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a b s t r a c t
Background: bvFTD patients display an impairment in the attribution of cognitive and affective states to others,
reﬂecting GM atrophy in brain regions associated with social cognition, such as amygdala, superior temporal cortex and posterior insula. Distinctive patterns of abnormal brain functioning at rest have been reported in bvFTD,
but their relationship with defective attribution of affective states has not been investigated.
Objective: To investigate the relationship among resting-state brain activity, gray matter (GM) atrophy and the
attribution of mental states in the behavioral variant of fronto-temporal degeneration (bvFTD).
Methods: We compared 12 bvFTD patients with 30 age- and education-matched healthy controls on
a) performance in a task requiring the attribution of affective vs. cognitive mental states; b) metrics of restingstate activity in known functional networks; and c) the relationship between task-performances and restingstate metrics. In addition, we assessed a connection between abnormal resting-state metrics and GM atrophy.
Results: Compared with controls, bvFTD patients showed a reduction of intra-network coherent activity in several
components, as well as decreased strength of activation in networks related to attentional processing. Anomalous
resting-state activity involved networks which also displayed a signiﬁcant reduction of GM density. In patients,
compared with controls, higher affective mentalizing performance correlated with stronger functional connectivity between medial prefrontal sectors of the default-mode and attentional/performance monitoring
networks, as well as with increased coherent activity in components of the executive, sensorimotor and
fronto-limbic networks.
Conclusions: Some of the observed effects may reﬂect speciﬁc compensatory mechanisms for the atrophic changes involving regions in charge of affective mentalizing. The analysis of speciﬁc resting-state networks thus highlights an intermediate level of analysis between abnormal brain structure and impaired behavioral performance
in bvFTD, reﬂecting both dysfunction and compensation mechanisms.
© 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
Abbreviations: bvFTD, behavioral variant of frontotemporal dementia; FTLD,
frontotemporal lobar degeneration; AD, Alzheimer3s disease; ToM, theory of mind;
BOLD, blood-oxygen-level-dependent; GM, gray matter; SPM, statistical parametric
mapping; FDR, false discovery rate; MANCOVAN, multivariate analysis of covariance;
VBM, voxel based morphometry; RSNs, resting-state networks; rs-fMRI, resting-state
fMRI; aDMN, anterior default mode network; pDMN, posterior default mode network;
MMSE, Mini-Mental State Examination; SET, story-based empathy task; EA, emotion attribution; IA, intention attribution; CI, causal inferences; gICA, group independent component analysis; PCA, principal component analysis.
* Corresponding author at: Istituto Universitario di Studi Superiori (IUSS), Pavia, Italy.
E-mail address: stefano.cappa@iusspavia.it (S.F. Cappa).
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The behavioral variant of frontotemporal dementia (bvFTD) is the
most common clinical syndrome within the frontotemporal lobar
degeneration (FTLD) spectrum, accounting for about half of all FTLD
cases (Piguet et al., 2011). Along with Alzheimer3s disease (AD), it is
the most common cause of early-onset neurodegenerative dementia
(Piguet et al., 2011). Neuropathological and imaging studies suggest
that speciﬁc neural systems are affected by dementias (Zhou and
Seeley, 2014). In bvFTD, the neurodegenerative process speciﬁcally targets brain regions associated with the processing of social and affective
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stimuli (Seeley et al., 2008; Irish et al., 2011). Crucial clinical manifestations, indeed, are changes in personality, interpersonal conduct and
emotional control, associated, in the early stages of the disease, with a
relative preservation of cognitive performance on standard neuropsychological measures (Cerami and Cappa, 2013). In particular,
loss of sympathy and/or empathy is a key feature for the differential
diagnosis of bvFTD (Rascovsky et al., 2011). Several studies provided
behavioral evidence of early impairments of social cognition, involving emotion recognition, empathy, as well as the correct attribution
of mental states to other individuals (i.e. mentalizing, or “theory of
mind” (ToM); Elamin et al., 2012). The objective assessment of
socio-affective abilities may thus provide crucial cues to the diagnosis of this dementia subtype (Torralva et al., 2009; Gleichgerrcht
et al., 2010).
At the neural level, the impairment of social cognition in bvFTD reﬂects a selective vulnerability of limbic and fronto-insular networks
(Kim et al., 2012), characterizing the disease since its earliest stage
(Seeley et al., 2008) (see Ibañez and Manes (2012) for a recent proposal
on the role of these networks in processing social contextual effects).
Only a few studies, however, have directly investigated the connection
between the multiple facets of social cognition and the underlying neural impairment in bvFTD (Elamin et al., 2012). At the structural brain
level, we have recently shown that, in bvFTD patients, a selective deﬁcit
in the ability to attribute affective states (as compared to cognitive
states such as intentions) reﬂects gray matter atrophy in key nodes of
the “social brain” (Adolphs, 2009; Frith, 2007; Lieberman, 2007)”,
such as amygdala, superior temporal cortex and posterior insula
(Cerami et al., 2014a). Here we aim to complement this neuroanatomical evidence by relating the empathic deﬁcit displayed by
bvFTD patients to possible abnormal patterns in their resting-state
brain activity.
Starting from the observation of synchronous, low-frequency,
ﬂuctuations of BOLD activity shown by speciﬁc regions at rest (Biswal
et al., 1995), the investigation of so-called resting-state networks
(RSNs) has provided critical information on intrinsic (i.e. task-free)
brain activity, both in health and in pathological conditions (e.g. Biswal
et al., 2010). Abnormalities in such an intrinsic functional brain architecture (i.e. connectome; Smith et al., 2013), and their relationship with impaired cognition and behavior, have been also investigated in dementia
(Seeley et al., 2009), and particularly in AD. The phenotypical characterization of dementia may greatly beneﬁt from non-invasive measures of
intrinsic brain activity at rest, which, complementing research on the neuropathology and genetics of different types of dementia, may provide an
additional biomarker of speciﬁc neurodegenerative disease, endowed
with prognostic potentialities (Greicius and Kimmel, 2012; Pievani et al.,
2014). In the last years, several studies have taken advantage of restingstate fMRI (rs-fMRI) to investigate a relationship between intrinsic brain
activity and performance in tasks which require extensive patient cooperation (Khanna et al., 2015). This is a powerful method to assess patients
with behavioral disorders, which may have difﬁculty in performing a
task within an MR scanner.
Compared with a wide literature on rs-fMRI in AD, bvFTD has been
less frequently investigated (Agosta et al., 2013; Filippi et al., 2013;
Rytty et al., 2013; Whitwell et al., 2011; Zhou et al., 2010). The available
studies highlighted distinctive patterns of abnormal brain functioning at
rest, in particular altered activity and reduced connectivity within the
attentional “salience” network and the anterior components of the
default mode network (aDMN) (Seeley et al., 2007a), including key
structures for socio-affective processing such as limbic and frontoinsular regions, alongside increased functional connectivity within the
posterior default mode network (pDMN) (Zhou and Seeley, 2014).
This pattern, opposite to that typically observed in AD dementia subtype
(i.e. disrupted connectivity in the pDMN alongside increased connectivity in the salience network; Zhou et al., 2010), is consistent with the
impairments in self-projection, insight and meta-cognition observed
in bvFTD patients (Irish et al., 2011; Rankin et al., 2006). To date,
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however, no study has directly related anomalous resting-state metrics
to impaired affective mentalizing in bvFTD patients.
To ﬁll this gap, in the present study we compared resting-state brain
activity, as well as its relationship with the ability to attribute affective
vs. cognitive mental states to others, between bvFTD patients and age/
education-matched healthy controls. Based on our previous data
(Cerami et al., 2014a) we predicted that the bvFTD deﬁcit in the attribution of affective vs. cognitive states would be speciﬁcally related to
anomalous resting-state brain activity, involving in particular frontomedial and fronto-limbic RSNs. In addition, we also investigated the
relationship between functional (resting-state) and morphometric
(GM density) levels of analysis, under the hypothesis that anomalous
resting-state activity in speciﬁc networks, related to speciﬁc social cognition deﬁcits, may reﬂect the presence of gray matter atrophy.
2. Materials and methods
2.1. Subjects
Within a larger sample (Cerami et al., 2014a) of patients fulﬁlling
clinical criteria for probable bvFTD (Rascovsky et al., 2011), 12 patients (9 men, 3 women; mean age = 63.11 years; standard deviation (SD) = 7.17; Clinical Dementia Rating (CDR) scale ≤ 1) were
enrolled for this rs-fMRI study. Patients were consecutively recruited from the Neurorehabilitation Unit (Department of Clinical Neurosciences) at San Raffaele Hospital (Milan, Italy), and evaluated
by a team of experienced behavioral neurologists and neuropsychologists.
Their resting-state brain activity and task-performance (see below) were
compared with those obtained in 30 age- and education-matched healthy
controls (18 men, 12 women; mean age = 58.84 years; SD = 7.30) (see
Table 1).
Besides the main experimental task, all subjects underwent a structured clinical interview, a full neurological examination, a standard
neuropsychological battery including measures of logical-reasoning,
attention and executive functioning (i.e. Digit Span forward and backward, Raven3s Progressive Matrices, Attentional Matrices) and a neurobehavioral assessment (i.e. Neuropsychiatric Inventory and Frontal
Behavioral Inventory). Instrumental data, including neurophysiological
(i.e. EEG) and neuroimaging (i.e. conventional brain MRI and/or brain
[18F]FDG-PET), were also collected for each patient to support the clinical diagnosis. The exclusion criteria were a Mini-Mental State Examination (MMSE) raw score below 21/30 and a Clinical Dementia Rating
(CDR) scale global score above 1.
Healthy controls were recruited at local senior community centers.
Their inclusion criteria were the absence of any neuropsychiatric disorder, a normal neurological examination, a CDR = 0, MMSE raw score
≥28/30, and verbal and visuo-spatial delayed memory performance
≥25th percentile. There were no signiﬁcant differences between bvFTD
and controls in age or educational level (Table 1). A chi-square test conﬁrmed that the distribution of males and females was not signiﬁcantly
different across patients and controls (Chi2(1) = 0.162, p = 0.688).
All subjects, or their informants/caregivers, gave informed consent
to the experimental procedure, which was approved by the local Ethical
Committee.
2.2. Experimental task
Participants were administered a non-verbal cartoon task (Storybased Empathy Task, SET; Cerami et al., 2014a,b; Dodich et al., 2015)
assessing the correct attribution of mental states to other individuals,
and namely their intentions vs. affective states (see Fig. 1). The task
lasts 15/20 min and includes two main experimental conditions,
i.e. identifying affective states (emotion attribution, EA) or intentions
(intention attribution, IA). A third “control” condition, devoid of social
components, is aimed to assess the ability to infer physical causal relationships based on knowledge about the physical properties of objects
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Table 1
Demographic and clinical features of the sample.

Age in years
Education in years
MMSE
FBI
NPI
FTLD-CDR sum of boxes
IA score
CI score
EA score

Controls (n = 30)

bvFTD (n = 12)

U statistics

p-Value

Effect-size (r)

Cohen3s d

58.84 (7.30)
13.56 (3.65)
29.18 (0.95)
–
–
–
5.27 (0.98)
4.77 (1.17)
5.00 (1.29)

63.11 (7.17)
12.08 (4.29)
25.33 (3.52)
23.09 (7.02)
25.72 (16.71)
5.72 (3.48)
3.67 (2.01)
4.08 (1.62)
3.00 (1.41)

115
145
44.5
–
–
–
82.5
135.5
56.5

0.70
0.32
b0.0001*
–
–
–
0.008*
.20
b0.0001*

0.2566
−0.1717
−0.6533
–
–
–
−0.4735
−0.2316
−0.5636

0.5926
−0.3858
−1.9103
–
–
–
−1.1902
−0.527
−1.5105

For each variable, the mean (and standard-deviation in brackets), Mann–Whitney U statistics and p-value of group comparisons, as well as effects sizes, are reported. The asterisk in the
“p-value” column denotes the statistics reported as signiﬁcant.
bvFTD: behavioral variant of frontotemporal dementia; MMSE: Mini Mental State Examination; FBI: Frontal Behavioral Inventory; NPI: Neuropsychiatric Inventory; FTLD-CDR: FTLDmodiﬁed Clinical Dementia Rating scale; IA: intention attribution; CI: causal inference; EA: emotion attribution.

or human bodies (causal inferences, CI). Every condition includes six trials, each requiring to identify the correct ending of a comic strip composed of three vignettes presented in the top half of the screen (see
Fig. 1). In order to ensure the understanding of instructions, subjects
are ﬁrst asked to describe the story and to formulate a possible story
ending. Three possible endings are then shown in the bottom half of
the screen, and subjects are asked to select the correct one. A score of
1 is assigned only in case of selection of the correct ending, i.e. maximum score per condition = 6 and maximum global score = 18 (see
Dodich et al., 2015) for further details about the task and the experimental procedure).
2.3. Neuroimaging study
2.3.1. MRI data acquisition
Anatomical T1-weighted and functional T2*-weighted MR images were collected with a 3 Tesla Philips Achieva scanner (Philips
Medical Systems, Best, NL), using an 8-channel Sense head coil
(sense reduction factor = 2). The MR session included a 3D T1weighted image (TR = 25 ms, TE = 4.6 ms, ﬂip angle = 30°, inplane resolution = 0.89 mm × 0.89 mm, slice thickness = 1 mm,
220 contiguous axial slices) and a “resting-state” fMRI scan (200
functional volumes including 30 contiguous axial slices, parallel to
the AC–PC plane; T2*-weighted echo-planar imaging (EPI) pulse
sequence; TR = 3000 ms, TE = 35 ms, slice thickness = 4 mm).
The latter lasted 10 min during which participants lied quietly,

awake but with their eyes closed, with the head ﬁxed by foam
pads to reduce movements.

2.3.2. rs-fMRI data pre-processing
Image pre-processing was performed using SPM8 (http://www.ﬁl.
ion.ucl.ac.uk/spm), implemented in Matlab v7.4 (Mathworks, Inc.,
Sherborn, MA) (Worsley and Friston, 1995). The 200 volumes from
each subject underwent a standard spatial pre-processing including
slice-timing correction with the middle slice in time as a reference,
spatial realignment to the ﬁrst volume and unwarping, spatial normalization into the standard Montreal Neurological Institute (MNI) space
(Friston et al., 1995) and resampling in 2 × 2 × 2 mm3 voxels, as well as
spatial smoothing with an 8 mm full-width half-maximum (FWHM) isotropic Gaussian kernel. We used the Motion Fingerprint toolbox (http://
www.medizin.uni-tuebingen.de/kinder/en/research/neuroimaging/
software/) to compute, for each subject, a comprehensive indicator of
scan-to-scan head motion. This procedure highlighted in some participants increasing head movements in the last minute of the scanning
session. Therefore, for all participants we removed the last 20 volumes
(corresponding to 1 min) and repeated the whole pre-processing on the
ﬁrst 180 volumes, corresponding to 9 min of resting-state brain activity
per subject. No signiﬁcant group difference in scan-to-scan head motion
was observed after such selection (t(40) = −1.47, p N 0.05) (see
Table 2). We divided the time series of each voxel by its average intensity,
in order to convert them to percent signal change units. This procedure of

Fig. 1. Experimental task. Examples of the stimuli used in the intention attribution (IA, left) and emotion attribution (EA, right) conditions of the story-based empathy task (SET) (Dodich
et al., 2015). Subjects are ﬁrst asked to verbally report the intention (IA) or emotion (EA) of the main character of the story depicted by the sequence of cartoons at the top. Then, they are
asked to select the correct ending of the story among the three shown at the bottom (A, B or C).
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Table 2
Morphometric features and nuisance predictors related to head motion and quality of spatial normalization.

GM (ml)
WM (ml)
CSF (ml)
TIV (ml)
GM/TIV percentage (%)
Average scan-to-scan head motion (mm)
Quality of normalization (smoothed)
Quality of normalization (unsmoothed)

Controls

bvFTD

T statistics

p-Value

Effect-size (r)

Cohen3s d

426.52 (56.82)
726.10 (86.22)
219.24 (30.48)
1371.86 (135.34)
31.06 (2.45)
0.063 (0.03)
0.963 (0.005)
0.923 (0.007)

363.22 (56.89)
718.59 (88.63)
286.21 (57.99)
1368.03 (110.07)
26.54 (3.46)
0.079 (0.03)
0.961 (0.006)
0.920744 (0.009)

3.259
0.253
−4.904
0.087
4.77
−1.47
0.880553
1.061066

0.002288*
0.801589
0.000016*
0.931028
0.000024*
0.147
0.383820
0.295025

−0.4494
−0.039
0.6034
−0.0134
−0.5941
0.2342
−0.1682
−0.1329

−1.1137
−0.0864
1.6751
−0.0297
−1.6349
0.5333
−0.3778
−0.2967

For each variable, the mean (and standard-deviation in brackets), T statistics and p-value of group comparisons, as well as effects sizes, are reported. The asterisk in the “p-value” column
denotes the statistics reported as signiﬁcant.
bvFTD: behavioral variant of frontotemporal dementia; ml: milliliters; GM: gray matter; WM: white matter; CSF: cerebrospinal ﬂuid; TIV: total intracranial volume.

“intensity normalization” has been shown to improve the accuracy and
test-retest reliability of the output components of Independent Component Analysis (ICA) (Allen et al. 2010, 2011).
For every subject, we assessed the quality and consistency of spatial
normalization by computing the Spearman correlation between the
SPM EPI template and the mean image of either the unsmoothed
normalized or the smoothed normalized functional volumes. Neither for
unsmoothed normalized (patients3 mean = 0.919, controls3 mean =
0.922; t(40) = 1.06, p N 0.05) nor for smoothed normalized (patients3
mean = 0.961, controls3 mean = 0.962; t(40) = 0.88, p N 0.05) images
we observed signiﬁcant group differences on the resulting correlation
index (see Table 2). Moreover, there was no signiﬁcant interaction between “image type” (smoothed/unsmoothed) and group on the quality
of normalization (F(1) = 0.88, p N 0.05).
2.3.3. Group independent component analysis (gICA)
We used multivariate spatial gICA, as implemented in the GIFT
toolbox (http://icatb.sourceforge.net; Allen et al., 2011; Calhoun et al.,
2001a), to extract temporally coherent and maximally independent
spatial sources, i.e. functional networks or “spatial maps”, from
resting-state time courses.
The independent component analysis was preceded by a datareduction stage, based on a principal component analysis (PCA)
retaining 100 principal components from single subjects3 time
courses (Erhardt et al., 2011). Subsequent gICA retained 75 components through a neural network algorithm (Infomax) that attempts
to minimize the mutual information of the network outputs to identify naturally grouping and maximally independent sources (Bell
and Sejnowski, 1995). ICA was repeated 250 times in Icasso
(http://www.cis.hut.ﬁ/jhimberg/icasso). The resulting components
were clustered to ensure the consistency and reliability of the decomposition, which are quantiﬁed using a quality index Iq ranging
from 0 to 1, reﬂecting the difference between intra-cluster and
extra-cluster similarity (Himberg et al., 2004). Subject-speciﬁc spatial
maps and time courses were estimated with GICA3 back-reconstruction
(Calhoun et al., 2001a; Erhardt et al., 2011; Calhoun et al., 2001b).
We applied this procedure both on the whole sample of participants
(bvFTD and controls; main analysis), and in the bvFTD group only.
Given the small size of the patient sample, the latter is an explorative
analysis aimed to assess the predicted involvement of the dorsomedial
prefrontal cortex in EA performance (Lamm et al., 2011; Fan et al.,
2011). Unless otherwise speciﬁed (i.e. Section 3.2.2), indeed, all the subsequent results refer to the main analysis.
2.3.4. RSNs selection and identiﬁcation
One of the desirable properties of the ICA framework, particularly
when studying patients, is that it allows to mitigate the impact of nonneural factors such as those associated with head motion or physiological artifacts (e.g. cardiac and respiratory rhythms). ICA, indeed, segregates these sources of physiological noise in speciﬁc components,
which are then excluded from subsequent analyses (McKeown et al.,

2003; Kochiyama et al., 2005). Besides the Iq index we used the spectral
characteristics of component time courses to discriminate reliable RSNs
from physiological artifacts. Based on the notion that normal restingstate time courses are dominated by slow (i.e. low frequency) ﬂuctuations (Cordes et al., 2000), following Allen et al. (2011) we focused on
the average power spectrum of components to evaluate “dynamic
range” (i.e. the difference between peak power and minimum power
at frequencies to the right of the peak) and “low frequency to high frequency power ratio” (i.e. fALLF, the ratio of the integral of spectral
power below 0.0667 Hz to the integral of power between 0.01 and
0.1667 Hz). In line with the conservative approach pursued by Allen
et al. (2011), we excluded the components associated with at least
one of the following metrics: Iq b 0.8, dynamic range b 0.25, fALLF b 4.
This procedure retained 37 components, whose spatial maps then
underwent a visual inspection aiming to reject those encompassing
white matter, ventricles or brainstem structures. The latter stage resulted in the exclusion of further 5 components, thus resulting in a ﬁnal set
of 32 genuine RSNs (see the Results section; Fig. 2). Such a robust selection is aimed to rule out any interpretation of results in terms of possible
confounds resulting from physiological artifacts. We anatomically labeled the selected RSNs based on the largest spatial correlation between
the spatial maps of each component and the RSNs template provided
with the GIFT toolbox. This template includes maps of the main brain
functional networks (see Allen et al., 2011 for details). Additionally,
we used the SPM Anatomy toolbox v2.0 (Eickhoff et al., 2005) to provide
a detailed anatomical localization and functional characterization of
each network (Supplementary Table 1). We considered three complementary outcome variables for the selected components:
1) the power spectra of RSN time course, i.e. a measure of the contribution of each frequency bin to the spontaneous ﬂuctuations of BOLD
signal, reﬂecting the level of coherent activity within a network
(which is maximal for high power spectra at low frequencies). We
estimated spectra on the detrended subject-speciﬁc time courses,
after removal of the mean, slope, and period π and 2π sines and cosines over each time course.
2) the intensity of RSN spatial maps, related to the connectivity and degree of coactivation within a network. Component spatial maps
were thresholded based on the distribution of voxelwise T
statistics (i.e. mean + 4SD), in order to identify voxels with strong
and consistent activation across subjects and thus focus subsequent
analyses on the most representative sectors of each network.
3) functional network connectivity (FNC), i.e. the temporal correlation
(Pearson3s correlation coefﬁcient) between the despiked and
detrended time courses of each pair of networks.
2.3.5. RSNs statistical analysis
Following Allen et al.3s (2011) procedure, in the main analysis we
assessed the effects of group (bvFTD and controls), task performance
(i.e. emotion attribution-EA, intention attribution-IA and causal
inference-CI), as well as the interaction between task performance
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Fig. 2. Resting-state networks. Spatial maps of the 32 independent components identiﬁed as RSNs.

and group, by using a backward multivariate model selection strategy
for each of the aforementioned 3 outcome variables. This procedure
ﬁrst employs a multivariate analysis of covariance (MANCOVAN) to select which factors explain variability in the outcome measures. Then,
univariate tests corrected for multiple comparisons are carried out on
a reduced design matrix (thus decreasing the number of statistical
tests performed), to highlight the direction and strength of the relationship between these factors and RSN outcome variables.

The covariates of interest in the design-matrix were group (bvFTD
and controls), task-performance (IA, EA, and CI) and their interaction,
as well as two nuisance predictors reﬂecting the quality of spatial
normalization (for smoothed normalized images) and average head
motion. Following Allen et al. (2011), we included such nuisance predictors even though preliminary control analyses had shown no significant group difference (Section 2.3.2), nor a signiﬁcant relationship
between any of these variables and the three task scores (EA, IA, CAU;
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all p N 0.05) (Supplementary Table 2). None of the nuisance predictors
was retained in subsequent univariate tests, supporting the effectiveness
of high model order ICA in segregating physiological noise in speciﬁc
components (McKeown et al., 2003; Kochiyama et al., 2005). Predictors
were not signiﬁcantly correlated with each other (variance inﬂation factor
(VIF) b 4).
In subsequent univariate analyses, partial correlation coefﬁcients
measured the strength of the linear relationship between each outcome
variable and each retained predictor (e.g. power spectra and EA score)
after adjusting for the effect of other predictors included in the designmatrix. This procedure thus highlighted which spectral bins, spatial map
voxels or FNC correlations were speciﬁcally associated with group, task
performance or their interaction.
All the reported results survived a statistical threshold of p b 0.05
corrected for multiple comparisons using false discovery rate (FDR;
Genovese et al., 2002). In GIFT, the FDR corrects for the univariate
tests performed on each column of the response data matrix, i.e. for
the number of a) voxels retained in spatial maps (see Section 2.3.4),
b) FNC correlations, and c) spectral bins in power spectra. In the latter
case, only frequency bins that passed such threshold in contiguous clusters of at least 3 bins were considered signiﬁcant. For each component,
the statistical signiﬁcance of the reported effects were further assessed
via post-hoc tests (unequal N Tukey HSD) following an ANOVA including group and bin as between- and within-subjects factors, respectively.
2.3.6. Voxel-based morphometry (VBM) pre-processing and statistical
analysis
VBM spatial pre-processing was performed using SPM8 along with
the VBM8 (http://dbm.neuro.uni-jena.de) and Diffeomorphic Anatomical
Registration Through Exponentiated Lie algebra (DARTEL; Ashburner,
2007) toolboxes. VBM entailed 4 main steps (Ashburner and Friston,
2000): a) bias correction of intensity non-uniformity; b) spatial normalization of images to the standard MNI space to remove differences in overall size, position, and global shape; c) extraction of GM
from the normalized images; and d) smoothing (8 mm FWHM) of the
GM images, which then entered statistical analyses.
In order to test the hypothesis of a connection between the functional (rs-fMRI) and structural (morphometric) levels of analysis, we
assessed the reduction of GM density in bvFTD compared with controls,
as well as the relationship between GM density and task performances
in patients, in the RNSs highlighted by gICA (see Section 3.2). To this purpose, we used the SPM-toolbox Marsbar (http://marsbar.sourceforge.net)
to convert the gICA maps into binary regions-of-interests (ROIs), and the
toolbox REX (http://web.mit.edu/swg/software.htm) to extract, from the
resulting masks, average GM density values for subsequent off-line statistical analyses. For each resulting map we used a Mann–Whitney U test to
compare GM density in patients vs. controls, and a Spearman correlation
to assess, in patients only, a relationship between GM density and taskspeciﬁc performance.
All the reported results survived a statistical threshold of p b 0.05
corrected for multiple comparisons using false discovery rate (FDR;
Genovese et al., 2002).
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resampling. In line with our previous data, the ﬁnal model highlighted
the EA condition as the best predictor of the grouping variable
(Exp(β) = 0.235; CI 95% = 0.080–0.688, p b 0.005).
3.2. Neuroimaging results: resting-state networks (RSNs)
70 out of the 75 extracted components had a quality index Iq greater
than 0.8 after 250 repetitions of ICASSO, indicating a highly stable ICA
decomposition. Based on both visual inspection and the analysis of the
spectral proﬁles, we selected 32 components as RSNs (Fig. 2). We then
used the SPM anatomy toolbox v2.0 (Eickhoff et al., 2005) to localize
them in the stereotaxic space and, based on their anatomical and
functional properties, to assign them to known RSNs (Supplementary Table 1).
The Default Mode Network (Buckner et al., 2008) comprises anterior
(aDMN in the ventro- and dorso-medial prefrontal cortex; components
6, 12, 14) and posterior (pDMN in the dorsal precuneus, posterior
cingulate cortex and temporo-parietal junction; components 27,
44, 62) sectors.
The attentional network includes several sub-components. Namely,
fronto-parietal regions encompassing both the ventral and dorsal attentional networks (Corbetta and Shulman, 2002) (components 37, 46, 58,
61, 66), an “anterior salience” (Seeley et al., 2007b) component involving the dorsal sector of anterior cingulate cortex (dACC) alongside anterior ventral insula (components 25 and 52), as well as a “posterior
salience” component involving also the inferior parietal cortex bilaterally (component 50). All the components belonging to the salience network encompassed the dACC region that is typically associated with
performance monitoring, conﬂict processing and cognitive control
(Ridderinkhof et al., 2004).
Distinct frontal networks included regions belonging to the frontoparietal networks of executive functioning (components 39 and 64),
as well as fronto-temporal and fronto-limbic regions associated with
linguistic and affective processing (components 4, 20, 31, 35). In particular, component 20 encompassed the ventral sector of the anterior temporal cortex and the adjacent temporal pole, i.e. the endpoint of the
visual stream implicated in affective processing of visual inputs (Olson
et al., 2007), while component 4 involved the amygdala and cerebellum
bilaterally.
We identiﬁed both primary visual networks in the occipital cuneus
(components 23, 55, 70), as well as higher visual networks involving
the occipito-temporal (Genovese et al., 2002; Ashburner, 2007; Olson
et al., 2007) and occipito-parietal (component 56) cortex. An additional
visual network (component 53) encompassed the well-known “hub” of
social perception (Allison et al., 2000) in the left middle/superior temporal cortex, extending into the rolandic operculum and posterior
insula, associated with higher-level perceptual analyses including social
perception and affective processing of visual stimuli.
The sensorimotor network was represented by three components
encompassing the postcentral and precentral gyri bilaterally (components 29 and 33), as well as paracentral lobule and middle cingulate cortex (component 2). The auditory network included one component
(Cordes et al., 2000) involving the superior temporal cortex bilaterally.

3. Results
3.1. Behavioral analysis
We used a Mann–Whitney U test to assess group effects on performance in the 3 conditions of the SET task. In line with our previous
results (Cerami et al., 2014a), this analysis highlighted a signiﬁcant
reduction of EA and IA, but not CI, scores in patients compared with
controls (see Table 1). We performed a logistic regression analysis, including age and gender as covariates, to evaluate which of the three
SET sub-condition scores distinguished better patients from controls.
To this purpose, we used a bootstrapping approach in which the logistic
regression analysis was reiterated 1000 times using random-split

3.2.1. Neuroimaging results: group effects on resting-state metrics and
GM density
The initial MANCOVAN (see Section 2.3.5) retained group, EA score
and “group by EA” interaction as the only signiﬁcant predictors of
resting-state outcome variables, thus strongly reducing the number of
tests performed in subsequent univariate analyses. The latter highlighted signiﬁcant group effects on power spectra of time courses (Fig. 3,
Table 3), as well as on intensity of spatial maps and functional network
connectivity (Supplementary Figs. 1–2).
Compared with controls, bvFTD displayed both decreased power
spectra at low (b0.1 Hz) and very-low (b0.05 Hz) frequencies, and increased power spectra at high frequencies (N0.1 Hz), in the dorsomedial
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Fig. 3. Resting-state metrics in bvFTD patients.The ﬁgure reports the components displaying a signiﬁcant difference between bvFTD patients (red) and healthy controls (CTR; in blue) in
terms of either a) power spectra of resting-state network (RSN) time course, and b) average gray-matter (GM) volume. Compared with controls, patients typically display reduced GM
volume and a relative shift towards higher frequencies in the spontaneous ﬂuctuations of the BOLD signal at rest. The only exception is represented by the right frontal component 64
(bottom of the ﬁgures), which displays higher intensity of activation in patients vs. controls as well as no signiﬁcant group difference in GM volume or resting state power spectra.

prefrontal sector of the aDMN (component 12; Fig. 3, top left). In other
components, also outside the DMN, we observed only one of such
changes in power spectra, indicating a reduction of coherent activity
in patients compared with controls (Allen et al., 2011). Namely, one of
the fronto-parietal attentional networks (right-hemispheric component
58; Fig. 3, middle right) displayed reduced power spectra at low frequencies in the absence of increased power spectra at high frequencies.
An opposite trend, i.e. increased power spectra at high frequencies in
the absence of reduced power spectra at low frequencies, was present
in two components encompassing the medial frontopolar sector of
the aDMN (component 14; Fig. 3, top right) as well as the “posterior
salience” attentional network in the inferior parietal cortex (component
50; Fig. 3, middle left). All these regions also displayed a signiﬁcant
reduction of GM density in bvFTD compared with controls. Moreover,

GM density in the aDMN (component 14) was positively correlated
with EA score.
Reduced intensity of activation was also present in bvFTD in some of
these networks, particularly in fronto-parietal regions encompassing attentional ones (Supplementary Fig. 1). Compared with controls, patients
displayed reduced activity in the “posterior salience” network (components 50 and 62), as well as in one of the fronto-parietal attentional networks (component 58). GM density was also signiﬁcantly reduced in
bvFTD, compared with controls, in all these networks. In contrast, increased intensity of resting-state activity was present, in patients, in a different component (Cauda et al., 2009) of the right frontal executive
network, displaying no signiﬁcant GM density reduction (Fig. 3, bottom).
Finally, compared with controls bvFTD displayed decreased functional
connectivity between several pairs of components. In this case, group
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Table 3
Statistical effects associated with resting-state spectral power at low vs. high frequencies.
Low frequency (b0.05 Hz)

High frequency (N0.1 Hz)

Group comparisons

p-Value

Effect-size (r)

Cohen3s d

C12
Group effect
C14
Group effect
C50
Group effect
C58
Group effect
Correlation with EA (bvFTD only)

Bin21
0.005140*

−0.4156

−1.0113

–

–

–

–
Bin27
0.000357*
p-Value
Bin08
0.013950*
p-Value
Bin02
0.015433*
Bin28
0.006283*
Bin15
0.000267*
Bin15
0.284352

–

–

−0.5158
Correlation

−1.3326

C37
Interaction analyses
C64
Interaction group × EA
C33
Interaction group × EA
C53
Interaction group × EA
C20
Interaction group × EA

0.685091
Partial eta-squared

Observed power

0.197110

0.751193

0.234203

0.843163

0.351437

0.980471

0.064044

0.264230

p-Value
Bin89
0.000057*
Bin102
0.000071*
Bin108
0.000477*
–
p-Value
Bin108
0.001260*
p-Value
Bin108
0.001698*
Bin97
0.000177*
Bin107
0.006720*
Bin107
0.000408*

Effect-size (r)

Cohen3s d

0.5705

1.5377

0.5642

1.5125

0.5062

1.2992

–
Correlation

–

−0.814355
Partial eta-squared

Observed power

0.285174

0.927805

0.365420

0.985926

0.231487

0.837325

0.336863

0.973083

For each component/bin, the p-value and effects sizes of the statistical test performed are reported. The asterisk in the “p-value” columns denotes the statistics reported as signiﬁcant after
an FDR correction for multiple comparisons. bvFTD: behavioral variant of frontotemporal dementia; EA: emotion attribution.

comparisons highlighted a widespread pattern of long-distance reduced
connectivity between components belonging to the attentional, pDMN,
sensorimotor and visual networks (see Supplementary Fig. 2). Within
each pair of such components, at least one had reduced GM density in
patients compared with controls.

3.2.2. Neuroimaging results: resting-state metrics and task performance in
bvFTD patients
We aimed to address the relationship between resting-state metrics
and task-speciﬁc differences in SET performance between patients and
controls. As a ﬁrst exploratory step we identiﬁed the networks whose

Fig. 4. Affective mentalizing in bvFTD patients.The dorsomedial sector of the anterior DMN (top-left) is the only component displaying, in bvFTD patients, a signiﬁcant relationship with EA
performance, which is positively related to low-frequency power spectra and negatively related to high frequency ones (bottom-right). This component corresponds to the aDMN
highlighted by group comparisons (see component 12 in Fig. 3, top left) in terms of spatial location, GM reduction (bottom left) and resting-state metrics (top right: the red and lightblue temporal proﬁles are those resulting from the main analysis, while the green proﬁle is that resulting from the analysis in patients only).
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metrics reﬂected the strongest behavioral impairment in patients,
under the hypothesis that reduced EA performance would be related
to decreased coherent activity in the dmPFC (Lamm et al., 2011;
Fan et al., 2011). To this purpose, we repeated the whole gICA in the
bvFTD group only, testing for a correlation between EA performance
and coherent activity in the dmPFC (see Section 3.1). This analysis
conﬁrmed that lower EA scores reﬂected in reduced coherent activity
(i.e. reduced power at low frequencies (b0.05 Hz) and increased
power at high frequencies (N0.1 Hz)) in the dorsomedial prefrontal

sector of the aDMN (Fig. 4, bottom right, Table 3). The latter closely
mirrored the analogue component (12; dorsal aDMN) resulting
from the main analysis in terms of anatomical localization (Fig. 4,
top left), spectral properties (Fig. 4, top right) and GM reduction
(t(40) = 4.69; p b 0.0001; Fig. 4, bottom left). We observed no
further signiﬁcant correlation between any of the resting-state metrics and the other SET sub-conditions (i.e. IA or CI) in this component, nor other signiﬁcant correlations with task performance in
any of the other components.

Fig. 5. Task by group interaction.In patients, compared with controls, higher emotion attribution (EA) performance was more strongly associated with internal coherent activity (i.e. higher
loading on low frequency power spectra and/or lower loading on high frequency spectra) in different components. Two of them, involving the anterior inferotemporal cortex (component
20) and the middle/superior temporal cortex alongside posterior insular cortex (component 53) also displayed a signiﬁcant gray matter reduction (bottom half of the ﬁgure).
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The second step was the analysis of task by group interactions. In
line with behavioral results, which highlighted EA performance as the
most defective in patients (see also Cerami et al., 2014a), only this
sub-condition displayed a signiﬁcant interaction with the group factor
(Fig. 5, Table 3). We observed such interaction in two out of the three
outcome variables examined, namely power spectra of time courses
and functional network connectivity.
In the former case we found a signiﬁcant task by group interaction in
the right frontal executive (component 64) and sensorimotor (component 33) networks, as well as in a higher visual network implicated in
social perception (component 53 in the left middle/superior temporal
cortex and posterior insular cortex; Allison et al., 2000; Pelphrey et al.,
2005) and in a fronto-limbic network associated with affective processing (component 20 in the anterior inferotemporal cortex, bilaterally;
Olson et al., 2007). This interaction was characterized by an opposite relationship between EA performance and spectral power at low vs. high
frequencies, in bvFTD vs. controls (see left vs. right panels in Fig. 5).
Compared with controls, in patients higher performance in the EA condition reﬂected in lower power spectra at high frequencies (N0.1 Hz) in
all these networks, as well as in higher power at very low frequencies
(b0.05 Hz) in the right frontal executive (Cauda et al., 2009), sensorimotor (Friston et al., 1995) and higher visual (Ridderinkhof et al., 2004)
components. Healthy controls generally displayed an opposite relationship between EA performance and spectral power in these networks,
with EA performance being either uncorrelated with power spectra
(components 64 and 20), or negatively related to power spectra at
low frequencies (components 33 and 53) and positively related to
power spectra at high frequencies (component 33) (Fig. 5). GM density in the fronto-limbic and higher visual components (20 and 53,
respectively) was both reduced in patients compared with controls
and related to EA (but not to other SET sub-conditions) score (Fig. 5).
There were no signiﬁcant morphometric effect in the other two
components.
Finally, also FNC analyses displayed a signiﬁcant task by group interaction, which once again was limited to EA. In patients, compared with
controls, higher performance in this task reﬂected in a stronger functional connectivity between two medial prefrontal components, i.e.
the aDMN (component 14) and attentional/performance monitoring
(component 25 in the dACC) networks. Both these components displayed
a signiﬁcant GM reduction in patients compared with controls, and GM
density in the aDMN component was also positively correlated with EA
score.
3.2.3. Neuroimaging results: the assessment of potential confounds
Resting-state metrics, particularly power spectra, suffer from the
inﬂuence of non-neural factors related with different physiological
variables (Schölvinck et al., 2010). While this inﬂuence hampers a full
interpretation of age-related ﬁndings (Allen et al., 2011; D3Esposito
et al., 2003; Birn et al., 2006; Ances et al., 2009), several considerations
speak against an account of our results in terms of physiological noise.
First, we matched patients and controls with respect to relevant clinical
and demographic variables other than the disease of interest, including
age. Second, post-processing inspections of fMRI volumes showed no
signiﬁcant group difference concerning the quality of spatial normalization or head motion (Table 2), thus ruling out the possible role of stronger artifacts in patients3, compared with controls3, data. Moreover, the
ICA approach employed here segregates physiological noise in components that are then dismissed using conservative criteria which, in our
case, led to select only 32 out of 75 components (approximately as
many as those selected by Allen et al. (2011), McKeown et al. (2003)
and Kochiyama et al. (2005). Finally, statistical analyses showed no
signiﬁcant effects of either the quality of spatial normalization or head
motion on resting-state metrics. All the signiﬁcant effects, instead, consistently involved networks displaying a) a signiﬁcant GM atrophy in
VBM analyses, and/or b) a relationship between resting-state metrics
and performance in the EA task (Cerami et al., 2014a).
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4. Discussion
The aim of this study was to investigate the relationship among
resting-state brain activity, GM atrophy and performance in the attribution of mental states in bvFTD. To this purpose, we compared 12 bvFTD
patients with 30 age- and education-matched healthy controls on:
a) performance in a task requiring the attribution of affective vs. cognitive states; b) different metrics of resting-state activity in known functional networks; and c) the relationship between task performance
and such resting-state metrics. We also examined the presence of GM
atrophy within resting-state networks, in order to assess whether the
atrophic/non-atrophic segregation maps onto an informative distinction in terms of brain-behavior relationship, i.e. on networks displaying
either group- or task-related (or both) effects.
As previously reported (Cerami et al., 2014a), the behavioral data
conﬁrmed that bvFTD patients are impaired in both tasks, and particularly in the attribution of affective states. This speciﬁc impairment has
been shown to reﬂect a reduction of GM density in brain regions associated with social cognition, such as amygdala, superior temporal cortex
and posterior insula (Cerami et al., 2014a). The present results provide
novel complementary evidence based on what is considered an intermediate level of analysis between abnormal brain structure and impaired cognitive-affective processing (Barkhof et al., 2014). Increasing
evidence, indeed, shows that a number of behavioral and psychological
variables reﬂect in distinctive patterns of brain activity at rest, both in
health (e.g. Zhou et al., 2014) and disease (Greicius, 2008). Such patterns can be described by different resting-state metrics of speciﬁc
brain networks, namely their power spectra (i.e. the contribution of speciﬁc frequency bins to the slow synchronous ﬂuctuations of their BOLD
signal), functional connectivity (i.e. the temporal correlation between
such ﬂuctuations) and intensity of activation.
In a preliminary assessment of the main effect of the pathology (regardless of task-performance), all these outcome variables highlighted
abnormal resting-state activity in bvFTD patients (Fig. 3, Table 3). The
analysis of spectral power displayed speciﬁc group differences in the
contribution of different frequency bins to the slow ﬂuctuation of
BOLD signal at rest. Compared with controls, patients showed three different markers of a relative displacement towards higher frequencies in
several RNSs, suggestive of reduced intra-network coherent activity
(Allen et al., 2011). Namely, either reduced power spectra at low frequencies (fronto-parietal attentional network), increased power spectra at high frequencies (ventral portion of the anterior DMN and
parietal “salience” network), or both (dorsal portion of the aDMN).
Such an increase in the frequency of resting-state activity has been previously shown in ageing (Allen et al., 2011) and in different neuropsychiatric diseases (e.g. Cauda et al., 2009; Otti et al., 2013), with the
reduction of intra-network coherent activity likely reﬂecting defective
connectivity among the key nodes of RSNs (Garrity et al., 2007). Indeed,
patients also displayed decreased strength of activation in a subset of
these networks (all related to attentional processing), as well as a widespread pattern of decreased functional connectivity between several
pairs of networks. These results support previous evidence on the neural alterations associated with bvFTD, i.e. abnormal resting-resting activity in fronto-medial and fronto-insular structures in charge of
affective processing (Craig, 2002, 2009), as well as loss of hubs in frontal
areas highlighted by graph connectivity analyses (Agosta et al., 2013),
with a relative sparing of the posterior components of DMN (Zhou
and Seeley, 2014).
All the above components displayed both anomalous resting-state
activity and a signiﬁcant reduction of GM density in bvFTD patients.
This ﬁrst set of results thus highlights an additional explanatory level,
in which intrinsic brain activity may represent an intermediate level of
analysis (Meyer-Lindenberg and Weinberger, 2006) between behavioral
(“core” executive and socio-affective impairments present in bvFTD)
and neurostructural changes (fronto-lateral and fronto-limbic cortical atrophy and ﬁber tract changes; Filippi et al., 2013; Seeley et al., 2007a,b;
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Neary et al., 1998, 2005; Rosen et al., 2002). In particular, the assessment
of intrinsic brain activity may thus unveil novel facets of the disease (e.g.
in terms of brain-behavior relationship), as well as possible compensatory
mechanisms in regions spared from neurodegeneration. Previous studies
highlighted, in bvFTD, potential compensatory mechanisms which may
vicariate the functions associated with damaged regions, e.g. increased
functional connectivity at rest in regions close to the atrophic areas
(Rytty et al., 2013). In line with this evidence, we observed stronger activity, in bvFTD vs. controls, in a right frontal component (Cauda et al., 2009)
of the executive network, which additionally showed no reduction in GM
density (Fig. 3, bottom). We thus assessed whether this network may
support the functions of damaged regions, and accordingly patients3 residual mentalizing abilities.
In line with behavioral data, only the EA task was signiﬁcantly related to resting-state outcome variables. Namely, patients3 worse EA performance reﬂected in reduced coherent activity (i.e. decreased power
at low frequencies and increased power at high frequencies) in the
dorsomedial prefrontal component of the aDMN (Fig. 4, Table 3). The
latter encompasses the so-called “dorsomedial prefrontal cortex subsystem”, previously associated with self-reﬂection on one3s own mental
states (Andrews-Hanna et al., 2010) and the processing of social interactions (Iacoboni et al., 2004), as well as with cognitive regulation of
emotional behavior (Ochsner et al., 2004) and mentalizing on other3s affective states (Ochsner et al., 2005). Recent meta-analytic evidence conﬁrmed the role of this brain region as a critical hub for the perception of
complex social stimuli (Eickhoff et al., 2014), including affective stimuli
generating empathic responses (Fan et al., 2011; Lamm et al., 2011).
Noteworthy, alongside decreased coherent activity this component
also displays reduced GM density, and both these metrics of brain damage relate to EA performance. The anatomo-functional impairment of
this region is thus likely to play a role in the socio-affective deﬁcits characterizing bvFTD (Gleichgerrcht et al., 2011; Gregory et al., 2002; Kipps,
and Hodges, 2006; Lough et al., 2006; Mendez, 2006; Mendez and
Shapira, 2009; Torralva et al., 2007).
Consistent with this hypothesis, a task by group interaction conﬁrmed the exclusive role of the EA task in differentiating the two
groups, and its speciﬁc relationship with two abnormal resting-state
metrics (Fig. 5, Table 3). In bvFTD patients (vs. controls) higher EA
scores were associated with stronger functional connectivity between
medial prefrontal sectors of the DMN (component 14 in the medial
frontopolar cortex) and the attentional network (component 25 in the
dACC). Moreover, in patients higher EA scores reﬂected in increased coherent activity (i.e. higher contribution of low frequencies, and/or lower
contribution of high frequencies) in structures belonging to the right
frontal executive (component 64) and sensorimotor (component 33)
networks, as well as to higher-order visual networks implicated in social
perception (component 53 encompassing the middle/superior temporal cortex and posterior insular cortex (Zilbovicius et al., 2006) and affective processing (component 20 in the anterior inferotemporal
cortex (Olson et al., 2007)) (see Fig. 5). These results, indicating a different relationship between EA scores and the functional properties of speciﬁc RSNs across patients and controls, are compatible with two
underlying processes supporting task performance in bvFTD.
The properties of the latter two components, involving portions of
the temporal cortex associated with the affective processing of social
stimuli (van de Riet et al., 2009; Said et al., 2011), closely mirror the
neuro-cognitive impairment characterizing bvFTD: besides displaying
a relationship between EA performance and the degree of their coherent
activity, indeed, GM density in these regions is positively correlated
with EA performance, and reduced in patients compared with controls.
Therefore, in line with our previous ﬁndings in the same regions
(Cerami et al., 2014a), these data may highlight the residual functionality
of the neural mechanisms in charge of the attribution of affective states to
other individuals in normal conditions. That is, higher performance by
those patients in whom coherent activity in brain networks underlying
EA performance is still partially spared by neurodegeneration. These

ﬁndings are in line with the “nexopathy” model of neurodegenerative disease (Warren et al., 2013). According to this model, functional and structural connectivity changes are already present in the pre-symptomatic
stages of familial FTD (Dopper et al., 2013), and changes in neural structures subserving social cognition abilities, i.e. uncinate fasciculus and cingulum bundle (Mahoney et al., 2014, 2015) connecting frontomedial and
temporo-limbic regions, are correlated with their impairment (Downey
et al., 2015).
Moreover, in patients more than controls, EA performance is also
supported by coherent activity in right frontal executive (component
64) and sensorimotor (component 33) networks in which GM density
was neither related to EA performance, nor reduced in patients (Fig. 5,
Table 3). This evidence may represent the outcome of a compensatory
process, whereby alternative neural pathways support the ability to
attribute affective states to others, undermined by the functional/
structural impairments in the related networks. In line with this hypothesis, previous studies have shown a role of the somatosensory cortex in
the simulation of others3 feelings underlying the empathic ability
(Bastiaansen et al., 2009), as well as of the right frontal cortex in affective
ToM (Couto et al., 2013) and intention understanding (Iacoboni et al.,
2005). These regions, in conjunction with executive control, may thus
provide an alternative route to the direct mapping of affective states by
limbic regions in charge of an empathic resonance, such as medial temporal cortex and posterior insula. The success of this re-modeling of
functions would thus depend on the efﬁciency of such mechanisms, so
that — in line with the present results — higher EA scores would reﬂect
stronger coherent activity within compensatory networks spared from
neurodegeneration. The frontal component of the executive network is
the only one in which preserved GM density and resting-state metrics
couple with both increased strength of activation, and a stronger relationship between coherent activity and EA performance in patients compared
with controls. This unique conjunction of features suggests that this network may play a leading role in compensatory mechanism supporting affective mentalizing in bvFTD.

5. Conclusions
The present results suggest that, in bvFTD, a speciﬁc impairment in
the attribution of affective states to other individuals reﬂects both
early structural vulnerability of fronto-limbic and fronto-insular cortex
(see Cerami et al., 2014a), and anomalous resting-state activity in medial prefrontal and limbic networks underpinning the affective facets of
mentalizing (Fan et al., 2011; Lamm et al., 2011). These data support
previous evidence showing both global hypoconnectivity and local
hyperconnectivity of speciﬁc regions in bvFTD (García-Cordero et al.,
2015) and other neurodegenerative conditions (Pasquini et al., 2015).
In line with our interpretation of the present results, hypoconnectivity
has been associated with gray matter atrophy in bvFTD (García-Cordero
et al., 2015), while increased connectivity without atrophy has been suggested to reﬂect protein aggregation, possibly activating compensatory
mechanisms (Ibañez, and Manes, 2012; Pievani et al., 2014; GarcíaCordero et al., 2015). Some of the observed functional changes may actually represent compensatory mechanisms relying on alternative neural
pathways for the understanding of other3s affective states. The residual
mentalizing abilities associated with superior temporal, posterior insular
and anterior inferotemporal cortex may thus be supported by an interaction between more resilient mechanisms of executive control and somatosensory affective resonance.
A limitation of the study is the relatively small size of patient sample.
It must be underlined, however, that the results are in full agreement
with previous evidence (Cerami et al., 2014a; Baez et al., 2014;
Gleichgerrcht et al., 2011), as different analyses consistently highlighted an association between impaired affective mentalizing and abnormal
fronto-limbic intrinsic brain activity paralleling the early clinical proﬁle
and pattern of gray matter atrophy in bvFTD patients (Cerami et al.,

Author's personal copy
S.P. Caminiti et al. / NeuroImage: Clinical 9 (2015) 484–497

2014a). Besides conﬁrming the relative speciﬁcity of the empathic deﬁcit
in bvFTD, and therefore the diagnostic potential of social cognition abilities in this type of dementia, the analysis of resting-state activity unveils
a neural signature of such impairment as well as a possible functional
compensation, suggesting residual mechanisms of neural plasticity in
neurodegenerative disorders.
Supplementary data related to this article can be found online at
http://doi.dx.org/10.1016/j.nicl.2015.08.012.
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