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Abstract.

Background: The insula is the predominant brain region impaired in behavioral variant frontotemporal dementia (bvFTD).
However, structural and functional changes in the sub-insula in the asymptomatic stage of bvFTD are unknown.

Objective: To describe structural and functional changes in insula subregions in asymptomatic carriers of the P301L mutation
of the microtubule-associated protein tau (MAPT) gene and patients with bvFTD.

Methods: Six asymptomatic MAPT P301L mutation carriers and 12 MAPT negative control subjects of the same pedigree were
enrolled, along with 30 patients with a clinical diagnosis of bvFTD and 30 matched controls. All subjects underwent hybrid
positron emission tomography/magnetic resonance imaging. Atlas-based parcellation using a fine-grained Brainnetome Atlas
was conducted to assess gray matter (GM) volume, metabolism, and metabolic connectivity in the sub-insula (region of
interest).

Results: There was no significant GM atrophy or hypometabolism in insula subregions in asymptomatic MAPT P301L
carriers, although decreased metabolic connectivity between vla-middle temporal gyrus, vla-temporal poles, dla-middle
temporal gyrus and dla-temporal poles; and increased connectivity between vla-orbitofrontal, vla-dorsal lateral superior
frontal gyrus, and dla-orbitofrontal and dla-dorsal lateral superior frontal gyrus were observed. Patients with bvFTD had
significant atrophy and hypometabolism in all insula subregions and decreased metabolic connectivity in the whole brain,
including vla/dla-middle temporal and vla/dla-temporal poles. The standardized uptake value ratios of vla and dla were
negatively associated with Frontal behavior inventory disinhibition scale scores.

Conclusion: Metabolic connectivity is altered in vla and dla subregions of the sub-insula in MAPT P301L mutation carriers
before the occurrence of atrophy, hypometabolism, and clinical symptoms.
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INTRODUCTION

Frontotemporal dementia (FTD) is a heteroge-
neous group of clinical, genetic, and pathologic dis-
orders that include behavioral variants and language
subtypes [1, 2]. The microtubule-associated pro-
tein tau (MAPT) gene is a pathogenic gene in
FTD [3]. Given the autosomal dominant and highly
penetrant inheritance pattern of MAPT mutations,
asymptomatic carriers provided an opportunity to
monitor disease progression and implement early
interventions [4, 5]. Heterogeneity might exist in
different mutation sites on MAPT genes, thus the
research targeting specific and pure mutation sites
is worth conducting. P301L is the most common
MAPT mutation [6]. However, few studies have
specifically examined the associated changes in brain
function with P301L mutations. One study reported
hypometabolism of anterior cingulate gyrus in the
preclinical stage in 6 MAPT P301L mutation carri-
ers from 5 families [7], and we previously found that
the metabolic network was altered with the insula
as a reconfigured hub in patients with MAPT P301L
mutations, suggesting complex functional alterations
of insula before the onset of symptoms [8].

The insula is associated with core clinical symp-
toms of behavior variant FTD (bvFTD) [9-11].
Neuroimaging studies of asymptomatic MAPT muta-
tion carriers have revealed insula involvement at early
stages of bvFTD [12-16]. However, the insula has a
complex structure and function, with different sub-
regions separately or jointly contributing to action,
inhibition, emotion, etc. [17]. The specific functional
changes in the insula in the asymptomatic stage of
FTD are unknown. To well targeting the specific
function of insula, we use a sub-insula parcellation
atlas to divide the insula into 6 subregions for image
analysis—namely, hypergranular insula (G), ventral
agranular insula (vla), dorsal agranular insula (dla),
ventral dysgranular and granular insula (vId/vIg),
dorsal granular insula (dIg), and dorsal dysgranu-
lar insula (dId) [18]. Given that the anterior insula
is a hub region of the salience network that plays
an important role in bvFTD [19], we speculate that
structure, metabolism, or metabolic connectivity is
altered in anterior insula subregions including dla
and vla in the asymptomatic stage of bvFTD, and
that these changes progressively worsen in the symp-
tomatic stage.

To test the above hypothesis, we used hybrid
positron emission tomography/magnetic resonance
imaging (PET/MRI) to examine MAPT P301L car-

riers and bvFTD patients in this study. Insula
subregions are regarded as regions of interest (ROIs),
a fine-grained insula Brainnetome Atlas was used to
illustrate the features of gray matter (GM) volume,
metabolism, and the metabolic network in preclinical
and clinical stages of bvFTD.

METHODS
Subjects

Six asymptomatic MAPT P30IL mutation car-
riers (aMAPT+) and 12 healthy controls without
MAPT mutations (aMAPT-) from a single family
were enrolled in the study from September 2017 to
October 2021 at the Department of Neurology of
Xuanwu Hospital, China. All participants underwent
a clinical interview, physical examination, neuropsy-
chologic assessment, and '8F-fluorodeoxyglucose
(FDG) PET/MRI and were followed up through
annual clinical examinations at Xuanwu Hospi-
tal from 2017 to 2021. No behavioral, cognitive,
or motor deficits were found, and no participant
was diagnosed with any other neurodegenerative
disease.

We also recruited 30 patients with bvFTD and 30
age- and sex-matched healthy controls. All partici-
pants met the 2011 diagnostic criteria for probable
bvFTD [1] and underwent a clinical interview,
physical examination, neuropsychologic assessment,
genetic testing, and '8F-FDG PET/MRI. Of these
30 patients with bvFTD, five carried mutations
on MAPT gene including p.P301L [c.1907C>T],
p-V337M [c.2014G>A], p.N296N [c.1839T>C],
p-R5C [c.13C>T], and p.D54N [c.160G>A]). The
matched control group did not carry any pathogenetic
genes.

Protocol approval, registration, and patient
consent

The study was conducted in accordance with the
Declaration of Helsinki and relevant guidelines and
regulations for use of human subjects in research. The
clinical protocols were approved by the Ethics Com-
mittees and institutional review board of Xuanwu
Hospital, Capital Medical University, China. Written,
informed consent was obtained from all partici-
pants or their guardians before the start of the
study.
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PET/MRI acquisition parameters

All images were acquired on a hybrid 3.0 T
time-of-flight PET/MRI scanner (Signa PET/MR,
GE Healthcare, Waukesha, WI, USA). PET and
MRI data were simultaneously acquired using a
vendor-supplied 19-channel head and neck union
coil. Three-dimensional (3D) T1-weighted sagittal
images and '8F-FDG PET volumes were acquired
during the same session after intravenous injection
of 3.7 MBg/kg '8F-FDG, and the observation of the
uptake period was 40 min for each subject.

A 3D Tl-weighted fast field echo sequence
(repetition time=6.9ms, echo time=2.98ms,
flip angle=12°, inversion time=450ms, matrix
size=256 x 256, field of view=256 x 256 mm?,
slice thickness=1mm, 192 sagittal slices with no
gap, voxel size=1x1x1 mm3, and acquisition
time=4min 48s) was used for data acquisi-
tion. Static '8F-FDG-PET data were acquired
using the following scanning parameters: matrix
size =192 x 192, field of view =350 x 350 mmz, and
pixel size=1.82 x 1.82 x 2.78 mm?>, and included
corrections for random coincidences, dead time,
scatter, and photon attenuation.

PET/MRI image preprocessing

Structural images were preprocessed using Com-
putational Anatomy Toolbox (CAT)12, which is
based on Statistical Parametric Mapping (SPM)12
and is used in MATLAB (MathWorks, Natick,
MA, USA). DICOM files were converted to nifti
format. Voxel-based morphometry preprocessing
was performed using the default settings of the
CAT12 toolbox and the “East Asian Brains” Inter-
national Consortium for Brain Mapping template.
T1-weighted 3D images were segmented into GM,
white matter (WM), and cerebrospinal fluid parti-
tions. The GM and WM partitions of each subject
in native space were high-dimensionally registered
and normalized to standard Montreal Neurological
Institute (MNI) space by diffeomorphic anatomic
registration through exponentiated lie algebra nor-
malization. The images were then smoothed using
an 8-mm full-width at half-maximum Gaussian
kernel.

PET images were preprocessed using SPMI12.
After spatial normalization of the structural MR
images to standard MNI space, transformation
parameters determined by T1-weighted image spa-
tial normalization were applied to the co-registered

PET images for PET spatial normalization. The
images were smoothed using an 8-mm full-width at
half-maximum isotropic Gaussian kernel. PET scan
intensity was normalized using the whole cerebellum
as a reference region to create standardized uptake
value ratio (SUVR) images.

Whole-brain metabolic connectome

Sparse inverse covariance estimation (SICE) was
used to construct a metabolic connectivity map. First,
we segmented the whole cerebrum into 90 brain
regions using the Automated Anatomical Labeling
(AAL) atlas [20]. Second, we segmented the insula
into 12 subregions by Brainnetome Atlas [18]. To
avoid repetition, the left and right insula in the
whole brain was replaced by 12 subregions of insula.
Taken together, there are 12 insula subregions plus
88 other brain regions in the whole brain used for
analysis, the list of the 100 nodes was in the sup-
plementary eTablel. The '3 F-FDG-PET signal was
extracted from each ROl in each subject to obtain sub-
ject x ROI matrices. The SICE algorithm was then
applied to the matrices to generate metabolic con-
nectivity matrices.

Analysis at the insula subregion level

ROI analysis of PET/MRI images was performed
using SPM12. Mean GM volumes and SUVR in
insula subregions (bilateral G, vla, dla, vld/vlg, dlg,
and dId) in each participant were extracted through
masks (Fig. 1) from the Human Brainnetome Atlas
(http://atlas.brainnetome.org) [18]. Metabolic con-
nectivity between insular subregions (bilateral G, vla,
dla, vld/vlg, dlg, and dId) and other nodes in the
whole brain were extracted for analysis.

Statistical analysis

Statistical analyses were performed using SPSS
v22.0 (IBM Corporation, Armonk, NY, USA).
Continuous data are presented as mean = standard
deviation. Dichotomous data are presented as abso-
lute values. Continuous data were compared using the
nonparametric Mann—Whitney test between asymp-
tomatic mutation carriers and noncarriers and with
the student’s t-test between bvFTD and controls. Cat-
egorical variables were analyzed with the chi-squared
test or Fisher’s exact test. Pearson correlation analysis
was performed to evaluate the relationship between
GM volume, metabolism, and neuropsychologic
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@m dorsal agranular insula (dla)
@ ventral agranular insula (vla)
g dorsal dysgranular insula (did)
ventral dysgranular and granular insula (vid/vlg)
@ dorsal granular insula (dlg)
hypergranular insula (G)

Fig. 1. Atlas of insula subregions (left side). ROIs were selected
based on the Human Brainnetome Atlas [18], which divided the
insula into 6 subregions. Different colors represent different insula
subregions. Red, dorsal agranular insula (dIa); dark red, ventral
agranular insula (vla); green, dorsal dysgranular insula; yellow,
ventral dysgranular and granular insula (vId/vIg); dark blue, dorsal
granular insula (dIg); light blue, hypergranular insula (G).

scales. p-value <0.05 indicated statistical signifi-
cance.

To compare network connectivity between groups,
we assessed the statistical significance of differences
with nonparametric permutation tests with 5000
permutations, corrected for age, sex, and years of
education. p values were calculated as the fraction of
the difference in distribution values that exceeded the
difference value between groups. We performed mul-
tiple corrections using a false discovery rate (FDR)
to analyze local metabolic connectivity changes, the
threshold was set at FDR p <0.05.

RESULTS

Demographic characteristics of the study
population

Demographic characteristics, cognitive status, and
linguistic and behavioral features of asymptomatic
MAPT P301L carriers (aMAPT+), asymptomatic
MAPT noncarriers (aMAPT-), bvFTD patients, and
controls are shown in Table 1. The demographic
data of MAPT carriers and noncarriers have been
previously reported [8]. There were no significant
differences in age and sex between aMAPT+ and
aMAPT- groups or between bvFTD and control
groups. The estimated mean (standard deviation)
years from symptom onset was 8.33 (1.88) in
the aMAPT+ group (range: 4-13 years). There
were no significant differences in Mini-Mental
State Examination, Montreal Cognitive Assess-
ment, Frontotemporal Lobar Degeneration Clinical
Dementia Rating Scale, Neuropsychiatric Inventory,
and Frontal Behavior Inventory (FBI) scores between

Table 1
Demographic characteristics and neuropsychologic scores of the participants
aMAPT+ aMAPT- 14 bvFTD Controls p
(n=06) (n=12) (n=30) (n=30)

Age at PET/MRI, y 49.0043.90 4225+9.21 0.11 59.80+8.09 56.57+9.64 0.17
Sex (M/F) 3/3 7/5 0.99 16/14 14/16 0.61
Years of education, years 8.67+0.52 10.55+3.80 0.25 10.73 £4.76 11.11£3.37 0.74
Estimated years from symptom onset 8.33+1.88
Cognitive status

MMSE 28.67+0.82 28.36 +2.06 0.74 16.04£7.19 28.59+2.13 <0.0001

MoCA 26.50+1.23 26.18 £3.06 0.81 9.65+£6.44 25.90+3.49 <0.0001

FTD-CDR sum of box 0+0 0+0 - 10.5+4.71 0+0 <0.0001
Linguistics

BNT 25.00 £ 1.00 24.90 +£2.08 0.92 11.27£6.52 24.81 £3.94 <0.0001
Behavioral features

NPI Patient 2.40+£5.37 1.82£5.08 0.84 25.45+20.22 0.88+3.42 <0.0001

FBI 3.67+8.50 1.36 +£3.04 0.42 27.05+13.24 1.83+4.02 <0.0001

All values in the table except the p-values are expressed as mean =+ standard deviation (SD). BNT, Boston Naming Test; bvFTD, behavior
variant frontotemporal dementia; F, female; FBI, Frontal Behavior Inventory; FTD-CDR, Frontotemporal Lobar Degeneration Clinical
Dementia Rating Scale; MAPT, microtubule-associated protein tau; M, male; MMSE, Mini-Mental State Examination; MoCA, Montreal
Cognitive Assessment; NPI, Neuropsychiatric Inventory; PET/MRI, positron emission computed tomography/magnetic resonance imaging.
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aMAPT+ and aMAPT- subjects whereas all neu-
ropsychologic scale scores of the bvFTD group
differed relative to those of controls.

Asymptomatic stage in MAPT P301L mutation
carriers

Atrophy and hypometabolism of insula
subregions

No significant differences in GM atrophy (Fig. 2A)
and hypometabolism (Fig. 2B) were observed in sub-
regions of the insula in asymptomatic MAPT subjects
compared with controls.

Metabolic network of insula subregions

In subregions of the insula, only the vla and dla
showed metabolic network changes in the aMAPT+
group compared with the aMAPT- group: the left
vla showed weakened connections with the left
medial temporal gyrus and left superior tempo-
ral pole, whereas the right vla showed weakened
connections with bilateral superior temporal pole
and enhanced connectivity with bilateral dorsolateral
superior frontal gyrus and bilateral inferior orbital
frontal gyrus (Fig. 3A). Additionally, the left dla
showed weakened connections with the left mid-
dle temporal gyrus and left superior temporal pole,
and the right dla showed weakened connections with
bilateral superior temporal pole and enhanced con-
nectivity with the right dorsolateral superior frontal
gyrus and bilateral inferior orbital frontal gyrus in
the aMAPT+ group compared with aMAPT- subjects
(Fig. 3B).

Symptomatic stage in bvFTD patients

Atrophy and hypometabolism of insula
subregions

GM atrophy (Fig. 4A) and hypometabolism
(Fig. 4B) were observed in all bilateral sub-insula
regions in patients with bvFTD compared with con-
trols.

Metabolic connectivity of insula subregions

Metabolic connectivity was decreased in all insula
subregions in patients with bvFTD compared with
control subjects (Supplementary Table 1). As anterior
insula including vla and dla metabolic connectiv-
ity is known to be altered in the preclinical stage of
our MAPT P301L mutation carriers, we specifically

evaluated changes in metabolic connectivity in the
vla (Fig. 4A) and dla (Fig. 4B) regions in bvFTD
patients to determine the disease status of the ante-
rior insula network. Patients with bvFTD showed
decreased metabolic connectivity between bilateral
vla and dla subregions as ROIs and the frontal, tem-
poral, parietal, and occipital poles; basal ganglia; and
thalamus.

Correlation analysis

The SUVRs of left vla (r=-0.3971, p=0.0298),
right vla (r=-0.4607, p=0.0104), left dla
(r=-0.3633, p=0.0484), and right dla (r=-0.3984,
p=0.0292) were negatively correlated with FBI
disinhibition scores in bvFTD patients (Fig. 6). No
other significant association was found. The detailed
r and p values are shown in the supplementary
Tables 2-5.

DISCUSSION

This study aimed to show metabolic connectiv-
ity changes in anterior insula subregions in MAPT
P301L mutation carriers in the asymptomatic stage
of bvFTD. Considering insula subregions as ROls,
connectivity was increased in orbitofrontal and dor-
sal lateral superior frontal gyrus and decreased in the
middle temporal and temporal poles, suggesting that
impairment and compensation exist simultaneously
to maintain a normal clinical status. Our findings also
provide evidence for early changes in brain function
preceding symptom onset in bvFTD.

The functions of insula subregions were reported in
previous studies: 1) G: perception, somesthesis, and
pain; 2) dla: perception, somesthesis, and pain; action
and inhibition; 3) vId/vIg: perception, somesthesis,
and pain; olfaction; emotion and disgust, fear; 4) dlg:
perception, somesthesis, and pain; emotion and dis-
gust; interoception and sexuality; 5) dId: perception,
somesthesis, and pain; perception and gustation; 6)
vla: perception and gustation; action and inhibition
[17, 18, 21]. The anterior insula was the key region
of the salient network which was vulnerable in FTD
[19]. In our study, subregions of vla and dla constitute
the anterior insula. It was known that the vla and dla
regions were associated with functions of action and
inhibition [17, 18, 21]. Behavior disinhibition was a
characteristic manifestation of bvFTD, presented as
socially inappropriate behavior, loss of manners, and
impulsive, rash, or careless actions [1], which was
corresponding with impairment of the function in the
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Fig.2. SUVR of insula subregions in aMAPT+ and aMAPT— groups. There were no significant differences in GM volume (A) and metabolism

(B) in subregions of the insula between aMAPT+ and aMAPT- subjects.

subregions of vla and dla. In addition, we did a further
correlation analysis and identified the dysfunction of
vla and dIa was associated with the FBI disinhibition
score.

The decreased metabolic connectivity in the vla
and dIa subregions of MAPT mutation carriers were
within the impairment range of in our FTD patients,

indicating that our results in preclinical stage were
reliable. Some studies of MAPT mutation carriers
have also reported atrophy [13, 15, 22, 23] or tau
deposition [24] in the insula in the asymptomatic
stage as well as impairment of frontotemporal WM
tracts connecting the insula and temporal pole (e.g.,
uncinate fasciculus) [22, 23, 25, 26]. These structural
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Fig. 3. Sub-insula metabolic network in aMAPT+ and aMAPT- groups. In the comparison of the sub-insula metabolic network between
aMAPT+ and aMAPT- subjects, the left vla showed weakened connections with left medial temporal gyrus and left superior temporal
pole, whereas the right vla showed weakened connections with bilateral superior temporal pole and enhanced connectivity with bilateral
dorsolateral superior frontal gyrus and bilateral inferior orbital frontal gyrus (A). Additionally, the left dla showed weakened connections
with the left middle temporal gyrus and left superior temporal pole, whereas the right dla showed weaken connections with bilateral superior
temporal pole and enhanced connectivity with the right dorsolateral superior frontal gyrus and bilateral inferior orbital frontal gyrus (B).

changes provided supporting evidence for the alter-
ations in the insula metabolic network observed in our
study. Compensatory enhancement of connectivity
was found in the sub-insula and prefrontal pole. The
prefrontal brain area—especially the orbital frontal
gyrus—was shown to be associated with inhibition of
impulsive behaviors, which may arise from the limbic
connectome including the insula [27]. The enhanced
connectivity might inhibit some behavioral impulses

in MAPT P301L mutation carriers, who thus main-
tain asymptomatic status with normal behavior and
cognitive function. We speculate there is a time point
that metabolic connectivity changes from positive to
negative when the brain with a severe structural and
functional impairment that led to the loss of compen-
sation procession exceeds compensation. This issue
can be confirmed in the further longitudinal follow-up
study.
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Fig. 4. SUVR of insula subregions in bvFTD and control groups. Atrophy (A) and hypometabolism (B) were observed in all subregions of

the insula in bvFTD patients compared with controls.

The manifestation of bvFTD is a continuum from
pathologic changes to symptom onset. Asymptomatic
MAPT P301L mutation carriers allow monitoring of
structural and functional changes in the brain at the
preclinical stage. Atrophy and hypometabolism of
insula subregions and impaired metabolic connectiv-
ity between insula subregions and frontal, temporal,

parietal, occipital, and subcortical structures were
observed in patients with bvFTD. However, at the
preclinical stage, there was no obvious loss of GM
volume or hypometabolism in sub-insula regions;
only metabolic connectivity changes in the dla and
vla were observed in the asymptomatic stage. These
findings suggest that metabolic connectivity mea-
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Fig. 5. Sub-insula metabolic network in bvFTD and control groups. Compared with controls, bvFTD patients showed decreased metabolic
connectivity between bilateral vla (A) and dla subregions (B) and frontal, temporal, parietal, and occipital poles; basal ganglia; and thalamus.

sures are more sensitive than traditional GM volume
and metabolism when all image data are acquired
simultaneously. The internal mechanism of this
phenomenon might be because of the sensitivity dif-
ference between divergent analysis methods. Graph
theory analysis represents the topological organiza-
tion of a large-scale brain network and can reflect the
integral interactions between brain regions. Evidence
is accumulating that graph theory network analysis
might provide a more sensitive measure to detect
the functional changes of the brain than those that

only analyze atrophy or hypometabolism properties
of separate brain regions alone [28].

Strength and limitations

This study had the following strengths. First, we
used hybrid PET/MRI, which allowed us to acquire
structural and functional data simultaneously and
provided greater precision for the co-registration
step, allowing direct comparison between different
modalities. Second, we used a sub-insula connectome
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Fig. 6. Correlation between insula subregions and neuropsychiatric scale scores. In the bvFTD group, the SUVRs of bilateral vla and dla

were negatively correlated with FBI disinhibition scores.

atlas to divide the insula into 6 anatomical subre-
gions with specific functions to better link structural,
metabolic, and metabolic connectivity alterations to
specific function of the insula. Lastly, we enrolled
asymptomatic MAPT P301L mutation carriers and
MAPT mutation-negative family members from a sin-
gle pedigree to minimize the influence of interfamilial
heterogeneity.

Our study also had some limitations. First, the sam-
ple size was relatively small because of the rarity
of asymptomatic MAPT mutation carriers. Second,
the study had a cross-sectional design, and the find-
ings require confirmation in longitudinal studies and
postmortem examinations. Third, FTD patients with
MAPT P301L from the same pedigree have passed
away and no FDG-PET imaging data are available,
so a direct comparison cannot be conducted. In the
FTD group, only one patient was a MAPT P301L car-
rier, the sample size was too small, and the statistical
power was weak to perform a comparative analysis
between groups. Thus, we cannot conclude the direct
difference between asymptomatic and symptomatic
MAPT P301L carriers. Fourth, as the age difference

between aMAPT+,aMAPT-, and bvFTD patients was
large, we matched an independent control group to
bvFTD patients to delineate disease status, which pre-
cluded a direct comparison between the three groups.
Last, due to the small sample size, it is temporar-
ily impossible to calculate in subgroups according to
the ‘expected years from symptom onset’ to reduce
the effect of discrepancy of the estimated years from
disease onset, so our results in preclinical stages of
MAPT P301L carriers are only exploratory and need
to be interpreted with caution.

Conclusions

The results of this study demonstrate that vla and
dla metabolic connectivity is altered in MAPT P301L
mutation carriers before the onset of bvFTD symp-
toms. Metabolic connectivity is a potential biomarker
in asymptomatic individuals that can be used to
monitor disease progression, although longitudinal
imaging studies in a larger group of subjects are
needed to confirm this possibility.
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