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Abstract

INTRODUCTION: Effective longitudinal biomarkers that track disease progression are
needed to characterize the presymptomatic phase of genetic frontotemporal demen-
tia (FTD). We investigate the utility of cerebral perfusion as one such biomarker in
presymptomatic FTD mutation carriers.

METHODS: We investigated longitudinal profiles of cerebral perfusion using arte-
rial spin labeling magnetic resonance imaging in 42 C%orf72, 70 GRN, and 31 MAPT
presymptomatic carriers and 158 non-carrier controls. Linear mixed effects models
assessed perfusion up to 5 years after baseline assessment.

RESULTS: Perfusion decline was evident in all three presymptomatic groups in global
gray matter. Each group also featured its own regional pattern of hypoperfusion over
time, with the left thalamus common to all groups. Frontal lobe regions featured lower
perfusion in those who symptomatically converted versus asymptomatic carriers past
their expected age of disease onset.

DISCUSSION: Cerebral perfusion is a potential biomarker for assessing genetic FTD

and its genetic subgroups prior to symptom onset.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | BACKGROUND

Frontotemporal dementia (FTD) comprises a group of clinically and
pathologically heterogeneous neurodegenerative disorders featuring
regional neuron loss primarily in the frontal and temporal cerebral
lobes.! It presents a significant burden on society and is a common
cause of young onset dementia with an estimated prevalence being
between 15 and 22 cases per 100,000 individuals, approaching that of
Alzheimer’s disease (AD) in this age group.? There is a strong genetic
basis, with up to 20% of all cases stemming from autosomal dominant
inheritance in three genes: hexanucleotide repeat expansions in chro-
mosome 9 open reading frame 72 (C9orf72), as well as mutations in
progranulin (GRN) and microtubule-associated protein tau (MAPT),34
with relative prevalence in that order.®

While there are currently no approved disease-modifying therapies
for genetic FTD, several promising drug candidates are being evaluated
in clinical trials.®” Such therapeutics would best be applied at prodro-
mal stages of the disease when irrecoverable neuronal damage has
not yet taken place. However, clinical trial design benefits from knowl-
edge of the natural history of disease progression and heterogeneity,
which highlights the importance of effective biomarker development
to address these challenges. As evidenced in studies focusing on famil-
ial AD and Huntington’s disease, there are crucial characteristics that
effective biomarkers should possess.? They should be acquired with
relative ease for sustainable longitudinal assessment, reliably change
at the presymptomatic stage in a manner that delineates not only
individuals at risk of the disease versus those not at risk, but also dis-
ease variants. Furthermore, they should identify differences between
individuals at risk who eventually develop symptoms versus those
who remain asymptomatic, as this would be of particular interest to
therapeutics that aim to impede disease progression.

Given the high penetrance of genetic FTD mutations, presymp-
tomatic individuals are a particularly important population for inves-

tigating the early signatures of FTD progression and for the identifi-
cation of disease-monitoring biomarkers.>19 A variety of studies have
provided robust neuroimaging findings on presymptomatic genetic
FTD in terms of structural and functional brain changes.!1"22 Assess-
ment of these and other such studies also suggests that functional
measures, such as neuronal connectivity, precede structural changes
such as atrophy.”> There is a need to advance the body of evidence,
notably: extending beyond cross-sectional design to study disease
change over time, incorporating all three major mutation variants of
genetic FTD, increasing sample size, using non-invasive imaging tech-
niques that avoid ionizing radiation, and placing a greater focus on
presymptomatic carriers as opposed to pooling presymptomatic and
symptomatic carriers in comparisons.

We extend upon these previous observations by conducting the
largest longitudinal analysis of cerebral perfusion across all three
genetic FTD subgroups in presymptomatic individuals at risk for
genetic FTD using arterial spin labeling (ASL) magnetic resonance
imaging (MRI). ASL is a non-invasive imaging modality in which an
individual’s blood is magnetically labeled, thereby acting as an endoge-
nous tracer to measure cerebral perfusion, which in turn is assumed
to be tightly coupled to brain metabolism.2® This study also highlights
the image processing and quality-control steps necessary for robust
cerebral perfusion quantification across multiple study sites and MRI
scanners while accounting for partial volume effects stemming from
gray matter atrophy.2* We have previously demonstrated that regional
perfusion delineates presymptomatic FTD carriers from non-carrier
controls in a cross-sectional study of all three groups in genetic FTD
using ASL.13

This study investigates regional and global cerebral perfusion
changes over time in presymptomatic FTD mutation carriers stratified
according to genetic subgroup. We hypothesized that cerebral perfu-
sion would decline over time to a greater extent in one or more of the

presymptomatic genetic subgroups relative to non-carrier controls.
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Furthermore, the degree of this perfusion decline will differ among
brain regions when comparing presymptomatic carrier groups. Finally,
perfusion relative to baseline will have declined to a greater extent in
presymptomatic carriers who eventually converted into symptomatic
FTD versus unaffected carriers who surpassed the time at which they

were expected to exhibit symptoms.

2 | METHODS
2.1 | Participants

Data were drawn from the fifth data freeze of the Genetic Frontotem-
poral Dementia Initiative (GENFI) database, with images acquired from
23 sites across Canada, the United Kingdom, Italy, the Netherlands,
Sweden, and Portugal between January 30, 2012, and May 31, 2019.
Participants were presymptomatic individuals at baseline who were
carriers of a genetic mutation in one of the C%orf72, GRN, or MAPT
genes, but who had no clinical symptoms of FTD present, as assessed
by a trained clinician. Further details regarding the inclusion criteria
are listed elsewhere.?? Non-carrier controls were first-degree rela-
tives of the presymptomatic carriers and who were confirmed to not
carry mutations in C9orf72, GRN, or MAPT. Individuals who converted
into symptomatic FTD during the study were included in a post hoc,
secondary analysis after the primary study was complete (see details
below).

2.2 | Ethics and patient consent

Ethical review boards from all sites approved the study protocol and
all participating individuals provided written and informed consent in

agreement with the Declaration of Helsinki.

2.3 | Genotype testing

Verification of C9orf72, GRN, or MAPT mutation being present/absent
was done using a standardized protocol at each site. Mutations were
detected either by DNA sequencing or allele-specific polymerase
chain reaction (PCR)-based evaluation of GRN or MAPT. C%orf72 hex-
anucleotide repeat expansions were evaluated using a previously
described two-step genotyping procedure.?> Genetic guardians at
each site uploaded the mutation results directly to the centralized
database. All research personnel and clinicians performing clinical and
cognitive/behavioral evaluations, as well as the physical exam, were
blinded to mutation status.

2.4 | MRI image acquisition
T1-weighted and ASL sequences were collected at the respective

sites and image processing steps were taken to enable multi-site
analysis.2® Image processing accounted for five main ASL acquisition

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

RESEARCH IN CONTEXT

1. Systematic review: The authors reviewed the literature
using PubMed. Cerebral perfusion has shown promise
in characterizing genetic frontotemporal dementia (FTD).
However, most of the prior literature is cross-sectional
and/or limited to one or two subsets of the major genetic
groups (C%orf72, GRN, and MAPT).

2. Interpretation: Our study provides evidence that cere-
bral perfusion may be an early biomarker for assessing
at-risk genetic FTD. Decreases in cerebral perfusion
delineate not only all major FTD genetic groups from
controls, but also between-group differences as well.
Cerebral perfusion decreases also distinguish converter
individuals from older non-converters.

3. Future directions: Measures of cerebral perfusion in
early stages of FTD may improve prediction of symptom
onset in those genetically at risk. Incorporating cere-
bral perfusion alongside other imaging measures, such
as white matter tract integrity and gray matter atrophy,
may significantly improve our understanding of disease
mechanisms and can be incorporated into clinical trial

design.

variants: pseudo-continuous ASL (PCASL) 2D gradient-echo echo-
planar imaging (EPI) on 3T Philips Achieva scanners with and without
accompanying proton-density (MO) scans; and pulsed ASL (PASL) 3D
gradient- and spin-echo (GRaSE) on 3T Siemens Trio Tim or Prisma
Fit machines with or without an accompanying MO scan, and a PCASL
3D fast-spin-echo stack-of-spirals on 3T General Electric MR750 scan-
ners with an MO scan. Detailed ASL parameters are provided in the
supporting information (Table S1).

2.5 | ASL image processing

As in our previous cross-sectional study,’® we used ExploreASL soft-
ware (version 1.10.0),%® which is based on the Statistical Parametric
Mapping 12 (SPM12) MATLAB package to process ASL scans from
the various sites, vendors, and sequences. Briefly, T1-weighted struc-
tural images were segmented into gray and white matter tissue partial
volume maps and spatially normalized to a population template in
Montreal Neurological Institute 152 standard space using geodesic
shooting.?” Structural volumes of whole brain gray matter tissues were
collected at this time using SPM12 for ancillary structural MRI anal-
ysis. Transformation matrices were saved for subsequent application
in bringing cerebral perfusion images into a common space for parcel-
lation. ASL time series were corrected for motion outliers using rigid-
body transformation coupled with the Enhancement of Automated
Blood Flow Estimates (ENABLE) outlier exclusion algorithm,2® fol-

lowed by pairwise subtraction to produce perfusion-weighted images
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(PWI1). If MO images were not acquired at scan time, substitute MO
images were constructed using the mean of the non-labeled ASL scans
without background suppression. MO volumes were smoothed with a
16 mm full-width half-maximum (FWHM) Gaussian kernel to create
a bias field that avoided division artifacts during perfusion quantifi-
cation and canceled out acquisition-specific B1-field inhomogeneities.
Cerebral perfusion quantification itself followed a single-compartment
model approach and recommendations outlined in the ASL consensus

paper.2?

2.6 | Quality control and corrections

For cerebral perfusion image quality control, we used the same steps
as previously described.’® Scans were independently and visually
assessed by two authors (M.P,, N.L.) with more than 3 years of expe-
rience handling ASL data. Scans which featured significant image
acquisition or processing issues were discarded such as those with
poor signal-to-noise, uneven labeling, arterial transit time artifacts,
severe motion, distortions from improper coregistration, artifacts, and
clipping (see examples in Figure S1 in supporting information). An
intraclass correlation score of 0.83 was reached, which is considered
“good.”®? Remaining inconsistencies were resolved by consensus. In
total, 40 participants were excluded during this process. To account for
arterial transit time artifacts not immediately evident by visual inspec-
tion, images were also assessed quantitatively by their gray matter
spatial coefficient of variation,3! and excluded if this measure exceeded
0.8. This did not result in any further loss of participant scans.

To adjust for the effects of scans acquired at different sites, as well
as differences arising from changes or upgrades to scanner models
and software versions between time points within those sites, we per-
formed a group-based voxel-wise bias field correction approach. Scans
were placed into groupings according to their site, scanner model,
and major software version. Groups that contained fewer than four
scans were excluded, resulting in the removal of one participant. Scans
acquired during visits in which a participant was confirmed by a trained
clinician to convert into clinical FTD presentation (n = 3) were with-
held from contributing to the generation of group-specific bias fields,
as it is advised to estimate bias fields on the basis of individuals with-
out potentially significant pathophysiological alterations.32 For each
grouping, a mean perfusion image was calculated and smoothed with
a 6.4 mm FWHM Gaussian kernel. A grand mean perfusion image
for the entire population was then calculated from these individual
group means. This grand-mean image was then rescaled such that the
mean gray matter perfusion would be a physiologically reasonable
60 mL/min/100 g value,®® which involved rescaling by a factor of 1.14.
Bias fields for each grouping were then calculated by dividing its mean
perfusion image by the rescaled grand-mean image. Finally, individual
cerebral perfusion images were rescaled by being multiplied against
their grouping’s bias field image.®

To account for the effect of gray matter atrophy, which has been
previously demonstrated to be detectable in presymptomatic FTD
carriers,? rescaled perfusion images were corrected for partial vol-

ume effects (PVE) using a voxel-wise local linear regression within a 3D

Gaussian kernel based on probability tissue maps.3* For a secondary
analysis (see below), converter scans which were initially withheld
from bias field image generation were also rescaled by the appropri-
ate group-based bias field that they would have otherwise belonged to,
followed by PVE correction.

PVE-corrected images were parcellated using Automated Anatom-
ical Labeling Atlas version 2 (AAL2) within voxels that had a gray
matter partial volume > 50%.3> Mean perfusion values from parcel-
lated regions were extracted for statistical analysis. Regions which
were not covered in all ASL scans, such as the cerebellum, or those with
fewer than 100 voxels of positive signal, were excluded from statistical

analysis.

2.7 | Demographic, clinical, and behavioral data
analysis

Participants underwent a standardized clinical assessment at each
visit. Within this study, we report the Clinical Dementia Rating plus
National Alzheimer’s Coordinating Center Behavior and Language
Domains Rating Scale Frontotemporal Lobar Degeneration (CDR plus
NACC FTLD), the FTD Rating Scale score, the revised Cambridge
Behavioral Inventory score, and the Mini-Mental State Examination
(MMSE) score. These measures were statistically assessed between
non-carrier controls and the three presymptomatic mutation car-
rier groups. To account for the effects of cardiovascular risk factors
or other neurological/medical diseases on cerebral perfusion, clinical
assessment also recorded the absence, recent occurrence, or remote
occurrence of seizures, stroke, traumatic brain injury, hypertension,
hypercholesterolemia, diabetes mellitus, smoking, excessive alcohol
consumption, recreational drug use, and autoimmune disease. These
data are presented in Table S2 in supporting information, and statisti-
cal comparisons were made across groups at baseline to ensure that
they were balanced in terms of these potential perfusion-altering risk
factors/diseases. To determine the impact of participant exclusion dur-
ing the quality control and bias field correction steps, demographic and
clinical variables were also compared between excluded participants
and the retained participants.

Categorical variables were assessed either by Pearson chi square
test or Fisher exact test depending on whether any given frequency
was lower than a count of five. Continuous variables across groups
were assessed with a type Il analysis of variance and followed up with
Tukey post hoc tests if the omnibus P value result was below an alpha
of 0.05.

2.8 | Primary linear mixed effects analysis

A total of 158 non-carrier controls, 42 C%orf72, 70 GRN, and 31
MAPT presymptomatic carriers had useable scans for at least two
time points (Table S3 in supporting information). For the primary
analysis involving regional cerebral perfusion comparison between
non-carrier controls and the three presymptomatic genetic subgroups,
we used mixed effects linear models according to the following R-style
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formula:

Perfusion ~  Group + Time + Group : Time + Agepgseline + Sex

+CBFpgseline + (1| SubjectID)

Perfusion is the cerebral perfusion at any given time point in a par-
ticular region of interest (ROI) from the AAL2 atlas or of the whole
brain gray matter at a probability of at least 50%. Group is a factor vari-
able with the following levels: non-carrier controls, presymptomatic
C9orf72 carriers, presymptomatic GRN carriers, or presymptomatic
MAPT carriers. Time refers to the exact time from baseline scan mea-
surement, reported in units of years (8). The interaction between these
two effects is denoted above as Group:Time. Contrasts were encoded
such that the control non-carrier group served as the reference
group. Interaction coefficients are therefore reported as comparing a
given presymptomatic genetic subgroup versus the control non-carrier
group and are reported as f3;,; for a given group. To avoid collinearity
issues with time from baseline, age at baseline was used as opposed to
age at scan date as a covariate. Other covariates included biological sex
and the perfusion measured at baseline for the same ROI. A random
intercept clustered over participants was included due to the longi-
tudinal nature of the study with repeat image acquisition and familial
relatedness of the participants.

The above model was arrived at using a model-building approach
from a more parsimonious model that did not include baseline per-
fusion as a covariate. Additional models that were initially tested
included permitting a random slope across time for each participant,
nesting participants within family membership, or a combination of
the model alterations. However, these more complex models failed
to properly converge regardless of optimization algorithm or other-
wise failed to perform better based on Akaike information criterion,
Bayesian information criterion, and a log-likelihood ratio test (Table S4
in supporting information) for model comparisons.

After confirmation of a significant result from the omnibus test
mixed effects model, a post hoc analysis was conducted on the model
to assess the profile of differences in whole brain gray matter perfusion
between each presymptomatic genetic subgroup and non-carrier con-
trols. This was achieved by estimating the marginal means at baseline
assessment and 1-year intervals after, with contrasts selecting for the
effect of perfusion difference between a given presymptomatic group
versus non-carrier controls.

Linear mixed effects analyses were also conducted on structural

MRI volumetric data using the following model:

Volume ~ Group + Time + Group : Time + Agepgseline + Sex

+T1Vpaseline + (1| SubjectID)

where volume refers to global gray matter volumes extracted dur-
ing image processing. TIVpaseline refers to the total intracranial volume
recorded during the baseline scan visit. All other terms and their
meanings are akin to the previously described cerebral perfusion
model.

THE JOURNAL OF THE ALZHEIMER'S ASSOCIATION

Statistical analyses were carried out in R version 4.2.2 (R Foun-
dation for Statistical Computing) and mixed effects models used the
Ime4 package for model fitting, the afex package for model conver-
gence assessment, and the emmeans package for post hoc testing of the
whole-brain gray matter perfusion model.3¢-38 Resulting P values from

multiple testing were adjusted using Bonferroni correction.

2.9 | Secondary analysis comparing converters to
presymptomatic carriers beyond their expected age
of disease onset

During participant recruitment, all presymptomatic carriers had a cal-
culated years to expected disease onset (EYO), as covered in a previous
GENFI study.2° Briefly, the EYO for a given participant was defined as
the difference between the age at baseline assessment versus mean
age of disease onset within the family for that participant.

To better understand how cerebral perfusion may be related to
clinical conversion, we compared mutation carriers who remained
asymptomatic past their EYO (n = 22) versus mutation carriers who
converted into symptomatic FTD during their follow-up period (n = 19).
The definition of a converter within this study involved either a clin-
ician’s diagnosis and/or otherwise a change in CDR plus NACC FTLD
into a score of one or greater. All control non-carriers or presymp-
tomatic carriers who did not meet these criteria were excluded from
this secondary analysis. This secondary analysis did not possess enough
statistical power to stratify the converters across the three major
genetic subgroups.

To reduce the influence of converter scans having more acquisitions
at later time points, which may bias results in favor of demonstrating
converter hypoperfusion, analysis was restricted to time point follow-
up three, based on Fisher exact test confirming an equal proportion
of visits between the two converter and non-converter groups (Table
S5 in supporting information). This resulted in a removal of three con-
verter scans that took place at follow-up visit four but with no loss
of participants. An analysis of covariance was conducted to ascertain
whether the perfusion difference at the final available time point rela-
tive to baseline was statistically different between the two groups. The
change in perfusion between baseline and the last time point was the
dependent variable. Covariates included the participant’s age at base-
line and their sex. As genetic subgroups had to be pooled together to
achieve sufficient statistical power, this secondary analysis was only
carried out for ROls that passed Bonferroni correction in two or more
genetic subgroups within the primary analysis. Additionally, as this was
a post hoc analysis, correction across multiple tests was not conducted

and only uncorrected P values are reported.

3 | RESULTS
3.1 | Demographic, clinical, and behavioral data

For demographic variables (Table 1), there were no significant differ-
ences between healthy controls and the three genetic FTD subgroups
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TABLE 1 Demographic, structural imaging, and clinical characteristics (n = 301).
Group
GRN
Non-carrier controls, C9orf72 presymptomatic  presymptomatic MAPT presymptomatic

Characteristic n=158 carriers,n =42 carriers,n=70 carriers,n =31 Pvalue
Demographics
Age (years) 46.6 +13.0 41.7 +10.0 47.4+11.9 38.4+8.9 <0.001
Education (years) 147 £3.5 151+25 152435 148+ 3.1 0.70
Sex 0.71
Female 99 (63%) 30 (71%) 43(61%) 19 (61%)
Male 59 (37%) 12(29%) 27 (39%) 12 (39%)
Handedness 0.10
Left 8(5.1%) 2(4.8%) 10 (14%) 4(13%)
Right 149 (94%) 39(93%) 59 (84%) 27 (87%)
Other 1(0.6%) 1(2.4%) 1(1.4%) 0(0%)
Clinical measures
CDR plus NACC FTLD score 0(IQR 0-0) 0(IQR0-0) 0(IQR 0-0) 0(IQR 0-0) =

(categories™)
FTD rating scale (/100) 96.4+59 95.0+8.0 95.5+10.8 93.5+10.3 0.37
Cambridge Behavioral Inventory 4.7 + 6.1 64+7.9 3.8+6.7 74+110 0.08

(/180)
Mini-Mental State Examination 294+10 29.7+0.6 295+10 297+11 0.26

(/30)
Structural imaging
Gray matter (mm?3) 638+24 618+4.6 636+3.6 638+54 <0.001

Notes: For demographic and clinical measures, data are represented as either n (%), mean + standard deviation, or median. P values stem from type |1l analysis
of variance for continuous variables and y? or Fisher exact tests for categorical variables, depending on whether all cells were > 5 or not, respectively. For
structural measures, data are represented as group estimate + standard error based on estimated marginal means extracted from the longitudinal linear

mixed effects models. Bold emphasis has been placed on P values that are < 0.05.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; CDR, Clinical Dementia Rating; FTD, frontotemporal dementia; GRN, progranulin; IQR,
interquartile range; MAPT, microtubule-associated protein tau; NACC FTLD, National Alzheimer’s Coordinating Center Behavior and Language Domains

Rating Scale.

*Clinical Dementia Rating plus National Alzheimer’s Coordinating Center Behavior and Language Domains Rating Scale Frontotemporal Lobar Degnera-

tion categories: O (normal); 0.5 (very mild); 1 (mild); 2 (moderate); 3 (severe).

across education, proportions of sex, or proportions of handedness.
However, age was statistically different (F[3, 297] = 9.98; P < 0.001)
among the groups and post hoc analysis for age demonstrated that
presymptomatic MAPT mutation carriers were statistically younger
than the non-carrier control population as well as the GRN presymp-
tomatic carrier group. Clinical and behavioral measures (Table 1),
including the CDR plus NACC FTLD, the FTD Rating Scale, the Cam-
bridge Behavioral Inventory, and the MMSE were similar between
presymptomatic genetic subgroups and non-carrier controls. Likewise,
frequency analysis of cardiovascular risk factors and other neurologi-
cal/medical diseases that could potentially influence cerebral perfusion
(Table S2) found no differences between any participant groups at
baseline.

The comparison between excluded participants and retained par-
ticipants (Table Sé in supporting information) demonstrated that the
two populations were statistically comparable for demographic and

clinical measures, apart from sex frequencies being significantly dif-
ferent (¥2[1] = 8.02; P < 0.001), with an increased proportion of male

individuals featured in the excluded group.

3.2 | Global gray matter perfusion changes

Global gray matter longitudinal perfusion profiles (Figure 1) demon-
strated an overall decreasing trend in all participant groups as a
function of time from baseline (non-carriers = —0.76 + 0.24 mL/min/
100 g/year, P = 0.002; C%orf72 = —2.42 mL/min/100 g/year,
P < 0.001; GRN = —3.42 + 0.38 mL/min/100 g/year, P < 0.001;
MAPT = —1.89 mL/min/100 g/year, P = 0.003), in agreement with
the general observation that perfusion decreases with age.®? All
three presymptomatic genetic subgroups demonstrated a more
pronounced rate of perfusion decline relative to non-carrier
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CBF (mL / min / 100g)

Group

I:‘ Non-carrier Controls

\:‘ CY0rf72 Presymptomatic Carriers
I:‘ GRN Presymptomatic Carriers

D MAPT Presymptomatic Carriers

0 1 2 3

Time From Baseline (Years)

FIGURE 1 Mixed effects interaction plot of whole brain gray matter perfusion as a function of time from baseline assessment for non-carrier
controls (black) versus presymptomatic carriers of mutations C9orf72 (orange), GRN (green), and MAPT (cyan). Shaded areas represent 95%
confidence intervals. C9orf72, chromosome 9 open reading frame 72; CBF, cerebral blood flow; GRN, progranulin; MAPT, microtubule-associated

protein tau.

controls, albeit to varying degrees. The greatest rate of perfusion
decline relative to non-carrier controls was demonstrated by the
GRN group (Bjn = —2.4 + 0.5 mL/min/100 g/year; t[555] = —4.9;
P < 0.001), followed by C%rf72 (Bin; = —1.5 + 0.6 mL/min/100 g/year;
t[579] = -26; P = 0.009) and finally the MAPT group
(Bint = —1.1 £ 0.7 mL/min/100 g/year; t{542] = —1.4; P=0.15).

Post hoc analysis of the global perfusion model (Table 2) illus-
trated that lowered perfusion relative to non-carrier controls could
be identified as early as 1 year after baseline assessment in
both GRN (-2.22 + 0.65 mL/min/100 g; P = 0.002) and MAPT
(=2.69 +0.90 mL/min/100 g; P = 0.009) groups. Both groups also main-
tained significant lowered perfusion as late as 6 years post-baseline
assessment. The C%orf72 group also demonstrated significantly low-
ered global gray matter perfusion relative to controls by 2 years after
baseline assessment (—2.96 + 0.86 mL/min/100 g; P = 0.002) and

maintained this significant difference onward.

3.3 | Global gray matter structural changes

Measures extracted from linear mixed effects models of global tissue
volumes (Table 1) demonstrated that only the C9orf72 group featured
a measurable degree of gray matter atrophy as early as baseline rel-
ative to non-carrier controls (—19.3 + 5.12 mm3; P = 0.002), with no

significant differences in gray matter volume found for GRN (—1.1 + 4.2

mm?3; P=0.8) or MAPT (0.7 + 5.9 mm?3; P = 0.9). However, no significant
interaction was observed between the group effect and time (Figure
S2 in supporting information), indicating no significant differences in
the rates of global gray matter change within the approximate 5-year
period for this population.

3.4 | Regional perfusion changes

Tables 3 and 4 show the coefficients for the main effect of time from
baseline (8) as well as the interaction coefficients (B;,;) for each of
the three presymptomatic genetic subgroups relative to the reference
non-carrier control group. Negative values indicate a more pronounced
decline in perfusion over time relative to non-carrier controls. Figure 2
represents the regions that survived Bonferroni correction as t values
overlaid upon axial brain slices.

The main effect of time from baseline was significant in certain ROls
and demonstrated a trend of hypoperfusion occurring in participants
as a function of time. However, the interaction effects between time
from baseline and presymptomatic genetic subgroups were generally
far more pronounced in one or more of the presymptomatic genetic
subgroups than this main effect alone. Additionally, the coefficients for
the main effects of presymptomatic genetic subgroups within the inter-
action model were not significant (P> 0.05) in any region and therefore

not presented in Table 3 or Table 4.
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C9orf72

{ é 5;4 t-value

0

FIGURE 2 Statistical axial slice maps derived from the mixed effects region of interest analysis examining the interaction effect between
mutation status (presymptomatic carrier versus non-carrier control) and time from baseline for each of the carrier groups. Colors represent
Satterthwaite-approximated t values from regions which survived familywise error correction at P value < 0.05. Images are shown in neurological
display convention, overlaid on top of the Montreal Neurological Institute 152 T1-weighted template image. C%0rf72, chromosome 9 open reading
frame 72; GRN, progranulin; L, left; MAPT, microtubule-associated protein tau; R, right.

Presymptomatic C%orf72 carriers featured prominent changes in
longitudinal perfusionin the frontal lobe; certain subcortical structures
such as the caudate, putamen, and hippocampus; as well as the tha-
lamus (Tables 3 and 4). Interestingly, while most significant regions
were bilateral, a slight rightward asymmetry was observable across
the inferior frontal lobe, with significant regions coming from the pars
opercularis, pars orbitalis, pars triangularis, and orbitofrontal cortical
regions, as well as the right superior temporal gyrus.

Coinciding with the global gray matter changes in perfusion, the
presymptomatic GRN carriers featured more prominent decreases in
perfusion over time relative to controls in a far more widespread man-
ner, with nearly all regions demonstrating a significant effect. Notably,
a leftward asymmetric effect is evident, as left hemispheric regions
tended to demonstrate stronger effects based on t values and inter-
action coefficients than in similar right hemispheric regions (Tables 3
and 4).

MAPT presymptomatic carriers only showed significant decreases
in perfusion over time in the left thalamus, an area that was also
significant for Corf72 as well as GRN carriers, highlighting a region
that is commonly affected in all genetic subgroups of FTD. No regions
featured any significant increase in perfusion in any presymptomatic

genetic subgroup relative to non-carrier controls.

3.5 | Perfusion in presymptomatic carriers beyond
their expected year of symptom onset versus
converters

Mutation-positive converters pooled across genetic subgroups (n=19;
C9orf72 =7,GRN = 8, MAPT = 4) demonstrated a significant decline in

perfusion from baseline based on their last follow-up scan compared

to presymptomatic carriers who went beyond their expected age of
symptom onset (n = 22; C9orf72 = 6, GRN = 14, MAPT = 2) without
showing symptoms or signs of FTD (Table 5). These regions included
the right middle frontal gyrus, inferior frontal gyrus pars triangularis,
dorsolateral superior frontal gyrus, and posterior orbitofrontal cortex.

4 | DISCUSSION

This longitudinal study has identified specific patterns of perfusion
decline in the most prevalent genetic subsets of FTD (i.e., C9orf72,
GRN, and MAPT) at the presymptomatic stage. We have found that
all genetic subgroups feature a more significant degree of global gray
matter perfusion decrease over time relative to healthy controls. This
contrasted with a structural analysis examining global brain volumes,
which only detected gray matter atrophy in the C9orf72 group at base-
line, in agreement with the prior literature,>'? and which did not
detect significant differences in rates of global gray matter volume
change over time between any of the studied genetic subgroups. This
observation highlights additional gains provided by cerebral perfusion
measures longitudinally in the study of presymptomatic genetic FTD
on top of volumetric analysis alone. Post hoc analysis further iden-
tified that significant hypoperfusion is detectable as early as year 1
follow-up in GRN and MAPT subsets, and in C%orf72 by year 2 follow-
up. Given that metrics typically used within FTD clinical practice could
not differentiate presymptomatic groups from controls, these findings
are strongly attributable to the effect of the disease mutation over
nuisance factors such as age alone. Another key result was that the
presymptomatic genetic subgroups featured their own regional pat-
terns of perfusion decline, with Corf72 being focused around the

frontal lobe with a slight right hemispheric bias, GRN featuring a more

ASUAIIT suOWO)) dANEI) d[qeardde oy £q pauIdA0S e SA[ONIE YO 95N JO SN 0] KIRIGIT AUIUQ AS[IA UO (SUONIPUOI-PUB-SULIA}/WOD" K[Im " ATeIqI[our[uo//:sdny) suonipuo) pue swia], 3yl 298 “[$707/S0/17] o Areiqry auruQ L[TA\ ‘SOpOIMAN InJ WNNUZ SAYISINAQ Aq 0SLE 'Z[/Z001 0 1/10p/wiod" K[im  Kreqrour[uosjeurnol-ze//:sdny woiy papeo[umo( ‘S “+707 ‘6LTSTSST



PASTERNAK ET AL.

Alzheimer’s &Dementia® | s

Post hoc marginal means estimation of whole brain gray matter perfusion differences between presymptomatic carriers versus non-carrier controls at fixed time points.

TABLE 2

MAPT presymptomatic carriers minus non-carrier

controls

C9orf72 presymptomatic carriers minus non-carrier

controls

GRN presymptomatic carriers minus non-carrier controls

Time from
baseline
(years)

Estimate

Estimate

Estimate

P value
0.580
0.009

df/T-ratio

(mL/min/100 g)
-1.55 + 1.19
—-2.69 + 0.90
-3.82 + 1.07
—4.95 + 1.56

(mL/min/100g) df/T-ratio Pvalue

P value

df/T-ratio

(mL/min/100 g)
0.35 + 1.01
-1.31 + 0.79

673.47/-1.3

653.03/0.52

0.44 + 0.85
—2.22 + 0.65
—4.88 + 0.72
—7.54 + 1.01

631.2/0.35

303.33/-2.99

0.002
<0.001
<0.001
<0.001
<0.001

306.74/-3.42

0.291

301.59/-1.66

0.001

432.75/-3.56

337.04/-6.75

0.002
<0.001
<0.001
<0.001

273.04/-3.46

-2.96 + 0.86
—4.62 + 116

0.005

741.42/-3.17

607.45/-7.45

452.39/-3.97

0.015

798.69/-2.81

—-6.08 + 2.17

762.33/-7.35

-10.2 + 1.39

627.34/-3.98

—6.28 + 1.58

0.031

779.11/-2.57

—7.21 + 281

797.19/-7.16

—-12.86 + 1.8

720.62/-3.91

—7.93 + 2.03

Note: Data derived from the primary analysis linear mixed effects model for whole brain gray matter perfusion. Marginal mean estimates represented as mean + standard error. P values were adjusted using

Bonferroni correction. Bold emphasis has been placed on P values that are < 0.05 after Bonferroni correction.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; df, degree of freedom; GRN, progranulin; MAPT, microtubule-associated protein tau.
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global and left hemispheric bias, and MAPT restricted to the left tha-
lamus. These observations suggest the utility of longitudinal cerebral
perfusion as an imaging biomarker differentiating between the major
genetic subgroups of FTD at this presymptomatic disease stage. We
also identified that conversion into the symptomatic FTD stage was
associated with hypoperfusion in several right hemispheric frontal lobe
regions. Our study is therefore the first to indicate the potential protec-
tive effects of maintaining regional cerebral perfusion and suggest its
possible utility as a measure of drug efficacy in terms of slowing down
FTD disease progression. Altogether, the findings of this study indicate
that cerebral perfusion, as measured by ASL, has the characteristics of
apromising biomarker for assessing disease progression in genetic FTD
prior to symptom onset.

This body of work adds to the growing evidence that the salience
network, which is involved in guiding behavior and attention, is funda-
mentally tied to FTD disease progression.*® Presymptomatic C9orf72
and GRN groups demonstrated declining perfusion in several key
component areas of this network, including the insula and anterior
cingulate cortex, as well as the posterior orbitofrontal cortex, which
projects into the network.*>*2 Both C9orf72 and GRN mutations most
commonly present with the behavioral variant of FTD (bvFTD), which is
functionally related to the salience network. Within the GENFI cohort,
most symptomatic individuals had a bvFTD presentation.?° Our per-
fusion findings are also consistent with observations of other genetic
FTD neuroimaging studies that have identified connectivity reduc-
tions and gray matter atrophy in this network for presymptomatic and
symptomatic individuals, respectively.'81%21 Furthermore, it has been
posited that von Economo neurons (VENS), cells that are concentrated
within layer Vb of the of the cortex involved in salience network func-
tion, are particularly susceptible to pathology in the early stages of
the FTD.*3 Indeed, TAR DNA-binding protein 43 (TDP-43) proteinopa-
thy, which is the dominant inclusion in Corf72 and GRN subsets of
genetic FTD,? has been detected within right frontoinsular VENs and
is associated with salience network atrophy.** Within this study, the
right hemispheric posterior orbitofrontal regions also showed signif-
icant hypoperfusion in converters compared to non-converters who
went beyond their EYO, the bulk of which were C%orf72 and GRN
individuals. In an earlier GENFI analysis of mutation carriers versus
non-carriers, the insula featured neuroanatomical differences as early
as 25 and 15 years prior to symptom onset for C9orf72 and GRN
carriers, respectively.2° From this collective evidence, we speculate
that in C9orf72 and GRN genetic subgroups, there is a TDP-43-based
neurodegenerative mechanism at play which targets the salience net-
work at very early stages of the disease, with initial proteinopathy
burden manifesting as local functional changes (hypoperfusion and
connectivity loss) before translating into gross structural atrophy, and
finally presenting as bvFTD in the clinic. We also speculate that certain
genetic subgroups may exhibit either leftward or rightward frontal bias
for the salience network, as the latter was evident in the C9orf72 subset
of this study and is consistent with prior imaging and pathological case
series.*>*% Future longitudinal neuroimaging studies will need to incor-
porate a complex multimodal approach on the same cohort to assess
these conjectures.
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TABLE 3 Longitudinal region of interest analysis comparing cerebral perfusion between presymptomatic carriers of each major FTD mutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier group within the left hemisphere.

Region B
Amygdala -0.37 + 0.3
Angular gyrus —-0.82 + 0.37
Anterior cingulate cortex —0.57 + 0.35
Anterior orbitofrontal cortex —1.69 + 0.34
Calcarine fissure —1.08 + 0.43
Caudate nucleus —0.45 + 0.27
Dorsolateral superior frontal —1.28 + 0.33
gyrus
Fusiform gyrus —-0.54 + 0.3
Gyrus rectus —0.17 + 0.35
Heschl’s gyrus —0.33 + 0.38
Hippocampus —-0.39 + 0.28
Inferior frontal gyrus pars —-0.56 + 0.36
opercularis
Inferior frontal gyrus pars —-1.11 + 0.36
orbitalis
Inferior frontal gyrus pars —0.69 + 0.35
triangularis
Inferior occipital gyrus -0.95 + 04
Inferior parietal gyrus —1.06 + 0.36
Inferior temporal gyrus —-0.83 + 0.27
Insular cortex —0.46 + 0.31
Lateral orbitofrontal cortex —-14 + 0.39
Lingual gyrus —0.48 + 0.36
Medial orbitofrontal cortex -0.66 + 0.3
Medial superior frontal gyrus —0.63 + 0.31
Medial-orbital superior -0.83 + 0.36
frontal gyrus
Middle cingulate cortex —0.97 + 0.32
Middle frontal gyrus —-1.23 + 0.35
Middle occipital gyrus -13+04
Middle temporal gyrus -0.7 + 0.3
Middle temporal pole -0.52 + 0.34
Olfactory cortex 0.24 + 0.35
Paracentral lobule -0.92 + 0.33
Parahippocampal gyrus -0.37 + 0.29
Postcentral gyrus —-0.71 + 0.32
Posterior cingulate cortex -0.86 + 0.4
Posterior orbitofrontal cortex -1.09 + 0.31
Precentral gyrus —0.83 + 0.34
Precuneus cortex —0.94 + 0.35
Putamen —0.13 + 0.27
Rolandic operculum -0.39 + 0.34
Superior occipital gyrus —1.33 + 043
Superior parietal gyrus —1.54 + 0.37

N T

0.175

0.261
0.167

0.036

= =Y

0.214
0.047
0.096

0.040

0.664

0.163
0.003

C9orf72 GRN MAPT
Bint Pint Bint Pin Bint Pint
—1.38 + 0.62 1 —-2.66 + 0.55 <0.001 —0.86 + 0.86 1
—-1.62 + 0.78 1 —-3.26 + 0.69 <0.001 —-0.25 + 1.07 1
—-2.55 +0.73 0.045 -3.97 + 0.65 <0.001 —-0.8 + 1.01 1
-1.1+£ 0.7 1 —2.77 + 0.63 0.001 0.23 + 0.97 1
—1.18 + 0.89 1 -3.87 + 0.79 <0.001 —2.62 + 1.22 1
—2.61 + 0.56 <0.001 —-2.7 + 049 <0.001 -0.79 + 0.77 1
—-2.62 + 0.7 0.016 -3.27 + 0.62 <0.001 —0.71 + 0.96 1
—1.0 + 0.62 1 —2.68 + 0.56 <0.001 —1.39 + 0.87 1
-152 + 0.74 1 —-3.72 + 0.66 <0.001 —0.64 + 1.03 1
—2.65 + 0.79 0.072 -3.96 + 0.7 <0.001 —1.32 + 1.08 1
—-2.32 + 0.59 0.009 —-2.88 + 0.53 <0.001 —1.55 + 0.83 1
—-2.54 + 0.74 0.061 —-3.81 + 0.66 <0.001 —1.51 + 1.02 1
—-145 + 0.75 1 -3.01 + 0.66 <0.001 —1.28 + 1.03 1
—-2.07 + 0.74 0.454 —-3.47 + 0.65 <0.001 —-1.31 + 1.01 1
—0.68 + 0.84 1 —2.84 + 0.75 0.014 —-0.59 + 1.15 1
-1.34 + 0.74 1 —-3.01 + 0.66 <0.001 —-0.44 + 1.02 1
0.18 + 0.56 1 -241 + 049 <0.001 —0.62 + 0.76 1
—2.34 + 0.66 0.035 -3.4 + 0.58 <0.001 —0.97 £ 0.9 1
—0.67 + 0.81 1 -252 + 072 0.045 —-0.81 + 1.12 1
—-2.0+0.75 0.729 -3.31 + 0.67 <0.001 —-2.37 + 1.04 1
—1.01 + 0.64 1 -3.24 + 0.57 <0.001 —0.26 + 0.88 1
—3.03 + 0.65 <0.001 —-3.583 + 0.58 <0.001 —-0.9 + 0.9 1
—-1.88 + 0.76 1 -3.77 + 0.68 <0.001 0.27 + 1.05 1
—-1.94 + 0.67 0.335 —-3.26 + 0.59 <0.001 —0.73 + 0.91 1
-2.79 £ 0.74 0.014 —2.96 + 0.65 <0.001 —0.98 + 1.02 1
—0.76 + 0.83 1 —-241 + 0.74 0.099 -0.23 + 1.14 1
—-1.09 + 0.62 1 —2.87 + 055 <0.001 0.16 + 0.86 1
1.37 + 0.7 1 —2.06 + 0.63 0.095 —1.52 + 0.97 1
-2.12 + 0.74 0.369 —-3.97 + 0.66 <0.001 —0.73 + 1.03 1
—2.7 £ 0.69 0.009 -3.1 £ 0.61 <0.001 —0.51 + 0.94 1
—0.75 + 0.61 1 —2.28 + 0.54 0.003 —1.04 + 0.85 1
—247 + 0.67 0.022 —-2.92 + 0.59 <0.001 —0.46 + 0.92 1
—-221 + 0.84 0.768 -3.56 + 0.74 <0.001 —245 + 1.15 1
—-1.59 + 0.64 1 -3.09 + 0.57 <0.001 —0.93 + 0.89 1
-3.28 + 0.71 <0.001 —-343 + 0.63 <0.001 -0.8 + 0.98 1
—-1.97 £ 0.73 0.649 —-3.3 +£ 0.65 <0.001 —-152 + 1.0 1
—-2.82 + 0.57 <0.001 —-2.64 + 0.5 <0.001 —-1.31 £ 0.78 1
—-2.01 + 0.7 0.395 —-3.5+ 0.63 <0.001 —0.63 + 0.97 1
—-1.81 + 0.89 1 -3.53 + 0.79 <0.001 —-1.95 + 1.22 1
-1.1 + 0.78 1 —-1.85 + 0.69 0.661 0.26 + 1.06 1

(Continues)
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TABLE 3 (Continued)

Region

Superior temporal gyrus
Superior temporal pole
Supplementary motor area
Supramarginal gyrus

Thalamus

B
-0.67 + 0.32

-0.71 + 0.31
-0.6 + 0.3
—0.58 + 0.33
—0.67 + 0.36

p
1
1
1
1
1
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C9orf72 GRN MAPT

Bint Pin Bint Pint Bint Pint
—1.83 + 0.67 0.574 -3.16 + 0.59 <0.001 —0.66 + 0.92 1
—0.01 + 0.65 1 —2.75 + 0.58 <0.001 —1.25 + 0.89 1
—2.86 + 0.62 <0.001 -3.21 + 0.55 <0.001 —0.99 + 0.85 1
—1.98 + 0.69 0.373 -3.19 + 0.61 <0.001 —1.37 £ 0.95 1
-3.19 + 0.75 0.002 —2.69 + 0.66 0.005 —-3.58 + 1.03 0.050

Note: 3 refers to the main effect of time from baseline. The interaction coefficients (B;,;) represent the difference in perfusion change over time between a
given presymptomatic carrier group relative to non-carrier controls. Coefficients reported as value + standard error. P values for the main effect of time from
baseline (P) and for the interaction effects (P;,;) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that
are < 0.05 after Bonferroni correction.
Abbreviations: C9orf72, chromosome 9 open reading frame 72; FTD, frontotemporal dementia; GRN, progranulin; MAPT, microtubule-associated protein tau.

TABLE 4 Longitudinal region of interest analysis comparing cerebral perfusion between presymptomatic carriers of each major FTD mutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier group within the right hemisphere.

Region

Amygdala

Angular gyrus

Anterior cingulate cortex
Anterior orbitofrontal cortex
Calcarine fissure

Caudate nucleus

Dorsolateral superior frontal
gyrus

Fusiform gyrus
Gyrus rectus
Heschl’s gyrus
Hippocampus

Inferior frontal gyrus pars
opercularis

Inferior frontal gyrus pars
orbitalis

Inferior frontal gyrus pars
triangularis

Inferior occipital gyrus
Inferior parietal gyrus
Inferior temporal gyrus
Insular cortex

Lateral orbitofrontal cortex
Lingual gyrus

Medial orbitofrontal cortex
Medial superior frontal gyrus

Medial-orbital superior
frontal gyrus

Middle cingulate cortex

B
-0.62 + 0.27

-0.95 + 0.39
-0.69 + 0.34
—1.66 + 0.35
—0.88 + 0.42
—0.78 + 0.27
-1.38 + 0.33

—0.55 + 0.28
-0.44 + 0.32
—0.89 + 0.39
-0.38 + 0.28

—0.7 £ 0.35

-1.23 + 0.37

-0.6 + 0.34

-0.86 + 0.44
—1.04 + 0.39

-0.7 + 0.28
—0.61 + 0.34

-14 + 042
-0.29 + 0.35
-1.09 + 0.31
-0.78 + 0.31
-1.05 + 0.36

—0.98 + 0.32

1
<0.001

0.330
0.003

N T

0.075

C9orf72 GRN MAPT

Bint Pint Bint Pint Bint Pint
—-1.35 + 0.57 1 —-2.05 + 0.5 0.005 —0.44 + 0.78 1
—0.99 + 0.82 1 —-2.57 + 0.72 0.037 —-1.54 + 1.12 1
-185 + 0.7 0.801 -3.24 + 0.63 <0.001 —0.18 + 0.97 1
—-1.88 + 0.73 0.904 —2.56 + 0.65 0.007 —-0.15 + 1.0 1
—-1.43 + 0.88 1 -4.29 + 0.78 <0.001 —234 + 121 1
—2.62 + 0.56 <0.001 —2.03 + 0.49 0.004 —0.94 + 0.76 1
—-2.98 + 0.69 0.002 —-2.76 + 0.61 <0.001 —-1.18 + 0.95 1
—0.75 + 0.59 1 —-2.7 + 0.53 <0.001 —0.83 + 0.82 1
—0.98 + 0.68 1 -3.24 + 0.61 <0.001 0.17 + 0.94 1
—2.35 + 0.82 0.384 —-2.93 + 0.73 0.006 —-101 + 1.13 1
-2.16 + 0.6 0.028 —-2.92 + 0.53 <0.001 —1.23 £ 0.82 1
—-349 + 0.74 <0.001 -3.0 + 0.66 <0.001 —241 + 1.01 1
-3.09 £ 0.77 0.006 —2.76 + 0.68 0.005 —1.03 + 1.05 1
—-3.57 + 0.72 <0.001 —-3.07 + 0.64 <0.001 —1.57 + 0.98 1
—0.03 + 0.93 1 —2.94 + 0.82 0.032 —-0.29 + 1.27 1
—-1.51 + 0.82 1 —-2.44 + 0.73 0.074 -1.77 + 1.12 1
—-0.87 + 0.59 1 —2.28 + 0.52 0.001 —0.6 + 0.81 1
—-3.58 + 0.72 <0.001 —-3.01 + 0.64 <0.001 -1.89 + 0.99 1
—-1.87 + 0.84 1 —-2.28 + 081 0.476 0.02 + 1.14 1
-1.92 + 0.74 0.870 —-3.58 + 0.65 <0.001 -1.77 + 1.01 1
—-2.17 + 0.64 0.063 —-2.94 + 0.57 <0.001 0.19 + 0.88 1
—2.36 + 0.65 0.028 —-2.91 + 0.58 <0.001 —0.64 + 0.9 1
—145 + 0.75 1 -3.52 + 0.67 <0.001 0.52 + 1.04 1
—-1.67 + 0.67 1 —-2.54 + 0.6 0.002 —0.31 + 0.92 1

(Continues)
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TABLE 4 (Continued)
C9orf72 GRN MAPT

Region B P Bint Pint Bint Pint Bint Pint
Middle frontal gyrus -1.12 + 0.35 0.123 -3.59 + 0.73 <0.001 —2.7 + 0.65 0.003 -1.95 + 10

Middle occipital gyrus —1.33 + 0.43 0.187 -0.52 + 0.9 1 -2.11 + 0.79 0.731 —-2.01 + 1.22

Middle temporal gyrus -0.78 + 0.32 1 -147 + 0.68 1 —254 + 0.6 0.002 -1.14 + 0.93

Middle temporal pole —-0.37 + 0.32 1 —-0.39 + 0.68 1 —-2.18 + 0.6 0.029 —1.05 + 0.93
Olfactory cortex —-0.41 + 0.33 1 -1.95+ 0.7 0.466 —-3.02 + 0.62 <0.001 0.19 + 0.97
Paracentral lobule —-0.78 + 0.32 1 —2.29 + 0.67 0.063 —2.53 + 0.59 0.002 0.16 + 0.91
Parahippocampal gyrus —0.34 + 0.28 1 —-0.95 + 0.58 1 —-24 + 0.52 <0.001 -0.75+ 0.8

—1.08 + 0.31 0.053
-1.05 + 041 0.924
-1.26 + 0.32 0.009

Postcentral gyrus
Posterior cingulate cortex
Posterior orbitofrontal cortex

Precentral gyrus -0.9 + 0.36 1

—1.86 + 0.65 0.399
-276 + 0.86 0.121
—2.5 + 0.68 0.022
-3.1+0.75 0.003

-1.77 + 0.58 0.205
-2.92 + 076 0.012
—2.54 + 0.6 0.002
—2.55 + 0.66 0.011

-1.1+ 0.89
-235+ 118
—0.34 + 0.93

Precuneus cortex —0.88 + 0.35 1 —1.65 + 0.74 1 —3.21 + 0.65 <0.001 -1.49 + 101
Putamen -042 + 0.27 1 -2.9 + 057 <0.001 -179 £ 0.5 0.038 -0.99 + 0.78
Rolandic operculum —-0.54 + 0.33 1 -2.69 + 0.7 0.011 —276 + 0.62 <0.001 —1.68 + 0.95
Superior occipital gyrus —-1.47 + 043 0.064 -0.17 + 0.91 1 -3.09 + 08 0.012 -1.98 + 1.24

Superior parietal gyrus -1.25 + 0.36 0.055
-0.48 + 0.33 1
-0.8 + 0.31 0.918
-0.51+03 1
—0.69 + 0.36 1

—0.34 £ 0.35 1

Superior temporal gyrus
Superior temporal pole
Supplementary motor area
Supramarginal gyrus

Thalamus

-157 £ 0.76 1
-2.7 + 0.69 0.010
-1.76 + 0.65 0.645
-2.35 + 0.63 0.021
-1.62 + 0.76 1
-3.09 £ 0.73 0.003

-1.81 + 0.67 0.654 —0.36 + 1.04
—2.54 + 0.61 0.003
—2.35 + 0.58 0.005
—2.86 + 0.56 <0.001

-2.3 + 0.67 0.061

—3.58 + 0.65 <0.001

1

1

1

1

1

1

1

1

1

1
-1.75 + 1.02 1
1

1

1

1

1
-1.7 + 0.95 1
-0.78 + 0.9 1
-0.59 + 0.87 1
-1.99 + 1.04 1
-289 + 1.01 0.

381

Note: 3 refers to the main effect of time from baseline. The interaction coefficients (B;,;) represent the difference in perfusion change over time between a
given presymptomatic carrier group relative to non-carrier controls. Coefficients reported as value + standard error. P values for the main effect of time from
baseline (P) and for the interaction effects (P;,;) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that

are < 0.05 after Bonferroni correction.

Abbreviations: C9orf72, chromosome 9 open reading frame 72; FTD, frontotemporal dementia; GRN, progranulin; MAPT, microtubule-associated protein tau.

The observation that the rate of global gray matter perfusion decline
was most prominent in GRN and that it featured hypoperfusion rela-
tive to controls as early as 1 year after baseline measurement coincides
with observed atrophy rates of this FTD genotype relative to others.*”
Indeed, there is some evidence for disease acceleration to be more
prominent in non-tau variants, which would coincide with both GRN
and C9orf72 genotype groups featuring steeper global gray matter
perfusion declines compared to MAPT.*8 This widespread hypoperfu-
sion seen in presymptomatic GRN carriers has been previously noted
by Dopper et al.'2 However, it is also important to note that this
GRN group has the most statistical power within GENFI and had the
largest number of follow-up visits, which increases the probability of
Type 1 statistical errors, even considering stringent multiple-testing
correction, such as Bonferroni’'s method. As in the Dopper et al.
study,’? our results also demonstrate a left-hemisphere asymmetry
in terms of hypoperfusion effect size, which is in line with previ-
ous literature observing an asymmetric impact on the brain for this
genotype.”2049 This may link to prior findings that GRN carriers also
present as non-fluent-variant primary progressive aphasia (nfvPPA),>°

which is associated with atrophy and metabolic/perfusion decline

involving the left frontal region.”? One of the most prominent regions
of hypometabolism within the GRN subgroup was in the left inferior
frontal lobe pars opercularis, a region considered to have the earli-
est involvement in nfvPPA.>° This region constitutes the main portion
of Broca’s speech area, which is primarily associated with the motor
aspects of language production.”? Our hypoperfusion results in the
GRN subgroup are also consistent with nfvPPA presenting with exec-
utive dysfunction alongside hypometabolism seen in the orbitofrontal
cortex, anterior cingulate cortex, insula, precentral and postcentral
gyrus, and thalamus.>®

The single common area of hypoperfusion observed across all
presymptomatic genetic FTD subgroups was the thalamus. The tha-
lamus is a complex association of 50 to 60 subnuclei that serves as
a central signal-integration hub interconnected with networks that
pass motor, visual, auditory, and somatosensory information to various
cortical destinations.”* While initial reports demonstrated atrophy of
this structure in C9orf72 carriers,'’ there have since been updates in
the literature showing that both GRN and MAPT also feature thalamic
atrophy.>>>¢ Post mortem analyses confirm the thalamus is impacted in

FTD,>¢~>8 with one study finding that, compared to controls, patients
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TABLE 5 Analysis of covariance results for converters versus presymptomatics past their expected year of disease onset.

Region of interest

Right middle frontal gyrus -11.73
Right inferior frontal gyrus pars triangularis —-9.73
Right dorsolateral superior frontal gyrus -8.28
Right posterior orbitofrontal cortex —7.43
Right thalamus —-9.95
Left postcentral gyrus —6.82
Left paracentral lobule -9.14
Left precentral gyrus -7.19
Right medial superior frontal gyrus —6.63
Left middle frontal gyrus —5.88
Right insular cortex -7.00
Right inferior frontal gyrus pars orbitalis -7.37
Right inferior frontal gyrus Pars opercularis —-6.95
Right caudate nucleus -5.50
Right precentral gyrus —6.18
Left dorsolateral superior frontal gyrus —-3.96
Right hippocampus —4.87
Right supplementary motor area —4.82
Left thalamus —-4.81
Left medial superior frontal gyrus -3.03
Right rolandic operculum —4.24
Left insular cortex -3.20
Right putamen —-2.92
Right superior temporal gyrus —-2.75
Left hippocampus 1.35
Left anterior cingulate cortex —-1.55
Left putamen 0.85
Left supplementary motor area -1.73
Left caudate nucleus —0.67

Between-groups delta

Fvalue P value uncorrected Partial eta squared
12.02 0.001 0.25
4.99 0.032 0.12
4.78 0.035 0.11
4.51 0.040 0.11
3.88 0.056 0.09
3.78 0.060 0.09
3.71 0.063 0.11
3.62 0.065 0.09
2.98 0.093 0.07
247 0.124 0.06
2.46 0.126 0.06
2.28 0.140 0.06
2.04 0.162 0.05
1.80 0.188 0.05
1.58 0.217 0.04
1.15 0.291 0.03
1.07 0.307 0.03
0.98 0.328 0.03
0.75 0.392 0.02
0.67 0.417 0.02
0.63 0.433 0.02
0.60 0.443 0.02
0.33 0.568 0.01
0.28 0.600 0.01
0.23 0.633 0.01
0.14 0.710 0.00
0.09 0.767 0.00
0.02 0.877 0.00
0.01 0.924 0.00

Note: F values correspond to the main effect between the two groups. Between-groups delta refers to the difference between the degree of perfusion decline
in the converters vs. presymptomatics past their expected year of onset. Statistics for the covariates of age and sex have been omitted. Partial eta squared

has been included as a measure of effect size.

with tau pathology showed similar degrees of thalamic volume reduc-
tions to those with TDP-43 pathology.”> Within the GENFI cohort
itself, a neuroanatomical study found that thalamic volume reduc-
tion was evident in C9orf72 subjects at the presymptomatic stage,
and in both GRN and MAPT subjects by the time they scored >1
on CDR plus NACC FTLD.>? These findings support the proposition
that FTD may progress along large-scale white matter networks,®
occurring at different rates for each genotype. Under such a hypoth-
esis, it would not be surprising that one of the most interconnected
regions of the brain features some perfusion decline in all FTD genetic
subgroups. There is some evidence to suggest that subregions of
the thalamus are relevant neuroanatomical structures in delineating

variants of FTD, as seen in a meta-analysis of studies reporting on vol-

ume reductions in thalamic subregions, with differing patterns across
phenotypes, genotypes, and identified pathology.’® However, given
the currently limited spatial resolution of ASL, only the overall left
and right hemisphere equivalents of the thalamus could be reliably
investigated.

This multicenter study is the largest longitudinal cerebral perfu-
sion analysis in genetic FTD to date and assesses perfusion changes
over time within all major genetic subgroups of FTD. The ASL analy-
sis pipeline used was selected due to its adherence to ASL processing
standards and ability to adjust for multicenter scanner, sequence, and
software sources of variability.242? Site and acquisition effects were
also corrected for with the biasfield intensity normalization semi-

automatic spatial coefficient of variation quality control.2331 Gray
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matter atrophy effects were accounted for through robust regression-
based partial volume correction.3* Sensitivity analyses confirmed that
individuals who were excluded due to these corrective measures
were not significantly different by demographic and clinical mea-
sures. The decline in perfusion was also detectable in non-carrier
controls in global gray matter, albeit to a lesser extent than in mutation
carriers, and this is in agreement with ASL studies of aging in healthy
populations.3?¢162 This study is not without its limitations. We were
unable to account for several variables that are known to contribute
both to inter- and intra-individual perfusion variation over time, includ-
ing diurnal effects, caffeine consumption, post-prandial status, among
other factors.®® Additionally, the fewer number of follow-up visits and
participants in the MAPT subgroup may have contributed to the less
steep rate of perfusion decline observed in whole brain gray matter
analysis for that subset versus C9orf72 or GRN. Finally, not all scanners
were able to accommodate measuring perfusion within the cerebel-
lum, a region that has been noted to feature some atrophy in C9orf72
carriers.’>1?

To conclude, this study has demonstrated that cerebral perfusion
carries the characteristics of a potential biomarker for FTD. It dif-
ferentiated all presymptomatic carriers from non-carriers, delineated
variants of the disease from one another in terms of the regional pat-
tern of perfusion decline, and showed promise in highlighting regions
that feature the greatest change for participants who converted into
a FTD phenotype. Ultimately, we hope that these results will not only
further elucidate mechanisms leading to FTD that take place at the
presymptomatic stage, but also facilitate effective therapeutic trial
design to slow or even prevent FTD-related neurodegeneration.”
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