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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 FTDmutation carriers.

METHODS: We investigated longitudinal profiles of cerebral perfusion using arte-

rial spin labeling magnetic resonance imaging in 42 C9orf72, 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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Highlights

∙ Graymatter perfusion declines in at-risk genetic frontotemporal dementia (FTD).

∙ Regional perfusion decline differs between at-risk genetic FTD subgroups .

∙ Hypoperfusion in the left thalamus is common across all presymptomatic groups.

∙ Converters exhibit greater right frontal hypoperfusion than non-converters past

their expected conversion date.

∙ Cerebral hypoperfusion is a potential early biomarker of genetic FTD.

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.1 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.2 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),3,4

with relative prevalence in that order.5

While there are currently no approved disease-modifying therapies

for genetic FTD, several promising drug candidates are being evaluated

in clinical trials.6,7 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.8,9 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.3,10 A variety of studies have

provided robust neuroimaging findings on presymptomatic genetic

FTD in terms of structural and functional brain changes.11–22 Assess-

ment of these and other such studies also suggests that functional

measures, such as neuronal connectivity, precede structural changes

such as atrophy.5 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.23 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

graymatter atrophy.24 Wehave 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 FTDmutation 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-

poralDementia 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 C9orf72, 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.20 Non-carrier controls were first-degree rela-

tives of the presymptomatic carriers and who were confirmed to not

carry mutations in C9orf72, GRN, orMAPT. 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, orMAPT 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. C9orf72 hex-

anucleotide repeat expansions were evaluated using a previously

described two-step genotyping procedure.25 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 tomutation 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.20 Image processing accounted for five main ASL acquisition

RESEARCH INCONTEXT

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 (C9orf72,GRN, andMAPT).

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 (M0) 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 M0 scan, and a PCASL

3D fast-spin-echo stack-of-spirals on 3TGeneral ElectricMR750 scan-

ners with an M0 scan. Detailed ASL parameters are provided in the

supporting information (Table S1).

2.5 ASL image processing

As in our previous cross-sectional study,13 we used ExploreASL soft-

ware (version 1.10.0),26 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.27 Structural volumes ofwhole brain graymatter tissueswere

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,28 fol-

lowed by pairwise subtraction to produce perfusion-weighted images
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(PWI). If M0 images were not acquired at scan time, substitute M0

images were constructed using the mean of the non-labeled ASL scans

without background suppression. M0 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.29

2.6 Quality control and corrections

For cerebral perfusion image quality control, we used the same steps

as previously described.13 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.”30 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,31 andexcluded if thismeasureexceeded

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 inwhich a participantwas 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,33 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.13

To account for the effect of gray matter atrophy, which has been

previously demonstrated to be detectable in presymptomatic FTD

carriers,19 rescaled perfusion images were corrected for partial vol-

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

Gaussian kernel based on probability tissue maps.34 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 theywould 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%.35 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 thosewith

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 III 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 C9orf72, 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 usedmixed effects linear models according to the following R-style
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formula:

Perfusion ∼ Group + Time + Group : Time + Agebaseline + Sex

+CBFbaseline + (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 graymatter 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 (β). 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 βint 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 inwhole brain graymatter 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 followingmodel:

Volume ∼ Group + Time + Group : Time + Agebaseline + Sex

+TIVbaseline + (1 | SubjectID)

where volume refers to global gray matter volumes extracted dur-

ing image processing. TIVbaseline 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.

Statistical analyses were carried out in R version 4.2.2 (R Foun-

dation for Statistical Computing) and mixed effects models used the

lme4 package for model fitting, the afex package for model conver-

gence assessment, and the emmeans package for post hoc testing of the

whole-brain graymatter perfusionmodel.36–38 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.20 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 FTDduring their follow-upperiod (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 didnotpossess enough

statistical power to stratify the converters across the three major

genetic subgroups.

To reduce the influence of converter scans havingmore 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 baselinewas 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 ROIs that passed Bonferroni correction in two or more

genetic subgroupswithin the primary analysis. Additionally, as this was

a post hoc analysis, correction acrossmultiple 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

Characteristic

Non-carrier controls,

n= 158

C9orf72 presymptomatic

carriers, n= 42

GRN
presymptomatic

carriers, n= 70

MAPT presymptomatic

carriers, n= 31 P value

Demographics

Age (years) 46.6± 13.0 41.7± 10.0 47.4± 11.9 38.4± 8.9 <0.001

Education (years) 14.7± 3.5 15.1± 2.5 15.2± 3.5 14.8± 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

(categories*)

0 (IQR 0–0) 0 (IQR 0–0) 0 (IQR 0–0) 0 (IQR 0–0) –

FTD rating scale (/100) 96.4± 5.9 95.0± 8.0 95.5± 10.8 93.5± 10.3 0.37

Cambridge Behavioral Inventory

(/180)

4.7± 6.1 6.4± 7.9 3.8± 6.7 7.4± 11.0 0.08

Mini-Mental State Examination

(/30)

29.4± 1.0 29.7± 0.6 29.5± 1.0 29.7± 1.1 0.26

Structural imaging

Graymatter (mm3) 638± 2.4 618± 4.6 636± 3.6 638± 5.4 <0.001

Notes: For demographic and clinicalmeasures, data are represented as either n (%), mean± standard deviation, ormedian. P values stem from type III analysis

of variance for continuous variables and χ2 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: 0 (normal); 0.5 (verymild); 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 S6 in supporting information) demonstrated that the

two populations were statistically comparable for demographic and

clinical measures, apart from sex frequencies being significantly dif-

ferent (χ2[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; C9orf72 = −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.39 All

three presymptomatic genetic subgroups demonstrated a more

pronounced rate of perfusion decline relative to non-carrier
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PASTERNAK ET AL. 3531

F IGURE 1 Mixed effects interaction plot of whole brain graymatter perfusion as a function of time from baseline assessment for non-carrier
controls (black) versus presymptomatic carriers of mutations C9orf72 (orange), GRN (green), andMAPT (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 (βint = −2.4 ± 0.5 mL/min/100 g/year; t[555] = −4.9;

P < 0.001), followed by C9orf72 (βint = −1.5 ± 0.6 mL/min/100 g/year;

t[579] = −2.6; P = 0.009) and finally the MAPT group

(βint =−1.1± 0.7mL/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±0.90mL/min/100 g;P=0.009) groups. Both groups alsomain-

tained significant lowered perfusion as late as 6 years post-baseline

assessment. The C9orf72 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 graymatter volume found forGRN (−1.1±4.2

mm3;P=0.8) orMAPT (0.7±5.9mm3;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 (β) as well as the interaction coefficients (βint) for each of

the three presymptomatic genetic subgroups relative to the reference

non-carrier control group.Negative values indicate amorepronounced

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.

Themain effect of time frombaselinewas significant in certain ROIs

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

themain effects of presymptomatic genetic subgroupswithin the inter-

actionmodelwere not significant (P>0.05) in any region and therefore

not presented in Table 3 or Table 4.
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3532 PASTERNAK ET AL.

F IGURE 2 Statistical axial slice maps derived from themixed 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 theMontreal Neurological Institute 152 T1-weighted template image. C9orf72, chromosome 9 open reading
frame 72;GRN, progranulin; L, left;MAPT, microtubule-associated protein tau; R, right.

Presymptomatic C9orf72 carriers featured prominent changes in

longitudinal perfusion in 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 C9orf72 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 graymatter atrophy in the C9orf72 group at base-

line, in agreement with the prior literature,15,19 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 C9orf72 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 C9orf72 being focused around the

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

associatedwith hypoperfusion in several right hemispheric frontal lobe

regions.Our study is therefore the first to indicate thepotential protec-

tive effects of maintaining regional cerebral perfusion and suggest its

possible utility as a measure of drug efficacy in terms of slowing down

FTDdisease progression. Altogether, the findings of this study indicate

that cerebral perfusion, as measured by ASL, has the characteristics of

apromisingbiomarker for assessingdiseaseprogression 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.40 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.41,42 Both C9orf72 and GRNmutations most

commonly presentwith thebehavioral variant of FTD (bvFTD),which is

functionally related to the salience network.Within the GENFI cohort,

most symptomatic individuals had a bvFTD presentation.20 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.18,19,21 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.43 Indeed, TARDNA-binding protein 43 (TDP-43) proteinopa-

thy, which is the dominant inclusion in C9orf72 and GRN subsets of

genetic FTD,5 has been detected within right frontoinsular VENs and

is associated with salience network atrophy.44 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 C9orf72 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.20 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 subgroupsmay exhibit either leftward or rightward frontal bias

for the saliencenetwork, as the latterwasevident in theC9orf72 subset

of this study and is consistent with prior imaging and pathological case

series.45,46 Future longitudinal neuroimaging studieswill need to incor-

porate a complex multimodal approach on the same cohort to assess

these conjectures.
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3534 PASTERNAK ET AL.

TABLE 3 Longitudinal region of interest analysis comparing cerebral perfusion between presymptomatic carriers of eachmajor FTDmutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier groupwithin the left hemisphere.

Region

C9orf72 GRN MAPT

β P βint Pint βint Pint βint Pint

Amygdala −0.37 ± 0.3 1 −1.38 ± 0.62 1 −2.66 ± 0.55 <0.001 −0.86 ± 0.86 1

Angular gyrus −0.82 ± 0.37 1 −1.62 ± 0.78 1 −3.26 ± 0.69 <0.001 −0.25 ± 1.07 1

Anterior cingulate cortex −0.57 ± 0.35 1 −2.55 ± 0.73 0.045 −3.97 ± 0.65 <0.001 −0.8 ± 1.01 1

Anterior orbitofrontal cortex −1.69 ± 0.34 <0.001 −1.1 ± 0.7 1 −2.77 ± 0.63 0.001 0.23 ± 0.97 1

Calcarine fissure −1.08 ± 0.43 1 −1.18 ± 0.89 1 −3.87 ± 0.79 <0.001 −2.62 ± 1.22 1

Caudate nucleus −0.45 ± 0.27 1 −2.61 ± 0.56 <0.001 −2.7 ± 0.49 <0.001 −0.79 ± 0.77 1

Dorsolateral superior frontal

gyrus

−1.28 ± 0.33 0.012 −2.62 ± 0.7 0.016 −3.27 ± 0.62 <0.001 −0.71 ± 0.96 1

Fusiform gyrus −0.54 ± 0.3 1 −1.0 ± 0.62 1 −2.68 ± 0.56 <0.001 −1.39 ± 0.87 1

Gyrus rectus −0.17 ± 0.35 1 −1.52 ± 0.74 1 −3.72 ± 0.66 <0.001 −0.64 ± 1.03 1

Heschl’s gyrus −0.33 ± 0.38 1 −2.65 ± 0.79 0.072 −3.96 ± 0.7 <0.001 −1.32 ± 1.08 1

Hippocampus −0.39 ± 0.28 1 −2.32 ± 0.59 0.009 −2.88 ± 0.53 <0.001 −1.55 ± 0.83 1

Inferior frontal gyrus pars

opercularis

−0.56 ± 0.36 1 −2.54 ± 0.74 0.061 −3.81 ± 0.66 <0.001 −1.51 ± 1.02 1

Inferior frontal gyrus pars

orbitalis

−1.11 ± 0.36 0.175 −1.45 ± 0.75 1 −3.01 ± 0.66 <0.001 −1.28 ± 1.03 1

Inferior frontal gyrus pars

triangularis

−0.69 ± 0.35 1 −2.07 ± 0.74 0.454 −3.47 ± 0.65 <0.001 −1.31 ± 1.01 1

Inferior occipital gyrus −0.95 ± 0.4 1 −0.68 ± 0.84 1 −2.84 ± 0.75 0.014 −0.59 ± 1.15 1

Inferior parietal gyrus −1.06 ± 0.36 0.261 −1.34 ± 0.74 1 −3.01 ± 0.66 <0.001 −0.44 ± 1.02 1

Inferior temporal gyrus −0.83 ± 0.27 0.167 0.18 ± 0.56 1 −2.41 ± 0.49 <0.001 −0.62 ± 0.76 1

Insular cortex −0.46 ± 0.31 1 −2.34 ± 0.66 0.035 −3.4 ± 0.58 <0.001 −0.97 ± 0.9 1

Lateral orbitofrontal cortex −1.4 ± 0.39 0.036 −0.67 ± 0.81 1 −2.52 ± 0.72 0.045 −0.81 ± 1.12 1

Lingual gyrus −0.48 ± 0.36 1 −2.0 ± 0.75 0.729 −3.31 ± 0.67 <0.001 −2.37 ± 1.04 1

Medial orbitofrontal cortex −0.66 ± 0.3 1 −1.01 ± 0.64 1 −3.24 ± 0.57 <0.001 −0.26 ± 0.88 1

Medial superior frontal gyrus −0.63 ± 0.31 1 −3.03 ± 0.65 <0.001 −3.53 ± 0.58 <0.001 −0.9 ± 0.9 1

Medial-orbital superior

frontal gyrus

−0.83 ± 0.36 1 −1.88 ± 0.76 1 −3.77 ± 0.68 <0.001 0.27 ± 1.05 1

Middle cingulate cortex −0.97 ± 0.32 0.214 −1.94 ± 0.67 0.335 −3.26 ± 0.59 <0.001 −0.73 ± 0.91 1

Middle frontal gyrus −1.23 ± 0.35 0.047 −2.79 ± 0.74 0.014 −2.96 ± 0.65 <0.001 −0.98 ± 1.02 1

Middle occipital gyrus −1.3 ± 0.4 0.096 −0.76 ± 0.83 1 −2.41 ± 0.74 0.099 −0.23 ± 1.14 1

Middle temporal gyrus −0.7 ± 0.3 1 −1.09 ± 0.62 1 −2.87 ± 0.55 <0.001 0.16 ± 0.86 1

Middle temporal pole −0.52 ± 0.34 1 1.37 ± 0.7 1 −2.06 ± 0.63 0.095 −1.52 ± 0.97 1

Olfactory cortex 0.24 ± 0.35 1 −2.12 ± 0.74 0.369 −3.97 ± 0.66 <0.001 −0.73 ± 1.03 1

Paracentral lobule −0.92 ± 0.33 0.478 −2.7 ± 0.69 0.009 −3.1 ± 0.61 <0.001 −0.51 ± 0.94 1

Parahippocampal gyrus −0.37 ± 0.29 1 −0.75 ± 0.61 1 −2.28 ± 0.54 0.003 −1.04 ± 0.85 1

Postcentral gyrus −0.71 ± 0.32 1 −2.47 ± 0.67 0.022 −2.92 ± 0.59 <0.001 −0.46 ± 0.92 1

Posterior cingulate cortex −0.86 ± 0.4 1 −2.21 ± 0.84 0.768 −3.56 ± 0.74 <0.001 −2.45 ± 1.15 1

Posterior orbitofrontal cortex −1.09 ± 0.31 0.040 −1.59 ± 0.64 1 −3.09 ± 0.57 <0.001 −0.93 ± 0.89 1

Precentral gyrus −0.83 ± 0.34 1 −3.28 ± 0.71 <0.001 −3.43 ± 0.63 <0.001 -0.8 ± 0.98 1

Precuneus cortex −0.94 ± 0.35 0.664 −1.97 ± 0.73 0.649 −3.3 ± 0.65 <0.001 −1.52 ± 1.0 1

Putamen −0.13 ± 0.27 1 −2.82 ± 0.57 <0.001 −2.64 ± 0.5 <0.001 −1.31 ± 0.78 1

Rolandic operculum −0.39 ± 0.34 1 −2.01 ± 0.7 0.395 −3.5 ± 0.63 <0.001 −0.63 ± 0.97 1

Superior occipital gyrus −1.33 ± 0.43 0.163 −1.81 ± 0.89 1 −3.53 ± 0.79 <0.001 −1.95 ± 1.22 1

Superior parietal gyrus −1.54 ± 0.37 0.003 −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

C9orf72 GRN MAPT

β P βint Pint βint Pint βint Pint

Superior temporal gyrus −0.67 ± 0.32 1 −1.83 ± 0.67 0.574 −3.16 ± 0.59 <0.001 −0.66 ± 0.92 1

Superior temporal pole −0.71 ± 0.31 1 −0.01 ± 0.65 1 −2.75 ± 0.58 <0.001 −1.25 ± 0.89 1

Supplementarymotor area −0.6 ± 0.3 1 −2.86 ± 0.62 <0.001 −3.21 ± 0.55 <0.001 −0.99 ± 0.85 1

Supramarginal gyrus −0.58 ± 0.33 1 −1.98 ± 0.69 0.373 −3.19 ± 0.61 <0.001 −1.37 ± 0.95 1

Thalamus −0.67 ± 0.36 1 −3.19 ± 0.75 0.002 −2.69 ± 0.66 0.005 −3.58 ± 1.03 0.050

Note: β refers to the main effect of time from baseline. The interaction coefficients (βint) 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 themain effect of time from

baseline (P) and for the interaction effects (Pint) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that
are≤ 0.05 after Bonferroni correction.

Abbreviations:C9orf72, chromosome9 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 eachmajor FTDmutation
and non-carrier controls modeled based on time from baseline and its interaction with carrier groupwithin the right hemisphere.

Region

C9orf72 GRN MAPT

β P βint Pint βint Pint βint Pint

Amygdala −0.62 ± 0.27 1 −1.35 ± 0.57 1 −2.05 ± 0.5 0.005 −0.44 ± 0.78 1

Angular gyrus −0.95 ± 0.39 1 −0.99 ± 0.82 1 −2.57 ± 0.72 0.037 −1.54 ± 1.12 1

Anterior cingulate cortex −0.69 ± 0.34 1 −1.85 ± 0.7 0.801 −3.24 ± 0.63 <0.001 −0.18 ± 0.97 1

Anterior orbitofrontal cortex −1.66 ± 0.35 <0.001 −1.88 ± 0.73 0.904 −2.56 ± 0.65 0.007 −0.15 ± 1.0 1

Calcarine fissure −0.88 ± 0.42 1 −1.43 ± 0.88 1 −4.29 ± 0.78 <0.001 −2.34 ± 1.21 1

Caudate nucleus −0.78 ± 0.27 0.330 −2.62 ± 0.56 <0.001 −2.03 ± 0.49 0.004 −0.94 ± 0.76 1

Dorsolateral superior frontal

gyrus

−1.38 ± 0.33 0.003 −2.98 ± 0.69 0.002 −2.76 ± 0.61 <0.001 −1.18 ± 0.95 1

Fusiform gyrus −0.55 ± 0.28 1 −0.75 ± 0.59 1 −2.7 ± 0.53 <0.001 −0.83 ± 0.82 1

Gyrus rectus −0.44 ± 0.32 1 −0.98 ± 0.68 1 −3.24 ± 0.61 <0.001 0.17 ± 0.94 1

Heschl’s gyrus −0.89 ± 0.39 1 −2.35 ± 0.82 0.384 −2.93 ± 0.73 0.006 −1.01 ± 1.13 1

Hippocampus −0.38 ± 0.28 1 −2.16 ± 0.6 0.028 −2.92 ± 0.53 <0.001 −1.23 ± 0.82 1

Inferior frontal gyrus pars

opercularis

−0.7 ± 0.35 1 −3.49 ± 0.74 <0.001 −3.0 ± 0.66 <0.001 −2.41 ± 1.01 1

Inferior frontal gyrus pars

orbitalis

−1.23 ± 0.37 0.075 −3.09 ± 0.77 0.006 −2.76 ± 0.68 0.005 −1.03 ± 1.05 1

Inferior frontal gyrus pars

triangularis

−0.6 ± 0.34 1 −3.57 ± 0.72 <0.001 −3.07 ± 0.64 <0.001 −1.57 ± 0.98 1

Inferior occipital gyrus −0.86 ± 0.44 1 −0.03 ± 0.93 1 −2.94 ± 0.82 0.032 −0.29 ± 1.27 1

Inferior parietal gyrus −1.04 ± 0.39 0.710 −1.51 ± 0.82 1 −2.44 ± 0.73 0.074 −1.77 ± 1.12 1

Inferior temporal gyrus −0.7 ± 0.28 1 −0.87 ± 0.59 1 −2.28 ± 0.52 0.001 −0.6 ± 0.81 1

Insular cortex −0.61 ± 0.34 1 −3.58 ± 0.72 <0.001 −3.01 ± 0.64 <0.001 −1.89 ± 0.99 1

Lateral orbitofrontal cortex −1.4 ± 0.42 0.088 −1.87 ± 0.84 1 −2.28 ± 0.81 0.476 0.02 ± 1.14 1

Lingual gyrus −0.29 ± 0.35 1 −1.92 ± 0.74 0.870 −3.58 ± 0.65 <0.001 −1.77 ± 1.01 1

Medial orbitofrontal cortex −1.09 ± 0.31 0.036 −2.17 ± 0.64 0.063 −2.94 ± 0.57 <0.001 0.19 ± 0.88 1

Medial superior frontal gyrus −0.78 ± 0.31 1 −2.36 ± 0.65 0.028 −2.91 ± 0.58 <0.001 −0.64 ± 0.9 1

Medial-orbital superior

frontal gyrus

−1.05 ± 0.36 0.319 −1.45 ± 0.75 1 −3.52 ± 0.67 <0.001 0.52 ± 1.04 1

Middle cingulate cortex −0.98 ± 0.32 0.204 −1.67 ± 0.67 1 −2.54 ± 0.6 0.002 −0.31 ± 0.92 1

(Continues)
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TABLE 4 (Continued)

Region

C9orf72 GRN MAPT

β P βint Pint βint Pint βint Pint

Middle frontal gyrus −1.12 ± 0.35 0.123 −3.59 ± 0.73 <0.001 −2.7 ± 0.65 0.003 −1.95 ± 1.0 1

Middle occipital gyrus −1.33 ± 0.43 0.187 −0.52 ± 0.9 1 −2.11 ± 0.79 0.731 −2.01 ± 1.22 1

Middle temporal gyrus −0.78 ± 0.32 1 −1.47 ± 0.68 1 −2.54 ± 0.6 0.002 −1.14 ± 0.93 1

Middle temporal pole −0.37 ± 0.32 1 −0.39 ± 0.68 1 −2.18 ± 0.6 0.029 −1.05 ± 0.93 1

Olfactory cortex −0.41 ± 0.33 1 −1.95 ± 0.7 0.466 −3.02 ± 0.62 <0.001 0.19 ± 0.97 1

Paracentral lobule −0.78 ± 0.32 1 −2.29 ± 0.67 0.063 −2.53 ± 0.59 0.002 0.16 ± 0.91 1

Parahippocampal gyrus −0.34 ± 0.28 1 −0.95 ± 0.58 1 −2.4 ± 0.52 <0.001 −0.75 ± 0.8 1

Postcentral gyrus −1.08 ± 0.31 0.053 −1.86 ± 0.65 0.399 −1.77 ± 0.58 0.205 −1.1 ± 0.89 1

Posterior cingulate cortex −1.05 ± 0.41 0.924 −2.76 ± 0.86 0.121 −2.92 ± 0.76 0.012 −2.35 ± 1.18 1

Posterior orbitofrontal cortex −1.26 ± 0.32 0.009 −2.5 ± 0.68 0.022 −2.54 ± 0.6 0.002 −0.34 ± 0.93 1

Precentral gyrus −0.9 ± 0.36 1 −3.1 ± 0.75 0.003 −2.55 ± 0.66 0.011 −1.75 ± 1.02 1

Precuneus cortex −0.88 ± 0.35 1 −1.65 ± 0.74 1 −3.21 ± 0.65 <0.001 −1.49 ± 1.01 1

Putamen -0.42 ± 0.27 1 -2.9 ± 0.57 <0.001 -1.79 ± 0.5 0.038 -0.99 ± 0.78 1

Rolandic operculum −0.54 ± 0.33 1 −2.69 ± 0.7 0.011 −2.76 ± 0.62 <0.001 −1.68 ± 0.95 1

Superior occipital gyrus −1.47 ± 0.43 0.064 −0.17 ± 0.91 1 −3.09 ± 0.8 0.012 −1.98 ± 1.24 1

Superior parietal gyrus −1.25 ± 0.36 0.055 −1.57 ± 0.76 1 −1.81 ± 0.67 0.654 −0.36 ± 1.04 1

Superior temporal gyrus −0.48 ± 0.33 1 −2.7 ± 0.69 0.010 −2.54 ± 0.61 0.003 −1.7 ± 0.95 1

Superior temporal pole −0.8 ± 0.31 0.918 −1.76 ± 0.65 0.645 −2.35 ± 0.58 0.005 −0.78 ± 0.9 1

Supplementarymotor area −0.51 ± 0.3 1 −2.35 ± 0.63 0.021 −2.86 ± 0.56 <0.001 −0.59 ± 0.87 1

Supramarginal gyrus −0.69 ± 0.36 1 −1.62 ± 0.76 1 −2.3 ± 0.67 0.061 −1.99 ± 1.04 1

Thalamus −0.34 ± 0.35 1 −3.09 ± 0.73 0.003 −3.58 ± 0.65 <0.001 −2.89 ± 1.01 0.381

Note: β refers to the main effect of time from baseline. The interaction coefficients (βint) 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 themain effect of time from

baseline (P) and for the interaction effects (Pint) were adjusted using Bonferroni correction, presented here. Bold emphasis has been placed on P values that
are≤ 0.05 after Bonferroni correction.

Abbreviations:C9orf72, chromosome9 open reading frame 72; FTD, frontotemporal dementia;GRN, progranulin;MAPT, microtubule-associated protein tau.

Theobservation that the rateof global graymatter perfusiondecline

was most prominent in GRN and that it featured hypoperfusion rela-

tive to controls as early as 1 year after baselinemeasurement coincides

with observed atrophy rates of this FTD genotype relative to others.47

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.48 This widespread hypoperfu-

sion seen in presymptomatic GRN carriers has been previously noted

by Dopper et al.12 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,12 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.17,20,49 This may link to prior findings that GRN carriers also

present as non–fluent-variant primary progressive aphasia (nfvPPA),50

which is associated with atrophy and metabolic/perfusion decline

involving the left frontal region.51 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.50 This region constitutes the main portion

of Broca’s speech area, which is primarily associated with the motor

aspects of language production.52 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.53

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

passmotor, visual, auditory, and somatosensory information to various

cortical destinations.54 While initial reports demonstrated atrophy of

this structure in C9orf72 carriers,19 there have since been updates in

the literature showing that both GRN andMAPT also feature thalamic

atrophy.55,56 Post mortem analyses confirm the thalamus is impacted in

FTD,56–58 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 Between-groups delta F value P value uncorrected Partial eta squared

Rightmiddle frontal gyrus −11.73 12.02 0.001 0.25

Right inferior frontal gyrus pars triangularis −9.73 4.99 0.032 0.12

Right dorsolateral superior frontal gyrus −8.28 4.78 0.035 0.11

Right posterior orbitofrontal cortex −7.43 4.51 0.040 0.11

Right thalamus −9.95 3.88 0.056 0.09

Left postcentral gyrus −6.82 3.78 0.060 0.09

Left paracentral lobule −9.14 3.71 0.063 0.11

Left precentral gyrus −7.19 3.62 0.065 0.09

Rightmedial superior frontal gyrus −6.63 2.98 0.093 0.07

Left middle frontal gyrus −5.88 2.47 0.124 0.06

Right insular cortex −7.00 2.46 0.126 0.06

Right inferior frontal gyrus pars orbitalis −7.37 2.28 0.140 0.06

Right inferior frontal gyrus Pars opercularis −6.95 2.04 0.162 0.05

Right caudate nucleus −5.50 1.80 0.188 0.05

Right precentral gyrus −6.18 1.58 0.217 0.04

Left dorsolateral superior frontal gyrus −3.96 1.15 0.291 0.03

Right hippocampus −4.87 1.07 0.307 0.03

Right supplementarymotor area −4.82 0.98 0.328 0.03

Left thalamus −4.81 0.75 0.392 0.02

Left medial superior frontal gyrus −3.03 0.67 0.417 0.02

Right rolandic operculum −4.24 0.63 0.433 0.02

Left insular cortex −3.20 0.60 0.443 0.02

Right putamen −2.92 0.33 0.568 0.01

Right superior temporal gyrus −2.75 0.28 0.600 0.01

Left hippocampus 1.35 0.23 0.633 0.01

Left anterior cingulate cortex −1.55 0.14 0.710 0.00

Left putamen 0.85 0.09 0.767 0.00

Left supplementarymotor area −1.73 0.02 0.877 0.00

Left caudate nucleus −0.67 0.01 0.924 0.00

Note: F values correspond to themain 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 ameasure of effect size.

with tau pathology showed similar degrees of thalamic volume reduc-

tions to those with TDP-43 pathology.55 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.59 These findings support the proposition

that FTD may progress along large-scale white matter networks,60

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.56 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.26,29 Site and acquisition effects were

also corrected for with the biasfield intensity normalization semi-

automatic spatial coefficient of variation quality control.13,31 Gray
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matter atrophy effects were accounted for through robust regression-

based partial volume correction.34 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 graymatter, albeit to a lesser extent than inmutation

carriers, and this is in agreement with ASL studies of aging in healthy

populations.39,61,62 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.63 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 orGRN. 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.15,19

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.7
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31. Mutsaerts HJ, Petr J, Václavů L, et al. The spatial coefficient of varia-

tion in arterial spin labeling cerebral blood flow images. J Cereb Blood
FlowMetab. 2016;37:3184-3192. doi:10.1177/0271678X16683690

32. MutsaertsHJMM,Petr J, ThomasDL, et al. Comparison of arterial spin

labeling registration strategies in themulti-centerGenetic Frontotem-

poral Dementia Initiative (GENFI): comparison of ASL registration

strategies. J Magn Reson Imaging. 2017;47:131-140. doi:10.1002/jmri.

25751

33. Jezzard P, Chappell MA, Okell TW. Arterial spin labeling for the mea-

surement of cerebral perfusion and angiography. J Cereb Blood Flow
Metabolism. 2017;38:603-626. doi:10.1177/0271678X17743240

34. Asllani I, Borogovac A, Brown TR. Regression algorithm correcting for

partial volume effects in arterial spin labeling MRI.Magnet Reson Med.
2008;60:1362-1371. doi:10.1002/mrm.21670

35. Rolls ET, Joliot M, Tzourio-Mazoyer N. Implementation of a new par-

cellation of the orbitofrontal cortex in the automated anatomical

labeling atlas. Neuroimage. 2015;122:1-5. doi:10.1016/j.neuroimage.

2015.07.075

36. Bates D, Mächler M, Bolker B, Walker S. Fitting linear mixed-effects

models using lme4. J Stat Softw. 2015;67:1. doi:10.18637/jss.v067.i01
37. Barr DJ, Levy R, Scheepers C, Tily HJ. Random effects structure

for confirmatory hypothesis testing: keep it maximal. J Mem Lang.
2013;68:255-278. doi:10.1016/j.jml.2012.11.001

38. LenthRV, emmeans: EstimatedMarginalMeans, aka Least-SquaresMeans.
2023

39. Zhang N, Gordon ML, Ma Y, et al. The age-related perfusion pattern

measured with arterial spin labeling MRI in healthy subjects. Front
Aging Neurosci. 2018;10:214. doi:10.3389/fnagi.2018.00214

40. MenonV. BrainMapping. Syst. 2015;2:597-611. doi:10.1016/b978-0-
12-397025-1.00052-x

41. Seeley WW. The Salience Network: a Neural System for Perceiving

and Responding to Homeostatic Demands. J Neurosci. 2019;39:9878-
9882. doi:10.1523/jneurosci.1138-17.2019

42. Viskontas IV, Possin KL, Miller BL. Symptoms of Frontotemporal

Dementia Provide Insights into Orbitofrontal Cortex Function and

Social Behavior. Ann Ny Acad Sci. 2007;1121:528-545. doi:10.1196/
annals.1401.025

43. Seeley WW. Anterior insula degeneration in frontotemporal demen-

tia. Brain Struct Funct. 2010;214:465-475. doi:10.1007/s00429-010-
0263-z

44. Pasquini L, NanaAL, TollerG, et al. Salience network atrophy links neu-

ron type-specific pathobiology to loss of empathy in frontotemporal

dementia. Biorxiv. 2020:691212. doi:10.1101/691212. bioRxiv.
45. Gordon E, Rohrer JD, Fox NC. Advances in neuroimaging in fron-

totemporal dementia. J Neurochem. 2016;138:193-210. doi:10.1111/
jnc.13656

46. Irwin DJ, McMillan CT, Xie SX, et al. Asymmetry of post-mortem neu-

ropathology in behavioural-variant frontotemporal dementia. Brain J
Neurology. 2017;141:288-301. doi:10.1093/brain/awx319

47. Whitwell JL,WeigandSD,Gunter JL, et al. Trajectories of brain andhip-

pocampal atrophy in FTD with mutations in MAPT or GRN.Neurology.
2011;77:393-398. doi:10.1212/wnl.0b013e318227047f

48. Whitwell JL, Jack CR, Pankratz VS, et al. Rates of brain atrophy

over time in autopsy-proven frontotemporal dementia and Alzheimer

disease. Neuroimage. 2008;39:1034-1040. doi:10.1016/j.neuroimage.

2007.10.001

49. Whitwell JL, Weigand SD, Boeve BF, et al. Neuroimaging signatures

of frontotemporal dementia genetics: c9ORF72, tau, progranulin and

sporadics. Brain. 2012;135:794-806. doi:10.1093/brain/aws001
50. Peet BT, Spina S, Mundada N, Joie RL. Neuroimaging in frontotem-

poral dementia: heterogeneity and relationships with underlying

neuropathology. Neurotherapeutics. 2021;18:728-752. doi:10.1007/
s13311-021-01101-x

51. Spinelli EG, Mandelli ML, Miller ZA, et al. Typical and atypical pathol-

ogy in primary progressive aphasia variants. Ann Neurol. 2017;81:430-
443. doi:10.1002/ana.24885

52. Petrides M, Pandya DN. The Human Nervous System. 3rd ed. V Cortex;

2012:988-1011. doi:10.1016/b978-0-12-374236-0.10026-4

53. Routier A, Habert M-O, Bertrand A, et al. Structural, microstructural,

and metabolic alterations in primary progressive aphasia variants.

Front Neurol. 2018;9:766. doi:10.3389/fneur.2018.00766
54. Herrero M-T, Barcia C, Navarro J. Functional anatomy of thalamus

and basal ganglia. Child S Nerv Syst. 2002;18:386-404. doi:10.1007/
s00381-002-0604-1

55. Bocchetta M, Gordon E, Cardoso MJ, et al. Thalamic atrophy in fron-

totemporal dementia — Not just a C9orf72 problem. Neuroimage Clin.
2018;18:675-681. doi:10.1016/j.nicl.2018.02.019

56. McKenna MC, Lope J, Bede P, Tan EL. Thalamic pathology in fron-

totemporal dementia: predilection for specific nuclei, phenotype-

specific signatures, clinical correlates, and practical relevance. Brain
Behav. 2023;13:e2881. doi:10.1002/brb3.2881

57. TanRH,WongS,Kril JJ, et al. Beyond the temporal pole: limbicmemory

circuit in the semantic variant of primary progressive aphasia. Brain.
2014;137:2065-2076. doi:10.1093/brain/awu118

58. Broe M, Hodges JR, Schofield E, Shepherd CE, Kril JJ, Halliday GM.

Staging disease severity in pathologically confirmed cases of fron-

totemporal dementia. Neurology. 2003;60:1005-1011. doi:10.1212/
01.wnl.0000052685.09194.39

59. BocchettaM, Todd EG, Peakman G, et al. Differential early subcortical

involvement in genetic FTDwithin the GENFI cohort.Neuroimage Clin.
2021;30:102646. doi:10.1016/j.nicl.2021.102646

60. Seeley WW, Crawford RK, Zhou J, Miller BL, Greicius MD.

Neurodegenerative Diseases Target Large-Scale Human Brain

Networks. Neuron. 2009;62:42-52. doi:10.1016/j.neuron.2009.03

.024

61. Vis JB, Peng S, ChenX, et al. Arterial-spin-labeling (ASL) perfusionMRI

predicts cognitive function in elderly individuals: a 4-year longitudi-

nal study. J Magn Reson Imaging. 2018;48:449-458. doi:10.1002/jmri.

25938

 15525279, 2024, 5, D
ow

nloaded from
 https://alz-journals.onlinelibrary.w

iley.com
/doi/10.1002/alz.13750 by C

ochraneItalia, W
iley O

nline L
ibrary on [31/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s10334-018-0691-y
https://doi.org/10.1007/s10334-018-0691-y
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1016/j.neuroimage.2020.117031
https://doi.org/10.1016/j.neuroimage.2010.12.049
https://doi.org/10.1002/jmri.24918
https://doi.org/10.1002/jmri.24918
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1002/mrm.25197
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1177/0271678X16683690
https://doi.org/10.1002/jmri.25751
https://doi.org/10.1002/jmri.25751
https://doi.org/10.1177/0271678X17743240
https://doi.org/10.1002/mrm.21670
https://doi.org/10.1016/j.neuroimage.2015.07.075
https://doi.org/10.1016/j.neuroimage.2015.07.075
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/j.jml.2012.11.001
https://doi.org/10.3389/fnagi.2018.00214
https://doi.org/10.1016/b978-0-12-397025-1.00052-x
https://doi.org/10.1016/b978-0-12-397025-1.00052-x
https://doi.org/10.1523/jneurosci.1138-17.2019
https://doi.org/10.1196/annals.1401.025
https://doi.org/10.1196/annals.1401.025
https://doi.org/10.1007/s00429-010-0263-z
https://doi.org/10.1007/s00429-010-0263-z
https://doi.org/10.1101/691212
https://doi.org/10.1111/jnc.13656
https://doi.org/10.1111/jnc.13656
https://doi.org/10.1093/brain/awx319
https://doi.org/10.1212/wnl.0b013e318227047f
https://doi.org/10.1016/j.neuroimage.2007.10.001
https://doi.org/10.1016/j.neuroimage.2007.10.001
https://doi.org/10.1093/brain/aws001
https://doi.org/10.1007/s13311-021-01101-x
https://doi.org/10.1007/s13311-021-01101-x
https://doi.org/10.1002/ana.24885
https://doi.org/10.1016/b978-0-12-374236-0.10026-4
https://doi.org/10.3389/fneur.2018.00766
https://doi.org/10.1007/s00381-002-0604-1
https://doi.org/10.1007/s00381-002-0604-1
https://doi.org/10.1016/j.nicl.2018.02.019
https://doi.org/10.1002/brb3.2881
https://doi.org/10.1093/brain/awu118
https://doi.org/10.1212/01.wnl.0000052685.09194.39
https://doi.org/10.1212/01.wnl.0000052685.09194.39
https://doi.org/10.1016/j.nicl.2021.102646
https://doi.org/10.1016/j.neuron.2009.03.024
https://doi.org/10.1016/j.neuron.2009.03.024
https://doi.org/10.1002/jmri.25938
https://doi.org/10.1002/jmri.25938
https://alz-journals.onlinelibrary.wiley.com/action/rightsLink?doi=10.1002%2Falz.13750&mode=


3542 PASTERNAK ET AL.

62. Staffaroni AM, Cobigo Y, Elahi FM, et al. A longitudinal characteriza-

tion of perfusion in the aging brain and associationswith cognition and

neural structure. Hum Brain Mapp. 2019;40:3522-3533. doi:10.1002/
hbm.24613
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