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Structural and functional brain
connectivity in presymptomatic familial
frontotemporal dementia

ABSTRACT

Objective: We aimed to investigate whether cognitive deficits and structural and functional connec-
tivity changes can be detected before symptom onset in a large cohort of carriers of microtubule-
associated protein tau and progranulin mutations.

Methods: In this case-control study, 75 healthy individuals (aged 20–70 years) with 50% risk for
frontotemporal dementia (FTD) underwent DNA screening, neuropsychological assessment, and
structural and functional MRI. We used voxel-based morphometry and tract-based spatial statis-
tics for voxelwise analyses of gray matter volume and diffusion tensor imaging measures. Using
resting-state fMRI scans, we assessed whole-brain functional connectivity to frontoinsula, ante-
rior midcingulate cortex (aMCC), and posterior cingulate cortex.

Results: Although carriers (n 5 37) and noncarriers (n 5 38) had similar neuropsychological per-
formance, worse performance on Stroop III, Ekman faces, and Happé cartoons correlated with
higher age in carriers, but not controls. Reduced fractional anisotropy and increased radial diffu-
sivity throughout frontotemporal white matter tracts were found in carriers and correlated with
higher age. Reductions in functional aMCC connectivity were found in carriers compared with
controls, and connectivity between frontoinsula and aMCC seeds and several brain regions sig-
nificantly decreased with higher age in carriers but not controls. We found no significant differ-
ences or age correlations in posterior cingulate cortex connectivity. No differences in regional
gray matter volume were found.

Conclusions: This study convincingly demonstrates that alterations in structural and functional
connectivity develop before the first symptoms of FTD arise. These findings suggest that diffu-
sion tensor imaging and resting-state fMRI may have the potential to become sensitive bio-
markers for early FTD in future clinical trials. Neurology� 2013;80:814–823

GLOSSARY
ACC5 anterior cingulate cortex; aMCC5 anterior midcingulate cortex; DA5 axial diffusivity; DMN5 default mode network;
DR 5 radial diffusivity; DTI 5 diffusion tensor imaging; FA 5 fractional anisotropy; FTD 5 frontotemporal dementia; GRN 5
progranulin; MAPT 5 microtubule-associated protein tau; MD 5 mean diffusivity; MNI 5 Montreal Neurological Institute;
PCC 5 posterior cingulate cortex; RAVLT 5 Rey Auditory Verbal Learning Test; SN 5 salience network; TMT 5 Trail Making
Test; VBM 5 voxel-based morphometry; WM 5 white matter.

Frontotemporal dementia (FTD) is characterized by behavioral and language disorders, executive
dysfunction, and impaired social cognition.1–3 The frontoinsula, anterior cingulate cortex (ACC),
and anterior midcingulate cortex (aMCC) are among the first affected brain regions in FTD.4,5

However, in early disease, atrophy may be subtle or difficult to detect.6,7 With current research
focusing on potential disease-modifying treatments, the identification of appropriate biomarkers
to detect early FTD and track disease progression is crucial.8,9 Microtubule-associated protein tau
(MAPT), progranulin (GRN), and C9orf72 mutations are the major genetic causes of autosomal
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dominant FTD.10–12 Asymptomatic carriers of
these mutations provide the ideal study popu-
lation to investigate the first alterations in
FTD.13

Several diffusion tensor imaging (DTI) stud-
ies in patients with FTD have reported reduced
white matter (WM) integrity, most prominent
in the frontotemporal cortex,14–20 correspond-
ing to WM pathology.21 A small study in pre-
symptomatic GRN carriers indicated reduced
integrity of the left uncinate and inferior fron-
tooccipital fasciculus.22

Resting-state fMRI studies in FTD demon-
strated reduced functional connectivity within
the salience network (SN), which is involved in
emotional processing, and is anchored by the
frontoinsula, ACC, and aMCC, spatially corre-
sponding to the specific atrophy pattern in
FTD.7,23–25 Conflicting results were found in
2 small series of presymptomatic MAPT and
GRN carriers.6,7

In the current study of a large cohort of pre-
symptomatic MAPT and GRN carriers, we
investigated whether cognitive and structural
or functional imaging changes occur before
symptom onset.

METHODS Subjects. From December 2009 through March

2011, we recruited participants for this case-control study from

a pool of 160 healthy first-degree relatives (aged 20–70 years) of

patients with FTD due to a GRN orMAPTmutation.We defined

subjects as asymptomatic when participant and spouse denied

cognitive or behavioral disturbances. We contacted the first 105

subjects, of whom 86 were willing to participate. Reasons for

nonparticipation were nonrelated illness, lack of motivation,

claustrophobia, and disinterest in disease confrontation. We

excluded subjects with MRI contraindications (n 5 4), history

of drug abuse (n 5 2), and neurologic or psychiatric disorders

(n 5 2). DNA of the remaining 78 participants was screened for

GRN and MAPT mutations, as previously described.12 Family

members without a mutation constituted the control group.

Researchers remained blinded to the genetic status of participants.

Participants underwent neuropsychological assessment, structural

MRI, DTI, and resting-state fMRI. We excluded 3 individuals

from analyses because of a cerebellar cyst (n 5 1) or technical

failure during scanning (n5 2), and 1 additional participant from

DTI analyses because of motion artifacts. For all measures, we

performed both between-group comparisons and age correlation

analyses, to investigate whether alterations arise as carriers

approach their estimated onset age.

Standard protocol approvals, registrations, and patient
consents. All participants provided written informed consent.

The local ethics committee approved the study.

Neuropsychological assessment. We screened all subjects with

the Mini-Mental State Examination,e1 Beck Depression Inventory,e2

and State-Trait Anxiety Inventory.e3 The neuropsychological test

battery included the Dutch version of the Rey Auditory Verbal

Learning Test (RAVLT)e4; stories of the Rivermead Behavioral

Memory Teste5; Visual Association Teste6; Wechsler Adult Intel-

ligence Scale III subtests digit span, proverbs, similarities, and

block designe7,e8; Trail Making Test (TMT)e9; Stroop color-word

teste10; categorical and letter fluencye11; modified Wisconsin Card

Sorting Teste12; Letter Digit Substitution Teste13; Boston Naming

Teste14; Semantic Association Teste15; ScreeLinge16; clock drawing

(Royall)e17; Cube Copyinge18; and the social cognition tests Ek-

man faces,e19 Happé cartoons,e20 and short Faux Pas.e21

Image acquisition and analyses. We acquired whole-brain

anatomical, DTI, and resting-state fMRI scans on a Philips

3.0-T Achieva MRI scanner (Philips Medical Systems, Best, the

Netherlands) using an 8-channel SENSE head coil (see appendix

e-1 on the Neurology® Web site at www.neurology.org). We used

FSL (FMRIB’s Software Library, www.fmrib.ox.ac.uk) for all

imaging analyses.26

We used FSL-VBM, a voxel-based morphometry style analy-

sis giving individual images of gray matter concentration, for

T1-weighted scans (see appendix e-1).e222e29 We performed per-

mutation-based testing using 5,000 permutations, applying a

2-sample t test model with confound regressors for age and gen-

der, to compare regional gray matter and to investigate correla-

tions with age (see www.fmrib.ox.ac.uk/fsl/randomise/index). We

set the statistical threshold at p, 0.05, corrected for multiple com-

parisons using threshold-free cluster enhancement.e28

For voxelwise comparisons of multiple DTI measures, includ-

ing fractional anisotropy (FA), mean diffusivity (MD), axial diffu-

sivity (DA), and radial diffusivity (DR), we used tract-based

spatial statistics (see appendix e-1).e22,e26,e27,e30 We used permuta-

tion testing with 5,000 permutations, applying a 2-sample t test,
with age and gender as confound regressors, for between-group

and age correlation analyses. We thresholded the resulting statis-

tical maps at p , 0.05, corrected for multiple comparisons using

threshold-free cluster enhancement.e28

For resting-state fMRI data, we used a seed-based approach in

the FMRI Expert Analysis Tool. After standard preprocessing (see

appendix e-1),e22,e24,e25 we conducted within-subject analyses to

determine whole-brain regional connectivity with 3 bilateral seed

regions of interest: left and right frontoinsula (36-voxel clusters

around Montreal Neurological Institute [MNI] coordinates

x 5638, y 5 26, z 5 210) and aMCC (4-mm spheres around

x 5 65, y 5 19, z 5 28) to define the SN and left and right

posterior cingulate cortex (PCC) (4-mm spheres around x562,

y 5 251, z 5 27) to define the default mode network

(DMN).24,27,28 We extracted mean time series for each seed for

each subject in native space by applying the inverse transform

from MNI space to fMRI. For each individual, we performed

time-series statistical analyses per seed with local autocorrelation

correction using the General Linear Model, which included time

series for WM, CSF, and the global signal, and 6 motion param-

eters as confound regressors. We acquired parameter estimates for

each regressor. Contrasts of interest were the left and right seed

separately and the left and right seeds together, for all regions of

interest (frontoinsula, aMCC, and PCC). We transformed sub-

ject-level contrast images and corresponding images of variance to

MNI space using the combined transformation matrix, for group

analysis. For group analyses, we used a 2-sample t test, with age,

gender, and voxelwise gray matter volume included as additional

regressors to investigate between-group differences and age corre-

lations. We thresholded z-statistic images using clusters deter-

mined by an initial cluster-forming threshold z . 2.3 and a

corrected cluster significance threshold of p , 0.05.e29 Age cor-

relation analyses were Bonferroni-corrected for multiple testing.
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We re-ran all analyses with SN and DMN templates (see appen-

dix e-1)e31,e32 as prethreshold masks to determine which differ-

ences were within-network alterations.

Statistical analyses. We performed statistical analyses in SPSS

17.0 for Windows (SPSS, Chicago, IL). We analyzed demo-

graphic features using independent samples t tests and Pearson

x2 tests, and neuropsychological data using analyses of covariance

controlling for age, gender, and education. We applied a signif-

icance level of p , 0.05 (2-tailed) across all analyses.

RESULTS Demographic features. Genetic screening
revealed 37 mutation carriers (GRN mutation in 28,
MAPT in 9) and 38 noncarriers. Age, gender, and
education level,29 andMini-Mental State Examination,
Beck Depression Inventory, and State-Trait Anxiety
Inventory scores of carriers and controls were similar
(table 1). The current age of MAPT carriers (41.7 6

8.8 years) was 7.46 7.8 years younger than the mean
onset age in their families; the current age of GRN
carriers (54.06 7.8 years) was 8.66 7.4 years younger
than their families’ mean onset age (p 5 0.690).

Neuropsychological assessment. Carriers and controls
performed similarly on all cognitive tests (table 1).
Worse performances on Stroop III, Ekman faces,
and Happé cartoons significantly correlated with high-
er age in carriers, but not controls (table e-1, figure
1A). Conversely, scores on Cube Copying and prov-
erbs increased with higher age in carriers, with a trend
for similar age effects on proverbs performances in
controls. Performances on TMT A and RAVLT total
and recall decreased with higher age in both groups,
whereas block design and Faux Pas scores decreased
only in controls. The age effects in Cube Copying
and Faux Pas performance are probably a result of
ceiling effects, due to the limited range in test scores.

Structural imaging: VBM. VBM analysis revealed no
significant differences in regional gray matter volume
between controls and carriers. A decline in gray mat-
ter volume with higher age was found in widespread
regions in both groups, whereas there were no areas
showing an increase in gray matter volume in either
group.

Structural connectivity: Tract-based spatial statistics.

Carriers showed significantly decreased FA in vari-
ous frontotemporal WM tracts in carriers compared
with controls, including right uncinate fasciculus,
superior and inferior longitudinal fasciculi, superior
corona radiata, external capsule, and anterior and
posterior limb of internal capsule, and bilateral
forceps minor, anterior corona radiata, anterior tha-
lamic radiation, inferior frontooccipital fasciculus,
and the body of the corpus callosum (figure 2A,
table e-2). Increases in DR were found in similar,
albeit less-extensive, areas.

Table 1 Demographic features and neuropsychological performancea

Total study group (n 5 75): Age range 22.2–68.6 y

(Maximum scores) Controls (n 5 38)
Mutation carriers
(n 5 37) p Valueb

Age, y 50.2 (11.5) 51.0 (9.6) 0.744

Females 53% 57% 0.720

GRN mutationc — 76% —

Level of educationd 5.1 (1.1) 5.5 (1.1) 0.087

MMSE score (30) 29.1 (1.3) 29.2 (1.5) 0.742

BDI (63) 3.2 (4.1) 3.9 (4.6) 0.214

STAI DY1 (80) 32.4 (5.7) 35.3 (10.3) 0.054

STAI DY2 (80) 32.1 (7.0) 34.5 (10.8) 0.063

Attention and executive functions

Digit span (30) 15.0 (3.5) 15.6 (3.6) 0.914

Proverbs (8) 6.1 (1.7) 6.6 (1.4) 0.345

Similarities (33) 24.6 (4.6) 26.0 (5.0) 0.772

TMT Ae 31.4 (14.2) 31.1 (11.8) 0.675

TMT Be 66.2 (30.6) 72.7 (39.8) 0.119

Stroop Ie 46.4 (7.7) 45.1 (8.9) 0.730

Stroop IIe 58.7 (10.3) 59.1 (12.7) 0.600

Stroop IIIe 92.6 (21.8) 94.7 (25.9) 0.390

Categorical fluencyf 42.2 (8.4) 40.8 (10.2) 0.242

Letter fluencyf 32.5 (9.5) 36.7 (12.7) 0.380

WCST concepts (6) 5.5 (1.0) 5.8 (0.5) 0.082

LDSTf 34.3 (6.8) 33.4 (7.2) 0.118

Memory

Orientation (10) 9.9 (0.3) 9.8 (0.6) 0.180

RAVLT total (75) 43.8 (11.0) 44.7 (9.4) 0.835

RAVLT recall (15) 8.8 (3.4) 8.9 (3.4) 0.637

RAVLT recognition (30) 28.6 (2.1) 28.9 (1.5) 0.847

RBMT immediate (42) 19.6 (5.6) 20.6 (6.0) 0.692

RBMT delayed (42) 16.2 (6.2) 16.9 (6.1) 0.970

VAT (12) 11.8 (0.6) 11.4 (1.2) 0.121

Language

BNT (60) 53.5 (4.2) 54.6 (4.2) 0.610

SAT verbal (30) 27.8 (1.3) 27.5 (1.9) 0.470

SAT nonverbal (30) 28.7 (1.4) 29.1 (1.0) 0.312

ScreeLing (72) 70.8 (1.5) 71.4 (0.7) 0.078

Visuospatial

Royall clock (14) 12.3 (1.6) 12.5 (1.3) 0.737

Cube Copying (8) 7.8 (0.5) 7.9 (0.5) 0.694

Block design (68) 35.3 (13.1) 35.3 (15.7) 0.658

Social cognition

Ekman faces (60) 45.8 (6.6) 46.8 (5.9) 0.592

Continued
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In carriers, but not in controls, FA significantly
decreased and DR increased with higher age in the
above-mentioned WM tracts (figures 1B and 2B, table
e-2). The pattern of these age correlations was more
widespread and symmetrical than the mainly right-sided
pattern of between-group differences. No group differ-
ences or age correlations were found for MD and DA.

Separate analysis of GRN carriers (n 5 27) vs
controls from their families (n 5 28) revealed
decreased FA in the right anterior and superior corona
radiata, anterior thalamic radiation, superior longitu-
dinal fasciculus, inferior frontooccipital fasciculus,
forceps minor, and anterior and posterior limb of
internal capsule (figure 3A).

MAPT carriers (n 5 9) showed significantly
decreased FA and increased MD, DR, and DA com-
pared with controls (n 5 10) in widespread fronto-
temporal WM tracts (figure 3B).

Functional connectivity: Frontoinsula seed. Although no
significant differences in frontoinsula connectivity
between carriers and controls were found, lower con-
nectivity of the frontoinsula seeds with the pregenual
ACC, aMCC, paracingulate gyrus, frontal pole, right
superior frontal gyrus and left supramarginal gyrus,
angular gyrus, lateral occipital cortex, and parietal
opercular cortex correlated significantly with higher
age in carriers, but not in controls (figures 1C and
4A, table e-3). Separate analysis for MAPT and GRN
revealed no significant differences. Using the SN tem-
plate as prethreshold mask, only the cluster of prege-
nual ACC, aMCC, paracingulate cortex, and frontal
pole remained.

Functional connectivity: aMCC seed. Significantly
decreased right aMCC connectivity with the right
PCC, precuneus, supramarginal, postcentral, and
angular gyri, and superior parietal cortex was found
in carriers compared with controls (figure 4B, table
e-3). In carriers and not in controls, advancing age
correlated with reduced aMCC seed connectivity
with various brain regions, including right hippocam-
pus, amygdala, left lateral occipital cortex, bilateral
lingual gyrus, occipital fusiform cortex, thalamus,
brainstem, precuneus, and supplementary motor cor-
tex (figure 4C, table e-3). Increased connectivity
between left aMCC seed and some posterior regions
with advancing age was found in carriers.

Separate analysis of GRN carriers vs their family
controls revealed decreased right aMCC connectivity
with precuneus, PCC, supramarginal and postcentral

Table 1 Continued

Total study group (n 5 75): Age range 22.2–68.6 y

(Maximum scores) Controls (n 5 38)
Mutation carriers
(n 5 37) p Valueb

Happé cartoons (36) 23.7 (5.7) 25.3 (5.2) 0.325

Faux Pas (10) 9.0 (1.1) 9.1 (1.1) 0.684

Abbreviations: BDI 5 Beck Depression Inventory; BNT 5 Boston Naming Test; GRN 5 pro-
granulin; LDST 5 Letter Digit Substitution Test; MAPT 5 microtubule-associated protein
tau; MMSE 5 Mini-Mental State Examination; RAVLT 5 Rey Auditory Verbal Learning Test;
RBMT 5 Rivermead Behavioral Memory Test; SAT 5 Semantic Association Test; STAI 5
State-Trait Anxiety Inventory (versions DY1 and DY2); TMT 5 Trail Making Test; VAT 5

Visual Association Test; WCST 5 Wisconsin Card Sorting Test.
a Values denote mean (SD) or percentage of subjects. Scores on SAT nonverbal were
missing in 3 individuals, and scores on block design in 2.
bp Values for demographic features are from independent samples t tests; p values for
neuropsychological performances are from analysis of covariance controlling for age, gen-
der, and education.
c Remaining mutation carriers have a MAPT mutation.
d Level of education was determined on a Dutch 7-point scale ranging from 1 (less than
elementary school) to 7 (university or technical college).29
e Time in seconds.
f Number of correct responses in 1 minute.

Figure 1 Relationship between age and neuropsychological performance, structural and functional connectivity in mutation carriers

Relation between age and performance on Stroop III (higher scores represent worse performance) (A), fractional anisotropy value in peak voxel in age cor-
relation analysis (table e-2) (B), and mean bilateral frontoinsula connectivity with anterior midcingulate cortex cluster from correlation analysis (table e-3) (C).

Neurology 80 February 26, 2013 817



gyri, and superior parietal cortex. MAPT carriers
showed no significant difference compared with con-
trols. Using the SN template as a prethreshold mask,
no significant differences between carriers and con-
trols were found in the total group or the MAPT and
GRN subgroups.

Functional connectivity: PCC seed. PCC connectivity
did not differ between carriers and controls, except
for increased out-of-network connectivity with the cer-
ebellum in carriers (table e-3). PCC connectivity was
not correlated with age. Separate analyses for GRN
and MAPT revealed no differences in PCC connectiv-
ity between carriers and controls. Using the PCC tem-
plate as prethreshold mask, no differences were found.

DISCUSSION This study demonstrates that altera-
tions in structural and functional brain connectivity

emerge in FTD mutation carriers before the first
symptoms of dementia arise. Our findings have
important implications for future clinical trials, sug-
gesting that DTI and resting-state fMRI could possi-
bly be developed into quantitative biomarkers for
detecting FTD presymptomatically.

Our finding of a decline in performances on Stroop
III, Ekman faces, and Happé cartoons with increasing
age in carriers, but not controls, suggests that impair-
ment on these tasks is associated with disease activity
before symptom onset. This is further supported by
previous observations that social cognition and execu-
tive deficits are the earliest neuropsychological character-
istics of FTD.1,2,30 The executive dysfunction in carriers
decades before the estimated disease onset in a previous
small study, suggesting a developmental origin of these
deficits,31 could not be confirmed in the current and
another22 study, because we found no between-group

Figure 2 Alterations in diffusion tensor imaging measures in mutation carriers

Maps illustrate significant decreases in fractional anisotropy (FA) (A1) and increases in radial diffusivity (DR) (A2) in mutation carriers compared with con-
trols, and significant decreases in FA (B1) and increases in DR (B2) with higher age in carriers. Thresholded statistic images were thickened using tbss_fill
in FSL (FMRIB’s Software Library) for better visibility. Color bar represents p values.
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differences. Decreasing performances on TMT A and
RAVLT in carriers and controls probably reflect normal
aging effects, whereas increasing scores on proverbs with
higher age are probably explained by greater familiarity
with proverbs among older participants. Previous stud-
ies have shown an age-related decline in block design
performance in healthy individuals, as observed in the

current control group.e7,e33,e34 The lack of such age-
related decline in the mutation carriers is in line with
the hypothesis that visuospatial functions are preserved
or even enhanced in FTD.25

The widespread FA reductions and DR increases
in carriers compared with controls are an exciting
observation and support the hypothesis that WM

Figure 3 Alterations in diffusion tensor imaging measures in progranulin (GRN) and microtubule-associated protein tau (MAPT) mutation
carriers

Maps illustrate significant decreases in fractional anisotropy (FA) in GRN mutation carriers compared with controls from their families (A) and significant
decreases in FA (B1) and increases in mean diffusivity (B2), radial diffusivity (B3), and axial diffusivity (B4) inMAPTmutation carriers compared with controls
from their families. Thresholded statistic images were thickened using tbss_fill in FSL (FMRIB’s Software Library) for better visibility. Color bar represents
p values.
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damage is an early feature in the FTD disease process,
which is in line with a previous study in presymptom-
aticGRN carriers.22 The distribution ofWMdamage in
the frontotemporal lobes corresponds to that found in
the patients with FTD.14–20 Reduced integrity of the
uncinate fasciculus and anterior corpus callosum is a
consistent finding in patients with FTD14,16,32 and cor-
relates with disinhibition,32 which is an early feature of
FTD.1,3 The more widespread pattern of reducingWM
integrity with higher age suggests that WM damage
spreads as carriers are approaching the symptomatic
stage of the disease. The lack of significant differences
in MDmay be explained by the lower sensitivity of this
parameter compared with FA in early dementia.33 The
divergence between DR and DA findings suggests that
myelin breakdown precedes axonal damage in
FTD.34,35 However, this should be interpreted with
some caution, as research into the implications of the
different diffusion parameters is still in an early stage.33

The finding of WM changes in both MAPT and
GRN carriers vs controls underlines that WM degen-
eration is an early feature in FTD, irrespective of the

underlying mutation. The symmetrical distribution
of WM damage inMAPT carriers vs the asymmetrical
pattern in GRN carriers is in line with the previously
reported mutation-specific atrophy patterns.36,37 The
more widespread WM changes in MAPT carriers,
with extensive changes in all DTI measures in con-
trast to the more focal changes in FA only in GRN
carriers, may suggest a mutation-specific distribution
of WM damage, because the time until estimated
disease onset was similar inMAPT and GRN carriers.
One previous study investigated WM changes in
FTD patients withMAPT and GRN mutations using
VBM, and revealed more widespread WM changes
and a faster rate of whole-brain atrophy in GRN than
MAPT carriers.36 This may suggest that the onset of
WM degeneration is earlier in MAPT carriers, but
that the progression is faster in GRN carriers. How-
ever, the current results should be interpreted with
caution because of the relatively small MAPT group.

The decreased connectivity of aMCC with poste-
rior regions, including PCC and precuneus, is
remarkable, but corresponds to the more generalized

Figure 4 Alterations in frontoinsula and anterior midcingulate cortex (aMCC) connectivity in mutation carriers

Maps illustrate clusters of significantly decreasing bilateral frontoinsula connectivity in mutation carriers (A) with higher age, significantly decreased aMCC
connectivity in mutation carriers compared with controls (B), and decreasing aMCC connectivity with higher age in mutation carriers (C). Color bar represents
z scores.
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pattern of atrophy in GRN mutations,36,37 and may
therefore relate to the high proportion of GRN car-
riers, which is further supported by similar findings in
the separate GRN analysis. The finding of declining
connectivity between frontoinsula and aMCC with
higher age in carriers but not in controls corroborates
findings of SN impairment in patients with FTD,
because these regions are central nodes of this net-
work.24,25 The SN has an important role in social-
emotional processing, and failing connectivity
between its central nodes may relate to the impaired
social behavior that typically occurs in early FTD.24

The hypothesis that decreasing frontoinsula connec-
tivity with higher age in carriers probably reflects the
disease process is further supported by previous
observations of reducing frontoinsula connectivity
within the SN with advancing disease severity in
symptomatic FTD.25

The increased PCC connectivity with the cerebellum
is in line with increased cerebellar activation in task-
related fMRI in patients with FTD,38 and might repre-
sent compensation given its role in executive func-
tions.39 The increased connectivity within the DMN
found in symptomatic FTD probably arises around
the time of symptom onset, as this was not found in
the current and a previous study in presymptomatic
FTD.6,25 The reduced DMN connectivity in MAPT
carriers in a recent study may be mutation-specific,7

but we could not confirm these findings. However,
larger studies of MAPT carriers are needed to further
elucidate the specific alterations within this group.

The relationship between structural and func-
tional connectivity is still a subject of discussion. Sev-
eral studies have indicated a general correspondence
between the two, but functional connectivity has also
been observed between regions without direct struc-
tural connections.40 Although structural connectivity
changes appeared to be more widespread than func-
tional alterations in the current carriers, a direct com-
parison between these measures remains difficult
because of large differences in analytical methods.
More studies combining these MRI techniques are
needed to further elucidate this relationship.

The observed connectivity changes in the pre-
symptomatic stage of FTD highlight the potential
of MRI to detect disease-related changes. The starting
point of decrease in functional connectivity may rep-
resent an ideal moment to begin future therapeutic
interventions. DTI and resting-state fMRI may have
the potential to become diagnostic tools in future
clinical trials. The wide availability of MRI scanners,
lack of exposure to radioactivity, and independence of
task performance are major advantages of these tech-
niques for implementation in clinical trials. Correla-
tion of connectivity changes with age indicates that
these tools might also be useful in tracking disease

progression. Longitudinal studies are needed to
explore these possibilities. Moreover, additional work
is required to investigate how pharmacologic inter-
ventions affect functional connectivity.

Strengths of our study included the large number of
participating at-risk individuals, the extensive neuro-
psychological battery, and the combination of func-
tional and structural imaging. The major limitation
was the limited number of MAPT carriers, and larger
studies are needed to further investigate early changes
in this subgroup. Furthermore, it would be interesting
to investigate connectivity alterations in carriers of the
recently discovered C9orf72 repeat expansion, and
compare these with MAPT and GRN carriers. Finally,
cognitive and connectivity changes with increased age
are based on cross-sectional data and should be con-
firmed in follow-up studies.

This study provides evidence that brain pathophys-
iology is disrupted in FTD years before symptom onset
and these alterations in presymptomatic FTD can be
measured with DTI and resting-state fMRI. Structural
and functional connectivity may have the potential to
be developed into sensitive biomarkers in clinical trials
in presymptomatic individuals. These measures may
also be sensitive to disease progression, a hypothesis
we hope to pursue in follow-up studies.
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