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Abstract

Metacognition (monitoring) of emotion recognition is fundamental for social interactions. Correct
recognition of and confidence in the emotional meaning inferred from others’ faces are
fundamental for guiding and adjusting interpersonal behavior. Yet, although emotion recognition
impairments are well documented across neurodegenerative diseases, the role of metacognition in
this domain remains poorly understood. Here, we evaluate multimodal neurocognitive markers of
metacognition in 83 subjects, encompassing patients with behavioral variant frontotemporal
dementia [bvFTD, n= 18], Alzheimer’s disease [AD, n= 27]), and demographically-matched
controls (n7=38). Participants performed a classical facial emotion recognition task and, after each
trial, they rated their confidence in their performance. We examined two measures of
metacognition: (i) calibration: how well confidence tracks accuracy; and (ii) a metacognitive index
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(M) capturing the magnitude of the difference between confidence and accuracy. Then, whole-
brain grey matter volume and fMRI-derived resting-state functional connectivity were analyzed to
track associations with metacognition. Results showed that metacognition deficits were linked to
basic emotion recognition. Metacognition of negative emotions was compromised in patients,
especially disgust in bvFTD as well as sadness in AD. Metacognition impairments were associated
with reduced volume of fronto-temporo-insular and subcortical areas in bvFTD and fronto-parietal
regions in AD. Metacognition deficits were associated with disconnection of large-scale fronto-
posterior networks for both groups. This study reveals a link between emotion recognition and
metacognition in neurodegenerative diseases. The characterization of metacognitive impairments
in bvFTD and AD would be relevant for understanding patients’ daily life changes in social
behavior.

Keywords
Metacognition; Emotion recognition; Neurodegenerative diseases; VBM; Functional connectivity

1. Introduction

Metacognition refers to the cognitive control, monitoring, and regulation over cognitive
processes that guide adaptive behavior (D. Fernandez-Duque, Baird, & Posner, 2000;
Fleming & Dolan, 2012; D. C. Mograbi & Morris, 2018). In particular, metacognition of
emotion recognition is fundamental for establishing and maintaining social interactions
(Begue et al., 2019). To a large extent, adjustments of social behavior rely on accurate
recognition of facial emotions and our beliefs (confidence) about whether we trust the
meanings inferred therefrom (Begue et al., 2019; Kelly & Metcalfe, 2011). Some authors
suggested that social interactions might not be possible without metacognition, as
individuals infer others’ emotional states based on current observations, past experiences,
and metaknowledge (Adolphs, 2009; Kelly & Metcalfe, 2011; D. C. Mograbi & Morris,
2013). Previous studies show that metacognition is supported by the prefrontal cortex
(Eslinger, Moore, Anderson, & Grossman, 2011; Rosen et al., 2014) as well as fronto-
posterior networks (Baird, Smallwood, Gorgolewski, & Margulies, 2013; Fleming & Dolan,
2012; Garrison, 2014; Vaccaro & Fleming, 2018). Neurodegenerative diseases, such as
behavioral variant frontotemporal dementia (bvFTD) and Alzheimer’s disease (AD), provide
an outstanding opportunity to study metacognitive impairments, as they present deficits in
self-awareness (Rosen, 2011; Rosen et al., 2014; Shany-Ur et al., 2014) and atrophy across
areas subserving metacognition. Yet, although deficits in social cognition (M. Bertoux et al.,
2012; Fittipaldi et al., 2019; Gregory et al., 2002; A. Ibanez & Manes, 2012; Piguet,
Hornberger, Mioshi, & Hodges, 2011; Torralva et al., 2007) and particularly in emotion
recognition (M. Bertoux et al., 2015; Bora, Velakoulis, & Walterfang, 2016; F. Kumfor &
Piguet, 2012) are well documented in dementia patients, relevant metacognitive processes
remain poorly understood. Against this background, the present study aims to characterize
the metacognitive processing of emotion recognition and its neural correlates in bvFTD and
AD patients.

Cortex. Author manuscript; available in PMC 2022 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Garcia-Cordero et al.

Page 3

Emotion recognition of facial expressions is impaired in different neurodegenerative
diseases (Bora et al., 2016; F. Kumfor & Piguet, 2012). Meta-analytical results in patients
with bvFTD show deficits in negative facial emotions recognition, with greater differences
for anger and disgust (Bora et al., 2016). However, inconsistent patterns have been reported
in the recognition of separate emotions (e.g.: fear, sadness, and surprise) across studies, with
patients performing either worse than or similar to controls (for a review, see F. Kumfor and
Piguet (2012)). AD patients display a generalized deficit in the recognition of all facial
emotions, with greater impairments for sadness and anger (for a review, see Torres
Mendonga De Melo Fadel, Santos De Carvalho, Belfort Almeida Dos Santos, and Dourado
(2019)). Finally, recognition of happiness is usually preserved in patient populations (F.
Kumfor & Piguet, 2012). Regarding neuroanatomical substrates, general deficits in negative
emotion recognition have been associated with damage in the amygdala (Fiona Kumfor,
Irish, Hodges, & Piguet, 2013) as well as the orbitofrontal (Couto et al., 2013; Kamminga et
al., 2015; Fiona Kumfor et al., 2013), dorsal prefrontal (M. Bertoux et al., 2014; M. Bertoux
et al., 2012), and temporal (Rosen et al., 2006; Werner et al., 2007) cortices. In particular,
recognition of anger and disgust is related with the integrity of the orbitofrontal and insular
cortices (Craig, 2002; A. Ibanez, Gleichgerrcht, & Manes, 2010; Omar, Rohrer, Hailstone, &
Warren, 2011), while sadness is differentially underpinned by limbic and temporal regions
(Arias et al., 2020; Blair, Morris, Frith, Perrett, & Dolan, 1999).

In neurodegenerative diseases, metacognitive mechanisms have been mainly examined in
relation to cognitive domains such as memory (Cosentino et al., 2015; D. Mograbi, Brown,
Landeira-Fernandez, & Morris, 2014; D. C. Mograbi, Brown, Salas, & Morris, 2012; Rosen
etal., 2014; Thomas, Lee, & Balota, 2013), attention (Diego Fernandez-Duque & Black,
2007; D. C. Mograbi et al., 2012), and perception (Diego Fernandez-Duque & Black, 2007;
Garcia-Cordero et al., 2019), as well as anosognosia — lack of awareness of having a
disorder or disability (D. C. Mograbi & Morris, 2018). In particular, bvFTD patients seem to
present more metacognitive compromise than AD, which shows milder but constant insight
loss (Hornberger et al., 2014). Neuroanatomical findings show that metacognitive processes
rely principally on the prefrontal (ventromedial and orbitofrontal) regions (Eslinger et al.,
2011; Rosen et al., 2014) and other subsidiary areas, such as the insula, the hippocampus,
the cingulate cortex, the basal ganglia, and the thalamus (Amanzio et al., 2011; O’Keeffe et
al., 2007; Perrotin et al., 2015; Shany-Ur et al., 2014), in addition to fronto-posterior
functional networks (Baird et al., 2013; Fleming & Dolan, 2012; Garrison, 2014; Vaccaro &
Fleming, 2018). In both bvFTD and AD, atrophy of the ventromedial and frontopolar
prefrontal cortices correlated with general lack of insight. Conversely, the temporal cortex
and amygdala were associated with social and emotional unawareness in both conditions
(Hornberger et al., 2014). Yet, except for a behavioral study showing reduced emotion
discrimination confidence in Parkinson’s disease (Mattavelli et al., 2020), no study has
assessed the metacognition of emotion recognition in neurodegenerative conditions, let alone
integrating multimodal brain signatures. This is an important gap to fill, as reduced
metacognition of emotion recognition could worsen social interaction by amplifying the
patients’ social cognition deficits (O’Keeffe et al., 2007). Finally, there is an unresolved
debate on whether metacognition is a global phenomenon (Shimamura, 2000; Vaccaro &
Fleming, 2018) or a domain-specific process supported by distinct components (Baird et al.,
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2013; Fleming, Ryu, Golfinos, & Blackmon, 2014; McCurdy et al., 2013). The assessment
of the neural substrates of both emotion recognition and its related metacognition may help
to clarify this debate. Briefly, then, although emotion recognition difficulties and
metacognitive deficits in cognitive domains have been widely studied in neurodegenerative
diseases, evidence of metacognition of emation recognition is scarce.

Here, we assessed metacognition of emotion recognition in bvFTD and AD patients,
including analyses of its neuroanatomical and functional connectivity correlates. First, using
a facial emotion recognition task, we examined two metacognitive measures, namely:
calibration, i.e., how well confidence tracks accuracy (Begue et al., 2019; Fleming & Lau,
2014); and a metacognitive index (M), i.e., the magnitude of the difference between
confidence and accuracy (Begue et al., 2019). Second, we tested the association between the
MI and both structural and resting-state functional neuroimaging outcomes. We expected
more profound deficits in the recognition and metacognition for negative emotions across
the neurodegenerative diseases. In addition, we hypothesized that there would be an
association between emotion recognition and limbic regions (e.g., amygdala, hippocampus,
insula), and between metacognition and fronto-subcortical hubs (e.g., prefrontal cortex,
cingulate cortex, insula). For bvFTD, we predicted that emation recognition and
metacognition would be associated with fronto-temporo-insular areas. For AD, we expected
emotion recognition to be related with posterior areas, and metacognition, with fronto-
parietal regions. With regards to functional connectivity, we anticipated that a disconnection
between frontal and posterior hubs would be associated with impaired metacognition. In
short, this study seeks to offer novel evidence on the behavioral and neural signatures of the
metacognition of emotion recognition in dementia patients.

2. Materials and methods

We report how we determined our sample size (participants sections), all data exclusions
(section imaging acquisition and analysis), all inclusion/exclusion criteria

(participants® section), all manipulations, and all measures in the study (section 2.2). We
confirm that all inclusion/exclusion criteria were established before data analysis.”

2.1 Participants

The study encompassed 83 participants from two clinical centers located in Argentina and
Chile. Eighteen patients with probable bvFTD and 27 with AD were recruited. Diagnosis
was initially made by a group of experts in dementia. We used the Multi-Partner Consortium
to Expand Dementia Research in Latin America (ReDLat) standardized diagnostic
assessment to align the local sites’ procedures. This brief tool, completed in full for every
participant, incorporates impressions from the physician or other significant examiners, with
inputs from the evaluating neuropsychologist. In addition, we followed formal criteria for
diagnosing AD and bvFTD, as done in previous multicentric sites (Donnelly-Kehoe et al.,
2019; Moguilner et al., 2018; Moguilner et al., 2020; Sedeno et al., 2017). The staff was
trained in these consensus diagnosis methods. Moreover, we have implemented a control
strategy based on the use of a common training manual for clinical and cognitive assessment
in all clinics, as well as a quality assurance checklist. All patients completed a harmonized
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extensive battery of neurological, neuropsychiatric, and neuropsychological assessments.
BVFTD subjects were included following the revised criteria of probable bvFTD (Rascovsky
et al., 2011). These patients presented social and behavioral impairments confirmed by their
caregivers and fronto-temporal atrophy confirmed by MRI or frontal hypoperfusion assessed
with PET. AD patients were diagnosed following NINCDS-ADRDA criteria (McKhann et
al., 1984) and exhibited a temporo-posterior and more distributed atrophy —see Figure 1 (top
panel) and Table A.1 and A.2 for details. Patients were at different stages of disease —see
Table A.3 for cognitive and functional assessment data. We also recruited 38 healthy
subjects with no history of psychiatric or neurological diseases. All groups were matched in
age [A2,79) = 1.79; p= 0.17], years of education [A2,79) = 2.22; p= 0.12] and gender [?
(2, N=83) = 4.40; p=0.11] —see Table A.3 for demographic details. All participants
provided signed informed consent in accordance with the Declaration of Helsinki. The study
was approved by the Ethics Committee of the Institution. No part of the study procedures
and analyses were pre-registered prior to the research being conducted. Sample size was
determined by availability and convention.

2.1. Behavioral task

Participants performed a task including an emotion recognition and a metacognition stage.
First, they were presented with the Pictures of Facial Affect test version included in the
mini-SEA (M. Bertoux, Funkiewiez, O’Callaghan, Dubois, & Hornberger, 2013; M. Bertoux
et al., 2014). Participants were asked to identify the emotions expressed by faces in different
pictures and to select the answer between the options displayed on the screen (anger, disgust,
fear, sadness, happiness, surprise, and neutral). The task comprised 35 faces, with five trials
per emotion. After each trial, participants provided a confidence judgment about their
performance on a rating scale ranging from 1 (not confident) to 9 (very confident). The
emotion recognition and confidence scores were registered by hand by the evaluator —see
Figure 1 (middle panel) for details. Emotion recognition (accuracy) and confidence scores
were calculated as proportions, considering the score in each emotion. Thereupon, we
obtained a global score for total and negative (the sum of fear, disgust, sadness, and anger)
emotions.

2.2. Statistical analyses

First, the proportion of emotion recognition (accuracy) was compared among groups via
ANCOVA and Tukey’s HSD test for post hoc comparisons, using country as a covariate.
Then, we analyzed two dimensions of metacognitive performance: calibration and the MI.
As calibration is determined by how well confidence tracks accuracy (Begue et al., 2019;
Fleming & Lau, 2014), we assessed whether the proportions of recognition (accuracy) and
confidence were similar. Related-samples Wilcoxon sign tests were performed within the
bvFTD and AD groups, in order to assess whether both proportions had similar distribution.
Calibration is deemed good when the proportions of emotion recognition and confidence are
similar. Bonferroni correction was applied to adjust p-values for multiple comparisons
across the total of 10 tests (Tusche, Bockler, Kanske, Trautwein, & Singer, 2016) (each
emotion and their combinations) and the statistical threshold was set at p < 0.05.
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On the other hand, the Ml is the magnitude of the difference between confidence and
accuracy (Begue et al., 2019), and it was calculated as follows:

MI = | proportion of confidence—proportion of emotionrecognition |;

considering both performance on each emotion type and associated confidence ratings. The
MI has continuous values (from 0 to 1, with values closer to zero indicating accurate
metacognition) and was compared between bvFTD, AD, and controls, via ANCOVA and
Tukey’s HSD tests for post hoc comparisons, using country as covariate. Receiver operating
characteristics (ROC) curve analyses were performed to evaluate the discriminating power
of the MI and recognition for each emotion. For more details, see Appendix, section 1.3.
Then, as the Ml reflects the magnitude of metacognitive impairment, we used this index in
the neuroimaging analyses to identify associations with brain structure and connectivity (see
sections 2.5.1 and 2.5.2).

2.3. Image acquisition

Structural T1 scans from Center 1 were acquired in a Philips Ingenia 3.0 T with a standard
head coil. The parameters were: matrix size= 224 x 224 x 160, 1 mm isotropic, TR =8.3 s,
TE = 3.8 s and flip angle = 8°. Functional spin echo volumes, parallel to the anterior-
posterior commissures, covering the whole brain, were sequentially and ascendingly
acquired with the following parameters: matrix size = 80 x 80 x 49, 3 mm isotropic, TR =
2.64 s, TE = 0.03 s, flip angle = 90°, number of volumes = 220.

Participants from Center 2 were scanned with a Siemens Skyra 3.0 T with a standard head
coil, but with different parameters: (a) Recordings a: T1 parameters: matrix size= 224 x 224
x 208, 1 mm isotropic, TR =1.71 s, TE = 2.25 s and flip angle = 8°. Functional EP2D-
BOLD pulse sequences, parallel to the anterior-posterior commissures, covering the whole
brain, were acquired sequentially intercalating pair-ascending first. fMRI parameters: matrix
size: 76 x 76 x 46, 3 mm isotropic, TR = 2.66 s, TE = 0.03 s, flip angle = 90°, number of
volumes = 300. (b) Recordings b: T1 parameters: matrix size= 256 x 256 x 192, 1 mm
isotropic, TR = 2.4 s, TE = 2 s and flip angle = 8°. Functional EP2D-BOLD pulse
sequences, parallel to the anterior-posterior commissures, covering the whole brain, were
acquired sequentially intercalating pair-ascending first. fMRI parameters: matrix size: 76 x
76 x 46, 3 mm isotropic, TR = 2.66 s, TE = 0.03 s, flip angle = 90°, number of volumes =
240.

During the functional MRI resting-state session, participants were instructed not to think
about anything in particular, to keep their eyes closed, and avoid moving and falling asleep.
All subjects were scanned, except for one bvFTD patient that was not able to perform the
functional MRI session (structural MRI: n = 83; functional MRI: n = 82). See Figure 1 for
more information about the data collection pipeline.

2.4. Imaging analysis

2.4.1. Structural image preprocessing and analysis—A voxel-based
morphometry (VBM) analysis was performed on the structural images. T1-weighted images
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in native space were first segmented using the default parameters of SPM12 (bias
regularization was set to 0.001 and bias FWHM was set to 60-mm cut-off) into white matter
(WM), grey matter (GM), and cerebrospinal fluid (CFS). Then, a template was generated
with the ‘DARTEL (create template)” module to increase the accuracy of inter-subject
alignment (Ashburner, 2007) from the complete data set using the GM and WM segmented
images (default parameters indicated by SPM12). Next, we ran the ‘Normalize to MNI
space’ module from DARTEL Tools to affine register the last template from the previous
step and all GM segmented scans into MNI space. Subsequently, all images were modulated
to correct volume changes by Jacobian determinants, and avoid a bias in the intensity of an
area due to its expansion during warping. Finally, in line with previous recommendations
(Good et al., 2001), an isotropic Gaussian kernel of 12-mm full width at half maximum was
applied to all images. These final maps were entered in the second-level analysis to perform
the correspondent statistic.

Next, multiple regression analyses were performed to assess the relation between emotion
recognition (accuracy) and the Ml and grey matter volume in each patient group (bvFTD
and AD) in tandem with controls. This procedure was carried out to increase behavioral
variance and statistical power (O’Callaghan et al., 2015; Sollberger et al., 2009). For both
analyses, total grey volume (obtained using VBMB8 toolbox for SPM12), scanner type, and
age were used as covariates (whole-brain analysis, p < 0.001 (Garcia-Cordero et al., 2019;
Garcia-Cordero et al., 2016; Irish, Piguet, Hodges, & Hornberger, 2014), extent threshold =
50 voxels).

2.4.2. Functional image preprocessing and analysis—Functional MRI images
were pre-processed using the Data Processing Assistant for Resting-State fMRI (DPARSF
V2.3; http://rfmri.org/DPARSF). To ensure that magnetization achieved a steady state, the
first five volumes of each subject’s resting-state sequence were eliminated. As in previous
studies (Fittipaldi et al., 2020; Garcia-Cordero et al., 2016; Salamone et al., 2018; Yoris et
al., 2018), pre-processing steps included slice-timing correction (using middle slice of each
volume as the reference scan), realignment to the first scan of the session in order to correct
head movement, normalization to the MNI space using the Echo-Planar Imaging (EPI)
template provided by SPM, bandpass filtering (0.01-0.1 Hz), and smoothing using a 8-mm
full-width-at-half-maximum isotropic Gaussian kernel. Six motion parameters, cerebrospinal
fluid, white matter, and global signals were regressed in order to reduce the effect of motion
and physiological artefacts (e.g., cardiac and respiration effects). Cerebrospinal fluid and
white matter masks were obtained from the tissue segmentation of each subject’s T1 scan in
native space with SPM12 (after co-registration of each subject’s structural image with the
functional image). Motion parameters (average translation and rotation) were estimated
during realignment step and were matched between groups. For more information of this
analysis, see Appendix, section 1.2 and Table A.4.

Then, we explored associations between the resting-state functional connectivity data and
the MI. First, for each subject, we extracted the mean time course of the BOLD signal of
each region of the Automated Anatomical Labelling Atlas (Tzourio-Mazoyer et al., 2002). A
connectivity matrix was obtained for each subject through Person’s correlations and a Fisher
z-transformation was applied. To discard an effect of the scanner type, the data was also z-
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scored based on the mean and standard deviation of the control group of the corresponding
center. The z-scored connectivity was used to perform Spearman’s correlations with the Ml
for bvFTD-controls and AD-controls and for each emotion (statistical threshold set at p <
0.001; only negative correlations were considered). Both patients and controls were included
in each analysis to increase behavioral variance and statistical power (O’Callaghan et al.,
2015; Sollberger et al., 2009).

3. Results

3.1. Behavioral results

3.1.1. Emotion recognition—BVFTD patients presented emotion recognition
impairments in total and negative emotions, and in anger, disgust, and surprise, in
comparison to controls. AD patients showed emotion recognition deficits against the control
group, in total and negative emotions, and in anger, sadness, surprise, and neutral faces. No
differences were found for fear and happiness (see Table A.5 for statistical details).

3.1.2. Metacognition of emotion recognition

3.1.2.1. Calibration: Calibration deficits of total score and negative emotions were found
for both patient groups. For bvFTD patients, poor calibration was obtained in anger, disgust,
and fear. AD patients showed impairments in anger, disgust (borderline), fear, sadness,
surprise, and neutral faces. Calibration of happiness showed no differences in any group. All
significant effects had mainly large or medium sizes (see Figure 2 and Table A.6 and A.7 for
statistical details).

3.1.2.2. Metacognitive index: Relative to controls, bvFTD patients presented higher Ml
(worse performance) in total and negative emotions, especially in anger and disgust, in
surprise and in happiness. AD patients also showed higher M1 for total and negative
emotions, as well as specific emotions (anger, sadness, surprise, and neutral faces). For fear,
no significant differences were found. All effect sizes of significant differences were mainly
large or medium (see Figure 3 and Table A.8 for statistical details).

Calibration and MI results showed a greater compromise in total and negative emotions for
bvFTD and AD. Indeed, impairments in calibration and MI were observed for disgust in
bvFTD patients, and for sadness and neutral faces in AD patients. Metacognition of anger
was impaired in the two metacognitive measures and groups, and surprise was more
compromised in AD. Regarding fear, calibration deficits, but no differences in the MI were
observed. In contrast, for bvFTD, happiness presented good calibration and impaired MI.

Classification results showed that the MI of total and negative emotions discriminated
between both groups of patients and controls. Specially, the M1 of anger and disgust
distinguished bvFTD from controls; and the MI of sadness discriminated between patients
and controls. In bvFTD, the MI and emotion recognition presented differential
discrimination power. Interestingly, only the MI of disgust, but not emotion recognition,
distinguished between bvFTD and AD (all classification rates = 70%). For more details, see
Table A.9, A.10 and Figure A.1.
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Summarizing, we observed partial circumscribed metacognitive impairments for bvFTD and
a more generalized metacognitive deficit in AD. The only emotion that distinguished
between groups of patients was disgust, as metacognition was selectively compromised in
bvFTD, but spared in AD.

3.2. Imaging results

3.2.1. Structural associations with emotion recognition and the
metacognitive index—Main results are presented in Figure 4 (also Tables A.11 to A.14
for clusters’ peaks). For bvFTD, total and negative emotions were associated with fronto-
temporo-insular and subcortical areas. Emotion recognition deficits involved atrophy in
areas belonging to the limbic system (amygdala, hippocampus, insula, among others) and
subcortical areas, such as the basal ganglia and the thalamus. Metacognitive impairments
were also related with different subcortical and cortical areas, including the frontal and
temporal lobe, the insula, and the cingulate cortex. In contrast, AD presented a more cortical
pattern related with emotion recognition and metacognition. Temporal and parietal lobes’
atrophy was associated with emotion recognition, and parietal and frontal regions with
metacognition. Interestingly, in both groups, recognition and metacognition shared several
structural substrates in areas related with emotion recognition (amygdala, insula, frontal and
temporal regions), but metacognition extended to regions such as the orbitofrontal, the
insular, and the cingulate cortex —which are involved in general metacognitive processes.

3.2.2. Functional associations with the metacognitive index—A summary of the
results can be found in Figure 5, and in Tables A.15 and A.16 (clusters’ peaks).
Metacognitive impairments for both groups involved disconnection between frontal and
posterior regions (temporal and parietal lobes). For total and negative emotions, associations
between functional connectivity and the MI included mostly fronto-temporal regions for
both bvFTD and AD. In bvFTD, higher MI was associated with reduced connectivity of
fronto-tempo-parietal areas for anger, and frontal-basal ganglia for disgust. For fear,
connectivity between posterior regions was related with the Ml in AD. For sadness, higher
MI was associated with reduced connectivity between fronto-parietal for bvFTD; and
between fronto-parietal, temporo-parietal regions and parietal-basal ganglia for AD. For
surprise, connectivity of fronto-posterior areas and within the cingulate cortex was
associated with metacognition for bvFTD and AD, respectively. Finally, metacognition of
neutral faces negatively correlated with the connectivity of frontal-posterior regions only for
AD.

4. Discussion

To our knowledge, this is the first study assessing metacognition of emotion recognition
across different neurodegenerative diseases and including anatomo-functional correlates of
the metacognitive performance. Metacognition of negative emotions was specially affected
in patients. Metacognition impairments were associated with less grey matter volume of
fronto-temporo-insular and subcortical areas in bvFTD and of fronto-parietal regions in AD;
and with disconnection of fronto-posterior functional networks for both groups. The
relevance of this study lies in the link between emotion recognition and metacognition in
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neurodegenerative diseases. Our results suggest that emotion recognition and metacognition
deficits share cerebral substrates and are associated with specific brain damage and network
dysfunction according the dementia type.

Relative to controls, neurodegenerative diseases presented deficits of metacognition in total
and negative emotions. BVFTD patients showed impairments in metacognition of disgust,
whereas those with AD exhibited a more generalized deficit in all emotions, especially
sadness and neutral faces. Our results are in line with the consistent loss of insight found in
AD, despite not revealing more impaired metacognition in bvFTD (Hornberger et al., 2014).

For sadness, bvFTD patients presented adequate calibration and null M1 differences
regarding controls, indicating accurate metacognitive performance. Previous studies have
found normal sadness recognition (Kessels et al., 2007; Lavenu, Pasquier, Lebert, Petit, &
Van der Linden, 1999) and related emotional reactivity (Werner et al., 2007) in FTD.
Moreover, a recent study showed diminished subjective experience of sadness in bvFTD,
together with spared facial mimicry of sadness in response to a sad film, suggesting that
some level of awareness may be preserved in these patients (Hua et al., 2020). The bvFTD
patients also presented preserved recognition and metacognition of neutral faces, probably as
a result of the context-independent task. In more complex scenarios, patients misunderstand
the situations and rate neutral situations as morally wrong (Baez, Manes, et al., 2014) or
judge neutral intentions more severely (Baez, Couto, et al., 2014). Thus, bvFTD patients’
performance on neutral conditions should depend on the context and available explicit
information (Garcia-Cordero et al., 2019; A. Ibanez & Manes, 2012).

Based on the conscious awareness model (CAM) (D. C. Mograbi & Morris, 2013), we
suggest that the prevalent metacognitive impairments in AD might be related to initial
damage of memory deficits (McKhann et al., 1984; D. C. Mograbi & Morris, 2013), a
domain partially preserved in bvFTD (Rascovsky et al., 2011). The model includes a central
processor that receives and compares information about the performance (effective or failed)
with long-term memories and experiences from the self. When memory is compromised, the
comparison process will not function adequately (i.e., limited conscious experience of
performance). AD patients are impaired at integrating information from online performance
and memory representations of the self, resulting in limited conscious experience of
performance and impaired self-evaluation (Lenzoni, Morris, & Mograbi, 2020). On the other
hand, the specific deterioration in bvFTD can be interpreted by other particular mechanisms
beyond the CAM model. Patients with frontal lobe damage can perform well in traditional
tests (Burgess, Alderman, Volle, Benoit, & Gilbert, 2009; Mesulam, 1986) and exhibit
normal outcomes in multiple cognitive and social domains when explicit information is
provided (A. Ibanez & Manes, 2012). In our experiment, bvFTD patients presented variable
performance, with both preserved and affected metacognition according to the emotion
evaluated. Finally, we found type-specific deficits in emotion recognition and metacognition,
implying that patients who were not able to correctly monitor their performance also
presented impaired recognition. According to the CAM model, recognition and
metacognition are part of the same feedback system, in which poor metacognitive abilities
would lead to inaccurate emotion recognition and no behavior correction (D. C. Mograbi &
Morris, 2013). This lack of improvement in emotion recognition mechanisms would affect
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the patients’ social interactions and worsen their ability to infer others’ emotional states.
Despite the impact of metacognition on emotion recognition, only one recent study
(Mattavelli et al., 2020) investigated this process through an emotional discrimination task
and posterior confidence report in Parkinson’s disease. However, the authors analyzed only
behavioral measures of metacognition and did not consider brain correlates. Importantly, as
in other reports (D. Fernandez-Duque & Black, 2005; F. Kumfor et al., 2011; F. Kumfor &
Piguet, 2012; Park et al., 2017; Rosen et al., 2004), the task could induce bias triggered by
the imbalance between positive, negative, and neutral stimuli. In this context, happiness
seems to be easier to recognize than negative emotions. Future studies should use more
balanced categories, as recently reported (Maxime Bertoux et al., 2021).

Regarding anatomical results, emotion recognition involved fronto-temporo-insular and
subcortical areas for bvFTD and temporo-parietal regions for AD. Metacognitive deficits
correlated with atrophy in fronto-temporo-insular and subcortical areas for bvFTD, and with
fronto-parietal areas for AD. These results suggest a shared anatomical structure for
recognition and metacognition in both groups. Previous research indicates that
metacognition is supported by the prefrontal cortex (D. Fernandez-Duque et al., 2000;
Fleming & Dolan, 2012), a region involved in updating schema-information coming from
posterior regions (D. Fernandez-Duque et al., 2000; Fleming & Dolan, 2012; Garcia-
Cordero et al., 2019; Hebscher & Gilboa, 2016) and in generating error signals when there is
a mismatch between performance and expectations (Rosen, 2011). In particular, the
ventromedial prefrontal cortex is associated with monitoring of emotional inputs, and in
cognitive generation and regulation of emotion (Rosen, 2011; Rosen et al., 2014). Likewise,
the insular and the cingulate cortices are related with autonomic activation in monitoring
process and error perceiving (Craig, 2009; Critchley et al., 2003; Garcia-Cordero et al.,
2016; Shany-Ur et al., 2014; Ullsperger, Harsay, Wessel, & Ridderinkhof, 2010), while the
temporal lobes underlie memory abilities and autobiographical information (Dickerson &
Sperling, 2008; Eslinger et al., 2005; D. C. Mograbi & Morris, 2013). In agreement with this
evidence, our results showed that reduced volume of the prefrontal, insular, cingulate, and
temporal cortices was related with metacognitive impairments.

On the other hand, the association we found between connectivity of fronto-posterior hubs
and metacognition replicates previous research (Baird et al., 2013; Fleming & Dolan, 2012;
Garrison, 2014; Vaccaro & Fleming, 2018). Considering the atrophy and functional findings,
our results suggest that bvFTD metacognition impairments may result from disruptions
along two networks: the fronto-temporo-insular network (Baez, Garcia, & Ibanez, 2017; A.
Ibanez, 2018; A. Ibanez et al., 2017; A. Ibanez & Manes, 2012; Agustin Ibanez & Schulte,
2021; Ibéafiez, 2019), involved in contextual modulation of socioemotional cognition; and
fronto-subcortical networks (O’Keeffe et al., 2007), related with emotion and executive
control. We suggest that subcortical areas would not be able to coordinate multimodal
internal and external information coming from the cortex with the metaknowledge to
improve social conduct. On the other hand, we propose that an interruption of parietal/
temporal-limbic-prefrontal networks (Abu-Akel, 2003) would be related with AD’s
metacognitive impairments. This network facilitates a posterior-anterior integration of
information. Specially, the frontal and temporal hubs are related with deficient self-
knowledge update and limited access to memory of self-evaluation processes (Lenzoni et al.,
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2020). In short, we found specific metacognitive impairments for bvFTD and AD associated
with particular damage of hubs and networks disconnection, related with the atrophy
patterns and physiopathological process underlying these diseases.

Metacognition could be thought as a domain-general process indexed by the prefrontal
cortex, a region implicated in monitoring processes (D. Fernandez-Duque et al., 2000;
Fleming & Dolan, 2012). However, many studies showed dissociations between
metacognition of different cognitive domains as they involved specific brain regions
(Fleming et al., 2014; McCurdy et al., 2013) and functional networks (Baird et al., 2013).
Our current findings support the view that metacognition of emotion recognition does not
rely exclusively on the prefrontal cortex, but also on another areas (e.g., the insular and
limbic system), evidenced by the disturbance and disconnection of domain-specific emotion
processes. The joint participation of regions related with emotion recognition and
metacognition suggest domain-specific involvement.

Some studies have considered emotion recognition as an automatic process that only
requires minimal cognitive processes, contrasting with the concept of emotion schema
(Izard, 2007, 2011), in which emation processing involves interactions between emotion
feelings and high-order cognition (memories, strategies, and goals). We suggest that one
aspect of this higher-order cognition is the metacognitive processing that provides a continue
feedback to adjust the responses to environment. As emotion schemas constitute the source
of motivational processes, their disruption could impact on adaptive behavior (Izard, 2007,
2011). In line with this idea, deficits in metacognition have been related with emotional and
motivational factors (Rosen, 2011) and with clinical symptoms such as anosognosia and
apathy (Daniel C Mograbi & Morris, 2014; Rosen, 2011; Rosen et al., 2014). Apathetic
patients are less reactive to their surroundings (S. E. Starkstein, Sabe, Chemerinski, Jason, &
Leiguarda, 1996) and more prone to omit significant events (Rosen, 2011) due to lack of
motivation and affective flattening. In this context, errors and their consequences are ignored
or normalized, affecting monitoring processes (Daniel C Mograbi & Morris, 2014). In
addition, increased apathy correlates with anosognosia (Derouesné et al., 1999) and
demonstrates that omission of information may also contribute to the unawareness of having
a disease. Neuroanatomical findings showed that apathy (Ott et al., 1996), anosognosia
(Eslinger et al., 2005; Rosen, 2011; Wilson, Sytsma, Barnes, & Boyle, 2016), and
metacognition (Eslinger et al., 2011; Fleming & Dolan, 2012; Rosen et al., 2014) are related
with prefrontal function, suggesting a close link between these processes.

To our knowledge, this is the first report suggesting a link between metacognition of
emotion recognition and emotional processing in neurodegeneration. Possible clinical
implications of this work are related with the patients’ lack of awareness. Anosognosia and
apathy might impact the relation between patient and caregiver as well as treatment response
(Sergio E Starkstein, Jorge, Mizrahi, Adrian, & Robinson, 2007). This emergent evidence at
the crossing of metacognition and emotion impairments may be relevant for future studies of
patients’ daily living impairments, to prevent treatment drop-out and improve their quality of
life.
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5. Limitations

Our study presents a number of limitations. The sample size was moderate and the
recruitment of participants was performed in two different clinical centers from Argentina
and Chile. However, all groups were diagnosed by same consensus diagnostic criteria and
were demographically matched in age, education, and gender. Moreover, country was used
as a covariate in the analysis to avoid possible recruitment bias. We were not able to measure
other cognitive variables (e.g., executive functions or memory). However, we consider that
our results open a new agenda for the study of the relationship between metacognition of
emotion recognition, general cognitive functions, social cognition, and functionality. Finally,
further studies assessing other links among metacognition and emotion are needed to
establish a better understanding of their relation.

6. Conclusions

The present study highlights the relevance of studying emotion recognition in relation with
metacognition in neurodegenerative diseases. If a patient presents poor metacognitive
abilities, emotion recognition impairments will not be corrected, potentially impacting their
daily life. In addition, emotion recognition and metacognition shared brain several
substrates, suggesting a close relation between both processes. As an unexplored domain in
dementia, its evaluation may be relevant for the clinical and neurocognitive characterization
of bvFTD and AD patients. By combining behavioral and neuroimaging measures, our work
revealed that metacognition of negative emotions was mainly affected in patients and
associated with specific brain structures and functional networks. These results inform
neuroanatomical models of metacognition and its disruptions following brain pathology.
Further assessments should evaluate the metacognition of emotion recognition across
neurodegenerative diseases and in other social cognition domains. This would be especially
relevant nor only for clinical outcomes and functionality, but also to promote a deeper
understanding of metacognitive aspects of emotion and social behaviors.
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Highlights
Metacognition of emotion recognition is fundamental for social interactions.
Metacognition of negative emotions was affected in bvFTD and AD.

Such deficits were associated with disease-specific atrophy in each patient
group.

Disconnection of fronto-posterior networks was related with metacognitive
deficits.

These deficits may underlie core impairments in the daily life of patients.
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1. Atrophy patterns
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Figure 1. Patients’ atrophy patterns and data collection pipeline.
1. Atrophy of bvFTD and AD patients compared to matched controls. Neurodegeneration

was observed in frontal and temporal areas for bvFTD and in posterior (temporal) regions
for AD (p < 0.001, extent threshold = 50 voxels). 2. Both patient and control groups
performed the emotion recognition task (Ekman’s faces) and reported their confidence about
their performance. Scores of emotion recognition (accuracy) and confidence were obtained.
Schematic representation of metacognition and its components: calibration (how well
confidence tracks accuracy) and the metacognitive index (MI), indexing how large the
difference between confidence and accuracy is. 3. Structural and functional MRI were
acquired to explore the structural and functional brain correlates of emotion recognition and
the M1 in each patient group.
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Density plots (smoothed histogram) of the proportion of emotion recognition and confidence
for each patient group. Asterisks indicate significant differences between proportions (i.e.,
poor calibration) after Bonferroni correction (p < 0.05).
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Metacognitive performance of bvFTD, AD, and controls for each emotion. Metacognitive
index (MI) nearer zero represents better performance. ** p< 0.001 against controls; * p <
0.05 against controls; + p < 0.05 against AD.
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Figure 4. Structural associations with emotion recognition and the metacognitive index.
Regression analyses considering bvFTD-controls and AD-controls were conducted to

identify regions specific to each patient group and emotion (p < 0 .001, extent threshold = 50
voxels). ACG = anterior cingulate gyrus; AMYG = amygdala; ANG = angular gyrus; CAU
= caudate nucleus; DCG = dorsal cingulate gyrus; FFG = fusiform gyrus; HIP =
hippocampus; IFGoperc = inferior frontal gyrus (pars opercularis); INS = insula; IPL =
inferior parietal gyrus; ITG = inferior temporal gyrus; MFG = middle frontal gyrus; OLF =
olfactory cortex; ORBInf = inferior frontal gyrus; ORBmid = middle frontal gyrus; ORBsup
= superior frontal gyrus; ORBsupmed = orbitofrontal gyrus; PAL = pallidum; PCG =
posterior cingulate gyrus; PCUN = precuneus; PHG = parahipocampal gyrus; PoCG =
postcentral gyrus; PreCG = precentral gyrus; PUT = putamen; REC = gyrus rectus; ROL =
Rolandic operculum; SFGdor = dorsolateral superior frontal gyrus; SFGmed = medial
superior frontal gyrus; SMA = supplementary motor area; SMG = supramarginal gyrus;
STG = superior temporal gyrus; THA = thalamus; TPOsup = superior temporal pole; L =
left, R = right.
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Figure 5. Functional associations with emotion metacognition.
Spearman’s correlations were performed between resting-state functional connectivity of

bvFTD-controls and AD-controls and the Ml in each patient group and emotion (p < 0.001).
Only negative correlations were considered. ACG = anterior cingulate gyrus; CAU = caudate
nucleus; DCG = dorsal cingulate gyrus; FFG fusiform gyrus; HES = Heschl’s gyrus; HIP =
hippocampus; INS = insula; 10G = inferior occipital gyrus; IPL = inferior parietal gyrus;
MFG = middle frontal gyrus; MOG = middle occipital gyrus; MTG = middle temporal
gyrus; OLF = olfactory cortex; ORBsup = superior frontal gyrus; ORBsupmed =
orbitofrontal gyrus; PCG = posterior cingulate gyrus; PCL = paracentral lobule; PCUN =
precuneus; PHG = parahipocampal gyrus; PoCG = postcentral gyrus; PreCG = precentral
gyrus; PUT = putamen; REC = gyrus rectus; ROL = Rolandic operculum; SMG =
supramarginal gyrus; SOG = superior occipital gyrus; SPG = superior parietal gyrus; STG =
superior temporal gyrus; TPOmid =middle temporal pole; L = left, R = right.
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