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ABSTRACT

Recent studies have reported social cognitive deficits, particularly in emotional processing, in Parkinson's disease (PD). However,
a comprehensive characterization of these deficits and their underlying neural correlates remains elusive. Therefore, this study
aims to investigate the association between deficits in the recognition of complex mental states and structural/functional brain
changes in non-demented PD individuals. To reach this aim, 24 PD participants underwent clinical assessment, neuropsycholog-
ical testing and the FAcial Complex Expressions (FACE) test, a novel test of complex mental state recognition from faces. Patients
were classified as clinically impaired (n = 8) or unimpaired (n = 16) based on performance on this test. Magnetic resonance imag-
ing data were acquired to investigate the association between FACE test performance and both resting-state functional connec-
tivity and grey matter volume, within the emotion understanding network and at the whole-brain level. Statistical analyses also
included the comparison of imaging metrics between the impaired and unimpaired groups. Results showed that complex mental
state recognition in PD was significantly associated with both defective and compensatory mechanisms at the functional and
anatomical level within the emotion understanding network, particularly involving the amygdala, dorsomedial prefrontal cor-
tex, primary/secondary somatosensory cortices, and right anterior temporal cortex. Whole-brain results extended the network to
temporal and medial frontal areas. In conclusion, reduced recognition of complex mental states in non-demented PD patients is
associated with alterations in the emotion understanding network A comprehensive characterization of early emotional deficits
in these patients may have significant implications in the characterization of the cognitive phenotype, with potential benefit for
tailored non-pharmacological intervention.

Abbreviations: ACC, anterior cingulate cortex; Amy, amygdala; ATC, anterior temporal cortex; CSF, cerebrospinal fluid; dACC, dorsal anterior cingulate cortex; dIPFC, dorsolateral prefrontal
cortex; dmPFC, dorsomedial prefrontal cortex; dTL, dorsal portion of the temporal lobe; EPI, echo-planar imaging; FACE, facial complex expressions test; FC, functional connectivity; fMRI,
functional magnetic resonance imaging; GM, grey matter; ILFC, inferior lateral frontal cortex; Ins, insula; LEDD, levodopa equivalent daily dose; MoCA, Montreal Cognitive Assessment test;
MRI, magnetic resonance imaging; OFC, orbitofrontal cortex; PD, Parkinson's disease; PD-IMP, PD patients classified as impaired on the FACE test performance according to Italian normative
data; PD-UN, PD patients classified as unimpaired on the FACE test performance according to Italian normative data; PFC, prefrontal cortex; pSTS, posterior part of the superior temporal
sulcus; TE, echo time; TR, repetition time; RRC, ROI-to-ROI connectivity; rs-fMRI, resting state-functional MRI; S1/S2, primary and secondary somatosensory cortices; SBC, seed-based
connectivity maps; TIV, total intracranial volume; ToM, theory of mind; vACC, ventral anterior cingulate cortex; VBM, voxel-based morphometry; vIPFC, ventrolateral prefrontal cortex;
vmPFC, ventromedial prefrontal cortex; vI'L, ventral portion of the temporal lobe; WM, white matter.
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1 | Introduction

Parkinson's disease (PD) is a progressive multi-system neuro-
degenerative disorder characterized by progressive dopamine
depletion in the basal ganglia, frontoparietal regions and lim-
bic system (Obeso et al. 2008). These brain systems, responsible
for motor, cognitive and affective functions, also play a relevant
role in social cognition, a complex and multifaceted cognitive
domain involving multiple processes that collectively underlie
everyday social interactions (Happé, Cook, and Bird 2017).

Although initially under-reported, in recent years numerous
reviews and meta-analyses have consistently provided evidence
of social-cognitive dysfunctions in PD patients, particularly
in emotional processing (Argaud et al. 2018; Gray and Tickle-
Degnen 2010; Palmeri et al. 2017; Péron et al. 2012), theory of
mind (Bodden, Dodel, and Kalbe 2010; Bora, Walterfang, and
Velakoulis 2015; Coundouris, Adams, and Henry 2020; Palmeri
etal. 2017), and empathy (Coundouris, Adams, and Henry 2020),
with significant difficulties in both emotion recognition and
representation (Enrici et al. 2015). Such deficits can drastically
reduce the quality of life of PD patients and families (Schwartz
et al. 2020), possibly increasing demands on the health system.

Recently, our research group demonstrated the presence, de-
tectable at clinical assessment, of significant deficits in the
recognition of complex mental states from faces in a relevant
proportion of PD patients (28%) (Terruzzi et al. 2023); however,
despite extensive theoretical and behavioural research, the
characterization of these affective deficits in terms of under-
lying neural correlates remains still strongly limited (Baggio
et al. 2012; Diederich et al. 2016; Lewis and Ricciardi 2021;
Rabini et al. 2023; Trompeta, Ferndndez Rodriguez, and Gasca-
Salas 2021; Wabnegger et al. 2015), with the majority of studies
focusing on basic emotion recognition and its structural neural
substrates (Baggio et al. 2012; Ibarretxe-Bilbao et al. 2009).

Spunt and Adolphs (Spunt and Adolphs 2019) recently proposed
a model of emotion understanding which outlines the cognitive
processes involved and synthetizes the available (mainly func-
tional) neuroimaging data on brain regions associated with
emotion understanding. According to this model, the first step
is represented by all the subprocesses required for the detection
and orientation of attention to emotion-relevant sensory cues in
the environment, which are associated with amygdalar function.
The recruitment of temporal regions (i.e., the anterior temporal
cortex and the posterior superior temporal sulcus) enables the
categorization of these cues in emotional terms. Regions such as
the primary and secondary somatosensory cortex as well as the
insula contribute to this process via the embodied simulation of
specific emotions. Finally, regions belonging to the frontal lobe
(i.e., the dorsomedial prefrontal cortex and the ventrolateral
prefrontal cortex) are recruited for the causal attribution of the
affective signals.

Overall, preliminary evidence in PD patients indicates the
presence of functional and structural changes in these regions,
which have been related to reduced performance in basic emo-
tion recognition (Baggio et al. 2012; Benzagmout et al. 2019;
Ibarretxe-Bilbao et al. 2009; Suzuki et al. 2006; Tessitore
etal. 2002; Wabnegger et al. 2015). In particular, available studies

investigating the neural correlates of emotion recognition im-
pairment in PD have found an association between reduced
abilities and structural neurodegeneration in limbic regions,
including the orbitofrontal cortex, the amygdala, the anterior
cingulate cortex, the insula, and the ventral striatum (Baggio
et al. 2012; Diederich et al. 2016; Ibarretxe-Bilbao et al. 2009;
Suzuki et al. 2006). Conversely, evidence for functional changes
in PD associated with deficits in basic emotion recognition is
more limited, with only a few studies supporting an association
with functional alterations in limbic (Bell et al. 2019; Tessitore
et al. 2002) and parietal (Wabnegger et al. 2015) regions. The col-
lective findings suggest that the potential for deficits in emotion
processing may be associated with alterations in regions belong-
ing to the ‘social brain’ (Frith 2007) in PD patients. However,
evidence for this hypothesis is still severely limited to the rec-
ognition of basic emotions and, to the best of our knowledge, no
studies have investigated the neural correlates of reduced rec-
ognition of complex mental states in this population from both
a structural and functional perspective. The aim of the current
study is therefore to extend the characterization of these deficits
in non-demented PD patients, by investigating the association
between altered recognition of complex mental states from faces
and brain changes using a multi-level neuroimaging approach
(i.e., functional and structural).

Specifically, the first aim of this study is to investigate the re-
lationship between performance on a test of complex mental
state recognition, the FAcial Complex Expressions (FACE) test
(Terruzzi et al. 2023), and both resting-state functional connec-
tivity (FC) and grey matter (GM) volume, taking into account
the brain areas involved in the emotion understanding networks
via region of interest (ROI) analysis (Spunt and Adolphs 2019).
A second exploratory aim is to investigate the association be-
tween FACE performance and functional/structural brain met-
rics at the whole-brain level, as this may potentially extend the
network of regions involved in emotion understanding in these
patients.

2 | Materials and Methods
2.1 | Participants

Twenty-four non-demented patients with PD according to the
United Kingdom Parkinson's Disease Society brain bank cri-
teria (Hughes et al. 1992) (13 male; mean age: 67.1 +7.0years;
mean education: 10.8 + 3.8 years; mean MOCA score: 22.4+3.9)
were recruited at the Centre for Neurocognitive Rehabilitation
of the Centre for Mind/Brain Sciences-CIMeC (University of
Trento). All patients underwent a comprehensive clinical neu-
rological assessment and a complete neuropsychological evalua-
tion, including the Montreal Cognitive Assessment (MoCA test)
as a screening test (Conti et al. 2015). Inclusion criteria were as
follows: (I) a diagnosis of idiopathic PD; (II) a Hoehn and Yahr
score <3 (Hoehn and Yahr 1967); (IIT) being under antiparkin-
sonian medication; and (IV) age over 50years. Patients with
dementia, based on the results of the comprehensive neuropsy-
chological assessment and the impact of cognitive deficits on
daily living activities (Emre et al. 2007), or a history of neuropsy-
chiatric disorders (e.g., major depression, psychosis or substance
abuse) were excluded from the study. No participants exhibited
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contraindications to magnetic resonance imaging (MRI) scan-
ning based on medical history and physical examination. The
study was conducted with patients taking their usual L-dopa
medication (ON state), which was quantified by conversion to
Levodopa Equivalent Daily Dose (LEDD) (not available for four
patients).

All participants provided informed consent for the study, which
adhered to the ethical guidelines of the local ethics commit-
tee (University of Trento Research Ethics Committee, proto-
col 2019-033) and the Declaration of Helsinki (World Medical
Association 2013).

2.2 | Mental State Recognition Task

The ability to recognize complex mental states was assessed
using the Facial Complex Expressions (FACE) test (Terruzzi
et al. 2023), a novel task developed in Italy and validated in
both healthy controls and patients with PD, showing satisfac-
tory psychometric properties (Terruzzi et al. 2023). The test con-
sists of 36 pictures of facial expressions representing different
mental states and interpreted by professional actors. For each
picture, participants were required to provide a verbal response
by selecting from four adjectives the one that most accurately
described the actor’s facial expression. Illustrative examples of
FACE pictures are presented in Figure 1.

2.3 | MRI Data Acquisition and Processing
2.3.1 | MRI Acquisition Protocol

The MRI data were collected at the Centre for Mind/Brain
Sciences - CIMeC (University of Trento) using a 3.0T MRI
scanner (Prisma, Siemens) with a 64-channel head receive coil.
The procedure was adequately described to all PD subjects,
who were instructed to keep their eyes closed and not to sleep
during the MRI scan. Soft pads were placed around the patient's
head to minimize head movement during the MRI scan. The
MRI scan was performed within 3 months of the behavioural
data collection. For each participant, T1-weighted MEMPRAGE
structural images were acquired using the following

SERIOUS

AGHAST

HOSTILE
EAGER

parameters: MPRAGE_GRAPPA: 176 volumes, isotropic voxel
resolution of 1 mm, sagittal plane orientation, flip angle of 7°,
matrix =256 X 256, repetition time (TR) of 2.53s, echo time (TE)
0f1.35,3.07,4.79, 6.51 ms, TI of 1100 ms, slice thickness of 1 mm.
Additionally, resting-state functional magnetic resonance im-
ages (rs-fMRI) were acquired using echo planar imaging (EPI)
T2*-weighted scans. The following acquisition parameters were
used: TE of 28 ms, TR of 1.0s, flip angle of 59°, axial slice thick-
ness of 2mm. A total of 400 whole brain volumes were acquired
in a resting state run of 6 min 40s, isotropic voxel size 2mm, AC/
PC aligned.

2.3.2 | Functional Connectivity Pre-Processing

rs-fMRI analyses were performed using CONN functional con-
nectivity toolbox (release 21.a-RRID: SCR_009550; https://web.
conn-toolbox.org; Nieto-Castanon 2021; Whitfield-Gabrieli
and Nieto-Castanon 2012), and Statistical Parametric Mapping
(SPM12-v7487-RRID: SCR_007037; https://www.fil.ion.ucl.ac.
uk/spm; Penny et al. 2011), based on MATLAB R2020b.

Functional and anatomical data were pre-processed using a
flexible pre-processing pipeline, including (a) realignment with
correction of susceptibility-distortion interactions, (b) slice
timing correction, (c) outlier detection, (d) direct segmenta-
tion and normalization to the Montreal Neurological Institute
(MNT) space and (e) smoothing (only for voxel-level analyses,
not for ROI-level analyses). Functional data were realigned
using the SPM realign and unwarp procedure, where all scans
were coregistered to a reference image (first scan of the first
session) using a least squares approach and a six-parameter
(rigid body) transformation, and resampled using b-spline in-
terpolation to correct for motion and magnetic susceptibility
interactions. Temporal misalignment between different slices
of the functional data (acquired in interleaved Siemens order)
was corrected according to the SPM slice-timing correction
(STC) procedure, using sinc temporal interpolation to resam-
ple each slice BOLD time-series to a common mid-acquisition
time. Potential outlier scans were identified using ART as
acquisitions with framewise displacement above 0.9 mm or
global BOLD signal changes above 5 standard deviations,
and a reference BOLD image was computed for each subject

|
A
7

TERRIFIED
EMBARASSED
HATEFUL
RELIEVED

FIGURE1 | Examples of pictures from the FACE test. The figure shows two actors (male and female) displaying the facial expression correspond-

ing to ‘Hostile’ and ‘Terrified’.
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by averaging all scans excluding outliers. Functional and
anatomical data were normalized into standard MNI space,
segmented into grey matter (GM), white matter (WM) and ce-
rebrospinal fluid (CSF) tissue classes, and resampled to 2-mm
isotropic voxels following a direct normalization procedure
using SPM unified segmentation and normalization algorithm
with the default IXI-549 tissue probability map template. Last,
functional data (only for voxel-level analyses) were smoothed
using spatial convolution with a Gaussian kernel of 8-mm full
width half maximum (FWHM).

In addition, functional data were denoised using a standard
denoising pipeline including the regression of potential con-
founding effects characterized by white matter timeseries (five
CompCor noise components), CSF timeseries (five CompCor
noise components), motion parameters and their first order de-
rivatives (12 factors), outlier scans (below 123 factors), session
effects and their first order derivatives (2 factors) and linear
trends (two factors) within each functional run, followed by
bandpass frequency filtering of the BOLD timeseries between
0.008 Hz and 0.09 Hz. CompCor noise components within white
matter and CSF were estimated by computing the average BOLD
signal as well as the largest principal components orthogonal to
the BOLD average, motion parameters and outlier scans within
each subject's eroded segmentation masks. From the number
of noise terms included in this denoising strategy, the effective
degrees of freedom of the BOLD signal after denoising were
estimated to range from 41.2 to 61.3 (average 58.8) across all
subjects.

2.3.3 | Grey Matter Pre-Processing

Anatomical images were analysed using the Computational
Anatomy Toolbox (CAT12.8.2-r2170; https://neuro-jena.github.

51&52 dmPFC

io/cat; Gaser et al. 2022) for Statistical Parametric Mapping
(SPM12-v7771;  https://www.fil.ion.ucl.ac.uk/spm;  Penny
et al. 2011) in MATLAB R2019a.

The T1-weighted anatomical images were pre-processed
according to the standard VBM pre-processing pipeline of
CAT 12, which includes: (a) tissue segmentation into GM,
WM and CSF, (b) spatial normalization to the MNI space,
(c) modulation and (d) spatial smoothing with a Gaussian
kernel of 8-mm full width at half maximum (FWHM) (Gaser
et al. 2022).

In addition, to assess data quality, we visually inspected each
segmented and modulated image and considered the Image
Quality Ratings (IQR) index provided in the CAT12 reports.
The IQR index is calculated based on measures of noise, bias
and image resolution, so we checked it to further ensure image
quality. In this study, all images were above the satisfactory
level of IQR (IQR index>70%), which is consistent with the
description of quality ratings in the CAT12 guidelines.

2.3.4 | Emotion Understanding Network

ROIs representing the emotion understanding network were
selected based on the Spunt and Adolphs model (Spunt and
Adolphs 2019) and derived from the Brainnetome Atlas (https://
atlas.brainnetome.org/) (Fan et al. 2016). The ROIs included
were the anterior temporal cortex (ATC), the posterior part of
the superior temporal sulcus (pSTS), the primary and second-
ary somatosensory cortex (S1/S2), the insula (Ins), the amygdala
(Amyg), the dorsomedial prefrontal cortex (dmPFC) and the
ventrolateral prefrontal cortex (vVIPFC). A total of 14 ROIs were
considered, comprising both left- and right-sided regions. See
Figure 2 for a graphical representation.

[ Categorization ]

[ Embodied Simulation ]

[ Causal Attribution ]

FIGURE 2 | Brain regions associated with the different functional aspects of emotion understanding (adapted from Spunt and Adolphs 2019).

Image created with BioRender.com (https://www.biorender.com, agreement number: QC26XF9BAG).
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2.4 | Statistical Analyses
2.4.1 | Behavioural Data

PD patients were classified as impaired (PD-IMP) or unim-
paired (PD-UN) based on their performance on the FACE
test according to Italian normative data (Terruzzi et al. 2023).
Specifically, regression-based norms and equivalent scores (ES)
derived according to the standardization procedure proposed
by Capitani and Laiacona (Capitani and Laiacona 1997, 2017)
were used to classify PD participants. Individuals with an ad-
justed FACE score <24.612 (Terruzzi et al. 2023) were included
in the PD-IMP group, while the others were in the PD-UN
group. This represents the standard method in Italy to evaluate
the presence of a cognitive deficit in the context of a neuropsy-
chological assessment. Group differences between PD-IMP and
PD-UN patients in demographic, clinical, cognitive, and social
characteristics were assessed using independent samples ¢ test
or Mann-Whitney U test based on data distribution. To account
for possible differences in demographic variables between the
two groups, the adjusted scores derived from the Italian norma-
tive data were used. The significance level was set at p<0.05.
All statistical analyses were performed with Jamovi 2.0.0
(Jamovi 2021; R Core Team 2021).

2.4.2 | MRIData

All twenty-four PD patients were included in the structural
analyses, while two participants were excluded from the func-
tional analyses due to excessive head movement during scan-
ning (head movement >3 mm along any axis) or excessive mean
framewise displacement [mean (FD); identified as an outlier
with values greater than three scaled median absolute devia-
tions from the median of the initial sample]. The results of the
independent samples ¢ test indicated that there were no signif-
icant differences between the PD-UN and PD-IMP subgroups
in either mean head movement (U=52, p=1.00) or mean FD
(U=42, p=0.49).

To investigate the association between FACE test perfor-
mance and functional and structural changes within the
emotion understanding network (Spunt and Adolphs 2019),
ROI-based analyses were conducted. At the functional level,
ROI-to-ROI connectivity (RRC) matrices were estimated to
characterize the patterns of FC associated with FACE test per-
formance within the 14 ROIs of the emotion understanding
network (Spunt and Adolphs 2019) (see ‘Regions of Interest’
section). At the structural level, GM intensities were extracted
from these 14 ROIs in subject-specific space during the pre-
processing steps.

To investigate the potential involvement of other brain re-
gions outside our network of interest, whole-brain exploratory
analyses were also performed to complement the ROI results.
Specifically, seed-based connectivity (SBC) maps were gener-
ated to characterize FC patterns at a whole-brain level, using
the left and right amygdala separately as predefined seeds. This
choice was based on previous evidence (Diederich et al. 2016)
showing a relevant role of the amygdala in PD deficits, includ-
ing dysfunction in emotion understanding. Instead, to examine

the relationship between GM volume and the FACE test score,
voxel-wise structural analyses were performed.

Two different approaches were used for both ROI-based and
whole-brain analyses. First, multiple regression analyses
were used to investigate the relationship between both struc-
tural and functional changes in the PD sample and FACE
performance. Nuisance variables included the MoCA ad-
justed score to control for patients' cognitive status and the
Total Intracranial Volume (TIV) values (only in the struc-
tural analyses) to remove potential effects of brain size (Gaser
et al. 2022). Furthermore, to assess potential possible dif-
ferences between PD-IMP and PD-UN patients in terms of
structural and functional characteristics, mean FC measures
and GM values were contrasted between the two groups (two-
sample T test), controlling for MoCA adjusted score, sex and
TIV (the latter only for the structural analyses).

The FCresults were thresholded using a combination of a cluster-
forming p <0.001 voxel-level threshold, and a familywise cor-
rected p-FDR <0.05 cluster-size threshold. For GM results, the
statistical significance level was set at p <0.05 FDR-corrected
for ROI-based analyses, while for whole-brain analyses, the sig-
nificance level was set at p <0.001 (uncorrected) voxel-wise and
p<0.05 FDR cluster-level.

3 | Results
3.1 | Behavioural Data

The results of the statistical analyses revealed significant
differences between the PD-UN and PD-IMP groups on the
Unified Parkinson's Disease Rating Scale (UPDRS)-Part III
(t(22)=-2.17; p=0.04) and MoCA (¢(22)=-2.74; p=0.01). In
particular, the PD-IMP group exhibited more severe motor
symptoms and poorer cognitive function than the PD-UN
group. Furthermore, the two groups were not balanced in terms
of sex distribution (Fisher's exact test, p=0.03). Table 1 presents
the demographic, clinical, cognitive, and social characteristics
of the two groups (PD-UN vs. PD-IMP). The FACE test score
significantly correlated with MOCA (r,=0.45, p=0.03), Hohen
and Yahr scale (r;=—0.66, p<0.001) and with UPDRS part III
(r,=—0.44, p=0.03).

3.2 | Emotion Processing According to Spunt
and Adolphs Model—ROI-Based Analyses

At the functional level, the RRC matrix among 14 ROIs (91 con-
nections sorted using hierarchical clustering) across the whole
PD sample revealed a positive association between FACE test
performance and BOLD co-activation of the right and left amyg-
dala (t(19)=4.48, p-FDR =0.003) (Figure 3A).

Besides, the results of the comparative RRC analysis between
PD-UN and PD-IMP showed that PD patients impaired on
the FACE test had lower FC than unimpaired PD patients be-
tween left and right amygdala (¢t(18)=-5.60, p-FDR=0.0003),
left amygdala and left anterior temporal cortex (¢(18)=-4.93,
p-FDR=0.0007) and right amygdala and left anterior temporal
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TABLE1 | Between-group comparisons for demographic, clinical, cognitive and social measures.
Variables PD-UN (n=16) PD-IMP (n=38) Effect size Statistics
Sex (Female/Male) 10/6 1/7 $=0.47 Fisher's exact test, p=0.03
Age in years 65.2+7.6 70.9+3.4 d=-0.87 1(22)=-2.00; p=0.06
Education in years 10.8+3.4 10.9+4.6 d=-0.03 t(22)=-0.08; p=0.94
UPDRS—Part I 79+4.3 8.0£3.5 d=-0.02 t(22)=-0.04; p=0.97
UPDRS—Part II 6.5+2.9 9.0x£6.1 d=-0.60 t(22)=-1.38; p=0.18
UPDRS—Part III 16.3+£7.1 244+11.1 d=-0.94 t(22)=-2.17, p=0.04
UPDRS—Part IV 1.8+3.2 1.0+1.4 r=0.04 U=62;p=0.88
Disease duration in months 65.2+38.4 55.5+26.4 d=0.28 t(22)=0.65; p=0.52
Hoehn and Yahr Stage scale 1.6+0.7 2.1+0.6 d=-0.81 t(22)=-1.87; p=0.08
LEDD 433.1+289.2 570.3+£237.0 r,=0.32 U=31;p=0.27
MoCA®? 23.7+34 19.7+3.6 d=1.19 t(22)=2.74; p=10.01
FACE test?® 31.0£2.1 21.0x2.2 d=4.60 t(22)=10.63; p<0.001

Note: Data represented as mean + standard deviation. Effect sizes reported as Cohen's d for parametric tests, Rank Biserial Correlation () for non-parametric tests
and Phi coefficient (¢) for Chi-squared statistic. UPDRS: Unified Parkinson's Disease Rating Scale, LEDD: Levodopa equivalent daily dose; MoCA: Montreal Cognitive
Assessment, FACE: FAcial Complex Expressions; PD-UN: classified as unimpaired based on their performance on the FACE test according to Italian normative data;

PD-IMP: PD patients classified as impaired based on their performance on the FACE test according to Italian normative data.

2Adjusted scores based on Italian normative data.

A. Regression analysis
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FIGURE3 |

ROI-based FC results—(A) Significant positive association between ROI-to-ROI FC metrics and FACE test score in PD patients. (B)

Difference in average connectivity between PD-UN and PD-IMP groups. Images created with BrainNet Viewer (http://www.nitrc.org/projects/bnv/)

(Xia, Wang, and He 2013).

cortex (£(18)=—4.27, p-FDR =0.0030) (Figure 3B). No significant
regions were identified with higher functional connectivity (FC).

At the structural level, ROI-based multiple regression analysis
across the entire PD sample on 14 ROIs involved in emotion un-
derstanding showed a significant effect of FACE test score in
bilateral dorsomedial prefrontal cortex, bilateral primary and
secondary somatosensory cortex, bilateral amygdala, and right
anterior temporal cortex (see Figure 4 and Table 2). A significant
difference also emerged between the two groups (PD-IMP vs PD-
UN) only in the right amygdala (p value uncorrected =0.0057, t
value =2.82), where the PD-UN group had higher GM volume
than the PD-IMP.

3.3 | Exploratory Analyses at Whole-Brain Level

At the functional level, further exploratory SBC regression
analyses using the left and right amygdala separately as seeds
revealed significant positive correlations between the FACE
test performance and FC between the left amygdala and both
the right temporal pole/right amygdala (x=30, y=10, z=-30;
p-FDR=0.0258) and the left insular cortex (x=-40, y=14,
z=-12; p-FDR =0.0258), as well as between the right-left amyg-
dala (x=-18; y=—-06; z=—18; p-FDR =0.0151) across the entire
PD sample (Figure 5A). On the other hand, results of compara-
tive SBC analyses between PD-UN and PD-IMP showed a dif-
ference in mean FC between bilateral amygdala and bilateral
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http://www.nitrc.org/projects/bnv/

+40 -6

FIGURE4 | ROI-based VBM results—Significant positive association between GM volume and FACE test score in PD patients. Colour scale in-

dicates ¢ statistic: light green, ¢ value >3; dark green, ¢ value >2. Significance: p <0.05 FDR corrected. Images displayed in neurological convention.

TABLE2 | ROI-based VBM results—Significant positive association
with GM volume in PD patients.

FDR-

. Uncorrected corrected
Regions of
interest p P tvalue
L dorsomedial 0.0025 0.0146 3.16
prefrontal cortex
L ventrolateral 0.0326 — 1.95
prefrontal cortex
L primary 0.0042 0.0146 2.93
& secondary
somatosensory
cortex
L amygdala 0.0189 0.0440 2.23
L anterior 0.0336 — 1.94
temporal cortex
R dorsomedial 0.0034 0.0146 3.01
prefrontal cortex
R primary 0.0138 0.0386 2.38
and secondary
somatosensory
cortex
R amygdala 0.0017 0.0146 3.33
R anterior 0.0242 0.0484 2.10

temporal cortex

Note: Both FDR-corrected and uncorrected results are displayed.

temporal cluster (including inferior and middle temporal gyrus,
temporal pole), as well as between right amygdala and bilateral
pre/post-central gyrus, with PD-IMP group showing reduced
FC (Figure 5B and Table 3). No increased FC was found in the
PD-IMP compared to the PD-UN subgroup.

At the structural level, VBM multiple regression analysis per-
formed at the whole-brain level showed a significant cluster

spanning the dorsomedial and the ventromedial prefrontal cor-
tex (peak MNI coordinates: x=0;y=45; z=15; k=4109; p <0.05
FDR corrected at cluster level; t value =6.72) across the entire
PD sample. When comparing PD-IMP and PD-UN, no results
survived FDR correction. Using an uncorrected threshold at
voxel-level (p <0.001), the differences between impaired and un-
impaired PD patients were located in the dorsomedial prefrontal
cortex (paracingulate and cingulate gyrus, x=0, y=45,z=14; p-
unc<0.001, ¢ value =5.83; middle frontal gyrus, x=-36, y=11,
z=136, p-unc=0.001, t value =3.65), left lateral occipital cortex
(x=-32, y=—-86, z=44; p-unc<0.001, ¢ value =4.38) and right
temporal pole/amygdala (x=27, y=5, z=-29; p-unc=0.001, ¢t
value =3.70).

4 | Discussion

A substantial body of evidence suggests that individuals diag-
nosed with PD exhibit a range of emotional processing deficits,
from emotional experience to emotion production and rec-
ognition (Argaud et al. 2018; Péron et al. 2012). Nevertheless,
despite mounting clinical evidence of socio-cognitive dysfunc-
tion in this population, the neural correlates underlying altered
emotional processing in PD remain largely undefined. Overall,
emotional processing deficits may arise from the dysfunction of
the amygdala in PD (Diederich et al. 2016; Tessitore et al. 2002;
Yoshimura et al. 2005) and the impairment of the cortico-
striatal-thalamic-cortical loop, which is modulated by the meso-
limbic dopamine system and is affected by PD pathology (Péron
et al. 2012). However, the few neuroimaging studies currently
available on PD patients have focused on the recognition of
basic emotions (Baggio et al. 2012; Ibarretxe-Bilbao et al. 2009;
Tessitore et al. 2002; Wabnegger et al. 2015), with no evidence for
complex mental states. The present study aimed to address this
gap by investigating the neural correlates of facial complex men-
tal state recognition from faces in non-demented PD patients
using a multi-level neuroimaging approach. Specifically, the
association between FACE test performance and both resting-
state FC and GM volumes in PD patients was tested within a
defined network critical for emotion understanding (Spunt and
Adolphs 2019) and at the whole-brain level. Furthermore, we
compared FC and GM values in PD patients with and without
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A. Regression analysis

t-value

B. Comparison analysis

t-value

FIGURE 5 | Whole-brain FC results—(A) SBC maps associated with FACE test score in PD patients. (B) SBC maps comparing PD-UN and PD-
IMP. Colours indicate connections from left (yellow) and right (blue) amygdala to the whole brain. Images displayed in neurological convention.

TABLE 3 | Whole-brain FC results—SBC analysis of left/right amygdala comparing PD-UN and PD-IMP.

Uncorrected FDR-corrected
Probabilistic anatomical label Cluster (x,y,z) P P tvalue
Seed—Left Amygdala
L Temporal Pole —40,+14,-12 0.000002 0.000077 9.81
R Hippocampus/Right Amygdala +24,-26,—12 0.000088 0.001409 7.61
R Inferior Temporal Gyrus, posterior division +50,—-8,-28 0.000278 0.002433 6.22
L Middle Temporal Gyrus, posterior division —64,-28,-8 0.000359 0.002433 5.89
R Temporal Pole +28,-6,-30 0.000380 0.002433 5.78
L Inferior Temporal Gyrus, anterior division —-46,—8,-30 0.001479 0.007888 5.77
L Supramarginal Gyrus, posterior division —42,—48,+10 0.004734 0.021641 5.54
L Temporal Pole —40,+2,-44 0.005647 0.022589 5.12
Seed—Right Amygdala
L Amygdala -18,-6,-20 0.000001 0.000036 9.04
L/R Precentral Gyrus +6,—-22,+ 54 0.000004 0.000104 6.78
L Precentral and Postcentral Gyrus —40,-18,+42 0.000007 0.000135 6.37
R Postcentral Gyrus +66,-10,+14 0.001917 0.027314 5.80
R Inferior Temporal Gyrus, posterior division +52,-8,-28 0.002688 0.030648 5.04

Note: Coordinates for each cluster that exceeds the thresholds specified in the text, showing a higher FC in the PD-UN versus PD-IMP group.

clinical deficits on the FACE test according to Italian normative
data (Terruzzi et al. 2023).

The results of this study indicate that the bilateral amygdala
plays a critical role in the recognition of complex mental states
from facial expressions in PD patients at both the structural
and functional levels. This is consistent with previous the-
oretical models proposing an early amygdala impairment
in PD associated with altered processing of social signals
(Argaud et al. 2018; Diederich et al. 2016; Wang et al. 2023).
In particular, Diederich et al. (2016) emphasized the compro-
mised recognition of emotional facial expressions as a prom-
inent symptom of amygdala network dysfunction since the

early stages of PD, along with impaired theory of mind and
hypomimia.

While previous structural (Baggio et al. 2012; Ibarretxe-Bilbao
et al. 2009) and functional (Tessitore et al. 2002) studies in PD
have documented the impairment of the amygdala in basic emo-
tion recognition, its involvement in complex emotion recogni-
tion remained unexplored. Consequently, our study offers novel
insights by emphasizing the significance of this hub in the over-
all detection of emotion-relevant sensory stimuli.

Furthermore, the comparison of PD individuals with and with-
out deficits in mental state recognition also revealed significant
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alterations in the patterns of FC between the bilateral amygdalae
and the left anterior temporal cortex, which extended to the right
anterior temporal cortex in the structural analyses. This result
is consistent with the recent acknowledgement in the literature
of the bilateral anterior temporal lobe as a crucial hub for social-
semantic knowledge (Olson, Plotzker, and Ezzyat 2007; Rouse
et al. 2024; Thye, Hoffman, and Mirman 2024), thanks to its
structural connections with limbic structures (Olson et al. 2013).

The findings from functional whole-brain analyses confirmed
the involvement of regions belonging to the emotion under-
standing network (Spunt and Adolphs 2019) (the amygdala, the
temporal cortex, and the insula) in the recognition of complex
mental states. Interestingly, the insula did not emerge in the
ROI-based analysis among the areas involved in FACE perfor-
mance. However, it is worthy of attention that at the ROI level
we did not distinguish between different sub-portions (i.e., ante-
rior or posterior), while in the whole-brain analysis, we observed
a specific involvement of the anterior portion. This is consistent
with the well-known evidence supporting a prominent role of
the anterior insula in emotional awareness, compared to the
posterior part, dedicated to primary interoceptive represen-
tation (Craig 2009; Kurth et al. 2010). Furthermore, the afore-
mentioned analyses demonstrated the involvement of additional
temporal areas not included in the Spunt and Adolphs model
(Spunt and Adolphs 2019), namely, the inferior/middle temporal
gyri bilaterally. The extensive engagement of temporal areas in
the processing of both mental states in general (Abu-Akel and
Shamay-Tsoory 2011), and specific features relevant to social
cognitive processing, such as faces (Sellal 2022), is required in
FACE test performance and can justify these findings.

The structural imaging results confirmed the pivotal role of the
amygdala in emotion processing and demonstrated a positive as-
sociation between FACE performance and GM volumes in other
brain areas included in the Spunt and Adolphs (2019) model,
namely, the dorsomedial prefrontal cortex and the primary/
secondary somatosensory cortex bilaterally. Although neu-
roimaging studies in PD patients are still relatively limited in
scope, preliminary evidence suggests that the medial prefrontal
activation (Moonen et al. 2017) and the somatosensory recruit-
ment (Wabnegger et al. 2015) may be involved in compensatory
top-down cognitive control mechanisms, restoring striatal dys-
function related to the disease's pathology and modulating emo-
tion regulation in PD patients. Collectively, these compensatory
mechanisms could explain why we observed a positive associa-
tion with the FACE test without GM reduction at the structural
level in our PD sample, as previously suggested. However, the
absence of a control group prevents us from ruling out the pos-
sibility of greater or lesser activation in these brain areas in re-
lation to complex mental state recognition. Further research is
required to more fully elucidate this aspect.

Despite the encouraging outcomes, it is essential to acknowledge
the limitations of our study, which may influence our findings and
suggest areas for future research. The principal methodological
constraints of the present study are the relatively modest sample
size and the absence of a healthy control group. Nevertheless, the
inclusion of PD individuals without socio-cognitive dysfunctions
as a comparison group, and the evidence of significant differ-
ences between this group and PD-IMP patients at the brain level,

allowed us to partially overcome this limitation. Moreover, the
test has been already clinically validated in PD patients, showing
high diagnostic accuracy in discriminating PD individuals with
and without socio-cognitive dysfunctions (Terruzzi et al. 2023).
In addition, some patients had low scores at the MoCA test.
However, these data should be interpreted taking into account
the lower Italian cut-off for this screening test (Conti et al. 2015),
compared to that adopted in the international scenario.

5 | Conclusion

In conclusion, theresults of the present study indicate that complex
mental state recognition from facial expressions in PD patients is
associated with structural and functional changes in brain areas
involved in emotion understanding (Spunt and Adolphs 2019),
at both cortical and subcortical levels. In particular, the func-
tional findings highlight the relevant role of the bilateral amyg-
dala, in accordance with previous theoretical models (Diederich
et al. 2016). In addition, anatomical modifications have been
identified in other brain areas involved in emotional cue detection
(i.e., the amygdala), emotion categorization and maintenance of
semantic knowledge about the social world (the anterior temporal
lobes), embodied simulation (the primary and secondary somato-
sensory cortex) and causal attribution (the dorsomedial prefron-
tal cortex). Furthermore, the results of the whole-brain analyses
extend the neural network associated with the recognition of
complex mental states in PD patients to the medial prefrontal re-
gions, which are known to be highly involved in the interaction
between cognitive and emotional processes in the brain (Ray and
Zald 2012). Collectively, these findings contribute to providing
valuable insights into the neural underpinnings of complex men-
tal state recognition in PD. Moreover, the characterization of early
socio-cognitive dysfunctions in a subsample of individuals may
facilitate the definition of new cognitive phenotypes (Czernecki
et al. 2021; Dodich et al. 2022; Pagonabarraga et al. 2015), and
potentially the development of new non-pharmacological inter-
ventions tailored to the specific needs of the individual.
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