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Abstract

INTRODUCTION: Accumulating evidence indicates disproportionate tau burden and
tau-related clinical progression in females. However, sex differences in plasma phos-
phorylated tau (p-tau)217 prediction of subclinical cognitive and brain changes are
unknown.

METHODS: We measured baseline plasma p-tau217, glial fibrillary acidic protein
(GFAP), and neurofilament light (NfL) in 163 participants (85 cognitively unimpaired
[CU], 78 mild cognitive impairment [MCI]). In CU, linear mixed effects models exam-
ined sex differences in plasma biomarker prediction of longitudinal domain-specific
cognitive decline and brain atrophy. Cognitive models were repeated in MCI.
RESULTS: In CU females, baseline plasma p-tau217 predicted verbal memory and
medial temporal lobe trajectories such that trajectories significantly declined once p-
tau217 concentrations surpassed 0.053 pg/ml, a threshold that corresponded to early
levels of cortical amyloid aggregation in secondary amyloid positron emission tomog-
raphy analyses. CU males exhibited similar rates of cognitive decline and brain atrophy,
but these trajectories were not dependent on plasma p-tau217. Plasma GFAP and
NfL exhibited similar female-specific prediction of medial temporal lobe atrophy in
CU. Plasma p-tau217 exhibited comparable prediction of cognitive decline across sex
in MCI.

DISCUSSION: Plasma p-tau217 may capture earlier Alzheimer’s disease (AD)-related
cognitive and brain atrophy hallmarks in females compared to males, possibly reflec-

tive of increased susceptibility to AD pathophysiology.
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1 | BACKGROUND

Blood-based biomarkers of Alzheimer’s disease (AD) pathology are
non-invasive and cost-effective tools for disease detection and
monitoring.t Plasma markers of phosphorylated tau (p-tau) strongly
capture amyloid beta (AB)-dependent phosphorylation of tau frag-
ments and discriminate clinical AD from controls and non-AD
dementias.2"¢ Recent studies demonstrate that plasma p-tau217 and
p-tau231 track with early Ag and tau accumulation,®”-? with p-tau217
also showing strong prediction of preclinical cognitive progression
in AB-positive cognitively unimpaired (CU) individuals.’%-12 Plasma
biomarkers hold promise as clinically scalable tools in early disease,
when disease-modifying therapies may be most effective. However,
person-specific factors are likely to influence their ability to forecast
AD phenotypic progression.

There is strong evidence for biological sex and gender (herein
referred to as sex [i.e, female, male]) differences in AD patho-
physiology, including protein aggregation and clinical expression.!?
Positron emission tomography (PET) and post mortem studies show
higher levels of tau deposition in females than males, even in
CU individuals.'4"16 Female-related elevations in tau persist when
accounting for AB levels, which in contrast to tau do not strongly
differ by sex.’® Moreover, Ag and tau pathology exhibit tighter rela-
tionships with hippocampal atrophy and cognitive decline in females
compared to males.!”-1? Despite these sex differences, most plasma
AD biomarker studies control for sex without directly modeling how
plasma biomarker prediction of AD phenotypic progression varies by
sex. Sex-dependent relationships between plasma AD biomarkers and
disease progression outcomes may not occur uniformly across brain
region or cognitive ability,2° particularly in early pathological states
in which patterns of brain atrophy and cognitive change are relatively
focal.

We examined sex differences in baseline plasma p-tau217 predic-
tion of domain-specific cognitive decline and regional brain atrophy
in CU older adults. Sex-specific prognostic effects of plasma p-tau217
were compared to complementary plasma biomarkers of astroglial and
axonal pathophysiology, glial fibrillary acidic protein (GFAP) and neu-
rofilament light (NfL). Sex-specific cognitive models were repeated in
a longitudinal cohort of patients with mild cognitive impairment (MCI)
to determine specificity to clinical stage. To enhance the interpretation
and clinical utility of results, models probed plasma p-tau217 concen-
tration thresholds at which sex-specific cognitive and brain atrophy
trajectories significantly declined. Secondary A PET models anchored
plasma p-tau217 concentrations to early and established levels of

cortical AB pathology.

2 | METHODS

2.1 | Participants

Participants included 163 adults who underwent a baseline neurolog-
ical examination, neuropsychological testing, blood draw, and study
partner interview (Clinical Dementia Rating [CDR]) as part of longitu-
dinal studies at the University of California San Francisco (UCSF) Mem-
ory and Aging Center (MAC). At baseline screening, participants were
classified as CU (CDR = 0) or MCI (CDR = 0.5) per consensus case con-
ference with board-certified neurologists and neuropsychologists.2*
Participants were drawn from two MAC cohorts: (1) 85 community-
dwelling, CU adults (44 males, 41 females) enrolled in the Brain Aging
Network for Cognitive Health (BRANCH) and (2) 78 MCI patients (37
males, 41 females) enrolled in the UCSF Alzheimer’s Disease Research
Center (ADRC). CU participants were recruited into BRANCH via fly-
ers, newspaper advertisements, and community outreach events. MCI
participants were recruited into the ADRC through referrals from out-
side clinic providers. BRANCH and ADRC enrollment criteria excluded
individuals with severe systemic medical illnesses that could confound
measurement of plasma biomarker concentrations (e.g., severe chronic
kidney or liver disease).222% Both studies also excluded severe psy-
chiatric illness, non-neurodegenerative neurological conditions that
could impact cognition, and recent substance use disorders (previous
20vyears). Inclusion in the current study was contingent on availability
of baseline plasma biomarker and cognitive data. Study procedures
were approved by the UCSF Committee on Human Research and all
participants provided written informed consent.

2.1.1 | Plasma biomarkers

Non-fasting, morning blood samples were obtained by venipuncture
and processed for plasma. Plasma p-tau217 concentrations were
measured using a novel single-molecule array (Simoa) assay developed
by Janssen Research and Development.*242> The functional plasma
p-tau217 assay range, accounting for sample dilution, was: lower limit
of detection (LLOD) = 0.0011 pg/mL, lower limit of quantification
(LLOQ) = 0.0187 g/mL, upper limit of quantification (ULOQ) = 10
pg/mL. All samples were > LLOD. GFAP and NfL concentrations were
measured using the Neurology 2-Plex B kit (Quanterix Simoa). Sam-
ples were measured in duplicate and all participants eligible for the
present analysis had samples with coefficients of variance (CV) < 20%.
Mean + standard deviation CV% for study samples was 4.4% + 3.4%
(p-tau217),4.6% + 3.7% (GFAP) and 4.8% + 7.7% (NfL).
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2.2 | Cognitive assessment

Cognitive testing protocols?® were harmonized across the CU and MClI
cohorts, with the exception of verbal episodic memory testing. Raw test
scores were converted to domain-specific z scores based on the score
distribution of the larger BRANCH cohort (all CDR = 0; n > 650 per
test).2” Cognition in each cohort was operationalized with composite
z scores in four separate domains. (1) Verbal episodic memory in the
CU cohort was quantified via a composite of primary metrics from the
California Verbal Learning Test, second edition (CVLT-II: total imme-
diate recall, total long [20 minute] delay free recall, and recognition
discriminability [d’]), whereas the MCI cohort completed the CVLT-
short form (CVLT-SF: total immediate recall, total long [10 minute]
delay free recall, recognition discriminability [d’]); (2) visual episodic
memory was quantified via delayed (10 minute) free recall of a complex
figure (modified Benson figure); (3) executive functions were quanti-
fied via a composite of digit span backward, modified Trail Making Test,
Stroop Inhibition, lexical fluency (number of D-words/60”), and design
fluency (DKEFS Condition 1); and (4) language was quantified via a
composite of the animal fluency task (number of animals/60”) and the
15-item Boston Naming Test. The total number of longitudinal data
observations per cognitive composite z score ranged from 288 to 328
in CU (average follow-up = 5.6 years), and 203 to 223 in MCl (average

follow-up = 3.4 years).

2.3 | Neuroimaging

A subset of the CU cohort underwent longitudinal structural magnetic
resonance imaging (MRI; n = 68, 201 observations, average follow-
up = 4.8 years) at the UCSF Neuroscience Imaging Center using a
Siemens Trio Tim or Prisma Fit 3T scanner. Magnetization prepared
rapid gradient-echo (MPRAGE) sequences were used to obtain whole
brain T1-weighted images sagittally using the following parameters:
repetition time (TR) = 2300 ms, inversion time (TI) = 900 ms, echo time
(TE) = 2.98 ms, flip angle = 9°, field-of-view (FOV) = 240x256 mm
with 1x1 mm in-plane resolution and 1 mm slice thickness. Parame-
ters for both Trio and Prisma scanners had nearly identical parameters
but slightly different echo times (Trio: 2.98 ms; Prisma: 2.9 ms). As pre-
viously described,?8 tissue segmentation was performed using unified
segmentation in SPM122? and brain volumes of interest were quan-
tified by translating a standard parcellation atlas®® into International
Consortium of Brain Mapping space and summing the gray matter
within each region of interest (ROI). To focus on an early AD-sensitive
brain region, medial temporal lobe volumes were computed by sum-
ming bilateral hippocampal, entorhinal, and parahippocampal Desikan
regions.3° Comparison composite ROIls were calculated for frontal
(caudal and rostral middle frontal, superior frontal, lateral and medial
orbitofrontal, frontal pole, paracentral, precentral pars opercularis,
pars orbitalis, pars triangularis), parietal (inferior, superior, postcentral,
precuneus, supramarginal), and occipital (lingual, pericalcarine, cuneus,

lateral occipital) lobes.

RESEARCH IN CONTEXT

Systematic review: The authors used PubMed to identify
previous studies examining sex differences in Alzheimer’s
disease (AD) pathophysiology and AD biomarker prediction
of cognition and brain atrophy. Sex differences in plasma
phosphorylated tau (p-tau)217 prediction of longitudinal
cognitive decline and brain atrophy in cognitively unimpaired
(CU) adults has not been previously studied.

Interpretation: Elevations in plasma p-tau217 predicted ver-
bal memory decline and medial temporal lobe atrophy in
CU females, but not CU males. In patients with mild cog-
nitive impairment, plasma p-tau217 was a more consistent
predictor of cognitive trajectories in males and females.
Future directions: These findings suggest plasma p-tau217
may capture earlier AD-related clinical hallmarks in females
compared to males, which recapitulates prior observations
that females show increased susceptibility to AD pathophys-
jology. Future studies with additional biomarkers that cap-
ture complementary biological pathways (e.g., sex hormones,
synapses) are needed to understand the mechanisms driving
sex differences in early AD-related clinical progression.

A combined subset of the CU (n = 53) and MCI (n = 35) cohorts
underwent A8 PET imaging with either 18F-florbetapir (n = 70 [51
CU, 19 MCI]) or 1C-Pittsburgh compound B (PiB; n = 18 [2 CU, 16
MCI]). For both 8F-florbetapir and PiB tracers, we measured four
5-minute frames acquired 50-70 minutes post-injection interval. Stan-
dardized uptake value ratio (SUVR) was calculated using mean activity
in the whole cerebellum (18F-florbetapir) or cerebellar gray matter
(PiB) as the reference region. Frames were co-registered to the corre-
sponding MPRAGE images and global amyloid burden was estimated
using a composite of frontal, cingulate, temporal, and parietal areas.3?
SUVRs were then converted to the Centiloid (CL) scale to provide
a continuous measure of global cortical A3 deposition that was har-
monized across the two tracers.3? CL values of O represent mean
uptake in young healthy controls free of A3 pathology, and values of
12 and 30 represent early and established levels of AS aggregation,

respectively.”33

2.4 | Statistical analysis

Cohort-stratified sex differences in demographic, clinical, and baseline
analytic variables were examined using analysis of variance (ANOVA)
and chi-square statistics with two-tailed tests, as appropriate. A series
of linear mixed-effects models with person-specific random slopes
and intercepts examined subclinical cognitive and brain volumetric

changes in the CU cohort. Time was entered as a fixed and random
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effect. Covariates included baseline age, apolipoprotein E (APOE) ¢4
status, education (cognitive), and scanner type (structural MRI). Body
mass index (BMI) was also entered as a covariate to account for its
potential influence on plasma biomarker measurement.?%34 We first
entered a sex by time (years since baseline blood draw) interaction
term for each cognitive z score and brain volume composite ROI to
ascertain whether average trajectories varied by sex. Next, we added
athree-way interaction term (p-tau217 x sex x time) to determine sex
differences in plasma p-tau217 prediction of trajectories. Standardized
coefficients with bootstrapped 95% confidence intervals are reported
for p-tau217 predictive effects (p-tau217 x time) in males and females.
For significant sex-specific p-tau217 x time terms, we identified spe-
cific thresholds of plasma p-tau217 concentrations at which cognitive
and brain volume trajectories significantly declined using region of
significance analyses.3°3¢ Region of significance analyses use iterative
simple-slope testing across the entire range of a moderator (i.e.,
p-tau217), with adjustment for multiple comparisons using the false
discovery rate, to place a “floodlight” on specific segments of the mod-
erator at which the primary predictor (i.e., time) is estimated to have a
statistically significant effect on the outcome. To determine molecular
specificity, plasma p-tau217 relationships were compared to plasma
GFAP and NfL. Additionally, to determine specificity of results to
clinical stage, parallel p-tau217 cognitive models were repeated in the
MCI cohort. Last, the subset of CU and MCI cohort participants with
AB PET imaging were combined for secondary analysis that modeled
AB PET CLs as a function of plasma p-tau217 (linear and quadratic),
sex, and their interaction. Model estimates identified concentrations
of plasma p-tau217 that corresponded to early and established AB
pathology thresholds (12 and 30 CLs, respectively).33

3 | RESULTS

3.1 | Participant characteristics

Table 1 presents demographic and clinical characteristics by sex in the
CU and MCI cohorts. The CU cohort was on average 75.8 years old
(range: 58-99) with 17.6 years of education and 22% APOE &4. The
MCI cohort was on average 69.3 years old (range: 48-86) with aver-
age age of symptom onset at 64.2 years old (range: 43-84; 55% age of
onset < 65 years old), 16.5 years of education, and 40% APOE ¢4. Males
and females did not statistically differ on most demographic or clinical
characteristics, including medical comorbidities, in either cohort.

3.2 | Sex differences in plasma biomarker
concentrations

Sex differences in baseline plasma biomarker concentrations and pair-
wise correlations are displayed in Figure 1. CU females exhibited
elevated baseline plasma GFAP compared to CU males (d = 0.64,
P = 0.005), whereas baseline plasma p-tau217 (d = —0.22, P = 0.240)

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

and NfL (d = —0.12, P = 0.600) did not significantly differ by sex. Plasma
biomarkers did not significantly differ by sex in MCI, although MCI
females also exhibited non-significant elevations in GFAP compared
to MCI males (d = 0.36, P = 0.112). Pairwise correlations between
biomarkers did not reach statistical significance among CU males,
whereas CU females exhibited significant relationships between p-
tau217 and NfL (r = 0.34, P = 0.031) as well as GFAP and NfL (r = 0.44,
P = 0.004). In both MCI males and females, each pairwise biomarker
correlation was statistically significant and larger in magnitude relative
to their CU counterparts.

3.3 | Sex differences in plasma p-tau217 prediction
of subclinical cognitive decline

In the CU cohort, time was significantly related to worsening verbal
memory (8 = —0.20; P < 0.001), language (8 = —0.20; P < 0.001),
and executive function (8 = —0.10; P = 0.002), but not visual mem-
ory (8 = —0.05; P = 0.260). Sex did not moderate the effect of
time on any cognitive outcome (Ps > 0.625), indicating that aver-
age cognitive slopes did not differ between CU males and females
(Figure S1 in supporting information). However, sex significantly
moderated the effect of baseline plasma p-tau217 on verbal mem-
ory (sex x p-tau217 x time: B = —0.55, P = 0.004) and language
trajectories (sex x p-tau217 x time: f§ = —0.48, P = 0.029) such
that higher plasma p-tau217 levels related to steeper cognitive
decline in CU females but not males (Figure 2A,B and Table S1 in
supporting information). Region of significance analyses estimated
statistically significant declines in verbal memory and language in
females when baseline plasma p-tau217 was greater than 0.053 pg/ml
(Figure 2C).

3.4 | Sex differences in plasma p-tau217 prediction
of subclinical brain atrophy

In the CU cohort, time was significantly associated with atrophy in
each volumetric outcome (medial temporal: 8 = —0.19, P < 0.001;
frontal: 8 = —0.22; P < 0.001; parietal: 8 = —0.19; P < 0.001; occip-
ital: B = —0.20; P < 0.001). Sex did not moderate the effect of time
on any volumetric outcome (P > 0.573), indicating that average atro-
phy slopes did not differ between males and females (Figure S2 in
supporting information). Sex significantly moderated the effect of
baseline plasma p-tau217 on medial temporal lobe atrophy (sex x
p-tau217 x time: B = —0.33, P = 0.015) such that higher plasma p-
tau217 levels related to steeper medial temporal lobe atrophy in CU
females but not males (Figure 2D,E and Table S2 in supporting informa-
tion). Sex did not significantly moderate plasma p-tau217 associations
with any other ROI (Ps > 0.186). Region of significance analyses
estimated statistically significant declines in medial temporal lobe vol-
ume when baseline plasma p-tau217 was greater than 0.054 pg/ml
(Figure 2F).
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TABLE 1 Participant characteristics by sex and diagnosis.

Cognitively unimpaired Mild cognitive impairment

Males Females Males Females

(n=44) (n=41) SexP (n=37) (n=41) Sexp Dx?P
Age (years), mean (SD)? 76.6(7.6) 74.8(6.9) 0.263 70.7 (9.5) 68.2(8.3) 0.237 <0.001
Years of education, mean (SD) 17.7 (1.9) 17.5(1.8) 0.639 16.5(2.5) 16.5(2.5) 0.909 0.001
APOE ¢4 carrier, n (%) 12(27.3%) 7(17.1%) 0.257 13(35.1%) 18(43.9%) 0.429 0.016
Race/ethnicity (non-Hispanic White), n (%) 41(93.2%) 36(87.8%) 0.395 34 (94.4%) 37(90.2%)  0.799 0.923
BMI (kg/m?), mean (SD) 25.3(3.7) 24.0(4.2) 0.113 26.5(3.2) 24.1(4.40) 0.009 0.433
Atrial fibrillation, n (%)¢ 7 (17%) 1(3%) 0.057 2(7%) 1(3%) 0.591 0.346
Cancer, n (%)° 12 (29%) 5(13%) 0.102 6(20%) 8(23%) 0.780 0.966
Congestive heart failure, n (%)° 3(7%) 1(3%) 0.616 0(0%) 1(3%) 1 0.380
Type Il diabetes, n (%)° 3(7%) 2 (5%) 1 1(3%) 0(0%) 0.462 0.224
Dyslipidemia, n (%)° 19 (46%) 19 (49%) 0.832 16 (53%) 15 (43%) 0.399 0.982
Hypertension, n (%)° 19 (46%) 16 (41%) 0.632 15 (50%) 12 (34%) 0.200 0.789
Myocardial infarction, n (%)° 3(7%) 1(3%) 0.616 1(3%) 0(0%) 0.462 0.380
P-tau217 (pg/ml), mean (SD) 0.08 (0.04) 0.07 (0.04) 0.240 0.14(0.1) 0.17(0.14) 0.351 <0.001
GFAP (pg/ml), mean (SD) 137.7 (54.6) 182.09 (76.9) 0.005 173.1(75.0) 208.4(111.8) 0.112 0.017
NfL (pg/ml), mean (SD) 19.8(9.6) 18.7(10.2) 0.600 19.1(8.1) 18.9(8.4) 0.943 0.401
MMSE, mean (SD) 29.1(1.1) 29.4(0.7) 0.138 26.0(3.6) 26.7(3.1) 0.415 <0.001
Visual memory z, mean (SD)¢ —0.03(1.06) 0.07 (0.91) 0.676 -1.01(1.5) —1.46(1.4) 0.190 <0.001
Verbal memory z (CVLT-I1), mean (SD)¢ —0.03(0.84) 0.31(0.85) 0.105 — — — —
Verbal memory z (CVLT-SF), mean (SD)¢ — — — —2.28(1.70) —2.35(1.75) 0.879 —
Executive function z, mean (SD)¢ 0.06 (0.66) —0.04(0.74) 0.546 —0.97 (1.00) —0.83(1.20) 0.589 <0.001
Language z, mean (SD)¢ 0.01(0.63) 0.16 (0.84) 0.038 —1.02(1.35) -1.11(1.69) 0.810 <0.001
Medial temporal/TIV, mean (SD)® 2.0(0.2) 2.0(0.2) 0.531 — — — —
Frontal/TIV, mean (SD)® 13.3(1.5) 14.1(1.4) 0.038 — — — —
Parietal/TIV, mean (SD)® 8.1(1.0) 8.6(1.0) 0.038 — — — —
Occipital/TIV, mean (SD)® 4.9(0.6) 5.2(0.6) 0.059 - - - -

Abbreviations: APOE, apolipoprotein E; BMI, body mass index; CVLT-I, California Verbal Learning Test Second Edition; CVLT-SF, California Verbal Learning
Test Short Form; Dx, diagnosis; GFAP, glial fibrillary acidic protein; MMSE, Mini-Mental State Examination; NfL, neurofilament light; SD, standard deviation;

TIV, total intracranial volume.

2Diagnosis P-values reflect differences between cognitively unimpaired (n = 85) and mild cognitive impairment (n = 78).

bAge at baseline blood draw and plasma biomarker measurement.

“n=145.

dCognitive z scores based on mean (SD) of cognitively unimpaired adults from the larger Brain Aging Network for Cognitive Health cohort.

€¢Composite volumetric region/TIV ratios are multiplied by 1000 for scaling purposes.

3.5 | Plasma GFAP and NfL comparison models

Figure 3 displays standardized coefficients with 95% confidence inter-
vals comparing sex-specific plasma p-tau217 relationships to cognitive
and brain volume trajectories in CU (Figure 3A,B) to the predictive
effects of plasma GFAP and NfL. Sex did not significantly moderate the
relationship between GFAP or NfL with any cognitive trajectory (Table
S1). However, lower order model estimates indicated that only females
exhibited significant associations between higher GFAP and visual
memory decline (females: § = —0.17; P = 0.001l; males: g = —0.08;
P = 0.165; Figure 3C), and higher NfL and verbal memory decline

(females: 3= —0.18; P=0.007; males: 3= —0.10; P = 0.312; Figure 3E).
These associations were smaller in magnitude than the p-tau217
relationship with female verbal memory decline (3= —-0.32, P < 0.001),
which remained significant after post hoc adjustment for GFAP and
NfL (3= -0.31,P < 0.001).

In imaging models, sex significantly moderated the effect of plasma
GFAP on medial temporal lobe atrophy such that higher GFAP levels
alsorelated to steeper medial temporal lobe atrophy in females but not
males (Figure 3D and Table S2). Sex did not interact with NfL to predict
brain volumetric trajectories (Ps > 0.480). However, lower order
model estimates also indicated that only females exhibited significant
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FIGURE 1 Plasma biomarker concentrations and intercorrelations by sex and clinical status. Box plots represent median, interquartile range,

minimum, and maximum (A-C). Sex differences by clinical status are annotated with Cohen d estimates of effect size and P-values. Pairwise
Pearson r correlations with 95% confidence interval are plotted by sex and clinical status (D). CU, cognitively unimpaired; GFAP, glial fibrillary
acidic protein; MCI, mild cognitive impairment; NfL, neurofilament light; p-tau217; phosphorylated tau 217.

associations between higher NfL and steeper medial temporal lobe
atrophy (Figure 3F and Table S2). Notably, all three biomarkers exhib-
ited the same magnitude of association with female medial temporal
lobe trajectories (p-tau217: § = —0.13, P = 0.028; GFAP: 8 = —-0.13,
P =0.010; NfL: 3= -0.13, P =0.010).

3.6 | Cognitive models in MCI

In the MCI cohort, time was significantly related to worsening cog-
nition in every domain (verbal memory: 8 = —0.22, P < 0.001; visual
memory: § = —0.20, P < 0.001; language: 8 = —0.27, P < 0.001;
executive function: 8 = —0.24, P < 0.001). Sex did not moderate the
effect of time on any cognitive outcome (Ps > 0.267), indicating that
average cognitive slopes also did not differ between males and females
with MCI. Sex also did not significantly moderate the relationship
between any baseline plasma biomarker on cognitive trajectories in
MCI (Ps > 0.162). Figure 4 displays standardized coefficients with 95%
confidence intervals for sex-specific plasma p-tau217, GFAP, and NfL
prediction of cognitive trajectories in MCI. Higher baseline plasma
p-tau217 related to steeper cognitive decline across domains in MCl,

with significant associations observed in both males (verbal memory,

visual memory, language, executive function) and females (language,
executive function). Compared to plasma p-tau217, GFAP and NfL
showed weaker and fewer statistically significant associations with
cognitive trajectories in MCI, regardless of sex (Figure 4 and Table
S1). Baseline age did not predict cognitive trajectories in any of the
models (Ps > 0.162) and biomarker predictions of cognitive trajectories
were not altered in a sensitivity analysis that removed baseline age
as a covariate, suggesting that differences in age of symptom onset
(highly collinear with baseline age) had little influence on MCI cohort

results.

37 |
sex

Plasma p-tau217 relationship with Ag PET by

Plasma p-tau217 concentrations were plotted against A3 PET CLs
in the combined CU and MCI cohort of participants with avail-
able AB PET data (n = 88). Visual inspection suggested a quadratic
association between plasma p-tau217 and AB PET CLs (Figure 5),
which was confirmed in linear regression analysis (quadratic p-tau217:
B = —0.72, P < 0.001). This relationship was not moderated by
sex (P = 0.590) and remained after adjustment for age, APOE ¢4,
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Plasma p-tau217 prediction of verbal memory and medial temporal lobe trajectories in CU males (A, D) and females (B, E). For

visualization purposes, stratified lines represent the estimated slope of time at the median of each baseline plasma p-tau217 quartile (pg/ml; Q1
median [range]: 0.041[0.020 to 0.046]; Q2 median [range]: 0.051 [> 0.046 to 0.068]; Q3 median [range]: 0.078 [> 0.068 to 0.092]; Q4 median
[range]: 0.120 [> 0.092 to 0.200]). The effect size (unstandardized) of time on verbal memory z scores (C) and medial temporal lobe volumes (F) is
plotted across baseline plasma p-tau217 in CU females. When the X axis zero-line is not included in the false discovery rate-adjusted confidence
band, the effect of time is statistically significant at that concentration of baseline plasma p-tau217. The region of significance occurs to the right of
the dotted line, indicating that increasing time is significantly associated with worse trajectories once baseline plasma p-tau217 concentrations
surpass 0.053/0.054 pg/ml. CU, cognitively unimpaired; p-tau217; phosphorylated tau 217.

BMI, and clinical status. Based on model estimates, an early AB
pathology threshold (12 CLs) was reached at plasma p-tau217 con-
centration of 0.06 pg/ml, and an established AB pathology thresh-
old (30 CLs) was reached at a plasma p-tau217 concentration of
0.09 pg/ml.

4 | DISCUSSION

The present study examined sex-dependent associations of plasma
p-tau217 with cognitive and brain atrophy trajectories. Among CU,
baseline plasma p-tau217 interacted with sex to predict verbal mem-
ory and language trajectories, with the strongest relationship occurring
between higher plasma p-tau217 and female-specific verbal memory
decline. CU females showed statistically significant declines in ver-
bal memory and language z scores once baseline plasma p-tau217
concentrations reached 0.053 pg/ml. Secondary AB PET analyses
approximated that this threshold may reflect early levels of cortical
AB aggregation (12 CLs). In contrast, plasma p-tau217 only emerged
as a statistically significant prognosticator of cognitive decline in both
males and females at the MCl stage. Converging with plasma p-tau217,
both GFAP and NFL showed significant female-specific associations
with medial temporal lobe atrophy over time in CU, but did not evi-

dence sex-specific effects on cognitive trajectories. Overall, these

findings lend further support for plasma p-tau217 as an early disease

stage biomarker®7:10

and underscore sex as an important source of
divergence in its predictive utility.

Our results recapitulate prior cerebrospinal fluid (CSF) and PET
findings of increased female susceptibility to AD-related clinical
change and are the first, to our knowledge, to report this sex dif-
ference with plasma p-tau217. Females exhibit steeper hippocampal
atrophy and cognitive decline in relation to lower CSF AB4,, higher CSF
total tau, and higher CSF total tau/AB4,,'®%7 particularly at the MCI
stage. Tau PET studies also report stronger relationships between tau
deposition and cognitive outcomes in females,”38 including steeper
tau-related cognitive decline in CU individuals.!” Recent data show
stronger associations of plasma p-tau181 with AD PET biomarkers (A
PET, entorhinal cortex tau PET, fluorodeoxyglucose PET) and global
cognitive decline in females.3? However, these sex differences were
driven by patients with MCl and were absent among CU. In compari-
son, the prognostic effects of baseline plasma p-tau217 on CU female
trajectories is consistent with evidence that plasma p-tau217 increases
at earlier levels of AB burden than plasma p-tau181, GFAP, and NfL,”
and may therefore capture female vulnerability to AD-related cogni-
tive changes (e.g., verbal memory, language) at an earlier disease stage.
Although plasma p-tau217 was not predictive of cognitive decline
in CU males, a strong and consistent plasma p-tau217 signal was

detected across domains in MCI males, thereby reinforcing plasma
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FIGURE 3 Comparison of sex-specific plasma biomarker prediction of cognitive and brain volumetric trajectories in cognitively unimpaired
adults. Values represent standardized coefficients with bootstrapped 95% confidence intervals for the interaction of baseline plasma biomarker
levels and time on cognitive (A, C, E) and brain volumetric (B, D, F) outcomes in cognitively unimpaired adults, stratified by sex. Full model estimates
and P-values are presented in Tables S1 and S2 in supporting information. GFAP, glial fibrillary acidic protein; NfL, neurofilament light; p-tau217;

phosphorylated tau 217.

p-tau217 as a useful marker for disease prognosis in males prior to
dementia.

The specificity of plasma p-tau217 to decline in medial temporal
lobe volume and function (i.e., verbal memory) in CU females highlights
the importance of isolating cognitive domains and brain regions

most vulnerable to early AD pathology. Many studies have modeled

longitudinal cognitive change with global screeners (e.g., Mini-Mental
State Examination) or global composites (e.g., modified Preclinical
Alzheimer Cognitive Composite), as these metrics are relatively
harmonizable across cohorts. While these global cognitive outcomes
also exhibit decline in relation to plasma AD biomarker elevations,10-3?

the strength of biomarker associations with cognitive trajectories
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FIGURE 4 Comparison of sex-specific plasma biomarker prediction of cognitive trajectories in mild cognitive impairment. Values represent
standardized coefficients with bootstrapped 95 % confidence intervals for the interaction of baseline plasma biomarker levels and time on
cognitive outcomes in mild cognitive impairment, stratified by sex. Full model estimates and P-values are presented in Table S1 in supporting
information. GFAP, glial fibrillary acidic protein; NfL, neurofilament light; p-tau217; phosphorylated tau 217.

° CUFemale o MCI Female
150 =y P-tau217 quadratic: p<.001, adj-R?=0.68 e CUMale o MCIMale
12 Centiloids: P-tau217 ~ .06 pg/ml °
30 Centiloids: P-tau217 ~ .09 pg/ml o
e ¥ Bt S
——"e ~~~~~
. -
@ 100+ e e ° o
S T
5
O 50— )
=
w 30
q. o
o 12
< Q-
-50 T T T T 1
0.0 0.1 0.2 0.3 04 0.5

Plasma P-tau217 (pg/ml)
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AB PET Centiloids such that initial increases in plasma p-tau217 correspond with steep increases in cortical A burden that plateau well after
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may be amplified when examining domain-specific outcomes, with
additional consideration for person-specific factors that modulate risk
(e.g. sex).1?

Females on average outperform males on verbal memory and
language tests.**-42 Notably, female verbal memory advantages
persist in cross-sectional studies of individuals with AD pathology
and/or mild-moderate symptomatology.*>-4> Although between-
sex differences in verbal memory suggest a female verbal memory
reserve,*® longitudinal designs that model intra-individual change
indicate similar or accelerated rates of decline in females along
the AD continuum.*”#® Our data align with these cross-sectional
and longitudinal observations, as CU females exhibited slight ver-

bal memory and language advantages at baseline but had similar
cognitive slopes to CU males. Thus, the stronger relationship
between plasma p-tau217 and verbal memory decline in females
is unlikely to represent an artifact of intercept differences or a
“regression to the mean” phenomenon, but rather true biological
differences.

Females consistently exhibit higher temporal tau PET signal than
males for fixed levels of A pathology,'®” although the exact mecha-
nisms driving female-related tau deposition and clinico-radiographic
sequelae are unclear. We did not observe sex differences in average
plasma p-tau217 concentrations, consistent with most prior
studies,®*? but not all.?2 Plasma p-tau217 is more tightly linked
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to cortical amyloid than tau in CU individuals,®® which may explain
why sex differences in tau PET deposition are not recapitulated
with plasma p-tau isoforms. A recent post mortem study highlighted
microglial activation as a female-specific mediator of Ag-related tau
deposition.®> Similarly, CSF microglial markers (YKL-40, sTREM2)
show stronger associations with medial temporal lobe integrity in
CU females compared to males, consistent with our GFAP findings.>?
Interestingly, we also observed higher plasma GFAP in CU females
than CU males, which has been previously reported.”® Future work
incorporating additional neural markers, including microglial and

synaptic,28:40.54

would help elucidate the degree to which sex-related
effects of plasma p-tau217 reflect sex differences in neuroimmune
pathways.

Our results and their interpretation should be considered in the
context of our study sample. The CU cohort consisted of community-
dwelling adults without cognitive complaints or specific enrichment for
familial/genetic risk of AD. APOE ¢4 positivity rates in the CU cohort,
particularly females (17%), were lower than would be expected for
a similarly aged cohort of CU Ag-positive individuals (~30%-40%).>°
Prior studies have mostly focused on plasma p-tau217 in the context
of AB-positive individuals, who represent primary candidates for clin-
ical trials. Our main plasma biomarker models were agnostic to A3
PET status, which reflects an ecologically valid context as most clini-
cal settings with potential access to low-cost, blood-based biomarker
assays will not have similar access to A3 PET. Our ability to detect a
robust cognitive and neural signal of plasma p-tau217 in females with-
out deliberate risk stratification (e.g., APOE ¢4, AB PET) highlights the
standalone potential for plasma p-tau217 as a predictor of cognitive
and brain volumetric progression in CU females, even at “subthreshold”
concentrations that align with early (vs. established) levels of cortical
A accumulation.

Our study is among the first to examine sex differences in plasma p-
tau217 prediction of subclinical cognitive and brain trajectories; how-
ever, we acknowledge several limitations. Sex assigned at birth is an
imperfect proxy for sex-related neurobiological variability and our data
did not directly capture neurohormonal, sex chromosomal, or sociocul-
tural factors that may mediate AD-related sex differences.1#>¢-58 Qur
study also lacked CSF AD biomarkers and tau PET data, which would
improve biological phenotyping of study cohorts and help address
questions regarding the potential role of female-associated tau depo-
sition as a mediator of plasma p-tau217 relationships with medial
temporal lobe structure and verbal memory. Our results converge
with prior work showing disproportionate female vulnerability to AD-
related outcomes; however, our study lacked a CU replication cohort
with harmonizable biomarker and neuropsychological data. Future
replication of study methodology across other CU cohorts, particu-
larly those with greater demographic diversity and MCI comparison
cohorts drawn from the same recruitment source (e.g., community
based), would bolster the validity and generalizability of study results.
Similarly, the addition of an MCl cohort with MRI data as well as a longi-
tudinal AD dementia cohort would enhance future studies that model
sex-dependent effects of plasma p-tau217 across the entire AD clinical

continuum.
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This longitudinal study observed sex-specific associations between
baseline plasma p-tau217 and cognitive and brain trajectories. Females
were disproportionately vulnerable to the adverse effects of elevated
plasma p-tau217 on verbal memory decline and medial temporal lobe
atrophy at the CU stage, whereas males exhibited p-tau217-related
cognitive decline at the MCl stage. Overall, our findings suggest plasma
p-tau217 may capture earlier AD-related clinical hallmarks in females
compared to males.
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