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Abstract

INTRODUCTION: Self-reported sex influences brain resilience, but its role in genetic

frontotemporal dementia (FTD) remains unclear.

METHODS:Weanalyzed394genetic-FTDpatients and279controls fromtheALLFTD

consortium, assessing annual neuropsychological performance and MRI-based corti-

cal thickness. Clinical characteristics and cortical thickness were compared between

sexes. We used the residuals of linear regression models, which predict each partici-

pant’s cognitive and behavioral performance levels relative to cortical thickness, as a

proxy for reserve. We then modeled sex differences in longitudinal trajectories with

linear mixed-effects models.

RESULTS: Symptomatic females with genetic FTD had lower frontal cortical thickness

than males, and the C9orf72 subgroup showed lower-than-expected frontal cortical
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thickness for a given level of executive functioning. Differences in cognitive reserve

between sexes peaked near symptom onset but diminished thereafter.

DISCUSSION: Females with genetic FTD showed higher cognitive reserve than males,

suggesting that self-reported sexmodulates resilience to frontotemporal neurodegen-

eration.

KEYWORDS

cognitive reserve, diagnosis, frontotemporal dementia, magnetic resonance imaging, neuroimag-
ing, progression, resilience, survival

Highlights

∙ Females with genetic FTD showed higher cognitive reserve thanmales.

∙ Those differences were particularly pronounced in the C9orf72 andGRN subgroups.

∙ The higher cognitive reserve in females declined as the disease progressed.

1 BACKGROUND

Frontotemporal dementia (FTD) encompasses a heterogeneous group

of neurodegenerative disorders characterized by progressive deteri-

oration in social behavior, language, and executive functions.1 FTD

demonstrates significant heritability, with many affected individuals

displaying a robust familial history2–4 and up to 30% harboring auto-

somal dominant mutations.5 The most common FTD mutations are

the expansion in the chromosome 9 open reading frame 72 (C9orf72),

and pathogenic mutations in the progranulin (GRN) and microtubule-

associated protein tau (MAPT)3,6,7 genes. The study of families with

autosomal dominant FTD offers a unique opportunity to delineate the

sequence of clinical and biomarker alterations beginning at the pre-

clinical orminimally symptomatic stages, potentially identifying pivotal

factors that influence clinical outcomes and prognosis.8

Among these factors, biological sex, understood as the sex chro-

mosome complement of a person, has emerged as a top priority in

the research of neurodegenerative diseases,9,10 and there is increasing

evidence that sex and gender play a crucial role in modulating cog-

nitive decline, biomarker trajectories, and responses to therapies in

Alzheimer’s disease (AD).11–13 However, the specific impact of self-

reported sex on FTD remains less understood. In a large multicenter

study, we previously reported that females diagnosed with the most

common clinical presentation of FTD, behavioral variant FTD (bvFTD),

had more severe frontotemporal cortical thinning than males despite

showing similar clinical features and disease severity at diagnosis.14

These results align with the notion that females exhibit greater cog-

nitive and behavioral reserve, namely, they might have a better ability

to cope with neurodegeneration and preserve cognitive performance

and social behavior.14,15 Nevertheless, our previous work focused on

symptomatic cases and only included a relatively small proportion of

autosomal dominant FTD. Thus, it remains unclear to which extent

sex differences in FTD can be explained by diagnosis-related factors16

(i.e., delays in diagnosis due to later diagnosis in females17) and if sex-

related differences could be observed at the preclinical stages of the

disease. The study of genetically determined FTD cases followed from

the preclinical phase to the symptomatic phase could provide valuable

information to precise the role of self-reported sex in FTD.

In this study, we aimed to (1) characterize the impact of self-

reported sex on the clinical presentation, cortical thickness, and

cognitive and behavioral reserve in autosomal dominant FTD; and

(2) leverage longitudinal clinical and imaging data to model cogni-

tive and behavioral reserve progression from the preclinical stages to

overt dementia, to understandhowself-reported sexmay influence the

trajectory of genetic FTD.

2 METHODS

2.1 Study population

Participants included 394 carriers of the C9orf72 hexanucleotide

repeat expansion, a pathogenic mutation in GRN or MAPT, and 279

non-carrier controls from families harboring one of these mutations.

Participants were recruited through the ARTFL/LEFFTDS Longitu-

dinal Frontotemporal Lobar Degeneration (ALLFTD; NCT04363684)
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cohort, encompassing 18 centers across theUnited States andCanada.

The subject inclusion flowchart is depicted in Figure. S1 Inclusion cri-

teria were: (1) carriership of one of the three common pathogenic

variants of autosomal dominant FTD, with no requirement for knowl-

edge of their genetic status, (2) age over 18 years, (3) having a reliable

informant in regular weekly contact, (4) English fluency sufficient for

completing assessments, (5) availability of at least one MRI exam of

acceptable quality, (defined by an image quality rating under 6 accord-

ing to the CAT12 threshold).18 Controls were included if they had a

Clinical Dementia Rating plus National Alzheimer’s Coordinating Cen-

ter Behavior and LanguageDomainsGlobal Score (CDR+NACC-FTLD-
GS) of 0, indicating no clinical impairment and no genetic mutation.

Exclusion criteria included the presence of a structural brain lesion

or any other neurological disorder that could affect outcomes. Par-

ticipants underwent baseline and annual follow-up neurological and

neuropsychological evaluations and cerebral MRI exams. Sex was con-

sidered as self-reported by the participants choosing among Female,

Male, Unknown, or Unspecified options, and meant to reflect female or

male reproductive organs.

2.2 Genetic testing

Using a previously published method, participants underwent

genetic testing at the University of California, Los Angeles.19

The hexanucleotide repeat expansion in C9orf72 was detected

using fluorescent and repeat-primed polymerase chain reaction

(PCR), and mutations in GRN and MAPT were identified by targeted

sequencing.

2.3 Disease severity assessment

CDR+NACC-FTLD-GS and CDR+NACC-FTLD Sum of Boxes

(CDR+NACC-FTLD-SB)20 were acquired at baseline and longitudinally
as the primary measures of cognitive impairment severity. Asymp-

tomatic status was established as CDR+NACC-FTLD-GS = 0, and a

participant was deemed symptomatic if CDR+NACC-FTLD-GS≥0.5.

2.4 Cognitive assessment

The ALLFTD protocol mandates annual multidisciplinary assessments,

including neurological and neuropsychological evaluations and infor-

mant interviews. A selected subset of Uniform Data Set (UDS) Neu-

ropsychological Battery, version 3.021 was administered at baseline

and follow-up. The neuropsychological measures included the Digit

Span Backward, Verbal Fluency Phonemic Test for F-Words and L-

Words, Trail Making Test Part B (TMTB), where performance is quanti-

fiedbydividing the total numberof correct linesby the completion time

in seconds, Multilingual Naming Test (MINT), Category Fluency (Ani-

mals and Vegetables), California Verbal Learning Test (CVLT) delayed

RESEARCH INCONTEXT

1. Systematic review: The authors searched PubMed for

previous studies assessing sex differences in cognitive

reserve and genetic frontotemporal dementia (FTD). The

influence of biological sex in cortical thickness, cognitive

or behavioral reserve, and functional decline has not been

extensively studied for genetic FTD patients.

2. Interpretation: Symptomatic females with genetic FTD

presentedwith higher frontal atrophy compared tomales

despite similar clinical manifestations. For equivalent

executive impairment, females displayed higher atrophy

than males, but the differences declined over time after

symptom onset. Our findings add to the previous evi-

dence suggesting a higher cognitive reserve in females

with FTD.

3. Future directions: Females with genetic FTD might have

greater cognitive resilience to frontotemporal neurode-

generation. Future studies in FTD should perform seg-

regated analyses by sex and delve into the mechanisms

underlying higher resilience in women with FTD, paving

the path to precisionmedicine-based approaches.

recall, Benson Figure Copy delayed recall, and Craft Story 21 delayed

recall (verbatim score).

To adjust for sex differences in cognitive performance, participant

raw scores were standardized into z-scores based on the mean and

standard deviation of healthy controls of the corresponding sex, fol-

lowing expert recommendations.9,22,23 In line with previous ALLFTD

studies,24 cognitive composites were calculated by averaging the z-

scores of tests reflecting similar neuropsychological functions. The

executive composite score included Digit Span Backward, Verbal

Fluency Phonemic Test, and TMTB; the language composite score

encompassed MINT and Category Fluency; and the episodic memory

composite score was derived from CVLT, Benson Figure Copy delayed

recall, and verbatim Craft Story 21 delayed recall scores. A global cog-

nitive composite was also computed by averaging all individual test

scores.

2.5 Social cognition and behavioral assessment

Because cognitive function can be relatively spared in the earliest

symptomatic stages of FTD, we also included measures of social cog-

nition. We included the Social Behavior Observer Checklist (SBOC)25

to measure the observed social behavior. We also considered the

Behavioral Inhibition Scale (BIS),26 the Revised Self-Monitoring Scale

(RSMS),27 and the Interpersonal Reactivity Index (IRI)28 as informant-

based questionnaires of social cognition. As for cognitive measures,
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the participants’ raw scores were transformed into z-scores by consid-

ering the mean and standard deviation of the healthy controls of the

corresponding sex.

2.6 Neuroimaging

2.6.1 MRI acquisition

All images at baseline and during the follow-up were acquired on 3T

MRI scanners. T1-weighted images were obtained as Magnetization

Prepared Rapid Gradient Echo images with the following parameters:

240 × 256 × 256 matrix, about 170 slices, voxel size = 1.05 × 1.05 ×
1.25 mm3, with flip angle, echo time, and repetition time varying by

vendor. A standard imaging protocol was used across all centers, man-

aged, and reviewed for quality at the Mayo Clinic, Rochester. Further

details can be found elsewhere.29

2.6.2 MRI processing

Images at baseline and during follow-up were processed with the

CAT12 toolbox within SPM12 (Wellcome Trust Center for Neuroimag-

ing, London, UK, http://www.fil.ion.ucl.ac.uk/spm), running in MATLAB

R2023b.30,31 Default settings were employed to compute cortical

thickness, and the mean values for the frontal, parietal, temporal,

and occipital lobes were extracted, using the Desikan-Killiany (DK40)

atlas.32 Cortical thickness analyses were chosen over volumetric

approaches as recommended for studying sex differences in neurode-

generative dementias, as it is not correlated with total intracranial

volume, a measure known to differ between sexes and a potential

underlying confound.9

2.7 Group comparison of cortical thickness

In alignment with consensus recommendations, analyses were segre-

gated by sex to enhance sensitivity in detecting sex-related differences

in neurodegenerative dementias.9,22,23 Age and years of education

were included as covariates when comparing pathogenic mutation

carriers versus healthy controls. The significant differences were iden-

tified for all the analyses using a p-value threshold of < 0.05, adjusted

for family-wise error (FWE), and an extent threshold based on the

expected number of vertices per cluster. Cohen’s d was calculated

to quantify the effect size of cortical thickness reduction in regions

showing significant differences between pathogenic mutation carriers

and controls of the same self-reported sex. The net effect size was

obtained after subtracting the effect size for female carriers compared

to healthy female controls and the effect size for male carriers com-

pared to healthy male controls. To find cortical areas where thickness

reduction might respond to an interaction between the carrier status

and self-reported sex, we conducted a two-way analysis of variance

(ANOVA) analysis with group (pathogenic mutation carrier or healthy

control) and self-reported sex (female or male) as main factors and

age and years of education as covariates. Cortical thickness values

between females and males carrying a pathogenic FTDmutation were

also compared using t-test.

2.8 Correlation of cognitive and behavioral
measures with cortical regions

Spearman’s correlation coefficient was used to assess the relationship

between cortical regions and each cognitive and behavioral measure,

with group (pathogenic mutation carrier or healthy control), symp-

tomatic status (asymptomatic and symptomatic), age, and years of

education as covariates (Figure S2).We selected the regions of interest

as those areas showing a significant correlation after FWE correc-

tion with each specific cognitive composite or behavioral measure.

Frontal lobe was found to be significantly correlated with the execu-

tive function composite; frontal and temporal regionswith thememory

composite; and frontal, temporal, and parietal regions with the lan-

guage and global cognitive composites. Global cortical thickness (i.e.,

the mean value of cortical thickness for the entire cortex) was chosen

for the cognitive measures, which showed no localized or statistically

significant correlation.

2.9 Residuals approach

Consistent with our previous studies,14 we employed the residuals

approach to model the relationships between cognitive and behav-

ioral changes and cortical thinning, used as a proxy for pathology.

This approach allowed us to predict each participant’s cognitive and

behavioral performance levels relative to cerebral cortical thickness,

using individual residuals as reservemeasures. The “residuals method”

has been deemed a useful approach to measure and study cognitive

reserve, and is conceptualized as a quantitative assessment of the vari-

ance in cognitivemeasures not explained by pathology or demographic

factors (i.e., the discrepancy between the observed and expected cog-

nitive function).33,34 Althoughpotential limitations of thismethodhave

been brought to attention when searching for associations between

residuals andexternal variables,35 it offers valuable insights as it allows

quantitative comparisons. A linear regressionmodelwas developed for

each cognitive composite z-score and the z-scores of SBOC, RSMS, BIS,

IRI-Empathy, and IRI-Perspective-taking, serving as dependent vari-

ables, computing a total of nine models. Each model included age,

years of education, and cortical thickness from the previously iden-

tified regions of interest (as defined in Section 2.8.) as independent

variables. To explore the potential effect of the different pathogenic

mutations and disease severity, we also included interaction terms

for genotype and symptomatic status. As for cognitive variables, z-

scores based on the mean and standard deviation of healthy controls

of the corresponding sex were employed as a standardized measure to

account for sex-related differences in cortical thickness.36 Each model

incorporated both female and male participants. One residual value

was obtained per participant and timepoint.

http://www.fil.ion.ucl.ac.uk/spm
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2.10 Statistical analyses of the residuals

Differences in the residuals between females and males carrying

pathogenic mutations were analyzed using Welch t-tests. We per-

formed these analyses in all carriers at baseline (both symptomatic and

asymptomatic). To explore if sex differences in cognitive and behav-

ioral reserve could be driven by a specific mutation group or were

related to symptomatic status,we conductedpost-hoc comparisons for

subgroups adjusting for false discovery rate (FDR).

2.11 Linear mixed-effects models

To further explore the observed differences in cognitive reserve in the

transition from the asymptomatic to the symptomatic stage, we used

linear mixed-effects (LME) models to examine how cortical thickness

and cognitive changes vary by sex, using all the data obtained dur-

ing the follow-up. We modelled the cognitive outcome obtained from

every participant at each visit during the follow-up as the dependent

variable, correcting for cortical thickness, in order to quantify the indi-

vidual reserve as disease progresses. Time, age at baseline, and years of

education were included as fixed effects, and the interaction between

self-reported sex and symptomatic statuswith timewere also included

because sex differences are known to emerge by disease stage.37–39

Themodel included random intercepts and slopes.Weperformedpost-

hoc comparisons for subgroups according to sex and symptomatic

status, adjusting for FDR.

As cognitive trajectories could potentially follow a non-linear

trajectory40 and therefore LME models might not account for this

possibility, we performed additional analyses following an alternative

method to longitudinally quantify cognitive reserve.41 This approach

relies on a latent process mixed-effects (LPM) and approximates time

by natural cubic splines with four knots placed at the quantiles of the

distribution, thus avoiding assuming linearity of the trajectories. The

model included the cognitive outcome as the dependent variable, and

cortical thickness, time, age at baseline and years of education as fixed

effects, as well as the interaction between sex and time. The model

included random intercepts.

In addition, we also ran an LME model exploring the changes in

cognitive reserve according to the global cognitive-functional decline.

The cognitive outcome was included as the dependent variable. Cor-

tical thickness, age at baseline, years of education, and CDR+NACC-
FTLD-SB, as well as the interaction between self-reported sex and

CDR+NACC-FTLD-SB were chosen as fixed effects, with random

intercepts and slopes.

2.12 Other statistical analyses

Baseline demographic and neuropsychological differences between

groups were studied using the Wilcoxon rank sum test, Pearson’s

chi-squared test, or Fisher’s exact test, as appropriate, and FDR cor-

rection for multiple testing applied. Statistical significance was set at

p<0.05. All statistical analyseswereperformedwithRversion4.3.2. (R

Foundation for Statistical Computing, Vienna, Austria, https://www.R-

project.org/) using the “gtsummary,” “ggstatsplot,” “lme4,” and “lcmm”

packages.42–46

3 RESULTS

3.1 Clinical and demographic analyses

The comparison of baseline demographic variables is depicted in

Table 1 and Table S1. No significant differences were found between

sexes regarding age at first visit, years of education, number of visits,

number of MRIs, or image quality rating of MRI. The median number

of annual visits during the follow-up was 2, ranging from 1 to 7.

Carriers of pathogenic mutations exhibited a mean age of 50 years

at baseline, with ages spanning from 18 to 80 years. The majority of

the pathogenic mutation carriers showed no cognitive or behavioral

impairment according to CDR+NACC-FTLD-GS. Among pathogenic

mutation carriers at baseline, themost frequently encountered clinical

diagnosiswas clinically normal in 212 (54%), followed bymild cognitive

impairment in 39 (9.9%), bvFTD in 94 (24%), and non-fluent primary

progressive aphasia in 9 (2.3%). During follow-up, the percentage

of asymptomatic mutation carriers decreased to 50% according to

CDR+NACC-FTLD-GS at the last visit. The most frequently identified

pathogenic mutations were found in the C9orf72 gene in 189 (48%)

participants, followed byMAPT in 112 (28%) andGRN in 93 (24%).

We replicated previously described cognitive and social cognition

differences between males and females in the non-carrier and car-

rier group, showing higher memory and empathy scores for females

(Table S2-S3)10,47–49. This observation and current recommendations

to study sex differences in neurodegenerative diseases9,22,23 justified

our approach to z-score calculation segregating by sex. Table S4-S6

show detailed information about each mutation group’s baseline cog-

nitive and behavioral scores. As expected, the pathogenic mutation

carrier group was older than the non-carrier group and was charac-

terized by higher cognitive and behavioral impairment (Table S7). In

the subgroup of participants that were asymptomatic at baseline and

developed symptoms during the follow-up (n = 28), we observed con-

sistently higher age at symptom onset in females compared to males,

suggesting additional 6.5 symptom-free years in females. However,

the effect did not reach statistical significance [mean (standard devi-

ation), females vs. males: 55.6 (13.9) vs. 49.1 (10.8), Cohen’s d = 0.54,

p = 0.178]. We found no significant moderation by self-reported sex

on the relationship between cortical thickness and the age of symp-

tom onset, adjusting for years of education (p = 0.118). Males and

females carrying pathogenic FTD mutations showed similar cognitive

and behavioral changes compared to noncarriers at baseline (Table

S8 and S9), however, some differences emerged at the asymptomatic

stage for the MINT raw score and the copy of Benson figure z-score,

in which females showed worse performance, and also for the IRI

empathic concern raw and BIS scores, with females presenting better

outcomes, in a pattern similar to the one found for healthy controls

(Table S2).

https://www.R-project.org/
https://www.R-project.org/
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TABLE 1 Demographic and baseline characteristics of the participants.

Controls Mutation carriers

Characteristic N
All controls,

N= 279a
Female,

N= 172a
Male,

N= 107a N

All

carriers,

N= 394a
Female,

N= 213a
Male,

N= 181a

Age** 279 47 (13) 47 (13) 46 (14) 394 50 (14) 49 (14) 50 (14)

Years of education 279 15.9 (2.5) 15.7 (2.5) 16.1 (2.3) 394 15.9 (4.9) 15.6 (2.3) 16.3 (6.7)

Number of visits 279 2.1 (1.3) 2.0 (1.3) 2.2 (1.5) 394 2.2 (1.4) 2.2 (1.4) 2.2 (1.4)

Number ofMRIs 279 2.0 (1.3) 1.9 (1.2) 2.1 (1.4) 394 2.2 (1.4) 2.2 (1.4) 2.2 (1.4)

Image quality ratingb 279 2.2 (0.2) 2.2 (0.2) 2.3 (0.2) 394 2.3 (0.3) 2.2 (0.3) 2.3 (0.3)

Executive function composite c,** 273 0.0 (0.7) 0.0 (0.7) 0.0 (0.8) 370 −0.5 (1.2) −0.5 (1.1) −0.6 (1.2)

Language composite d, ** 273 0.0 (0.7) 0.0 (0.7) 0.0 (0.7) 369 −0.8 (1.7) −0.8 (1.6) −0.8 (1.8)

Memory composite e, ** 279 0.0 (0.7) 0.0 (0.7) 0.1 (0.6) 379 −0.5 (1.2) −0.5 (1.2) −0.5 (1.1)

Global cognitive composite f, ** 279 0.0 (0.6) 0.0 (0.6) 0.0 (0.6) 380 −0.6 (1.2) −0.6 (1.2) −0.6 (1.2)

CDR+NACC-FTLD-GS at baseline** 279 394

0 279 (100%) 172 (100%) 107 (100%) 230 (58%) 130 (61%) 100 (55%)

0.5 60 (15%) 30 (14%) 30 (17%)

1 42 (11%) 20 (9.4%) 22 (12%)

2 54 (14%) 26 (12%) 28 (15%)

3 8 (2.0%) 7 (3.3%) 1 (0.6%)

CDR+NACC-FTLD-GS at last visit** 279 394

0 279 (100%) 172 (100%) 197 (50%) 111 (52%) 86 (48%)

0.5 70 (18%) 32 (15%) 38 (21%)

1 41 (10%) 21 (9.9%) 20 (11%)

2 66 (17%) 37 (17%) 29 (16%)

3 20 (5.1%) 12 (5.6%) 8 (4.4%)

Age of symptom onset 197 56.9 (11.2) 57.9 (10.8) 55.8 (11.7)

CDR+NACC-FTLD-SB at baseline** 279 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 394 2.7 (4.7) 2.8 (5.1) 2.7 (4.2)

Pathogenic mutation** 394

C9orf72 189 (48%) 105 (49%) 84 (46%)

GRN 93 (24%) 44 (21%) 49 (27%)

MAPT 112 (28%) 64 (30%) 48 (27%)

Control 0 (0%) 0 (0%) 0 (0%)

Abbreviations: CDR+NACC-FTLD-GS, Clinical Dementia Rating plus National Alzheimer’s Coordinating Center Behavior and Language Domains Global

Score; CDR+NACC-FTLD-SB, Clinical Dementia Rating plus National Alzheimer’s Coordinating Center Behavior and Language Domains Sum of Boxes; MRI,

magnetic resonance imaging.
aMean (SD); n (%).
bQuality rating is expressed as integers 0.5–6, being> 6 considered as unacceptable quality.
cExpressed as z-scores from controls of the same sex. The executive function composite comprises the average scores from Number Span Backward, Verbal

Fluency Phonemic Test and Trail Making Test Part B.
dExpressed as z-scores from controls of the same sex. The language composite comprises the average scores from Multilingual Naming Test and Category

Fluency.
eExpressed as z-scores from controls of the same sex. The memory composite comprises the average scores from California Verbal Learning Test, Benson

Figure Copy delayed recall and Craft Story 21.
fExpressed as z-scores from controls of the same sex. The global cognitive composite comprises the average scores from the executive function, language and

memory composites.

**Difference between pathogenic mutation carriers and healthy controls, p< 0.05. False discovery rate correction for multiple testing applied.
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F IGURE 1 Cortical thickness reduction in symptomatic FTDmutation carriers. Comparison of cortical thickness reduction in symptomatic
(Clinical Dementia Rating plus National Alzheimer’s Coordinating Center Behavior and LanguageDomains≥ 0.5) pathogenicmutation carriers and
healthy controls of the same self-reported sex. (A) Group difference in cortical thickness betweenmale FTDmutation carriers and healthymale
controls. (B) Group difference in cortical thickness between female FTDmutation carriers and healthy female controls. (C) Net effect size shows
greater cortical thinning in females carrying FTDmutations than inmales. The effect size was obtained after subtracting the effect size map in
panel B from the one in panel A. (D) Cortical areas where a significant group by sex interaction was found. The result was obtained from a 2-way
ANOVA analysis with group (pathogenic mutation carrier or healthy control) and sex at birth (female or male) as main factors and age and years of
education as covariates. Colored areas represent the p-values of the interaction between the pathogenic mutation carrier status (carrier vs.
non-carrier) and self-reported sex (man vs. woman). ANOVA, analysis of variance; FTD, frontotemporal dementia; HC, healthy
controls.

3.2 Cortical thickness analyses

Each pathogenic mutation was associated with previously reported

typical topography of neurodegeneration:morewidespread inC9orf72

carriers, a frontal, temporal, and parietal pattern in GRN, and a

higher effect size in medial temporal regions and temporal poles

for MAPT (Figure S3). Males and females carrying a pathogenic FTD

mutation showed marked cortical thinning of the frontal, temporal,

and parietal lobes compared to healthy controls of the same sex.

Notably, the effect size of the cortical thinning was more promi-

nent in females than in males (Figure S3). The difference between

males and females in the amount of cortical loss was particularly

evident at the symptomatic stage, with a significant sex-by-group

interaction in frontotemporal regions (Figure 1). This difference was

not observed in asymptomatic mutation carriers (Figure S4), where

females showed no significant cortical thinning compared to healthy

controls after FWE correction. Symptomatic females showed signif-

icant cortical thinning in frontal regions compared to symptomatic

males across mutations. Figure S5 shows the comparison in cortical

thickness between females and males carrying a pathogenic FTD

mutation.

3.3 Cognitive reserve analyses

To further evaluate potential cognitive and behavioral reserve differ-

ences by sex, we next used the residuals approach. The comparison

of residual values between sexes showed that, at baseline, females

(both asymptomatic and symptomatic) had greater frontal cortical

thinning than males for the same level of executive functioning per-

formance (Cohen’s d = 0.30, 95% confidence interval [CI] [0.08, 0.51],

t(331) = 2.331, p = 0.007, Figure 2). We found a significant effect for

the interaction of the symptomatic status in the model (p < 0.001,

Table S10). Post hoc FDR-adjusted analyses showed that, in the com-

parison among subgroups, the differences in the residuals remained

statistically significant between symptomatic females and males car-

rying a pathogenic C9orf72 expansion (p = 0.026), but not for the rest

of the comparisons (Table S11). No significant differences in the cog-

nitive reserve residuals were found for global (p = 0.301), language

(p= 0.500), or memory (p= 0.443) composites (Figure S6, Table S12).

As we found a significant interaction for symptomatic status in

the model, and due to the low proportion of symptomatic partici-

pants at baseline, we conducted an additional analysis using data from

the first visit when symptoms appeared in participants who became
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F IGURE 2 Comparison of cognitive reserve between females andmales carrying FTDmutations. The predicted cognitive performance for a
certain level of cortical thinning in each subject was obtained using the individual residuals as a proxy of cognitive reserve. Themodel included data
from all themutation carriers at baseline. Differences in residuals between females andmales were calculated withWelch t-tests. Panels show the
linear model (A) and violin plot for the residuals (B). FTD, frontotemporal dementia.

symptomatic during follow-up. The results of this analysis can only

be considered exploratory. The comparisons of the residuals indicated

that females presented with greater frontal cortical thinning than

males for an equivalent executive functioning performance (Cohen’s

d = 0.31, 95% CI [0.00, 0.62], t(163) = 1.9836, p = 0.049, Table S13).

Post-hoc analyses showed that, when stratifying by genotype, the dif-

ferences in residualswere statistically significant between females and

males carrying a pathogenic C9orf72 expansion (p = 0.044) or a GRN

mutation (p = 0.017). However, no significant differences remained

after adjusting for FDR (Table S14).

Examining social cognition and behavioral measures (Figure 3, Table

S15), females carrying a pathogenic FTD mutation showed greater

global cortical thinning compared to male carriers at equivalent IRI

perspective-taking scores (Cohen’s d = 0.30, 95% CI [0.09, 0.52],

t(324) = 2.7432, p = 0.006). However, no differences remained sig-

nificant in the post-hoc, FDR-adjusted stratified analyses (Table S16).

No statistically significant differences were found in the IRI emphatic

concern, RSMS, BIS, and SBOC residual analyses (Figure S7).

3.4 Longitudinal analyses

To further explore the observed differences in cognitive reserve in

the transition from the asymptomatic to the symptomatic stage, we

fitted LME models leveraging all longitudinal measurements. The LME

model for the executive function composite indicated a significant

effect of the interaction between self-reported sex and symptomatic

status with time when the whole cohort was analyzed (Table S17).

Post-hoc comparison adjusting for FDR showed statistically signif-

icant differences between females and males in the asymptomatic

status (p = 0.012), but not for symptomatic participants (p = 0.455).

Asymptomatic FTDmutation carriers presented a divergent trajectory

between sexes in the executive function composite. In the case of

symptomatic FTD mutation carriers, the model indicated similar

trajectories (Figure 4). Individual cognitive trajectories are shown in

Figure S8.

This pattern of sex-specific trajectories was also found when lon-

gitudinally modeling the scores of IRI perspective-taking (Figure S9,
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F IGURE 3 Comparison of social cognitive reserve between females andmales carrying FTDmutations. The predicted social cognitive
performance for a certain level of cortical thinning in each subject was obtained using the individual residuals as a proxy of cognitive reserve. The
model included data from all themutation carriers at baseline. Differences in residuals between females andmales were calculated withWelch
t-tests Panels show the linear model (A) and violin plot for the residuals (B). FTD, frontotemporal dementia; IRI, Interpersonal Reactivity Index.

Table S18). Post-hoc comparison adjusting for FDR showed statisti-

cally significant differences between females and males only in the

symptomatic status (p= 0.007).

We performed complementary longitudinal analyses fitting LPM

to avoid assuming linearity in the trajectories of cognitive function.

The model for the executive function composite showed a significant

interaction between sex and the second timepoint of the follow-up

(p = 0.032, Table S19), but not for the first (p = 0.704) and last

(p = 0.170) time points. This finding supports the previously found

sex-related differences in the trajectories in the middle part of the

follow-up, but not in the later stages. No significant effect of the inter-

action between self-reported sex and time was found when modeling

IRI perspective-taking (Table S20).

Finally, a significant effect of the interaction between self-reported

sex and cognitive-functional decline as measured by CDR®+NACC-
FTLD-SB was found, with females presenting with higher executive

function than expected for cortical thickness compared to males as

symptoms emerged (Figure S10, Table S21).

4 DISCUSSION

In this largemulticenter study of genetic FTD, we found thatmales and

females showed remarkably similar clinical characteristics, but symp-

tomatic females displayed more cortical thinning than males for an

equal level of cognitive impairment and behavioral changes. To bet-

ter understand this observation, we followed the residuals approach.

We found that the observed cortical thinning in females was accompa-

nied by better-than-expected executive function and social cognition,

suggesting that females carrying FTD mutations have higher cogni-

tive and behavioral reserve thanmales. Finally, we leveraged extensive

longitudinal data to confirm that females with genetic FTD were char-

acterized by increased cognitive reserve during the preclinical stage,

reaching its maximum approaching symptom onset and decreasing as

the disease progresses during the symptomatic stage. These obser-

vations seemed particularly pronounced in the subgroup of patients

carrying the C9orf72 repeat expansion and, to a lesser extent, the GRN

subgroup.
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F IGURE 4 Comparison of the cognitive reserve trajectories between females andmales carrying FTDmutations. The image shows the
differences in the executive function composite betweenmales and females carrying FTDmutations through time, stratified by symptomatic
status. The executive function composite obtained from every participant at each visit during the follow-upwas included as the dependent
variable, correcting for cortical thickness to quantify the individual reserve as the disease progresses. Time, age at baseline, and years of education
were included as fixed effects, as well as the interaction between self-reported sex and symptomatic status with time. Themodel included random
intercepts and slopes. Themodel included repeatedmeasures from themutation carriers during follow-up. The vertical line represents themean
time of symptom onset for the participants who transitioned from asymptomatic to symptomatic stage during the follow-up period. FTD,
frontotemporal dementia.

Our findings complement another recent ALLFTD study, showing

that females with genetic FTD also showed higher and faster increase

thanmales of plasmaneurofilament light chain (NfL) concentrations, an

indicator of neuroaxonal degeneration.24 Mirroring the results of the

present work, males and females did not differ in cognitive and func-

tional outcomes in the asymptomatic stages, and females evidenced

better clinical trajectories for the intensity of neurodegeneration

proxied by plasma NfL. Interestingly, symptomatic women presented

steeper cognitive and functional declines compared to males, point-

ing to higher cognitive reserve in the early stages of the disease and

greater subsequent vulnerability in females once the disease reaches a

symptomatic stage. This pattern closely mirrors our study in which we

also confirmed that with the emergence of symptoms, women showed

loss of their reserve advantage over time.

The results of the present study also add to our previous observa-

tion in a large multicenter study of patients diagnosed with bvFTD.14

Still, to our knowledge, our work is the first to demonstrate a higher

executive and behavioral reserve in females with genetic FTD and a

range of clinical phenotypes beyond bvFTD. In our previous study,

we focused on patients with sporadic bvFTD who were, by defini-

tion, symptomatic. However, in the present work, we were able to

delve into the preclinical stages, finding a similar pattern of cognitive

reserve to the one found in AD, with females outperforming males

early in the course of the disease but presenting a subsequent steeper

decline.50–53 Thus, females seem to have a premorbid advantage that

translates into higher cognitive reserve and persists in the early dis-

ease phase but becomes equivalent to men after reaching a critical

point of brain atrophy that is higher than men later in the disease
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course. In this sense, we found a trend towards higher age at symp-

tom onset in females, which aligns with previous studies of genetic

FTD.54–56 Although the differences were not statistically significant in

our sample, probably due to lack of power, we observed similar mean

age of onset distribution and effect sizes for the C9orf72 and MAPT

subgroups compared to previous extensive worldwide-scale studies.55

Genetic (e.g., X chromosome), lifestyle57, and hormonal58 differences

might be the underlying mechanisms, conferring greater flexibility and

adaptability of brain networks to be able to cope with frontotem-

poral damage in females. Notably, by focusing on both symptomatic

and asymptomatic participants with genetic FTD that were system-

atically followed over time in a longitudinal study, we reduced the

potential confounding factor of diagnostic delays in females. Previous

research has underscored sex and gender as potential modulators in

FTD phenotype,59,60 but the reason why it modulates the neurode-

generative pathway is yet to be elucidated. Notable differences in

mechanisms known to play a role in neurodegeneration, like neuroim-

mune processes61 and neuroendocrine dynamics62–64 that add to the

biological differences conferred by the X-chromosome65 might impact

protein accumulation. For instance, an X-linked single nucleotide poly-

morphism has been shown to modulate the age of onset in C9orf72

hexanucleotide expansion carriers.66 In AD, previous works have sug-

gested a significant interaction between sex andmicroglia activation in

relation to AD pathology, translating into a disproportionate effect of

the immune system in females61 butwith aworsephagocytic activity.67

Although this topic has been considerably less studied than in AD,

immune responses have emerged as a potential pivotal mechanism in

FTD.68,69 Post-menopausal females also may present with a reduced

glymphatic clearance as measured by functional MRI, thus having a

predisposition to pathological protein accumulation.70 Animal mod-

els of AD have shown increased amyloid plaque accumulation with

estrogen depletion,62 and females in perimenopausal ages present

reduced cerebral metabolism compared to males, exceeding amyloid-

β deposition.63,64 Future studies assessing the influence of menopause

and perimenopause on how FTDmanifests are therefore warranted.

Our results and previous studies conducted in sporadic and genetic

FTD support the notion that females with FTD have a higher behav-

ioral and executive reserve. However, the observed differences were

not universal across mutations. In fact, the results from the present

study indicate that sex-related differences seemed to be particu-

larly driven by the C9orf72 group and, to a lesser extent, by the

GRN group. The MAPT group had a different pattern. Several reasons

could explain the differences observed. First, individuals affected by

either a C9orf72 expansion or a GRN mutation present with a distinct

pattern of cortical thinning compared to MAPT mutation carriers.58

C9orf72 and GRN may have a higher propensity to early neurode-

generation of the frontal lobe, where we observed the interaction

between group and sex. Notably, cognitively healthy females have a

thicker frontal cortex thanmen, and this baseline difference in cerebral

structure may have contributed to the observed results in the C9orf72

and GRN groups.36 In sharp contrast, the topography of neurodegen-

eration in MAPT carriers involves the medial temporal lobe region,

where sex-related differences in brain structure may favor males.59

These differences could contribute to specific resilience mechanisms

in theMAPT subgroup. Second, the associated pathology differs among

mutations, with C9orf72 and GRN causing TDP-43 accumulation and

MAPT predisposing to tau aggregation.1 The variability in the genetic

and pathophysiological underpinnings between TDP-43 and tau sub-

types of frontotemporal lobar degeneration (FTLD) may, therefore,

also account for the observed differences.71

Our results have important implications for developing integrated

models that combine clinical, genetic, biofluid, and imaging biomarker

data to stage mutation carriers. Such models would enable the deter-

mination of “disease age” at the individual level and facilitate the

prediction of longitudinal decline in single subjects. Previous studies

have focused on elucidating the sequence of cortical thinning72 and

changes in fluidbiomarkers73 during thepreclinical stageofFTD.These

advancements are critical for designing and implementing more effec-

tive clinical trials, as theyhelp establish a reliable staging system for the

disease during its presymptomatic or minimally symptomatic phases,

when potential treatments may have the greatest impact.74 How-

ever, recent studies developing suchmodels75 or exploring longitudinal

brain atrophy rates in genetic FTD76 did not perform segregated anal-

yses by sex; thus, resulting models may have mitigated the observed

sex-related differences in brain structure.77 Future studies aiming to

develop data-driven models for staging FTD should consider defin-

ing segregated models by sex, and future trials in C9orf72 should be

designed and powered to address sex-specific endpoints for cognition,

behavior, and clinical stage.

4.1 Strengths and limitations

Our study has some limitations. This study lacks pathological confir-

mation, or in vivo biomarkers related to relevant pathophysiological

processes, like specific protein aggregates or astroglial activation.

However, we limited the participants to confirmed carriers of themost

frequent FTD mutations regardless of symptomatic status or clinical

phenotype, and thus, a diagnosis of definitive FTD could bemade. Also,

our results were restricted to macrostructural cortical thinning and

did not includemeasures of functional cerebral connectivity that could

help in understanding the mechanisms by which females’ brains were

able to copewith a higher neurodegenerative burden.While significant

advances have shown that sex differences are crucial in shaping func-

tional networks in the human brain,78–82 there is a paucity of data in

brain connectivity research accounting for differences by sex in FTD,83

and future studies should perform segregated analyses in preclinical

FTD.

We conducted segregated analyses when studying cognition,

following current recommendations9,13,22,23 to avoid overestimating

potential baseline differences between females and males. Neverthe-

less, this approach leads to obtaining different reference values to

quantify variables and might make the interpretation less straight-

forward. Another limitation of our study is its focus on differences

related to self-reported sex, defined here as the complement of sex

chromosomes that aligns with reproductive organs. This definition
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is constrained when applied to humans, as social roles and identities

significantly shape our understanding of self-reported sex, introducing

the dynamic and nuanced concept of gender.10 Furthermore, the study

of sex-related differences in health has limitations as the presence of

transgender, intersex, or non-binary individuals can result in a lack of

clear alignment between self-reported sex and chromosomal sex.84

Future studies should comprehensively address the individual inter-

actions between sex and gender, as well as delve into the differences

between biological sex, self-reported sex, and gender, in order to

accurately assess the influence of these factors on health and disease.

Lastly, we used the residual approach as a proxy of resilience. Although

this method has been proven useful in capturing meaningful informa-

tion and allowing for a quantitative analysis of cognitive resilience,33,34

its conceptual limitations have also been brought to attention.35 How-

ever, we performed complementary imaging and longitudinal analyses

that supported our findings. Our results suggest that females with

genetic FTD have higher executive and behavioral reserve than males

and add to previous evidence supporting the existence of sex-related

differences in the ability of females’ brains to cope with frontal neu-

rodegeneration. Future staging and prognosis studies in FTD should

consider performing segregated analyses by sex to forward preci-

sion medicine-based approaches, particularly in C9orf72 expansion

carriers.

ACKNOWLEDGMENTS

Data collection and dissemination of the data presented in this paper

were supported by the ALLFTD Consortium (U19: AG063911, funded

by the National Institute on Aging and the National Institute of Neu-

rological Diseases and Stroke) and the former ARTFL and LEFFTDS

Consortia (ARTFL: U54 NS092089, funded by the National Institute

of Neurological Diseases and Stroke and National Center for Advanc-

ing Translational Sciences; LEFFTDS: U01 AG045390, funded by the

National Institute on Aging and the National Institute of Neurologi-

cal Diseases and Stroke). The ALLFTD Executive Committee reviewed

the manuscript for scientific content. This work was supported by

NIH-NIA grants R01AG072475 (PI: K.B.C.), and UCSF ADRC P50

AG023501. J.G.C. is supported by a Río Hortega grant (CM23/00176)

from the Carlos III National Institute of Health of Spain, partly funded

by the European Social Fund Plus. I.I.-G. is a senior Atlantic Fellow

for Equity in Brain Health at the Global Brain Health Institute (GBHI),

and receives funding from the GBHI, the Alzheimer’s Association,

and the Alzheimer Society (GBHI ALZ UK-21-720973 and AACSF-

21-850193). I.I.-G. was also supported by the Juan Rodés Contract

(JR20/0018). This study has been funded by Instituto de Salud Car-

los III (ISCIII) through the project PI21/00791 and co-funded by the

European Union (FEDER) This study has been also funded by Insti-

tuto de ISCIII through the projects INT21/00073, PI20/01473 and

PI23/01786 to J.F., CP20/00038 and PI22/00307 to A.B., PI18/00435

to D.A., PI20/01330 to A.L. and PI21/01395 to O.D.-I.) and co-funded

by the European Union, and the Centro de Investigación Biomédica

en Red sobre Enfermedades Neurodegenerativas Program 1, partly

jointly funded by Fondo Europeo de Desarrollo Regional, Unión Euro-

pea,UnaManeradeHacerEuropa. Thisworkwasalso supportedby the

National Institutes of Health grants (R01 AG056850, R21 AG056974,

R01AG061566, R01AG081394andR61AG066543 to J.F., AG032306

and K24AG045333 to H.J.R., AG038791 to A.B.), the Department de

Salut de la Generalitat de Catalunya, Pla Estratègic de Recerca I Inno-

vació en Salut (SLT006/17/00119 to J.F.; SLT002/16/00408 to A.L.). It

was also supported by Fundación Tatiana Pérez de Guzmán el Bueno

(IIBSP-DOW-2020-151 to J.F.) and Horizon 2020–Research and Inno-

vation Framework Programme from the European Union (H2020-

SC1-BHC-2018-2020 to J.F.; 948677). The Alzheimer Association also

participated in the funding of this work (AARG-22-923680 to A.B.).

O.D.-I. receives funding from the Alzheimer’s Association (AARF-22-

924456) and the Jerome Lejeune Foundation postdoctoral fellowship.

J.A.-I. was supported by Instituto de Salud Carlos III through the Río

Hortega Fellowship ‘‘CM21/00243″ and co-funded by the European

Union. L.V.-A. was supported by Margarita Salasjunior postdoctoral

fellowship (UNI/551/2021, NextGenerationUE).

CONFLICT OF INTEREST STATEMENT

J.G.C.: Declarations of interest: none; S.R-G.: Declarations of inter-

est: none; K.B.C.: Declarations of interest: none; J.S.G.: Declarations

of interest: none; M.M.: Declarations of interest: none; L.V.-A.: Dec-

larations of interest: none; A.M.-N.: Declarations of interest: none;

J.A-I.: Declarations of interest: none; O.D-I.: Declarations of inter-

est: none; A.B.: Declarations of interest: none; O.B.: Declarations of

interest: none; J.F.: Declarations of interest: none; D.A. participated

in advisory boards from Fujirebio-Europe, Roche Diagnostics, Grifols

S.A. and Lilly, and received speaker honoraria from Fujirebio-Europe,

Roche Diagnostics, Nutricia, Krka Farmacéutica S.L., Zambon S.A.U.

andEstevePharmaceuticals S.A., anddeclares a filedpatent application

(WO2019175379 A1 Markers of synaptopathy in neurodegenerative

disease); M.C.-I.: Declarations of interest: none; I.B.: Declarations of

interest: none; M. S.-S.: Declarations of interest: none; M.B.S.S.: Decla-

rations of interest: none; I.S.M.: Declarations of interest: none; H.W.H.:

Declarations of interest: none; L.K.F: Declarations of interest: none;

K.K.: Declarations of interest: none; A.M.S.: Declarations of interest:

none; C.T.: Declarations of interest: none; K.P.R.: Declarations of inter-

est: none; B.B.: Declarations of interest: none; A.B.: Declarations of

interest: none; H.J.R.: Declarations of interest: none; A.L. reports hold-

ing a patent formarkers of synaptopathy in neurodegenerative disease

(licensed to ADx, EPI8382175.0), and has served as a consultant or

on advisory boards for Almirall, Fujirebio-Europe, Grifols, Eisai, Lilly,

Novartis, Nutricia, Roche, Biogen and Zambon; I.I-G.: Declarations

of interest: none. Author disclosures are available in the supporting

information.

CONSENT STATEMENT

The ALLFTD study was approved through the Trial Innovation Net-

work at Johns Hopkins University. Local ethics committees at each

of the sites approved the study, and all participants provided written

informed consent or assent with proxy consent.

ORCID

JesúsGarciaCastro https://orcid.org/0000-0003-1503-4775

https://orcid.org/0000-0003-1503-4775
https://orcid.org/0000-0003-1503-4775


CASTRO ET AL. 13 of 15

Ignacio Illán-Gala https://orcid.org/0000-0002-5418-2052

REFERENCES

1. Boeve BF, Boxer AL, Kumfor F, Pijnenburg Y, Rohrer JD. Advances and

controversies in frontotemporal dementia: diagnosis, biomarkers, and

therapeutic considerations. Lancet Neurol. 2022;21:258-272.
2. Goldman J, Farmer J, Wood E, et al. Comparison of family histories

in FTLD subtypes and related tauopathies. Neurology. 2005;65:1817-
1819.

3. Rohrer JD, Guerreiro R, Vandrovcova J, et al. The heritability

and genetics of frontotemporal lobar degeneration. Neurology.
2009;73:1451-1456. doi:10.1212/WNL.0b013e3181bf997a

4. Wood EM, Falcone D, Suh ER, et al. Development and validation

of pedigree classification criteria for frontotemporal lobar degen-

eration. JAMA Neurol. 2013;70:1411-1417. doi:10.1001/jamaneurol.

2013.3956

5. Greaves CV, Rohrer JD. An update on genetic frontotemporal demen-

tia. J Neurol. 2019;266:2075-2086. doi:10.1007/s00415-019-09363-
4

6. Mahoney CJ, Beck J, Rohrer JD, et al. Frontotemporal dementia

with the C9ORF72 hexanucleotide repeat expansion: clinical, neu-

roanatomical and neuropathological features. Brain. 2012;135:736-
750. doi:10.1093/brain/awr361

7. Baker M, Mackenzie IR, Pickering-Brown SM, et al. Mutations in pro-

granulin cause tau-negative frontotemporal dementia linked to chro-

mosome 17.Nature. 2006;442:916-919. doi:10.1038/nature05016
8. Rohrer JD, Nicholas JM, Cash DM, van Swieten J, Dopper E, Jiskoot

L, et al. Presymptomatic cognitive and neuroanatomical changes

in genetic frontotemporal dementia in the Genetic Frontotemporal

dementia Initiative (GENFI) study: a cross-sectional analysis. Lancet
Neurol. 2015;14:253-262. doi:10.1016/S1474-4422(14)70324-2

9. Ferretti MT, Iulita MF, Cavedo E, Chiesa PA, Dimech AS, Chadha

AS, et al. Sex differences in Alzheimer disease — the gateway to

precision medicine. Nat Rev Neurol. 2018;14:457-469. doi:10.1038/
s41582-018-0032-9

10. Arenaza-Urquijo EM, Boyle R, Casaletto K, Anstey KJ, Vila-Castelar C,

ColversonA, et al. Sex and gender differences in cognitive resilience to

aging and Alzheimer’s disease. Alzheimers Dement. 2024. doi:10.1002/
alz.13844

11. Snyder HM, Asthana S, Bain L, Brinton R, Craft S, Dubal DB, et al.

Sex biology contributions to vulnerability to Alzheimer’s disease: a

think tank convened by the Women’s Alzheimer’s Research Initia-

tive. Alzheimers Dement. 2016;12:1186-1196. doi:10.1016/j.jalz.2016.
08.004

12. Nebel RA, Aggarwal NT, Barnes LL, Gallagher A, Goldstein JM,

Kantarci K, et al. Understanding the impact of sex and gen-

der in Alzheimer’s disease: a call to action. Alzheimers Dement.
2018;14:1171-1183. doi:10.1016/j.jalz.2018.04.008

13. Ferretti MT, Martinkova J, Biskup E, Benke T, Gialdini G, Nedelska

Z, et al. Sex and gender differences in Alzheimer’s disease: current

challenges and implications for clinical practice: position paper of the

Dementia and Cognitive Disorders Panel of the European Academy of

Neurology. Eur J Neurol. 2020;27:928-943. doi:10.1111/ene.14174
14. Illán-Gala I, Casaletto KB, Borrego-Écija S, Arenaza-Urquijo EM, Wolf

A, Cobigo Y, et al. Sex differences in the behavioral variant of

frontotemporal dementia: a new window to executive and behav-

ioral reserve. Alzheimers Dement. 2021;17:1329-1341. doi:10.1002/
alz.12299

15. Stern Y, Arenaza-Urquijo EM, Bartrés-Faz D, Belleville S, Cantilon

M, Chetelat G, et al. Whitepaper: defining and investigating cogni-

tive reserve, brain reserve, and brain maintenance. Alzheimers Dement.
2020;16:1305-1311. doi:10.1016/j.jalz.2018.07.219

16. DeBoerSCM,Riedl L,VanDerLeeSJ,OttoM,Anderl-StraubS, Landin-

Romero R, et al. Differences in sex distribution between genetic and

sporadic frontotemporal dementia. J Alzheimers Dis. 2021;84:1153-
1161. doi:10.3233/JAD-210688

17. Woolley JD,KhanBK,MurthyNK,MillerBL, RankinKP. Thediagnostic

challengeof psychiatric symptoms inneurodegenerativedisease: rates

of and risk factors for prior psychiatric diagnosis in patients with early

neurodegenerativedisease. JClin Psychiatry. 2011;72:126-133. doi:10.
4088/JCP.10m06382oli

18. Collins DL, Zijdenbos AP, Kollokian V, Sled JG, Kabani NJ, Holmes CJ,

et al. Design and construction of a realistic digital brain phantom. IEEE
TransMed Imaging. 1998;17:463.

19. Ramos EM, Dokuru DR, Van Berlo V, Wojta K, Wang Q, Huang AY,

et al. Genetic screening of a large series of North American spo-

radic and familial frontotemporal dementia cases. Alzheimers Dement.
2020;16:118-130. doi:10.1002/alz.12011

20. Miyagawa T, Brushaber D, Syrjanen J, Kremers W, Fields J, Forsberg

LK, et al. Utility of the global CDR®plus NACCFTLD rating and devel-

opment of scoring rules: data from the ARTFL/LEFFTDS Consortium.

Alzheimers Dement. 2020;16:106-117. doi:10.1002/alz.12033
21. Weintraub S, Besser L, Dodge HH, Teylan M, Ferris S, Goldstein FC,

et al. Version 3 of the Alzheimer Disease Centers’ Neuropsychological

Test Battery in the UniformData Set (UDS). Alzheimer Dis Assoc Disord.
2018;32:10-17. doi:10.1097/WAD.0000000000000223

22. Sundermann EE, Barnes LL, Bondi MW, Bennett DA, Salmon DP, Maki

PM. ImprovingDetection of AmnesticMildCognitive Impairmentwith

Sex-Specific Cognitive Norms. J Alzheimers Dis. 2021;84:1763-1770.
doi:10.3233/JAD-215260

23. Sundermann EE, Maki P, Biegon A, Lipton RB, Mielke MM, Machulda

M, et al. Sex-specific norms for verbalmemory testsmay improve diag-

nostic accuracy of amnestic MCI. Neurology. 2019;93:E1881-1889.
doi:10.1212/WNL.0000000000008467

24. Memel M, Staffaroni AM, Ilan-Gala I, Castro JG, Kornak J, Tartaglia

CM, et al. Sex differences in the clinical manifestation of autosomal

dominant frontotemporal dementia. Biorxiv. 2024. doi:10.1101/2024.
10.01.614851

25. Toller G, Cobigo Y, Ljubenkov PA, Appleby BS, Dickerson BC, Domoto-

Reilly K, et al. Sensitivity of the Social Behavior Observer Checklist to

Early Symptoms of Patients With Frontotemporal Dementia. Neurol-
ogy. 2022;99:E488-499. doi:10.1212/WNL.0000000000200582

26. Carver CS, White TL, White TL. Behavioral inhibition, behavioral acti-

vation, and affective responses to impending reward and punishment:

the BIS/BAS Scales. J Pers Soc Psychol. 1994;67:319-333. doi:10.1037/
0022-3514.67.2.319

27. Toller G, Ranasinghe K, Cobigo Y, Staffaroni A, Appleby B, Brushaber

D, et al. Revised Self-Monitoring Scale: a potential endpoint for fron-

totemporal dementia clinical trials. Neurology. 2020;94:E2384-2395.
doi:10.1212/WNL.0000000000009451

28. Davis MH. Measuring individual differences in empathy: evidence for

a multidimensional approach. J Pers Soc Psychol. 1983;44:113-126.
doi:10.1037/0022-3514.44.1.113

29. Olney NT, Ong E, Goh SYM, Bajorek L, Dever R, Staffaroni AM, et al.

Clinical and volumetric changeswith increasing functional impairment

in familial frontotemporal lobar degeneration. Alzheimers Dement.
2020;16:49-59. doi:10.1016/j.jalz.2019.08.196

30. Dahnke R, Yotter RA, Gaser C. Cortical thickness and central surface

estimation.Neuroimage. 2013;65:336-348. doi:10.1016/j.neuroimage.

2012.09.050

31. Seiger R, Ganger S, Kranz GS, Hahn A, Lanzenberger R. Cortical Thick-

ness Estimations of FreeSurfer and the CAT12 Toolbox in Patients

with Alzheimer’s Disease and Healthy Controls. J Neuroimaging.
2018;28:515-523. doi:10.1111/jon.12521

32. Desikan RS, Ségonne F, Fischl B, Quinn BT, Dickerson BC, Blacker

D, et al. An automated labeling system for subdividing the human

cerebral cortex on MRI scans into gyral based regions of inter-

est. Neuroimage. 2006;31:968-980. doi:10.1016/j.neuroimage.2006.

01.021

https://orcid.org/0000-0002-5418-2052
https://orcid.org/0000-0002-5418-2052
https://doi.org/10.1212/WNL.0b013e3181bf997a
https://doi.org/10.1001/jamaneurol.2013.3956
https://doi.org/10.1001/jamaneurol.2013.3956
https://doi.org/10.1007/s00415-019-09363-4
https://doi.org/10.1007/s00415-019-09363-4
https://doi.org/10.1093/brain/awr361
https://doi.org/10.1038/nature05016
https://doi.org/10.1016/S1474-4422(14)70324-2
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1002/alz.13844
https://doi.org/10.1002/alz.13844
https://doi.org/10.1016/j.jalz.2016.08.004
https://doi.org/10.1016/j.jalz.2016.08.004
https://doi.org/10.1016/j.jalz.2018.04.008
https://doi.org/10.1111/ene.14174
https://doi.org/10.1002/alz.12299
https://doi.org/10.1002/alz.12299
https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.3233/JAD-210688
https://doi.org/10.4088/JCP.10m06382oli
https://doi.org/10.4088/JCP.10m06382oli
https://doi.org/10.1002/alz.12011
https://doi.org/10.1002/alz.12033
https://doi.org/10.1097/WAD.0000000000000223
https://doi.org/10.3233/JAD-215260
https://doi.org/10.1212/WNL.0000000000008467
https://doi.org/10.1101/2024.10.01.614851
https://doi.org/10.1101/2024.10.01.614851
https://doi.org/10.1212/WNL.0000000000200582
https://doi.org/10.1037/0022-3514.67.2.319
https://doi.org/10.1037/0022-3514.67.2.319
https://doi.org/10.1212/WNL.0000000000009451
https://doi.org/10.1037/0022-3514.44.1.113
https://doi.org/10.1016/j.jalz.2019.08.196
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1016/j.neuroimage.2012.09.050
https://doi.org/10.1111/jon.12521
https://doi.org/10.1016/j.neuroimage.2006.01.021
https://doi.org/10.1016/j.neuroimage.2006.01.021


14 of 15 CASTRO ET AL.

33. Reed BR, Mungas D, Farias ST, Harvey D, Beckett L, Widaman K,

et al. Measuring cognitive reserve based on the decomposition of

episodic memory variance. Brain. 2010;133:2196-2209. doi:10.1093/
brain/awq154

34. Bocancea DI, Van Loenhoud AC, Groot C, Barkhof F, Van Der Flier

WM, Ossenkoppele R. Measuring Resilience and Resistance in Aging

and Alzheimer Disease Using Residual Methods: a Systematic Review

and Meta-analysis. Neurology. 2021;97:474-488. doi:10.1212/WNL.

0000000000012499

35. Elman JA, Vogel JW, Bocancea DI, Ossenkoppele R, van Loenhoud AC,

Tu XM, et al. Issues and recommendations for the residual approach

to quantifying cognitive resilience and reserve. Alzheimers Res Ther.
2022;14. doi:10.1186/s13195-022-01049-w

36. Ritchie SJ, Cox SR, Shen X, LombardoMV, Reus LM, Alloza C, et al. Sex

differences in the adult human brain: evidence from 5216 UK biobank

participants. Cereb Cortex. 2018;28:2959-2975. doi:10.1093/cercor/
bhy109

37. Walters S, Contreras AG, Eissman JM, Mukherjee S, Lee ML, Choi

SE, et al. Associations of Sex, Race, and Apolipoprotein e Alleles with

Multiple Domains of Cognition among Older Adults. JAMA Neurol.
2023;80:929-939. doi:10.1001/jamaneurol.2023.2169

38. Wood ME, Xiong LY, Wong YY, Buckley RF, Swardfager W, Masellis

M, et al. Sex differences in associations between APOE ε2 and lon-

gitudinal cognitive decline. Alzheimers Dement. 2023;19:4651-4661.
doi:10.1002/alz.13036

39. Levine DA, Gross AL, Briceño EM, Tilton N, Giordani BJ, Sussman JB,

et al. Sex Differences in Cognitive Decline among US Adults. JAMA
NetwOpen. 2021;4. doi:10.1001/jamanetworkopen.2021.0169

40. WilsonRS, Yu L, Leurgans SE, BennettDA, Boyle PA. Proportion of cog-

nitive loss attributable to terminal decline.Neurology. 2020;94:e42-50.
doi:10.1212/WNL.0000000000008671

41. Wagner M, Wilson RS, Leurgans SE, Boyle PA, Bennett DA, Grodstein

F, et al.Quantifying longitudinal cognitive resilience toAlzheimer’s dis-

ease and other neuropathologies. Alzheimers Dement. 2022;18:2252-
2261. doi:10.1002/alz.12576

42. Sjoberg DD, Whiting K, Curry M, Lavery JA, Larmarange J.

Reproducible Summary Tables with the gtsummary Package. R J.
2021;13:570-580.

43. Patil I. Visualizations with statistical details: the “ggstatsplot”

approach. JOpen Source Softw. 2021;6:3167. doi:10.21105/joss.03167
44. Bates D, Mächler M, Bolker BM, Walker SC. Fitting linear mixed-

effects models using lme4. J Stat Softw. 2015;67. doi:10.18637/jss.
v067.i01

45. Kuznetsova A, Brockhoff PB, Christensen RHB. lmerTest Package:

tests in Linear Mixed Effects Models. J Stat Softw. 2017;82:1-26.
doi:10.18637/JSS.V082.I13

46. Proust-Lima C, Philipps V, Liquet B. Estimation of extended mixed

models using latent classes and latent processes: the R package lcmm.

J Stat Softw. 2017;78. doi:10.18637/jss.v078.i02
47. ConnollyHL, LefevreCE, YoungAW, LewisGJ. SexDifferences in Emo-

tion Recognition: evidence for a Small Overall Female Superiority on

Facial Disgust. Emotion. 2019;19:455-464. doi:10.1037/emo0000446

48. LiG, ZhangS, LeTM,TangX, LiCSR.Neural responses tonegative facial

emotions: sex differences in the correlates of individual anger and

fear traits. Neuroimage. 2020;221. doi:10.1016/j.neuroimage.2020.

117171

49. Greenberg DM, Warrier V, Allison C, Baron-Cohen S. Testing the

empathizing–systemizing theory of sex differences and the extreme

male brain theory of autism in half a million people. Proc Natl Acad Sci
USA. 2018;115:12152-12157. doi:10.1073/pnas.1811032115

50. Sundermann EE, Biegon A, Rubin LH, Lipton RB,MowreyW, Landau S,

et al. Better verbal memory in women thanmen inMCI despite similar

levels of hippocampal atrophy.Neurology. 2016;86:1368-1376. doi:10.
1212/WNL.0000000000002570

51. Digma LA, Madsen JR, Rissman RA, Jacobs DM, Brewer JB, Banks SJ.

Women can bear a bigger burden: ante- and post-mortem evidence

for reserve in the face of tau. Brain Commun. 2020;2. doi:10.1093/
braincomms/fcaa025

52. Lin KA, Choudhury KR, Rathakrishnan BG, Marks DM, Petrella JR,

Doraiswamy PM. Marked gender differences in progression of mild

cognitive impairment over 8 years. Alzheimers Dement. 2015;1:103-
110. doi:10.1016/j.trci.2015.07.001

53. Ramanan VK, Castillo AM, Knopman DS, Graff-Radford J, Lowe VJ,

Petersen RC, et al. Association of Apolipoprotein e ϵ4, Educational
Level, and Sex with Tau Deposition and Tau-Mediated Metabolic Dys-

function in Older Adults. JAMA Netw Open. 2019;2. doi:10.1001/
jamanetworkopen.2019.13909

54. Barbier M, Camuzat A, Houot M, Clot F, Caroppo P, Fournier

C, et al. Factors influencing the age at onset in familial fron-

totemporal lobar dementia. Neurol Genet. 2017;3. doi:10.1212/NXG.
0000000000000203

55. Moore KM, Nicholas J, GrossmanM, McMillan CT, Irwin DJ, Massimo

L, et al. Age at symptom onset and death and disease duration

in genetic frontotemporal dementia: an international retrospective

cohort study. Lancet Neurol. 2020;19:145-156. doi:10.1016/S1474-
4422(19)30394-1

56. VanMossevelde S, Van Der Zee J, Gijselinck I, Sleegers K, De Bleecker

J, Sieben A, et al. Clinical evidence of disease anticipation in families

segregating a C9 orf 72 repeat expansion. JAMA Neurol. 2017;74:445-
452. doi:10.1001/jamaneurol.2016.4847

57. Stern Y, Albert S, TangM-X, TsaiW-Y. Rate of memory decline in AD is

related to education and occupation. Neurology. 1999;53:1942-1942.
doi:10.1212/WNL.53.9.1942

58. Li R, SinghM. Sex differences in cognitive impairment and Alzheimer’s

disease. Front Neuroendocrinol. 2014;35:385-403. doi:10.1016/j.yfrne.
2014.01.002

59. Pengo M, Alberici A, Libri I, Benussi A, Gadola Y, Ashton NJ,

et al. Sex influences clinical phenotype in frontotemporal dementia.

Neurolog Sci. 2022;43:5281-5287. doi:10.1007/s10072-022-06185-
7

60. Rogalski E, Rademaker A, Weintraub S. Primary progres-

sive aphasia: relationship between gender and severity of

language impairment. Cogn Behav Neurol. 2007;20:38-43.

doi:10.1097/WNN.0b013e31802e3bae

61. Casaletto KB, Nichols E, Aslanyan V, et al. Sex-specific effects of

microglial activation on Alzheimer’s disease proteinopathy in older

adults. Brain. 2022;145:3536-3545. doi:10.1093/brain/awac257
62. Yue X, Lu M, Lancaster T, Cao P, Honda S-I, Staufenbiel M, et al. Brain

estrogen deficiency accelerates Aβ plaque formation in anAlzheimer’s

disease animal model. Proc Natl Acad Sci. 2005;102:19198-19203.
doi:10.1073/pnas.0505203102

63. Mosconi L, Rahman A, Diaz I, Wu X, Scheyer O, Hristov HW, et al.

Increased Alzheimer’s risk during the menopause transition: a 3-year

longitudinal brain imaging study. PLoS One. 2018;13. doi:10.1371/
journal.pone.0207885

64. Mosconi L, Berti V, Quinn C, McHugh P, Petrongolo G, Varsavsky I,

et al. Sexdifferences inAlzheimer risk.Neurology. 2017;89:1382-1390.
doi:10.1212/WNL.0000000000004425

65. Davis EJ, Broestl L, Williams G, Garay BI, Lobach I, Devidze N,

et al. A second X chromosome contributes to resilience in a mouse

model of Alzheimer’s disease. Sci Transl Med. 2020;12. doi:10.1126/
SCITRANSLMED.AAZ5677

66. Barbier M, Camuzat A, El Hachimi K, Guegan J, Rinaldi D, Lattante S,

et al. SLITRK2, anX-linkedmodifier of theageat onset inC9orf72 fron-

totemporal lobar degeneration. Brain. 2021;144:2798-2811. doi:10.
1093/brain/awab171

67. Guillot-Sestier MV, Araiz AR, Mela V, Gaban AS, O’Neill E, Joshi L,

et al. Microglial metabolism is a pivotal factor in sexual dimorphism in

https://doi.org/10.1093/brain/awq154
https://doi.org/10.1093/brain/awq154
https://doi.org/10.1212/WNL.0000000000012499
https://doi.org/10.1212/WNL.0000000000012499
https://doi.org/10.1186/s13195-022-01049-w
https://doi.org/10.1093/cercor/bhy109
https://doi.org/10.1093/cercor/bhy109
https://doi.org/10.1001/jamaneurol.2023.2169
https://doi.org/10.1002/alz.13036
https://doi.org/10.1001/jamanetworkopen.2021.0169
https://doi.org/10.1212/WNL.0000000000008671
https://doi.org/10.1002/alz.12576
https://doi.org/10.21105/joss.03167
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.18637/jss.v078.i02
https://doi.org/10.1037/emo0000446
https://doi.org/10.1016/j.neuroimage.2020.117171
https://doi.org/10.1016/j.neuroimage.2020.117171
https://doi.org/10.1073/pnas.1811032115
https://doi.org/10.1212/WNL.0000000000002570
https://doi.org/10.1212/WNL.0000000000002570
https://doi.org/10.1093/braincomms/fcaa025
https://doi.org/10.1093/braincomms/fcaa025
https://doi.org/10.1016/j.trci.2015.07.001
https://doi.org/10.1001/jamanetworkopen.2019.13909
https://doi.org/10.1001/jamanetworkopen.2019.13909
https://doi.org/10.1212/NXG.0000000000000203
https://doi.org/10.1212/NXG.0000000000000203
https://doi.org/10.1016/S1474-4422(19)30394-1
https://doi.org/10.1016/S1474-4422(19)30394-1
https://doi.org/10.1001/jamaneurol.2016.4847
https://doi.org/10.1212/WNL.53.9.1942
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1016/j.yfrne.2014.01.002
https://doi.org/10.1007/s10072-022-06185-7
https://doi.org/10.1007/s10072-022-06185-7
https://doi.org/10.1097/WNN.0b013e31802e3bae
https://doi.org/10.1093/brain/awac257
https://doi.org/10.1073/pnas.0505203102
https://doi.org/10.1371/journal.pone.0207885
https://doi.org/10.1371/journal.pone.0207885
https://doi.org/10.1212/WNL.0000000000004425
https://doi.org/10.1126/SCITRANSLMED.AAZ5677
https://doi.org/10.1126/SCITRANSLMED.AAZ5677
https://doi.org/10.1093/brain/awab171
https://doi.org/10.1093/brain/awab171


CASTRO ET AL. 15 of 15

Alzheimer’s disease. Commun Biol. 2021;4. doi:10.1038/s42003-021-
02259-y

68. Broce I, Karch CM, Wen N, et al. Immune-related genetic enrichment

in frontotemporal dementia: an analysis of genome-wide association

studies. PLoSMed. 2018;15. doi:10.1371/journal.pmed.1002487

69. Umoh ME, Dammer EB, Dai J, Duong DM, Lah JJ, Levey AI, et al. A

proteomic network approach across the ALS—FTD disease spectrum

resolves clinical phenotypes and genetic vulnerability in human brain.

EMBOMolMed. 2018;10:48-62. doi:10.15252/emmm.201708202

70. Han F, Liu X, Yang Y, Liu X. Sex-specific age-related changes in

glymphatic function assessed by resting-state functional 1 mag-

netic resonance imaging 2 3. Biorxiv. 2023. doi:10.1101/2023.04.02.
535258

71. Pasquini L, Pereira FL, Seddighi S, Zeng Y, Wei Y, Illán-Gala I, et al.

Frontotemporal lobar degeneration targets brain regions linked to

expression of recently evolved genes. Brain. 2024. doi:10.1093/brain/
awae205

72. Poos JM, Grandpierre LDM, van der Ende EL, Panman JL, Papma

JM, Seelaar H, et al. Longitudinal Brain Atrophy Rates in Presymp-

tomatic Carriers of Genetic Frontotemporal Dementia. Neurology.
2022;99:E2661-2671. doi:10.1212/WNL.0000000000201292

73. VanDer Ende EL, Bron EE, Poos JM, Jiskoot LC, Panman JL, Papma JM,

et al. A data-driven disease progression model of fluid biomarkers in

genetic frontotemporal dementia.Brain. 2022;145:1805-1817. doi:10.
1093/brain/awab382

74. Desmarais P, Rohrer JD, Nguyen QD, Herrmann N, Stuss DT, Lang

AE, et al. Therapeutic trial design for frontotemporal dementia and

related disorders. J Neurol Neurosurg Psychiatry. 2019;90:412-423.
doi:10.1136/jnnp-2018-318603

75. Staffaroni AM, Quintana M, Wendelberger B, Heuer HW, Russell LL,

Cobigo Y, et al. Temporal order of clinical and biomarker changes

in familial frontotemporal dementia. Nat Med. 2022;28:2194-2206.
doi:10.1038/s41591-022-01942-9

76. Poos JM, Macdougall A, Van Den Berg E, Jiskoot LC, Papma JM,

Van Der Ende EL, et al. Longitudinal Cognitive Changes in Genetic

Frontotemporal Dementia Within the GENFI Cohort. Neurology.
2022;99:E281-295. doi:10.1212/WNL.0000000000200384

77. Mauvais-Jarvis F, Bairey Merz N, Barnes PJ, Brinton RD, Carrero J-

J, DeMeo DL, et al. Sex and gender: modifiers of health, disease,

and medicine. The Lancet. 2020;396:565-582. doi:10.1016/S0140-
6736(20)31561-0

78. Subramaniapillai S, Rajagopal S, Ankudowich E, Pasvanis S, Misic B,

Rajah MN. Age-and Episodic Memory-related Differences in Task-

based Functional Connectivity in Women and Men. J Cogn Neurosci.
2022;34:1500-1520. doi:10.1162/jocn_a_01868

79. Caldwell JZK, Zhuang X, Leavitt MJ, Banks SJ, Cummings J, Cordes

D. Sex Moderates Amyloid and Apolipoprotein ε4 Effects on Default

Mode Network Connectivity at Rest. Front Neurol. 2019;10. doi:10.
3389/fneur.2019.00900

80. Shanmugan S, Seidlitz J, Cui Z, Adebimpe A, Bassett DS, Bertolero

MA, et al. Sex differences in the functional topography of association

networks in youth. Proc Natl Acad Sci. 2022;119. doi:10.1073/pnas.
2110416119

81. Dhamala E, Bassett DS, Yeo BT, Holmes AJ. Functional brain net-

works are associated with both sex and gender in children. Sci Adv.
2024;10:4202. doi:10.1126/sciadv.adn4202

82. Ficek-Tani B, Horien C, Ju S, Xu W, Li N, Lacadie C, et al.

Sex differences in default mode network connectivity in healthy

aging adults. Cereb Cortex. 2023;33:6139-6151. doi:10.1093/cercor/
bhac491

83. Tsvetanov KA, Gazzina S, Jones PS, van Swieten J, Borroni B, Sanchez-

Valle R, et al. Brain functional network integrity sustains cognitive

function despite atrophy in presymptomatic genetic frontotempo-

ral dementia. Alzheimers Dement. 2021;17:500-514. doi:10.1002/alz.
12209

84. Ackley SF, Zimmerman SC, Flatt JD, Riley AR, Sevelius J, Duchowny

KA. Discordance in chromosomal and self-reported sex in the UK

Biobank: implications for transgender- and intersex-inclusive data col-

lection. Proc Natl Acad Sci. 2023;120. doi:10.1073/pnas.2218700120

SUPPORTING INFORMATION

Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Garcia Castro J, Rubio-Guerra S,

Casaletto KB, et al. Sex differences in the executive and

behavioral reserve of autosomal dominant frontotemporal

dementia. Alzheimer’s Dement. 2025;21:e70070.

https://doi.org/10.1002/alz.70070

https://doi.org/10.1038/s42003-021-02259-y
https://doi.org/10.1038/s42003-021-02259-y
https://doi.org/10.1371/journal.pmed.1002487
https://doi.org/10.15252/emmm.201708202
https://doi.org/10.1101/2023.04.02.535258
https://doi.org/10.1101/2023.04.02.535258
https://doi.org/10.1093/brain/awae205
https://doi.org/10.1093/brain/awae205
https://doi.org/10.1212/WNL.0000000000201292
https://doi.org/10.1093/brain/awab382
https://doi.org/10.1093/brain/awab382
https://doi.org/10.1136/jnnp-2018-318603
https://doi.org/10.1038/s41591-022-01942-9
https://doi.org/10.1212/WNL.0000000000200384
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1016/S0140-6736(20)31561-0
https://doi.org/10.1162/jocn_a_01868
https://doi.org/10.3389/fneur.2019.00900
https://doi.org/10.3389/fneur.2019.00900
https://doi.org/10.1073/pnas.2110416119
https://doi.org/10.1073/pnas.2110416119
https://doi.org/10.1126/sciadv.adn4202
https://doi.org/10.1093/cercor/bhac491
https://doi.org/10.1093/cercor/bhac491
https://doi.org/10.1002/alz.12209
https://doi.org/10.1002/alz.12209
https://doi.org/10.1073/pnas.2218700120
https://doi.org/10.1002/alz.70070

	Sex differences in the executive and behavioral reserve of autosomal dominant frontotemporal dementia
	Abstract
	1 | BACKGROUND
	2 | METHODS
	2.1 | Study population
	2.2 | Genetic testing
	2.3 | Disease severity assessment
	2.4 | Cognitive assessment
	2.5 | Social cognition and behavioral assessment
	2.6 | Neuroimaging
	2.6.1 | MRI acquisition
	2.6.2 | MRI processing

	2.7 | Group comparison of cortical thickness
	2.8 | Correlation of cognitive and behavioral measures with cortical regions
	2.9 | Residuals approach
	2.10 | Statistical analyses of the residuals
	2.11 | Linear mixed-effects models
	2.12 | Other statistical analyses

	3 | RESULTS
	3.1 | Clinical and demographic analyses
	3.2 | Cortical thickness analyses
	3.3 | Cognitive reserve analyses
	3.4 | Longitudinal analyses

	4 | DISCUSSION
	4.1 | Strengths and limitations

	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	CONSENT STATEMENT
	ORCID
	REFERENCES
	SUPPORTING INFORMATION


