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Abstract

INTRODUCTION: Studies suggest distinct differences in the development, presen-

tation, progression, and response to treatment of Alzheimer’s disease (AD) between

females and males. We investigated sex differences in cognition, neuroimaging, and

fluid biomarkers in dominantly inherited AD (DIAD).

METHODS: Three hundred twenty-five mutation carriers (55% female) and one hun-

dred eighty-six non-carriers (58% female) of the Dominantly Inherited Alzheimer

Network Observational Study were analyzed. Linear mixed models and Spearman’s

correlation explored cross-sectional sex differences in cognition, cerebrospinal fluid

(CSF) biomarkers, Pittsburgh compound B positron emission tomography (11C-PiB

PET) and structural magnetic resonance imaging (MRI).

RESULTS: Female carriers performed better than males on delayed recall and pro-

cessing speed despite similar hippocampal volumes. As the disease progressed,

symptomatic females revealed higher increases inMRI markers of neurodegeneration

and memory impairment. PiB PET and established CSF AD markers revealed no sex

differences.

DISCUSSION: Our findings suggest an initial cognitive reserve in female carri-

ers followed by a pronounced increase in neurodegeneration coupled with worse

performance on delayed recall at later stages of DIAD.

KEYWORDS

cognition, dominantly inherited Alzheimer’s disease, gender, presymptomatic Alzheimer’s dis-
ease, sex

1 BACKGROUND

Alzheimer’s disease (AD) is the most common cause of dementia, with

prevalence shown to be consistently higher in females in many geo-

graphic regions.1,2 Females have also been reported to have a lifetime

risk of AD nearly twice that of males.3 Hypotheses that have been

brought forward in the past have predominantly related to gender,

defined as the sociocultural construct characterizing individuals as

women or men based on imposed norms, social roles, typical behav-

iors, as well as access to education and employment, and the longer

lifespan of females. However, a growing body of evidence suggests that

biological sex differences, including chromosome sets, epigenetics, and

hormone levels, might also explain some of these findings.4,5

While studies to date have failed to show clear sex differences

for amyloid burden in cerebrospinal fluid (CSF) or positron emission

tomography (PET) imaging in sporadic AD (sAD),6–8 several inves-

tigations have found a greater burden of tau in CSF and PET in

both symptomatic and presymptomatic females6,9–11 and identified

distinct patterns of brain atrophy12,13 between the sexes, leading

some to hypothesize a sex-related modulation downstream of amyloid

pathology.14 Furthermore, a retrospective clinico-pathological study

found each additional unit of AD pathology to be associated with a >

20-fold increase in the odds of clinical AD in females but only a 3-fold

increase in males.6 While females have been reported to show higher

cognitive reserve despite similar levels of pathology in the early stage

of AD,15,16 this seems to be followed by a greater cognitive decline17,18

and worse cognitive impairment in the symptomatic stage compared

to males.9,19 Further, a distinct profile of neuropsychiatric symptoms,

including a higher prevalence and severity of depression, aberrant

motor behavior, and psychotic symptoms, has been reported.20 A pos-

itive carrier status of at least one apolipoprotein E (APOE) ε4 allele,

known as a major genetic risk factor for the development of sAD,21

seems to add to this sex-specific vulnerability, with some, but not all,22

studies finding the interactionofAPOE ε4and sex to result in higher lev-
els of tau pathology and neurodegeneration in females,14,17,23,24 and

female carriers to experience higher rates of conversion frommild cog-

nitive impairment (MCI) to AD25 as well as a greater cognitive decline

than their male counterparts.7,26

In dominantly inherited AD (DIAD), which is caused by mutations

in the presenilin1 (PSEN1), presenilin2 (PSEN2), or amyloid precur-

sor protein (APP) genes,27 studies investigating sex differences are

scarce. In a recent publication on PSEN1 E280A mutation carriers, a

better performance on verbal memory learning and global cognition

in presymptomatic females compared to males was reported, despite

similar levels of hippocampal volume, leading the authors to suggest

a female reserve on verbal memory function in the presence of AD-

related neurodegeneration.28 An investigation into the effect of APOE

ε4 carrier status in this cohort, on the other hand, found no interaction
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RESEARCH INCONTEXT

1. Systematic review: The authors reviewed the current lit-

erature using traditional databases (e.g., PubMed, Google

Scholar). There were very few publications exploring

sex differences in dominantly inherited Alzheimer’s dis-

ease (DIAD). Most of the studies on sex differences in

Alzheimer’s disease (AD) cognition and pathology were

recovered in the context of sporadic AD; all are cited as

appropriate.

2. Interpretation: Our findings of distinct sex differences in

cognition as well as magnetic resonance imaging are in

line with previous reports in sporadic AD and may sug-

gest a greater cognitive reserve despite similar degrees of

AD-related pathology in female DIAD carriers.

3. Future directions: Longitudinal analyses are needed to

corroborate present results and further characterize sex-

specific differences in DIAD. Understanding of biological

impact of sex on disease presentation and progression

are pivotal for the success of future clinical intervention

trials.

of APOE ε4 and sex on amyloid burden, cerebral hypometabolism, or

memory.29

The fact that DIAD mutation carriers manifest disease pathology

a decade or more before their clinical symptom onset at a young

and predictable age30 allows for investigation across the spectrum

of AD progression with diminished risk of age-related co-morbidities,

co-pathologies,31 and survival bias influencing the results. We there-

fore investigated sex differences in the international cohort of the

Dominantly InheritedAlzheimerNetworkObservational Study (DIAN-

OBS),32 focusing on the cognitive performance as well as estab-

lished biomarkers of AD pathology and neurodegeneration. A better

understanding of the contribution of sex to the clinical-cognitive pre-

sentation, pathophysiology, and progression may improve diagnostic

accuracy and benefit the design and efficacy of future clinical inter-

vention trials, especially in light of recent results suggesting a lack

of impact in clinical and cognitive outcomes for female participants

receiving anti-amyloid treatment.33

2 METHODS

2.1 Participants

All data analyzed was selected from the DIAN data freeze 15.

Participants included in this analysis were recruited through DIAN-

OBS (ClinicalTrials.gov Identifier: NCT00869817) and provided writ-

ten consent or assent with proxy consent prior to enrollment in

accordance with the latest Declaration of Helsinki. The study is super-

vised by the institutional review board (IRB) atWashington University

in St. Louis, USA, and all study procedures were approved by the

Human Research Protection Office and the IRB at Washington Uni-

versity or the respective participating sites. The DIAN study recruits

participants from Asia, Australia, Europe, and the Americas, aiming

at enrolling a diverse sample regarding education, sex, gender, race,

and ethnicity. Participant enrollment was carried out according to pre-

specified inclusion and exclusion criteria that have been described

previously.34 As every participant is a member of a family with a

knownmutation forDIAD, thepresenceor absenceof aDIADmutation

for each of them was determined via polymerase chain reaction–

based amplification of the appropriate exon and subsequent Sanger

sequencing.

Each participant’s estimated years to symptomonset (EYO)was cal-

culated as the difference between age at baseline and, if symptomatic,

the actual age of symptom onset according to the patient’s history, or,

if presymptomatic, the expected age at symptomonset defined accord-

ing to themean age of onset of the respectivemutation or the parental

age of symptom onset (in case the specific variant mean age of onset

is unknown).30 The resulting EYO of each participant therefore serves

as a variable of time along the disease stages of DIAD, centered around

the individual estimated age of symptomonset (EYO=0), with EYO<0

referring to participants prior to, and EYO> 0 referring to participants

past, their estimated age of clinical symptom onset.

Carriers of a Dutch or Flemish mutation were excluded from this

analysis due to differences in disease presentation and the high burden

of cerebral amyloid angiopathy.35

According to EYO and baseline score on the global Clinical Demen-

tia Rating (CDR),36 all mutation carriers (55% female) were further

grouped as either presymptomatic (CDR 0, 56% female) or symp-

tomatic (CDR > 0, 53% female). A detailed description of the CDR

rating distribution can be found in the supporting information (Table

S1). Three mutation carriers initially classified as symptomatic (CDR

0.5) at baseline (EYO≤−17)were classified as asymptomatic (CDR=0)

in subsequent follow-up visits. These participants were considered

temporarily symptomatic due to a non-degenerative reason and there-

fore excluded from analysis. Non-carriers (58% female) with a rating of

CDR0andamyloidPETburdenbelow the cut-off (see section2.5)were

included in the analysis as healthy controls.

Biological sex was self-reported by participants, with options being

female or male, and has been confirmed, where available (for 93% of

females and90%ofmales), viawet lab fingerprinting assaywith a100%

concordance. Gender identity was not explicitly assessed. Throughout

the article, “female” and “male” as well as “sex” will therefore refer to

biological sex and not gender identity. For the sake of consistency, the

same terms will also be used when referencing other studies, yet it

should be noted that the confirmation of biological sex is not explic-

itly stated in most investigations and may refer to self-reported sex or

self-reported gender.

2.2 Clinical and neuropsychological assessments

Participants underwent a detailed clinical evaluation that included

family history, personal medical history, current medication, and a
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thorough neurological examination. Clinicians were blinded to the

participant’s genetic status and conducted the clinical evaluation of

dementia status according to standard protocols and criteria.37 All

participants included in this analysis underwent a neuropsychological

examination evaluating delayed recall (Wechsler Memory Scale-

Revised Logical Memory), category fluency (Animal Naming Test),

and, if available, processing speed (Wechsler Adult Intelligence Scale-

Revised Digit Symbol Substitution Test), which are part of a global

cognitive composite score.37 For ease of interpretation, each test was

transformed into a z score using the mean and standard deviation of

non-carriers. Further, theMini-Mental State Examination (MMSE), the

Geriatric Depression Scale (GDS), and the Neuropsychiatric Inventory

(NPI) were incorporated into each assessment.

2.3 Analysis of cerebrospinal fluid

According to the specific guidelines of theDIANstudyprotocols,38 CSF

was collected under fasting conditions by lumbar puncture, using an

atraumatic Sprotte spinal needle, into two 13-ml polypropylene tubes.

CSF was then flash-frozen on dry ice and aliquoted into polypropylene

tubes before storage at –80◦C. Amyloid beta (Aβ)42, Aβ40, total tau
(t-tau), and phosphorylated tau-181 (p-tau181) were measured using

the validated LUMIPULSE G1200 immunoassay (Fujirebio) according

to standardized procedures.

2.4 Structural magnetic resonance imaging

A T1-weighted accelerated magnetization-prepared rapid acquisition

with gradient echo (MPRAGE) sequence was performed on 3T scan-

ners according to Alzheimer’s Disease Neuroimaging Initiative mag-

netic resonance imaging (MRI) protocol. Images were processed using

FreeSurfer (version 5.3-HCP-patch) for cortical reconstruction and

volumetric segmentation. Descriptions detailing the procedures have

been published previously.39,40 Volumetric region of interest (ROI) T1

measures in this analysis were normalized to individual intracranial

volumes. In this analysis,we focusedonvolumetricmeasuresof thehip-

pocampus and amygdala, as well as global cortical atrophy which were

calculated using a signature DIAD mask of cortical ROI such as the

precuneus, lateral andmesial orbitofrontal, rostral mesial and superior

frontal, and superior andmesial temporal region.41

2.5 [11C]PiB PET

Positron emission tomography assessing cortical Aβ deposition was

performed using a single bolus injection of approximately 13 mCi of

Pittsburgh compound B ([11C]PiB). The regional standardized uptake

value ratios (SUVRs) were determined from the 40 to 70 post-injection

windows. SUVRs in 34 cortical and 6 subcortical ROIs defined using

structural MRIs were retrieved. Cerebellum gray matter was used as

the reference region for each SUVR and ROI data were corrected for

partial volume effects using a geometric transfer matrix approach. A

composite score was subsequently calculated using the average SUVR

of the precuneus, the prefrontal cortex (superior frontal and rostral

middle frontal), the gyrus rectus (lateral and medial orbitofrontal), and

the lateral temporal region (superior temporal and middle temporal

gyri).40,42 Amyloid positivity was defined as a value > 1.42 of the PiB

PET composite score.

2.6 Statistical analysis

Baseline demographics were summarized as mean ± standard devi-

ation for continuous variables and count percentage for categorical

variables. Group comparisons between females and males were con-

ducted via Mann–Whitney U tests for continuous and Fisher exact

tests for categorical variables. For cross-sectional analysis, linear

mixed models were used to investigate the main effect of sex as well

as the interaction of sex and EYO on cognition and biomarker out-

come variables (where available). Analyses were conducted as follows:

Model 1.1 investigated sex as a main effect in the whole cohort of

mutation carriers. For Model 1.2, an interaction with group (CDR 0 /

CDR>0)was introduced to investigate a sex effect between groups and

to allow for the retrieval of contrasts assessing the magnitude of a sex

effect within each group. Similarly, Model 2.1 explored the interaction

of sex and EYO in the whole cohort of carriers, while Model 2.2 exam-

ined, via a three-way interaction with group, possible differences in

sex effects with respect to the corresponding EYO between the groups.

Subsequent contrast analysis then explored a sex effect with respect

to the corresponding EYO within each group. Models 1.1 and 2.1 were

also run in non-carriers.

Model 1.1: Outcome∼ Sex+ EYO

Model 1.2: Outcome∼ Sex x group+ EYO

Model 2.1: Outcome∼ Sex x EYO

Model 2.2: Outcome∼ Sex x EYO x group

All models included a random effect for families. If appropriate,

years of education and group aswell as their interactionwithEYOwere

included as covariates, but only kept when significantly improving the

model. Predictors that showed a skewed distribution of their residu-

als were log-transformed. For cognitive performance, all outcomes of

interest were examined separately rather than in a composite because

there is evidence for domain-specific sex differences.43 Finally, in sub-

cohorts in which cognitive assessments and fluid or imaging biomark-

ers were available, we performed separate Spearman correlations for

females and males to investigate the associations between markers of

AD(-related) pathology and cognition. Significant differences between

the correlation coefficients of female and male presymptomatic or

symptomatic carriers were tested based on Fisher z transformations

for independent correlation coefficients.

All analyses were performed using R (version 4.1.3).44 Statistical

tests were carried out two-sided and P-values were considered sig-

nificant below 0.05. Correction for false discovery rate (FDR) was
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performed for all contrast analyses. For ease of interpretation, only the

predictors of interestwill bediscussed anddisplayed in themain tables;

a comprehensive output for eachmodel can be found in the supporting

information.

3 RESULTS

3.1 Baseline demographics

Baseline characteristics formutation carriers and non-carriers are pre-

sented in Table 1. At baseline, both presymptomatic and symptomatic

female carriers tended to be slightly younger and closer to their (esti-

mated) age at symptom onset than the respective male carriers. For

non-carriers, no significant sex differences in demographic variables

were detected. There were also no significant imbalances between the

sexes in any group for DIAD mutation type or APOE ε4 status. Aver-

age years of education did not differ between females andmales of any

groupandneither did cognitive status asmeasuredby theMMSEscore,

depressive symptoms (measured via the GDS), and neuropsychiatric

symptoms (assessed with the NPI) in any group.

3.2 Main effect of sex

In all mutation carriers (Table 2,Model 1.1 and Figure 1), we found that

females performed significantly better on delayed recall (β = −0.303,

P= 0.0052) and processing speed (β=−0.401, P= 0.0015) while male

carriers showed a non-significant trend of a better performance on

category fluency (β= 0.238, P= 0.0528).

The sex x group interaction (Table 3, Model 2.1) subsequently

revealed a significant difference in sex effect between the presymp-

tomatic and symptomatic group for processing speed (β = 0.532,

P = 0.045), but no other cognitive tasks. Contrast analysis of the

sex x group interaction found a better performance on processing

speed (P = 0.0002, FDR-corrected P = 0.0004) and delayed recall

(P = 0.0081, FDR-corrected P = 0.0162) in female compared to male

presymptomatic carriers, but no sex difference for either task within

the symptomatic group.However, we found symptomaticmale carriers

to perform significantly better on category fluency than their female

counterparts (P = 0.0438), though this finding did not survive FDR

correction (P= 0.0876).

Investigating CSF markers of AD(-related) pathology, we found

no sex effect in Aβ42/40, p-tau181, or t-tau levels in all mutation

carriers. The interaction sex x group similarly revealed no differ-

ence in sex effect between the presymptomatic and symptomatic

group, and contrast analysis showed no sex difference within each

group. For PiB PET burden, MRI cortical thickness, and hippocam-

pal volume we found no discernible sex difference in all mutation

carriers. However, MRI volume analysis revealed lower amygdala

volumes in female mutation carriers (β = 148.723, P = 0.0037). The

sex x group interaction found no differences in sex effect between

presymptomatic and symptomatic carriers; contrast analysis, however,

exhibited significantly lower amygdala volumes in females compared

to males within the symptomatic group (P = 0.0212, FDR-corrected

P= 0.0424).

Analysis of sex differences in asymptomatic non-carriers (Table 2,

Model 1.1) revealed a significantly better performance in females

on delayed recall (β = −0.445, P = 0.0017) and processing speed

(β = −0.581, P < 0.0001), as well as lower CSF t-tau levels (β = 0.187,

P = 0.0012), while all other measures of cognition as well as imag-

ing and CSF biomarkers demonstrated no differences between the

sexes.

3.3 Interaction of sex and EYO

Investigating the impact of disease stage on sex effects within the

DIAD continuum as represented by EYO (Table 2, Model 1.2), the sex

x EYO interaction in all carriers found a sex difference for delayed

recall, with female carriers performing significantly worse than males

(β = 0.021, P = 0.0272; Figure 1) depending on EYO. While the three-

way interaction of sex x EYO x group (Table 3, Model 2.2) showed

no significant difference for cognitive performance, contrast analysis

revealed a significantly pronounced impairment on delayed recall for

presymptomatic (P = 0.0348, FDR-corrected P = 0.0696) and symp-

tomatic (P = 0.0212, FDR-corrected P = 0.0424) females compared

to males of the respective group, though only the latter survived FDR

correction.

In CSF, we found no differences for the interaction of sex x EYO

and sex x EYO x group. Subsequent contrast analysis within the

presymptomatic and symptomatic group also remained without a sex

effect.

PiB PET analysis in all carriers revealed no significant sex x EYO

interaction and no discernible effect in the sex x EYO x group interac-

tion. However, contrasts showed a significant increase in PiB PET bur-

den in presymptomatic females compared to presymptomatic males,

though this finding did not survive FDR correction (P = 0.038, FDR-

corrected P = 0.076). While there was no significant difference for

sex x EYO in MRI in all carriers, all measures exhibited a significant

interaction for sex x EYO x group, indicating a distinct difference in

sex effect between the presymptomatic and the symptomatic group

(cortical thickness: β = 0.038, P = 0.0002, hippocampus volume:

β = 142.061, P = 0.0274, amygdala volume: β = 83.818, P = 0.0068,

Figure 2) depending on EYO. Contrast analysis further revealed signifi-

cant differencesbetween the sexeswithin the symptomatic group,with

females showing a pronounced atrophy as measured by cortical thick-

ness (P= 0.0001, FDR-corrected P= 0.0004) and an enhanced volume

loss inhippocampus (P=0.0147, FDR-correctedP=0.0294) andamyg-

dala (P = 0.0036, FDR-corrected P = 0.0072) as disease progresses

compared to symptomatic males.

In non-carriers, the sex xEYO interaction (Table2,Model 1.2) didnot

reveal any effect on cognition or imaging. However, we found an inter-

action with EYO for higher levels of p-tau181 (β=−0.009, P= 0.0379)

and t-tau (β = −0.012, P = .0089) as well as lower levels in Aβ42/40
(β= 0.004, P= 0.0248) in female compared tomale non-carriers.
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TABLE 2 Estimated β coefficients and standard errors for sex as amain effect (Model 1.1) and sex in interaction with EYO (Model 2.1) in
female andmale DIADmutation carriers or non-carriers, respectively.

Carriers Non-carriers

Model 1.1 (sex effect) 𝛽± SE P value 𝛽± SE P value

Delayed recall (z score) –0.303 ± 0.108 0.0052 –0.445 ± 0.14 0.0017

Category fluency (z score) 0.238 ± 0.122 0.0528 0.08 ± 0.144 0.5797

Processing speed (z score) –0.401 ± 0.125 0.0015 –0.581 ± 0.13 <0.0001

CSF Aβ42/40 (log) –0.012 ± 0.04 0.7532 0.009 ± 0.02 0.6744

CSF p-tau181 (log) –0.035 ± 0.067 0.6041 0.072 ± 0.056 0.2017

CSF t-tau (log) 0.008 ± 0.06 0.8947 0.187 ± 0.057 0.0012

PiB PET (log) –0.004 ± 0.041 0.9235 –0.018 ± 0.01 0.0732

Cortical thickness (mm) 0.004 ± 0.017 0.8016 –0.019 ± 0.017 0.2685

Hippocampus volume (mm3) 134.973 ± 105.287 0.201 35.369 ± 94.852 0.7097

Amygdala volume (mm3) 148.723 ± 50.732 0.0037 88.06 ± 54.995 0.1111

Model 2.1 (sex x EYO) 𝛽± SE P value 𝛽± SE P value

Delayed recall (z score) 0.021 ± 0.009 0.0272 0.013 ± 0.012 0.3029

Category fluency (z score) 0.014 ± 0.011 0.1907 –0.002 ± 0.013 0.8678

Processing speed (z score) 0.014 ± 0.011 0.1955 0.011 ± 0.011 0.3239

CSF Aβ42/40 (log) 0.006 ± 0.003 0.1022 0.004 ± 0.002 0.0248

CSF p-tau181 (log) –0.007 ± 0.006 0.2554 –0.009 ± 0.005 0.0379

CSF t-tau (log) –0.007 ± 0.005 0.1832 –0.012 ± 0.005 0.0089

PiB PET (log) –0.005 ± 0.004 0.2084 –0.001 ± 0.001 0.1059

Cortical thickness (mm) 0.001 ± 0.001 0.4445 –0.001 ± 0.001 0.332

Hippocampus volume (mm3) 1.032 ± 9.235 0.9111 –0.801 ± 8.37 0.9238

Amygdala volume (mm3) 6181 ± 444 0.165 6708 ± 4793 0.1633

Note: Full model output can be found in the supporting information (Tables S2 and S3). The reference variable for sex is set to females.

Abbreviations: Aβ, amyloid beta; 𝛽, beta-estimate; CSF, cerebrospinal fluid; DIAD, dominantly inherited Alzheimer’s disease; EYO, estimated years to symp-

tom onset; PET, positron emission tomography; PiB, 11C-Pittsburgh compound B; p-tau181, phosphorylated tau protein 181; SE, standard error; t-tau, total

tau protein.

3.4 Correlations of biomarkers with cognitive
performance

We found lower Aβ42/40 levels significantly correlated with reduced

processing speed for presymptomatic females (r = 0.25, P = 0.015;

Figure 3 and Table S6 in supporting information) and males (r = 0.26,

P = 0.022), with no other correlations between cognition and CSF

biomarkers showing a significant relationship. We further found lower

hippocampal volume significantly correlated with worse performance

on delayed recall (r = 0.26, P = 0.010) and processing speed (r = 0.3,

P = 0.003), and reductions in cortical thickness significantly corre-

lated with lower scores on delayed recall (r = 0.28, P = 0.006) and

category fluency (r = 0.21, P = 0.032) in presymptomatic female

carriers, yet no significant correlations between imaging and cogni-

tion in presymptomatic males. With this, we saw a non-significant

trend of difference for correlations of cortical thickness and delayed

recall (r = 0.28 vs. r = 0.03, Δ P = 0.09) and hippocampal volume

and processing speed (r = 0.3 vs. r = 0.01, Δ P = 0.05) between

the sexes.

In the symptomatic stage, correlationswere generally stronger than

in the presymptomatic stage. Higher CSF Aβ42/40 correlated with

higher scores on delayed recall (r = 0.41, P = 0.015) in symptomatic

males only. Further, higher p-tau181 levels showed a correlation with

worse scores on processing speed (females r=−0.37, P= 0.013; males

r=−0.35, P= 0.041) and delayed recall (females r=−0.37, P= 0.013;

males r=−0.42, P= 0.011) in both sexes. Levels of t-tau revealed a sig-

nificant negative correlation for delayed recall in symptomatic males

(r=−0.48,P=0.004) and for processing speed in symptomatic females

(r=−0.34, P= 0.023) andmales (r=−0.37, P= 0.030).

A higher amyloid burden in PET correlatedwithworse performance

on processing speed in symptomatic females (r = −0.33, P = 0.0498).

Lower cortical thickness was correlated with worse scoring on all cog-

nitive measures in both sexes (delayed recall: females r = 0.69, P

<0.0001;males r=0.4,P=0.014,ΔP=0.08; category fluency: females

r=0.56,P<0.001;males r=0.45,P=0.005; processing speed: females

r = 0.64, P < 0.0001; males r = 0.61, P < 0.0001). Reduced hippocam-

pal volumes significantly correlated in symptomatic females andmales

withworse performance on delayed recall (females r= 0.58, P< 0.001;
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F IGURE 1 Scatter plots for z-transformed values of cognitive outcome variables along the years leading up to and past the point of estimated
age of symptom onset (dashed line at EYO= 0; tomaintain blinding towardmutation status for participants and investigators when reporting
individual data points, specific estimated years before onset are not shown) in presymptomatic (dot) and symptomatic (triangle) mutation carriers
for delayed recall (A), Animal Naming Test (B) and Digit Symbol Test (C). Females are represented in red, males in green. The curves are locally
weighted scatterplot smoothing (LOESS) lines, fitted to raw data values. CDR, Clinical Dementia Rating; EYO, estimated years to symptom onset.

males r = 0.5, P = 0.002) and processing speed (females r = 0.51,

P = 0.002; males r = 0.47, P = 0.003), but only in females with cat-

egory fluency (r = 0.42, P = 0.011). Finally, lower amygdala volumes

correlated in both sexes with lower scores on delayed recall (females

r = 0.54, P < 0.001; males r = 0.4, P = 0.015) and processing speed

(females r = 0.59, P < 0.001; males r = 0.41, P = 0.011), while cate-

gory fluency was only significantly correlated in symptomatic females

(r= 0.42, P= 0.013).

4 DISCUSSION

We investigated cross-sectional sex differences in DIAD mutation

carriers and found females to performbetter ondelayed recall and pro-

cessing speed while exhibiting similar degrees of hippocampal volume

and cortical thickness and lower amygdala volumes. Meanwhile, there

were no sex differences in CSF markers of AD(-related) pathology or

PiB PET burden.
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56 WAGEMANN ET AL.

F IGURE 2 Scatter plots for cross-sectional assessments ofMRI imaging along the years leading up to and past the point of estimated symptom
onset (dashed line at EYO= 0; tomaintain blinding towardmutation status for participants and investigators when reporting individual data
points, specific estimated years before onset are not shown) in presymptomatic (dot) and symptomatic (triangle) mutation carriers for cortical
thickness (A), hippocampus volume (B) and amygdala volume (C). Females are represented in red, males in green. The curves are locally weighted
scatterplot smoothing (LOESS) lines, fitted to raw data values. CDR, Clinical Dementia Rating; EYO, estimated years to symptom onset; MRI,
magnetic resonance imaging.

With disease progression, we saw pronounced impairment of

delayed recall in female carriers, predominantly in the symptomatic

group, as well as increased cortical thinning and decreased hippocam-

pus and amygdala volumes in symptomatic female carriers.We further

foundweak tomoderate correlations between biomarkers in both sub-

groups. Specifically, cognition and CSF markers tended to be more

highly correlated in male carriers, while cognition and imaging seemed

more tightly coupled in female carriers, yet there were no signifi-

cant differences in these correlations between the sexes in either

group.

In cognitively healthy adults, studies report a superior performance

of females in verbal memory and processing speed but not category

fluency,15,43,45 mirroring our results in non-carriers.

Female carriers also performed better on processing speed and

delayed recall but simultaneously displayed similar levels of hippocam-

pal atrophy and cortical thickness as well as lower volumes of the
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58 WAGEMANN ET AL.

F IGURE 3 Correlation heatmaps for cognitive performance and CSF (top) as well as imaging (bottom) biomarkers, separately analyzed in
female andmale presymptomatic (A) and symptomatic (B) mutation carriers. For the individual correlations, “*” signifies a P value of < 0.05, “**”
of < 0.01 and “***” of< 0.001. Aβ, amyloid beta; CSF, cerebrospinal fluid; PET, positron emission tomography; PiB, Pittsburgh compound B.

amygdala compared to males. This could suggest a domain-specific

reserve of cognitive functioning in female carriers, allowing them to

perform better than their male counterparts despite similar levels

of hippocampal atrophy and overall higher levels of neurodegener-

ation. This supports the hypothesis of a female cognitive reserve

previously proposed in sAD, arguing that due to their compensatory

abilities, females initially outperform males before succumbing to

their higher disease burden.15,16,46 Our results also extend findings in

female presymptomatic PSEN1-E280A mutation carriers that report-

edly showed better performance on global cognition while exhibiting

similar levels of hippocampal volume.28 Further, a study in adults with

Down syndrome (DS), a condition generally acknowledged as a genetic

form of AD due to the triplication of the APP gene located on chromo-

some 21,47 found females to outperform males on episodic memory

from age 45 onward while showing no differences in AD(-related)

biomarkers.48

In our subgroup analysis, presymptomatic females performed sig-

nificantly better on processing speed and delayed recall, while symp-

tomatic females displayed a trend of worse performance on category

fluency and no difference from symptomatic males in the remaining

tasks. Considering the worse impairment on delayed recall with dis-

ease progression in symptomatic females, these findings suggest the

loss of their initial cognitive superiority as they move along the clini-

cal stages of DIAD. This could be triggered by the presence of a higher

degree of disease pathology in female carriers because higher amounts

of pathology have been associated with a greater cognitive impair-

ment in females with MCI6,9,11,18 and studies along the spectrum of

sADhave found females to gradually performworse on verbalmemory,

verbal fluency, and domains relating to non-semantic and visuospatial

abilities,19,49–51 and to showan overall steeper decline in cognition and

functional abilitieswith disease progression17,43,52 compared tomales.

Supportive of this hypothesis is our finding of a significantly higher

decrease in cortical thickness and volume loss in hippocampus and

amygdala with disease progression in symptomatic but not presymp-

tomatic females, possibly contributing to the comparably pronounced

memory impairment in females of the symptomatic group. In the spec-

trum of sAD, sex differences in amygdala atrophy have not been

reported consistently,12 yet several studies have found greater hip-

pocampal and temporal lobe atrophy in females over time.13,18,53 How-

ever, in adultswithDS, hippocampal volumes reportedly decreased in a

similar manner between females andmales.48

One reason for the sex-specific increase in neurodegeneration in

the symptomatic stage could involve differences in the initial occur-

renceof amyloid pathologyor its downstreampathways.Whileweonly

found a trend of increased PiB PET burden with disease progression

in presymptomatic females, and so far, little to no sex differences in

amyloid burden have been found in CSF,25 PET,8,10,54 or post mortem

brain tissue6 in sAD or DIAD,29 a study investigating the impact of
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WAGEMANN ET AL. 59

parental history of sAD on their children found female descendants to

have a pronounced decrease in Aβ42 levels and an increase in amyloid

PETburdenwhile approaching their parental ageof onset.55 Moreover,

females have been proposed to be more affected by the presence of

amyloid pathology in clinical status and downstream pathology, high-

lighted by findings of the interaction of sex and reduced Aβ42 levels

or elevated amyloid PET burden resulting in steeper cognitive decline,

greater hippocampal atrophy, and elevated regional tau PET burden

in females compared to males.7,11,18 Females might develop amyloid

pathology earlier and subsequently experience a higher amount of

downstream AD(-related) pathology,56 where processes such as the

elevation and spread of tau or increased neuroinflammationmight lead

to a greater degree of neurodegeneration, resulting in a dispropor-

tional worsening of clinical and cognitive status.

However, we did not see any sex differences in CSF markers of

AD(-related) pathology when assessing Aβ42/40, p-tau181, and t-tau

levels, whichmirrors findings in a cross-sectional sample of adults with

DS.48 Investigations of CSF measures in sAD so far have resulted in

some,14,57 but not all,56 finding higher levels of t-tau and p-tau181 in

females, mainly in the context of APOE ε4 carrier status or amyloid

positivity.14,56,57 Yet, the interaction of sex and APOE ε4 status does

not seem to influence tau tangle burden in post mortem brain tissue,14

which has been found to be increased in females.6 Here, the analysis

of tau PET burden in DIAD is of high interest, especially considering

that symptomatic females in our analyses tended to show higher cor-

relations of cognition with imaging measures. In sAD, sex differences

have been reported in cerebral tau PET burden, with female APOE ε4
carriers23,58 as well as Aβ-positive females10,11 exhibiting higher levels

of tau PET burden compared tomales, therebymirroring prior findings

in CSF.14,25

Finally, we found no significant sex differences when correlating

cognition and biomarkers within the subgroups. However, trends of

higher correlation coefficients between imaging and cognitive out-

comes were seen in female carriers, resulting in subthreshold signif-

icant sex differences for the correlation of hippocampal volume and

processing speed in the presymptomatic stage, and of cortical thick-

ness and delayed recall in both clinical stages of DIAD. This could, too,

hint at a pronounced vulnerability toward downstream AD(-related)

pathologyon cognitive ability in female carriers, adding to thehypothe-

sized loss of a superior cognitive performance and findings of a steeper

cognitive decline in females as the disease progresses.

Our cohort comprises young individuals with a known DIAD muta-

tion, resulting in a considerable advantage for the investigation of sex

differenceswithout age-related confoundersmodulating the observed

effects. In sAD on the other hand, age is the strongest known risk

factor and females have been argued to have a higher lifetime risk for

AD due to a longer lifespan, rather than underlying pathophysiological

differences.4,5 Similarly, neuropathological studies have shown that

increasing age is associatedwith the development of several degenera-

tive co-pathologies.31 Differences in prevalence between females and

males for those pathologies might therefore result in additive clinical

burden in a sex-dependent manner.59,60 For example, cardiovascular

risk factors are increased in older age in females, while cardiovascular

mortality in males has been shown to rise earlier, between the ages

of 45 and 65, selecting males with lowest risk to live on to older

age.61

Because females in this analysis are relatively young, the risk of

confounding by age-related changes in estrogen levels is also com-

paratively small. However, we want to acknowledge that we were

not able to control for events of altered estrogen levels such as

menopause, surgery, antiestrogen therapy, hormone replacement ther-

apy, or hormonal contraception. Reductions in estrogen levels have

been hypothesized to increase the risk for cognitive decline and AD

pathology by causing a rise in amyloid and tau burden as well as

changes in cell metabolism in females,4 but more studies are needed

to understand the complex impact of estrogen and other sex hor-

mones on susceptibility and progression of cognitive impairment and

ADpathology. Further, tau PET imaging and plasmameasureswere not

available for this analysis. We consider both biomarker entities highly

relevant for a better understanding of sex differences in DIAD and

aim to conduct these analyses as soon as possible. We also acknowl-

edge that, as EYO is an estimate, some error might occur around the

actual year of symptom onset for presymptomatic carriers. However,

because this risk applies to both females and males equally, we do

not expect this to have a substantial impact on our analysis of sex

differences. Last, the observed cross-sectional sex differences allow

only limited interpretation for the disease trajectory; further analy-

sis of longitudinal data in DIAD is needed to corroborate the present

findings.

In summary, this study provides the first investigation into cross-

sectional sex differences in theDIAN-OBS cohort, examiningmeasures

of cognition, ADpathology, and neurodegeneration. These results have

important implications for the understanding of disease presentation

and progression inDIADanddirect relevance to the study of sex differ-

ences in sAD, aswell as considerations regarding study design in future

anti-amyloid and anti-tau intervention trials.
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