impact of loneliness on balance learning ==
ability in aging patients with Parkinson’s
disease

Seyede Zohreh Jazaeri"***, Mohammad Taghi Joghataei'**®", Akram Jamali'*** and Ghorban Taghizadeh”®"

Abstract

Objective Loneliness is highly prevalent among patients with Parkinson’s disease (PwPD) and, through complex
body-brain interactions, increases their vulnerability to health issues, including balance impairments. Despite
extensive evidence linking loneliness to cognitive-motor dysfunctions, the direct impact of loneliness on motor
learning, particularly dynamic balance learning, has not been comprehensively examined. As the first study in this
field, our research investigates the effect of loneliness on the ability to learn dynamic balance in PwPD, addressing a
critical research gap in this domain.

Methods This study was conducted over six months with the participation of sixty volunteers divided into three
distinct groups: 20 PD patients who reported loneliness (loneliness-positive group), 20 PD patients who did not report
loneliness (loneliness-negative group), and 20 healthy individuals as the control group. Participants were matched for
sex, age, and body mass index (BMI) and were recruited from hospitals and specialized movement disorder clinics.
We utilized standardized instruments, including the Mini Balance Evaluation Systems Test (MiniBESTest) to assess
balance performance, the de Jong-Gierveld Loneliness Scale (DjG)/ the Three-ltem Loneliness Scale (TILS/ the Social
and Emotional Loneliness Scale for Parkinson’s Disease (SELSA-PD) to assess loneliness levels, the Rosenberg Self-
Esteem Inventory (RSI) to assess self-steem, and the Multidimensional Scale of Perceived Social Support (MSPSS)

to assess social support in one day before performing balance learning task. Additionally, balance learning was
evaluated using a stabilometer, and parameters such as learning rate, learning curve slope, and short- and long-term
memory were analyzed.

Results The results indicated that PwPD in the loneliness-positive group exhibited poorer balance performance
(MiniBESTest) and higher scores on various loneliness scales, including DjG, TILS, and SELSA-PD. Additionally, this
group did not demonstrate balance learning potential (learning rate and slope) compared to the other groups.
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these patients.

In contrast, PD patients in the loneliness-negative group showed improvement in the early stages of balance learning
(Block1 vs. Block3: p=0.001; Block1 vs. Block4: p=0.001; Block1 vs. Block5: p < 0.001; Block2 vs. Block5: p=0.014).), while
the control group exhibited continuous improvement (p=0.00). Both the loneliness-negative and control groups
retained their balance skills in both short-term and long-term assessments (p > 0.05).

Conclusion This study is the first to directly examine the impact of loneliness on dynamic balance learning in PwPD.
The findings revealed that loneliness can act as a significant inhibitory factor in balance rehabilitation for these
patients. The results underscore the importance of designing targeted interventions to reduce feelings of loneliness
to enhance balanced learning. Furthermore, the study paves the way for future research to investigate the underlying
neural mechanisms and explore the effects of social and psychological interventions on improving motor learning in
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Article summary

Loneliness is common among patients with Parkinson’s
disease (PwPD) and is associated with serious health
risks, including balance impairments and an increased
risk of falls. However, its impact on motor learning, an
essential component of neurorehabilitation, has not been
comprehensively examined. As the first study in this area,
the present research investigates the effect of loneliness
on dynamic balance learning in these patients, addressing
a critical research gap in this field.

In this study, 20 PwPD experiencing loneliness (lone-
liness-positive), 20 PwPD without feelings of loneliness
(loneliness-negative), and 20 healthy individuals as a con-
trol group participated. Balance learning was assessed
using a stabilometer, and the ability to acquire and retain
balance-related skills was compared between PD patients
with and without loneliness.

The results revealed that PD patients experienc-
ing loneliness had poorer balance performance, scored
higher on loneliness scales, and exhibited significant
deficits in balance learning compared to their non-lonely
counterparts. These findings underscore the need for
interventions targeting loneliness to enhance balance
learning in PwPD.

Introduction

Acquisition and retention of balance skill, i.e., bal-
ance learning, are crucial for the neurorehabilitation
of patients with Parkinson’s disease (PwPD) [1]. PwPD
exhibit impaired motor learning, affecting both upper
and lower limb functions. Studies demonstrate learning
deficits in retaining upper limb writing skills [2, 3], forced
symmetrical step-taking, and automatic protective step-
ping responses [4—6] to control center of mass (COM)
displacement in the backward direction [4]. Identify-
ing factors that influence motor learning is essential for
designing effective rehabilitation strategies, particularly
for balance skills due to their fundamental roles in gait,

activities of daily living, and fall prevention. Loneliness
may represent a key factor in this context.

Loneliness (or perceived social isolation) and social iso-
lation, although often used interchangeably, are distinct
concepts that reflect different aspects of social interac-
tions. Loneliness is a subjective experience that arises
when an individual perceives a significant gap between
their desired social and emotional connections and what
they actually experience [7, 8]. In contrast, social isola-
tion is an objective condition characterized by a measur-
able reduction or absence of social interactions [7, 8].

Studies have shown that loneliness, often resulting
from social isolation [9], can have detrimental effects
on both mental and physical health and is recognized
as a potential risk factor for neurodegenerative diseases,
including Parkinson’s disease (PD) [10]. Individuals who
experience loneliness have an increased risk of PD, inde-
pendent of genetic, behavioral, social, and clinical risk
factors [10]. Loneliness is likely linked to elevated PD
risk through metabolic, inflammatory, microglia-medi-
ated neuroinflammation, and neuroendocrine pathways
[11-13]. Notably, loneliness may be directly associated
with neuropathological markers such as a-synuclein and
neurofilament light chain, which require further investi-
gation. Additionally, loneliness could increase PD risk by
diminishing resilience to neurodegenerative processes
that contribute to disease development [10]. The high
prevalence of loneliness among PwPD has raised signifi-
cant concerns. Research indicates that between 24.1%
and 53.8% of PwPD experience some degree of loneli-
ness [14], which is associated with increased severity
of both motor and non-motor symptoms [15]. Patients
experiencing loneliness report approximately 55% greater
symptom severity, including significant balance impair-
ments [16]. It is also associated with cognitive declines
in domains critical for motor learning—such as execu-
tive function, working memory, and recall [17-19] —sug-
gesting that loneliness may indirectly compromise motor
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learning capacity in PwPD, a hypothesis that remains
insufficiently explored.

While human research on loneliness and motor learn-
ing is limited, animal studies provide compelling evi-
dence that social isolation impairs neural mechanisms
fundamental to motor learning. For instance, social iso-
lation disrupts synaptic plasticity [20], reduces dendritic
spine density [21], and decreases the number of synapses
and myelin-related proteins expression [22], resulting in
deficits in various memory types, including contextual
fear and long-term memory [20, 23, 24].

Previous studies indicate that the basal ganglia, cer-
ebellum, and hippocampus are key brain structures
whose dysfunction and structural alterations are impli-
cated in both loneliness [11, 22, 25, 26] and motor learn-
ing deficits [27-29], particularly in PD. Loneliness has
been associated with volumetric reductions in basal gan-
glia structures such as the putamen and globus pallidus,
which likely reflect diminished social reward processing
and contribute to cognitive and motor decline [30]. Dys-
function of the basal ganglia impairs early consolidation,
long-term retention, and the development of automatic-
ity in motor learning [28, 29].

Increased cerebellar volume and altered functional
connectivity observed in individuals prone to loneliness
suggest enhanced cerebellar involvement in processing
social and emotional stimuli [31]. The cerebellum also
plays a critical role in motor planning, memory stabiliza-
tion, and movement adaptation [32, 33]. In PD, cerebel-
lar dysfunction compromises motor learning, particularly
dynamic balance [27, 34—36].

Additionally, the hippocampus exhibits structural and
functional changes linked to loneliness and social isola-
tion [22]. Heightened hippocampal responses to social
threat stimuli and volume reductions correlate with
increased loneliness and cognitive deficits [22]. The hip-
pocampus is essential for memory consolidation and
cognitive regulation [37, 38]. In PD, hippocampal impair-
ment disrupts motor learning consolidation, thereby
exacerbating difficulties in acquiring and retaining new
motor skills [27, 34—36].

Collectively, structural and functional alterations in
these regions may diminish patients’ ability to learn and
adapt motor skills, which are crucial for maintaining
balance.

Despite strong evidence from animal models link-
ing loneliness to disrupted motor learning mechanisms
and overlapping brain regions [39], the specific effects
of loneliness on balance learning and motor memory in
humans remain poorly understood. Given the challenges
PwPD already face in balance learning and the potential
exacerbating influence of loneliness, elucidating these
relationships is crucial. A deeper understanding could
inform the development of optimized neurorehabilitation
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interventions targeting balance, thereby reducing fall
risk. Integrating social and psychological factors within
rehabilitation paradigms, alongside pharmacological and
physical treatments, may enhance overall patient out-
comes and quality of life.

This study aims to address this gap by investigating the
impact of loneliness on balance learning and memory in
PwPD. Additionally, given the common comorbidities of
anxiety and depression in PD and its close relationship
with loneliness, we examined their potential confound-
ing effects on loneliness-related impairments in bal-
ance learning. We hypothesize that loneliness negatively
affects both the acquisition and retention of dynamic bal-
ance skills in this population. Furthermore, we propose
that anxiety and depression do not significantly mediate
the detrimental effects of loneliness on balance learning
and memory in PwPD.

Methodology

Sample size

To determine the sample size, an initial power analysis
was conducted with a Type I error probability of 0.05, a
Type II error probability (statistical power) of 0.80, and
an expected dropout rate of 10%. The results indicated
that, based on a pilot study measuring the standard devi-
ation of balance maintenance time, 20 participants were
required for each group.

Participants

A total of 40 PwPD, including 26 men and 14 women,
with a mean age of 70.53 years (+5.66) with range of 65
to 80, were recruited over a six-month period from reha-
bilitation and movement disorder clinics. The diagno-
sis was confirmed based on the UK Parkinson’s Disease
Society Brain Bank Diagnostic Criteria [40].

Participants were included in the study if they met the
following criteria: the ability to stand unassisted for at
least one hour—this requirement was established based
on previous studies related to balance tasks [41, 42]
and our pilot study. The pilot study demonstrated that
patients who could stand for less than one hour often
lacked the ability to perform the test adequately. Prior to
testing, participants were asked to engage in activities of
daily living for one hour; individuals unable to do so were
excluded from the study. Additional inclusion criteria
included a diagnosis of mild to moderate Parkinson’s dis-
ease (stages I to III on the Hoehn and Yahr (H&Y) scale),
a postural instability score of<1 on the Unified Parkin-
son’s Disease Rating Scale (UPDRS), no history of falls
in the past 12 months, and no prior experience using a
stabilometer.

The exclusion criteria included the following: a history
of deep brain stimulation, lower limb freezing, as assessed
by item 1 of the New Freezing of Gait Questionnaire and
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clinically confirmed by a neurologist (patients who did
not meet both conditions were excluded), other neuro-
logical disorders, orthopedic conditions affecting bal-
ance, cognitive impairment (a score below 24 on the
Montreal Cognitive Assessment (MoCA)) [43], severe
anxiety or depression (Hospital Anxiety and Depres-
sion Scale [HADS-A/D] score>7) [44] or reporting by
patients and their family, a history of musculoskeletal
surgery, medication changes within one month prior to
or during the study, and substance use—including alco-
hol, tobacco, opium, glass, heroin, or smoking within the
past year. Participants who experienced motor fluctua-
tions during the test or learning process were excluded
from the study. Additionally, those who altered their foot
position or leaned on the harness during the balance
learning task were excluded. Given that the balance task
requires standing dynamic balance and weight shifting,
and considering that pain can affect movement, motor
control, and learning, we included pain assessment and
evaluated group differences [45]. Participants reporting
chronic or acute pain conditions were also excluded.

PwPD were divided into two groups based on the De
Jong Gierveld Loneliness Scale (DjG): 1) Loneliness-
negative group: Score less than 3 (n=20), 2) Loneliness-
positive group: Score 3 or higher (n=20). The presence of
loneliness was also confirmed by a psychiatrist [46].

The groups were matched for sex, age, and body mass
index (BMI). To identify the more affected side of the
body, the sum of lateralized scores from the UPDRS Part
III (items 20-26) was used [47]. The levodopa equivalent
dose (LED) was calculated using the formula provided by
Tomlinson et al. [48].

During the study, none of the PwWPD were receiving
anxiolytic, antidepressant, or anti-inflammatory medica-
tions (due to their potential effects on loneliness), and no
interventions targeting loneliness had been administered.
All patients were responsive to levodopa treatment. None
of the participants engaged in rehabilitation or exercise
programs throughout the study.

Additionally, 20 healthy individuals, matched with the
patients in terms of sex, age, and BMI, were included in
the study as the control group. These individuals had no
history of falls in the past year and did not suffer from
any musculoskeletal or neurological disorders, anxiety or
depression (HADS-A/D <7) [44], loneliness (DjG < 3), or
cognitive impairment (MoCA >24) [43].

Clinical assessments

Given the multifactorial nature of loneliness and its
association with various motor and non-motor factors,
this pioneering study conducted multiple clinical assess-
ments, including evaluation of the contributory effects of
anxiety and depression. In this study, the following mea-
sures were used to assess balance function (Mini Balance
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Evaluation Systems Test (MiniBESTest) [49]), executive
function (Trial Making Test (TMT) part A and B), pain
(visual analog scale for pain (VAS-p)), fatigue (Fatigue
Severity Scale (FSS) [50] / Parkinson’s Disease Fatigue
Scale (PDFS) [51]), anxiety (Beck Anxiety Inventory
(BAI) [52]/ State-Trait Anxiety Inventory (STAT) [53]),
depression (Beck Depression Inventory (BDI) [54]), fall-
ing (Falls Efficacy Scale-International (FESI) [55]), sleep
quality (Pittsburgh Sleep Quality Index (PSQI) [56] /
sleep duration after training and before retention), QoL
(Parkinson’s Disease QoL Questionnaire (PDQ-39)
[57]), loneliness (DjG [58]/ Three-Item Loneliness Scale
(TILS)) [59]/ the Social and Emotional Loneliness Scale
for Adult-PD version (SELSA-PD)), self-esteem (Rosen-
berg Self-Esteem Inventory (RSI) [60]), and social sup-
port (Multidimensional Scale of Perceived Social Support
(MSPSS) [61]). The cause for selection of these were due
to their effect on balance learning and loneliness and to
assurance of solely investigated the effect of loneliness on
balance learning in PwPD.

All tests were conducted on a single day prior to
the balance learning task, with participants provided
3-5 min of rest—or longer if needed—between assess-
ments to minimize fatigue.

The authors emphasize that all procedures conducted
in this study adhered to the principles of the Declaration
of Helsinki (1975) and its revised version (2013), as well
as the ethical guidelines established by relevant national
and institutional committees for human studies. Par-
ticipants also provided written informed consent before
their involvement in the study. Additionally, this study
was approved by the Ethics Committee of Iran University
of Medical Sciences (IR.IUMS.REC.1402.497).

Balance learning task
In this study, balance learning was assessed using a
stabilometer, a highly ecologically valid tool for evaluat-
ing balance [62]. This instrument requires participants
to perform an attention-demanding balance task that
involves continuous postural adjustments by shifting the
center of mass (COM) in the medio-lateral direction [63].
Participants stood on a stabilometer (a 15-degree
tilting platform) while wearing a safety harness and
attempted to keep it as level as possible during multiple
balance trials. The initial foot position in the first trial
was recorded as the comfortable stance and remained
constant throughout the test. In each trial, participants
were required to maintain the platform within +5 degrees
of the horizontal position for 30 s, with balance mainte-
nance duration recorded using a millisecond timer. The
Role of Aquaporin-4 in Freezing of Gait and Dynamic
Balance Learning in Parkinson’s Disease [41, 64]. After
each trial, participants received rigid feedback on their
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balance maintenance duration. Additionally, stabilom-
eter calibration was conducted individually before testing
began.

A pilot study involving PwPD, both with and without
feelings of loneliness, was conducted to validate the num-
ber and duration of balance trials. Consistent with previ-
ous research on learning in PD, the learning process in
this study was conducted over three days [41, 42]: (1) Day
1 — Participants first completed two familiarization trials,
followed by 15 balance trials organized into five blocks
(Blocks 1-5) to enhance balance maintenance time and
assess learning. (2) Day 2 & Day 7 — Participants com-
pleted two familiarization trials and a single block of
three trials to evaluate short-term and long-term mem-
ory, respectively (Fig. 1) at the same time of Day 1. To
ensure consistency, a 60-s break was provided between
individual trials, and a 120-s break was given between
blocks. The task remained consistent; however, partici-
pants were instructed to increase the duration of balance
maintenance time during performance. To minimize
bias, reduce the impact of motor symptoms, and ensure
the safe execution of balance tasks, all protocols and
assessments were conducted in the ON state (i.e., one
hour after taking dopaminergic medication) and admin-
istered by a blinded assessor.

We selected the one- and six-day intervals for retention
testing based on prior PD studies demonstrating these
time frames as adequate for assessing motor learning and
retention [41, 42].

To minimize the effects of diurnal variation on perfor-
mance, all assessments were conducted at the same time
of day for each participant across all sessions.

Given the importance of task challenge in the learning
process, participants completed the National Aeronau-
tics and Space Administration Task Load Index (NASA-
TLX) following each training session. This visual analog
scale assesses subjective workload and task complexity in
balance tasks [65]. The assessment evaluates six dimen-
sions—mental demand, physical demand, temporal

Balance learning

2 familiarization trial

15 acquisition trials
(5 block)

©)

24 hours latert2 hours’

session 1

Short-term memory
2 familiarization trial
3 retention trials
(1 block)

session 2
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demand, performance, effort, and frustration—using a
scale from 0 (not demanding) to 20 (very demanding).

Data processing
In this study, the average duration of balance mainte-
nance time in each performance block (three trials)
was calculated as balance performance. Subsequently,
we evaluated balance learning parameters, including
the learning rate and slope, as well as balance memory,
encompassing both short-term and long-term memory.
The balance learning rate was determined by calculat-
ing the percentage change in balance performance from
the first block to the fifth block on the first day using the
following formula [66]:

(blockbdayl — blockldayl)
blocklday1

x 100

Additionally, the learning slope was calculated by deter-
mining the steepness of the line fit from the first block to
the fifth block on the first day (tan 6).

Short-term memory was assessed by calculating the
percentage change in balance performance from the final
block on the first day (block5day1) to the single block on
the second day (blocklday2) using the following formula:

(blocklday2 — block5day1)

100
blockbday1 x

Similarly, long-term memory was evaluated by calculat-
ing the percentage change in balance performance from
the final block on the first day (block5day1) to the single
block on the seventh day (blocklday7) using the follow-
ing formula:

(blocklday7 — block5day1)

100
blockbday1 x

Long-term memory
2 familiarization trial
3 retention trials
(1 block)

o

7days later £2 hours

-/

session 3

Fig. 1 Study protocol for balance learning (session 1) and memory (session 2 and 3)
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Statistical analysis

The Shapiro—Wilk test was used to assess the normality
of data distribution. For normally distributed continuous
data, one-way analysis of variance (ANOVA) and inde-
pendent t-tests were used for comparisons between three
and two groups, respectively. In contrast, for continu-
ous data that did not meet normality assumptions, the
Kruskal-Wallis test and the Mann—Whitney U test were
applied. Categorical variables were analyzed using the
chi-square test.

Due to the non-normal distribution of balance perfor-
mance, data from the first-day blocks (from blockldayl
to block5dayl) were log-transformed. Subsequently, bal-
ance performance on the first day was analyzed using
mixed ANOVA, with time (from block 1 to block 5) as
a within-group variable and group (loneliness- positive,
loneliness- negative, and control) as a between-group
variable.

One-way ANOVA was used to compare groups in
terms of learning rate, learning slope on the first day,
and long-term memory due to the normal distribution of
data.

For post hoc analysis, Tukey’s multiple comparisons
test was applied in both one-way and mixed ANOVA
tests. The effect size was calculated using partial eta
squared (n%) and classified based on the following values
[67]:

— Small: (n.2>0.01)
— Medium: (.2>0.06)
— Large: (q.220.14)

Additionally, due to the non-normal distribution of data,
the Kruskal-Wallis test with Bonferroni adjustment
was used for group comparisons regarding short-term
memory.

We conducted Pearson or Spearman correlation analy-
ses, depending on the data distribution, to examine rela-
tionships between various loneliness measures (SELSA,
TILS, and DJG) and multiple variables, including sex,
marital status, education level, Edinburgh Handedness,
more affected side, H&Y stage, age, LED, disease dura-
tion, MoCA, HADS-A/D, miniBESTest, UPDRS, fall
history, TMT-A/B, VAS-P, ESS, PDES, BAI, STAI-Trait,
BDI, FES-I, PSQ)], sleep duration, PDQ-39, RSEL, MSPSS,
learning rate, learning slope, and both short- and long-
term memory. These analyses were performed for all
participants collectively as well as within subgroups. Fur-
thermore, any variables demonstrating significant cor-
relations with loneliness measures were subsequently
included in Spearman or Pearson correlation analyses
(depending on the distribution of data) with learning
parameters to provide a more comprehensive under-
standing of contributing factors for in-depth discussion.
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The power of correlations was categorized as weak, mod-
erate, and strong, with corresponding values of 0.10-
0.39, 0.40-0.69, and > 0.70, respectively [68].

The statistical significance level was set at P<0.05.

Results

Demographic information and clinical characteristics of
patients

The mean (+standard deviation) of demographic and
descriptive variables is summarized in Table 1. The
results indicated only significant differences in the Mini-
BESTest and loneliness-related questionnaires—includ-
ing the DjG, the TILS, and the total and subscale scores of
SELSA-PD—between the loneliness-positive group and
the loneliness-negative and control groups. Additionally,
a significant difference was observed in the Mini-BESTest
between the loneliness-positive and -negative groups.
Significant correlations between the Mini-BESTest and
loneliness-related questionnaires—including the DJG,
TILS, and total and subscale scores of the SELSA-PD—
were also observed in both the PwPD and control groups.

Balance performance

The mean and standard error of the mean for balance
performance times (in seconds) across different bal-
ance blocks over three days for the control, loneliness-
negative, and loneliness-positive groups are presented
in Fig. 2. Figure 2 illustrates the comparison of balance
performance times between groups, as well as between
blocks within each group, across the three-day period.

The Mixed ANOVA analysis revealed significant main
effects for group (F (557 =12.73, p=0.00, n*=0.31), time
(F (4,208 =40.22, p=0.00, n”=0.41), and the group x time
interaction (F (g, =10.43, p=0.00, n*=0.27) on balance
maintenance time on the first day.

Multiple comparisons showed no significant differ-
ence in initial balance performance time between groups:
p=0.76 for healthy controls versus loneliness-negative,
p=0.38 for healthy controls versus loneliness-positive,
and p=1.00 for loneliness-negative versus loneliness-
positive. For blocks 2 to 5, the p-values comparing
healthy controls with loneliness-negative were 0.02, 0.01,
0.03, and 0.00, respectively; for healthy controls versus
loneliness-positive, all p-values were 0.00. Comparisons
between loneliness-negative and loneliness-positive
yielded p-values of 0.64, 0.24, 0.25, and 0.04 across the
blocks.

Pairwise comparisons for each group on the first day
revealed that the loneliness-positive group showed no
significant improvement in balance performance time
(p=1.00). In contrast, the loneliness-negative group dem-
onstrated significant improvements, especially in early
blocks (blockl vs. block 3: p=0.001; block 1 vs. block 4:
p=0.001; block 1 vs. block 5: p<0.001; block 2 vs. block
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Table 1 Demographic and descriptive data for the control group (n=20) and Parkinson’s disease patients without loneliness (n=20)
and with loneliness (n=20)

Variables Frequency (percent)/Mean (SD) Significant level Significant level
Control Loneliness-negative  Loneliness-positive Patients with ~ for comparing between  for comparing
Parkinson with control, loneliness nega- between
and without tive and positive control and
loneliness patients with
Parkinson
Sex,: male/fe- 13/7 13/7 13/7 26/14 - 1.00
male (number)
Marital status: 15 (75%)/5 16 (80%)/4 (20%) 18 (90%)/2 (10%) 34 (85%)/6 0.46 0.35
married/single  (25%) (15%)
(number)
Educational 12 (60%)/8 8 (40%)/12 (60%) 14 (70%)/6 (30%) 22 (55%)/18 0.19 0.71
level: under (40%) (45%)
diploma/ above
diploma (
number)
Edinburg 18 (90%)/1  19(95%)/1 (5%)/0 (0%) 16 (80%)/2 (10%)/2 35 (87.5%)/3 0.60 0.66
Handedness (5%)/1 (5%) (10%) (7.5%)/2 (5%)
inventory:
right/ left/ two
sides of power (
number)
More affected - 12 (60%)/8 (40%) 10 (50%)/10 (50%) 22 (55%)/18 0.53 -
side: right/left ( (45%)
number)
H&Y:1/2/3/4/5 - 1(5%)/12 (60%)/7 0(0%)/13 (65%)/7 1(2.5%)/25 0.60 -
(number) (35%)/0 (0%)/0 (0%) (35%)/0 (0%)/0 (0%) (62.5%)/14
(35%)/0 (0%)/0
(0%)
Age (years) 69.35 (6.14)  71.88(5.50) 7035 (5.32) 71.11 (5.40) - 0.25
BMI (kg/m?) 24.88(1.81)  24.05(2.95) 24.81(2.88) 2443 (2.90) - 047
LED (milligram) - 78440 (412.58) 1045.60 (574.43) 915.00 (511.06) 0.14 -
Disease dura- - 6.70 (2.85) 8.10(2.79) 740 (2.87) 0.13 -
tion (years)
MoCA (score) 2665 (1.73)  26.60 (1.50) 25.70 (1.84) 26.15 (1.72) 0.11 0.28
HADS-A (score)  4.85(1.79)  4.90 (2.36) 5.90 (1.65) 540 (2.07) 0.12 0.14
HADS-D (score)  4.80 (2.09) 4.85(1.95) 5.85(1.08) 5.35(1.64) 0.24 037
Mini-Best test 27.50(0.89) 2665 (1.14)° 2520 (1.28)"" 25.93 (1.40) 0.00 0.00
(score)
UPDRS-ON - 25.15(8.23) 26.20 (7.98) 25.68 (8.02) 0.68 -
phase (score)
Fall history dur- - 1.25(1.97) 1.70(1.81) 148 (1.88) 0.38 -
ing recent year
(number)
TMT-part A 4529 (1351) 4820 (12.80) 50.88 (14.97) 4954(1381) 024 0.1
(second)
TMT-part A 0.00(0.00)  0.20(0.70) 0.30(0.73) 0.25(0.71) 0.12 0.07
(error number)
TMT-part B 147.09 157.66 (54.01) 182.68 (68.98) 170.17 (62.45) 0.15 012
(second) (51.88)
TMT-part B 2.10(2.17) 1.60 (1.98) 2.35(2.06) 1.98 (2.03) 043 0.69
(error number)
VAS-pain (score) 3.15(3.54)  4.70(2.20) 3.23(341) 3.96 (2.93) 013 0.29
FSS (score) 3220(263) 3525(944) 36.45 (5.56) 35.85 (7.67) 012 0.06
PDFS (score) - 42.35(12.30) 4835 (12.86) 45.35(12.79) 0.14 -
BAI (score) 1220 (541) 17.25(13.07) 18.10(8.93) 17.68 (11.06) 0.18 0.09
STAl-state sec-  39.05 (7.26) 4030 (9.81) 45.10 (10.99) 4270 (10.57) 012 0.13

tion (score)
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Variables

Frequency (percent)/Mean (SD)

Significant level

Significant level

Control Loneliness-negative  Loneliness-positive Patients with ~ for comparing between  for comparing
Parkinson with control, loneliness nega- between
and without tive and positive control and
loneliness patients with
Parkinson

STAl -trait sec-  41.15(8.66)  44.05 (7.34) 47.00 (9.25) 4553 (8.37) 0.13 0.11

tion (score)

BDI (score) 16.85(8.01) 16.10(8.97) 2045 (10.09) 18.28 (9.68) 0.28 048

FESI (score) - 20.00 (4.92) 21.10 (4.44) 20.55 (4.66) 0.12 -

PSQI (score) 6.75 (2.36) 8.15 (4.31) 9.20 (4.41) 8.68 (4.33) 0.14 0.07

Hours of sleep 665 (1.27) 5.95(1.70) 6.25 (1.59) 6.10 (1.63) 037 018

after training

and before re-

tention (hour)

PDQ-39 (score) - 27.82 (16.81) 34.98 (10.92) 3140 (14.46) 0.12 -

DjG (score) 1.50 (0.69) 1.55(0.51) 6.55 (2.80)*" 405 (3.22) 0.00 0.01

TILS (score) 3,65 (0.49) 4.05(1.23) 6.05 (1.67)" 5.05(1.77) 0.00 0.01

SELSA-PD ver- ~ 8.05(1.57) 8.15(1.23) 16.40 (5.36)"" 12.28 (5.67) 0.00 0.00

sion (romantic

section) (score)

SELSA-PD 4.55(0.51) 4.75 (0.44) 12.50 (4.98)*" 8.63 (5.25) 0.00 0.00

version (family

section) (score)

SELSA-PD ver- 1260 (1.64) 1290 (141) 28.90 (8.77)*" 20.90 (10.20) 0.00 0.00

sion (emotional

section) (score)

SELSA-PD 8.00 (1.08) 7.70 (1.42) 15.55 (4.90)*" 11.63 (5.34) 0.00 0.00

version (social

section) (score)

SELSA-PD 20.60 (2.21)  20.60 (2.19) 4445 (10.66)"" 32.53(14.27) 0.00 0.00

version (total)

(score)

RS (score) 30.05(2.56)  32.50 (13.89) 2940 (4.82) 3095(1038) 093 0.83

MSPSS (score)  67.05(6.35)  68.90 (6.91) 62.95 (12.47) 65.93 (10.40) 0.11 061

H&Y Hoehn and Yahr, BMI Body Mass Index, LED Levodopa Equivalent Dose, MoCA Montrealcognitive assessment battery, HADS-A Hospital Anxiety Depression
Scale-anxiety subscale, HADS-D Hospital Anxiety Depression Scale-depression subscale, Mini-Best test Mini Balance Evaluation Systems Test, UPDRS-ON phase
Unified Parkinson’s Disease Rating Scale-ONphase, TMT Trial Making Test, VAS-pain Visual Analog Scale for pain, FSS Fatigue Severity Scale, PDFS Parkinson’s disease
fatigue scale, BAl Beck Anxiety Inventory, STAI The state-traitanxiety inventory, BDI Beck Depression Inventory, FESI Fall Efficacy Scale-International, PSQ/ Pittsburgh
Sleep Quality Index, PDQ-39 39-items Parkinson’s Disease Quality of lifequestionnaire, DjG de Jong-Gierveld loneliness scale, TILS Three-ltem Loneliness Scale,
SELSA-PD version Social and Emotional Loneliness Scale for Adult-Parkinson’s Disease version, RS/ Rosenberg self-esteem inventory, MSPSS Multidimensional scale
of perceived social support

"P < 0.05 compared both the loneliness-positive and loneliness-negative groups with the controlgroup

*P < 0.05 compared patients with loneliness with patients without it

5: p=0.014). The control group exhibited continuous
improvement throughout the first day’s blocks, with sig-
nificant differences across most comparisons (p=0.00),
except for block 2 vs. block 3 (p=0.21), block 2 vs. block
4 (p=1.00), and block 3 vs. block 4 (p=1.00) (Fig. 2).

The Cohen’s d values for group comparisons across var-
ious balance performance blocks in different groups are

as follows:

Control Group:
- blockl vs block2: Cohen’s d =-0.773 (moderate effect).
- block1 vs block3: Cohen’s d =-1.128 (large effect).
- block1 vs block4: Cohen’s d =-0.919 (large effect).
- block1 vs block5: Cohen’s d =-1.944 (large effect).

- block2 vs block3: Cohen’s d =-0.356 (small effect).

- block2 vs block4: Cohen’s d =-0.232 (small effect).

- block2 vs block5: Cohen’s d =-1.078 (large effect).

- block3 vs block4: Cohen’s d =0.080 (negligible effect).
- block3 vs block5: Cohen’s d =-0.741 (moderate effect).
- block4 vs block5: Cohen’s d =-0.735 (moderate effect).
Without Loneliness Group:
- block1 vs block2: Cohen’s d =-0.396 (small effect).

- block1 vs block3: Cohen’s d =-0.677 (moderate effect).
- block1 vs block4: Cohen’s d =-0.672 (moderate effect).
- block1 vs block5: Cohen’s d=-0.811 (large effect).

- block2 vs block3: Cohen’s d =-0.284 (small effect).

- block2 vs block4: Cohen’s d =-0.274 (small effect).
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Fig. 2 Mean balance performance times with standard error of the mean (SEM) across various balance blocks over a three-day period for the control,
loneliness-negative, and loneliness-positive groups. *: P<0.05 - Comparison of balance performance time across different blocks between the con-
trol, loneliness-negative, and loneliness-positive groups.x: P<0.05 — Comparison of balance performance time across different blocks between the
loneliness-negative, and loneliness-positive groups. #: P<0.05 — Comparison of Block 1, Day 1 with other balance performance time blocks in all three
groups.+: P<0.05 — Comparison of Block 2, Day 1 with other balance performance time blocks in all three groups. a: P<0.05 — Comparison of Block 3,
Day 1 with other balance performance time blocks in all three groups. $: P<0.05 — Comparison of Block 4, Day 1 with other balance performance time

blocks in all three groups

- block2 vs block5: Cohen’s d =-0.471 (small effect).

- block3 vs block4: Cohen’s d =0.013 (negligible effect).
- block3 vs block5: Cohen’s d =-0.217 (small effect).

- block4 vs block5: Cohen’s d =-0.231 (small effect).
With Loneliness Group:

- block1 vs block2: Cohen’s d = -0.084 (negligible effect).
- block1 vs block3: Cohen’s d = -0.144 (negligible effect).
- block1 vs block4: Cohen’s d = -0.004 (negligible effect).
- block1 vs block5: Cohen’s d =-0.155 (negligible effect).
- block2 vs block3: Cohen’s d =-0.062 (negligible effect).
- block2 vs block4: Cohen’s d =0.080 (negligible effect).
- block2 vs block5: Cohen’s d = -0.068 (negligible effect).
- block3 vs block4: Cohen’s d =0.141 (negligible effect).
- block3 vs block5: Cohen’s d =-0.001 (negligible effect).
- block4 vs block5: Cohen’s d =-0.152 (negligible effect).

Subjective workload and task complexity

The total scores of NASA-TLX index and its subcompo-
nents are presented in Table 2. The results indicate that
individuals in the loneliness-positive group experienced
a higher temporal demand while maintaining balance on
the stabilometer.

Balance learning

The mean *standard deviation of the learning rate and
learning slope in the loneliness-positive, loneliness-neg-
ative, and control groups are shown in Fig. 3.

The one-way ANOVA analysis for balance learning
on the first day revealed a significant difference in both
learning rate (F (5, =37.60, p=0.00, n*=0.57) and learn-
ing slope (F (5,)=34.92, p=0.00, n”=0.55) among the
three groups.

The Cohen’s d values for group comparisons across var-
ious parameters are as follows:

+ Rate of balance learning: Control vs. No Loneliness,
1.71; Control vs. Loneliness, 2.76; No Loneliness vs.
Loneliness, 0.94

+ Slope of balance learning: Control vs. No Loneliness,
1.52; Control vs. Loneliness, 2.74; No Loneliness vs.
Loneliness, 1.22

Multiple comparisons indicated that balance learning
ability (both learning rate and learning slope) was signifi-
cantly weaker in the loneliness-positive group compared
to both the loneliness-negative and the control groups
(p<0.01). Additionally, the loneliness-negative group also
exhibited a significantly lower balance learning ability
compared to the control group (p =0.00) (Fig. 3).

Short-term and long-term memory

Figure 3 presents the mean +standard deviation values
for short-term and long-term memory in the loneliness-
positive, loneliness-negative, and control groups.

The Kruskal-Wallis test and one-way ANOVA analysis
revealed no significant differences between the groups
in terms of short-term memory (x>=1.62, p=0.48) and
long-term memory (F (57 =2.59, p=0.08, n*=0.08).

These results indicate that short-term and long-term
memory remained stable across the groups, showing no
significant changes.

The Cohen’s d values for group comparisons across var-
ious parameters are as follows:
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Table 2 The National Aeronautics and Space Administration-Task Load Index (NASA-TLX) characteristics over three days of learning for
the control group (n=20), the loneliness-negative group (n=20), and the loneliness-positive group (n=20)

Balance learning stage First day

Groups Control Loneliness-negative loneliness-positive Significant level
Sections Mean+SD

Raw Task Load Index (RTLX) 75.05+15.08 77.05+£17.41 81.00£13.87 047

Mental demand 1520+3.38 15.00+441) 16.75+3.06 0.36

Physical demand 15.30£2.30 15.85+3.27) 16.45+2.68 032

Temporal demand 840+6.46 12.85+6.69" 13.70+6.78" 0.03
Performance 1290+3.63 11.55+3.35 1040£5.11 0.07

Effort 16.20+£1.74 1540+3.38 16.60+3.33 0.37

Frustration 715£6.15 6.65+597 7.35+£6.64 0.93

Balance learning stage Second day

Groups Control Loneliness-negative loneliness-positive Significant level
Sections Mean+SD

Raw Task Load Index (RTLX) 75.25+11.30 77.05+15.83 81.95+13.89 0.29

Mental demand 15.60+2.76 16.35+3.38 16.85+3.39 017

Physical demand 15.80£2.76 16.40+3.44 16.35+£2.76 0.69

Temporal demand 7.50£6.19 11.60+6.74 1265+6.06" 0.03
Performance 13.85+4.98 1240+3.14 11.65+£573 0.25

Effort 16.70+2.74 15.80+3.16 16.80+2.63 061

Frustration 5.80+6.65) 515£582 7.15+7.22 0.72

Balance learning stage Seventh day

Groups Control Loneliness-negative loneliness-positive Significant level
Sections Mean+SD

Raw Task Load Index (RTLX) 80.55+11.13 80.80+16.86 81.25+£18.29 0.99

Mental demand 16.65+2.39 16.70£3.40 16.60+£4.28 0.63

Physical demand 16.15+£237 16.80+3.35 16.25+4.44 0.36

Temporal demand 9.80+6.18 10.90+6.99 1435+6.16" 0.02
Performance 14.30+3.84 13.85+3.87 11.85£5.05 0.10

Effort 17.05+£1.43 15.70+4.68 17.30+2.87 0.55

Frustration 6.10+£7.13 7.10+6.61 740+6.67 0.86

"P < 0.05 compared both the loneliness-positive and loneliness-negative groups with the controlgroup

*P < 0.05 compared the loneliness-positive group with the loneliness-negative group

«+ Short-term memory: Control vs. No Loneliness,
1.16; Control vs. Loneliness, 1.82; No Loneliness vs.
Loneliness, 0.77

+ Long-term memory: Control vs. No Loneliness,
0.63; Control vs. Loneliness, 1.49; No Loneliness vs.
Loneliness, 0.87

According to Cohen’s guidelines, values of 0.2, 0.5, and
0.8 correspond to small, medium, and large effect sizes,
respectively, indicating that most observed effects are
large or very large.

Confounding effects of depression and anxiety on the
relationship between loneliness and learning parameters
To minimize the confounding effects of anxiety and
depression, we excluded patients with severe symp-
toms using the HADS cutoft scores and incorporated
additional assessments with BDI (cutoff 14/15) [69]
and BAI (cutoff 12/13) [70]. We then classified patients
into groups with and without depression and anxiety,

respectively, to evaluate their impact on the relationship
between loneliness and balance maintenance time and
learning.

The mean +standard deviation of anxiety and depres-
sion severity, based on the BAI cut-off score (12/13) BDI
cut-off score (14/15), are reported in the Table 3.

We performed mixed ANOVA tests to assess the
covariate effects of anxiety and depression on balance
maintenance time across trials. Mixed ANOVA con-
trolling for anxiety revealed significant main effects
of group (F(2,56)=12.44, p<0.001, n*>=0.31), time
(F(4,224) =14.09, p<0.001, n*>=0.20), and group x time
interaction (F(8,224)=10.69, p<0.001, n>=0.28), with
no significant main effect of anxiety (F(1,56)=0.09,
p=0.77, 1?=0.002) or anxietyxtime interaction
(F(4,224)=1.64, p=0.17, r]2:0.03). Controlling for
depression yielded similar results: significant main
effects of group (F(2,56) =12.11, p <0.001, n?=0.30), time
(F(4,224)=15.31, p<0.001, r]2:0.22), and group x time
interaction (F(8,224)=10.59, p<0.001, n*=0.27), but
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Fig. 3 Bar plot showing group means and standard deviations, with superimposed individual data points to demonstrate data variability of the (a)
learning rate, (b) learning slope, (c) short-term memory, and (d) long-term memory across three groups: Control (n=20), Loneliness-negative (n=20),
and Loneliness-positive (n=20). *: P<0.05- significant differences in learning parameters (learning rate, learning slope, short-term memory, long-term
memory) between the Control group and the other groups (Loneliness-positive and Loneliness-negative). #: P<0.05- significant differences in learning
parameters (learning rate, learning slope, short-term memory, long-term memory) between the Loneliness-negative and Loneliness-positive groups

Table 3 The mean + standard deviation of anxiety and
depression severity, based on the Beck Anxiety Inventory (BAI)
cut-off score (12/13) and Beck Depression Inventory (BDI) cut-off
score (14/15)

Group With Without  With Without
anxiety anxiety  depression loneliness
Control 16.10£5.13 830+1.25 23.09+4.25 9.22+327
Without-loneliness  2625+843 375+2.12 23.00+443 7.67+461
With-loneliness 22.79£575 7174349 2571+£666 8.17+3.60

no significant depression main effect (F(1,56)=0.33,
p=0.57, r]2:0.01) or interaction (F(4,224)=1.70, p=0.15,
n?=0.03). These findings indicate significant differences
in balance maintenance time among loneliness-positive,
loneliness-negative, and healthy controls, independent of
anxiety or depression.

Two-way ANOVA examined group (loneliness-posi-
tive, loneliness-negative, healthy controls) and psycho-
logical status (with/without depression or anxiety) effects
on learning rate, learning slope, and memory parameters.

For depression, learning rate showed a significant
group effect (F(2,54)=33.76, p<0.001, n>=0.56) but no
main effect (F (1, 54)=1.00 p=0.32, n>=0.02) or inter-
action (F (2, 54)=0.20, p=0.82, n>=0.01) with depres-
sion status. Post hoc tests revealed significantly lower
learning rates in loneliness-positive individuals versus
loneliness-negative (p=0.02) and controls (p<0.001),
regardless of depression. Learning slope mirrored these

results, with a significant group effect (F(2,54)=31.52,
p<0.001, n*=0.54), no depression effect (F (1, 54) =0.03
p=0.87,1>=0.00) or interaction (F (2, 54) = 0.72, p=0.49,
n*=0.03), and lower slopes in loneliness-positive partici-
pants versus loneliness-negative (p=0.01) and controls
(p<0.001), regardless of depression. No significant effects
of group (F (2, 54)=0.48, p=0.62, n*=0.02) and F (2,
54)=2.27, p=0.11, n>=0.08), depression (F (1, 54)=2.11
p=0.15, n>=0.04 and F (1, 54)=0.19 p=0.66, n*>=0.004),
or their interaction (F (2, 54)=1.36, p=0.27, n*=0.05)
and F (2, 54) = 0.06, p = 0.94, n>=0.002) were observed for
short- and long-term memory, respectively.

For anxiety, significant group effects were observed
for learning rate (F(2,54) = 34.64, p<0.001, n>=0.56) and
learning slope (F(2,54) = 35.67, p<0.001, n?=0.57). How-
ever, no significant main effects (F(1,54)=1.15, p=0.29,
n*=0.02; F(1,54) = 1.14, p=0.29, n*>=0.02) or interactions
(F(2,54)=0.67, p=0.52, n*=0.02; F(2,54)=1.88, p=0.16,
1n*=0.07) involving anxiety status were observed for these
measures. Post hoc comparisons revealed that loneliness-
positive individuals exhibited significantly lower learning
rates and slopes, independent of anxiety status, com-
pared to both loneliness-negative patients (p=0.02 and
p=0.01, respectively) and healthy controls (p<0.001 for
both).

No significant differences were found for short-term
memory, with no main effect of group (F(2,54)=0.32,
p=0.73, n>=0.01), anxiety status (F(1,54) =2.68, p=0.11,
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n*=0.05), or their interaction (F(2,54)=0.44, p=0.64,
n%=0.02).

Notably, anxiety had a significant main effect on long-
term memory (F(1,54)=6.02, p=0.02, n*=0.10), with
participants without anxiety demonstrating better per-
formance across groups. The mean (+SD) long-term
memory scores were 9.90 (+12.89) for participants
without anxiety and 0.20 (+14.50) for participants with
anxiety (see Fig. 4). There was no significant main effect
of group (F(2,54)=1.67, p=0.20, n>=0.06) nor a signifi-
cant group x anxiety interaction (F(2,54)=0.89, p=0.42,
n%=0.03).

Given that loneliness-positive patients showed minimal
learning capacity on day one, this anxiety-related effect
on long-term memory does not critically influence our
main findings.

Overall, anxiety and depression did not significantly
influence learning parameters, supporting loneliness as
the primary contributor to reduced learning ability. The
absence of anxiety and depression effects may reflect
exclusion of severe cases and limited sample size, war-
ranting further investigation.

Results of correlation analyses between loneliness
measures and various variables
The results of correlation analyses between loneliness
measures and multiple variables are presented for all
participants, healthy controls, loneliness-negative, and
loneliness-positive groups in Tables 4, 5, 6, and 7, respec-
tively. Additionally, Table 8 presents the correlations
between learning parameters and demographic variables
that showed at least one significant association with a
loneliness measure.

The only significant correlations were observed
between the Mini-BESTest, FES-I, TMT-Part B, and BAI,

25
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each of which correlated with both loneliness measures
and learning parameters.

Discussion

Loneliness is highly prevalent among PwPD, ranging
from 24.1% to 53.8% [14]. Beyond maladaptive behav-
ioral patterns, loneliness creates complex interactions
between the body and brain, increasing susceptibility to
both mental and physical health issues, particularly bal-
ance impairments in PwPD [71].

In this context, the present pioneering study examines
the impact of loneliness on balance learning, a critical
element of balance rehabilitation in PwPD, as it enhances
postural control through repeated, reinforced motor
practice [16]. Although, in theory, loneliness-positive
patients are expected to exhibit poorer balance mainte-
nance time than loneliness-negative counterparts, our
findings did not reveal a significant difference in initial
balance maintenance time, as measured using a stabilom-
eter. However, the key finding of this study was the poten-
tial negative impact of loneliness on dynamic balance
learning, highlighting the need to address loneliness in
balance rehabilitation, which requires further investiga-
tion. Given the overlap of brain regions involved in both
memory and loneliness, as reported in previous study
[72], it is plausible that loneliness may also impair mem-
ory. However, in our study, loneliness-positive patients
showed no learning potential; thus, their short-term and
long-term memory remained unchanged from baseline.
In contrast, loneliness-negative patients and healthy con-
trols demonstrated improved balance learning ability,
which was maintained over time, indicating stable short-
term and long-term memory in these groups.

Previous studies have shown that loneliness-posi-
tive patients exhibit greater balance impairments [16],
as reflected in the miniBESTest results in our study.

N
o

=
w

Long term memory (percent)
=
o

wv

Without anxiety

with anxiety

Fig.4 Comparison of the mean percentage and standard deviation of long-term memory in patients with Parkinson'’s disease with and without anxiety.

* indicates a significant difference between the groups (p <0.05)
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Table 8 The correlation between learning parameters and different variables in all participants (n=60)

Learning parameters Marital status HADS-A HADS-D Mini-Besttest FESI TMT-partA TMTA-error number TMT-partB
Learning rate o/r 0.20 -0.09 -0.19 064" 064" -0.12 027" -0.11
Sig levels  0.12 0.50 0.16 0.00 0.00 035 0.04 0.39
N 60 60 60 60 60 60 60 60
Learning slope o/r 0.28" -0.16 -0.22 069” -63" 012 -0.29" -0.14
Sig levels  0.03 022 0.09 0.00 0.00 038 0.03 0.30
N 60 60 60 60 60 60 60 60
Short Term-memory — p/r -0.00 -0.17 0.02 0.13 -0.17 012 -0.06 027"
Sig levels  0.99 0.21 0.86 032 0.20 0.38 0.66 0.04
N 60 60 60 60 60 60 60 60
Long Term-memory  p/r 0.12 -0.23 -0.11 029" 033" -035" 034" 0.18
Sig levels  0.38 0.07 0.39 0.02 0.01 0.01 0.01 0.18
N 60 60 60 60 60 60 60 60
Learning parameters TMTB-error number FSS BAI STAI-state part TRAIT-trait part BDI PDQ-39
Learning rate o/r -0.09 -0.18 -0.11 -0.07 -0.15 -09 -06
Sig levels 0.52 0.16 0.41 0.61 0.25 52 72
N 60 60 60 60 60 60 40
Learning slope o/r -0.10 -0.22 -0.07 -0.11 -0.24 -0.16 -0.02
Sig levels 0.46 0.10 0.61 0.39 0.07 0.22 091
N 60 60 60 60 60 60 40
Short Term-memory o/r 0.02 -0.05 -0.30" -0.16 -0.17 -0.10 -0.03
Sig levels 0.87 0.70 0.02 0.23 0.20 044 0.84
N 60 60 60 60 60 60 40
Long Term-memory o/r -0.14 013 042" -017 026" 011 008
Sig levels 0.28 034 0.001 0.19 0.05 042 0.64
N 60 60 60 60 60 60 40

HADS-A Hospital Anxiety Depression Scale-anxiety subscale, HADS-D Hospital AnxietyDepression Scale-depression subscale, Mini-Best test Mini Balance Evaluation
Systems Test, FESI Fall Efficacy Scale-International, TMT Trial Making Test, FSS Fatigue Severity Scale, BAI Beck Anxiety Inventory, STAI The state-trait anxiety inventory,
BDI Beck Depression Inventory, PDQ-39 39-items Parkinson’s Disease Quality of lifequestionnaire

“'Correlation is significant at the 0.01 level (2-tailed)
“Correlation is significant at the 0.05 level (2-tailed)

However, unlike previous research, we did not find a sig-
nificant difference in initial balance assessments among
the groups (loneliness-positive, loneliness-negative, and
control) using the stabilometer. The Mini-BESTest is a
comprehensive clinical tool designed to evaluate multi-
ple dimensions of dynamic balance and postural control,
including anticipatory, reactive, sensory orientation, and
dynamic gait components. It challenges a wide range of
balance mechanisms and functional tasks that PwPD fre-
quently encounter in daily life. This broad scope allows
the Mini-BESTest to detect subtle impairments in bal-
ance control that affect overall functional mobility.

In contrast, the stabilometer focuses on a specialized
aspect of balance—the ability to perform controlled
medio-lateral weight shifting under a relatively con-
strained and static environment. While important, this
specific task may not fully capture the multifaceted pos-
tural control challenges measured by the Mini-BESTest.
Additionally, the stabilometer setting is more controlled
and less representative of real-world dynamic conditions,
potentially limiting its sensitivity to detect differences in

balance that are more evident during complex, functional
tasks evaluated by the Mini-BESTest. This difference
in the constructs assessed by these tools explains why a
performance difference appears in the Mini-BESTest but
not in the stabilometer. Thus, we recommend that future
studies incorporate more complex protocols, such as
dual-task balance tests, when examining balance mainte-
nance time.

Notably, loneliness-positive patients demonstrated a
reduced ability to improve their balance maintenance
time during training compared to those without loneli-
ness. This may be due to dysfunctions in the neural sys-
tems responsible for motor actions essential for balance
execution and improvement [39].

The most significant finding of our study was the
impairment in voluntary dynamic balance learning in
loneliness-positive patients, compared to the loneli-
ness-negative and control groups. Loneliness may affect
balance learning by modulating neural, physiological,
and dopaminergic mechanisms, which warrant further
investigation.
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Neural mechanisms

This impairment is likely associated with a reduction in
gray matter volume in brain regions involved in learn-
ing and cognition [73] along with loneliness. According
to the attachment internal working models, human rela-
tionships shape neural networks and models, influenc-
ing the mind beyond genetic factors throughout life [74].
These models can be dynamically reorganized based on
new relational and attachment experiences [73, 75]. The
absence of meaningful interpersonal relationships leads
to feelings of loneliness in older age [76]. Moreover, indi-
viduals who report higher levels of loneliness are less
likely to engage in an active lifestyle. Active lifestyle pro-
vides social and cognitive stimulation, both of which are
crucial for successful brain and cognitive aging [77, 78].
In fact, based on the evolutionary theory of loneliness,
prolonged loneliness can lead to neurological changes
[79] that may result in damage to brain regions essential
for motor learning. For example, higher loneliness scores
may be associated with: smaller gray matter volume in
the left cerebellum [80], reduced striatal activity [81],
alterations in cortico-striatal connectivity [82], changes
in frontal lobe volume and connectivity [30], reduced
gray matter in the anterior hippocampus [80]—a region
crucial for motor skill learning, particularly balance-
related tasks [27, 83—85]. However, since brain imaging
was not performed in our study, these interpretations
should be made with caution.

Physiological mechanisms

Loneliness acts as a chronic stressor, elevating cortisol
levels and promoting a pro-inflammatory state. Persistent
cortisol elevation can impair hippocampal and prefrontal
cortex function, both vital for motor learning and mem-
ory consolidation. Inflammation further disrupts synap-
tic plasticity, reducing the brain’s capacity to adapt and
retain new balance strategies [10, 86].

Dopaminergic mechanisms

Dopaminergic pathways, which are already compro-
mised in PD, are further influenced by psychosocial fac-
tors such as loneliness. Loneliness has been shown to
reduce dopaminergic neuron activity [87], a critical effect
for balance learning since diminished dopaminergic sig-
naling impairs the neuroplastic adaptations essential for
skilled motor performance [88, 89]. This highlights dopa-
mine’s central role in fundamental learning mechanisms,
including long-term potentiation (LTP) and long-term
depression (LTD), which are vital for motor learning and
retention [90].

Patients in the loneliness-negative group also exhib-
ited a lower capacity for improving balance learning
compared to the control group. As previously discussed,
changes in gray matter volume in the hippocampus and
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cerebellum—regions that are typically preserved in
PwPD [91]—are associated with dynamic balance learn-
ing [27]. In the early phases of motor learning, these
regions partially compensate for striatal dysfunction;
however, this compensation remains imperfect, prob-
ably leading to a reduced balance learning capacity in the
loneliness-negative group compared to the control group
[92]. Additionally, the reduced balance learning in this
group may be attributed to: motor and sensory impair-
ments that disrupt the acquisition phase of learning [93],
and activation of different neural networks during learn-
ing, distinct from those in the control group [94]. These
factors may reduce balance learning ability in loneliness-
negative patients.

Memory remained intact in both the short-term and
long-term phases for PD and control groups. While the
basal ganglia influence initial memory consolidation,
long-term recall, and the development of automaticity
[28, 29], the hippocampus and cerebellum are primarily
responsible for initial memory stabilization—a process
that gradually consolidates information after acquisi-
tion [34], followed by reorganization in the neocortex
[34-36]. Previous research suggests that the hippocam-
pus and cerebellum can compensate for striatal dysfunc-
tion [91], aligning with our study’s finding that PwPD
maintained memory over 24 h and one week. Further-
more, consistent with our study, previous research indi-
cates that PwWPD can perform complex balance tasks [4,
95] and retain these abilities depending on the task type
[96]. These results are preliminary, and we suggest that
future studies evaluate the effect of loneliness on bal-
ance learning using varied protocols and time frames to
more comprehensively assess its impact on motor learn-
ing and memory, as well as to investigate potential neural
mechanisms.

In our study, relationships between balance, fear of
falling, executive function, and anxiety were observed
in association with both loneliness and learning param-
eters, suggesting that loneliness may impair learning by
influencing these factors. Previous research indicates
that lonely individuals with PD exhibit greater symptom
severity—including impaired balance, increased falls,
cognitive decline, and psychological problems such as
anxiety or depression—compared to non-lonely patients
[15, 16]. These factors may adversely affect learning pro-
cesses [97]. The greater balance impairment and fear of
falling associated with loneliness, likely related to pos-
tural control dysfunction [98], may specifically hinder
balance learning in tasks requiring dynamic postural con-
trol, as used in our study. Notably, baseline balance, as
measured by stabilometry, did not differ between lonely
and non-lonely groups. The only significant difference
was observed in the Mini-BESTest scores between lone-
liness-positive and negative participants. However, this
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discrepancy does not compromise our study’s results due
to our methodological approach. By calculating learning
parameters (e.g., learning rate and slope) independently
within each group before performing between-group
comparisons, we controlled for potential confounders,
including baseline balance ability. This strategy ensures
valid comparisons of learning parameters across groups.
Loneliness is also linked to reduced cognitive function,
including deficits in global cognition, executive func-
tion, processing speed, and working memory—functions
critical to both learning and memory processes such as
immediate and delayed recall. Elevated cortisol levels
and inflammation, which are implicated in loneliness,
may contribute to these cognitive impairments and con-
sequently affect balance learning in PwPD [17-19, 99].
However, as we excluded patients with cognitive impair-
ment, this correlation is unlikely to have influenced
our results. Additionally, heightened anxiety, prevalent
among lonely individuals, may further impair motor
performance and disrupt learning [89]. Anxiety likely
diminishes cognitive processing efficiency [100], with
negative emotional responses during learning demands
placing additional burdens on self-regulation and atten-
tional resources, thereby reducing learning capacity and
the retrieval of newly acquired skill [101, 102]. Consistent
with this, our study found that anxiety negatively impacts
long-term memory. Nevertheless, since loneliness-posi-
tive patients exhibited no learning potential, anxiety does
not appear to mediate the relationship between loneli-
ness and learning in this context. Therefore, the learning
deficits observed in loneliness-positive patients can likely
be attributed to loneliness; however, further research is
required to confirm this association.

Limitations

This preliminary, cross-sectional study examined the
effect of loneliness on a dynamic balance task. To
improve generalizability, future studies should employ
longitudinal designs to better support clinical applica-
tions for improving balance learning in PwPD. This study
specifically focused on patients with mild to moderate
PD (H&Y stages 1-3) who had no cognitive impairments.
Therefore, the findings may not be generalizable to indi-
viduals with more severe forms of the disease or cogni-
tive deficits. Future studies should address this limitation
by including a broader range of disease severity and cog-
nitive levels. Although anxiety and depression scores did
not differ significantly, the trend toward higher scores
in the loneliness-positive group, coupled with correla-
tions between anxiety, loneliness measures, and learning
parameters, warrants further investigation. Larger studies
should examine the effects of loneliness on balance learn-
ing in patients both with and without anxiety and depres-
sion. Additionally, this study assessed loneliness’s impact
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on learning parameters exclusively in the ON medication
state using behavioral measures; future research should
include evaluations in the OFF state and incorporate
neuroimaging techniques to elucidate underlying mecha-
nisms. Additionally, further studies are needed in diverse
populations to confirm the generalizability of these find-
ings to other diseases.

Conclusion

Our findings suggest that loneliness likely impairs bal-
ance learning capacity and memory. Although anxiety
showed a contributing effect on long-term memory, this
is unlikely to be significant given the absence of learning
potential in loneliness-positive patients. The observed
anxiety effect on long-term memory may be influenced
by the study’s limited sample size and warrants further
investigation.
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