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Abstract: Theory of mind (ToM, the ability to attribute mental states to others) deficit is a frequent
finding in neurodegenerative conditions, mediated by a diffuse brain network confirmed by '8F-
FDG-PET and MR imaging, involving frontal, temporal and parietal areas. However, the role
of hubs and spokes network regions in ToM performance, and their respective damage, is still
unclear. To study this mechanism, we combined ToM testing with brain F-FDG-PET imaging in
25 subjects with mild cognitive impairment due to Alzheimer’s disease (MCI-AD), 24 subjects with
the behavioral variant of frontotemporal dementia (bvFTD) and 40 controls. Regions included in
the ToM network were divided into hubs and spokes based on their structural connectivity and
distribution of hypometabolism. The hubs of the ToM network were identified in frontal regions in
both bvFTD and MCI-AD patients. A mediation analysis revealed that the impact of spokes damage
on ToM performance was mediated by the integrity of hubs (p < 0.001), while the impact of hubs
damage on ToM performance was independent from the integrity of spokes (p < 0.001). Our findings
support the theory that a key role is played by the hubs in ToM deficits, suggesting that hubs could
represent a final common pathway leading from the damage of spoke regions to clinical deficits.

Keywords: Alzheimer’s disease; frontotemporal dementia; theory of mind; brain network; 18F_FDG-PET:
social cognition; neuroimaging; neurodegenerative diseases; dementia; mild cognitive impairment

1. Introduction

Theory of Mind (ToM) is the ability to attribute mental states to others and to predict,
describe and explain behavior on the basis of such mental states [1]. ToM deficits are
clinically relevant for their impact on daily activities and in some cases, they may repre-
sent one of the earliest signs of cognitive decline, as seen in different neurodegenerative
diseases [2,3].

ToM is thought to be mediated by a distributed cortical network of frontal and posterior
cortical regions, including the middle prefrontal cortex (mPFC), the inferior parietal lobe,
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the posterior and anterior cingulate cortex (PCC, ACC), as well as the temporoparietal
junction (TPJ), the amygdala and the superior temporal sulcus (STS) [4-6].

An open question remains regarding the relative importance of each of these regions
in leading to ToM deficits across different clinical conditions and the ability of functional
imaging to capture those changes more relevant to ToM performance in the earliest phases
of the neurodegenerative process. Studies using brain '3F-fluorodeoxyglucose positron
emission tomography (**F-FDG-PET) and tau markers have shown a negative correlation
between tau deposition and cerebral metabolism in the right temporal, parietal and frontal
lobes in a cohort of 100 Alzheimer’s disease (AD) patients, confirming the clinical relevance
of these regions in AD and suggesting that functional imaging can capture degeneration
in these areas in AD [7,8]. Moreover, functional magnetic resonance imaging (fMRI)
studies on functional connectivity [9] have provided evidence of the existence of brain
networks engaged in different cognitive function, such as the default mode network (DMN),
comprehensive of the mPFC and PCC [10], associated with internal processing (i.e., self-
referential thinking or thinking about the future) [11]; the executive control network (ECN),
of which changes have been reported in mild cognitive impairment (MCI) [12], AD [13]
and non-demented patients with late-life depression [14]; as well as the salience network
(SN), responsible for detecting and incorporating sensory and emotional stimuli, both in
healthy subjects and in neuropsychiatric conditions, which is located in the ventral and
anterior insula and includes the amygdala, thalamus, striatum and hypothalamus [15,16].
Lastly, a recent study from Battaglia et al. (2021) [17] showed that the impairment of the
(ventromedial prefrontal cortex) vimPFC, possibly through the modulation of temporal pole
regions, has an impact on the recognition of negative emotions such as fear [17]. These
findings provide converging evidence of the role of networks as the key underpinning of
the cognitive and affective components of ToM.

Inside the connectionist paradigm [18], it has been proposed that regions that are
more connected with the other components of a network (i.e., the so-called “hubs”) are
more relevant to network functioning than those less connected (i.e., the “spokes”) [19];
however, their relative roles (and their interactions) in clinically relevant deficits are only
partly understood. In AD, for example, hubs are thought to present structural damage early
on in the disease course, possibly due to an increase in oxidative stress in these regions [20].
In subjects with stroke, worse cognitive outcomes have also been associated with structural
damage to hubs [21].

Given these observations, we decided to evaluate the relative clinical relevance of the
regions included in the ToM network, a priori chosen, taking into account their structural
connectivity and the extent of local neurodegeneration, measured using brain ¥F-FDG-
PET. To this aim, we focused on mild cognitive impairment due to AD (MCI-AD) and
on behavioral variant frontotemporal dementia (bvFTD) patients, given the differences
in the neurodegeneration distribution pattern between these two conditions. To go into
more detail, combining a widely used ToM test (i.e., the Reading the Mind in the Eyes
test—RMET) and brain '8F-FDG-PET, we evaluated whether hub regions played a more
significant role on ToM performance than spoke regions, and if the impact of spoke regions
damage on ToM performance was mediated by the extent of degeneration in the hubs.

2. Materials and Methods
2.1. Participants

We enrolled twenty-five consecutive patients (9 males; mean age 80.72 £ 5.61) affected
with intermediate-likelihood mild cognitive impairment due to AD (MCI-AD), according
to the NIA-AA criteria [22,23], and twenty-four consecutive patients (6 males; mean age
75.58 £ 7.66) with mild, behavioral frontotemporal dementia (bvFTD) [24]. All subjects
fulfilled the following inclusion criteria:

(i) MMSE score >26 and CDR score <1 at the time of enrollment;
(ii) Symptoms duration less than two years at enrollment;
(iii) Confirmation of clinical diagnosis after at least two years of follow-up;
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(iv) No current or past diagnosis of a comorbid psychiatric or neurological condition, or
other major medical conditions;

(v) No regular use of psychoactive drugs;

(vi) A brain 8F-FDG-PET scan performed no later than three months after neuropsycho-
logical testing.

Lastly, 40 healthy controls (HC) who underwent 8F-FDG-PET imaging in the frame of
previous studies were included in this work (mean age 78.5 &= 9.4) to be used as a control
group in the imaging analysis.

Demographic and clinical data of the groups are reported in Table 1.

All subjects were able to complete all study procedures.

At the time of examination, subjects provided their written consent for the use of their
anonymized data for research purposes according to the protocol approved by our institu-
tional review board. The study was conducted in accordance with the Helsinki Declaration.

Table 1. Demographic and clinical features of bvFTD and MCI-AD patients. Values are shown as
mean =+ standard deviation.

bvFTD (n=24) MCI-AD (n = 25) HC (n = 40) p-Value

Age (yr) 75.58 £ 7.66 80.72 £ 5.61 785+£94 p=0.09
Education (yr) 9.86 £ 4.66 10.32 £ 4.07 99+32 p=0.714
Gender (M:F) 6:18 9:16 15:25 p=10.568
MMSE score 26.41 +2.84 26.13 £ 3.01 28.0£3.2 p=0.031
RMET total score 16.25 £+ 4.89 17.6 £ 6.8 289 £21 p =0.000
GDS-15 score 3.78 £ 2.69 3.86 £2.79 20£3.0 p=0.014

Note: bvFTD = behavioral variant of frontotemporal dementia; MCI-AD = mild cognitive impairment due to
Alzheimer’s disease; HC = healthy controls; M = male; F = female; MMSE = mini—mental state examination;
RMET = Reading the Mind in the Eyes test; GDS-15 score = 15-item Geriatric Depression Scale; n.s = not significant.

2.2. Theory of Mind Assessment

ToM was assessed using the “Reading the Mind in the Eyes” task developed by Baron-
Cohen and colleagues (2001) [25] and revised by Harkness et al. (2005) [26]. The test
consists of 36 black-and-white pictures of the eye region. The subject then has to recognize
the emotional state represented in the picture and choose one among four given words that
depict an emotion [27].

2.3. B8F-FDG-PET Acquisition

Patients underwent brain "®F-FDG-PET scan, acquired according to the guidelines of
the European Association of Nuclear Medicine [28].

Subjects fasted for at least six hours. Before radiopharmaceutical injection, blood
glucose was checked and was <7.8 mmol/L in all cases. After a 10 min rest in a silent
and obscured room, with eyes open and ears unplugged, subjects were injected with
approximately 200 MBq of ®F-FDG via a venous cannula. They remained in the room
for 30 min after the injection and then moved to the PET room where scanning started
approximately 45 min after the injection and lasted 15 min. A polycarbonate head holder
was used to reduce head movements during the scan. Images were acquired by means of
SIEMENS Biograph 16 PET/CT equipment with a total axial field of view of 15 cm and no
interplane gap space. Attenuation correction was based on CT. Images were reconstructed
through an ordered subset expectation maximization algorithm, 16 subset and 6 iterations,
with a reconstructed voxel size of 1.33 x 1.33 x 2.00 mm.

18F-FDG-PET images of patients and HC were subjected to affine and nonlinear spatial
normalization into Talairach and Tournoux space using SPM12 (Wellcome Department
of Cognitive Neurology, London, UK). Images were normalized in the MNI space using
SPM12 “Old Normalization” utility, allowed to follow the procedure previously used for
SPM5 and SPMS (the template used in this study was validated against all these SPM
versions). Coordinates of the final results are provided in the MNI space. We used the
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Talairach daemon tool to convert MNI coordinates to those corresponding to the Talairach
atlas. All the default choices of SPM were followed except for spatial normalization. For this
study, the H,'°O SPM-default template was replaced by an optimized brain 8F-FDG-PET
template as described by Della Rosa and colleagues [29]. The spatially normalized set
of images were then smoothed with a 10 mm isotropic Gaussian filter to blur individual
variations in gyral anatomy and to increase the signal-to-noise ratio.

2.4. Reading the Mind in the Eyes Task Regions of Interest

The RMET regions of interest (ROls) were defined based on the meta-analysis pub-
lished by Molenberghs et al. (2016) [30].

In the paper, the ROIs associated with RMET were described as: the left and right
middle temporal gyrus, superior temporal gyrus, cingulate gyrus, superior frontal gyrus,
inferior frontal gyrus, middle frontal gyrus and the left precentral gyrus.

We created these ROIs using the WFU PickAtlas toolbox for SPM12 (Figure 1).

Figure 1. RMET ROIs according to Molenberghs et al. (2016) (RMET = Reading the Mind in the
Eyes task; R = right; L = left; ROIs = regions of interest). Legend: green = R/L cingulate gyrus;
cyan = R/L inferior frontal gyrus; blue = R/L superior frontal gyrus; violet = R/L middle frontal
gyrus; yellow = R/L middle temporal gyrus; purple = left precentral gyrus; red = R/L superior
temporal gyrus.

2.5. Statistical Analysis

1. Firstly, a two-sample whole-brain t-test design was performed using SPM12 (Well-
come Department of Cognitive Neurology, London, UK) between HC and both MCI-AD
and bvFTD groups separately, using a height threshold p < 0.0001 (uncorrected) at voxel
level, p family-wise error (FWE) corrected <0.05 at cluster level. Age and sex were used
as nuisance variables. The resulting hypometabolic areas were then overlapped onto the
RMET ROIs map (shown in Figure 1) to see if they were included in the brain metabolism
distribution of RMET.

2. For the regions that showed an overlap with the hypometabolic areas within patients’
groups, we evaluated the structural connectivity profile. Specifically, we derived binarized
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structural connectivity matrices between RMET ROIs from the brainnetome connectivity
atlas (www.brainnetome.org/, accessed on 20 May 2020) by thresholding for its maximum
Shannon entropy:.

3. Using the MarsBar 0.44 SPM12 toolbox we extracted the regional ®F-FDG-PET
counts of the RMET ROIs, and we then normalized over the whole brain as follows
(ROI average uptake—whole brain average uptake)/whole brain average uptake, so as to
correlate them, using parametric statistics, with regional relative metabolism. Then, we
used a partial correlation approach to explore the correlation between regional metabolism
of the RMET ROIs and RMET performance in our patients” groups, correcting for age,
education and MMSE score.

4. Lastly, we ran a confirmatory mediation analysis with the mediation package of
the R software and a bootstrap approach (1000 permutations) using hub metabolism as
mediatory variable, and both spoke metabolism and RMET performance, respectively, as
independent and dependent variables.

Statistical significance was set at 0.05 correcting for multiple comparisons using the
false discovery rate (FDR) approach.

3. Results

3.1. Relative Hypometabolism in Behavioral Variant of Frontotemporal Dementia Patients
vs. Controls

Compared to controls, bvFTD patients showed relative hypometabolism in anterior
regions, including the dorsolateral and medial prefrontal cortex, the anterior and lateral
temporal lobe as well as in deep gray matter regions (Supplementary Table S1).

The RMET ROIs included in the areas of relative hypometabolism in the bvFTD group
were the bilateral cingulate gyrus, bilateral inferior frontal gyrus, bilateral superior frontal
gyrus, bilateral middle frontal gyrus, left precentral gyrus, and bilateral superior temporal
gyrus (Figure 2A).

Figure 2. ROIs involved in the RMET network within the two patient groups. (A) bvFTD group.
(B) MCI-AD group (RMET = Reading the Mind in the Eyes task; R = right; L = left; bvFTD = behavioral
variant of frontotemporal dementia). Legend: green = R/L cingulate gyrus; cyan = R/L inferior
frontal gyrus; blue = R/L superior frontal gyrus; violet = R/L middle frontal gyrus; yellow = R/L
middle temporal gyrus; purple = left precentral gyrus; red = R/L superior temporal gyrus.


www.brainnetome.org/
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3.2. Relative Hypometabolism in Mild Cognitive Impairment due to Alzheimer’s Disease Patients
vs. Controls

Compared to controls, MCI-AD patients showed relative hypometabolism in posterior
regions, including the temporal and parietal lobes, the posterior aspect of the frontal lobe
and the thalamus (Supplementary Table S2).

The RMET ROlIs included in the areas of relative hypometabolism in MCI-AD group
were the left cingulate gyrus, right superior frontal gyrus, right middle frontal gyrus, left
middle temporal gyrus, and right superior temporal gyrus (Figure 2B).

3.3. Hub and Spoke Definition

From the connectivity matrices obtained as aforementioned, in the bvFTD group, the
left and right superior frontal gyri presented the highest number of connections (thus
representing the hubs of the network) with the other RMET ROIs (thus representing
the spokes of the network) (Table 2). However, in the MCI-AD group, the left middle
frontal gyrus presented the highest number of connections (thus representing the hub of
the network) with the other RMET ROIs (thus representing the spokes of the network)
(Table 3).

Table 2. Connectivity matrix between RMET ROIs, considering the distribution of regional hy-
pometabolism in the bvFTD group. Legend: Lack of structural connections are reported with
“-. Presence of structural connections between two hypometabolic areas are reported with “X”.
Presence of structural connections between pair of regions including at least one without relative
hypometabolism are reported with “*”.

bvFTD
Connections among
Connection Hypometabolic Areas
in bvFTD
LMTG (*) — - * * - * - - - - - - O
LCG (X) - - - - X - - - - - - . 1
LIFG (X) - - X X X - - - - - - - 3
LMFG (X) * - X X X - - - - X X - 5
LPG (X) * - X X X - - - - - X - 4
LSFG (X) - X X X X - - - - X X - 6
LSTG (X) * - - - - - - - - - - - 0
RMTG (*) - - - - - - - - - X - X 0
RCG (X) - - - - - - - - - - X - 1
RIFG (X) - - - - - - - - X X - 2
RMFG (X) - - - X - X - * - X X - 4
RSFG (X) - - - X X X - - X X X - 6
RSTG (X) - - - - - - - * - - - - 0
LMTG LCG LIFG LMFG LPG LSFG LSTG RMTG RCG RIFG RMFG RSFG RSTG

@) )
Note: bvFTD = behavioral variant of frontotemporal dementia; LMTG, RMTG = left and right middle temporal
gyrus; LSTG, RSTG = left and right superior temporal gyrus; LCG, RCG = left and right cingulate gyrus; LSFG,
RSFG = left and right superior frontal gyrus; LIFG, RIFG = left and right inferior frontal gyrus; LMFG, RMFG = left
and right middle frontal gyrus; LPG = left precentral gyrus.
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Table 3. Connectivity matrix between RMET ROIs considering the distribution of regional hy-
pometabolism in the MCI-AD group. Legend: Lack of structural connections are reported with
“-. Presence of structural connections between two hypometabolic areas are reported with “X”.
Presence of structural connections between pair of regions including at least one without relative
hypometabolism are reported with “*”.

MCI-AD
Connections among
Connection Hypometabolic Areas
in MCI-AD
LMTG (X) - - X * - * - - - - - - 1
LCG (%) - - - - * - - - - - - - 0
LIFG (*) - - * * * - - - - - - - 0
LMFG (X) X - * * X - - - - * * - 2
LPG (*) * - * * * - - - - - * - O
LSFG (X) - * * x * - _ _ - * * - 1
LSTG (*) * - - - - - - - - - - - 0
RMTG (*) - - - - - - - * - * 0
RCG (X) - - - - - - - - * - 0
RIFG (*) - - - - - - - - - * * - 0
RMFG (*) - _ - * * - * _ * * - O
RSFG (*) - - - * * * - - * * * - O
RSTG (X) - - - - - - - * - - - - 0

LCG LIFG LMFG LPG LSFG LSTG RMTG RCG RIFG RMFG RSFG RSTG
60 & 60 & 6O 0 X) §) @) %Y
Note: MCI-AD = mild cognitive impairment due to Alzheimer’s disease; LMTG, RMTG = left and right middle
temporal gyrus; LSTG, RSTG = left and right superior temporal gyrus; LCG, RCG = left and right cingulate gyrus;
LSFG, RSFG = left and right superior frontal gyrus; LIFG, RIFG = left and right inferior frontal gyrus; LMFG,
RMEFG = left and right middle frontal gyrus; LPG = left precentral gyrus.

LMTG

3.4. Correlation between Regional Metabolism of the Reading the Mind in the Eyes Task Regions of
Interest and Reading the Mind in the Eyes Task Performance: Behavioral Variant of
Frontotemporal Dementia

In bvFTD patients, we found a significant direct correlation between RMET perfor-
mance and metabolism in the following hub ROlIs: bilateral superior frontal gyrus (r = 0.72;
p = 0.004); as well as in the following spoke ROIs: bilateral cingulate gyrus (r = 0.48;
p = 0.033), bilateral inferior frontal gyrus (r = 0.53; p = 0.010), bilateral middle frontal gyrus
(r=0.65; p = 0.004) and left precentral gyrus (r = 0.56; p = 0.005).

None of the remaining ROIs presented a significant correlation with RMET perfor-
mance. Results are shown in Table 4.

3.5. Correlation between Regional Metabolism in the Reading the Mind in the Eyes Task Regions of
Interest and Reading the Mind in the Eyes Task Performance: Mild Cognitive Impairment Due to
Alzheimer’s Disease

In MCI-AD patients, we found a direct correlation between RMET performance and
metabolism in the following hub ROI: left middle frontal gyrus (r = 0.69; p = 0.01); as
well as in the following spoke ROISs: left middle temporal gyrus (r = 0.43; p = 0.033) and
left superior frontal gyrus (r = 0.50; p = 0.039). None of the remaining ROIs presented a
significant correlation with RMET performance. Results are shown in Table 4.
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Table 4. Correlation between RMET score and cortical RMET ROIs metabolism, corrected for age,
education and MMSE score. Hub regions are reported in bold; spoke regions are reported in italics.

bvFTD MCI-AD
Values Values
r Values (FDIF; Corrected) r Values (FD;’{ Corrected)

LMTG r=0.278 p =0.280 r=0.43 p=20.033
LCG r=048 p=0.033 r=—0.358 p=0.150
LIFG r=0.53 p =0.010 r=—0.027 p =0.906
LMFG r=0.65 p =0.004 r=0.69 p=0.01
LPG r=20.56 p =0.005 r=0.010 p =0.966
LSFG r=0.72 p =0.004 r=0.50 p=0.039
LSTG r=-0.205 p=0431 r=-—0.190 p =0.398
RMTG r=-0.101 p =0.699 r=0.078 p=0.729
RCG r=045 p=0.032 r=-0.478 p=0.120
RIFG r=20.52 p=0.013 r=0.064 p=0.776
RMFG r=20.57 p =0.005 r=0.196 p=0.383
RSFG r=20.70 p =0.004 r=0.086 p=0.703
RSTG r=0.226 p=0.382 r=-0.241 p=0.281

Note: bvFTD = behavioral variant of frontotemporal dementia; MCI-AD = mild cognitive impairment due to
Alzheimer’s disease; n.s = not significant; MMSE = mini—mental state examination; LMTG, RMTG = left and
right middle temporal gyrus; LSTG, RSTG = left and right superior temporal gyrus; LCG, RCG = left and right
cingulate gyrus; LSFG, RSFG = left and right superior frontal gyrus; LIFG, RIFG = left and right inferior frontal
gyrus; LMFG, RMFG = left and right middle frontal gyrus; LPG = left precentral gyrus.

3.6. Hub—Spoke Interactions and Reading the Mind in the Eyes Task Performance: Behavioral
Variant of Frontotemporal Dementia

The correlation between average spoke metabolism and RMET performance reported
above lost significance when correcting for the average metabolism in hub regions.

This observation was confirmed by a mediation analysis, which revealed a significant
full mediation of the effect on RMET score of the mean metabolism of the spoke regions by
average hub metabolism (average causal mediation effects p < 0.001).

3.7. Hub-Spoke Interactions and Reading the Mind in the Eyes Task Performance: Mild Cognitive
Impairment due to Alzheimer’s Disease

The correlation between average spoke metabolism and RMET performance reported
above lost significance when correcting for the average metabolism in hub regions.

The observation was confirmed by a mediation analysis, which revealed a full media-
tion of the effect on RMET score of the spoke regions by average hub metabolism (average
causal mediation effects p < 0.001).

4. Discussion

In this study, we evaluated the relative importance of the different components of
a diffuse brain network to determine ToM deficits in subjects with neurodegenerative
disorders. To this aim, we focused on the network sub-serving ToM in subjects with
MCI-AD and bvFTD, given the spatial distribution of damage and the role played by ToM
impairments in those conditions [31].

The network underlying ToM abilities is complex, and it is thought to involve primarily
the limbic system, the PFC, the TPJ and the anterior and posterior cingulate cortex [4,32]. To
date, however, the relative importance of each region for the development of mentalizing
deficits is only partially understood.

Firstly, in preliminary analyses, we showed that ToM performance correlated with re-
gional integrity only in those areas with a reduced ®F-FDG-PET metabolism in our patients’
groups compared to controls. Moreover, we showed that among those hypometabolic ROIs,
ToM only correlated with frontal regions in both bvFTD and MCI-AD patients.

The involvement of frontal regions in ToM is in line with previous imaging studies
and represents the neuroanatomical bases of the early development of ToM deficits in
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subjects with bvFTD [3] and of the later involvement of ToM in AD [33,34]. In previous
studies, we showed that ToM deficits could represent the first sign of bvFTD in otherwise
asymptomatic subjects [35]. Moreover, converging evidence from healthy control functional
data [30] and lesion studies [31] points to a key role for the prefrontal territories in ToM.
For example, Dal Monte and colleagues (2014) [36] showed an association between RMET
and damage to the inferior frontal gyrus in a sample of 138 Vietnam veterans with focal
brain damage, and Rowe et al. (2001) [37] reported that individuals with either right
or left PFC lesions presented ToM deficits as assessed by first- and second-order false
belief tests. Our results are also in line with previous 'F-FDG-PET studies, in which
ToM has been associated with activations of prefrontal territories in a cohort of bvFTD
and AD patients [38]. The involvement of frontal territories in ToM has also been shown
using neurophysiological techniques such as the skin conductance response (SCR) of
healthy participants [39], transcranial magnetic stimulation (TMS) [40] and rs-fMRI [41],
which provide complementary and confirmatory evidence of the role of frontal circuits
on cognitive functioning, depression [42] and social cognition [43]. The impact of the
prefrontal cortex in ToM is also supported by the presence of prefrontal abnormalities both
in autism and schizophrenia [44,45], as well as by the impact of prefrontal alterations on
cognition in Alzheimer’s disease [46].

Lastly, as said before with respect to schizophrenia and autism, i.e., the two proto-
typical clinical populations presenting ToM deficits, structural and functional prefrontal
alterations have been associated with reduced ToM performance. To go into more detail,
in a voxel-based morphometry study, Hirao et al. (2008) [46] found a significant gray
matter reduction in the superior frontal gyrus and left middle frontal gyrus, along with the
ventromedial prefrontal cortex, the anterior cingulate cortex, the right superior temporal
gyrus and the right insula, in schizophrenic patients who performed the RMET task.

In our study, MCI-AD patients performed worse than HC, a result that could be in
line with a later stage of the AD course. However, Yildirim et al. (2020) [47] investigated
affective ToM performance in different stages of AD (i.e., AD dementia, MCI) and subjective
cognitive impairment using both the Faux Pas Recognition Test (FPR) and the RMET. They
found that, while AD patients performed worse in both tasks, MCI patients showed a
poor performance only in the RMET, suggesting that the ability of decoding emotion is
already impaired at the early stages of AD. This ability very likely relies upon brain areas
subserving the “social network”, such as the STS and the inferior frontal gyrus [48]. As for
bvFID patients, lower scores could be explained by the frontal involvement in both ToM
and the underlying neuropathology.

We then evaluated the relative importance of the different areas included in the ToM
network. Indeed, while in motor and primary sensory areas it is possible to draw a
functional hierarchy of regions, current evidence is scant regarding its generalizability to
mainly cognitive networks. To this aim, we used the connectionist paradigm to classify the
regions included in the ToM network between hubs and spokes, based on their structural
connectivity [49]. While published data suggest a different functional relevance of spoke
and hub regions, the impact of hub damage on spoke region functional relevance (and vice
versa) is poorly understood.

Here, we showed that the impact of spoke region damage on RMET performance was
mediated by the integrity of hubs, while the impact of hub damage on RMET performance
was independent from the integrity of spokes. The identified hubs were the bilateral
superior frontal gyri in bvFTD and the left middle frontal gyrus in MCI-AD, in line with
the aforementioned roles played by the PFC in ToM [50].

Indeed, in previous studies, different areas presenting strong structural connections
with the PFC have been associated with RMET performance, pointing to the relevance
of the network-based approach to the localization of cognitive functions. These regions
include the superior temporal pole [51], the basal ganglia [52] and the posterior temporal
areas [53] as assessed with both structural and functional imaging techniques. In line with
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this, the white matter connecting these regions [54] has also all been associated with ToM
in clinical populations.

Brain hubs are thought to play a key role in information integration in neural networks
as shown by the impact of hub focal lesions on network functional dynamics [55-57].

5. Conclusions

This study represents a proof-of-concept investigation of the relative importance
of hub and spoke integrity on ToM abilities in MCI-AD and bvFTD patients. These
pathologies represent good experimental models to study connectivity integrity because of
their different patterns of damage (i.e., one more posterior and the other more anterior),
and thus allow us to untangle the impact of regional damage and structural connectivity
on ToM ability.

6. Limitations and Future Directions

A major limitation of our study is represented by its lack of longitudinal data, which
may have been helpful to better understand the development of ToM deficits as neurode-
generation proceeds. Regarding the assessment of structural connectivity, we used an
atlas-based approach as opposed to identifying white matter connectivity directly in our
patients using diffusion MRI data. However, we focused on relatively large gray matter
regions, which present a well-described and stable pattern of white matter connections.
Moreover, as we focused on a network composed of a small number of regions, we used
a relatively loose definition of hub (i.e., the highest connected region) as opposed to the
stringent definition based on graph theory.

Moreover, while different tests have been proposed to probe ToM, here we focused
only on the RMET, which assesses the affective facets of ToM, and thus caution is needed
when generalizing these findings to the other components of ToM.

Our findings support the hypothesis that a key role is played by the hubs in ToM
deficits, thus suggesting that network hubs could represent a final common pathway
leading from regional damage to clinical deficits. We believe this study may be relevant
regarding the relationship between underling structural connectivity and brain function,
not only regarding social cognition, but also other neuropsychological domains. Looking
forward, we thus plan to verify these findings in other neurological conditions, including
stroke, and also to broaden our scope to study the neural networks underlying memory
and executive functions. To this aim, it will be necessary to clearly define the components
of the different networks and to choose which metrics to use to explore their integrity (i.e.,
using a multi-modal, multi-parametric approach to study network integrity). Potentially,
this approach will allow us to characterize not only which network components are more
relevant for a given cognitive function, but also which pathological mechanisms are more
critical to the development of clinically relevant deficits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biomedicines10030544/s1, Table S1: Areas of relative hypometabolism
in bvFTD group (BA = Brodmann Area); Table S2: Areas of relative hypometabolism in MCI-AD
group (BA = Brodmann Area).
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