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ABSTRACT

We assessed sex differences in amyloid- and tau-PET retention in 119 amyloid positive patients with mild
cognitive impairment or Alzheimer’s disease (AD) dementia. Patients underwent 3T-MRI, "'C-PIB amyloid-
PET and '8F-Flortaucipir tau-PET. Linear ordinary least squares regression models tested sex differences
in Flortaucipir-PET SUVR in a summary temporal region of interest as well as global PIB-PET. No sex dif-
ferences were observed in demographics, Clinical Dementia Rating Sum of Boxes (CDR-SoB), Mini-Mental
State Exam (MMSE), raw episodic memory scores, or cortical thickness. Females had higher global PIB
SUVR (1p?>=.043, p=.025) and temporal Flortaucipir SUVR (1,°=.070, p=.004), adjusting for age and CDR-
SoB. Sex differences in temporal Flortaucipir-PET remained significant when controlling additionally for
PIB SUVR and APOE4 status (1,°=.055, p=.013), or when using partial volume-corrected data. No sex dif-
ferences were present in areas of known Flortaucipir off-target binding. Overall, females demonstrated
greater AD regional tau-PET burden than males despite clinical comparability. Further characterization
of sex differences will provide insight into AD pathogenesis and support development of personalized

therapeutic strategies.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Females are disproportionately affected by Alzheimer’s disease
(AD). In the United States, approximately two-thirds of all clinical
diagnoses of AD are made in females (1), and recent meta-analyses
of clinical AD in Europe (Niu et al., 2017) and China (Zhao and
Li, 2020) have reported similar overrepresentation of females. This
increased prevalence of AD in females may only be partially ex-
plained by greater longevity (Buckley et al., 2019b; Davis et al.,
2020; Di Carlo et al., 2002; Launer et al., 1999; Oksuzyan et al.,
2008). Females diagnosed with mild cognitive impairment (MCI)
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and AD dementia also demonstrate steeper rates of cognitive de-
cline (Lin et al., 2015; Tschanz et al., 2011) and greater susceptibil-
ity to the apolipoprotein E ¢4 allele (APOE4) (Altmann et al., 2014;
Neu et al., 2017). Collectively, these observations suggest that mul-
tiple underlying neurobiological factors likely contribute to sex dif-
ferences in AD.

Neuropathological studies in samples spanning normal cogni-
tion to dementia, including clinic-referred, community-based, and
routine autopsy samples have revealed a greater burden of AD neu-
ropathology in females than males, a finding that is more con-
sistently reported for neurofibrillary tangles than amyloid plaques
(Barnes et al., 2005; Corder et al, 2004; Filon et al, 2016;
Hohman et al., 2018; Liesinger et al.,, 2018; Oveisgharan et al.,
2018; Spina et al., 2021). Analogous differences have been ob-
served with in vivo AD biomarkers. In cross-sectional studies en-
compassing individuals with normal cognition, MCI, and demen-
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tia, cerebrospinal fluid (CSF) total-tau levels have been reported
to be higher in females (Hohman et al., 2018), and higher lev-
els of CSF phosphorylated-tau in females have been reported in
the presence of APOE4 (Sundermann et al., 2020). Such findings
may vary by disease stage (Altmann et al., 2014; Mofrad et al.,
2020). A cross-sectional study of cognitively normal older adults
from the Harvard Aging Brain Study and Alzheimer’s Disease Neu-
roimaging Initiative revealed no sex differences in global neocor-
tical amyloid positron emission tomography (PET) retention, but
greater entorhinal tau-PET retention in females versus males with
higher amyloid-PET retention (Buckley et al., 2019a). It was later
found that this sex by amyloid-PET interaction on tau-PET extends
to other temporal regions, and a main effect of sex on tau-PET
was present beyond the temporal lobe in cognitively normal older
adults (Buckley et al.,, 2020). Cross-sectional findings of greater
tau-PET retention in females have been replicated in cognitively
normal and community-based samples of middle-aged and older
adults (Luchsinger et al., 2020; Palta et al., 2021; Wisch et al.,
2020), and some studies have also found increased amyloid-PET
retention in females within these populations (Luchsinger et al.,
2020; Palta et al., 2021; Rahman et al., 2020). Although these stud-
ies may be subject to selection bias and not generalize to the pop-
ulation, the results suggest that sex differences may emerge as
early as the preclinical phase of AD. However, cross-sectional stud-
ies examining amyloid- and tau-PET retention in patients with MCI
and AD dementia have yielded inconsistent results, with studies
finding no sex effect on either amyloid or tau-PET (Johnson et al.,
2016), higher tau- but not amyloid-PET in females (Digma et al.,
2020), higher amyloid-PET in females (Sundermann et al., 2018),
and higher amyloid-PET in males (Rowe et al., 2010).

In examining sex differences in MRI biomarkers in samples with
MCI and dementia, results from cross-sectional comparisons have
been mixed. While several studies have reported no sex differ-
ences in cortical thickness (Seo et al, 2011) or volumetric mea-
sures (Fjell et al., 2009; Lee et al., 2018; Pennanen et al., 2004),
others have found differences such as greater hippocampal volume
in females, suggesting they may be less atrophied (Arruda et al.,
2020; Sundermann et al., 2016). A sex difference in MRI-observed
white matter hyperintensities has also been reported in clinical AD
patients, with females expressing greater burden (Sawada et al.,
2000). White matter hyperintensities are thought to at least partly
reflect cerebrovascular pathology and are commonly found comor-
bid with AD pathology (Alber et al., 2019), and are therefore an
important imaging biomarker to consider in MCI and dementia, de-
spite having rarely been studied with regard to sex differences in
these populations.

Recent calls to action have identified the need to replicate
and further characterize sex differences that have been identi-
fied in aging and dementia studies to date (Nebel et al., 2018;
Waters and Laitner, 2021). In light of mixed results particularly in
symptomatic patients, the primary goal of this study was to evalu-
ate cross-sectional sex differences in summary indices of tau- and
amyloid-PET in patients with MCI or dementia due to AD. Sec-
ondary aims included exploratory assessment of whether the effect
of sex on AD PET biomarkers differed by APOE4 carrier status, age,
or dementia severity, and evaluation of sex differences in cortical
thickness, hippocampal volume, and white matter hyperintensity
volume.

2. Methods
2.1. Participants

One hundred and nineteen patients from the University of Cal-
ifornia San Francisco (UCSF) Alzheimer’s Disease Research Center

were included in this study. Participants were included if they
met clinical criteria for mild cognitive impairment or dementia
due to AD (Albert et al., 2011; McKhann et al., 2011), completed
a 3T structural MRI, completed a 8F-Flortaucipir (FTP) PET scan
to assess in vivo tau pathology, and had all assessments collected
within one year of the FTP PET scan. Furthermore, patients were
only included if they had a positive 'C-PIB (PIB) PET scan as
assessed by both visual read and quantification (see section 2.3.2.
below) (Rabinovici et al., 2011). Therefore, all patients were on the
AD biological continuum as defined by the 2018 NIA-AA Research
Framework (Jack et al., 2018). Each patient received a standard
clinical assessment including neurological exam and history intake,
study partner interview, and neuropsychological testing. Age of
onset was estimated by the clinician during the interview with
the patient and study partner in the neurological exam. Diagnosis
was determined by consensus among the multi-disciplinary team
that met with patient and study partner. All participants gave
written consent to participate in study procedures, and the study
was approved by the UCSF, University of California Berkeley, and
Lawrence Berkeley National Laboratory institutional review boards
for human research.

2.2. Genotyping

To assess APOE status, genomic DNA was extracted from pe-
ripheral blood using standard protocols. APOE genotyping was
carried out by real-time PCR on a LightCycler® 480 System
using Tagman SNP Genotyping Assays (#C___3084793_20 and
C___904973_10 for rs429358 and rs7412, respectively). Assays
were run in duplicate. Genotyping results were available on
115/119 patients.

2.3. Imaging acquisition

2.3.1. MRI

All patients underwent MRI on a 3T Siemens TIM Trio (n=17
males, n=20 females) or 3T Siemens Prisma FIT (n=40 males,
n=42 females) scanner at UCSF. Volumetric MPRAGE sequences
were used to acquire T1-weighted images (Sagittal slice orienta-
tion; slice thickness = 1.0 mm; slices per slab = 160; in-plane
resolution = 1.0 x 1.0 mm; matrix = 240 x 256; TR = 2,300
ms; TE = 2.9 ms (Prisma) or TE=2.98 ms (Trio); TI = 900 ms;
flip angle = 9°). FLAIR sequences were also collected (slice thick-
ness = 1.00mm; slices per slab = 160 (Trio) or slices per slab = 176
(Prisma); in-plane resolution = 0.98 x 0.98mm (Trio) or in-
plane resolution = 1.0 x 1.0mm (Prisma); matrix = 256 x 256;
TR = 6000ms (Trio) or TR = 5000ms (Prisma); TE = 388ms (Trio)
or TE = 397ms (Prisma); TI = 2100ms (Trio) or TI = 1800ms
(Prisma); flip angle = 120°). The average delay between MRI and
PET was 46 + 60 days (47 + 61 days between MRI and FTP, 46 +
58 days between MRI and PIB).

2.3.2. PET

PET scans were performed at the Lawrence Berkeley National
Laboratory on a Siemens Biograph six Truepoint PET/CT scanner
in 3D acquisition mode. A low-dose CT/transmission scan was
performed for attenuation correction prior to all scans. PIB and
FTP PET were synthesized and acquired as previously described
(Lehmann et al., 2013; Scholl et al., 2016). Amyloid-PET data was
analyzed at 50-70 minutes after injection of approximately 15 mCi
of PIB, and tau-PET data was analyzed at 80-100 minutes after in-
jection of approximately 10 mCi of FTP. The average delay between
FTP and PIB scans was 10 + 39 days. PET data were reconstructed
using an ordered subset expectation maximization algorithm with
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weighted attenuation. Images were smoothed with a 4 mm Gaus-
sian kernel with scatter correction and evaluated prior to analysis
for patient motion and adequacy of statistical counts.

2.4. Image processing and analysis

2.4.1. MRI

The MPRAGE sequences were processed using FreeSurfer 5.3 to
obtain patient-specific native-space regions of interest and refer-
ence regions for PET processing, based on the Desikan/Killiany at-
las.

Mean values of cortical thickness were extracted from fusiform
gyrus, parahippocampal gyrus, entorhinal cortex, inferior tempo-
ral gyrus, precuneus, and superior parietal lobule for analysis of
neurodegeneration. Hippocampal volume was collected as an addi-
tional measure of neurodegeneration. Because brain volume varies
as a function of head size (Potvin et al., 2017), total intracranial
volume (TIV) was collected as a control measure for volumetric
analysis. All thickness and volume measurements were extracted
from FreeSurfer outputs from patient-specific MPRAGE sequences.

Global white matter hyperintensity (WMH) volume was ob-
tained using native space FLAIR and T1-weighted images in the
subset of participants who had both sequences collected on the 3T
Siemens Prisma FIT and whose WMH segmentation passed quality
control (n=37 females, n=32 males). Segmentation followed a two-
step supervised algorithm: the first step provided the WMH prior
distribution using a trained linear regression classification, and the
second step calculated the posterior distribution using a Hidden
Markov Random Field algorithm.

24.2. PET

PET images were coregistered to the MPRAGE images using
Statistical Parametric Mapping (SPM) Version 12. Standardized
uptake value ratios (SUVR) were calculated for the 50-70-min
post-injection interval of PIB using mean activity in the cerebellar
cortex gray matter as the reference region, and for the 80-100-min
post-injection interval of FTP using mean activity in the inferior
cerebellar cortex gray matter as the reference region (Maass et al.,
2017). While no partial volume correction was done for our main
analyses, a supplementary tau-PET region of interest analysis was
run using the partial volume correction method described in
previous publications (Baker et al., 2017; Maass et al., 2017).

To estimate global amyloid burden, a global PIB index SUVR was
calculated for each patient using a composite of frontal, parietal,
temporal and cingulate regions known to show high PIB binding
in AD (Rabinovici et al., 2010). All patients were amyloid-PET pos-
itive per inclusion criteria. Amyloid-PET positivity was based on
both visual read (Rabinovici et al., 2011) and a quantitative PIB
SUVR cutoff of 1.21 (Villeneuve et al., 2015), both of which have
been validated versus post-mortem amyloid burden. Because PIB
binding in AD diffusely involves large areas of neocortex (and is
highly intercorrelated in these regions (Lockhart et al., 2017)) and
is weakly associated with regional neurodegeneration or cognitive
decline (Arriagada et al., 1992; Bejanin et al., 2017; La Joie et al,,
2012), regional amyloid values were not assessed.

To estimate tau burden, mean values of FTP PET SUVR were
extracted from a bilateral temporal meta-ROI that included the
fusiform gyrus, parahippocampal gyrus, entorhinal cortex, inferior
temporal cortex, and amygdala.

Unlike PIB, the regional pattern of FTP binding is related to cog-
nition and neurodegeneration in AD (Bejanin et al., 2017). There-
fore, exploratory FTP PET analyses were performed in individual
cortical ROIs (the entorhinal cortex, inferior temporal cortex, pre-
cuneus and superior parietal lobule) due to their well-elucidated
involvement in AD (Cho et al., 2016; Scholl et al., 2016). In addition,

sex differences were assessed in control regions that are prone to
“off-target” (i.e., unrelated to tau pathology) binding: the thalamus,
putamen, and choroid plexus (Baker et al., 2019).

The temporal meta-ROI and all individual exploratory AD ROIs
were also chosen for the sake of comparison to the Buckley et al.
study of sex differences in PET biomarkers in cognitively normal
older adults (Buckley et al., 2019a).

2.5. Cognitive and functional data

The Clinical Dementia Rating Sum of Boxes (CDR-SoB) was col-
lected as a measure of global clinical severity (Morris, 1993), and
the Mini-Mental State Exam (MMSE) was collected as a measure of
cognitive mental status (Folstein et al., 1975).

An episodic memory composite combined immediate recall,
30-second and 10-minute delay free recall, and a discrimination
calculation derived from delayed recognition of the nine-item Cal-
ifornia Verbal Learning Test-II (CVLT-II) (Delis et al., 2000), as well
as the 10-min delay recall of the Benson Figure (Weintraub et al.,
2018). The memory composite score was calculated in two ways.
First, individual memory scores were standardized using the mean
and standard deviation of the patient sample in order to have
a measure approximating average memory performance relative
to the study cohort. Second, age-adjusted Z-scores (O’Brien and
Dyck, 1995) were calculated using normative data from a group of
293 cognitively normal female and 215 cognitively normal males
recruited from UCSF (age: Mfemates = 65.8 & 6.6 VS M, s = 68.2 £
7.2; years of education Mgmajes = 17.0 £ 2.0 vs Mp,1es = 17.4 £ 1.9;
MMSE: Mfemates = 294 £ 0.8 VS Mpa1es = 29.2 + 1.0). Age-adjusted
Z-scores were calculated for males and females separately; patients
and controls did not differ in age or years of education within
each sex for each test. This normative score was calculated to
evaluate sex-specific performance relative to controls, as females
are reported to have higher memory scores than males, especially
in verbal memory (Bolla-Wilson and Bleecker, 1986; Geffen et al.,
1990; Kramer et al., 1988; Trahan and Quintana, 1990).

For both methods, the scores were then combined into final
composites using a weighted average to have a balanced represen-
tation of visual and verbal episodic memory, as previously reported
(Bejanin et al., 2017) (Supplementary Table 1). In the presence of
any missing scores, composites were calculated on the remaining
scores. One patient was unable to complete any episodic mem-
ory testing, and thus composites are available on 118/119 patients.
While it is possible that calculation of a composite score in the
presence of missingness may have introduced bias, there were no
significant sex differences in total number of missing test scores
(p = .092, d = .313), and individual tests followed similar patterns
(Supplementary Table 1).

2.6. Statistical analyses

All analyses were performed using Jamovi Version 1.1.9.0 (www.
jamovi.org). Graphics were created in R Versions 3.5.0 and 4.0.2
with RStudio Versions 1.1.463 and 1.3.1056 (63), using the gg-
plot2, gridExtra, and gtable packages. Results were considered to
be statistically significant at p<.05, and 95% confidence intervals
are reported for all imaging analyses. Reported p-values have not
been corrected for multiple comparisons. All continuous explana-
tory variables were mean-centered for analyses. Statistical assump-
tions for all analyses were tested and met. All observations were
independent by study design. For t-test and linear regression anal-
yses, response variables data were continuous or interval scaled.
Visual inspection of Q-Q plots revealed that error terms were ap-
proximately normally distributed. For Chi-squared and Fisher’s ex-
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act test, data were categorical (dichotomous) and groups were mu-
tually exclusive and independent.

2.6.1. Demographics

Group differences in demographic characteristics between
males and females were assessed using Student’s t-test for con-
tinuous data and Fisher’s exact test or a chi-squared test for cate-
gorical data.

2.6.2. Cognition and functional status

Student’s t-tests were used to assess sex effects on MMSE,
episodic memory, and functional impairment as measured by CDR-
SoB.

2.6.3. Structural MRI ROIs

General linear models were employed to examine the effect of
sex on hippocampal volume and cortical thickness of entorhinal
cortex, inferior temporal gyrus, precuneus, and superior parietal
lobule, controlling for age and CDR-SoB (n=119; Model 1); age,
CDR-SoB and ROI FTP SUVR (n=119, Model 2); and age, CDR-SoB,
regional FTP SUVR and global PIB SUVR (n=119, Model 3). For the
hippocampal volume analyses, TIV was incorporated as a covariate.
Age and CDR-SoB were included as covariates in these and all
remaining analyses to determine whether potential sex differences
were independent of age and global functional severity (Raaj et al.,
2021). Regional FTP SUVR and global PIB SUVR were included as
covariates in Models two and three to evaluate whether potential
sex differences in regional volume and cortical thickness were
independent of AD PET biomarkers.

As a supplementary analysis, the above models were repeated
on age-, sex-, and TIV-adjusted cortical thickness Z-scores using a
normative FreeSurfer dataset (Potvin et al., 2017).

2.6.4. Global amyloid-PET

A series of general linear models was used to analyze sex
effects on global amyloid-PET, controlling for age and CDR-SoB
(n=119, Model 1); age, CDR-SoB and temporal FTP SUVR (n=119,
Model 2); and age, CDR-SoB, temporal FTP SUVR and APOE4 car-
rier status (n=115, Model 3). Temporal FTP SUVR was included as
a covariate in Models 2 and 3 to determine whether differences in
tau-PET retention account for sex differences in amyloid. This was
done in an effort to evaluate sex effects on each PET biomarker in-
dependent of the other, as the relationship between amyloid and
tau pathology is yet to be fully elucidated (Jack et al., 2018). As
the APOE4 allele has been associated with amyloid accumulation
(Verghese et al., 2011), APOE4 status was included as a covariate
in Model 3.

2.6.5. Tau-PET ROIs

A series of general linear models was conducted to examine the
effect of sex on tau-PET SUVR in the temporal meta-ROI, as well
as in exploratory individual ROIs including the entorhinal cortex,
inferior temporal gyrus, precuneus, superior parietal lobule, thala-
mus, putamen, and choroid plexus, controlling for age and CDR-
SoB (n=119, Model 1); age, CDR-SoB and PIB SUVR (n=119, Model
2); and age, CDR-SoB, PIB SUVR and APOE4 (n=115, Model 3). Mir-
roring the previous analysis, global PIB SUVR was included as a
covariate to determine whether differences in amyloid-PET bur-
den account for sex differences in tau-PET. Furthermore, APOE4
was included as a covariate in addition to global PIB SUVR in
Model three to control for potential amyloid-independent effects
of APOE4 status on tau (La Joie et al., 2021; Sanchez et al., 2021;
Therriault et al., 2020).

As a supplementary analysis, the Model two analysis of tempo-
ral meta-ROI FTP PET was repeated using partial volume corrected
data.

2.6.6. Interaction models

To determine whether the effect of sex on PET biomarkers of
amyloid and tau was conditional on APOE4 status, age, or func-
tional disease severity, a series of general linear models including
interaction terms were examined.

We analyzed the interaction of sex and APOE4 status on global
PIB PET SUVR, temporal meta-ROI FTP PET SUVR, and entorhinal
cortex FTP PET SUVR, controlling for age and CDR-SoB. The entorhi-
nal cortex was examined in addition to the primary PET regions
due to evidence suggesting a relatively localized effect of APOE4
on tau PET in the medial temporal cortex (La Joie et al., 2021;
Sanchez et al., 2021; Therriault et al., 2020).

Next, we analyzed the interaction of sex and age on global PIB
PET SUVR and temporal meta-ROI FTP PET SUVR, controlling for
CDR-SoB.

Finally, we analyzed the interaction of sex and CDR-SoB on
global PIB PET SUVR and temporal meta-ROI FTP PET SUVR, con-
trolling for age.

2.6.7. White matter hyperintensities

It is possible that clinical symptoms could be attributed to
pathological processes not detectable by our chosen biomarkers,
and that sex differences in AD-related proteinopathy burden could
be attributable to cerebrovascular changes. To assess for sex differ-
ences in burden of cerebrovascular lesions, global WMH volume
was log-transformed and analyzed in a linear regression model
with age, CDR-SoB, and TIV as covariates (n=69).

For all sex differences in the analyses described in sections
2.6.3-2.6.7, effect size was calculated as partial > (np2).

3. Results
3.1. Demographic and clinical differences

Demographic and clinical data are presented in Table 1. No
statistically significant demographic differences were observed be-
tween males (n1=57) and females (n1=62) (d<0.30, ¢<0.21). As a
whole, the sample was predominantly white (96%) and highly edu-
cated (Meqycation=16-9 years). The sample was also relatively young
(Mage=65.5 years), but with ages ranging from 48 to 95 years in
females and 51 to 84 years in males.

Males and females had comparable MMSE scores and were
rated similarly on CDR-SoB (Table 1). Regarding episodic mem-
ory tests, raw sub-test scores and the standardized raw compos-
ite Z-score did not show any significant group difference (d<0.36).
However, the age- and sex-adjusted episodic memory Z-scores
differed significantly, with female patients showing more impair-
ment (lower age- and sex-adjusted Z-scores) than males. De-
tailed inspection of the raw memory scores (Supplementary Ta-
ble 1) showed that in cognitively unimpaired controls, females
had higher raw memory scores than males, consistent with prior
reports (Bolla-Wilson and Bleecker, 1986; Geffen et al., 1990;
Kramer et al., 1988; Trahan and Quintana, 1990), while there was
no sex difference in memory scores in the clinically affected group.

3.2. Sex Differences in AD PET biomarkers

Compared to males, females had higher global PIB SUVR
(4+0.145 SUVR, 95% CI [0.018, 0.272]) (Fig. 1A, Table 2), as well as
higher FTP SUVR in the temporal meta-ROI (+0.222 SUVR, 95% CI
[0.073, 0.371]) (Fig. 1B, Table 3) when correcting for age and CDR-
SoB.

Both PET measures were further evaluated with the other as a
covariate. When controlling additionally for global amyloid-PET re-
tention, the effect of female sex retained significance in FTP SUVR
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Table 1
Demographic and clinical data
Total [n=119] Female [n=62] Male [n=57] p Effect Size

Age at PET, y 65.5 + 9.4 64.2 +£ 9.8 67.0 + 8.8 11 d=0.30
Age of Onset, y 60.4 + 9.0 [n=111] 59.2 + 9.4 [n=57] 61.7 + 8.6 [n=54] .14 d=0.28
Education, y 16.9 + 2.7 16.8 + 2.8 17.0 + 2.6 .63 d=0.09
Race (% White) 96% [n=116] 92% [n=60] 100% [n=56] .06 ¢=0.21
Ethnicity (% Hispanic or Latino) 2% [n=113] 2% [n=58] 2% [n=55] >.99 ¢<0.01
APOE4+ (%) 60% [n=115] 58% [n=59] 63% [n=56] .59 ¢=0.05
APOE2+ (%) 3% [n=115] 3% [n=59] 2% [n=56] >.99 ¢=0.05
APOE4 Homozygotes (%) 14% [n=115] 14% [n=59] 14% [n=56] 91 ¢=0.01
MMSE, /30 219 £ 5.7 21.8 £ 6.0 219 £53 .93 d=0.02
MCI (%) 58% 58% 58% .99 ¢<0.01
CDR-SoB, /18 4.0 £ 2.2 39+ 18 4.1+ 25 .60 d=0.10
Individual Episodic Memory Tests - - - - -

CVLT 4-Trial Immediate Free Recall, /36 17.5 £ 6.5 [n=116] 17.8 + 6.7 [n=61] 17.2 £ 6.2 [n=55] .65 d=0.08

CVLT 30-sec Delay, /9 3.7 £ 2.6 [n=116] 3.7 £ 2.5 [n=61] 3.7 £ 2.7 [n=55] >.99 d<0.01

CVLT 10-min Delay, /9 2.4 + 2.7 [n=116] 2.3 + 2.7 [n=61] 2.6 + 2.8 [n=55] 45 d=0.14

CVLT Recognition Discrimination Index, d’ 1.7 £ 1.0 [n=114] 1.7 £ 0.9 [n=60] 1.8 £ 1.1 [n=54] .58 d=0.10

Benson Complex Figure Recall 10-min delay, /17 4.8 + 4.0 [n=114] 4.2 + 3.5 [n=60] 5.6 + 4.4 [n=54] .06 d=0.36
Episodic Memory Composite (within-group Z-score) 0.0 £ 0.8 [n=118] -0.1 + 0.8 [n=61] 0.1 £ 0.9 [n=57] 21 d=0.23
Episodic Memory Composite (age- and sex-adjusted Z-score) -2.9 + 1.6 [n=118] -3.5 + 1.5 [n=61] -2.2 + 1.3 [n=57] <.001 d=0.92
TIV (L) 1.54 + 0.18 1.42 £+ 0.10 1.67 + 0.16 <.001 d=1.9

All continuous numerical data are presented as mean & SD [subgroup]. Student’s t-test evaluated group differences in continuous data. Fisher’s exact test (race, ethnicity,
APOE2+) or a chi-squared test (APOE4+, APOE4 homozygotes, MCI) evaluated group differences in categorical data. Accordingly, effect size was assessed via Cohen’s d or
¢ coefficient. MCI indicates whether patients were considered MCI as opposed to dementia. APOE4+ indicates an €4 carrier (homozygous or heterozygous) while APOE2+
indicates an &2 carrier. Race indicates the patient’s self-reported race, while ethnicity indicates whether the patient reported being of Hispanic or Latino ethnicity (having
origins from a primarily Spanish-speaking country in Latin America).
MMSE = Mini Mental State Examination, MCI = Mild Cognitive Impairment, CDR-SoB = Clinical Dementia Rating Sum of Boxes, CVLT = California Verbal Learning Test,

TIV = Total Intracranial Volume

Table 2
Amyloid PET analyses
Model 1 Model 2 Model 3
Np? Estimate [95% CI] p Estimate [95% CI] p np? Estimate [95% CI] p
Global PIB SUVR
Sex .043 0.145 [0.018, 0.272] .025 0.125 [-0.007, 0.256] .063 .023 0.110 [-0.025, 0.246] 11
Temporal Meta-ROI FTP SUVR 0.094 [-0.064, 0.251] 24 .013 0.099 [-0.062, 0.260] .23
APOE4 @ .003 0.036 [-0.095, 0.168] .59

All models controlled for age and Clinical Dementia Rating Sum of Boxes. Reference levels are male and €4 non-carrier for sex and APOE4 status, respectively. n,2: partial

eta-squared.

2 APOE data available on 56 males and 59 females. APOE4 is coded as either an &4 carrier or non-carrier.Models 1 and 2 have a total n=119, while Model 3 has a total

n=115.

of the temporal meta-ROI (+0.203 SUVR, 95% CI [0.051, 0.355])
(Fig. 2, Table 3). However, when correcting additionally for tem-
poral meta-ROI FTP SUVR, the effect of female sex on PIB SUVR no
longer reached significance (+0.125 SUVR, 95% CI [-0.007, 0.256])
(Table 2).

When APOE4 was added to the models, the effect of female
sex on temporal meta-ROI FTP SUVR remained significant (+0.198
SUVR, 95% CI [0.042, 0.354], but the effect of female sex on global
PIB SUVR remained non-significant (+0.110 SUVR, 95% CI [-0.025,
0.246]) (Table 2, Table 3). Note that the sample size was slightly
reduced (n=115) in these analyses due to missing data on APOE4
status.

Analysis of FTP SUVR was repeated in the temporal meta-ROI
using partial volume corrected FTP PET data, while controlling for
age, CDR-SoB, and PIB SUVR. FTP SUVR in the temporal meta-ROI
with and without partial volume correction were highly correlated
(r=0.981, p<0.001) and the effect of female sex remained (+0.385
SUVR, 95% CI [0.056, 0.714]) (Supplementary Figure 1, Supplemen-
tary Table 2).

3.3. Sex differences in Tau-PET sub-regions of interest
Higher FTP SUVR in females was observed across all tested cor-

tical regions: in the entorhinal cortex (+0.161 SUVR, 95% CI [0.062,
0.260]), inferior temporal cortex (+0.291 SUVR, 95% CI [0.099,

0.483]), precuneus (+0.279 SUVR, 95% CI [0.093, 0.466]), and supe-
rior parietal lobe (+0.247 SUVR, 95% CI [0.049, 0.445]), correcting
for age and CDR-SoB (Fig. 1C, Table 3). No sex effects were detected
in the thalamus, putamen or choroid plexus, areas of known FTP
off-target binding (1p2s<.013, ps>.23) (Fig. 1D, Table 3), suggesting
that the observed cortical FTP SUVR sex differences were not due
to an increase of overall or non-specific tracer binding in females.

When adding PIB SUVR to the model, the effect of sex on FTP
SUVR in the entorhinal cortex (+0.158 SUVR, 95% CI [0.057, 0.260]),
inferior temporal cortex (+0.265 SUVR, 95% CI [0.069, 0.461]), and
precuneus (+0.207 SUVR, 95% CI [0.026, 0.387]) remained signif-
icant (Table 3), while the effect on superior parietal FTP SUVR
was diminished (+0.176 SUVR, 95% CI [-0.017, 0.369]) and sex ef-
fects on FTP SUVR in all areas of off-target binding remained non-
significant (7p2s<.009, ps>.32) (Table 3).

When APOE4 was added to the model, the effect of female sex
on precuneus FTP SUVR (+0.198 SUVR, 95% CI [0.015, 0.381]) and
all temporal FTP SUVR (entorhinal: +0.169 SUVR, 95% CI [0.068,
0.270]; inferior temporal: +0.255 SUVR, 95% CI [0.052, 0.458]) re-
mained significant (Table 3). The sex effect on superior parietal FTP
SUVR and FTP SUVR in areas of off-target binding remained non-
significant with the addition of APOE4 to the models (17p2s<.025,
ps>.097) (Table 3). Note that the sample size was slightly re-
duced (n=115) in these analyses due to missing data on APOE4
status.



L. Edwards, R. La Joie, L. laccarino et al./Neurobiology of Aging 105 (2021) 86-98 91

A B
Global Temporal Meta-ROI
3.0 .
x X . .| ¢
S > 25 .
o) -] :
w w
m 0 2.0
T n
1.5
C
Entorhinal Inferior Temporal
n2 =.073 =
=.003
304 °
2.0 Sex
[0
> ‘ Female
& -
Male
& 4.0
U nz=.071
FL ;f=.oo4
3.0
2.04
1.0
D
Choroid Plexus
| | m=001 °
- 1.5 2 o 1.5 p=68 o
S 141 1.2 s pe
N 13- 1.8
& 1.0
1.24
1.5
f 0.8 :
1.1 s

1.2

Fig. 1. Sex-stratified box plots of (A) global PIB PET, (B) temporal meta-ROI FTP PET, (C) individual AD ROI FTP PET, and (D) regions off-target FTP binding. Partial 1> and

p-values of Model 1 group sex differences are reported.

3.4. Interaction models

We further tested whether the detected sex effects were mod-
ulated by APOE4 status, age, or CDR-SoB.

There was a significant sex by APOE4 interaction on FTP SUVR
in the temporal meta-ROIl, such that greater FTP SUVR in fe-
males was only found among €4 non-carriers (effect of female
sex changed by -0.330 SUVR, 95%CI [-0.636, -0.024] in &4 carriers
compared to €4 non-carriers) (Table 4, Supplementary Figure 2A).
However, there was no significant sex by APOE4 interaction on en-
torhinal FTP SUVR or global PIB SUVR (7p2s<.024, ps>.10) (Table 4,
Supplementary Figure 2A). Note that the sample size was slightly
reduced (n=115) in these analyses due to missing data on APOE4
status.

While there were no sex differences in number of €2 carri-
ers or homozygous ¢4 carriers (Table 1), it is possible that the
above interaction results were influenced by these subgroups. Each
of these subgroups were too small to allow for further model-
ing, so sensitivity analyses examined the sex by APOE4 interac-
tion models after excluding €2 carriers and homozygous &4 car-
riers. Though results were non-significant due in part to reduced
sample size (n=96) and therefore reduced power, results followed
a pattern consistent with the original sex by APOE4 interaction
analysis (temporal meta-ROI interaction term: -0.269 SUVR 95%Cl
[-0.583, 0.045]; entorhinal FTP SUVR and global PIB SUVR interac-
tion terms: 1p?s<.010, ps>.34).

No significant sex by age nor sex by CDR-SoB interactions were
detected on either global PIB SUVR or temporal meta-ROI FTP
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Table 3
Tau-PET analyses
Model 1 Model 2 Model 3
Np? Estimate [95% CI] p np* Estimate [95% CI] p np* Estimate [95% CI] p
Meta-ROI
Temporal Meta-ROI FTP SUVR
Sex .070 0.222 [0.073, 0.371] .004 .058 0.203 [0.051, 0.355] .009 .055 0.198 [0.042, 0.354] .013
Global PIB SUVR .012 0.129 [-0.087, 0.345] 24 .013 0.136 [-0.085, 0.357] .23
APOE4* <.001 0.015 [-0.139, 0.169] .84
Individual ROIs
Entorhinal FTP SUVR
Sex .083 0.161 [0.062, 0.260] .002 .077 0.158 [0.057, 0.260] .003 .092 0.169 [0.068, 0.270] .001
Global PIB SUVR .001 0.020 [-0.124, 0.165] .78 .001 0.029 [-0.114, 0.171] .69
APOE4* .052 0.122 [0.023, 0.222] .016
Inferior Temporal FTP SUVR
Sex .073 0.291 [0.099, 0.483] .003 .059 0.265 [0.069, 0.461] .008 .054 0.255 [0.052, 0.458] .014
Global PIB SUVR .014 0.179 [-0.100, 0.457] 21 .015 0.184 [-0.102, 0.471] 21
APOE4* .001 -0.031 [-0.231, 0.170] .76
Precuneus FTP SUVR
Sex .071 0.279 [0.093, 0.466] .004 .043 0.207 [0.026, 0.387] .025 .041 0.198 [0.015, 0.381] .034
Global PIB SUVR 12 0.500 [0.244, 0.757] <.001 12 0.505 [0.246, 0.764] <.001
APOE4* .002 -0.044 [-0.225, 0.137] .63
Superior Parietal FTP SUVR
Sex .050 0.247 [0.049, 0.445] .015 .028 0.176 [-0.017, 0.369] .074 .025 0.163 [-0.030, 0.355] .097
Global PIB SUVR .098 0.489 [0.214, 0.763] <.001 11 0.497 [0.224, 0.769] <.001
APOE4? <.001 -0.016 [-0.206, 0.174] .87
Off-Target ROIs
Thalamus FTP SUVR
Sex .002 0.009 [-0.029, 0.046] .64 <.001 0.003 [-0.035, 0.041] .88 .001 0.006 [-0.033, 0.044] 77
Global PIB SUVR .019 0.041 [-0.013, 0.096] .14 .022 0.043 [-0.012, 0.098] 12
APOE4* .015 0.025 [-0.013, 0.063] .20
Putamen FTP SUVR
Sex .013 0.045 [-0.029, 0.119] .23 .009 0.038 [-0.038, 0.113] 32 .010 0.041 [-0.037, 0.119] .30
Global PIB SUVR .007 0.050 [-0.057, 0.158] .36 .009 0.054 [-0.056, 0.165] 33
APOE4* .003 0.022 [-0.055, 0.099] .58
Choroid Plexus FTP SUVR
Sex .001 0.014 [-0.054, 0.082] .68 .001 0.014 [-0.056, 0.084] .69 .003 0.019 [-0.051, 0.089] .59
Global PIB SUVR <.001 0.001 [-0.098, 0.100] .98 <.001 0.008 [-0.091, 0.108] .87
APOE4* .014 0.044 [-0.025, 0.114] 21

All models controlled for age and Clinical Dementia Rating Sum of Boxes. Reference levels are male and €4 non-carrier for sex and APOE4 status, respectively. np2: partial

eta-squared.

2 APOE data available on 56 males and 59 females. APOE4 is coded as either an €4 carrier or non-carrier. Models 1 and 2 have a total n=119, while Model 3 has a total

n=115.

SUVR (1p?s=<.004, ps>.50) (Table 4, Supplementary Figures 2B and
20C).

3.5. No main effect of sex on volume or cortical thickness

Females and males did not differ on measures of hippocampal
volume or cortical thickness in the entorhinal cortex, inferior tem-
poral gyrus, precuneus, or superior parietal lobule in any model
(Table 5). Results from the Z-scored cortical thickness analysis did
not differ from our main cortical thickness analysis (Supplemen-
tary Table 3).

3.6. No sex effect on cerebrovascular lesion volume

Controlling for age, CDR-SoB, and TIV, no sex differences were
observed in log-transformed global WMH volume in the subsample
with WMH data available for analysis (n=69; M¢emaje=3.58+0.4 vs.
Ma1e=3.60+0.3; p=.18, 1,>=0.028).

4. Discussion

In our sample of amyloid-positive patients with MCI and de-
mentia, females had greater temporoparietal tau-PET and global
amyloid-PET retention than males. These results are in line
with recent studies showing increased tau-PET retention in fe-
males among community sample adults (Luchsinger et al., 2020;

Palta et al., 2021), preclinical AD (Buckley et al., 2020, 2019a), and
both MCI and AD (Digma et al., 2020; Ossenkoppele et al., 2020).
The sex effect was most robust on tau-PET retention in temporal
regions, remaining significant when controlling for PIB SUVR and
APOE4 status in addition to age and CDR-SoB. In contrast, the sex
effect on global PIB SUVR was not significant after adjusting for
temporal FTP SUVR in addition to age and CDR-SoB. These findings
are consistent with pathologic studies of AD which found substan-
tially increased tau burden in females, but no difference or small
increases in amyloid burden (Barnes et al., 2005; Liesinger et al.,
2018; Oveisgharan et al., 2018). This relatively consistent finding of
greater tau pathology in females may suggest that sex-specific ge-
netic and chromosomal (Caceres and Gonzalez, 2020; Davis et al.,
2020; Fan et al., 2020), hormonal (Sundermann et al, 2020), and
cellular (Kodama and Gan, 2019) mechanisms interact to differen-
tially affect accumulation and proliferation of pathology in males
and females.

The observed sex differences in PET biomarkers were present
despite males and females having similar CDR-SoB and MMSE
scores, as well as comparable regional cortical thickness values
and hippocampal volumes. Our lack of findings in MRI mea-
sures of neurodegeneration is in line with many previous findings
(Fjell et al., 2009; Lee et al., 2018; Pennanen et al., 2004; Seo et al.,
2011), though not all (Arruda et al.,, 2020; Sundermann et al., 2016).

These results suggest that female MCI and AD dementia
patients may handle a greater burden of pathology without
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Table 4
Interaction models
np* Estimate [95% CI] p
Sex*APOE4"
Global PIB SUVR
Sex .009 0.105 [-0.102, 0.313] 32
APOE4 <.001 0.015 [-0.176, 0.207] .87
Sex*APOE4 .001 0.044 [-0.223, 0.310] 75
Temporal Meta-ROI FTP SUVR
Sex .099 0.414 [0.176, 0.652] <.001
APOE4 .027 0.193 [-0.028, 0.413] .09
Sex*APOE4 .040 -0.330 [-0.636, -0.024] .035
Entorhinal FTP SUVR
Sex .10 0.272 [0.118, 0.425] <.001
APOE4 .072 0.209 [0.067, 0.351] .004
Sex*APOE4 .024 -0.165 [-0.362, 0.033] .10
Sex*Age’
Global PIB SUVR
Sex .043 0.146 [0.018, 0.273] .025
Age <.001 -0.001 [-0.011, 0.010] .88
Age*Sex .001 -0.002 [-0.016, 0.0118] 77
Temporal Meta-ROI FTP SUVR
Sex .070 0.221 [0.071, 0.370] .004
Age .083 -0.020 [-0.032, -0.008] .002
Age*Sex .004 0.006 [-0.011, 0.022] .50
Sex*CDR-SoB“
Global PIB SUVR
Sex .043 0.146 [0.019, 0.274] .025
CDR-SoB <.001 -0.002 [-0.039, 0.035] .92
Sex*CDR-SoB .004 0.020 [-0.040, 0.081] 51
Temporal Meta-ROI FTP SUVR
Sex .070 0.221 [0.072, 0.370] .004
CDR-SoB 132 0.054 [0.011, 0.098] .015
Sex*CDR-SoB .003 -0.021 [-0.092, 0.051] .57

Reference levels are male and €4 non-carrier for sex and APOE4 status, respectively.
np*: partial eta-squared. CDR-SoB = Clinical Dementia Rating Sum of Boxes.

2 APOE data available on 56 males and 59 females (total n=115). APOE4 is coded
as either an €4 carrier or non-carrier. Models controlled additionally for age and
Clinical Dementia Rating Sum of Boxes.

b Models controlled additionally for Clinical Dementia Rating Sum of Boxes.

¢ Models controlled additionally for age.

Sex
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Fig. 2. Sex difference in temporal meta-ROI tau PET signal as a function of global
amyloid PET signal. All global PIB SUVRs exceeded a value of 1.21 and are therefore
in the amyloid-positive range, per study design (Villeneuve et al., 2015). For a given
level of amyloid, female AD patients demonstrated greater temporal FTP SUVR than
males per Model 2 analysis (7,> = .058, p = .009) as described in Table 3. The effect
of amyloid on temporal meta-ROI tau PET was not significant (1,> = .012, p = .24),
and when added to the model, no interaction between sex and global amyloid PET

was observed (7, =.004, p =.52).

manifesting greater absolute clinical deficits compared to males.
Previous studies have shown that females consistently demon-
strate higher premorbid verbal memory abilities across the lifespan
(Bolla-Wilson and Bleecker, 1986; Geffen et al., 1990; Kramer et al.,

Table 5
Volume and cortical thickness analyses
Model 1 Model 2 Model 3
np* Estimate [95% CI] p np? Estimate [95% ClI] p np? Estimate [95% ClI] p
Volume
Hippocampal Volume*
Sex <.001 -14.50 [-519.6, 490.6] .96 <.001 44,12 [-444.6, 532.9] .86 <.001 56.51 [-437.6, 550.6] .82
Entorhinal FTP SUVR .078 -1042[-1712, -372.4] .003 .077 -1040 [-1712, -367.3] .003
Global PIB SUVR .002 -107.7 [-621.0, 405.6] .68
Cortical Thickness
Entorhinal Thickness
Sex .010 -0.074 [-0.212, 0.064] .29 <.001 -0.012 [-0.151, 0.127] .86 .001 -0.021 [-0.163, 0.121] 77
Entorhinal FTP SUVR .076 -0.383 [-0.631, -0.135] .003 .077 -0.385 [-0.634, -0.136] .003
Global PIB SUVR .003 0.061 [-0.133, 0.255] .53
Inferior Temporal Thickness
Sex .007 -0.030 [-0.094, 0.035] 37 .002 0.013 [-0.048, 0.074] .66 .001 0.011 [-0.051, 0.073] 72
Inferior Temporal FTP SUVR 19 -0.148 [-0.204, -0.091] <.001 19 -0.149 [-0.206, -0.092] <.001
Global PIB SUVR .001 0.017 [-0.069, 0.103] .70
Precuneus Thickness
Sex .012 -0.035 [-0.093, 0.023] 24 .001 0.007 [-0.046, 0.060] .79 .001 0.006 [-0.047, 0.060] .81
Precuneus FTP SUVR 23 -0.151 [-0.201, -0.100] <.001 22 -0.152 [-0.206, -0.098] <.001
Global PIB SUVR <.001 0.008 [-0.071, 0.087] .84
Superior Parietal Thickness
Sex .010 -0.033 [-0.094, 0.029] .29 .002 0.011 [-0.040, 0.063] .67 .001 0.008 [-0.044, 0.060] .76
Superior Parietal FTP SUVR 33 -0.178 [-0.225, -0.131] <.001 33 -0.184 [-0.234, -0.135] <.001
Global PIB SUVR .006 0.032 [-0.045, 0.109] 41

All models controlled for age and Clinical Dementia Rating Sum of Boxes. Reference level for sex is male. 7,2 partial eta-squared.
2 Hippocampal volume analysis controlled additionally for total intracranial volume. Models 2 and 3 used entorhinal cortex FTP SUVR as covariate in place of hippocampal
FTP SUVR, due to spillover of off-target PET signal from the choroid plexus in the hippocampi.
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1997), which was the trend we observed in our controls (Supple-
mentary Table 1). In contrast, the absence of sex differences in the
raw memory abilities of our patient group suggests that over the
course of the disease, our female patients may have declined from
their premorbid cognitive abilities more than males. This is further
corroborated by the observation that females had significantly
lower memory scores than males when the memory scores were
normatively adjusted for age and the expected female advantage.
Thus, this apparent capacity for cognitively impaired females to
handle a greater burden of pathology may largely reflect greater
premorbid function. This hypothesis is in line with previous
research suggesting that a verbal memory advantage in females
may mask early cognitive decline (Sundermann et al., 2019) and is
not inconsistent with results of prior studies. In a cross-sectional
examination of neuropathology, Barnes et al. (2005) found that
females at lower levels of pathology had a lower likelihood of
expressing clinical dementia compared to males. At higher levels
of pathology, however, females became more likely to express
clinical dementia. Additionally, longitudinal studies have found
that females with high levels of AD pathology as measured by CSF
and PET experience atrophy and cognitive decline at faster rates
(Koran et al., 2017; Rowe et al., 2010). It is clear, then, that the
hypothesized capacity for females to better handle brain pathology
due to higher premorbid abilities may not equate to better perfor-
mance over the entire disease course; rather, because premorbid
function could act to buffer the effects of neurodegeneration, its
advantages may be time-limited. Although this study may have
found that relatively mildly impaired females can handle a greater
burden of pathology without manifesting greater absolute clinical
deficits than males, this may be not be the case at more advanced
disease stages. However, not all studies support this hypothesis.
For example, one study in a sample that is unbiased towards
recruitment of subjects with memory concern has demonstrated
that, of subjects who are cognitively normal at baseline, males
may be more susceptible to brain volume decline associated with
amyloid positivity (Armstrong et al., 2019). Longitudinal studies on
sex differences in tau-PET and cognition, spanning the transition
from preclinical stage to the dementia stage, are needed.

Cognitive decline and dementia often result from the additive
or synergistic contributions of multiple pathologies and pathways
(Matthews et al., 2009; Schneider et al., 2007). Thus, it is also pos-
sible that the males in our sample have a greater burden of co-
morbid neuropathologies that could lend another explanation to
their similar cognitive and functional performance despite lower
amyloid- and tau-PET burden compared to females. To test this,
we collected a sensitive measure of WMH volume from FLAIR and
T1 imaging in a subsample of participants. WMH are typically re-
ported to be greater in both cognitively healthy (Fatemi et al.,
2018) and impaired females (Sawada et al., 2000). However, we
found no differences in global WMH volume between males and
females. Unfortunately, few other neuropathologies are reliably as-
sessed in vivo at this time. While vascular brain injury as as-
sessed via WMH volume is unlikely to have contributed to our re-
sults, it is possible that other neuropathologies may still have con-
tributed to male pathological burden, such as Lewy Body Disease
(Barnes et al., 2019). Finally, we should also consider that males in
our sample may have less tau burden due to survival bias. Mor-
tality due to cardiovascular factors is increased in males compared
to females, especially those aged 45-65 (Chéne et al., 2015). Thus,
males surviving to older age may be less likely to express vascu-
lar risk factors for dementia, and therefore less likely to develop
AD pathology compared to females. However, problems related to
cerebrovascular comorbidity and survival bias may be less of a bur-
den in our sample due to the relatively young average age of both
males and females.

The present study found that the effect of sex on AD PET
biomarkers did not vary by age or clinical severity, and there
were no significant interactive effects of sex and APOE4 status
on global amyloid-PET SUVR. However, there was a significant in-
teraction between APOE4 status and sex on tau PET retention in
the temporal meta-ROl. A previous neuropathological study has
found that among routine autopsy cases, female APOE4 carriers de-
velop a greater extent of tau and amyloid pathology (Corder et al.,
2004), but a more recent study in a sample of cognitively nor-
mal, MCI, and AD autopsy cases did not replicate this relation-
ship (Hohman et al., 2018). Interactions between sex and APOE4
have been more consistently found in CSF phosphorylated tau,
with levels higher in clinically-defined MCI (Altmann et al., 2014;
Liu et al., 2019) and a sample of both clinically normal and im-
paired (Hohman et al, 2018) female APOE4 carriers. The inter-
action of sex and APOE4 on AD PET biomarkers has been more
sparsely tested. One study in individuals with clinically diagnosed
MCI found a significant sex by APOE4 interaction on tau-PET in
multiple ROIs, whereby females carriers demonstrated greater re-
tention (Liu et al., 2019), however such an interaction has also been
reported in the opposite direction when examining amyloid-PET in
patients with clinical AD (Sundermann et al., 2018). As the present
study suggests that greater temporal meta-ROI tau-PET retention
in females is pronounced among APOE4 non-carriers only, with no
differential effect of APOE4 on greater temporal meta-ROI tau-PET
in either sex, our interactive finding deviates from previous re-
ports. However, the study was likely underpowered to detect any
interactive effects on AD PET biomarkers. Therefore, results should
be interpreted with caution.

Previous research has raised concerns about the biological un-
derpinnings of FTP-PET, suggesting that part of its retention could
be “off-target” binding caused by tracer affinity to other com-
pounds (Baker et al., 2019). In particular, enzymes MAO-A and
MAO-B are possible sources of off-target binding and levels may
vary by sex, notably in the temporal cortex (Saura et al., 1997). Sex
differences in other sources of off-target binding in FTP-PET may
exist in the brain as well. While we found no sex differences in FTP
retention in regions known for off-target binding, it is still possible
that sex effects observed in cortical regions could be attributable,
in part, to regionally specific off-target tracer retention.

The study has several strengths. We analyzed a relatively large
sample with multi-modal imaging, and we limited our analyses to
amyloid-positive patients with a diagnosis of MCI or dementia due
to AD in order to ensure high likelihood that we are examining
underlying AD pathology. As literature in sex differences in this
population is mixed, the focus on impaired patients was an ad-
ditional strength. Furthermore, we added global amyloid-PET bur-
den as a covariate to our tau-PET analyses and demonstrated that
the increased tau-PET retention in females was independent of the
observed increase in amyloid-PET retention. Finally, the inclusion
of regions of “off-target” FTP binding allowed us to test the speci-
ficity of the tracer retention to AD tau as opposed to nonspecific
binding.

This study also has several limitations. Most prominent, we
were unable to distinguish between gender constructs and bio-
logical sex. Differences in education, occupational attainment, and
occupational exposure to hazards may be gender-role specific and
could contribute to reserve and risk. Furthermore, our sample had
narrow demographic and clinical representation; our cohort was
fairly young and highly educated with a lack of racial and eth-
nic diversity, was relatively mildly impaired, and was enriched
with cases of early-onset AD, which may account for the high
frequency of APOE4 carriers. Finally, the present study evaluated
cross-sectional differences, but further work is needed to establish
longitudinal trajectories.
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5. Conclusion

Clinically impaired female patients on the Alzheimer’s contin-
uum demonstrated greater tau PET retention in temporal and pari-
etal ROIs, and less robustly, greater global amyloid PET reten-
tion. Additional studies are warranted to replicate these findings
in more diverse cohorts and examine longitudinal data. Future re-
search should also seek to understand the differential contributions
of gender constructs as opposed to biological sex. Further charac-
terization of sex differences will crucially inform our understand-
ing of AD pathogenesis and support development of personalized
strategies for AD prevention, detection, and treatment.
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