https://doi.org/10.1093/brain/awad397 BRAIN 2024: 147; 1497-1510 | 1497

Sex-specific modulation of amyloid-p
on tau phosphorylation underlies faster
tangle accumulation in females
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Nesrine Rahmouni,>? Arthur Cassa Macedo,? ®Jaime Fernandez-Arias,’?
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Serge Gauthier! and ®Pedro Rosa-Neto™*'* for the Alzheimer’s Disease
Neuroimaging Initiative

Females are disproportionately affected by dementia due to Alzheimer’s disease. Despite a similar amyloid-p (Ap)
load, a higher load of neurofibrillary tangles (NFTs) is seen in females than males. Previous literature has proposed
that Ap and phosphorylated-tau (p-tau) synergism accelerates tau tangle formation, yet the effect of biological sex
in this process has been overlooked.

In this observational study, we examined longitudinal neuroimaging data from the TRIAD and ADNI cohorts from
Canada and USA, respectively. We assessed 457 participants across the clinical spectrum of Alzheimer’s disease.
All participants underwent baseline multimodal imaging assessment, including MRI and PET, with radioligands tar-
geting AB plaques and tau tangles, respectively. CSF data were also collected. Follow-up imaging assessments were
conducted at 1- and 2-year intervals for the TRIAD cohort and 1-, 2- and 4-year intervals for the ADNI cohort.

The upstream pathological events contributing to faster tau progression in females were investigated—specifically,
whether the contribution of AB and p-tau synergism to accelerated tau tangle formation is modulated by biological sex.
We hypothesized that cortical Ap predisposes tau phosphorylation and tangle accumulation in a sex-specific manner.
Findings revealed that AB-positive females presented higher CSF p-tau;g; concentrations compared with AB-positive
males in both the TRIAD (P =0.04, Cohen’s d=0.51) and ADNI (P=0.027, Cohen’s d=0.41) cohorts. In addition, Ap-
positive females presented faster NFT accumulation compared with their male counterparts (TRIAD: P = 0.026, Cohen’s
d=0.52; ADNIL: P =0.049, Cohen’s d = 1.14). Finally, the triple interaction between female sex, Ap and CSF p-tau,g; was re-
vealed as a significant predictor of accelerated tau accumulation at the 2-year follow-up visit (Braak I: P=0.0067, t =2.81;
Braak III: P=0.017, t = 2.45; Braak IV: P=0.002, t =3.17; Braak V: P = 0.006, t =2.88; Braak VI: P = 0.0049, t = 2.93).

Overall, we report sex-specific modulation of cortical Ap in tau phosphorylation, consequently facilitating faster NFT pro-
gression in female individuals over time. This presents important clinical implications and suggests that early interven-
tion that targets AB plaques and tau phosphorylation may be a promising therapeutic strategy in females to prevent the
further accumulation and spread of tau aggregates.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia.
Deposition of amyloid-f (Ap) plaques and tau neurofibrillary tangles
(NFTs) in the brain are the two key neuropathological hallmarks of
AD.?Inrecent years, the development of PET tracers has enabled the
invivo quantification of A plaques and NFT pathology,*® which has
contributed considerably to our increased understanding of the
progression of these two important AD biomarkers. The question
of how plaques relate to tangles has been a topic of intense investi-
gationbutis still not resolved. For many years, the prevailing view of
AD pathogenesis has proposed that AB initiates a pathophysiologic-
al cascade leading to tau pathology and neurodegeneration.
However, accumulating evidence also suggests a synergistic effect
between the two pathologies, which is associated with neurodegen-
eration and subsequent cognitive decline.’®’® Among the earliest
tau-related abnormalities in AD are increases in soluble hyperpho-
sphorylated tau (p-tau) concentrations in the CSF*® and plasma.***®
Recent studies have suggested that increases in p-tau precede NFT
pathology,'>'”:*® starting at the preclinical stage of AD when indivi-
duals are asymptomatic.’® The most substantial increases in p-tau
are witnessed in early symptomatic AD, before plateauing in the AD
dementia stage.?*?' Importantly, the rate of soluble p-tau increase
has been shown to correlate with AB burden, strengthening the
view that Ap induces the increases in p-tau.?? Levels of soluble
p-tau have also been shown to correlate with neuropathological le-
vels of NFTs,>>?° and some evidence indicates that synergistic
interaction between AB and p-tau predicts cognitive decline and
progression to dementia.’® These findings collectively propose
that Ap and p-tau synergism accelerates NFT accumulation and dis-
ease progression. However, the factors modifying the rate of NFT
accumulation over time remain largely unknown.

In recent years, there has been increased recognition of sex
differences in AD prevalence.’®?” The higher age-standardized
dementia prevalence in females [female-to-male ratio=1.69
(1.64-1.73)] shown in the recent 2022 Global Burden of Disease re-
port provides evidence that higher incident cases in females cannot
simply be explained by greater life expectancy.?® Indeed, there is

growing evidence suggesting other factors contributing to this dispro-
portionally high prevalence of AD in females.?**? For example, females
accumulate more widespread tau pathology than males, as indicated
by higher Braak stages at death.?*** This observation motivated inves-
tigations focusing on sex differences in tau pathology. It has been re-
ported that cognitively unimpaired female participants show higher
tau-PET retention than their male counterparts in the medial temporal
lobes.*® Other PET imaging studies also demonstrated a specific inter-
action between sex and APOE ¢4-potentiated early tau deposition in fe-
males but not males.*>** However, only a few tau-PET studies have
examined longitudinal data; even fewer have investigated the effect
of biological sex. To our knowledge, one multi-cohort longitudinal
PET study reported a higher rate of NFT accumulation in females
and younger Ap-positive individuals,” yet more research is needed
on sex differences in longitudinal tau progression.

To investigate the upstream pathological events contributing to
faster tau progression in females, we first tested for sex differences
in the relationships between cerebral Ap deposition, NFT aggrega-
tion and CSF p-tau concentrations at baseline. We then evaluated
how male and female participants with prominent Ap pathology
(AB+ individuals) differ in their CSF p-tau concentrations and NFT
accumulation. Finally, we elucidated the interactive effect of sex,
Ap and CSF p-tau on longitudinal NFT accumulation. We hypothe-
sized that cortical Ap predisposes tau hyperphosphorylation in a
sex-specific manner, which consequently facilitates faster tangle
accumulation in female individuals. Overall, our results indicated
that sex-specific modulation between cortical Ap and tau phos-
phorylation underlies faster tau tangle accumulation in females.

Materials and methods

We included individuals from the Translational Biomarkers in Aging
and Dementia (TRIAD) cohort that was launched in 2017 as part of
the McGill Centre for Studies in Aging. In this study, a total of 198
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subjects were assessed. All participants underwent baseline and
follow-up multimodal imaging assessments, including structural
MRI, AB-PET with *®F-AZD4694 and tau-PET with *®F-MK6240. The par-
ticipants also underwent biofluid collection and clinical and cognitive
assessments, including the Mini-Mental State Examination (MMSE)
and Clinical Dementia Rating (CDR). A subset of participants under-
went 1-year (males: n = 30; females: n = 40) and 2-year (males: n = 32; fe-
males: n=37) follow-up MRI and tau-PET assessments. In this study,
male and female denote the participants’ biological sex. The
AB-negative (Ap-) group (n=105) was composed of 51 male and
54 female subjects, and the AB-positive (Ap+) group (n=93) com-
prised 42 male and 51 female subjects. Cognitively unimpaired in-
dividuals had a CDR score of 0 and no objective cognitive
impairment. Individuals with mild cognitive impairment (MCI)
had subjective/objective cognitive impairment, a CDR score of
0.5 and essentially normal activities of daily living. Individuals
with mild-to-moderate sporadic AD dementia met the National
Institute on Aging and Alzheimer’s Association criteria for prob-
able AD as determined by a physician and had a CDR score be-
tween 0.5 and 2. We excluded participants with inadequately
treated systemic conditions, active substance abuse, recent head
trauma or major surgery and those presenting with MRI/PET safety
contraindications. The study was approved by the Montreal
Neurological Institute PET Working Committee and the Douglas
Mental Health University Institute Research Ethics Board. Written in-
formed consent was obtained from all participants.

In this study, to enhance the reproducibility of our findings, we
incorporated 259 participants from the Alzheimer’s Disease
Neuroimaging Initiative (ADNI) cohort. The ADNI was launched in
2003 as a public-private partnership, led by Principal Investigator
Michael W. Weiner, MD. The primary goal of ADNI has been to
test whether serial MRI, PET, other biological markers and clinical
and neuropsychological assessment can be combined to measure
the progression of MCI and early AD. Participants in the ADNI co-
hort had structural MRI, AB-PET with *®F-florbetapir, tau-PET with
18F_flortaucipir, biofluid collection and clinical and cognitive as-
sessments. Data used in the preparation of this article were ob-
tained from the ADNI database. Briefly, we incorporated data of
ADNIS3 participants from ADNIMERGE (master datasheet, including
demographic information, APOE genotypes, cognitive assessments
and AB-PET data), UCBERKELEYAV1451 04 _26_22 (tau-PET data)
and UPENNBIOMK_MASTER_FINAL (CSF p-tau data). We only in-
cluded participants with complete baseline AB-PET, tau-PET and
CSF p-tau data at the same visit in this study. A subset of partici-
pants underwent 1-year (males: n=44; females: n=39), 2-year
(males: n=27; females: n=37) and 4-year (males: n=16; females:
n=22) follow-up tau-PET assessments. The ADNI study was ap-
proved by the institutional review boards of all the participatingin-
stitutions. Informed written consent was obtained from all
participants at each site. Full information regarding the inclusion
and exclusion criteria in ADNI can be accessed at http:/adni.loni.
usc.edu/. There was no attempt to match cases between the two
study cohorts.

Study participants underwent 3D MRI scans (Siemens), along with
18F-AZD4694 and '®F-MK6240 PET imaging performed on the same
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brain-dedicated scanner (Siemens high-resolution research tomo-
graph, HRRT). ®F-AZD4694 images were acquired at 40-70 min
after the intravenous bolus injection of the tracer and recon-
structed with an ordered subset expectation maximization
(OSEM) algorithm on a four-dimensional (4D) volume with three
frames (3x600s). '®F-MK-6240 images were acquired at 90-
110 min after the intravenous bolus injection of the tracer and re-
constructed using the same OSEM algorithm on a 4D volume with
four frames (4 x 300 s) as previously described.? At the end of each
PET emission acquisition, a 6-min transmission scan with a rotat-
ing ¥ Cs point source was performed for attenuation correction.
PET images were also corrected for motion, dead time, decay
and scattered and random coincidences. Briefly, PET images
were linearly registered to the native T1-weighted image space,
and the T1-weighted images were linearly and non-linearly regis-
tered to the ADNI standardized space. Then, PET images in the T1
space were brought to the ADNI standardized space using trans-
formations from native MRI to the ADNI standardized space. PET
images were subsequently spatially smoothed to an 8-mm full-
width at half-maximum resolution. *®F-AZD4694 standardized up-
take value ratios (SUVRs) used the whole cerebellum grey matter
as the reference region, whereas *®F-MK6240 SUVRs used the in-
ferior cerebellar grey matter. The neocortical ®F-AZD4694 SUVR
value was estimated for each participant by averaging the SUVR
from the precuneus, prefrontal, orbitofrontal, parietal, temporal,
anterior and posterior cingulate cortices. Tau-PET Braak stage seg-
mentation was previously described elsewhere.**>° The Desikan-
Killiany-Tourville atlas was used to define the Braak regions of
interest (ROIs).” Braak ROIs consisted of the following regions
(Supplementary Fig. 1): Braak I (transentorhinal); Braak II (entorh-
inal and hippocampus); Braak III (amygdala, parahippocampal
gyrus, fusiform gyrus, lingual gyrus); Braak IV (insula, inferior
temporal, lateral temporal, posterior cingulate and inferior par-
ietal); Braak V (orbitofrontal, superior temporal, inferior frontal,
cuneus, anterior cingulate, supramarginal gyrus, lateral occipital,
precuneus, superior parietal, superior frontal, rostromedial front-
al) and Braak VI (paracentral, postcentral, precentral and perical-
carine). Regional '®F-MK6240 SUVRs were also generated for
meta-ROIs, including entorhinal, amygdala, parahippocampal,
fusiform, inferior temporal and medial temporal regions. A and
tau positivity were assigned based on the ®F-AZD4694
neocortical SUVR (cut-off=1.55)*" and '®F-MK6240 meta-ROI
SUVR (cut-off = 1.24).*?

Full information regarding the acquisition and pre-processing of
PET data in ADNI is provided at http:/adni.loni.usc.edu/data-
samples/pet/. Pre-processed PET images downloaded from ADNI
underwent spatial normalization to the ADNI standardized space
using the transformations of PET native to MRI native space and
MRI native to the ADNI space. '®F-flortaucipir SUVR maps
were generated using the inferior cerebellar grey matter as a
reference region, and *®F-florbetapir SUVR maps were generated
using the cerebellar grey matter as a reference region. A global
18F-florbetapir SUVR value was estimated for each participant by
averaging the SUVR from the precuneus, prefrontal, orbitofrontal,
parietal, temporal, anterior and posterior cingulate cortices.
Regional '®F-flortaucipir SUVRs were generated for each Braak
staging ROI as well as meta ROIs. Ap and tau positivity were as-
signed based on the '®F-florbetapir SUVR (cut-off=1.11)** and
18 -flortaucipir meta-ROI SUVR (cut-off = 1.35).**
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CSF and plasma collection in the TRIAD cohort followed the proce-
dures previously described.** All measures were quantified at the
University of Gothenburg (Gothenburg, Sweden) by scientists
blinded to the clinical and biomarker data. Concentrations of
p-tausg; and p-tauyy; in the CSF were quantified using a custom
Single molecular array (Simoa) assay as described previously.™
Plasma p-tau;g; was measured by in-house Simoa methods on an
HD-X Analyzer (Quanterix).*®

Neuroimaging voxel-based analyses were performed using the
VoxelStats toolbox (https:/github.com/sulantha2006/VoxelStats).
VoxelStats®® is a MATLAB-based analytical framework that allows
for the execution of multimodal voxel-based neuroimaging
analyses. We stratified participants by their biological sex and per-
formed sex-disaggregated voxel-based multivariate linear regres-
sion models outlined below to understand relationships between
fluid and imaging markers of Ap and tau deposition in a sex-specific
manner.

In every brain voxel, the model test for the relationship between
Ap and CSF p-tau was of the form:

Baseline AB-PET = B, + B,(baseline CSF p-tau) + covariates + &

(1)

The model test for the relationship between NFT and CSF p-tau was
of the form:

Baseline tau-PET = B, + B;(baseline CSF p-tau) + covariates + &

2)

The model test for the main effects of CSF p-tau on NFT accumula-
tion was of the form:

Change between follow-up and baseline tau-PET = B,

+ B1(CSF p-tau) + covariates + & (3)

The model test for the main effects of plasma p-tau on NFT accu-
mulation was of the form:

Change between follow-up and baseline tau-PET = B,
+ B;(plasma p-tau) + covariates + & 4)

Age, APOE ¢4 carriage status and pathological status (A—T—, A+T—
and A+T+) were used as covariates in the models. T-statistical para-
metric maps were corrected for multiple comparisons using a false
discovery rate (FDR) threshold of P <0.001. BrainNet Viewer was
used for the visualization of the results from the neuroimaging
analyses.*”

Neuroimaging ROI-based analyses were performed using Python
3.9.12 and MATLAB R2015a (The MathWorks, Natick, MA, USA,
http:/www.mathworks.com). For AB-PET, a neocortical ROI, includ-
ing precuneus, prefrontal, orbitofrontal, parietal, temporal, anter-
ior and posterior cingulate cortices was used. For tau-PET, Braak
ROIs and meta-ROIs were considered. We stratified participants
by their biological sex and performed ROI-based multivariate linear
regression models outlined below.
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In each ROI, the model test for the relationship between Af and
CSF p-tau was of the form:

Baseline neocortical AB-PET = B, + B,(baseline CSF p-tau)

+ covariates + & (5)

The model test for the relationship between NFT and CSF p-tau was
of the form:

Baseline tau-PET in Braak ROIsmeta-ROIs = B,
+ B4(baseline CSF p-tau) + covariates + & (6)

The model test for the relationship between CSF p-tau and NFT ac-
cumulation was of the form:

Change between follow-up and baseline tau-PET in meta-ROIs
= By + B1(CSF p-tau) + covariates + & (7)

The model test for the relationship between plasma p-tau and NFT
accumulation was of the form:

Change between follow-up and baseline tau-PET in meta-ROIs

= By + By(plasma p-tau) + covariates + & 8)

The following models did not stratify participants by their biologic-
al sex.

The model test for the interactive effect of sex and CSF p-tau on
NFT accumulation was of the form:

Tau-PET SUVR change in meta-ROIs = B, + B,(sex)
+ B,(CSF p-tau) + Bs(sex x CSF p-tau) + covariates + £  (9)

The model test for the effect of sex, cortical AB and CSF p-tau triple
interaction on 2-year NFT accumulation was of the form:

Tau-PET SUVR change in meta-ROIs = By + B,(sex) + B,(AB)
+ B3(CSF p-tau) + Bu(sex x AB) + Bs(sex x CSF p-tau)
+ Bs(AB x CSF p-tau) + B,(sex x AR x CSF p-tau)

+ covariates + & (10)

The models used age, APOE ¢4 carriage status and pathological sta-
tus as covariates to account for their potential influence.

Statistical models were generated using Python 3.9.12. Demographic
and clinical data, including age, education level, MMSE score and
AD biomarkers levels were assessed using t-tests to evaluate if sig-
nificant differences exist between A— and A+ groups. Differences in
biological sex and APOE ¢4 carriage status between A— and A+
groups were assessed using the chi-squared (%) tests. We used in-
dependent t-tests or Welch'’s t-tests (accounting for unequal sample
sizes and unequal variances), as appropriate, to assess the differ-
ences in CSF p-tau concentrations, plasma p-tau concentrations,
and tau-PET SUVR changes between A+ male and A+ female
participants.

Results

In this study, we included 198 participants from the TRIAD cohort.
All individuals had complete MRI, AB-PET, tau-PET and fluid
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Table 1 Demographics of study populations
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TRIAD cohort

ADNI cohort

Amyloid negative

Amyloid positive Amyloid negative Amyloid positive

n 105

Sex, female (%) 51.4%
Clinical diagnosis, CU:CI 91:14

Age, years, mean (SD) 69.1 (8.98)
Education, years, mean (SD) 15.4 (4.08)
MMSE score, mean (SD) 29.04 (1.15)
APOE ¢4 carriage status 29.5%
Alzheimer’s disease biomarkers

Amyloid-PET 1.297 (0.1)
Neocortical SUVR

Tau-PET 0.846 (0.09)

META-ROI SUVR
CSF p-tausg;
CSF p-tauyyy

297.6 (106.4)
5.23 (3.14)

93 138 121
54.8% 50% 50.4%
23:70"" 94:44 54:67*
69.5 (8.05) 71.9 (7.46) 74.8 (10.5)™
14.7 (3.15) 16.9 (2.42) 16.4 (2.42)
26.37 (4.11)™ 28.87 (1.54) 26.83 (3.7)""
48.4%* 21.7% 52.1%"*
2.266 (0.45)™"* 1.011 (0.06) 1.398 (0.2)™*
1.608 (0.88)™* 1.129 (0.08) 1.379 (0.35)™*
916.6 (671.6)"™"* 18.53 (6.65) 31.19 (15.5)™
25.44 (20.2)" N/A N/A

The demographic and clinical data of the study populations (TRIAD and ADNI cohorts). Variables including age, education level, Mini-Mental State Examination (MMSE) score

and Alzheimer’s disease imaging and fluid biomarkers were assessed using t-tests to

evaluate significant differences between amyloid negative (Af—) and amyloid positive (Ap+)

groups. Group differences in participants’ biological sex and APOE ¢4 carriage status were evaluated using the chi-squared (x?) test. ADNI = Alzheimer’s Disease Neuroimaging
Initiative; CI = cognitively impaired; CU = cognitively unimpaired; ROI = region of interest; SUVR = standardized value uptake ratio; TRIAD = Translational Biomarkers in Aging

and Dementia. **P < 0.01, **P < 0.001, ***P < 0.0001.

biomarkers data at baseline. Additional 1-year (mean=1.09+
0.17 years) and 2-year (mean=2.35z+0.37 years) follow-up MRI
and tau-PET scans were also conducted. The ADNI cohort was
used as the replication cohort (n=259). Complete MRI, AB-PET,
tau-PET and CSF biomarker data at baseline were also available in
the ADNI cohort. Additional 1-year (mean=1.06+0.16 years),
2-year (mean=2.06+0.14years) and 4-year (mean=4.06x+
0.11 years) follow-up tau-PET assessments were also conducted in
some participants. Detailed demographic characteristics of the
study populations are displayed in Table 1.

Sex-disaggregated ROI-based linear regression analyses were per-
formed in TRIAD and ADNI cohorts to assess the sex differences in
the relationships between CSF p-tau;g; concentrations and regional
Apand tauload. Findings revealed that both male and female subjects
presented positive correlations between CSF p-tau;g; concentrations
and neocortical AB-PET SUVR (Fig. 1A; TRIAD, males: P < 0.0001, R? =
0.43; females: P <0.0001, R? =0.52; ADNI, males: P <0.0001, R? =0.20;
females: P < 0.0001, R?= 0.24). Furthermore, both male and female in-
dividuals displayed positive correlations between CSF p-tauyg; con-
centrations and regional tau-PET SUVRs. Importantly, in male
subjects, this positive correlation weakened or became non-
significant in Braak V-VI ROIs (TRIAD, Braak V: P=0.0017, R?>=0.16;
Braak VI: P = 0.03, R? = 0.075. ADNI, Braak V-VI: not significant). In con-
trast, female subjects demonstrated positive correlations between
CSF p-tausg; concentrations and tau-PET SUVRs throughout Braak
ROIs and meta-ROIs (Fig. 1A). Voxel-based analyses conducted within
the TRIAD cohort further revealed a noteworthy positive correlation
between CSF p-tau,g; concentration and AB-PET signal in the frontal,
medial temporal and parietal cortices in female subjects. On the other
hand, this positive correlation was observed only in the temporopar-
ietal areas in male subjects (Fig. 1B). When we investigated the rela-
tionships between CSF p-tausg; and tau-PET data at the voxel level,
males exhibited a positive connection between CSF p-tauyg; concen-
tration and tau-PET signal primarily in the cingulum and temporal
cortices. In contrast, females displayed a positive relationship

between CSF p-taug; concentration and tau load throughout the en-
tire brain (Fig. 1B). We obtained consistent results in the ADNI cohort
(Supplementary Fig. 2A) and in the TRIAD cohort with the CSF p-tauyq7
data (Supplementary Fig. 3).

Next, we examined the sex differences in the relationships between
CSF p-tausg; concentrations and the longitudinal accumulation of
NFTs using sex-disaggregated ROI-based linear regression models.
In the TRIAD cohort, females displayed positive correlations between
baseline CSF p-tau concentrations and NFT accumulation at both
1-year (CSF p-tausg;: P <0.0001, R?=0.58; CSF p-tauy,7: P <0.0001,
R%=0.55) and 2-year (CSF p-tausg;: P <0.0001, R? = 0.56; CSF p-tauy:
P <0.0001, R?=0.84) follow-up visits (Fig. 2A and Supplementary Fig.
3). In contrast, males only exhibited positive associations at the
2-year follow-up assessment (CSF p-tauig: P=0.0004, R®>=0.25;
p-tau,s7: P <0.0001, R?=0.53). In the ADNI cohort, females demon-
strated positive correlations between baseline CSF p-taujg; concen-
trations and NFT accumulation at the 2- (P=0.0004, R*=0.21) and
4-year (P=0.0004, R?>=0.34) follow-up visits. Conversely, males did
not exhibit any such associations (Fig. 2A). In line with these findings,
voxel-based analyses also demonstrated positive associations be-
tween the concentration of p-tau;g; and p-tauys, in the CSF at the
baseline and longitudinal NFT accumulation in females but not males
(Fig. 2B and Supplementary Figs 2B and 4).

Afterwards, we investigated how male and female participants
with prominent AB pathology (Ap+ individuals) differ in CSF
p-tauyg; concentrations and how this is contributing to the rate of
longitudinal NFT accumulation. The findings suggested that Ap+ fe-
males presented higher CSF p-tau;g; concentrations (Fig. 3A) com-
pared with A+ males in both the TRIAD cohort (P =0.04, Cohen’s d
=0.51) and ADNI cohort (P=0.027, Cohen’s d =0.41). Additionally,
AB+ females also presented faster NFT accumulation (Fig. 3B)
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http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad397#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad397#supplementary-data

1502 | BRAIN 2024: 147; 1497-1510 Y.-T. Wang et al.

A | TRIAD ADNI |
Male Female Male Female
4.04 4.0+ 2.004 2.004
= ™ Ri=0.52, P<0.0001 Ri= 043, P<0.0001 o R 026, P4 0,006 R%=0.24, P< 0.0001
B g g 3.5- g 1.75- o < s %
& @304 o 3,0+ 2] @
E E m 'Iu" 1.504 'I.I_.I 1.50
S ga2sq & 254 3 2 4
> 2 5 2 B 1,254 2 1.25-
E 220 2 2.0+ 2 2
< E i 3
€ 15 % 154 1.00 B 100 ¢
1.0 .Illlll 1.0 ’|||1| 0.75 l-llllll 0'15IIIIIII|II
0 500 100015002000 25003000 0 500 1000 1500 2000 2500 0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80 90100
CSF p-tau181 (pg/mi) CSF p-tau181 (pg/ml) CSF p-tau181 (pg/ml) CSF p-tau181 (pg/ml)
- 6.5 -
== En = manm | 30— w07 sawi e
J| = Bmakm R™=0.24 P<c.0001 554 — Braakll  R’=0.57, P< 0.0001 ——  Braak 4V A= 0.40, P<0.0001 ——  Braak W4V R*=0.40, P< 0.0001
55 e BraskV  R'm0.26, P<0.0001 L. ~=— BraaklV R’=0.58 P<0.0001 = Braak VVI R'=0.29, P<0.0001 25 —=— Braak VVI R’=0.29, P<0.0001
—— BraakV  R'=0.16 P=0.0017 o —— BraskV  R'=0.50, P<0,0001 § 2.5 — METAROI R=0az P<a00t @ 297 | — METAROI R'=042 P<0.0001
454 — Brask VI R’= P=0.03 > 45| — Brkv R=0.32, P< 0.0001
E a - - META-ROI R'= 0.26, P< 0.0001 a ” META-ROI R'=0.60, P< 0.0001 a . 2
B o35 b 35 g 207
= R g g
BN 3 2.5+ 3 259 3 1.5+
1 = -
1.5+ = 1.5, . 10
0.5 T T T [T e s e s e T T T T T T T T T T T 1
0 500 1000 1500 2000 0 500 10001500 2000 2500 3000 0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90 10¢
CSF p-tau181 (pg/ml) CSF p-tau181 (pg/ml) CSF p-tau181 (pg/ml) CSF p-tau181 (pg/ml)
B | Male | Female |
[
2]
£
=
=]
>
B
<<
[_q
[<2]
B
7
=

Figure 1 Cortical amyloid-p and tau aggregates strongly correlate with CSF phosphorylated tau,g; concentration. (A) Sex-disaggregated linear regres-
sion analyses were performed in both TRIAD and ADNI cohorts to elucidate the sex differences in the relationships between CSF phosphorylated tau-181
(p-tauys;) concentrations and regional amyloid-B (Ap) and tau load. Findings revealed that both male and female subjects presented positive correlations
between CSF p-tausg; concentration and neocortical AB-PET standardized uptake value ratio (SUVR; TRIAD, males: P < 0.0001, R? = 0.43; females: P <
0.0001, R? = 0.52. ADNI, males: P < 0.0001, R? = 0.20; females: P < 0.0001, R? = 0.24). Furthermore, both male and female individuals displayed positive cor-
relations between CSF p-tausg; concentrations and regional tau-PET SUVRs. It is noteworthy that this positive correlation appeared to weaken or become
non-significant in Braak V-VI regions of interest (ROIs) in male subjects (TRIAD, Braak V: P =0.0017, R? = 0.16; Braak VI: P = 0.03, R> = 0.075. ADNI, Braak
V-VI: not significant), while female subjects continued to demonstrate moderate positive correlations between CSF p-tau,g; concentrations and regional
tau-PET SUVRs in subjects (TRIAD, Braak V: P<0.0001, R>=0.5; Braak VI: P<0.0001, R>=0.32. ADNI, Braak V-VI: P<0.0001, R>=0.29). (B)
Sex-disaggregated voxel-based analyses were conducted within the TRIAD cohort to explore the differences between sexes in the associations between
CSF p-tausg; and cerebral A and tau load at the voxel level. The findings revealed a noteworthy positive correlation between CSF p-tau;s; concentration
and AB-PET signal in the temporoparietal cortices of males. Conversely, in females, this positive correlation was observed in multiple brain regions
across the brain. When we investigated the relationships between CSF p-taujg; and tau-PET data, males exhibited a positive connection between
CSF p-tausg; concentration and tau-PET signal primarily in the cingulum and temporal cortices. In contrast, females displayed a positive relationship
between CSF p-tau;s; concentration and tau load throughout the entire brain. Images represent voxel-based t-statistical parametric maps overlaid on
the structural MRI reference template. Age, APOE ¢4 carriage status and pathological status were used as covariates in the model. Results were corrected
for multiple comparisons using a false discovery rate (FDR) cluster threshold of P < 0.001. ADNI = Alzheimer’s Disease Neuroimaging Initiative; L = left; R
=right; TRIAD = Translational Biomarkers in Aging and Dementia.
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Figure 2 CSF phosphorylated-tau predicts tau accumulation in females. (A) Sex-disaggregated linear regression analyses were performed in both
TRIAD and ADNI cohorts to examine the differences between sexes in the relationships between CSF phosphorylated tau-181 (p-tausg;) concentrations
and the longitudinal accumulation of neurofibrillary tangles (NFTs), as indicated by changes in tau-PET standardized uptake value ratios (SUVRs). In the
TRIAD cohort, two follow-up time points were evaluated. Females displayed positive correlations between baseline CSF p-tau;g; concentrations and
NFT accumulation at both 1-year (P < 0.0001, R? = 0.58) and 2-year (P < 0.0001, R? = 0.56) follow-up visits. In contrast, males only exhibited positive as-
sociations at the 2-year follow-up assessment (P =0.0004, R? = 0.25). In the ADNI cohort, three follow-up time points were assessed. Females demon-
strated positive correlations between baseline CSF p-tau,g; concentrations and NFT accumulation at 2-year (P = 0.0004, R? = 0.21) and 4-year (P = 0.0004,
R?=0.34) follow-up visits. Conversely, males did not exhibit any such associations. (B) Sex-disaggregated voxel-based analyses demonstrated that the
concentration of p-tau;g; in the CSF at the baseline was positively associated with longitudinal NFT accumulation in females. In contrast, males pre-
sented almost no association. Images represent voxel-based t-statistical parametric maps overlaid on the structural MRI reference template. Age, APOE
¢4 carriage status and pathological status were used as covariates in the models. Results were also corrected for multiple comparisons using a false
discovery rate (FDR) cluster threshold of P <0.001. ADNI=Alzheimer’s Disease Neuroimaging Initiative; L=left; R=right; TRIAD = Translational

Biomarkers in Aging and Dementia.

compared with AB+ males [TRIAD cohort (1-year): P = 0.026, Cohen’s Sex-specific modulation of Ap on tau
d=0.52; ADNI cohort (4-year): P=0.049, Cohen’s d=1.14]. phosphorylation predicts faster tangle accumulation
Noteworthy positive correlations between baseline CSF p-tauss; in females

concentration and the change in tau-PET meta-ROI SUVRs were
identified in Ap+ female subjects at 1-year (TRIAD: P=0.05, R*=
0.3), 2-year (TRIAD: P <0.0001, R?=0.73; ADNI: P = 0.0025, R? = 0.39)
and 4-year follow-up (ADNI: P=0.0014, R>=0.84) assessments
(Fig. 3C). Importantly, voxel-based linear regression models also
supported these findings by showing positive correlations between
CSF p-tau,g; concentration and longitudinal NFT accumulation in
AB+ females (Fig. 3D). We obtained consistent results with the was a significant predictor of accelerated tau accumulation
CSF p-tau,;7 data in TRIAD cohort (Supplementary Fig. 5). throughout all Braak ROIs except for Braak Il at the 2-year follow-up

Finally, we used multivariate linear regression analyses with triple
interaction terms to test if sex modulated the relationships be-
tween AP and tau phosphorylation and predicted the longitudinal
tangle aggregation. As shown in Table 2 (see Supplementary
Table 5 for complete model statistics), the results suggested that
the triple interaction between the female sex, AB and CSF p-tauig;


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad397#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad397#supplementary-data
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Figure 3 Tau phosphorylation predicts faster tau accumulation in A+ females. (A) Af+ females presented higher CSF p-tausg; concentrations as com-
pared to AB+ males in both the TRIAD cohort (P =0.04, Cohen’s d =0.51) and ADNI cohort (P =0.027, Cohen’s d = 0.41). (B) AB+ females also presented
faster neurofibrillary tangle (NFT) accumulation compared with A+ males [TRIAD cohort (1-year): P =0.026, Cohen’s d = 0.52; ADNI cohort (4-year):
P=0.049, Cohen’s d=1.14]. (C) In Ap+ female subjects, baseline CSF p-tau,g; concentration was found to associate with the change in tau-PET
meta-region of interest (ROI) standardized uptake value ratios (SUVRs) at 1-year (TRIAD: P = 0.05, R*=0.3), 2-year (TRIAD: P <0.0001, R°=0.73; ADNIL:
P =0.0025, R?=0.39) and 4-year follow-up (ADNIL: P =0.0014, R?=0.84) assessments. (D) Voxel-based linear regression models demonstrated positive
correlations between CSF p-tausg; concentration and baseline tau-PET SUVR as well as longitudinal NFT accumulation in A+ females. The models
were corrected for age and APOE ¢4 carriage status, and for multiple comparisons using a false discovery rate (FDR) cluster threshold of P < 0.001.
ADNI = Alzheimer’s Disease Neuroimaging Initiative; L =left; R =right; TRIAD = Translational Biomarkers in Aging and Dementia.

visit (Braak I: P=0.0067, t=2.81; Braak III: P=0.017, t=2.45; Braak
IV: P=0.002, t=3.17; Braak V: P=0.006, t=2.88; Braak VI: P=
0.0049, t=2.93). This triple interaction also significantly predicted
accelerated NFT accumulation in meta-ROIs (Table 3; P=0.01, t=
2.62). The findings remained significant after correcting for age,
APOE ¢4 carriage status and pathological status.

Discussion

The main goal of the present longitudinal biomarker study was to
investigate upstream events contributing to higher NFT load ob-
served in females. Specifically, we assessed if the contribution of
Ap and p-tau synergism on accelerated tau tangle formation was

modulated by the biological sex. We used both imaging and fluid
biomarkers data from two cohorts to assess the relationships be-
tween p-tau concentration and baseline AB load, baseline tau load
and longitudinal NFT accumulation. The two major findings of
this study are: first, females with prominent Ap pathology (as indi-
cated by a positive AB-PET SUVR) presented not only higher CSF
p-tau concentrations but also faster NFT accumulation compared
to AB+ males; and second, the triple interaction between the female
sex, Ap and CSF p-tau;g; was a significant predictor of accelerated
tau accumulation, suggesting Ap— dependent tau phosphorylation
constitute an important factor for promoting faster tau accumula-
tion in females. Taken together, these results support a framework
in which a sex-specific modulation of cortical A on tau
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Table 2 Sex-specific modulation of amyloid-p on tau phosphorylation predicts faster tangle accumulation in females (Braak ROIs)

Est. (95% confidence interval) t-stat P-value Est. (95% confidence interval) t-stat P-value
Braak I Braak II
(Intercept) 0.32 (0.07, 0.58) 252 001 0.12 (~0.01, 0.25) 1.81  0.075
Age 0.03 (~0.03, 0.09) 1.02 031 ~0.01 (-0.04, 0.02) -0.55  0.58
APOE4 carriage status —-0.11 (-0.22, 0.01) -1.86  0.068 0.00 (-0.06, 0.06) 0.02 0.99
Pathological status (A-T-) —0.08 (-0.42, 0.27) -0.44  0.66 —-0.06 (-0.23,0.12) —-0.66 0.51
Pathological status (A+T-) -0.14 (-0.37, 0.08) -1.29 0.2 -0.06 (-0.17, 0.06) -0.98  0.33
Sex [Female] ~0.11 (~0.28, 0.05) 139 017 0.00 (~0.08, 0.09) 0.08 0.94
Amyloid-PET 0.02 (-0.12, 0.16) 0.28 0.78 —0.01 (-0.08, 0.06) -0.25 0.8
CSF p-tauqg; 0.21 (0.01, 0.41) 211  0.039 0.06 (—0.04, 0.17) 1.26 0.21
Sex [female] x Amyloid-PET x CSF p-tauss; 0.25 (0.07, 0.42) 2.81  0.0067 0.05 (~0.04, 0.14) 117 025
Braak III Braak IV
(Intercept) 0.47 (0.25, 0.68) 439 <0.0001 0.35 (0.19, 0.51) 4.29 <0.0001
Age —0.04 (~0.09, 0.01) -1.53 0.13 —0.03 (-0.07, 0.01) -1.64 0.11
APOE4 carriage status —-0.02 (-0.11, 0.08) -0.36 0.72 0.01 (-0.06, 0.09) 0.35 0.73
Pathological status, A-T— —0.37 (-0.66, —0.09) -2.61 0.01 —0.24 (-0.46, —0.03) -2.24 0.03
Pathological status, A+T— —0.38 (-0.56, —0.19) —-4.06 0.0002 —-0.22 (-0.36, —0.07) -3.05 0.003
Sex, female —0.07 (-0.20, 0.07) -1.0 0.32 —0.09 (-0.19, 0.01) -1.74 0.09
Amyloid-PET 0.12 (0.01, 0.23) 2.12 0.04 0.01 (-0.07, 0.10) 0.29 0.77
CSF p-tauqg; —-0.15 (-0.32, 0.02) -1.76 0.08 0.10 (-0.03, 0.22) 1.52 0.13
Sex [female] x amyloid-PET x CSF p-tausg; 0.18 (0.03, 0.33) 2.45 0.017 0.18 (0.07, 0.29) 3.17 0.002
Braak V Braak VI

(Intercept) 0.29 (0.12, 0.45) 3.54 0.0008 0.26 (0.13, 0.40) 4.0 0.0002
Age —0.05 (-0.09, —0.02) -2.89 0.006 —0.05 (—0.08, —0.02) -3.46 0.001
APOE4 carriage status —0.03 (-0.10, 0.04) -0.82 0.41 —0.03 (-0.09, 0.03) -1.08 0.28
Pathological status, A-T— —-0.22 (-0.43, 0.00) -1.99 0.05 —0.18 (—0.36, 0.00) -2.04 0.046
Pathological status, A+T— —-0.21 (-0.35, -0.07) -3.02 0.004 —0.20 (-0.31, —0.08) -34 0.001
Sex, female —0.08 (-0.18, 0.02) -1.54 0.13 —0.11 (-0.20, —0.03) -2.71 0.009
Amyloid-PET 0.08 (~0.01, 0.16) 1.74 0.09 ~0.05 (0.12, 0.03) -1.28 0.21
CSF p-tauigy —-0.01 (-0.14, 0.12) -0.13 0.89 0.23 (0.12, 0.33) 4.41 <0.0001
Sex [female] x Amyloid-PET x CSF p-tausg; 0.16 (0.05, 0.28) 2.88 0.006 0.14 (0.04, 0.23) 2.93 0.0049

Multivariate linear regression analyses unveiled that the triple interaction between the female sex, amyloid-p (Ap) and CSF phosphorylated tau-181 (p-tau;s;) was a significant
predictor of accelerated neurofibrillary tangle (NFT) accumulation throughout all Braak regions of interest except for Braak Il at the 2-year follow-up visit (Braak I: P=0.0067, t =
2.81;BraakIIl: P=0.017, t = 2.45; Braak IV: P=0.002, t = 3.17; Braak V: P = 0.006, t = 2.88; Braak VI: P = 0.0049, t = 2.93). The models were corrected for age, APOE ¢4 carriage status and

pathological status to account for their potential influence.

phosphorylation facilitates tau tangle formation in females, conse-
quently leading to faster NFT progression seen in females over time
(Fig. 4). Although previous studies have reported that p-tau predicts
tau accumulation at different stages of AD, sex differences regard-
ing these associations have been overlooked.****° Results from this
study provide evidence that the sex-specific modulation of AB on
tau phosphorylation serves a critical role in the Ap cascade that
drives tau aggregation.

AD is more common in females than in males,?®°%>! and based
on findings from post-mortem neuropathology studies, females
show greater tau pathology.>* Cross-sectional tau-PET studies
examining cognitively unimpaired subjects have suggested that fe-
males present higher tau load in the entorhinal cortex in compari-
son with their male counterparts. Importantly, this high tau
burden in females is associated with a higher Ap level.*° Other stud-
ies have reported a modulation of APOE x Sex interaction on tau ac-
cumulation in early Braak stage regions.>>*® In this study, we also
showed higher tau-PET SUVRs in Braak I-II ROIs in females com-
pared with males (Supplementary Table 1), and the results re-
mained significant after correcting for age, APOE ¢4 carriage status
and pathological status (A-T-, A+T— and A+T+). However, in the
ADNI cohort, the tau-PET SUVRs were mainly affected by partici-
pants’ pathological status, so the sex effect on tau load disappeared

after correcting for this (Supplementary Table 2). A preclinical study
demonstrated that a high level of hyperphosphorylated tau in fe-
male rTg4510 transgenic mice led to more severe impairment in
spatial learning and memory compared with their male
littermates.>® Transcriptome-wide interaction analyses also sug-
gested sex modulated tau phosphorylation at sites including
Thr231, Ser199 or Ser202, among others, that could increase the
risk of females developing AD.>® However, one limitation of these
studies with cross-sectional design is the difficulty in determining
ifthe higher tauload observed in females was only due to a survival
effect. To gain a better dissect heterogeneity in AD pathogenesis
and progression, it is important to elucidate the sex difference in
key biomarkers and how they relate to longitudinal changes along
the disease continuum. To our knowledge, sex difference in longi-
tudinal tau progression has only been described in a study examin-
ing data from four cohorts. Smith and colleagues®” showed that
female subjects present faster NFT accumulation; however, the
pathological event contributing to this observation wasn’t investi-
gated. The present study identified a sex-specific modulation be-
tween cortical Ap and tau phosphorylation underlying faster tau
tangle accumulation, which extends our knowledge of why fe-
males have faster tau aggregation and present more pronounced
tau pathology.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awad397#supplementary-data
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Table 3 Sex-specific modulation of amyloid-p on tau phosphorylation predicts faster tangle accumulation in females (meta-ROls)

Meta-ROIs
Est. (95% conf. int.) t-stat P-value

(Intercept) 0.28 (0.12, 0.44) 3.42 0.0009
Age ~0.02 (~0.05, 0.01) -1.31 0.19
APOE4 carriage status -0.01 (-0.07, 0.05) -0.33 0.74
Pathological status, A—T— —0.24 (-0.38, —0.09) -3.25 0.0016
Pathological status, A+T— —0.20 (-0.31, —0.10) —-3.89 0.0002
Cohort, TRIAD —-0.02 (-0.07, 0.04) -0.64 0.53
Sex, female -0.02 (-0.12, 0.07) -0.53 0.60
Centiloid 0.001 (-0.001, 0.002) 0.83 0.41
CSF p-taug; 0.07 (~0.05, 0.20) 1.16 0.25
Sex x Centiloid —0.0001 (—0.0017, 0.0014) -0.19 0.85
Sex x CSF p-taug; -0.03 (~0.17, 0.11) —0.44 0.66
Centiloid x CSF p-tauig; —0.0022 (0.0038, —0.0007) -2.83 0.006
Sex [female] x Centiloid x CSF p-tauig; 0.0023 (0.0006, 0.0041) 2.62 0.01

Multivariate linear regression analyses showed that the triple interaction between the female sex, amyloid-p (Ap) and CSF phosphorylated tau-181 (p-tau,g;) significantly
predicted accelerated neurofibrillary tangle (NFT) accumulation in meta-regions of interest (P=0.01, t =2.62). AB-PET and CSF p-tau;s; data were standardized using centiloid
and z-score, respectively, in the TRIAD and ADNI cohorts, and the analysis was conducted in the merged dataset. The model was corrected for age, APOE ¢4 carriage status,
pathological status and cohort to account for their potential influence. TRIAD: Centiloid = (100 x *®F-AZD4694 SUVR — 1.21)/ 1.394; ADNI: Centiloid = (196.9 x florbetapir SUVR) —
196.03. ADNI = Alzheimer’s Disease Neuroimaging Initiative; SUVR = standardized uptake value ratio; TRIAD = Translational Biomarkers in Aging and Dementia.

Less/Slower
Neurofibrillary tangle
accumulation

AB plaques

More/Faster
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accumulation

Figure 4 Sex-specific modulation of cortical amyloid-f on tau phosphorylation underlies faster tau tangle accumulation in females. We proposed a
novel model suggesting that males and females react differently to amyloid-p (Ap) plaques, which consequently leads to differences in CSF phosphory-
lated tau (p-tau) production and causes the faster neurofibrillary tangle (NFT) accumulation observed in females. Overall, it supports the hypothesis
that Ap-dependent tau phosphorylation is an important driving force behind faster tau progression in females. Image was created with BioRender.com.

In the present study, we included participants from two cohorts
across the clinical spectrum of AD, integrating both cross-sectional
and longitudinal fluid and neuroimaging biomarkers of AD path-
ology. Previous AB-PET studies showed no sex difference in cerebral
AB pathology.>>***¢ In line with this, results from our study high-
lighted that, although there is no distinct sex difference in baseline
Ap load, males and females react differently to Ap plaques. More
specifically, we observed higher tau phosphorylation levels as

well as more tangle accumulation in Ap+ females compared with
AB+ males (Fig. 3). It's valid to consider whether sex influences
the relationship between AB and CSF p-tau, especially when male
and female subjects exhibit similar R? values. While results from
ROI-based analyses might appear perplexing initially, it’s import-
ant to recognize that R? and the slope are distinct metrics. R? eval-
uates the overall goodness-of-fit of the model, indicating that, in
this case, the models fit equally well in both sexes. However, the


http://BioRender.com
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slope provides more specific information about the direction and
strength of the relationship. As shown in Supplementary Fig. 6,
steeper slopes were observed in females, which explains why we
saw a higher CSF p-tau,g; concentration in females. To investigate
this matter further, multivariate linear regression analyses were
performed, and indeed, the results suggested that the interaction
between the female sex and neocortical AB load were associated
with higher CSF p-tauyg; concentration (Supplementary Table 3).
This indicated that males and females varied in their response to
AB in terms of tau phosphorylation, which suggests there is a sex-
specific modulation in the relationship between A and tau phos-
phorylation. Furthermore, findings from voxel-based analyses
also supported this notion by showing a positive correlation be-
tween CSF p-tau and AB-PET signal in a more widespread pattern
in females compared with males [Fig. 1B; x*(1, N=1721900)=1
096 333.88), P < 0.0001]. There are a few aspects of pathological pro-
cesses we carefully examined to confirm that the AB-dependent tau
phosphorylation is the primary driving force for faster NFT accu-
mulation in females. As mentioned above, we found that the inter-
action between female sex and neocortical Ap load was associated
with higher CSF p-tauyg; concentration (Supplementary Table 3).
Additionally, as shown in Supplementary Table 4, multivariate lin-
ear regression analyses revealed that the interaction between fe-
male sex and CSF p-tau;g; was a significant predictor of
accelerated tau accumulation at both 1- and 2-year follow-up as-
sessments. Together with the findings from triple interaction mod-
els (Table 2), these results collectively provided evidence that the
higher level of Ap-induced CSF p-tau secretion explains faster
NFT progression seen in females, and this serves as a key step in
the Ap cascade that determines the aggregated tau pathology.

The present study is not free from limitations. It is worth noting
the discrepancy between the results we obtained using CSF and
plasma p-tau biomarkers. Similar to our findings with CSF p-tau,
we identified positive correlations between baseline plasma
p-tauys; concentration and longitudinal tau-PET change in females
(Supplementary Fig. 7B and C). However, in contrast to the higher
CSF p-tau concentrations observed in A+ females compared with
ApB+ males, no significant difference was found in the plasma
p-tauss; concentration (Supplementary Fig. 7A). We believe that
the primary underlying factor responsible for this difference can
be attributed to the fact that p-tau biomarkers in the plasma had
lower mean fold-changes between Ap— and AB+ groups compared
with p-tau biomarkers in the CSF. Additionally, CSF p-tau biomar-
kers demonstrate greater effect sizes than their counterparts in
plasma when differentiating between Af— and Ap+ groups.”’
Moreover, we generally see alower concentration of p-tau being de-
tected in the plasma as compared to the CSF,*® which might be at-
tributed to the sex difference in the permeability of the blood-
brain barrier. In one study examining more than 20 000 human sub-
jects, females showed a significantly lower CSF/serum albumin ra-
tio compared to males,* which highlights that females may have
different levels of blood-brain barrier integrity (less permeable)
compared with their male counterparts. Besides the smaller effect
size of plasma p-tau biomarker and the sex difference in blood-
brain barrier integrity, it is worth noting that tau-PET, CSF p-tau
and plasma p-tau have beenindicated to represent different disease
stages in the AD spectrum.’®®%¢! This disparity in disease stage re-
presentation between different biomarkers may also contribute to
the discrepancies observed between CSF and plasma p-tau results.
Additionally, the impact of testosterone on p-tau production should
be considered. One previous study suggested that testosterone is
protective against CSF p-tau, so the lower testosterone levels in
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females may predispose them to pathological tau.®? Since we are
unaware of evidence showing that testosterone also affects plasma
p-tau concentrations, this might be another reason for the differ-
ences we observed in the study. Another limitation of this present
study was the variability of the longitudinal data, where some MCI
and AD dementia patients showed decreases in AB-PET and/or
tau-PET SUVRs over time. This observation has been reported previ-
ously, although the reasons for these negative SUVR changes in some
individuals are not fully resolved.®*®® Finally, both the TRIAD and
ADNI cohorts are relatively homogeneous across race and ethnicity;
it is crucial to replicate and extend findings from this study in other
independent larger cohorts with greater diversity.

In conclusion, this longitudinal biomarker study proposes a
model in which the sex-specific modulation between cortical Af
and tau phosphorylation underlies faster tau tangle accumulation
in females. Findings from this study provide evidence that in-
creases in Ap-dependent soluble p-tau levels play a critical role in
initiating tau pathology in females and lead to faster tau progres-
sion over time. These results suggest possible mechanisms behind
sex differences in tau pathology, which might contribute to the
higher prevalence of AD dementia in females compared with
males. One might claim that this study suggests that females might
need earlier intervention in clinical trials targeting Ap plaques. In
addition, drugs reducing soluble brain p-tau concentrations may
be particularly beneficial and promising therapeutic strategies for
female patients to prevent further accumulation and spread of
tau aggregates and cognitive decline. These findings collectively
provide insights into the optimal design of clinical trials directed
against AD pathologies and important prognostic information for
females with, and at risk of, AD.
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