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Abstract

Background: Emotions are reflected in bodily sensations and these reflections are abnormal
in psychiatric conditions. However, emotion-related bodily sensations have not been studied in

neurological disorders.

Objectives: To investigate whether Parkinson’s disease is associated with altered bodily

presentations of emotions.

Methods: Symptoms and emotion-related sensations were investigated in 380 patients with
PD and 79 controls, using a topographical self-report method, termed body sensation mapping.
The bodily mapping data was analyzed with pixelwise generalized linear models and principal

component analyses.

Results: Bodily maps of symptoms showed characteristic patterns of PD motor symptom
distributions. Compared to controls, PD patients showed decreased parasternal sensation of
anger, and longer PD symptom duration was associated with increased abdominal sensation of
anger (Prwe<0.05). The PD-related sensation patterns were abnormal across all basic emotions

(P<0.05).

Conclusions: The results demonstrate altered bodily maps of emotions in Parkinson’s disease,

providing novel insight into the non-motor effects of Parkinson’s disease.



Introduction

Emotions tune our bodies for different situations. They modulate attention, decision-making
and cognitive functions to ensure survival and during everyday life. Emotions are associated
with physical responses, mediated by the sensorimotor and autonomic nervous systems. For
example, when a worker hears about layoffs with simultaneous bonuses to the CEO, a hiker

faces a grizzly bear, or a mother sees her newborn, emotions prepare them broadly for action.!

Body sensation mapping (BSM) is a relatively novel technique for quantitative, topographical
mapping of bodily sensations associated with emotions.? The method has been shown to yield
consistent results across cultures and developmental stages, independent from sex.>*
(Neuro)psychiatric disorders, such as schizophrenia and autism, affect emotion processing,
reflected in the bodily maps of emotions.>® However, it is unclear if neurodegenerative

disorders alter the bodily representations of emotions.

Parkinson’s disease (PD) is a common, diffuse neurodegenerative disorder defined and
diagnosed by the motor symptoms.” Yet, PD is also associated with substantial non-motor
symptom burden.” The symptoms of PD, especially in the advanced disease stage, are not stable
but show considerable fluctuations, primarily linked with brain dopamine levels but are also
modulated by emotional states.® Moreover, basal ganglia, the brain structures primarily

10-12 Unsurprisingly, previous

affected in PD, play a crucial role in emotional processing.
studies have suggested abnormalities in the recognition of emotional prosody and facial

expressions in PD.!314

In this study, we investigated bodily sensations of motor and sensory symptoms and emotions
in individuals with PD and controls. We hypothesized that PD is associated with abnormal

bodily maps of emotions corresponding to the known autonomic deficits caused by the disease.



Methods

Study sample

380 individuals with PD and 79 controls participated in the study. The study protocol was
approved by Turku University Hospital Clinical Research Services Board. The need for
separate ethics board review was waived. Written informed consent was obtained and the study
conducted according to the principles of the declaration of Helsinki. Participants were recruited
through the Finnish Movement Disorders Association via email. The inclusion criterion for the
PD group was an established diagnosis of PD by a neurologist, and for the control group, no
evidence of PD or other neurodegenerative parkinsonism syndrome. Data collection was
conducted online on a platform hosting the BSM tool and a questionnaire about demographic
and clinical information, including age, sex, education, alcohol consumption, and smoking, and
PD disease duration (from diagnosis), duration of motor symptoms (self-reported),

dopaminergic medications, and device-aided treatments. !>

Bodily sensation maps

The BSM maps (resolution 171 x 522 pixels) were collected with emBODY-tool?>. The
participants were asked to color 1) the bodily locations of the currently experienced motor and
sensory symptoms (clumsiness, stiffness, tremor, numbness, and pain) and 2) bodily sensations
associated with basic emotions (anger, disgust, fear, happiness, sadness, surprise, and neutral)
on an outline of the human body. (Supplementary Figure 1) With emotions, the participants
were instructed to think carefully what they feel in their body while feeling the emotion in
question, and separately color the areas of the body in which they feel the activity increasing
or decreasing. Coloring was performed by pressing the mouse button and simultaneously
dragging the cursor on the body template. As in the previous studies using this method,
emotions were mapped to a body outline without separating front and back side, as emotions
are typically localized inside the body rather than superficially.?>-® The raw data matrices were
converted to NIfTI (Neuroimaging Informatics Technology Initiative) format to facilitate the
preprocessing, and the data were smoothed with Gaussian kernel smoothing (o = 20) respecting
the body outline boundaries, to control for possible minor anatomical imprecision in the
drawings. The preprocessing of the BSM data is described in detail in the Supplementary
Methods.



Statistics

Statistical analyses were performed with R 4.3.2 (https://www.r-project.org), and pixelwise
generalized linear model analyses with Statistical Parametric Mapping software (SPM12,
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). Group differences in demographic and
clinical data were investigated using Mann-Whitney U test or Fisher’s exact test, as

appropriate.

First, to evaluate focal between-group differences and clinical associations of the bodily maps
of symptoms and sensations, the BSM data was analyzed with pixelwise generalized linear
models applying family-wise error (FWE) correction to correct for multiple comparisons across
the whole-body template. The bodily maps of symptoms and emotions were visualized by

calculating pixelwise Cohen’s D maps for each group separately.

Second, to characterize patterns of symptoms and emotion-associated sensations in PD more
generally, principal component analysis (PCA) was used to identify the two components best
explaining the overall variance. In this analysis, more positive/negative expression of a
component indicates more/less prevalent presence of the component loading pattern in a group
compared to the other. Statistical significance of these components was evaluated using
permutation tests. The between-group comparisons of the pattern expression values were
conducted using Mann-Whitney U test and binary logistic regression. P values less than 0.05
were considered significant across all analyses. For the covariance pattern expression values,
median and 95% bootstrapped CI of median (10,000 iterations) were chosen as descriptive

statistics.

Finally, to evaluate the robustness of the observed covariance patterns, we created random
forest classification models for the reclassification of data to control and PD groups.
Differences between classification model performance scores were tested using Mann-Whitney

U test. More details are available in the Supplementary Methods.

Data availability

The emBODY-tool is available at https://version.aalto.fi/gitlab/eglerean/embody and group-
level maps at https://github.com/kajuni/Bodily-maps-of-symptoms-and-emotions-in-PD. All
other data are available from the corresponding author upon reasonable request, subject to the

national and institutional regulations.



Results

There were no significant differences in age, alcohol use, or smoking status. However, the PD
group had more males and lower education levels compared to controls (Table 1). There were
significant differences between the groups in both the pixelwise linear models (Prw£<0.05) and
PCA analysis identifying the two main covariance patterns (P<0.001) of which the first
component showed more positive expression in PD (P<0.05) and second in controls (P<0.05)
(Supplementary Tables 1-2). Adding sex or education as a covariate did not change the

significance of any of the findings (Supplementary Tables 1-2).

Maps of the motor and sensory symptoms

The bodily maps of the controls were used as reference for motor and sensory symptoms
associated with PD (Fig. 1A). In PD, clumsiness mapped primarily to distal limbs, stiffness to
torso and limbs, and tremor to hands, aligning with clinically expected localization of
bradykinesia, rigidity and tremor, respectively (Fig. 1B). In the linear models, there were
significant differences in bodily maps of symptoms corresponding to the motor symptoms of
PD (clumsiness, stiffness, tremor) but not with sensory symptoms (numbness, pain) in
individuals with PD compared to controls (Prwe < 0.05, Fig. 1C). The principal component
analysis revealed more extensive PD-related patterns of all studied motor and sensory

symptoms (Fig. 1D, Supplementary Figure 3).

Maps of the emotion-related sensations

Visually, emotion-associated maps of the groups showed tendency towards overall weaker
sensations in PD compared to controls, i.e. the bodily sensations associated with emotions in
controls were absent or less intensive in the PD group (Fig. 2A-B). In the linear models,
individuals with PD showed reduced anger-related parasternal sensations compared to controls
(Prwe < 0.05, Fig. 2C). Adding sex or education as a covariate (Supplementary Fig. 4), or
balancing the group analysis with random oversampling (Supplementary Fig. 5) did not
change the significance of these findings. Motor symptom duration was significantly associated
with anger-related sensation in the abdomen (Prwe < 0.05) but not with other emotion-related
sensations, with or without the covariates (Supplementary Fig. 6). None of the emotion-

related sensations were associated with LEDD.



Similar to the motor and sensory symptoms, the principal component analysis revealed more
widespread PD-related covariance patterns of emotion-related sensations, localizing anger to
the abdomen rather than chest (Figure 2D). In addition to anger, PD-related patterns of disgust,
fear and surprise localized to different body regions, whereas the patterns of happiness and
sadness were mostly more restricted compared to control-related patterns (Supplementary

Figure 7).

Classification with random forest models

The main classification model, including BSM pattern expression and demographic data had a
reasonable performance in the reclassification task. Across the 1,000 repeats of first training a
model and then testing it with a test dataset, this model had a median area under the curve
(4UC) 0f0.745, 86.3 % median sensitivity, and 100 % median specificity, and performed better
than the reference models without BSM pattern expression data (P < 0.0001). (Supplementary
Table 3)

Discussion

The present study is the first to investigate the bodily sensations of motor and sensory
symptoms and emotions in a neurological disorder, PD. The bodily maps of the motor
symptoms corresponding to the parkinsonian cardinal motor symptoms matched well with
clinical localization of these symptoms, demonstrating feasibility of this technique for
topographical mapping of symptoms in PD. We further show that PD is associated with
abnormal patterns of emotion-related bodily sensations. The bodily mapping data seems robust
based on the reasonable performance in the reclassification task between individuals with PD
and controls. Overall, our findings add novel information to the non-motor symptoms of PD

by showing that a neurodegenerative disorder can affect physical sensations of emotions.

The most prominent abnormality was decreased parasternal sensation related to anger with shift
towards the abdomen along with disease progression. This finding may be related to cardiac
sympathetic denervation, which is one of the major autonomic features in PD, contributing to
the cardiovascular response defects in PD!®, The cardiac sympathetic denervation process is
typically present already early in the disease process and can be detected using ['2’I]-meta-
iodobenzylguanidine (MIBG) scintigraphy.!” The results from previous studies of basic

emotions and their autonomic counterparts in non-PD populations have also shown that anger

7



has the strongest association with hemodynamic responses!, which may also be relevant for

cardiovascular health!820,

Our study is limited by the fact that the reported bodily sensations related to emotions are
subjective and it is not known how strongly they correlate with actual physiological responses
or abilities experiencing or detecting emotions, which should be confirmed in an independent
study with objective measures. In addition, as the previous studies using BSM?*9, this study
was conducted online and therefore we were unable to clinically confirm the diagnoses.
Although all individuals with PD reported to have an established diagnosis, some of the
diagnoses are likely inaccurate as differential diagnostics of parkinsonism syndromes can be
challenging even for neurologists®!. However, this would only bias us against the present group
differences. We also cannot exclude possible selection bias in our study population. For
example, it is possible that patients with less cognitive impairment may be more likely to
participate in this kind of a study. In addition, more severe motor symptoms and cognitive
impairment could be reflected in the accuracy of the drawings. However, as the motor symptom
maps aligned well with the known clinical symptom distribution, systematic bias in the

observed group differences can be considered unlikely.

In conclusion, we show that PD is associated with altered emotion-related bodily sensations,
demonstrating that these sensations are abnormal not only in psychiatric and neuropsychiatric
disorders but also in a neurodegenerative disorder. Our study also demonstrates the feasibility
of bodily sensation mapping technique in PD that could also be useful in other neurological
disorders. However, the neurobiological and potential clinical relevance of these findings

remain to be determined.

Acknowledgements

We are grateful for the Finnish Movement Disorders Association for their invaluable help in

conducting this study.



Authors’ Roles

A.H., EJ., E.G. LN. and J.J. designed research; A.H., E.J. and E.G. collected data; K.J.N.,
L.N. and J.J. analyzed data; and K.J.N. and J.J. wrote the paper; all authors reviewed and

critically revised the paper.
Financial Disclosures

Dr. Niemi reports research grants from the Finnish Parkinson Foundation, Sigrid Juselius
Foundation, the Finnish Neurological Society, University of Turku, Turku University Hospital
and Satakunta Welfare District; conference travel support from the Finnish Neurological
Society and University of Turku; minor stock ownership in Glaxo Smith Kline, Modulight,
Nightingale Health and Physicians Realty Trust. Dr. Huovinen reports a research grant from
the Finnish Parkinson Foundation. Dr. Jaakkola reports research grants from the Finnish
Medical Foundation and the Finnish Parkinson Foundation. Prof. Joutsa reports research grants
from the Finnish Medical Foundation, Sigrid Juselius Foundation, Finnish Foundation for
Alcohol Studies, University of Turku and Turku University Hospital; conference travel support
from Insightec, Abbvie and Abbott; consulting for Summaryx and Adamant Health; and

lecturer honoraria from Lundbeck and Novartis.

References

1. Siegel EH, Sands MK, Van Den Noortgate W, et al. Emotion fingerprints or emotion
populations? A meta-analytic investigation of autonomic features of emotion categories.

Psychological Bulletin. 2018;144(4):343-393. d0i:10.1037/bul0000128

2. Nummenmaa L, Glerean E, Hari R, Hietanen JK. Bodily maps of emotions. Proc Nat!

Acad Sci USA. 2014;111(2):646-651. doi:10.1073/pnas.1321664111

3. Volynets S, Glerean E, Hietanen JK, Hari R, Nummenmaa L. Bodily maps of emotions

are culturally universal. Emotion. 2020;20(7):1127-1136. doi:10.1037/emo0000624

4, Hietanen JK, Glerean E, Hari R, Nummenmaa L. Bodily maps of emotions across child

development. Developmental Science. 2016;19(6):1111-1118. doi:10.1111/desc.12389

9



5. Palser ER, Galvez-Pol A, Palmer CE, et al. Reduced differentiation of emotion-
associated  bodily sensations in  autism.  Autism. 2021;25(5):1321-1334.

doi:10.1177/1362361320987950

6. Torregrossa LJ, Snodgress MA, Hong SJ, et al. Anomalous Bodily Maps of Emotions

in Schizophrenia. Schizophrenia Bulletin. 2019;45(5):1060-1067. doi:10.1093/schbul/sby179

7. Rodriguez-Blazquez C, Schrag A, Rizos A, Chaudhuri KR, Martinez-Martin P,
Weintraub D. Prevalence of Non-Motor Symptoms and Non-Motor Fluctuations in Parkinson’s
Disease Using the MDS-NMS. Mov Disord Clin Pract. 2021;8(2):231-239.

doi:10.1002/mdc3.13122

8. Martinez-Fernandez R, Schmitt E, Martinez-Martin P, Krack P. The hidden sister of
motor fluctuations in Parkinson’s disease: A review on nonmotor fluctuations. Mov Disord.

2016;31(8):1080-1094. do1:10.1002/mds.26731

9. Van Wamelen DJ, Wan YM, Ray Chaudhuri K, Jenner P. Stress and cortisol in
Parkinson’s disease. In: International Review of Neurobiology. Vol 152. Elsevier; 2020:131-

156. doi:10.1016/bs.1rn.2020.01.005

10.  Pierce JE, Péron J. The basal ganglia and the cerebellum in human emotion. Social

Cognitive and Affective Neuroscience. 2020;15(5):599-613. doi:10.1093/scan/nsaa076

11.  DeLong MR, Wichmann T. Basal Ganglia Circuits as Targets for Neuromodulation in

Parkinson Disease. JAMA Neurol. 2015;72(11):1354. doi:10.1001/jamaneurol.2015.2397

12. Moonen AJH, Wijers A, Dujardin K, Leentjens AFG. Neurobiological correlates of
emotional processing in Parkinson’s disease: A systematic review of experimental studies.

Journal of Psychosomatic Research. 2017;100:65-76. doi:10.1016/j.jpsychores.2017.07.009

13.  Péron J, Dondaine T, Le Jeune F, Grandjean D, Vérin M. Emotional processing in

10



Parkinson’s disease: A systematic review: Emotion and PD. Mov Disord. 2012;27(2):186-199.

do1:10.1002/mds.24025

14.  Buxton SL, MacDonald L, Tippett LJ. Impaired recognition of prosody and subtle
emotional facial expressions in Parkinson’s disease. Behavioral Neuroscience.

2013;127(2):193-203. doi:10.1037/a0032013

15. Jaakkola E, Huovinen A, Kaasinen V, Joutsa J. No Change in Prevalence of Impulse
Control Disorder Behaviors in Parkinson’s Disease During the Last Decade. Mov Disord.

2021;36(2):521-523. do0i:10.1002/mds.28400

16. Chua SKK, Saffari SE, Lee SJY, Tan EK. Association Between Parkinson’s Disease
and Coronary Artery Disease: A Systematic Review and Meta-Analysis. JPD.

2022;12(6):1737-1748. do1:10.3233/JPD-223291

17. Orimo S, Uchihara T, Nakamura A, et al. Axonal -synuclein aggregates herald
centripetal degeneration of cardiac sympathetic nerve in Parkinson’s disease. Brain.

2008;131(3):642-650. doi:10.1093/brain/awm302

18. Smyth A, O’Donnell M, Lamelas P, Teo K, Rangarajan S, Yusuf S. Physical Activity
and Anger or Emotional Upset as Triggers of Acute Myocardial Infarction: The
INTERHEART Study. Circulation. 2016;134(15):1059-1067.

doi:10.1161/CIRCULATIONAHA.116.023142

19. Alves M, Caldeira D, Ferro JM, Ferreira JJ. Does Parkinson’s disease increase the risk
of cardiovascular events? A systematic review and meta-analysis. Eur J Neurol.

2020;27(2):288-296. doi:10.1111/ene.14076

20. Liang HW, Huang YP, Pan SL. Parkinson disease and risk of acute myocardial

infarction: A population-based, propensity score-matched, longitudinal follow-up study.

11



American Heart Journal. 2015;169(4):508-514. doi:10.1016/j.ahj.2014.11.018

21.  Joutsa J, Gardberg M, Royttd M, Kaasinen V. Diagnostic accuracy of parkinsonism

syndromes by general neurologists. Parkinsonism & Related Disorders. 2014;20(8):840-844.

doi:10.1016/j.parkreldis.2014.04.019

12



@ Motor and Sensory Symptoms: Controls

Front  Back Front Back Front  Back Front  Back Front  Back - +1
Clumsiness Stiffness Tremor Numbness Pain Q
w
Motor and Sensory Symptoms: Parkinson’s Disease $
<
Front Back Front Back Front Back Front Back Front Back 8

AR L

Clumsiness Stiffness Tremor Numbness Pain 0

@ Motor and Sensory Symptoms:

Parkinson’s Disease > Controls (P, < 0.05) +5.53 -5.53
Front  Back Front Back Front  Back Front  Back Front  Back
®
=
N
8
Clumsiness Stiffness Tremor Numbness Pain +2.88 -2.88
@ Motor and Sensory Symptoms: The Pattern More Positive
in Parkinson’s Disease than in Controls (P,_, < 0.001, Pc°mparison< 0.05)
+1 -1
Front Back Front Back Front Back Front Back Front Back

(8) l
S

| S
I
e}
|
ko)
QO
I
&)
n

Clumsiness Stiffness Tremor Numbness Pain 0 0

13



Figure 1. Symptom-related bodily maps. The pixelwise effect sizes in controls (A) and
individuals with Parkinson’s disease (B), significant differences between groups in the linear
model (Prwe<0.05) (C), and PD-related pattern (P < 0.001 for the pattern, P < 0.05 for
expression compared to controls) (D). In Parkinson’s disease, clumsiness, stiffness, and tremor
map to the body regions commonly affected by bradykinesia, rigidity and tremor, respectively
(B). These motor, but not sensory, symptoms also showed significant regional differences
compared to the controls (C). The PCA analysis showed similar but clearly more widespread
patterns associated with Parkinson’s disease (D). Red - yellow scale indicates positive values,

and blue — light blue scale indicates negative values. N.S. = non-significant.
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Supplementary Methods

Bodily sensation maps: Data preprocessing

The emBODY data were first converted to NIfTI (Neuroimaging Informatics Technology
Initiative) format for further processing. To control the effect caused by minor errors in drawing
and clinically insignificant topographical differences in localization, the data were smoothed
using Gaussian smoothing kernel. The smoothing kernel sigma was selected based on visual
inspection of the colored maps to best reflect the primary body part (e.g. lower part of the face
or distal lower limb) (Supplementary Fig. 1). Smoothing with ¢ = 20 resulted in the most
reasonable anatomical resolution and was selected for the statistical analyses. To prevent
spillover across distinct anatomical regions (e.g. from hand to hip, which are anatomically
distinct but in close proximity in the body outline used in this study), the original maps in
anatomical position were nonlinearly warped to a map space with moderately abducted
extremities using ANTs (http://stnava.github.io/ANTSs/). Finally, the smoothed maps were

returned to the original anatomical position and masked with the body outline.

Statistics: Pixelwise generalized linear models

Pixelwise analyses were conducted with SPM12
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/) using generalized linear models. First,
pixelwise one-sample 7-tests were performed to create bodily maps for each sensorimotor
symptom and emotion. To facilitate visual comparison of the PD and control group maps, the
obtained 7-maps were converted to Cohen’s D effect size maps with R 4.3.2. Second, pixelwise
two-sample 7-tests between the groups were performed to identify abnormalities associated
with PD. Third, the pixelwise association of each map and 1) patient-reported motor symptom
duration and ii) levodopa equivalent daily dose (LEDD), were evaluated with univariate linear

regression models.

To ensure that the findings were not driven by differences in demographical characteristics
between the PD and control group, the two-sample 7-tests and regression analyses of emotions
were repeated with sex and education levels as additional covariates. Pixelwise family-wise
error corrected P values (Prwe) < 0.05 were considered significant. Finally, to account for the
imbalance of the group sizes in the comparative analyses, we conducted additional analyses by

randomly oversampling the control group. In this approach, the control group data was
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augmented to the sample size of the PD group by duplicating control subjects with random
replaceable sampling. For each comparison analysis, the resampling and pixelwise statistical
tests with balanced groups were repeated 10,000 times. From these analyses, the mean together
with 2.5" and 97.5" percentile T-maps were extracted. These maps were thresholded to the 7-

value corresponding to Prwe < 0.05.

Statistics: Principal component analyses

The covariance patterns from the BSM data were analyzed with principal component analyses
(PCA), across both groups and across all pixels, including both symptom and emotion maps,
in R 4.3.2 (https://www.r-project.org). The pixelwise values were centered to the pixelwise
mean and scaled to unity. Pixels with all-zero observations were excluded. This PCA analysis
resulted in the typical covariance patterns of symptoms and emotion-related sensations for both
the groups, as indicated by the two first principal components, accounting for 13.4% of the
total variance across the pixelwise BSM data. The statistical significance of the principal
components were evaluated with permutation tests (1,000 iterations), using PCAtest package.!
A component value for an individual subject was interpreted as the amount of expression of

the corresponding covariance pattern, i.e. the pattern expression value.

Differences in the pattern expression values between the groups were tested using Mann-
Whitney U test and binary logistic regression with sex or education as covariates. Finally, to
provide additional descriptive information, these models were run with data balanced with

random oversampling the control group (10,000 iterations), as with the linear analyses.

Statistics: Classification with random forest models

We trained random forest models with carer? package in R 4.3.2 for reclassification to PD and
control groups, with 10 times repeated, 10-fold cross-validation. The main model had the
expression values of the two first principal components, age, sex, education level and smoking
status as explanatory variables. The models were trained with 50% of the data and tested on
the remaining 50% 1,000 times with group-proportion-saving random data partitioning. Area
under the curve (AUC), sensitivity, specificity, and kappa values of these runs were calculated
to evaluate the performance of the models. For comparison, similar models were run excluding

part of the explanatory variables.
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Supplementary Table 1. Expression of the covariance patterns.

PD Group -Related

Covariance Pattern

Control Group -Related

Covariance Pattern

Control Group Median -114.2 0.22
195% CI] [-137.6,-79.2] [-11.46, 24.92]
PD Group Median -79.0 -18.98
195% C1J [-92.5, -60.8] [-20.87, -15.10]
Mann-Whitney U-test: . .
0.004' 0.000*
P value
Univariate Binary Logistic Regression:
1.068 0.949
Odds Ratio [Per Difference in Medians]
Univariate Binary Logistic Regression: .
0.022* 0.001°
P value
Binary Logistic Regression,
Education as Additional Covariates: 1.069 0.948
Odds Ratio [Per Difference in Medians]
Binary Logistic Regression,
Education as Additional Covariates: 0.027* 0.002-}-
P value
Binary Logistic Regression,
Sex as Additional Covariate: 1.069 0.946
Odds Ratio [Per Difference in Medians]
Binary Logistic Regression,
Sex as Additional Covariate: 0.022* 0.00 11—
P value

For the group medians of pattern expression, the median value with its bootstrapping-derived 95 % confidence interval

[in square brackets] are reported. *P <0.05, ¥ P <0.01, P <0.001
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Supplementary Table 2. Expression of the covariance patterns between the groups

PD Group -Related

Covariance Pattern

Control Group -Related

Covariance Pattern

Univariate Binary Logistic Regression:

Odds Ratio (Per Difference in Medians)

[95% CI]

1.062*

[1.037,1.093]

0.938*

[0.926, 0.945]

Binary Logistic Regression,
Education as Additional Covariates:

Odds Ratio (Per Difference in Medians)

1.064*

[1.038, 1.096]

0.936*

[0.924, 0.947]

Odds Ratio (Per Difference in Medians)

[95% CIJ

[1.032, 1.091]

[95% CI]
Binary Logistic Regression,

* *
Sex as Additional Covariate: 1.069 0.936

[0.923, 0.947]

The odds ratios per difference in medians are calculated from the binary logistic regression coefficients. The bootstrapping-

derived (10,000 iterations) 95% confidence intervals [in square brackets] for each test are reported. *Significant with o

threshold of < 0.05.
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Supplementary Table 3. Random forest model classification performance.

[0.7208, 0.7690]

[0.6614, 0.7163]

[0.6554, 0.7048]

Model 1:
Age, Sex, Smoking, Model 2: Model 3:
Educati Model 4:
ucation, Age, Sex, Smoking, Age, Sex, and the 1st and
Age, Sex
and the 1st and 2nd Education 2nd Principal Components
Principal Components
Median AUC
edian 0.7452%71 0.6910 0.6790 0.6330
[IQR]

[0.6045, 0.6557]

Median Sensitivity

[IQR]

0.8634%}

[0.8578, 0.8680]

0.8676

[0.8607, 0.8750]

0.8465

[0.8411, 0.8519]

0.2759

[0.8350, 0.8465]

Median Specificity

1.0000%4

0.7500

0.3920

0.8408

[0.2785, 0.3799]

[0.2935, 0.3813]

[0.1000, 0.1879]

[IQR] [0.8000, 1.0000] [0.5833, 1.0000] [0.3333, 0.4667] [0.2222, 0.3333]
Median K

edian Kappa 0.3340%1 0.3467 0.1446 0.0846
[IQR]

[0.0440, 0.1275]

Significance of the comparisons between the model 1 and the reference models: P < 0.0001 in Mann-Whitney U-test with

*model 2, 'model 3, fmodel 4. IQR = interquartile range
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Figure 2. Emotion-related bodily maps. The pixelwise effect sizes in controls (A) and
individuals with Parkinson’s disease (B), significant differences between groups in the linear
model (Prwe<0.05) (C), and PD-related pattern (P < 0.001 for the pattern, P < 0.05 for
expression compared to controls) (D). Visually, the bodily sensations associated with emotions
show absent or less intensive expression in Parkinson’s disease (B) compared to controls (A)
with a significant difference between the groups in anger-related sensations (C). The PCA
analysis revealed more widespread PD-related patterns across all emotions, localizing anger to
the abdomen rather than chest in line with the linear model findings (D). Red - yellow scale
indicates positive values, and blue — light blue scale indicates negative values. N.S. = non-

significant.
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