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A B S T R A C T

Mutations in progranulin (GRN) cause heterogeneous clinical syndromes, including behavioral variant fronto-
temporal dementia (bvFTD), primary progressive aphasia (PPA), corticobasal syndrome (CBS) and Alzheimer-
type dementia (AD-type dementia). Human studies have shown that presymptomatic GRN carriers feature re-
duced connectivity in the salience network, a system targeted in bvFTD. Mice with homozygous deletion of GRN,
in contrast, show thalamo-cortical hypersynchrony due to aberrant pruning of inhibitory synapses onto thalamo-
cortical projection neurons. No studies have systematically explored the intrinsic connectivity networks (ICNs)
targeted by the four GRN-associated clinical syndromes, or have forged clear links between human and mouse
model findings. We compared 17 preclinical GRN carriers (14 “presymptomatic” clinically normal and three
“prodromal” with mild cognitive symptoms) to healthy controls to assess for differences in cognitive testing and
gray matter volume. Using task-free fMRI, we assessed connectivity in the salience network, a non-fluent variant
primary progressive aphasia network (nfvPPA), the perirolandic network (CBS), and the default mode network
(AD-type dementia). GRN carriers and controls showed similar performance on cognitive testing. Although
carriers showed little evidence of brain atrophy, markedly enhanced connectivity emerged in all four networks,
and thalamo-cortical hyperconnectivity stood out as a unifying feature. Voxelwise assessment of whole brain
degree centrality, an unbiased graph theoretical connectivity metric, confirmed thalamic hyperconnectivity.
These results show that human GRN disease and the prevailing GRN mouse model share a thalamo-cortical
network hypersynchrony phenotype. Longitudinal studies will determine whether this network physiology re-
presents a compensatory response as carriers approach symptom onset, or an early and sustained preclinical
manifestation of lifelong progranulin haploinsufficiency.

1. Introduction

Autosomal dominant GRN mutations are a common genetic cause of
frontotemporal lobar degeneration (FTLD) and account for 5 to 10% of
all cases (Baker et al., 2006; Cruts et al., 2006). The function of pro-
granulin protein remains unclear, yet studies suggest that it may play a
variety of roles, including regulation of inflammation, stress response,
tumor growth, autophagy, and lysosomal function (Cenik et al., 2012;
Petkau and Leavitt, 2014). GRN mutations cause missense and

premature termination codons in GRN mRNA that are degraded by
nonsense-mediated decay, resulting in a haploinsufficiency of pro-
granulin protein (Baker et al., 2006; Cruts et al., 2006). Mutation car-
riers develop one of several clinical syndromes, the most common being
behavioral variant frontotemporal dementia (bvFTD), nonfluent variant
primary progressive aphasia (nfvPPA), corticobasal syndrome (CBS),
and a multi-domain amnestic dementia syndrome reminiscent of clin-
ical Alzheimer's disease (AD-type dementia) (Le Ber et al., 2008). In
contrast to other genetic forms of FTLD, patients with GRN mutations
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frequently develop strikingly asymmetric atrophy, with clinical features
reflecting the more affected hemisphere (Rohrer et al., 2008; Whitwell
et al., 2007).

Although GRN mutation carriers are exposed to lifelong progranulin
haploinsufficiency, symptoms emerge only later in life, typically be-
tween the 40s and 70s, with a mean around 60 years of age (Le Ber
et al., 2007; Rademakers et al., 2007). Preclinical studies have identi-
fied compounds that elevate progranulin levels (Cenik et al., 2011), and
restoring progranulin reverses social deficits in mouse models of pro-
granulin deficiency (Arrant et al., 2017). Human clinical trials are
currently underway (Alberici et al., 2014; Sha et al., 2017; Tsai and
Boxer, 2016). Though GRN pilot trails have yielded negative results,
once a disease-modifying drug is identified, the optimal time to initiate
treatment remains unclear because abnormalities in brain structure and
function appear to emerge during the presymptomatic phase. Some
studies show that presymptomatic GRN carriers have no discernible
differences in gray matter volume (Cash et al., 2018; Dopper et al.,
2014), while another study found that presymptomatic GRN carriers
show trajectories suggestive of gray matter deficits arising years before
expected symptom onset (Rohrer et al., 2015). Additionally, pre-
symptomatic GRN carriers harbor white matter deficits seen with dif-
fusion tensor imaging and intrinsic connectivity network (ICN) altera-
tions measured by task-free fMRI (Dopper et al., 2014).
Neurodegenerative disease syndromes are associated with atrophy
within specific ICNs, and task-free fMRI can detect ICN dysfunction
even in patients lacking structural atrophy (Gardner et al., 2013; Lee
et al., 2014). For GRN, presymptomatic carriers have been reported to
show both reduced connectivity (Dopper et al., 2014) and minor con-
nectivity increases (Borroni et al., 2012) in the salience network, an ICN
made up of regions that degenerate in bvFTD (Seeley et al., 2009;
Seeley et al., 2007). Other studies of presymptomatic GRN carriers have
examined task-free fMRI connectivity with other analytic approaches
(Pievani et al., 2014; Premi et al., 2014a).

Homozygous and heterozygous deletion of GRN in mice leads to
behavioral deficits reminiscent of FTD, including social deficits, im-
paired fear memory, and obsessive-compulsive disorder-like (OCD-like)
grooming behaviors (Filiano et al., 2013; Kayasuga et al., 2007; Lui
et al., 2016). In contrast to human imaging studies, which in aggregate
emphasize GRN-related hypoconnectivity, homozygous GRN null mice
develop hyperexcitability of thalamo-cortical circuits due to aberrant
pruning of inhibitory synapses onto excitatory thalamo-cortical pro-
jection neurons (Lui et al., 2016). Deleting the complement C1qa gene
reduces this aberrant pruning and mitigates abnormal thalamocortical
hyperexcitability, behavioral deficits, and neurodegeneration in these
mice, suggesting that thalamocortical hyperexcitability represents a key
aspect of the pathophysiology in this important model of GRN disease.
To date, no studies have bridged this apparent discrepancy between
mouse model and human data regarding GRN-related changes in neural
network physiology.

Although previous human fMRI studies have identified salience
network alterations in presymptomatic GRN carriers, these studies have
not assessed whether presymptomatic carriers show alterations in other
networks associated with all major clinical syndromes that may develop
during the symptomatic phase (e.g. nfvPPA, CBS, AD-type dementia),
and no study has explored presymptomatic ICN connectivity asym-
metry. We studied 17 GRN “preclinical” mutation carriers: 14 were
presymptomatic or clinically normal and three were prodromal with
mild cognitive symptoms. We evaluated networks relevant to each
potential future GRN-related syndrome (Zhou et al., 2012), hypothe-
sizing that these preclinical GRN carriers would show reduced con-
nectivity in the networks related to bvFTD (salience), nfvPPA (left
frontal opercular network), CBS (perirolandic network), and AD-type
dementia (default mode network), and that individual carriers might
show asymmetric connectivity disruption.

2. Materials and methods

2.1. Study design

2.1.1. Participants
We screened the University of California, San Francisco Memory

and Aging Center database for GRN mutation carriers. All 17 GRN
carriers received a diagnosis of clinically normal or had mild cognitive
or behavioral symptoms that did not meet criteria for dementia. GRN
carriers had an MMSE score≥ 27, with the exception of one clinically
normal carrier whose MMSE score was 26 (and CDR total score was 0).
No carriers had abnormalities on neurological examination. We calcu-
lated estimated time to symptom onset by averaging the age of onset
among family members with neurodegenerative disease, following
previous methods (Rohrer et al., 2015). Healthy controls were required
to have an MMSE score≥ 27, no significant history of neurological
disease, and a brain MRI free of structural lesions, including significant
white matter changes. GRN negative family members who met these
healthy control inclusion criteria were also included as controls when
imaging data were available and when they matched demographic
characteristics of the preclinical GRN group.

All carriers and controls underwent a history and physical ex-
amination by a behavioral neurologist and a standardized battery of
cognitive tests administered by a neuropsychologist (Kramer et al.,
2003). Neurological and neuropsychological assessments occurred
within 180 days of MRI scanning. Clinical diagnoses were rendered at a
multidisciplinary consensus conference. Informant interviews were
used to complete the Frontotemporal Lobar Degeneration-modified
Clinical Dementia Rating (CDR) scale to evaluate functional status
(Knopman et al., 2008), the Neuropsychiatric Inventory (NPI) to mea-
sure behavioral symptoms (Cummings et al., 1994), and the Inter-
personal Reactivity Index (IRI) to measure emotional empathy (Davis,
1983).

Among the 17 preclinical GRN carriers, 14 were diagnosed as
clinically normal and three carriers were diagnosed with mild cognitive
impairment (MCI, Fig. S1). All 17 carriers were prospectively screened
for bvFTD and PPA criteria. None met criteria for the diagnosis of
bvFTD (Rascovsky et al., 2011), PPA (Gorno-Tempini et al., 2011), CBS
(Armstrong et al., 2013), clinical Alzheimer's disease (McKhann et al.,
2011), or any other dementia. We chose to include these carriers with
MCI because it was not clear whether their symptoms represented early
stage disease due to the GRN mutation or not. When the three carriers
diagnosed with MCI were screened for bvFTD criteria, two subjects
each met one core criterion and one subject met two core criteria,
which was insufficient for a diagnosis of possible bvFTD. The clinically
normal carriers met no core bvFTD or PPA criteria. Among these 17
carriers, 11 had a CDR total score of 0, and 6 had a CDR total score of
0.5. We chose to include subjects with a CDR total of 0.5 because the
symptoms captured in this score are of uncertain significance and do
not necessarily reflect the earliest stages of neurodegenerative disease.

Three clinically normal carriers had a CDR total score of 0.5. Two of
these clinically normal carriers had lifelong non-progressive cognitive
symptoms with normal cognitive test results. These symptoms consisted
of memory, concentration and lower motivation for one carrier, while
the other had a longstanding psychiatric history and word finding
complaints. The third clinically normal carrier had mild, non-pro-
gressive complaints in concentration, word-finding, and memory for
5 years and normal cognitive test scores.

The three carriers with a CDR total score of 0.5 diagnosed with MCI
had mild cognitive or behavioral symptoms, but had cognitive test
scores within the normal range for age. One carrier had lifelong at-
tention difficulties, and a two-year non-progressive history of forgetting
details and more irritability, with no impact on job performance.
Cognitive testing showed lower verbal and working memory and letter
fluency scores. Another carrier had longstanding psychiatric history
and mild behavior symptoms for two years, with normal cognitive test
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scores. The third carrier had two years of word finding changes, a
longstanding tendency to make mildly inappropriate comments, and
impaired attention on cognitive testing with other domains intact. None
of these carriers met sufficient criteria to qualify for a diagnosis of
possible bvFTD or any other dementia syndrome.

All 17 GRN mutation carriers had a high-resolution T1-weighted
structural MRI scan, and among these carriers, 15 additionally had task-
free fMRI scans. To compare neuropsychological test scores and each
imaging modality, we identified 30 healthy controls (HC) who were
matched to the GRN carriers for age, sex, education, and handedness.
(Table 1; Table S1). Among these 15 GRN carriers with task-free fMRI,
10 had CDR total scores of 0, and five had CDR total scores of 0.5 (Fig.
S1).

Preclinical GRN and HC showed similar use of central nervous
system-acting medications including antidepressant medications for
non-psychiatric indications and sleep aids (chi-squared= 1.46,
p=0.23).

We searched the UCSF Memory and Aging center database and
identified 11 symptomatic GRN carriers with available fMRI data. Three
were excluded for motion artifact, leaving eight subjects for the WBD
connectivity analysis. Clinical diagnoses included four patients with
bvFTD, three with AD-type dementia, and one with CBS. Demographic
characteristics are found in Table S2.

The University of California, San Francisco Committee on Human

Research approved the study. Participants provided informed consent
prior to participation.

2.1.2. Genetic analysis
We sequenced GRN in all patients and genotyped family members

following previous methods (Baker et al., 2006). All patients were ne-
gative for MAPT mutations and the hexanucleotide repeat expansion in
C9ORF72.

2.1.3. Image acquisition and analysis
All participants underwent MRI scanning on a Siemens Tim Trio 3 T

scanner. For structural imaging, volumetric magnetization prepared
rapid gradient echo sequences obtained T1-weighted images with
parameters as follows: repetition time: 2300ms; echo time: 2.98ms; flip
angle: 9 degrees; 160 sagittal slices; matrix size 240× 256; voxel
size= 1mm3. For functional MRI, 240 images were comprised of 36
interleaved axial slices (3 mm thick, 0.6 mm gap) using a T2*-weighted
echo-planar imaging sequence (repetition time: 2000ms; echo time:
27ms; flip angle: 80 degrees; field of view: 230mm2; matrix size:
92× 92; in-plane voxel size: 2.5 mm2) with an online gradient adjust-
ment for head motion compensation. Before scanning, participants
were instructed to remain awake with their eyes closed.

Table 1
Demographic characteristics and neuropsychological testing.

Healthy controls (HC, n=30) pGRN carriers
(n=17)

Test statistic, df p

M:F, n 14:16 7:10 X=0.1 0.72
Handedness, L:R:A 6:24:0 3:13:1 X=0.01 0.92
Age at MRI scan, years 53.3 (10.4) 53.6 (11.5) T=−0.1, 31 0.92
Mean familial age of onset, years NA 64.73 (2.88) NA NA
Mean time to onset (based on mean familial age of onset), years NA 11.08 (11.26) NA NA
Education, years 16.0 (2.1) 16.8 (3.6) W=217 0.40
CDR, total (median, range) 0 (0–0) 0 (0–0.5) W=150 <0.001
CDR, sum of boxes 0 (0) 0.6 (0.8) W=120 <0.001
Mini-Mental State Exam (max=30) 29.2 (0.9) 28.5 (1.1) W=353 0.02
Memory
California Verbal Learning Test, short form, four learning trials total (max= 36) 30.6 (2.9) 28.8 (4.5) T=1.4, 25 0.18
California Verbal Learning Test, short form, 10min recall (max=9) 7.8 (1.3) 7.7 (1.1) W=150.5 0.60
Benson figure 10min recall (max= 17) 12.8 (2.4) 12.5 (2.7) W=267 0.54
Visuospatial/Calculations
Benson figure copy (max= 17) 15.4 (1.2) 15.5 (1.1) W=227.5 0.76
Visual Object and Space Perception Battery (max= 10) 9.4 (0.9) 9.4 (0.8) W=263 0.85
Calculations (max= 5) 4.8 (0.6) 4.5 (0.7) W=315.5 0.08
Language/Reading
Abbreviated Boston Naming Test (max= 15) 14.4 (1.0) 14.0 (1.5) W=250 0.51
Wide Range Achievement Test 4 (max=70) 62.0 (5.3) 63.2 (4.5) W=150 0.59
Executive
Digit span forward 7.0 (1.2) 6.8 (1.6) W=225 0.75
Digit span backward 5.4 (1.4) 5.1 (1.2) W=225.5 0.49
Modified trails (correct lines per minute) 40.2 (15.8) 32.7 (16.2) T=1.5, 30 0.14
Modified trails errors 0.2 (0.5) 0.4 (0.6) W=198 0.21
Stroop, color naming trial 96.1 (16.4) 85.2 (15.7) T=2.1, 27 0.04
Stroop, color naming trial errors 0.1 (0.4) 0.0 (0.0) W=224 0.35
Stroop, interference trial 56.0 (12.0) 50.3 (9.7) T=1.7, 31 0.10
Stroop, interference trial errors 0.5 (1.4) 0.4 (0.6) W=190 0.49
Letter fluency (‘D' words in 1min) 15.4 (4.8) 16.4 (6.4) T=−0.6, 24 0.56
Semantic fluency (animals in 1min) 22.4 (4.5) 24.0 (7.3) T=−0.8, 23 0.41
Design fluency (correct designs per minute) 11.0 (3.6) 12.4 (3.5) T=1.3, 31 0.21
Social/emotional
Comprehensive affective testing system, face matching (max=16) 11.9 (0.3) 11.9 (0.3) W=218 0.63
Comprehensive affective testing system, affect matching (max=16) 13.0 (1.6) 12.9 (1.7) W=207.5 0.99
NPI frequency x severity (max= 144) 4.1 (5.7) 12.1 (14.0) W=68.5 0.02
Interpersonal Reactivity Index, fantasy 19.5 (6.7) 14.9 (4.6) T= 2.1, 22 0.04
Interpersonal Reactivity Index, empathic concern 28.6 (3.5) 31.1 (5.0) W=38.5 0.05
Interpersonal Reactivity Index, perspective taking 24.2 (6.0) 28.0 (6.3) W=44.5 0.13
Interpersonal Reactivity Index, personal distress 11.7 (3.9) 12.3 (3.6) W=75.5 0.64
Geriatric Depression Scale (max= 30) 2.5 (2.4) 7.0 (5.9) W=103 <0.01

*Unless otherwise indicated, mean values are reported followed by the standard deviation in parentheses.
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2.2. Voxel-based morphometry analysis

Voxel-based morphometry was performed using SPM12 (http://
www.fil.ion.ucl.ac.uk/spm/). T1-weighted images were preprocessed
using standard spatial normalization in the SPM12 segment module,
using the six standard tissue probability maps with a light clean up.
Standard affine regularization with the International Consortium for
Brain Mapping European brain template and warping regularization
with the default parameters were used. Images were then segmented
into gray and white matter images. Gray matter images were smoothed
using an 8mm full width at half maximum isotropic Gaussian kernel.
We compared smoothed, normalized gray matter maps between pre-
clinical GRN and healthy controls by using a two-sample t-test via the
general linear model framework in SPM12. Nuisance covariates in-
cluded age, sex, handedness and total intracranial volume (TIV).
Analyses were thresholded at p < 0.001 uncorrected and p < 0.05
familywise error (FWE) corrected.

2.3. Functional imaging analysis

2.3.1. Preprocessing
The first 5 images were discarded to allow for magnetic field sta-

bilization. Functional images were slice-time corrected, spatially rea-
ligned and unwarped (to reduce artifacts due to movement-by-de-
formation interactions), then coregistered to the subject's T1 image,
normalized, and smoothed with a 6mm full-width at half-maximum
isotropic Gaussian kernel using SPM12. Each subject's T1 image was
coregistered to the mean T2* image and normalized by calculating the
warping parameters between the T1 image and the Montreal
Neurological Institute T1 template. These warping parameters were
applied to all functional images in the sequence. Subsequently, these
warped functional images were temporal bandpass filtered (0.008 to
0.15 Hz). To address residual motion and physiological artifacts, the
following regressors were included in the first-level seed correlation
analyses: the 6 rotational and translational motion parameters for each
volume; the time series of deep white matter and cerebrospinal fluid
regions of interest (ROIs); the temporal derivatives of the 8 resultant
parameters to account for motion-related signal distortion in tempo-
rally adjacent volumes; and the squares of the 16 resultant parameters
to account for quadratic trends. Following previous methods, we
computed mean root-mean-square values of volume-to-volume changes
in translational (in mm) and rotational (mean Euler angle) motion be-
cause these metrics correlate with network connectivity strength (Van
Dijk et al., 2012). The 15 preclinical GRN and 30 HC showed no dif-
ferences in translation or rotational motion (Table S1).

2.3.2. ICN seed correlation maps
Eight ROI analyses were conducted using 4mm radius spherical

seed regions (four on the left and four on the right) derived from a
previous study (Zhou et al., 2012) to derive the following networks: 1)
salience network, seeded at the ventral anterior insula [MNI co-
ordinates −34, 20, −10 and 34, 20, −10]; 2) nfvPPA network, seeded
at the inferior frontal gyrus [MNI coordinates −42, 20, 26 and 42, 20,
26]; 3) CBS network, seeded at the postcentral gyrus [MNI coordinates
−42, 20, 56 and 42, 20, 56] and 4) default mode network (DMN),
seeded at the angular gyrus [MNI coordinates −56, −52, 26 and 56,
−52, 26]. Using the MARSBAR toolbox (Brett et al., 2002), we ex-
tracted the average blood oxygen level-dependent signal intensity of all
voxels within a given seed throughout each participant's scan. For each
scan, an ICN correlation map was produced in which each voxel con-
tained the beta value of the seed ROI time series in the whole-brain
regression analysis.

2.3.3. Group comparisons and relationships with age
Single-subject ICN correlation maps were then entered into a two-

sample t-test via the general linear model framework in SPM12 to

compare preclinical GRN and HC, with age, sex, education, and hand-
edness included as nuisance regressors. Analyses were thresholded
using joint probability distribution thresholding with a joint height and
extent threshold of p < 0.05 corrected at the whole-brain level (Poline
et al., 1997). This preclinical GRN vs. HC comparison was repeated
including only the 10 preclinical GRN subjects with a CDR total score of
0 to demonstrate that the altered connectivity was not solely driven by
the 5 subjects with a CDR total of 0.5.

Group salience, nfvPPA, CBS, and DMN network maps were masked
to the relevant ICN. ICN masks were derived by creating seed-based ICN
maps from 33 independent healthy control participants (mean age
50.4 ± 12.0 years, 15 female) from the Nathan Kline Institute/
Rockland sample dataset (Nooner et al., 2012). These controls were
selected to span the age range of our study participants. For a given
ICN, the left seed and right seed derived maps were combined into a
union map to create a mask, which also included subcortical regions
and the cerebellum. Masks were thresholded at height threshold of
pfwe< 0.01 and extent threshold of p < 0.001 to generously constrain
the search volume for ICN contrasts, following previous methods.

Using MARSBAR, we extracted the mean connectivity parameter
estimates from within the preclinical GRN vs. HC maps and plotted the
values versus age for visualization purposes. To determine whether
accelerated connectivity disruption arises with advancing age, we
searched for voxels in which preclinical GRN showed a more negative
correlation slope than HC for the relationship between intrinsic con-
nectivity and age. To assess for potential effects of gray matter deficits
on ICN strength, we used the Biological Parametric Mapping toolbox
(Casanova et al., 2007) and entered each subject's VBM gray matter
map as a set of voxelwise covariates in the regression model.

2.3.4. Whole brain degree analysis
To calculate whole brain weight degree maps, we masked the 235

preprocessed BOLD fMRI images to a custom gray matter mask com-
piled from thresholded regional probability maps from the Harvard-
Oxford atlases (cortical, subcortical, brainstem) and the FSL FLIRT
cerebellar atlas. The time series from each voxel was partially corre-
lated with every other voxel in a pairwise fashion, controlling for 32
nuisance parameters (the same parameters as in the first-level seed
correlation analyses) to address residual motion and physiological ar-
tifacts, to produce a 113,273× 113,273 matrix. For each voxel, the
unthresholded column-wise sum was taken to determine the whole
brain weighted degree (WBD) (Buckner et al., 2009; Guo et al., 2016),
which was then assigned to that voxel in a three-dimensional image.
WBD maps were entered into a general linear model in SPM12 to
compare preclinical GRN and HC, with age, sex, education, and hand-
edness included as nuisance regressors. As with the seed-based ana-
lyses, maps were thresholded using joint probability distribution
thresholding with a joint height and extent threshold of p < 0.05
corrected for multiple comparisons (Poline et al., 1997).

WBD w-score maps were created for the preclinical GRN carriers
and for 8 symptomatic GRN carriers with available task-free fMRI data.
To calculate a w-score, first a voxelwise linear regression is performed
on healthy control maps (WBD maps in this instance) to determine the
standard deviation of the residuals. Next, the w-score for each in-
dividual subject is calculated voxelwise using the following formula:
w= (subject's value – value predicted for subject age)/sd of residuals of
the healthy control group (La Joie et al., 2012). Thus, a map of w-scores
can be conceptualized as a z-score map for gray matter or network
connectivity with the covariates of no interest regressed. For these w-
score control groups, we selected a large number of controls with a
wide age range and maximized their numbers within each imaging
modality to optimize the model's representation across the age span
studied.

To explore potential relationships between connectivity and gray
matter volume, we computed a Pearson correlation coefficient for mean
WBD w-scores and mean gray matter w-scores within 1) the
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thresholded preclinical GRN > HC WBD map, and 2) the thalamic
regions of the thresholded preclinical GRN > HC WBD map, across
preclinical GRN subjects.

2.3.5. Gray matter and ICN asymmetry analyses
Because symptomatic GRN often results in asymmetric atrophy, we

questioned whether our preclinical GRN carriers might show asym-
metric gray matter or ICN alterations. To explore this hypothesis, we
created voxelwise w-score maps of gray matter and network con-
nectivity.

For gray matter asymmetry analyses, we first created smoothed gray
matter maps for our w-score healthy controls (Table S3). Next, a mul-
tiple regression model was created to predict expected gray matter in
each voxel as a function of age, sex, handedness, and total intracranial
volume. For each voxel, we used this model to predict a preclinical GRN
carrier's expected gray matter intensity based on these four factors,
measured how the carrier's actual gray matter intensity deviated from
the predicted values, and divided the deviation by the standard error of
the controls. This deviation score for each voxel is known as the w-
score. We then calculated the mean gray matter w-score for each sub-
ject in each hemisphere.

To calculate left- and right-sided connectivity for each subject for a
given ICN, we took the thresholded preclinical GRN > HC ICN com-
parison maps, binarized the left-seeded and right-seeded maps for each
ICN, then merged their common regions as a single combined map (Fig.
S2). This combined map was then merged with its mirror image, which
was subsequently separated into left and right hemispheric regions. In
parallel, we created individualized ICN maps for each preclinical GRN
subject by calculating ICN connectivity w-scores voxelwise for each
subject based on a group of w-score healthy controls (Table S4.) For
each ICN, for each subject, the mean connectivity w-score was extracted
within the regions emerging in these left and right hemispheric maps to
compare potential asymmetry of connectivity alterations on each side
of the brain.

We used a paired t-test or Wilcoxon signed-rank test, based on

whether the data were normally or non-normally distributed, to com-
pare within-subject left and right hemispheric w-scores for each ima-
ging modality to determine whether subjects had asymmetric gray
matter or ICN connectivity.

2.3.6. ICN correlations with neuropsychiatric symptoms
Building on previous studies that suggest that greater neu-

ropsychiatric symptom burden correlates with reduced salience net-
work connectivity (Lee et al., 2014), we performed two separate ana-
lyses in which we correlated patients' NPI or GDS total scores with their
single-subject salience network maps to yield a single map per network
showing regions significantly correlated with the NPI or GDS.

2.4. Statistical analysis

We compared clinical variables and TIV using the chi-squared test, t-
test, Welch's t-test or Mann-Whitney U as appropriate. Test statistics
were considered significant at p < 0.05 (two-tailed).

3. Results

3.1. Preclinical GRN carriers featured cognitive scores and gray matter
volumes similar to controls

As expected, we found that preclinical GRN carriers and healthy
controls showed similar cognitive profiles. Eleven carriers had clinical
dementia rating scale (CDR) total scores of 0 and 6 with a CDR total
score of 0.5. Compared to controls, preclinical GRN carriers had sta-
tistically significantly lower scores on the Mini-Mental State Exam
(MMSE), Stroop color naming, and the fantasy sub-measure of the
Interpersonal Reactivity Index, although these mean scores would all be
considered clinically normal (Table 1). Carriers also had higher Neu-
ropsychiatric Inventory (NPI) and Geriatric Depression Scale (GDS)
scores, reflecting higher neuropsychiatric symptom burden. For the
remaining cognitive measures, which assessed memory, language,

Fig. 1. Voxel-based morphometry in preclinical GRN carriers vs. HC. Group difference maps showed reduced gray matter in midcingulate cortex, dorsolateral
prefrontal cortex, and insula in 17 preclinical GRN carriers when compared with 30 HC (dark blue) at p < 0.001 uncorrected. Only a small pons cluster emerged
from the GRN > HC analysis (red). No significant differences were detected at pFWE < 0.05. Color bars represent t-scores, and statistical maps are superimposed on
the Montreal Neurological Institute template brain. The left side of the axial and coronal images corresponds to the left side of the brain. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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visuospatial, and other executive functions, preclinical GRN carriers
showed performances not statistically different than controls. To ad-
dress the possibility that the few lower scores for preclinical GRN car-
riers might be driven by subjects whose CDR total score was 0.5, we
excluded these subjects and repeated our analyses for the measures that
showed group differences. For the 11 preclinical GRN whose CDR total
was 0, we found that MMSE remained lower and Stroop color naming
trended toward being lower compared to controls (Table S5), sug-
gesting that these cognitive measures were not solely driven by carriers
with CDR scores of 0.5.

At a stringent statistical threshold (pFWE < 0.05), GRN carriers
showed no differences in gray matter volume compared to controls. At a
more lenient threshold (p < 0.001 uncorrected), we found scattered
clusters of reduced gray matter in preclinical GRN carriers in mid-
cingulate cortex, dorsolateral prefrontal cortex (DLPFC), and insula
(Fig. 1; Table S6). We repeated the VBM analysis comparing GRN car-
riers who had CDR=0 only vs. controls and again found scattered
clusters of reduced gray matter in GRN carriers at p < 0.001, and no
significant differences at pFWE < 0.05 (Table S6). Previous studies
have shown similar gray matter volumes in presymptomatic GRN car-
riers compared to controls (Borroni et al., 2012; Dopper et al., 2014),
yet one study with 45 carriers estimated that gray matter deficits may
arise up to 15 years prior to expected symptom onset (Rohrer et al.,
2015). Taken together, these studies and ours suggest that gray matter
deficits during the preclinical phase may only be detectable at the
group level in a large cohort. Another possible explanation is that be-
cause symptomatic GRN carriers later develop diverse clinical syn-
dromes, each with its own atrophy pattern, detection of gray matter
deficits in preclinical carriers could be undermined by a group analysis.

3.2. Preclinical GRN carriers showed hyperconnectivity in ICNs associated
with GRN-related clinical syndromes

Although preclinical GRN carriers lacked significant brain atrophy,
we found widespread hyperconnectivity in the salience network,
nfvPPA network, CBS network and default mode network (DMN) in
carriers vs. controls (Fig. 2; Table S7). Considering that symptomatic
GRN mutation carriers often show asymmetric patterns of neurode-
generation, we seeded our task-free fMRI analyses with regions of in-
terest in both hemispheres. For each network, left and right hemi-
sphere-seeded connectivity maps revealed connectivity increases in
overlapping bilateral regions. For the salience network, derived using
seeds in bilateral anterior insula, there were increases in bilateral
anterior and midcingulate cortex, medial superior frontal gyrus and
DLPFC, thalamus, right fusiform gyrus and cerebellum. To capture a
network related to nfvPPA, we used bilateral seeds in the inferior
frontal gyrus and found increased connectivity in medial superior
frontal gyrus and thalamus, and small regions of reduced connectivity
(right seed only) arose in the brainstem and cerebellum. For the CBS
network, we used seeds in the bilateral postcentral gyrus. Hy-
perconnectivity was noted in bilateral supplementary motor areas and
midcingulate cortex, regions of DLPFC, left superior temporal gyrus,
bilateral caudate and the thalamus, midbrain, pons and cerebellum. For
the DMN, seeded using bilateral angular gyrus, increases emerged in
bilateral superior frontal gyrus, mid and posterior cingulate cortex, left
midtemporal cortex, thalamus, and cerebellum. Thalamic hy-
perconnectivity was a unifying feature of preclinical GRN carriers
across all four networks. To exclude the possibility that group differ-
ences were driven by the CDR 0.5 preclinical GRN subjects, we repeated
our analyses with the CDR 0.5 subjects removed. Hyperconnectivity
remained within regions anatomically similar to those seen in the entire
preclinical GRN group (Fig. S3; Table S8). To account for potential
differences in gray matter on ICN strength, we entered each subject's
gray matter map as a set of voxelwise covariates in the regression
model; these gray matter-adjusted analyses produced results similar to
those without gray matter adjustment (Table S7).

3.3. With age, preclinical GRN carriers showed increasing salience, CBS,
and DMN connectivity, but decreasing nfvPPA network connectivity

To probe whether ICN hyperconnectivity represents an early phe-
nomenon or emerges closer to expected symptom onset, we performed a
voxelwise analysis to identify regions showing increasing or decreasing
connectivity with respect to age (Fig. 3; Table S9). Three of the four
networks revealed connectivity increases with age in GRN carriers. In
the salience network, we found increasing connectivity in preclinical
GRN carriers relative to controls with increasing age within regions
including the right ventral anterior insula, DLPFC, and bilateral tha-
lamus. In the nfvPPA network, only decreasing connectivity was seen
with age, involving bilateral precuneus and posterior cingulate cortex.
One possible explanation is that a subset of these older GRN carriers
may be approaching the brink of developing nfvPPA, which would in-
fluence the age-related nfvPPA connectivity declines in this group
analysis. The carriers will need to be followed until symptom conver-
sion to verify this hypothesis. Preclinical GRN carriers showed CBS
network increases with age in bilateral supplementary motor area,
striatum, thalamus, brainstem and cerebellum with sparse regions
showing decreases with age. For the DMN, preclinical GRN carriers had
increases with age in right medial frontal cortex, and the striatum,
thalamus, brainstem and cerebellum bilaterally. Notably, the thalamus
appeared as a common region across the three networks for which GRN
carriers had increasing connectivity with age. Repeating these analyses
with the GRN CDR=0 subjects only yielded highly similar results (Fig.
S4).

3.4. Seed-independent voxelwise whole brain degree centrality analyses
showed hyperconnectivity in preclinical GRN, especially in the thalamus

Noting the striking thalamo-cortical hypersynchrony across the
seed-based analyses, we sought convergent evidence using a seed-in-
dependent connectivity approach. We calculated whole brain degree
(WBD) centrality, a graph theoretical metric describing the connectivity
of each voxel to every other voxel in the brain. GRN carriers showed
widespread increases in WBD connectivity in bilateral DLPFC, anterior,
middle and posterior cingulate cortex, medial frontal and parietal cor-
tices, thalamus and cerebellum (Fig. 4a; Table S10). These regions of
increased WBD connectivity converged with regions that showed in-
creased seed-based connectivity (Fig. 2). No regions showed sig-
nificantly reduced WBD connectivity in preclinical GRN carriers com-
pared to controls. Again, thalamic hyperconnectivity emerged as a
major feature in the preclinical GRN carriers.

To build upon this finding, we used voxelwise w-score maps to as-
sess whether thalamic WBD hyperconnectivity might attenuate in
symptomatic GRN carriers. The w-score represents a subject's actual
connectivity values compared to the subject's expected values based on
a group of healthy controls using a regression model that accounts for
age, sex, and handedness. Thus, a w-score of greater than 0 represents
increased ICN connectivity and a w-score of less than 0 reflects reduced
connectivity compared to controls. We calculated the mean WBD w-
score within the thalamic clusters from the preclinical GRN > HCWBD
map (Fig. 4a) for preclinical carriers with CDR 0, preclinical carriers
with CDR 0.5, and 8 symptomatic GRN carriers who had available fMRI
data (see Methods: Participants). Both preclinical GRN groups showed
mean WBD w-scores > 0, representing increased connectivity within
the thalamic regions, while the 8 symptomatic GRN carriers showed
mean WBD w-scores < 0, representing reduced WBD connectivity
compared to controls (Fig. 4b). Furthermore, these results show that
both CDR 0 and CDR 0.5 preclinical GRN subjects feature increased
thalamic connectivity, and that increased thalamic connectivity is not
solely characteristic of GRN carriers who may be approaching symptom
onset. Across the preclinical carriers, we found no significant relation-
ship between thalamic mean WBD w-scores and mean gray matter w-
scores (r=0.24, p=0.39). This analysis suggests that the abnormal
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Fig. 2. Prominent hyperconnectivity across vulnerable networks in preclinical GRN. Group difference maps show widespread regions of increased intrinsic con-
nectivity in 15 preclinical GRN compared with 30 HC for all four networks studied. Seeds placed in the left (yellow) and right (red) hemispheres resulted in
overlapping ICN increases (orange). All four ICNs showed thalamic hyperconnectivity. Only the nfvPPA network showed ICN decreases, which appeared as sparse
regions in the brainstem (dark blue). Analyses were thresholded using joint probability distribution thresholding with a joint height and extent threshold of p < 0.05
corrected for multiple comparisons. Color bars represent t- scores, and statistical maps are on the Montreal Neurological Institute template brain. The left side of the
axial and coronal images corresponds to the left side of the brain. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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hyperconnectivity was not likely to be attributable to subtle thalamic
atrophy. There was also no correlation between mean WBD w-scores
and mean gray matter w-scores within the entire preclinical GRN <
HC WBD map (r=0.19, p=0.50). Thus, these cross-sectional analyses
support the notion that thalamic hyperconnectivity is a feature of the
preclinical phase that attenuates once GRN carriers become sympto-
matic. Repeating these analyses with GRN CDR=0 subjects only
yielded highly similar results (Fig. S5)

3.5. Preclinical GRN carriers had symmetric hemispheric ICN connectivity

Previous studies have revealed that symptomatic GRN carriers may
develop more extensive atrophy in one cerebral hemisphere than the
other (Rohrer et al., 2008; Whitwell et al., 2007). Here, we explored
whether preclinical GRN carriers might harbor hemispheric gray matter
or ICN asymmetry by calculating left and right hemispheric gray matter
and connectivity mean w-sores for each subject and comparing hemi-
spheric values within subjects (see Methods, “Gray matter and ICN

Fig. 3. ICN connectivity changes associated with
increasing age. Colored regions depict the interac-
tion between age and gene status on ICN con-
nectivity for four networks. Preclinical GRN showed
increasing connectivity with age in left-seeded
(yellow) and right-seeded (red) ICNs increases,
especially within the thalamus, in three of four net-
works. For the nfvPPA network and the CBS net-
work, there were left-seeded (green) connectivity
decreases with age. Analyses were thresholded using
joint probability distribution thresholding with a
joint height and extent threshold of p < 0.05 cor-
rected for multiple comparisons. Color bars represent
t- scores, and statistical maps are on the Montreal
Neurological Institute template brain. The left side of
the axial and coronal images corresponds to the left
side of the brain. (For interpretation of the references
to color in this figure legend, the reader is referred to
the web version of this article.)
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asymmetry analyses”). When comparing left and right hemisphere vo-
lumes within subject, we found that the carriers showed no differences
between hemispheric gray matter volumes (Welch two sample
t=−0.71, p=0.84). For ICN symmetry, preclinical GRN carriers also
showed no significant differences between left and right hemisphere
mean connectivity w-scores within the salience network (Wilcoxon
signed-rank test, V=69, p=0.64), nfvPPA network (V=77,
p=0.36), CBS network (t(14)= 0.61, p=0.55) and DMN (V=35,
p=0.17; Fig. 5). Although there were no significant differences in ICN
symmetry, several individuals showed nfvPPA network asymmetry,
which appeared more prominent for subjects in the older half of the age
range. Preclinical GRN carriers with CDR total scores of 0 and 0.5 had
both symmetric and asymmetric nfvPPA network scores.

3.6. Lower salience network connectivity was associated with greater
neuropsychiatric symptom burden

In bvFTD, disrupted salience network connectivity correlates with
overall clinical (Zhou et al., 2010) and neuropsychiatric symptom se-
verity (Lee et al., 2014). Because the preclinical GRN carriers in the
present study had higher NPI and GDS scores compared to controls
(Table 1), we explored whether salience network alterations might re-
late to these neuropsychiatric symptoms. Consistent with the relation-
ship reported in bvFTD, we found lower salience network connectivity
in preclinical GRN carriers with greater neuropsychiatric symptoms
(Fig. 6a) and depression (Fig. 6b). We repeated these analyses with the
CDR=0 subjects only and the results were anatomically similar, with
regions of lower salience network connectivity correlating with greater
neuropsychiatric symptoms (Fig. S6). Neither NPI nor GDS scores cor-
related with age (Spearman's rho=−0.25, p=0.35 and rho=−0.02,
p=0.94, respectively). Subjects with the three highest scores on the
NPI and GDS had CDR total scores of 0.5. As a group, preclinical GRN
carriers had greater salience network connectivity compared to controls
(Fig. 2) and salience network connectivity increased with advancing
age (Fig. 3; Fig. S7). Taken together, our findings suggest the possibility
that as GRN carriers approach onset, there is an increase in salience
network (SN) connectivity, and as first symptoms emerge, SN hy-
perconnectivity begins to attenuate.

4. Discussion

GRN mutations cause diverse clinical syndromes. In the present
study, we asked whether connectivity changes could be detected in four

ICNs corresponding to the four most common GRN-related clinical
syndromes. Contrary to our initial hypotheses based on carriers of other
FTD-causing mutations (DeJesus-Hernandez et al., 2011; Hutton et al.,
1998; Renton et al., 2011), we found that preclinical GRN carriers had
widespread hyperconnectivity in the salience, nfvPPA, CBS and default
mode networks. While this work was underway, thalamocortical hyper-
synchrony was identified in mice with homozygous GRN deletions (Lui
et al., 2016). We were therefore struck by the parallel thalamo-cortical
hyperconnectivity seen in all four networks studied here in human
preclinical GRN carriers. Increasing age was associated with greater
connectivity in these ICNs, with the exception of the nfvPPA network,
which showed reductions in connectivity with age. Among the four
ICNs, preclinical GRN carriers had the greatest asymmetry in the
nfvPPA network. Taken together, our findings suggest that abnormally
increased connectivity characterizes the preclinical GRN phase and that
the thalamus may represent a key hub for organizing this network
phenomenon in GRN disease.

4.1. Preclinical GRN carriers have abnormally increased connectivity in the
ICNs associated with the four most common GRN clinical syndromes

In the present study, preclinical GRN carriers showed similar cog-
nitive profiles and gray matter volumes compared to controls, yet
widespread aberrant connectivity increases emerged in the GRN-related
networks. Across studies, both increases and decreases in salience
network connectivity and no alterations in DMN connectivity have
emerged in presymptomatic GRN carriers. An analysis of 28 pre-
symptomatic GRN carriers showed salience network connectivity re-
ductions in parietal and posterior cingulate cortex. Seed-based fron-
toinsula and anterior midcingulate connectivity declined with age, but
posterior brain regions also showed increasing connectivity to the
anterior midcingulate with age (Dopper et al., 2014). On the other
hand, a study of 9 presymptomatic GRN carriers showed salience net-
work connectivity increases only, within a small region of dorsomedial
frontal cortex (Borroni et al., 2012). Neither study showed differences
in DMN connectivity. Another study additionally examined executive
control, frontoparietal, and attention networks, which showed a region
of connectivity reduction in the frontoparietal network and a region of
increased connectivity in the right precentral gyrus (Premi et al.,
2014b). Consistent with our findings, a study that examined the dis-
criminative power of different functional connectivity measures found
that increased connectivity in prefrontal cortex and decreased con-
nectivity parietal regions best discriminated presymptomatic GRN

Fig. 4. Preclinical GRN carriers show increased whole brain degree connectivity. (A) Group difference map demonstrates widespread increases in WBD centrality, a
measure of overall regional connectivity, in preclinical GRN compared with HC. Analyses were thresholded using joint probability distribution thresholding with a
joint height and extent threshold of p < 0.05 corrected for multiple comparisons. Color bars represent t- scores, and statistical maps are on the Montreal
Neurological Institute template brain. The left side of the axial and coronal images corresponds to the left side of the brain. (B) Mean WBD w-score extracted from the
thalamic preclinical GRN > HC difference map in A, shows WBD hyperconnectivity in preclinical GRN with CDR=0 and preclinical GRN with CDR=0.5 and
reduced connectivity in symptomatic GRN carriers compared with controls. Error bars show 1 SEM. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 5. Individual subject plots of hemispheric ICN connectivity. Line plots in the left column show mean w-scores of ICN connectivity derived from a left-sided seed
(green) and right-sided seed (red), which are shown for each preclinical GRN carrier ordered by ascending age on the x-axis. Dot plots in the right column display
individual subject differences in ICN w-scores (left-sided seed ICN w-scores minus right-sided seed w-scores). Thus, a score of 0 on the y-axis indicates perfect
symmetry of ICN connectivity w-scores for a given subject, and subjects with greater ICN asymmetry show a greater deviation from 0. Preclinical GRN carriers with
CDR=0 are depicted with black circles and those with CDR=0.5 are shown as black dots. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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carriers from controls (Premi et al., 2016). Taken together, these results
suggest a destabilization of network connectivity during the preclinical
phase, including an unexpected (if inconsistent) tendency toward hy-
perconnectivity.

Our findings extend previous work by revealing ICN alterations not
only in the salience network but also in three other ICNs that may
degenerate during the symptomatic phase in individual GRN mutation
carriers. We also found that all four ICNs showed prominent increases
in connectivity with respect to age. Overall, higher ICN connectivity
was driven by higher connectivity in the older preclinical carriers, ra-
ther than lower connectivity in the younger carriers (Fig. S7), sug-
gesting that connectivity may gradually intensify as symptom onset
approaches. All studies to date, including the present study, have ex-
amined GRN carriers at the group-level rather than at the single-subject
level. Thus, the mixed results from various group studies could relate to
individual subject heterogeneity with respect to symptomatic onset and
future clinical syndrome. Interestingly, our previous study presympto-
matic c9orf72 expansion carriers showed that they feature connectivity
declines in four task-free fMRI networks relevant to c9orf72 disease
syndromes, suggesting that different FTD mutations confer different
types of network connectivity alterations (Lee et al., 2017).

4.2. The human thalamus: a key early hub in templating GRN-related
network degeneration?

We found that preclinical GRN carriers exhibit hyperconnectivity
between cortical hub regions and the thalamus in all four ICNs. The
parallel thalamocortical hypersynchrony observed in GRN homozygous
knockout (null) mice relates to focal complement C1qa activation, most
prominently in the ventral thalamus, which leads to enhanced micro-
glial pruning of inhibitory synapses from thalamic reticular nucleus
neurons onto thalamocortical projection neurons (Lui et al., 2016).
Intensified thalamocortical synchrony in the GRN null mouse underlies

OCD-like behaviors (Arrant et al., 2017; Krabbe et al., 2017; Lui et al.,
2016), which have also been reported in patients with GRN-FTD
(Rascovsky et al., 2007), and OCD behaviors are associated with con-
nectivity increases in FTD (Farb et al., 2013). Deleting C1qa sig-
nificantly reduced microglial synaptic pruning, abnormal thalamic hy-
perexcitability, mitigated neurodegeneration, and improved survival,
suggesting that these features are causally linked in the GRN mouse.
Thus, in human GRN carriers, thalamocortical network hy-
perconnectivity could reflect a potential biomarker for imminent dis-
ease, but longitudinal studies are needed to explore this question fur-
ther.

Although the preclinical carriers featured thalamic hy-
perconnectivity, we found that symptomatic carriers had reduced tha-
lamic connectivity. One possible framework is that network con-
nectivity changes dynamically over the GRN carrier lifespan.
Presymptomatic GRN carriers far from expected symptom onset may
have connectivity profiles similar to noncarriers, followed by abnor-
mally increased connectivity later in the presymptomatic phase. Next,
this connectivity might attenuate to normal levels at a certain inflection
point, followed by disrupted connectivity during the symptomatic
phase. Such a complex natural history, it should be noted, may create
important challenges for using task-free fMRI as a biomarker. A key
question raised by this work is whether preclinical ICN hy-
perconnectivity represents reactive compensatory changes or an early
failure of the network. To probe this question, we examined the re-
lationship between SN connectivity and neuropsychiatric symptoms in
preclinical carriers. Similar to the relationships observed in bvFTD
(Farb et al., 2013; Lee et al., 2014; Zhou et al., 2010), those preclinical
GRN carriers with higher scores for depression and neuropsychiatric
symptoms had lower SN connectivity, although as a group, preclinical
GRN had SN hyperconnectivity that grew more pronounced with age.
These findings suggest that as preclinical GRN carriers approach onset,
a possibly compensatory increase in SN connectivity emerges, and in

Fig. 6. Higher neuropsychiatric symptoms and de-
pression scores correlate with lower salience net-
work connectivity in preclinical GRN. (A) NPI and
(B) GDS total scores correlated with reduced salience
network connectivity in preclinical GRN. In the left
column, weaker connectivity of the left (yellow) and
the right (red) frontoinsula seeds to the voxels shown
predicted greater (A) neuropsychiatric symptom se-
verity and (B) depression severity. In the right
column, salience network mean connectivity beta
values were extracted from the maps at left and
plotted vs. (A) NPI and (B) GDS total scores.
Preclinical GRN CDR=0 subjects are indicated as
circles and preclinical GRN CDR=0.5 subjects are
indicated as dots. Results are displayed at a joint
cluster and extent probability threshold of p < 0.05,
corrected for multiple comparisons. Color bars re-
present t- scores, and statistical maps are on the
Montreal Neurological Institute template brain. The
left side of the axial and coronal images corresponds
to the left side of the brain. (For interpretation of the
references to color in this figure legend, the reader is
referred to the web version of this article.)
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the subset of preclinical GRN with mild neuropsychiatric symptoms, SN
hyperconnectivity begins to attenuate, heralding the early symptomatic
phase.

4.3. Although symptomatic GRN typically have asymmetric atrophy,
preclinical carriers show symmetric ICN alterations

A distinct feature of GRN mutation carriers is that they tend to
develop asymmetric atrophy, with one hemisphere principally affected
throughout the symptomatic phase (Rohrer et al., 2008; Whitwell et al.,
2007). It is unknown which elements of the disease process give rise to
asymmetric atrophy or when asymmetry of brain structure or ICN
connectivity may arise during the GRN lifespan. We found that pre-
clinical GRN carriers showed symmetric hemispheric gray matter vo-
lume, yet several individuals had asymmetric connectivity in the
nfvPPA network (Fig. 4B). Interestingly, individuals with asymmetric
nfvPPA connectivity were in the older half of our GRN group, sug-
gesting that this asymmetry may arise as carriers approach expected
symptom onset. Four of five GRN carriers with CDR total scores of 0.5
had symmetric nfvPPA connectivity, while the fifth carrier had weaker
left hemispheric nfvPPA connectivity.

Following these carriers until they convert to the symptomatic
phase will determine whether those with asymmetric nfvPPA con-
nectivity are more prone to develop nfvPPA in the future. Overall,
carriers showed less asymmetry in the other three ICNs. One possible
framework is that gray matter and ICN asymmetry do not arise until
carriers approach the age of onset or perhaps until the symptomatic
phase. In addition, we note that not all carriers with nfvPPA network
reductions had leftward connectivity reductions. Those with rightward
connectivity reductions could be on a course toward a more bvFTD-like
presentation, which often involves the right frontal operculum and
other regions in this network when the underlying pathology is FTLD
with TDP-43 Type A inclusions (Perry et al., 2017), as seen in all pa-
tients with GRN-FTD.

4.4. Limitations and future directions

The limitations of the study include the relatively small number of
GRN carriers; to increase statistical power, we included a large sample
of healthy controls. Because GRN carriers show such heterogeneous
syndromes, it is also possible that subtle individual preclinical carrier
features were obscured by our group analyses. Although our results
suggest that thalamic hyperconnectivity arises during the preclinical
phase and attenuates to reduced connectivity during the symptomatic
phase, longitudinal within-subject analyses are needed to confirm our
cross-sectional findings. Future longitudinal studies will disentangle
whether abnormal hyperconnectivity is compensatory or maladaptive,
which will inform how to incorporate connectivity alterations into fu-
ture decisions about the timing and efficacy of treatments.
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