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Abstract
Understanding facial emotions is fundamental to interact in social environments and modify behavior accordingly. Neu-
rodegenerative processes can progressively transform affective responses and affect social competence. This exploratory 
study examined the neurocognitive correlates of face recognition, in individuals with two mild cognitive impairment (MCI) 
etiologies (prodromal to dementia – MCI, or consequent to Parkinson’s disease – PD-MCI). Performance on the identification 
and memorization of neutral and emotional facial expressions was assessed in 31 individuals with MCI, 26 with PD-MCI, 
and 30 healthy controls (HC). Individuals with MCI exhibited selective impairment in recognizing faces expressing fear, 
along with difficulties in remembering both neutral and emotional faces. Conversely, individuals with PD-MCI showed no 
differences compared with the HC in either emotion recognition or memory. In MCI, no significant association emerged 
between the memory for facial expressions and cognitive difficulties. In PD-MCI, regression analyses showed significant 
associations with higher-level cognitive functions in the emotional memory task, suggesting the presence of compensatory 
mechanisms. In a subset of participants, voxel-based morphometry revealed that the performance on emotional tasks cor-
related with regional changes in gray matter volume. The performance in the matching of negative expressions was predicted 
by volumetric changes in brain areas engaged in face and emotional processing, in particular increased volume in thalamic 
nuclei and atrophy in the right parietal cortex. Future studies should leverage on neuroimaging data to determine whether 
differences in emotional recognition are mediated by pathology-specific atrophic patterns.
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Introduction

Understanding emotions is crucial for social interactions. 
Previous studies have pointed toward the existence of basic 
emotions, characterized by well-recognized facial expres-
sions, patterns of autonomous nervous system activity, and 
bodily sensations (Ekman, 1992). Emotions included in 
this basic set are happiness, surprise, fear, sadness, anger, 
and disgust, although their neural substrates are still a mat-
ter of debate. Normally, the processing of facial emotions 
requires at least two processes: perception and recognition. 
Several cortical and subcortical regions are involved in 
recognition of emotions from facial expressions, including 
the occipito-temporal cortex (Anderson et al., 2000), the 
amygdala (Adolphs et al., 1999), the orbitofrontal cortex 
(Hornak et al., 1996), the basal ganglia (Cheung et al., 
2006), and the right parietal cortex (Adolphs et al., 2000). 
Neurodegenerative diseases can affect social behavior and 
affective processing and offer a valuable opportunity to 
advance our understanding of emotional mechanisms, as 
patients often exhibit altered brain patterns involving many 
of the above-mentioned brain areas. Among neurodegen-
erative diseases, deficits in emotion recognition have been 
reported in individuals with mild cognitive impairment 
(MCI) both when MCI is a prodromal phase of Alzhei-
mer’s disease (McCade et al., 2011) and when it is conse-
quent to Parkinson's disease (PD-MCI) (Ibarretxe-Bilbao 
et al., 2009). In particular, studies on individuals with MCI 
primarily focused on the perception of facial expressions, 
reporting emotion-specific deficits for stimuli with nega-
tive valence, such as sadness, fear (Spoletini et al., 2008), 
and anger (McCade et al., 2013). However, other studies 
have reported more general emotional deficits regardless 
of the valence of the presented stimuli (Weiss et al., 2008) 
or have not found emotion-specific deficits (see Morellini 
et al., 2022, for a recent review). Conversely, studies con-
ducted in individuals with PD-MCI have reported dysfunc-
tions in emotional facial expression recognition (Assogna 
et al., 2008; Blonder & Slevin, 2011; Clark et al., 2008; 
Dujardin et al., 2004; Péron et al., 2010; Sprengelmeyer 
et al., 2003), possibly linked to impaired facial mimicry 
(Argaud et al., 2016, 2018; Prenguer & MacDonald, 2018), 
but there is yet no consensus about the type of emotions 
affected in these patients (Péron et al., 2012).

Due to the different etiology, several differences occur 
between MCI and PD-MCI. For instance, individuals with 
PD-MCI have been shown to have an overall better perfor-
mance at a variety of neuropsychological tests compared 
with MCI (Besser et al., 2016), with the most commonly 
affected cognitive domain being that of executive func-
tions in PD-MCI (Caviness et al., 2007) and that of mem-
ory in MCI. Such differences may depend on the different 

underlying patterns of neural alterations between MCI 
and PD-MCI. For instance, although both etiologies show 
an early involvement of entorhinal cortices (Devanand 
et al., 2007; Jia et al., 2019), PD-MCI also show an early 
involvement of frontal regions (Chung et al., 2019; Ekman 
et al., 2012; Suo et al., 2021), suggesting an underlying 
aberrant frontostriatal network as the cause of early execu-
tive dysfunctions (Ekman et al., 2012). As a result, the 
combined anatomical and cognitive differences might lead 
to different patterns of alterations in emotional processes 
between MCI and PD-MCI. Namely, deficits in emotional 
processes may be confined to emotional recognition or 
extend to emotional memory, especially in the case of indi-
viduals with MCI, and may or may not be limited to the 
processing of specific emotions.

To date, several studies have assessed the relation 
between atrophic brain patterns and cognitive impairment in 
individuals with MCI and PD-MCI (see Aarsland, 2016, for 
an overview), whereas others have focused on the presence 
of altered emotional processing (Mioni et al., 2018; Sarabia-
Cobo et al., 2015; Teng et al., 2007; Waldthaler et al., 2019). 
However, studies investigating the relation between all three 
factors are still lacking. Notably, clarifying the relationship 
between cognitive deficits and emotional difficulties and 
their anatomical correlates at a structural brain level may 
improve our knowledge about the pattern of alterations char-
acterizing neurodegenerative diseases and support clinical 
strategies with an important impact on patients’ social life 
and affective behaviors.

In the present study, we assessed emotional processes in 
individuals with MCI and PD-MCI. In particular, we com-
pared emotional recognition and emotional memory for 
faces and explored their correlation with cognitive domains 
in the two neurodegenerative pathologies. Moreover, we 
conducted a preliminary analysis on the association between 
emotional recognition and gray matter volume in individu-
als with MCI and PD-MCI. We used the Facial Expressive 
Action Stimulus Test (FEAST) (De Gelder et al., 2015), 
which allows a detailed and computerized investigation of 
the several components of emotional processing.

Methods

Participants

For this exploratory study, 26 participants with idiopathic 
PD-MCI (20 males, 6 females), 31 individuals with MCI (8 
males, 23 females), and 30 healthy age-matched controls 
(HC — 14 males, 16 females) were enrolled. Participants 
were recruited at the IRCCS San Camillo Hospital (Venice, 
Italy). HCs were recruited among patients’ family members 
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or through adverts. Patients were diagnosed by experienced 
neurologists according to standard clinical criteria (Gauthier 
et al., 2006; Litvan et al., 2012; Postuma et al., 2015). In 
particular, the diagnosis of MCI was based on clinical and 
cognitive data and did not involve invasive procedures to 
collect biomarkers related to Alzheimer’s pathology. Inclu-
sion criteria for all participants were: age > 50 years, Ital-
ian as their first language, and the ability to provide writ-
ten, informed consent. Exclusion criteria were: clinically 
evident dementia or general intellectual decline as defined 
by DSM IV criteria and a MMSE score < 24; neuroimag-
ing evidence of cortical or subcortical vascular lesions on 
MRI scan; current psychiatric disorder (e.g., current major 
depression, xzschizophrenia) or an additional neurological 
disorder, brain injury, substance abuse. Control participants 
were autonomous in their Instrumental Activities of Daily 
Living (IADL) and had no developmental learning disorders 
or relevant pathologies that could affect their cognitive per-
formance at the time of the assessment.

Participants were informed about the purposes of the study, 
and written, informed consent was obtained before starting 
the screening activities. The study was conducted in accord-
ance with the Declaration of Helsinki. Ethical approval for 
the study was provided by the IRCCS San Camillo Ethical 
Review Committee, reference number 2015.20.

All participants (N = 87) underwent a comprehensive 
neuropsychological assessment and completed the experi-
mental evaluation on emotion recognition using the FEAST 
battery. Moreover, a subset of participants (n = 28 HC; n 
= 31 MCI; n = 10 PD-MCI) underwent neuroimaging data 
acquisition. Concerning participants with PD, dopaminergic 
treatment data were collected, and the equivalent dose was 
calculated according to Tomlinson et al. (2010).

Sample size determination

We used G*Power for linear multiple regression with an 
effect size of f2 = .15, alpha = .05, power = .85, and five pre-
dictors (cognitive domains). Additionally, a previous work 
using the same battery and similar statistical procedures on 
behavioral data confirmed that this sample size would be 
adequate (Lenzoni et al., 2020). Concerning neuroimaging 
data, because of the exploratory nature of the analyses, we 
considered the sample size to be appropriate to the scopes 
while being aware that a larger scale study would be desir-
able to corroborate the reported findings.

Neuropsychological assessment

All participants performed a comprehensive neuropsycho-
logical evaluation, which included measures of attention 
and executive functions, memory, and visuospatial abili-
ties. The evaluation lasted approximately 2 hr. Participants 

could request short breaks if tired. The tests used to assess 
each domain were chosen on the basis of theoretical and 
clinical considerations. The goal was to obtain cognitive pro-
files that could be clinically informative and sensitive to the 
impact of early-stage neurodegeneration. In particular, the 
following tests were administered (Table 1): 1) Mini-Mental 
State Examination (MMSE) to assess general cognitive func-
tioning; 2) Stroop test, Raven matrices, attentive matrices, 
phonological fluency, digit span backward and similarities 
to assess attention and executive functions; 3) word paired-
associates test, digit span forward, prose memory, spatial 
span, recall of the Rey-Osterrieth complex figure to assess 
learning and memory functions; 4) copy of the Rey-Osterri-
eth complex figure to assess visuospatial abilities.

Facial expressive action stimulus test

Face emotion recognition was assessed by using the Facial 
Expressive Action Stimulus Test (FEAST) battery (De 
Gelder et al., 2015). The battery provides several tasks that 
have been developed to test multiple aspects of face and 
emotion recognition abilities (for a full description of the 
battery see De Gelder et al., 2015). Given the purpose of 
the current study, we administered only a subset of FEAST 
tasks, in particular those encompassing emotion recognition 
and memory for emotions. Thus, the following tasks were 
considered for investigation:

•	 Facial Expression Matching Task - Human (FEM-H) 
assesses emotion recognition ability in human faces. 
On each trial, three pictures are shown: one picture on 

Table 1   Cognitive tests administered as part of the comprehensive 
neuropsychological assessment, divided by cognitive domain

Cognitive domain Test

General cognitive functioning Mini-mental state examination
Attention and Executive functions Stroop test

Attentive matrices
Raven matrices
Phonological fluency
Digit span backward
Similarities

Short term memory Digit span forward
Spatial span
Prose memory - immediate recall

Long term memory Word paired-associates test
Prose memory - delayed recall
Rey-Osterrieth complex figure 

– recall
Visuospatial abilities Rey-Osterrieth complex figure 

– copy
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top (sample) and two pictures underneath. One of the 
two bottom pictures presents a face expressing the same 
emotion as the sample, the other is a distractor. The par-
ticipant has to match the faces based on their emotional 
expression. Each emotional condition (anger, disgust, 
fear, sadness, surprise, happiness) contains ten trials in 
which the target emotion is paired with a distractor from 
each of the other emotions. All conditions are balanced 
based on the face gender (5 male faces), resulting in a 
total of 60 trials.

•	 Neutral Face Memory Task (FaMe-N) includes an encod-
ing and a recognition phase. Stimuli consist of Caucasian 
faces with a frontal neutral facial expression and frontal 
eye gaze. In the encoding phase, 50 stimuli are presented 
for 3000 ms, and participants are instructed to memorize 
each face as they will be asked to recognize them subse-
quently. In the recognition phase, two adjacent faces are 
presented simultaneously: the target face and a distrac-
tor, for a total of 50 trials. For each trial, participants 
are instructed to indicate as quickly and as accurately as 
possible which face they have seen in the encoding phase 
by pressing a button on the keyboard.

•	 Emotional Face Memory Task (FaMe-E) shares the same 
procedure as the neutral face memory task, with the dif-
ference that the presented stimuli consist of emotional 
rather than neutral faces. The stimuli consist of 96 photo-
graphs with direct eye gaze and frontal view of individu-
als expressing emotions of fear, sadness, or happiness. 
Forty-eight trials (16 per emotion) are presented in both 
the encoding and the recognition phases.

All the tasks were created and administered by using 
E-prime 2 (Schneider et  al., 2012). Participants had to 
choose between two possible answers by pressing a button 
on the keyboard. No verbal answers were required. Accuracy 
and response times for each trail were recorded automati-
cally by the computer.

Voxel‑based morphometry

A subsample of participants (n = 28 HC; n = 31 MCI; 
n = 10 PD-MCI) were scanned in 1.5 T Achieva Philips 
scanner (Philips Medical Systems, Best, The Netherlands) 
with an 8-channel head coil at the San Camillo Hospital in 
Venice Lido, Italy. Conversely, two HC and 16 individu-
als with PD-MCI could not undergo neuroimaging data 
acquisition for clinical reasons, such as claustrophobia, 
presence of pacemaker, or metallic prosthesis. A standard 
clinical T1-weighted anatomical scan was collected (TE 
= 3.5 ms, TR = 7.6 ms, 3D-acquisition, FOV: 240-mm 
× 240-mm × 280-mm, 1-mm x 1-mm x 0.59-mm voxel 
size). Images were then pre-processed using the Computa-
tional Anatomy Toolbox (CAT12) (Gaser et al., 2022) for 

SPM12 (Ashburner et al., 2014; www.​fil.​ac.​uk/​spm/)  in 
Matlab R2017b (The Mathworks, Inc., Natick, MA  2017). 
Preprocessing steps included bias-field and noise removal, 
skull stripping, segmentation into the gray and white mat-
ter tissue components, smoothing, and normalization to 
MNI space. The CAT12 toolbox has the further advantage 
of providing ratings of image data quality, based on basic 
image properties, noise, and geometric distortions (e.g., 
due to motion). As a result, a weighted image quality rating 
(IQR) is produced for each individual data, which in this 
study was on average between 80% and 85%, represent-
ing an above-average quality of data. Measures of Total 
Intracranial Volume (TIV), representing the overall volume 
of the brain in cubic millimeters, were extracted for each 
participant to be considered as potential confounding vari-
ables in the analysis. Furthermore, for the purpose of the 
current study, volumetric data from the native space of the 
individual were extracted from regions of interest (ROIs) 
of the Desikan-Killiany (Desikan et al., 2006) and Cobra 
(https://​github.​com/​CoBrA​Lab/​atlas​es) atlases, which 
respectively cover cortical, subcortical, and cerebellar 
areas of the human brain.

Statistical analyses on the neuropsychological 
assessment

Statistical analyses were performed by using SPSS, ver-
sion 23 (SPSS, 2015). The procedure followed different 
steps. First, analysis of variance (ANOVA) models with 
post hoc comparison or chi-square (for numeric or cat-
egorical variables, respectively) were employed to test 
for possible differences between HC, MCI, and PD-MCI 
in demographic features. Second, to analyze the cogni-
tive abilities of the groups, participants’ raw scores in the 
neuropsychological tests were converted into z-scores and 
averaged to form composite variables for each of the main 
cognitive domains (Table 1). Third, to evaluate the perfor-
mance on face and emotional processing among groups, 
participants’ proportion of errors and response times 
(RT’s) at each FEAST task were calculated. Like in pre-
vious studies (Vandierendonck, 2017), both measures were 
combined into linear integrated speed-accuracy (LISAS) 
scores. Of note, higher LISAS scores correspond to worse 
performances in terms of slower RTs and/or higher rates 
of errors. Trials in which the response time exceeded the 
mean experiment-specific and subject-specific response 
time by at least 3 standard deviations—or with a response 
time less than 150 ms—were excluded. LISAS scores were 
computed at the global level for each task (face expression 
matching, neutral face memory, emotional face memory) 
and separately for each emotion.

To compute statistical comparisons among patients (MCI 
and PD-MCI) and HC in both the cognitive composite scores 

http://www.fil.ac.uk/spm/
https://github.com/CoBrALab/atlases
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and the FEAST tasks, analysis of covariance (ANCOVA) 
models were run, using the individual level of education, 
age, and sex as a covariates of interest. In case of significant 
correlations, p-values were corrected for the multiple com-
parison Bonferroni procedure, accounting for the type I error.

Finally, to explore the association between FEAST tasks 
and cognitive measures, two-step linear regression analyses 
were computed for each of the LISAS scores separately. In 
the first step, years of education, aige, sex, and the composite 
value for general cognitive functioning were added to the 
model as independent variables to account for possible dif-
ferences in demographic characteristics and for the general 
cognitive functioning across groups. In the second step, the 
composite values specific to each cognitive domain were 
added. In case of significant correlations, p-values were cor-
rected for multiple comparisons with Bonferroni correction, 
accounting for the type I error.

Statistical analyses on the relationship 
between regional volume and FEAST performance

To understand the role of regional volumetric data in pre-
dicting individual performance at the administered FEAST 
tasks, we ran a pilot investigation on a subsample of partici-
pants for which neuroimaging data were available. Linear 
mixed-effect models were run in Matlab 2017b (The Math-
works, Inc., Natick, MA 2017). In consideration of the risk 
of multiple comparisons, we reduced the number of models 
by only investigating the relationship between FEAST per-
formance and four ROIs that have been previously reported 
to be involved in facial emotion recognition, merely the 
amygdala (amyg), the striatum (striat), the thalamus (thal), 
and the right parietal cortex (rPariet). More specifically, 
our analyses focused on the power of regional volumetric 
measures in predicting individual performance at the 1) face 
emotional matching (FEM-H), and 2) face emotional recog-
nition (FaMe-N and FaMe-E) tasks. The FEM-H task was 
divided into six measures, corresponding to each of the emo-
tions assessed in this task (i.e., anger, disgust, fear, sadness, 
surprise, happiness). Similarly, three measures correspond-
ing to each of the three emotions assessed in the FaMe-E 
task (i.e., fear, happiness, and sadness) were included. The 
score of the FaMe-N and a combined face emotion rec-
ognition measure obtained by averaging the results of the 
FaMe-E also were included. In the models, volumetric data 
were treated as fixed effects, whereas both TIV measures 
and years of education were considered as random effects. 
Indeed, previous studies have highlighted the need to con-
trol for head size (for which TIV is a solid proxy) to reduce 
possible interindividual variations in brian volume because 
of head size differences (Crowley et al., 2018). On the other 

hand, years of education are known to be positively associ-
ated with brain volume and to represent a protective factor 
against pathological aging and deterioration (Bartrés-Faz & 
Arenaza-Urquijo, 2011). Hence, both TIV and educational 
attainment can influence the association between regional 
brain volume and cognitive performance, which dictates the 
need for controlling for unwanted influences of these vari-
ables in the data, as reported in the formula below:

To test for a possible differential predictive power of 
regional volumetric measures on FEAST performance 
between healthy controls, MCI, and PD-MCI patients, an 
interaction term (group) was added to the model. To control 
for the risk of multicollinearity among the selected ROIs, 
the variance inflation factor (VIF) was computed among all 
predictors in the formula, proving null to little collinearity 
between the variables (VIFthal = 1.7; VIFamyg = 1.71;VIF-
striat = 1.6; VIFrPariet = 1.47). Outliers were removed based 
on the models’ residuals. The significant threshold was set 
at p < 0.05. Because the years of education were not availa-
ble for one participant, data interpolation was performed by 
substituting the missing entry with the group average score.

Transparency and openness

We reported all data exclusions, all manipulations, and 
all measures in the study, and we followed Journal Article 
Reporting Standards (Kazak, 2018). Analyses for this study 
were not preregistered. The data presented in this study has 
not been previously used for other scopes. Data supporting 
the findings of this study are available on request from the 
corresponding author. Data are not publicly available due to 
privacy or ethical restrictions.

Results

Sociodemographic characteristics

No statistically significant differences were found between 
patients and HC for age (F(2,84) = 2.664, p = 0.076). 
Conversely, significant differences were found for years of 
education (F(2,84) = 7.345, p = 0.001) and gender (χ2 = 
14.844, p = 0.001). In particular, HC had a higher education 
than both PD-MCI and MCI patients, whereas no differences 
were observed between PD-MCI and MCI patients. Partici-
pants’ sociodemographic data are reported in Table 2. Con-
cerning the medication doses administered to patients with 

FEAST task ∼ volamyg ∗ group + volstriat ∗ group + volthal ∗ group

+ volrPariet ∗ group + (TIV) + (1|education)
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PD, the mean levodopa equivalent daily dose was 1106.28 
(SD = 455.84) and the dopamine agonist equivalent daily 
dose was 145.73 (SD = 89.69).

Performance on the neuropsychological 
assessments and on FEAST

Figures 1, 2, and 3 report the participants’ mean compos-
ite values for each cognitive domain and the mean perfor-
mances at each FEAST task, respectively. Of note, among 
individual with MCI, four participants showed impairments 
specific for the memory domain (amnestic single-domain 
MCI), five difficulties pertaining single domains other than 
memory (nonamnestic single-domain MCI), 20 in multiple 
domains, including memory (amnestic multidomain MCI), 
and two in multiple domains without the involvement of 
memory (nonamnestic multidomain MCI).

Significant differences were observed between HC, 
MCI, and PD-MCI in general cognitive functioning (F = 

7.606; p < 0.001), attention and executive function (F = 
9.625; p < 0.001), visuospatial abilities (F = 6.624; p = 
0.002), and long-term memory (F = 7.766; p < 0.001). In 
particular, individuals with MCI performed worse than 
HC in neuropsychological tests of general cognitive func-
tioning (t = −3.881; p < 0.001), attention and executive 
function (t = −4.385; p < 0.001), visuospatial abilities (t = 
−2.858; p = 0.015), and long-term memory (t = −3.926; p 
< 0.001). The results remained significant after the correc-
tion for multiple comparisons. No statistically significant 
differences were found in short-term memory (t = −2.118; 
p = 0.093). Conversely, PD-MCI patients performed worse 
than HC in tests of visuospatial abilities (t = −3.165; p = 
0.006), whereas in the other domains they did not show 
statistical differences (General cognitive functioning: t = 
−1.106; p = 0.513; Attention and executive function: t 
= −1.792; p = 0.180; Short-term memory: t = −0.106; 
p = 0.994; Long-term memory: t = 1.160; p = 0.481). 
No significant differences were observed between MCI 

Table 2   Participants’ socio-demographic characteristics

HC (n=30) MCI (n=31) PD-MCI (n=26) F/X2 p HC vs MCI HC vs PD- MCI MCI vs PD-MCI

Age (mean, sd) 72.87 (7.38)  75.39 (5.78) 70.35 (11.13) 2.664 .076 .458 .490 .061
Education (mean, sd) 12.80 (4.37) 9.00 (3.52) 9.62 (4.37) 7.345 .001 .002 .013 .841
Gender (N Females, %) 16 (53.33) 23 (74.19) 6 (23.08) 14.844 .001 .090 .021 <.001

Fig. 1   Cognitive performances in each group. Mean composite values for the five cognitive domains assessed are reported on the y-axis
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and PD-MCI across cognitive domains (general cogni-
tive functioning: t = −2.256; p = 0.069; Attention and 
executive function: t = −2.040; p = 0.110; Visuospatial 
abilities: t = 0.579; p = 0.832; Short-term memory: t = 
−1.846; p = 0.162; Long-term memory: t = −2.243; p = 
0.071).

In the FEM-H task, MCI patients showed higher LISAS 
scores in the matching of fear faces compared with HC (t 
= 3.224; p = 0.005), and the result remained significant 
after the correction for multiple comparisons. No differ-
ences between MCI and HC were found in the match-
ing of the other emotional faces (Anger: t = 2.142; p = 

0.089; Disgust: t = 2.124; p = 0.092; Sadness: t = 1.895; 
p = 0.148; Surprise: t = 1.601; p = 0.252; Happiness: t 
= 1.206; p = 0.422). Conversely, individuals with PD-
MCI showed higher LISAS scores in the matching of 
faces expressing anger compared with HC (t = 2.586; p 
= 0.031), which however did not survive after the correc-
tion for multiple comparisons, whereas showed no differ-
ences in the other emotions (Disgust: t = 1.986; p = 0.123; 
Fear: t = 1.538; p = 0.280; Sadness: t = 2.073; p = 0.103; 
Surprise: t = 1.737; p = 0.199; Happiness: t = 2.283; p 
= 0.076). Lastly, no significant differences were observed 
between MCI and PD-MCI patients in matching emotional 

Fig. 2   Performances at the FEM-H task in each group. Mean LISAS scores are reported on the y-axis for each emotion. Higher LISAS scores 
indicate worse performances

Fig. 3   Performances at the FaMe-N and FaMe-E tasks in each group. Mean LISAS scores are reported on the y-axis for each emotion. Higher 
LISAS scores indicate worse performances
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faces (Anger: t = 0.510; p = 0.867; Disgust: t = −0.030; p 
= 0.999; Fear: t = −1.413; p = 0.340; Sadness: t = 0.253; 
p = 0.965; Surprise: t = 0.200; p = 0.978; Happiness: t = 
0.576; p = 0.954).

In the FaMe-N task, MCI patients showed higher LISAS 
scores compared with HC (t = 2.810; p = 0.018), whereas no 
differences were observed between HC and PD-MCI (t = 0.723; 
p = 0.751) nor between PD-MCI and MCI (t = 1.637; p = 0.238).

In the FaMe-E task, MCI patients performed worse than 
controls in the memory of happy (t = 3.682; p = 0.001), 
sad (t = 4.035; p < 0.001), and fearful faces (t = 3.246; p 
= 0.005). MCI patients showed significantly higher LISAS 
scores compared with PD-MCI patients in the memory of 
happy (t = 3.272; p = 0.005), sad (t = 2.953; p = 0.012), and 
fearful faces (t = 3.036; p = 0.009). The results remained 
significant after the correction for multiple comparisons. No 
differences were observed between HC and PD-MCI patients 
(Happiness: t = 0.117; p = 0.993; Sadness: t = 0.577; p = 
0.833; Fear: t = 0.270; p = 0.961). Similarly, in the global 
LISAS score of memory of emotional faces, the MCI group 
performed worse than both HC (t = 3.968; p < 0.001) and 
PD-MCI group (t = 3.374; p = 0.004), but no differences 
were found between PD-MCI and HC (t = 0.045; p = 0.999).

In the linear regression analyses between FEM-H and 
cognitive performance, HC showed a positive association 
between visuospatial abilities and the matching of faces 
expressing fear (t = 2.407; p = 0.026), sadness (t = 2.122; 
p = 0.047), and surprise (t = 2.251; p = 0.036). In the MCI 
patients group, negative associations were observed between 
general cognitive functioning and LISAS scores of matching 
of happy faces (t = −2.707; p = 0.014), whereas the match-
ing of sad faces was associated with the composite score of 
visuospatial abilities (t = −2.465; p = 0.026) and long-term 
memory (t = −2.591; p = 0.020). PD-MCI patients showed 
a significant negative association between the attention and 
the executive function domain and LISAS subscores of anger 
(t = −2.589; p = 0.036), fear (t = −3.570; p = 0.009), sad-
ness (t = −2.428; p = 0.046), and surprise (t = −2.453; p = 
0.044). Moreover, the composite score of general cognitive 
functioning was negatively associated with the matching of 
anger (t = −2.452; p = 0.044), fear (t = −3.009; p = 0.020), 
sadness (t = −2.581; p = 0.036), and surprise (t = −2.553; 
p = 0.038).

In the linear regression analyses between FaMe-N and 
cognitive domains, HC showed a negative association 
between the memory of neutral faces and the domain of 
attention and executive functions (t = −4.409; p < 0.001) 
and a positive association with visuospatial abilities (t = 
3.371; p = 0.003). On the other hand, no significant asso-
ciations were observed between the task and any cognitive 
domain in individuals with MCI and PD-MCI (MCI: atten-
tion and executive function: t = −1.432; p = 0.178; Visuos-
patial abilities: t = 0.081; p = 0.937; Long-term memory: 

t = −0.299; p = 0.770; Short-term memory: t = −0.690; 
p = 0.503; PD-MCI: attention and executive function: t = 
−1.118; p = 0.314; Visuospatial abilities: t = 0.081; p = 
0.939; Long-term memory: t = 0.078; p = 0.941; Short-term 
memory: t = 0.210; p = 0.842).

In the linear regression analyses between FaMe-E and 
cognitive performance in HC, negative associations were 
observed between attention and executive function and 
the memory of fear faces (t = −2.882; p = 0.010) and the 
general score of memory of emotional faces (t = −2.601; 
p = 0.018). Additionally, significant positive associations 
were found between the visuospatial abilities domain and 
the memory of fear (t = 2.127; p = 0.047) and sad faces (t 
= 2.194; p = 0.041), and with the general score of memory 
of emotional faces (t = 2.387; p = 0.028). Conversely, no 
significant association was observed between the memory 
of happy faces and cognitive functions in HC (attention and 
executive function: t = −2.037; p = 0.056; Visuospatial abil-
ities: t = 1.962; p = 0.065; Long-term memory: t = 0.659; p 
= 0.518; Short-term memory: t = −1.060; p = 0.302). In the 
MCI group, no significant associations were found between 
cognitive domains and the memory of emotional faces (Fear: 
attention and executive function: t = 0.215; p = 0.833; Visu-
ospatial abilities: t = 0.404; p = 0.693; Long-term memory: 
t = −0.149; p = 0.884; Short-term memory: t = −1.662; 
p = 0.120; Happiness: attention and executive function: t 
= −1.601; p = 0.133; Visuospatial abilities: t = −0,737; p 
= 0.474; Long-term memory: t = 1.000; p = 0.336; Short-
term memory: t = −1.738; p = 0.106; Sadness: attention and 
executive function: t = −0.240; p = 0.814; Visuospatial abil-
ities: t = 0.100; p = 0.922; Long-term memory: t = 0.097; 
p = 0.924; Short-term memory: t = −1.307; p = 0.214). 
Similarly, in the PD-MCI group, no significant associations 
were observed between the LISAS scores of this task and 
cognitive composite scores (Fear: attention and executive 
function: t = −1.565; p = 0.169; Visuospatial abilities: t 
= −0.311; p = 0.767; Long-term memory: t = 0.038; p = 
0.971; Short-term memory: t = 0.549; p = 0.603; Happiness: 
attention and executive function: t = −1.092; p = 0.317; 
Visuospatial abilities: t = −0.958; p = 0.375; Long-term 
memory: t = 0.116; p = 0.911; Short-term memory: t = 
0.176; p = 0.866; Sadness: attention and executive function: 
t = −0.631; p = 0.551; Visuospatial abilities: t = −0.483; p 
= 0.646; Long-term memory: t = 0.302; p = 0.773; Short-
term memory: t = −0.033; p = 0.975).

Relationship between regional volume and FEAST 
performance

Linear-mixed effects models were run to explore the predic-
tive power of regional volume of four different ROIs on the 
individual performance at the FEAST tasks in a subsample 
of healthy, MCI, and PD-MCI patients. In all models, the 
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TIV was not found to be a significant covariate, and it rather 
resulted in overfitting of the model. For these reasons, only 
the years of education were used as random effects. A likeli-
hood ratio test comparing the models with and without the 
TIV as a covariate was run, and the best model was chosen 
based on the lowest Akaike Information Criterion (AIC), 
Bayesian information criterion (BIC), and the p-value of the 
likelihood ratio test.

For what concerns performance at the FEM-H, significant 
findings were observed for the anger, disgust, and happiness 
subscales. In more detail, individual performance at match-
ing of angry faces was significantly predicted by volume of 
the rPariet (t(45) = −2.73, p = 0.009). A significant interac-
tion term was observed for MCI patients in the predictive 
power of the volume of the thalamus (t(45) = −2.57, p = 
0.013) and the rPariet (𝑡(45) = 2.56, p = 0.013), with opposite 
impact on the dependent variable. Indeed, the thalamic vol-
ume was observed to be negatively associated with LISAS 
scores, whereas the rPariet volume was positively associated 
with LISAS scores. Years of education emerged as a signifi-
cant covariate (95% confidence interval [CI] 0.002, 74.21). 
Individual performance at matching of faces of disgust was 
significantly predicted by volume of the striatum (t(42) = 
2.05, p = 0.046). A significant interaction was observed for 
MCI patients in the predictive power of the volume of the 
thalamus (t(42) = −3.77, p = 0.0005) and the rPariet (𝑡(42) = 

2.42, p = 0.02), again with opposite slopes. Years of educa-
tion emerged as a significant covariate (95% CI 0.82 , 5.59). 
Finally, for what concerns performance at the matching of 
happy faces, a significant interaction was observed for MCI 
patients in the predictive power of the volume of the thala-
mus (t(44) = −2.71, p = 0.009), which was negatively associ-
ated with LISAS score, and of the rPariet (𝑡(44) = 2.52, p = 
0.015), which instead showed a positive relationship with the 
computed scores. Only for this model, the years of education 
were removed as a covariate as they resulted in overfitting 
of the model. Plot of the residuals and of the fitted response 
for each significant model is shown in Fig. 4.

For what concerns performance at the FaMe-N and 
FaMe-E tasks, significant findings were observed for the 
subscales of general recognition of emotion and for the 
recognition of emotions of fear and sadness. In more detail, 
individual general abilities to recognize emotional faces 
was significantly predicted by the volume of the amygdala 
(t(42) = 2.23, p = 0.031). Years of education emerged as 
a significant covariate (95% CI 2.50 , 5.81). Conversely, 
individual performance at the recognition of fearful faces 
was significantly predicted by the volume of the thalamus 
(t(41) = −2.27, p = 0.028). A significant interaction was 
observed for MCI patients and the volume of the thalamus 
(t(41) = 2.49, p = 0.017) and the rPariet (𝑡(41) = −3.72, p 
= 0.0006), which respectively showed a positive and a 

Fig. 4   Volumetric predictors of FEM-H performance. The residuals 
(in blue), as well as the predicted versus the observed response (in 
red) is shown for each model testing the predictive power of regional 
volume on FEM-H scores for the conditions of anger (A), disgust (B), 

and happiness (C). In MCI patients compared with HC, volume of 
the thalamus and of the right parietal cortex were found predictive of 
performance (in opposite directions) in the matching of facial expres-
sions for the emotions of anger, disgust and happiness (D)
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negative association to LISAS scores. A significant inter-
action term was also observed for PD-MCI patients in the 
predictive power of the volume of the striatum (t(41) = 
−2.43, p = 0.019), the thalamus (𝑡(41) = 2.97, p = 0.005), 
and the rPariet (𝑡(41) = −3.14, p = 0.003); the thalamic 
volume showed a positive association to LISAS scores. In 
contrast, the volume of the striatum and of the rPariet were 
observed to be negatively related to the dependent vari-
able. Years of education emerged as a significant covari-
ate in the model (95% CI 3.01, 6.84). Finally, individual 
performance at the recognition of sad faces was signifi-
cantly predicted by volume of the amygdala (t(41) = 2.45, 
p = 0.018). A significant interaction term was observed 
for MCI patients and the volume of the thalamus (t(41) = 
2.83, p = 0.007) in positively predicting LISAS scores. 
Years of education emerged as a significant covariate in 
the model (95% CI 2.68, 6.36). Plot of the residuals and 
of the fitted response for each significant model is shown 
in Fig. 5. Figures 6 and 7 depict the association between 
VBM volume and performance at the FEAST tasks. Tables 
specifying all the models’ coefficients and significance lev-
els of the analyses reported above are available in the Sup-
plementary Materials (Tables S1 to S6). Furthermore, we 

run separate models on two control regions: the bilateral 
middle temporal regions and the bilateral frontal poles. 
As expected, we did not observe meaningful associations 
between the volume of such regions and the performance 
at the administered FEAST tasks (Tables S7 to S12 in the 
Supplementary Materials).

Discussion

The purpose of this exploratory study was to assess face 
emotion recognition abilities in individuals with MCI, PD-
MCI, and in healthy age-matched controls. We used face and 
facial expression subtests of the FEAST test that measure 
different face processing abilities known to be problematic in 
people with face recognition disorders, such as recognition 
of facial expressions and memory for faces. Moreover, we 
related the performance on these tasks to the performance 
on specific cognitive tests and to volumetric differences 
in regions of the brain known to support facial emotion 
recognition.

In accordance with other studies (McCade et al., 2013; 
Sarabia-Cobo et al., 2015; Varjassyová et al., 2013), the 

Fig. 5   Volumetric predictors of FaMe-E performance. The residuals 
(in blue), as well as the predicted versus the observed response (in 
red) is shown for each model testing the predictive power of regional 
volume on FaMe-E scores for the conditions of general emotion rec-
ognition (A), fear (B), and sadness (C). In MCI patients compared 
with HC, volume of the thalamus and of the right parietal cortex were 

found predictive of performance in the memory of facial expressions 
of fear; volume of the thalamus also was predictive of memory of sad 
faces. In MCI-PD patients compared with HC, volume of the thala-
mus, of the right parietal cortex and of the striatum were found pre-
dictive of performance in the memory of facial expressions of fear, 
although with different directions (see text for details) (D)



Cognitive, Affective, & Behavioral Neuroscience	

data indicated that individuals with MCI cope with emo-
tional faces worse than healthy older adults and showed 
emotion-specific difficulties in processing facial expressions. 
Compared with healthy controls, MCI patients struggled in 
identifying facial expressions of fear whilst they showed pre-
served identification of other emotions. These results con-
firmed previous studies reporting difficulty in identifying 
negative valence emotions in healthy older adults (Mienal-
towski et al., 2013; West et al., 2012), which seem to worsen 
in MCI patients and in patients with Alzheimer’s disease 
(McCade et al., 2013; Ostos et al., 2011; Sarabia-Cobo et al., 
2015; Spoletini et al., 2008; Weiss et al., 2008). Negative 
valence emotions require more facial muscle movements 
compared with positive-valence ones, such as happiness 
(Ekman & Friesen, 1971). As such, some authors argue that 
they might be generally more difficult to identify (García-
Rodríguez et al., 2012; Sarabia-Cobo et al., 2015).

A central question is whether the poorer performance in 
MCI can be considered secondary to the more advanced 
degeneration affecting overall cognitive performance. We 
did not find evidence supporting this hypothesis in our study. 
First, the deficit was specific to fear and did not extend to 
the other negative or positive emotions. Second, the regres-
sion analysis revealed no association between the identifica-
tion of fear and measures of general cognitive functioning. 

Third, the identification of other negative emotions, such 
as sadness, was, if anything, linearly associated with visu-
ospatial abilities and memory, suggesting that it centers 
around perceptual mechanisms pertaining to the scanning 
of specific features of face processing, as reported elsewhere 
(Sarabia-Cobo et al., 2015). Thus, some of the features in 
fearful faces might become less salient when these basic 
perceptual processes begin to decline. Fourth, an expansion 
of the regional volume of the thalamus (whose nuclei are 
involved in the subcortical pathway of emotion processing) 
(Tamietto & De Gelder, 2010) along with atrophy of the 
right parietal area (part of the frontoparietal regions impli-
cated in attentional control) significantly predicted a better 
performance on negative emotions, such as anger or dis-
gust, in the MCI group. Of note, higher LISAS scores cor-
respond to worse performance in terms of longer RTs and/or 
higher rates of errors. Although these results should only be 
considered preliminary given our small sample sizes, they 
might indicate that divergent patterns in the identification of 
emotions in the MCI phase may reveal progressive though 
specific changes to neural structures engaged in face and 
emotional processing. A tentative explanation might con-
sider a higher reliance on basic and fast visual pathways 
implicated in unconscious perception of emotions (i.e. the 
thalamic nuclei), at the expense of a decremental recruitment 

Fig. 6   Association between VBM and FEM-H performance. Interaction plots depicting the association between regional volume and perfor-
mance at the FEM-H_Anger (A), FEM-H_Disgust, (B) and FEM-H_Happiness (C) scales as a function of group (HC, MCI, PD-MCI)
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of areas that can later modulate their conscious perception 
(i.e., frontoparietal regions). Additional task-related func-
tional connectivity studies might be able to provide further 
light on and eventually test this possibility more specifically.

Concerning memory for faces and facial expressions, 
we observed a more generalized impairment in the MCI 
group. Indeed, MCI patients, compared with both PD-MCI 
and healthy controls, showed substantial difficulties when 
remembering face images with fear expressions but also neu-
tral, sad, and happy faces. However, the regression models 
showed no significant association between the cognitive 
domains and the memory for facial expression. This find-
ing could partially clarify the progressive changes that older 
adults experience in the MCI phase. Indeed, in the healthy 
group, cognitive functions, such as attention,executive func-
tions, and visuospatial abilities, are recruited and linearly 
related to successful recognition of emotional faces. Indi-
viduals with MCI, instead, seem not to rely on specific cog-
nitive functions to overcome difficulties pertaining to emo-
tional face recognition. This suggests, although speculatively 
for now, a maladaptive strategy to counteract the effects of 
neurodegeneration and sustained performance in these tasks.

Our preliminary data from the VBM analyses showed a 
pattern of significant correlations that can provide additional 

clues about anatomical areas supporting emotion recogni-
tion in healthy aging and the reorganization that takes place 
in MCI. In fact, the overall index of recognition of emo-
tional faces was significantly predicted by the volume of 
the amygdala. The “emotion system” includes several cor-
tical and subcortical areas, and the amygdala is the most 
extensively studied subcortical structure that is involved in 
emotion processing (Phelps & LeDoux, 2005; Whalen et al., 
2009). Therefore, it is not surprising that the volume in this 
brain region was directly associated with performance in 
emotion recognition tasks. Similarly, recognition of disgust 
was significantly predicted by the volume of the striatum, 
which is consistent with several studies suggesting that rec-
ognizing expressions of disgust is critically reliant on the 
intact basal ganglia (Calder et al., 2000; Gray et al., 1997; 
Sprengelmeyer et al., 1996). However, in MCI compared 
with HCs, a different pattern of regional volume best pre-
dicted the performance with other emotions (i.e., fear and 
sadness). In this case, the volume of the thalamus and the 
right parietal regions had an opposite impact on the perfor-
mance of the patients. It is possible that these volumetric 
changes, by progressing in cortical and subcortical pathways 
at the same time, contribute to an alteration of the percep-
tual mechanisms involved in encoding emotions in MCI 

Fig. 7   Association between VBM and FaMe-E performance. Interaction plots depicting the association between regional volume and perfor-
mance at the FaMe-E_Fear (A) and FaMe-E_Sadness, (B) scales as a function of group (HC, MCI, PD-MCI)
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and subsequently affect the process of recognition of these 
(poorly) encoded stimuli. At the same time, MCI impairment 
in emotion recognition should not be considered only as the 
mere product of atrophy. Indeed, the positive association 
between volume and LISAS scores (indicative of a worse 
behavioral performance) that is observed may be interpreted 
as evidence that even when MCI patients have intact vol-
ume of a specific brain region, deficits in emotion recog-
nition and memory are still present. The MCI impairment 
in memorizing socially relevant stimuli can have practical 
consequences. It may probably affect (and/or be affected by) 
nonverbal communication, social interactions, interpersonal 
relatedness, and consequently quality of life.

By contrast, behavioral results in the present study pro-
vided limited evidence that the processing of emotional faces 
(for both identity and memory) was impaired in PD-MCI 
patients. Indeed, the performance of the PD-MCI group did 
not significantly differ from that of healthy controls in any 
of the FEAST tasks. These findings contrast with previous 
studies reporting partial or total impairment of facial expres-
sion recognition (Jacobs et al., 1995; Kan et al., 2002) and 
facial mimicry in PD (Argaud et al., 2016, 2018; Prenguer 
& MacDonald, 2018), but align and extend other studies 
that argue in favor of intact recognition of facial emotions 
in this group (Adolphs et al., 1998; Pell & Leonard, 2005). 
The lack of consensus in this literature might be accounted 
for by several factors, including differences in the disease 
progression of the samples, the presence or absence of 
pharmacological treatments, comorbid psychological dis-
orders, such as depression, differences in the reliance on 
facial mimicry, etc. Finding the sources of these discrep-
ancies is an important mission but is outside the scope of 
the present study. However, a closer look at the regression 
analyses in our samples may provide further hints to bet-
ter uncover subclinical manifestations in individuals with 
PD-MCI before the onset of any symptom. The regression 
analyses revealed a linear association of the PD-MCI perfor-
mance in the facial-matching tasks (expressing anger, fear, 
sadness, surprise, and happiness) and their scores in atten-
tion, executive functions, and general cognitive functioning. 
This reflects different strategies compared with MCI and 
HC and possibly implicates a stronger reliance on top-down 
processes to differentiate among emotional stimuli. Reliance 
on higher-level cognitive functions in these tasks suggests a 
compensatory mechanism conceivably linked to the progres-
sive neurodegeneration of subcortical regions, characteristic 
of PD. Indeed, it has been observed that a full damage to the 
basal ganglia can lead to pronounced impairments in the 
ability to recognize facial expressions (Calder et al., 2000). 
Although a partial damage to this structure might have some 
influence, it does not appear sufficient to produce an impair-
ment in the recognition of emotional faces. Our results sug-
gest that a possible compensatory mechanism to overcome 

the disturbance might operate in PD-MCI patients via atten-
tion and executive functions. This is compatible with the 
correlations with brain volume, which show, in the case of 
fear, that an increase in the volume of both the striatum and 
the right-parietal regions results in a better performance of 
the PD-MCI patients on this task (lower LISAS scores). 
Thus, preserved brain structures that take part in different 
processes of emotion recognition, either through cortical or 
subcortical pathways, can possibly prevent evident impair-
ments in the ability to recognize facial expressions in PD-
MCI. However, the interpretation of results linking VBM 
and the matching/recognition of emotional faces remains 
preliminary, and further studies are needed to corroborate 
our findings. These accounts remain speculative waiting for 
longitudinal, functional neuroimaging data.

Finally, we observed that years of education emerged as 
a significant covariate in most of the VBM analyses. This 
is consistent with previous studies on young healthy adult 
participants showing that education (i.e., no college educa-
tion vs. college education) has an effect on the attribution 
of emotion to facial expressions (Trauffer et al., 2013). It 
also is consistent with a meta-analysis that identified educa-
tion level as moderator of age effects in emotion perception 
(Gonçalves et al., 2018). Our results extend these findings by 
suggesting that the relationship between emotion perception 
and the brain structures that support it is shaped by cultural 
factors, such as education both in healthy and in pathological 
aging. This highlights how interpreting facial expressions 
can change according to the observer’s context and has some 
implications for educational and clinical intervention pro-
grams designed to enhance socioemotional abilities across 
the lifespan.

Limitations

The present exploratory study has several limitations that 
we need to acknowledge. First, for clinical reasons, some 
participants, particularly most individuals with PD-MCI, 
could not undergo MRI data acquisition, thus limiting the 
power of the results and our ability to draw conclusions in 
this subsample of participants. Moreover, for the present 
study, the diagnosis of MCI was based only on the exami-
nation of an experienced neurologist and on the perfor-
mance at cognitive tests and did not include the analysis of 
biomarkers associated with Alzheimer’s pathology. There-
fore, it is possible that our sample included individuals 
with MCI because of different underlying pathologies, not 
necessarily related either to AD or to PD. Moreover, in the 
present exploratory study, general cognitive functioning 
was assessed by using a single neuropsychological screen-
ing tool, that is MMSE. However, the metric to use as a 
proxy of general cognitive functioning is debated in the 
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literature, with some studies suggesting the administration 
of other measures, such as the Montreal Cognitive Assess-
ment (Siqueira et al., 2019) or the Alzheimer’s disease 
Assessment Scale (Balsis et al., 2015), taking into account 
the risk of ceiling effects in general cognitive assessments. 
A last aspect that we need to account for is the differ-
ence in educational level observed in the sample. Indeed, 
although the years of education were added to the analysis 
as a covariate of interest, we cannot exclude that other fac-
tors related to education, such as the type of occupation 
and cognitive reserve (Nucci et al., 2012), may have influ-
enced the results. We suggest that further studies should 
consider the effects of these factors, such as occupation 
type and cognitive reserve, on cognitive performances and 
emotion recognition in individuals with MCI because of 
different underlying pathologies.

Conclusions

The present results unveiled a different pattern of altera-
tions in facial emotional processing in individuals with 
two MCI etiologies. We found evidence of emotion-spe-
cific and task-related deficits in prodromal to dementia 
MCI and no evidence of impairment in MCI consequent 
to Parkinson’s disease. In the MCI group, we identified 
two separate deficits. First, an impairment confined to 
negative-valence emotions, specifically fear, when par-
ticipants performed matching facial expression tasks. 
Second, a generalized impairment for negative, positive, 
and neutral emotions that was observed in facial emo-
tion memory tasks. Our findings suggest that the former 
is related to volumetric changes in brain areas regularly 
engaged in face and emotional processing, in particular 
the thalamic nuclei and the right parietal cortex. The dif-
ficulties in emotional memory, instead, seem to be inde-
pendent from cognitive difficulties in MCI participants. 
In individuals with PD-MCI, regression analyses suggest 
a stronger reliance on higher-level cognitive functions 
compared with the MCI and the healthy control partici-
pants. This presumably allows individuals with PD-MCI 
to compensate for the effects of neurodegeneration in 
subcortical regions and to successfully perform the tasks. 
Our conclusions should be confirmed by future studies 
with larger populations of MCI and PD-MCI individuals 
that will examine correlations between deficits in facial 
emotion processing performance, functional neuroimag-
ing, and connectivity findings.
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