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Abstract

The risk for carriers of repeat expansion mutations in C9orf72 to develop amyotrophic lateral
sclerosis and frontotemporal dementia increases with age. Functional magnetic resonance imaging
studies have shown reduced connectivity in symptomatic carriers, but it is not known whether
connectivity declines throughout life as an acceleration of the normal aging pattern. In this study,
we examined intra-network homogeneity (NeHo) in 5 functional networks in 15 presymptomatic
C9+ carriers over an 18-month period and compared to repeated scans in 34 healthy controls and
27 symptomatic C9+ carriers. The longitudinal trajectory of NeHo in the somatomotor, dorsal
attention, and default mode networks in presymptomatic carriers differed from aging controls and
symptomatic carriers. In somatomotor networks, NeHo increased over time in regions adjacent

to regions where symptomatic carriers had reduced NeHo. In the default network, the posterior
cingulate exhibited age-dependent increases in NeHo. These findings are evidence against the
proposal that the decline in functional connectivity seen in symptomatic carriers represents a
lifelong acceleration of the healthy aging process.
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INTRODUCTION

The C9orf72 repeat expansion mutation is one of the most common causes of

familial amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (DeJesus-
Hernandez et al., 2011; Renton et al., 2011). For C9orf72 repeat expansion carriers (termed
C9+ carriers), the risk of developing symptoms of a neurodegenerative disorder increases
with age. Although the median age of symptom onset is 58 years, some C9 carriers are
diagnosed as early as the third decade of life, while others remain symptom-free much
longer (Murphy et al., 2017). Although older age is a risk factor for developing disease in
C9 carriers, the heterogeneity of age at onset complicates studying the relationship between
the trajectory of disease and healthy aging. Understanding whether aging interacts with

the mutation to affect the onset and progression of clinical symptoms may provide useful
information for determining the timing for initiating interventional treatments.

Neurodegenerative diseases are known to alter functional and structural brain networks
(Filippi et al., 2019; Seeley et al., 2009; Seeley 2017). Functional networks, characterized
by temporal correlation of activity among widespread brain regions (Biswal et al., 1995;

Fox et al., 2005) are intrinsically organized, remain stable in task-free settings (Fox et

al., 2005), and reflect underlying neuroanatomy (van den Heuvel et al., 2009). However,
network organization changes across the lifespan. In healthy adults, intra-network functional
connectivity (FC) decreases with age, while inter- network FC increases (Betzel et al.,
2014). The healthy aging pattern reportedly differs in sporadic ALS patients, with increasing
FC with age in the posterior cingulate cortex in the default mode network (DMN; Tedeschi
et al., 2012). Another study of age-related changes in FC in a cohort of presymptomatic C9+
carriers found that patterns of altered connectivity were similar to those of symptomatic
carriers, and did not accelerate with age (Lee et al., 2017). Such studies with cross-
sectional designs make it difficult to disentangle age from individual differences in disease
progression. Cohorts of presymptomatic carriers have a highly variable (and unknown)
number of years until disease onset, and inter- individual differences may mask connectivity
changes related to disease progression.

In this study, we followed a cohort of presymptomatic and symptomatic C9+ carriers
longitudinally over a period of 18 months, focusing on changes in functional networks

over that time period. We had previously found that certain regions, particularly the posterior
cingulate and parietal cortex, exhibited altered FC within multiple networks which were
defined using seed-based methods (Shoukry et al., 2020). Because seed-based analysis
evaluates connectivity only to the selected seed regions, it cannot characterize the entire
pattern of connectivity within networks. Homogeneity is a summary measurement of intra-
network FC in task-free functional magnetic resonance imaging (fMRI) (Uddin et al., 2008).
By calculating both the voxel-wise homogeneity and the homogeneity of the network as a
whole (NeHo), an assessment of the overall state of the network and its component regions
is possible. Although not an exhaustive list of potential networks, we chose 5 networks

of interest based on prior evidence for functional alterations in ALS patients, including
motorrelated (Agosta et al., 2011; Cheniji et al., 2016; Douaud et al., 2011; Jelsone-Swain
etal., 2010; Lulé et al., 2007, 2009; Mohammadi et al., 2009; Zhou et al., 2013), attention
and salience-related (Schulthess et al., 2016; Trojsi et al., 2015), DMN (Agosta et al., 2012;
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Cheniji et al., 2016; Mohammadi et al., 2009), and frontoparietal network (FPN; Agosta et
al., 2012, 2013; Menke et al., 2016).

The study aimed to investigate the character and trajectory of aging in C9+ mutation
carriers in these networks. Characterizing how neurodegeneration interacts with aging and
deviates from healthy age-related changes is an important step in understanding the C9+
disease trajectory. This study addresses 2 questions: (1) Does C9-related neurodegeneration
accelerate healthy aging processes in functional networks or deviate qualitatively from the
aging trajectory? (2) Do changes in connectivity networks in C9+ carriers exhibit a stable
linear trend over time or do the changes occur more suddenly in the period just before
disease onset?

2. METHODS

2.1.

2.2.

Participants

MRI scanning was carried out on 42 carriers of C9orf72 expansion mutations (C9+ carriers)
and 34 healthy control subjects (HC) who gave written informed consent for protocols
approved by the National Institutes of Health Institutional Review Board (NCT01925196
and NCT01517087). The demographic features and clinical evaluations of these cohorts
have been previously described (Floeter et al., 2017; Shoukry et al., 2020). In brief, all

C9+ carriers had >30 repeats in C90f72 by testing in Clinical Laboratory Improvement
Amendments (CLIA) certified laboratories. All but two C9+ carriers were unrelated (of
whom one was presymptomatic). Fifteen C9+ carriers had no clinical symptoms of disease
at enrollment. Of the 27 symptomatic C9+ carriers, 17 had ALS, 6 had ALS-FTD, and 4 had
dementia at enrollment. All C9+ carriers had clinical and imaging measures at baseline with
followup clinical evaluations and scanning scheduled 6 and 18 months later. Longitudinal
scans were obtained in all presymptomatic C9+ carriers and 22 healthy subjects. Cognitive
and motor function measures showed no decline over time in presymptomatic C9+ carriers,
including measures of letter fluency, as previously reported (Shoukry et al., 2020). Because
many symptomatic C9+ carriers were unable to undergo longitudinal scans, cross-sectional
analyses using the last scan obtained for each C9+ carrier were included. Table 1 provides
the demographics and timing of scans for all groups.

MRI acquisition

MRI scans were acquired using methods previously described for anatomical, diffusion
tensor, and functional resting-state imaging (Floeter et al., 2016, 2018; Shoukry et al.,
2020). Briefly,scans were collected between 2012 and 2019 on 3T GE HDX and GE 750
scanners (GE Medical Systems, Milwaukee, WI). Scans included 2 high-resolution T1 scans
for anatomical structure and for registration (resolution 256 256, voxel size 1 0.938 0.938
mm, 140e176 slices), multi-slice diffusion weighted images using a single-shot spin-echo
echo-planar sequence (field of view (FOV) 240 240, resolution 96 96, 64 axial slices, 2.5-
mm slice thickness) with a total of 80 diffusion volumes (70 directions diffusion weighting
with 10 volumes at b 1/4 300 s/mm? and 60 volumes at b 1/4 1100 s/mm?2 and 10 b(0)
volumes), and a resting-state functional MRI (echo time (TE) 30 ms, repetition time (TR) 2s,
FOV 240 240, resolution 64 64, voxel size 3.75 3.75 3.8 mm, 40 slices). The resting-state
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functional MRI (rs-fMRI) scan lasted approximately 8 minutes with eyes open and fixation
on a centered onscreen cross.

Image processing

2.3.1. Resting-state fMRI—Preprocessing steps were conducted with analysis of
functional imaging (AFNI) software (Cox 1996) and included clipping the first 4 volumes,
despiking, motion correction, spatial smoothing (full width at half-maximum kernel size
1/4 5 mm) and intensity normalization. White matter (WM), gray matter (GM), and
cerebrospinal fluid (CSF) masks were derived by skull stripping and segmenting the
anatomical T1 image. With these masks, mean functional activity time courses for each
region in the resting-state scan were generated. WM and CSF time courses, 6 motion
parameters and their derivatives, and a high-pass temporal filter comprised the nuisance
covariates in a regression model of the data, whose function was to estimate the normalized
functional data without these sources of physiological noise (Birn 2012). Each subject’s T1
image was registered to the MNI1152 2-mm standard brain using a 2-step process of affine
alignment followed by non- linear warping.

2.3.2. Diffusion tensor imaging—Diffusion weighted images were pre-processed
using the TORTOISE software package (https://science.nichd.nih.gov/confluence/display/
nihpd/TORTOISE), including correction of motion artifacts and eddy current distortion,
calculation of the tensor, and DTI metrics of fractional anisotropy (FA), mean diffusivity,
axial diffusivity, and radial diffusivity. FA and mean diffusivity maps from different scanners
were adjusted using ComBat (Fortin et al., 2017). A voxel-wise comparison of whole-brain
FA skeletons of the C9+ and control groups was carried out in Tract-Based Spatial Statistics
(v1.2, http://www.fmrib.ox.ac.uk/fsl/) using the methods of Smith et al. (2006). The most
“typical” subject in the study was chosen by Tract-Based Spatial Statistics as the target
image for registration. A threshold of 0.2 was used to create the mean FA skeleton (Smith

et al., 2006). Images were visually inspected in all registered brains to confirm a good
representation of the core WM tracts. Contrasts were performed using the Randomise tool in
FSL (v2.9, 5000 permutations), with gender and age as covariates. Significant clusters were
determined using Threshold-Free Cluster Enhancement at p < 0.05 corrected for multiple
comparisons across space (family- wise error (FWE)).

2.3.3. Cortical thickness and volume measurement—The FreeSurfer v6.0.0
image analysis suite (http://surfer.nmr.mgh.harvard.edu/) was used for cortical
reconstruction and volumetric segmentation of presymptomatic C9+ carriers, as described
in prior publications (Fischl et al., 1999, 2002, 2004), including our prior report on
symptomatic C9+ carriers (Floeter et al., 2016). Briefly, the processing included skull
stripping, Talairach trans- formation, optimization of the GM-WM and GM-CSF boundaries,
and segmentation. After visual inspection and manual correction for errors in segmentation,
tessellated surfaces were inflated and registered to a spherical atlas for parcellation of the
cerebral cortex into 34 regions in each hemisphere (Desikan et al., 2006). The FreeSurfer
longitudinal stream, which creates an unbiased within- subject template for measuring
changes in cortical thickness over time (Reuter et al., 2012), was used. The FreeSurfer
QDEC tool was used to carry out whole-brain vertex-wise comparisons between groups of
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presymptomatic C9+ carriers and controls. Data were smoothed at 10 mm, and p < 0.05 with
false discovery rate (FDR) correction was used as criteria for significance.

2.4. Calculating brain connectivity measures restricted within networks

Network parcellation maps were created by applying the 7-network solution of Yeo et al.
(2011) in MNI152 2-mm space to the GM-only functional data. Five of these networks were
hypothesized to be networks of interest, and these were deployed to produce functional data
sets restricted to these networks of interest (dorsal attention network [dAN], DMN, FPN,
somatomotor network [SMN], and ventral attention network [VAN]).

Voxel-wise homogeneity was calculated with the following equation derived from Uddin et
al. (2008)

NeHo, = Z" Mwherei #j

i=1  n—1

The time series (TS) of each voxel in the network served as a seed and the Pearson’s
correlation was computed with every other voxel TS in the network. For every voxel i, we
calculated the mean of all the correlations for voxels j through n 1, where n is the total
number of voxels in the network. The resulting voxel-wise NeHoi is assigned to voxel i’s
position in a new statistical map. To calculate the summary NeHo measure for each network,
the voxel-wise homogeneity measurements were summed to create a single weighted value
of network homogeneity for each subject at each timepoint. To get a complete picture of the
network, we did not threshold by the magnitude of correlation nor exclude anti-correlations.
To facilitate direct comparison between the networks of interest, NeHo was divided by the
total number of voxels in the network.

2.5. Statistical modeling

A linear mixed effects model using R software (RStudio, v1.3.959) was used to assess
differences in NeHo between groups across the networks of interest. Each subject
contributed one value for each network. For the cross-sectional analysis, the last scan
collected up to the 18-month timepoint was used for each subject. Differences between
groups and networks were tested, along with the relationship to subject age. We did not
include sex as a covariate because sex was highly collinear with presymptomatic C9+ status.
Scanner type was included as a nuisance covariate. We conducted an additional linear mixed
effects model with all scans collected up to the 18-month timepoint for the 5 networks of
interest to investigate longitudinal changes in NeHo over the course of the study.

To determine whether particular regions within each network of interest contributed to

the group differences seen in NeHo, an additional set of analyses on the voxel-wise
homogeneity statistical maps were carried out in AFNI, using the same cross-sectional
cohort, with age and scanner type as covariates. Additionally, to assess longitudinal changes,
a linear mixed effects analysis (Chen et al., 2013) of these maps was carried out on all

scans up to the 18-month visit where age, months since baseline scan, and the 2- and

3-way interactions with subject group were parameterized, with scanner type as a nuisance
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covariate. To reveal any significant regions, we first applied a whole-brain voxel-wise
threshold of p < 0.001 uncorrected to the resulting outputs for the parameters of interest:
subject condition, and the interactions among condition, age, and time. AFNI’s 3dClustSim
was then used to estimate the required number (k voxels, NN 1/4 1) of proximate significant
voxels to reach an FWE-corrected significance threshold of p < 0.05.

3. RESULTS

3.1. Cross-sectional comparisons between groups at last timepoint

3.1.1. Group differences in NeHo—The scans obtained at the last timepoint for each
subject were used to compare mean network homogeneity (NeHo) between groups for the 5
networks. There was a significant difference in the NeHo between groups (F 1/4 9.99, p <
0.001). A Tukey’s post hoc test comparing each of the 3 cohorts by network showed a linear
trend with greatest homogeneity in healthy controls and least homogeneity in symptomatic
C9+ subjects in 4 networks: dAN, DMN, SMN, and vAN (Fig. 1). There were no significant
differences between any groups in FPN.

3.1.2. Voxel-wise comparisons between controls and C9+ carrier groups—
Symptomatic C9+ carriers had localized regions with reduced homogeneity within several
networks compared to healthy controls (p < 0.05, FWE-corrected; Fig. 2, red regions). The
SMN had the most regions with reduced homogeneity, that is, greatest percentage of voxels
with significant reductions in voxel-wise homogeneity, followed by the DMN. Regions
with reduced connectivity in the dAN, FPN, and VAN were much smaller (Table 2). In
presymptomatic C9+ carriers, only small localized regions within the SMN, DMN, and dAN
had reduced homogeneity compared to healthy controls. These consisted of substantially
fewer voxels than in the symptomatic C9+ carriers (Table 2). These regions included the
right precentral and right medial frontal cortex in the SMN, the left superior parietal region
in the DMN, and the right middle temporal region in the dAN. These reduced regions
overlapped (Fig. 2, yellow color) or were in close proximity (Fig. 2, blue regions) to the
regions affected in symptomatic C9+ carriers. There were no regions in the FPN and VAN
with significant reductions in pre- symptomatic C9+ carriers. Neither C9+ carrier group had
regions with increased homogeneity in any network compared to healthy controls.

3.2. Longitudinal analyses

3.2.1. Age-related longitudinal changes in NeHo in all groups—Age-related
longitudinal changes in NeHo differed among the 3 diagnostic groups (F 1/4 2.45, p

1/4 0.013). Presymptomatic C9+ carriers had significantly less age-related reduction in
NeHo compared to healthy controls and symptomatic subjects in SMN and dAN (p <

0.05; Fig. 3A). In these networks the NeHo was stable or slightly increased with age in
presymptomatic C9+ carriers. Increased NeHo with age also approached significance in the
FPN (p 1/4 0.064; Fig. 3A).

3.2.2. Longitudinal changes in voxel-wise homogeneity in presymptomatic

C9+ carriers—In the 15 presymptomatic carriers, several regions in the SMN had
increasing homogeneity over time, including in the left and right precentral and postcentral
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gyri, right insula, left superior temporal gyrus, and the cingulate, spreading left and right
from midline (Fig. 4A). This increase was time, but not age, dependent. These regions were
adjacent to, but rarely overlapping, areas found to have reduced connectivity in symptomatic
carriers at the final timepoint in the cross-sectional comparison (Fig. 4B). The longitudinally
increasing homogeneity in these regions of SMN was largely derived from a reduction in the
number of anti-correlated voxels, coupled with stronger correlations of positively correlated
voxels to the network as a whole (Table 3).

3.2.3. Age-related changes in voxel-wise homogeneity in presymptomatic
C9+ carriers—Regions within 4 of the networks exhibited a different age- related
trajectory of homogeneity changes in presymptomatic C9+ carriers compared to healthy
controls (Fig. 3B). In 4 regions in the SMN, dAN, DMN, and FPN, the mean homogeneity
increased with age in presymptomatic C9+ carriers but declined with age in healthy controls.
One small region in the FPN (Fig. 3B, FPN2) exhibited the opposite trend, increasing with
age in healthy controls and declining in presymptomatic C9+ carriers. Only one region
showed a significant interaction between age and time. In the left posterior cingulate the rate
of the increase in mean homogeneity in the DMN increased with age (Fig. 5).

3.2.4. Longitudinal changes in white matter in presymptomatic C9+ carriers
—Presymptomatic C9+ carriers showed no WM areas with significantly different diffusion
indices from healthy controls when comparing their first and last scans. However, the
presymptomatic C9+ carriers had 2 small WM regions, one near the genu of the internal
capsule and the other in the callosum, with increased axial diffusivity between their first and
last scans (Fig. 6).

3.2.5. Cortical thickness and volumes—There were no significant differences in
measures of cortical volumes or thickness between presymptomatic C9+ carriers and healthy
controls. Rates of thinning (symmetrized percent change) of different cortical regions did not
differ from controls in longitudinal scans. There was no significant interaction between age
and C9+ carrier status in presymptomatic carriers.

4. DISCUSSION

FC of several cortical networks was reduced in patients with ALS and/or FTD caused by
the C9orf72 expansion mutation. Loss of intra-network homogeneity resulted from regions
within networks whose activity was less correlated to the rest of the network. The SMN and
DMN networks were particularly affected in these symptomatic C9+ carriers. However, as
the symptomatic carriers aged, the rate of decline in network homogeneity mostly paralleled
the normal aging trajectory. In contrast, presymptomatic C9+ carriers presented a different
pattern of abnormal homogeneity compared to healthy controls. In the presymptomatic C9+
carrier group, network homogeneity was less than in controls, but the SMN, dAN, and FPN
did not follow the trajectory of decline seen with normal aging. Younger presymptomatic
C9+ carriers had lower homogeneity than older presymptomatic C9+ carriers in the SMN
and dAN, with increasing homogeneity in subregions of these networks and the DMN

over the 18-month follow-up. This suggests that the neurodegenerative processes captured
by functional alterations in C9+ subjects are not simply the straightforward product of
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accelerated aging. Although age is predictive of symptom onset (Murphy et al., 2017) these
divergent trajectories support the proposal that networks begin to lose FC at the onset,

or shortly before, emergence of clinical symptoms, rather than exhibiting a gradual, but
accelerated, decline with age.

Our longitudinal findings highlight the complex dynamics of network connectivity
throughout disease progression. Prior fMRI studies in patients with ALS have reported both
increases and decreases in FC, particularly in motor cortex networks (Agosta et al., 2013;
Douaud et al., 2011; Jelsone-Swain et al., 2010; Loewe et al., 2017; Menke et al., 2016,
2018; Mohammadi et al., 2011; Stanton et al., 2007). Although methodological differences
in analysis can account for some differences in findings, this mixed picture could very well
reflect differences in the stage of disease progression (Agosta et al., 2011; Menke et al.,
2018). In presymptomatic C9+ carriers we found that small regions within the SMN, which
were adjacent to those areas with decreased FC in symptomatic C9+ carriers, developed
increasing FC over time. These regions with increased intra-network connectivity may be

a prodrome to detectable neurodegeneration. This interpretation would be consistent with
work by Agosta et al. (2017) who proposed that increasing FC may be among the earliest
detectable abnormalities as disease progresses, followed by declining connectivity when
structural damage exceeds a certain threshold. Alternatively, increased FC could reflect a
transient compensation, recruiting regions distant from areas with subtle structural damage.
Notably, despite close proximity, there was relatively little overlap between the affected
regions in symptomatic patients and the areas that saw increases in presymptomatic C9+
carriers. In our study, the enhanced FC in the SMN of presymptomatic C9+ carriers resulted
from recruitment of small previously unconnected or less connected regions, including
anti-correlated regions, causing the network as a whole to be more homogeneous and less
differentiated. A similar result has been found in sporadic ALS patients, where short-range
FC in the motor network was reduced while longer range connections, including to motor
regions beyond the precentral gyrus were enhanced (Konrad et al., 2002; Li et al., 2018;
Sorrentino et al., 2018). This pattern of subtle, but not age- dependent, decline in the
homogeneity of the network may depend on the recruitment of these proximate regions,
serving to preserve network function against incipient damage. Such changes could allow
network efficiency to be maintained despite declining functional connections until reaching
a threshold that coincides with symptom onset, as proposed for presymptomatic carriers of
FTD genes (Rittman et al., 2019).

We previously reported that posterior parietal and cingulate cortex regions had reduced

FC in several seed-based networks in symptomatic C9+ carriers, including the motor and
salience network (Shoukry et al., 2020). This study found that the posterior cingulate cortex
had faster increases in connectivity in the DMN with age in presymptomatic C9+ carriers, in
contrast to declining FC in controls. Older presymptomatic C9+ carriers developed marked
increases in connectivity compared to younger subjects, even over the relatively short time
period of the study. Tedeschi et al. (2012) similarly noted that FC increased with age in

the posterior cingulate in the DMN in ALS patients, and declined with age in controls.

The posterior cingulate may be a particularly key region in compensating for encroaching
cognitive dysfunction. Structurally, it has reciprocal connections with temporal and frontal
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cortices, and is postulated to play a role in regulating the focus of attention (Leech and
Sharp, 2014).

Subtle abnormalities in brain structure, cognition, and psychiatric changes have been
detected in large cohorts of familial carriers of FTD genes years or even decades prior

to the age of predicted onset (Bertrand et al., 2018; Caverzasi et al., 2019; Devenney et

al., 2018; Lee et al., 2017; Papma et al., 2017; Rohrer et al., 2015). The C9orf72 mutation
has been postulated to affect neurodevelopment in addition to causing neurodegeneration
(Caverzasi et al., 2019; Lulé et al., 2020). However, no significant atrophy was seen in the
presymptomatic C9+ carriers in this study. Small regions of WM changes may represent
early degeneration, but their location did not explain changes in intra-network homogeneity.
The small size of our cohort of presymptomatic C9+ carriers limited our ability to detect
subtle structural and cognitive differences. We did not estimate the predicted age of onset

in presymptomatic C9+ carriers because we did not study affected family members nor
compare presymptomatic carriers to familial controls. Of note, however, the mean age of
the presymptomatic C9+ group was a decade younger than the symptomatic C9+ group and
none converted over the course of the study. There was likely considerable heterogeneity in
the number of years until symptom onset for these carriers, which, combined with the small
sample and potentially slower disease course in women, predominant in our presymptomatic
cohort, may have limited our ability to detect subtle structural differences (Rooney et al.,
2017; Trojsi et al., 2019). None of the presymptomatic C9+ carriers developed symptoms
during the relatively short followup time, preventing direct visualization of FC changes

at the time of symptom onset. From the short-term and age-related changes in the dAN,
DMN, FPN, and SMN in the presymptomatic period, we could only infer the transition

to the pattern of symptomatic C9+ carriers. Our findings in symptomatic C9+ carriers
differ from a previous cross-sectional study that found no differences in FC of C9+ ALS
patients compared to controls (Agosta et al., 2017). The method used here, examining
changes within anatomically restricted networks, differs from the whole-brain independent
components analysis method used in that study. As an additional limitation, we did not have
access to a group of sporadic ALS patients for comparison.

Symptom-free genetic mutation carriers have the potential to contribute substantial insights
into the neurodegenerative disease process, especially in rapidly progressing diseases such
as ALS (Benatar et al., 2013). Benatar et al. (2019) proposed a model for symptom
development in ALS that posits a premanifest stage of disease development, in which
subjects remain symptom-free even as alterations in biomarkers become detectable.
Identifying periods of transition in presymptomatic genetic carriers may yield new insights
into the mechanisms of disease development and the scope for intervention.

5. CONCLUSION

We found that neurodegeneration is more than a simple acceleration of the healthy
aging processes in functional networks in carriers of the C9orf72 expansion mutation.
During the presymptomatic period, as the carrier aged, functional activity of small
regions within networks became more similar to the rest of the network, in contrast to
the decline in network homogeneity in normal aging. These small regions, particularly
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in the SMN, were seen adjacent to regions of the network where symptomatic C9+
carriers had decreased intra-network connectivity. The decline in network homogeneity
in symptomatic C9+ carriers paralleled the decline in normal aging. We interpret the
increased network homogeneity in presymptomatic C9+ carriers as a transient finding,
prior to structural damage and loss of FC. Confirming this interpretation will require
following presymptomatic carriers who subsequently become symptomatic to determine
whether abrupt changes in functional connectivity occur with phenoconversion.
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Figure 1.

Mean network homogeneity (NeHo) measures for five networks in healthy controls
(black), presymptomatic C9+ carriers (blue), and symptomatic C9+ carriers (red), in a
cross-sectional comparison using the last scan obtained from each person. NeHo is defined
as the average correlation of all voxels within the network divided by the number of
voxels in the network, using networks defined by Yeo et al (2011). NeHo was highest in
healthy controls, followed by presymptomatic C9+ carriers, and symptomatic C9+ carriers.
Asterisks indicate a significant linear relationship between diagnostic group and networks
by Tukey’s post-hoc test (* p < 0.05, ** p < 0.01). dAN = dorsal attention network; DMN
= default mode network; SMN = somatomotor network; VAN = ventral attention network;
FPN = frontoparietal network. Bars show group means and SD.
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Figure 2.
Regions with reduced voxel-wise homogeneity in somatomotor (SMN), default mode

(DMN) and dorsal attention (dAN) networks in C9+ carriers in a cross-sectional comparison
using the last scan obtained from each person (p < 0.05 FWE corrected). Red = symptomatic
C9+ carriers; blue = presymptomatic C9+ carriers; areas of overlap are shown in yellow. The
extent of each network is shown in magenta shading. Left hemisphere is shown on the left in
axial and coronal slices. Side of hemisphere is indicated for sagittal slices, L, left; R, right.
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Figure 3.
Age-related changes in network homogeneity. A) Mean longitudinal trajectories of NeHo

with age. Symptomatic C9+ carriers had reduced global homogeneity at all ages that
continued to decline with age. Presymptomatic C9+ carriers diverged significantly from
healthy controls in the somatomotor (SMN) and frontoparietal (FPN) networks. Black lines
= healthy controls; red lines = symptomatic C9+ carriers; blue lines = presymptomatic

CO9+ carriers. Gray shading indicates 95% confidence interval, asterisks indicate networks
with significant difference between groups (p < 0.05). B) Regions in networks in which

the trajectory of changes in network homogeneity with age differed significantly between
presymptomatic C9+ carriers (blue lines) and controls (black lines). Each graph shown
with corresponding region in red to right (p < 0.05 FWE corrected). The top 4 graphs
illustrate regions where presymptomatic carriers exhibited increasing homogeneity with age
whereas controls declined. The bottom graph shows a region in the FPN (labeled FPN2)

in which presymptomatic carriers had declining homogeneity but controls had increasing
homogeneity. The extent of each network is shown in magenta. DMN = default mode
network; dAN = dorsal attention network
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Figure 4.
Longitudinal increases in voxel-wise network homogeneity in the SMN in presymptomatic

subjects. A) Regions with increasing network homogeneity (p < 0.05 FWE corrected). The
color bar indicates the magnitude of the change in connectivity (r), with lighter colors
indicating lesser change, and red indicating greater change. B) The same regions with
increased network homogeneity as seen in panel A are shown here in blue to illustrate
location of increased homogeneity in presymptomatic C9+ carriers relative to areas of
decreased homogeneity in symptomatic C9+ carriers (red) at the time of their last scan, as in
Figure 2. Yellow regions are areas of overlap.
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Figure 5.
Within the default mode network, the posterior cingulate (A, red region, p < 0.05 FWE

corrected) exhibited a faster increase in homogeneity with age in presymptomatic C9+
carriers (B). Blue = presymptomatic carriers, black = controls. Gray shading indicates 95%
confidence interval.
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Figure 6.
Regions of white matter exhibiting reduced axial diffusivity in presymptomatic C9+ carriers

between their first and final scan (p< 0.05 FWE corrected). The significant areas were
thickened using the TBSS fill tool for better visualization.
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Table 1.
Demographics of participants
Healthy Co+ Co+
Controls Symptomatic” Presymptomatic
carriers carriers

Age 51.4+9.3 57.1+9.8 434 +9.74
% Male 53% 63% 20%
Symptom Duration (mos) 36.6 +25.1
ALSFRS-R 48 359+73 479+04
Letter Fluency (words/letter) Baseline 14.3+ 3.6 (n=22) 74+41 *(n:26) 12.7+43
6-month follow-up - - 146+43
18-month follow-up (N=12) - - 151+34
Cross-sectional N 34 27 15

Interval (N with 2 scans)

4,85+ 2.79 (N=21)

5.87 +0.74 (N =17)

571+ 1.17 (N=14)

Interval (N with 3 scans)

18.31 +2.11 (N=21)

17.94 +0.92 (N=8)

18.25 + 1.17 (N=13)

aC9+ presymptomatic < HC and C9+ symptomatic, ANOVA p<0.05 corrected

*
17 ALS/6 ALS-FTD/4 Dementia
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Regions with reduced intra-network homogeneity in C9+ carriers compared to healthy controls.

% voxels/network

with reduced
homogeneity

. * . .
Location of areas with reduced voxel-wise

homogeneity

Network | Symptomatic | Presymptomatic Symptomatic Presymptomatic
SMN 11.75 0.3 Iﬁgl;iachﬁfg;’trShLél?nZngggntral, L/R Medial Frontal, L/R R Precentral, R Medial Frontal
DMN 954 0.09 IS_L/,IT),PFT(;::;;?US’ L/R Angular, L/R Middle Temporal, L/R L Superior Parietal
dAN 7.25 0.11 Eﬁiigfr:‘y‘”l_eﬁi dZEOSth?{S'f R Middle Temporal, R R Middle Temporal
VAN 364 0 E Eragggg?rglal, R Cingulate, R Inferior Parietal, R Insula, }
FPN 1.71 0 L/R Mid. Frontal, R Superior Parietal, L Inferior Parietal -

*
Atlas of Desikan et al 2006; voxel-wise measures of intra-network homogeneity; L left, R right; L/R bilateral; networks of interest (SMN =
sensorimotor, DMN = default mode; dAN = dorsal attention network, VAN ventral attention network, FPN frontoparietal network.
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Longitudinal change in direction of correlation of voxels with significant changes in homogeneity in the
somatomotor network of presymptomatic C9orf72 mutation carriers

Table 3.

Anticorrelated

Correlated

Less than -0.1

0to-0.1

0to 0.1 | Morethan0.1

Change in mean value of functional connectivity (%)

Session 1 vs. 2 0.68 0.46 0.74 5.07
Session 1vs. 3 -3.49 1.02 2.17 13.34
Number of connections to total connections (%)
Session 1 17 15 18 50
Session 2 16 13 17 54
Session 3 13 11 15 61
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