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Abstract

Objectives:To evaluate whether cerebrospinal fluid biomarkers, apolipoprotein e4, neuroimaging abnormalities, and neuropsychological data
differentially predict progression from mild cognitive impairment (MCI) to dementia for men and women.Methods: Participants who were
diagnosed withMCI at baseline (n= 449) were classified as either progressing to Alzheimer’s dementia at follow-up or as not progressing.Men
and women were first compared using bivariate analyses. Sex-stratified Cox proportional hazard regressions were performed examining the
relationship between baseline data and the likelihood of progressing to dementia. Sex interactions were subsequently examined. Results: Cox
proportional hazard regression controlling for age and education indicated that all variables significantly predicted subsequent progression to
dementia formen andwomen. Sex interactions indicated that only Rey Auditory Verbal Learning Test (RAVLT) delayed recall and Functional
Activities Questionnaire (FAQ) were significantly stronger risk factors for women.When all variables were entered into a fully adjustedmodel,
significant risk factors for women were Aβ42, hippocampal volume, RAVLT delayed recall, Boston Naming Test, and FAQ. In contrast, for
men, Aβ42, p-tau181, p-tau181/Aβ42, hippocampal volume, category fluency and FAQwere significant risk factors. Interactions with sex were
only significant for p-tau181/Aβ42 and RAVLT delayed recall for the fully adjusted model. Conclusions:Men and women with MCI may to
differ for which factors predict subsequent dementia although future analyses with greater power are needed to evaluate sex differences.
We hypothesize that brain and cognitive reserve theories may partially explain these findings.
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In November 2017, the Alzheimer’s Association’s Research
Roundtable met to discuss the new National Institute on Aging
and the Alzheimer’s Association Research Framework (Knopman
et al., 2018). The goal of these updated research criteria was not
to characterize a clinicopathological disorder (i.e., Alzheimer’s
dementia), but rather to come to a consensus on how to characterize
Alzheimer’s disease (AD). It should be noted that this framework
was not developed for clinical purposes. This framework has been
named the ATN systemwith “A,” “T,” and “N” designating amyloid,
tau, and neurodegeneration, respectively (Jack et al., 2018). These
biomarkers aremost often quantified usingmarkers of cerebrospinal
fluid (CSF) protein concentrations and neuroimaging techniques.
This framework operates under the assumption that A, T and N
are important factors for identifying individuals falling on the AD

continuum. Lower levels of CSF Aβ1–42 (Aβ42) is associated with
higher neural plaque burden, whereas higher levels of CSF total tau
and phosphorylated tau181(p-tau181) is associated with greater
axonal damage in the brain (Shaw et al., 2009). A core goal of the
ATN framework is to ensure that clinical trials investigating
disease-modifying therapies for AD enroll participants who have
tested positive for the underlying pathology being targeted.

Prior to the widespread adoption of the ATN framework, it is
important that it be validated across demographic groups, such as
sex and gender. While some studies have not found a clear sex dif-
ference in the degree of A, T, and N accumulation in those who are
cognitively normal (Jack et al., 2017) or have subjective cognitive
complaints (Wang & Tian, 2018), others have found greater tau
accumulation in women. Although the reason for this sex
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difference is unclear, it may be explained by the modulating effects
of apolipoprotein e4 (APOE4) (Hohman et al., 2018) and testos-
terone (Sundermann et al., 2020). Moreover, little is known in
terms of how these biomarkers may differentially predict clinical
outcomes in men and women (Nebel et al., 2018). That is, there
may be sex- and gender-specific vulnerabilities to these biomarkers
with respect to clinical expression and disease progression. For
example, several studies have found that women appear to be more
vulnerable to the effects of APOE4 (Altmann et al., 2014; Farrer
et al., 1997; Kim et al., 2015) and AD pathology (Filon et al.,
2016; Koran et al., 2017). Unfortunately, many studies control
for the effect of sex without performing sex-stratified and sex inter-
action analyses. The Canadian Institutes for Health Research
(CIHR) states that simply controlling for the effects of sex and gen-
der can limit our ability to identify relationships between risk fac-
tors and outcome variables. Relationships that differ for men and
women may be missed or inappropriately applied to both sexes.
CIHR recommends stratifying by sex and gender rather than
adjusting for sex as a confounder (CIHR, 2012). In keeping with
these recommendations, sex-stratified research of these bio-
markers is needed, especially in terms of predicting progression
to dementia (Ferretti et al., 2018).

A limited number of published studies have conducted sex-strati-
fied analyses predicting progression from mild cognitive impair-
ment (MCI) to dementia (Artero et al., 2008; Kim et al., 2015) or
from normal cognition to MCI (Pankratz et al., 2015). However,
these studies did not examineCSF biomarkers. Koran and colleagues
(2017) investigated whether AD biomarkers predicted cerebral atro-
phy and neuropsychological decline with the inclusion of sex inter-
actions. These authors found a stronger association between baseline
AD biomarkers (i.e., Aβ42 and total tau) and longitudinal decline in
hippocampal volume and executive functioning in women relative
tomen. Similarly, Sohn and colleagues (Sohn et al., 2018) found that
women with MCI and clinical levels of AD biomarkers showed a
faster cognitive decline thanmen. These studies did not include inci-
dent dementia as an outcome. Accordingly, we sought to examine
whether ATN biomarkers differentially predict progression from
MCI to dementia using both sex stratification and sex interaction
analyses. Neuropsychological measures were also examined as they
are accessible, low-cost, noninvasive measures that also have high
predictive value for dementia outcomes (Cloutier et al., 2020), in
some cases above and beyond biomarker prediction (Nation
et al., 2019). To our knowledge, no study to date has examined
how well ATN biomarkers predict subsequent dementia in MCI
using sex-stratified methods.

The aims of this study are (1) to examine which baseline bio-
markers and neuroimaging measures predict progression to
dementia with sex simply included as a covariate, as is common
practice, and (2) to examine whether sex differences exist in these
risk factors. The second aim was explored using two approaches.
Firstly, data were stratified by sex to explore which factors predict
progression to dementia for men and women. Secondly, inter-
actions with sex were examined to identify statistically significant
sex differences. Analyses were conducted for each variable inde-
pendently and with all variables entered into the sample model
to explore the unique variance explained by each risk factor, above
and beyond the other risk factors examined.

Methods

Data used in the preparation of this article were obtained from the
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database

(adni.loni.usc.edu). 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 magnetic resonance imaging (MRI), positron
emission tomography, other biological markers, and clinical and
neuropsychological assessment can be combined to measure the
progression of MCI and early AD. For up-to-date information,
see www.adni-info.org. Data was downloaded from the ADNI
website on July 30, 2018. All ADNI studies are conducted accord-
ing to the Good Clinical Practice guidelines, the Declaration of
Helsinki, and U.S. 21 CFR Part 50 (Protection of Human
Subjects), and Part 56 (Institutional Review Boards). Written
informed consent was obtained from all participants before proto-
col-specific procedures were performed. The ADNI protocol was
approved by the Institutional Review Boards of all of the partici-
pating institutions.

Study participants

Longitudinal data were taken from the ADNI-1, ADNI-GO,
ADNI-2, and ADNI-3 phases. Baseline data for the sample ana-
lyzed were acquired in person between November 2005 and
August 2013 (see www.adni-info.org for the detailed study proto-
col). Diagnosis of MCI required an Mini-Mental State
Examination (MMSE) score between 24 and 30, self or informant
subjective memory complaint, objective memory loss on Logical
Memory, a clinical dementia rating of 0.5, absence of significant
impairment in other cognitive domains or instrumental activities
of daily living (IADL) functioning, and absence of dementia.
Alzheimer’s dementia was based on National Institute of
Neurological and Communicative Disorders and Stroke–
Alzheimer’s Disease and Related Disorders Association criteria
for probable AD (McKhann et al., 2011). Participants were
included if they were diagnosed with MCI at baseline, were fol-
lowed for at least 24-months or progressed to dementia, and pos-
sessed baseline data (i.e., visit 1) for all variables analyzed. Sex was
self-reported. Each participant was classified as either progressing
to dementia or not progressing (i.e., remained as MCI or reverted
to cognitively normal). Progression was based on the diagnosis at
the latest visit. Therefore, if a participant progressed to dementia
and then reverted to MCI, they were classified as not progressing.

CSF and neuroimaging biomarkers

Aβ42, p-tau181, and structural MRI data for bilateral hippocampal
and ventricular volumes were taken from the ADNIMERGE table.
ATN biomarkers were examined continuously. In addition to
examining Aβ42 and p-tau181 levels, the ratio of p-tau181 to
Aβ42 (i.e., p-tau181/Aβ42) was also examined. This metric has
been shown to better predict clinical decline relative to Aβ42 alone
(Fagan et al., 2007) and better discriminates between AD and non-
AD related dementias (Santangelo et al., 2019), as this ratio variable
is thought to better capture the progression of AD-related pathol-
ogy. See the supplemental material for a summary of the CSF quan-
tification methods.

Neuropsychological measures

Raw scores for delayed free recall from the Rey Auditory Verbal
Learning Test (RAVLT), total score from the Boston Naming
Test (BNT) short form, and total scores from a category fluency
trial were taken from the ADNIMERGE table. These neuropsycho-
logical measures were selected for their sensitivity for predicting
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AD (Belleville et al., 2017). Given that functional impairment is a
key distinguishing feature for MCI and dementia, the Functional
Activities Questionnaire (FAQ) (Pfeffer et al., 1982) was included
as a measure of IADL. The FAQ was dichotomized (<6 coded as 0,
no tominimal limitations in IADLs;≥6 coded as 1, greater depend-
ence in IADLs; Nitrini et al., 2004).

Statistical analysis

All data were analyzed using SPSS version 27 (2020). Independent
samples t-test, Mann-Whitney U, and chi-square were used to
compare men and women on sociodemographic characteristics,
biomarkers of interest, and cognitive characteristics. Age at base-
line (years) and years of education were included as covariates.
Analyses were also stratified by sex (men coded as 1 and women
coded as 0). Progression to dementia was coded as 1 and nonprog-
ression was coded as 0. APOE4 status was dichotomized as the
presence of one or two e4 alleles (coded as 1) or no alleles (coded
as 0).

Cox proportional hazards (PH) regressions were performed
examining the relationship between baseline data and the likeli-
hood of progressing to dementia over the follow-up period. In
Analysis 1, all variables were entered into the same model, with
sex entered as a covariate, as is most common practice. Due to high
intercorrelations, one model included Aβ42 and p-tau181 (Model
1) and another model included p-tau181/Aβ42 (Model 2).

h tjXið Þ ¼ h0 tð Þ exp βSexSexi þ βAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βAβ42Aβ42i þ βp�tau181p� tau181i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQiÞ
(1)

h tjXið Þ ¼ h0 tð Þ exp ðβSexSexi þ βAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βp�tau181=Aβ42p� tau181=Aβ42i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQiÞ
(2)

Next, we were interested in examining whether these variables
differentially predict dementia for men and women, which was
examined using several methods. In Analyses 2a, data were strati-
fied by sex and individual Cox PH regression analyses were con-
ducted for each variable, adjusting for age and education
(Model 3).

h tjXið Þ ¼ h0 tð Þ exp βAgeAgei þ βEducationEducationi þ βPredictorPredictori
� �

(3)

In Analyses 2b, interactions with sex were conducted for var-
iables that were significant in Analysis 2a, adjusting for age and
education (Model 4).

hðtjXiÞ ¼ h0 tð Þ exp ðβSexSexi þ βAgeAgei þ βEducationEducationi

þ βPredictorPredictori þ βPredictorPredictoriSexiÞ
(4)

Analysis 3a examined the incremental value for each variable,
above and beyond the effects of the other variables included in the
model. Data were stratified by sex and all variables were entered
into a fully adjusted model. Due to high intercorrelations, one
model included Aβ42 and p-tau181 (Model 5) and another model
included p-tau181/Aβ42 (Model 6).

h tjXið Þ ¼ h0 tð Þ exp ðβAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βAβ42Aβ42i þ βp�tau181p� tau181i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQiÞ
(5)

h tjXið Þ ¼ h0 tð Þ exp ðβAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βp�tau181=Aβ42p� tau181=Aβ42i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQiÞ
(6)

In Analysis 3b, interaction effects with sex were then entered
into the fully adjustedmodel for variables that were statistically sig-
nificant in Analysis 3a. Interaction variables were mean-centered
before being entered into this final analysis (Models 7 and 8).

h tjXið Þ ¼ h0 tð Þ exp ðβSexSexi þ βAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βAβ42Aβ42i þ βp�tau181p� tau181i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQi þ β1SexiPredictori1 þ . . .þ βkSexiPredictorikÞ
(7)

h tjXið Þ ¼ h0 tð Þ exp ðβSexSexi þ βAgeAgei þ βEducationEducationi

þ βAPOE4APOE4i þ βp�tau181=Aβ42p� tau181=Aβ42i

þ βVentricularVolVentricularVoli þ βHippVolHippVoli

þ βRAVLTRAVLTi þ βBNTBNTi þ βCategoryFluencyCategoryFluencyi

þ βFAQFAQi þ β1Predictori1Sexi þ . . .þ βkPredictorikSexi
(8)

Individual supplementary analyses were conducted for head-
size corrected neuroimaging measures (i.e., [neuroimaging var-
iable/total intracranial volume]*100), and norm-adjusted
neuropsychological scores. These analyses were stratified by
sex (Model 9) and with sex interactions (Model 10). The
RAVLT was adjusted for age (Ivnik et al., 1990), BNT was
adjusted for age (Ivnik et al., 1996), and category fluency was
adjusted for age and education (Tombaugh et al., 1999).
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h tjXið Þ ¼ h0 tð Þ exp βAgeAgei þ βEducationEducationi

þ βPredictorCorrectedPredictorCorrectedi
(9)

h tjXið Þ ¼ h0 tð Þ exp βSexSexi þ βAgeAgei

þ βEducationEducationi
þ βPredictorCorrectedPredictorCorrectedi
þ βPredictorCorrectedPredictorCorrectediSexi

(10)

Results

Of the 915 participants who were diagnosed with MCI at baseline,
735 study participants either progressed to dementia or had diag-
nostic data at 24-months or later. Of these individuals, a total of
286 participants were further excluded for missing Elecsys® CSF
data (n= 195), hippocampal volumetrics (n= 111), ventricular
volumetrics (n= 23), BNT scores (n= 1), and FAQ scores (n= 4).
The final sample was made up of 449 participants (men n= 261;
women n= 188). Mean follow-up time for the included sample was
52.2 months (SD= 23 months; range= 11.25 to 139.57 months).
Compared to excluded participants, the included sample was sig-
nificantly younger (p < .001; d = .29), had smaller ventricles
(p < .001; d = .25), larger hippocampi (p = .02; d = .20), higher
BNT scores (p = .004; d = .25), and higher animal fluency scores
(p= .008; d= .18). Included and excluded samples did not differ in
terms of sex (p = .48), APOE4 (p = .54), education (p = .11), CSF
biomarkers (p = .68 to .94), RAVLT delayed recall (p = .16), or
FAQ (p= .12).While effect sizes comparing included and excluded
participants were small overall, the findings from this study may
not generalize to the excluded ADNI sample who were somewhat
older and exhibited worse neuroimaging and neurocognitive
functioning.

Baseline descriptive characteristics stratified by sex are summa-
rized in Table 1. Age ranged from 55 to 88 years and education
ranged from 6 to 20 years. Continuous data are presented as mean
(SD), skewed data are presented as median (IQR), and dichoto-
mous data are presented as n (%). At baseline, men were

significantly older, had more years of education, lower Aβ42 levels,
larger hippocampal volumes, larger ventricular volumes, lower
RAVLT scores, higher BNT scores, and worse FAQ scores. Men
and women did not differ significantly on duration of follow-up,
frequency of progression to dementia, APOE4 status, p-tau181,
p-tau181/Aβ42, MMSE scores, or category fluency scores.

Schoenfeld residuals were obtained for each covariate, which
were plotted against survival rankings for noncensored partici-
pants. Visual inspection of Schoenfeld residuals revealed a random
relationship with time for all variables (see Supplemental Figure 1).

Analysis 1: fully adjusted Cox PH regression with sex entered
as a covariate

When all variables, including sex, were included in the samemodel,
Aβ42, p-tau181, hippocampal volume, RAVLT delayed recall,
BNT scores, category fluency, and FAQ significantly predicted
dementia. When this analysis was rerun including p-tau181/Aβ,
this ratio variable also significantly predicted time to dementia pro-
gression (see Table 2).

Table 1. Baseline characteristics of men and women compared using independent samples t-test, Mann-Whitney U, or Pearson’s chi-square

Women (n= 188) Men (n = 261) Statistic p-value Cohen's d

Length of follow-up (months) 51.8 (23.2) 52.8 (23.6) –0.46 .64 0.04
Progression to dementia, n (%) 69 (36.7) 104 (39.8) 0.46 .50 –
Age (years) 70.6 (7.6) 72.8 (7.0) –3.25 .001 0.30
Education (years) 15.4 (2.7) 16.6 (2.7) –4.52 <.001 0.44
MMSE (/30) 27.9 (1.8) 27.7 (1.7) 1.22 .22 0.11
APOE4 positive, n (%) 95 (50.5) 126 (48.3) 0.22 .64 –
Elecsys® Aβ-42 (pg/mL) 1013.7 (444.4) 925.7 (436.1) 2.09 .037 0.2
Elecsys® p-tau (pg/mL); MED (IQR) 24.4 (18.6) 23.5 (15.5) 23302.5 .36 –
Elecsys® p-tau/Aβ (%); MED (IQR) 0.03 (0.04) 0.03 (0.04) 23446 .42 –
Hippocampal volume (cc) 6.7 (1.1) 7.0 (1.2) –2.52 .01 0.26
Ventricular volume (cc); MED (IQR) 26.6 (22.1) 37.6 (27.8) 15315.5 <.001 –
RAVLT 30min delay (/15) 4.9 (4.4) 3.5 (3.4) 3.69 <.001 0.36
Category Fluency 17.5 (5.1) 17.7 (5.0) –0.41 .68 0.04
BNT (/30); MED (IQR) 27 (4) 28 (3) 21307 .02 –
FAQ (n, % >=6) 26 (13.6) 59 (22.6) 5.48 .02 –

Data are presented as M (SD) and compared using independent samples t-tests unless otherwise specified.
Non-normal data are presented as MED (IQR) and compared using Mann-Whitney U.
Dichotomous data presented as n (%) and compared using Pearson Chi Square.
M = Mean; SD = Standard deviation; MED = median; IQR = Interquartile Range; MMSE = Mini-Mental State Examination; APOE4 = Apolipoprotein E4; Aβ-42 = CSF Amyloid β 1-42;
p-tau = phosphorylated tau181; RAVLT = Rey Auditory Verbal Learning Test; BNT = Boston Naming Test; FAQ = Functional Activities Questionnaire.

Table 2. Fully adjusted Cox PH regression of baseline measures predicting
progression to AD, with sex included as a covariate (analysis 1)

Men and women combined (n= 449)

HR [95% CI] Std HR* p-value

Sex 1.15 [0.80–1.65] – .45
Age 0.98 [0.95–1.00] 0.86 [0.72–1.03] .09
Years of education 1.02 [0.96–1.09] 1.06 [0.90–1.25] .46
APOE4 (dichotomized) 1.33 [0.94–1.90] – .11
Elecsys® Aβ42 0.999 [0.999–1.00] 0.66 [0.52–0.83] <.001
Elecsys® p-tau181 1.02 [1.01–1.03] 1.27 [1.09–1.48] .003
Ventricular volume 1.01 [0.997–1.01] 1.11 [0.93–1.33] .24
Hippocampal volume 0.66 [0.55–0.79] 0.61 [0.50–0.76] <.001
RAVLT Delay Recall 0.93 [0.87–0.99] 0.74 [0.57–0.95] .02
BNT 0.95 [0.91–1.00] 0.82 [0.68–0.997] .046
Category Fluency 0.95 [0.91–0.99] 0.77 [0.63–0.93] .008
FAQ (dichotomized) 3.21 [2.27–4.53] – <.001

* Based on variables entered as z-scores.
Elecsys® p-tau181/Aβ42 std HR= 1.27, p < .001.

4 Courtney Berezuk et al.

https://doi.org/10.1017/S1355617722000297 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617722000297


Analysis 2a and 2b: individual sex-stratified Cox PH
regression analyses conducted for each variable, adjusting
for age and education, with subsequent sex interactions

When stratifying by sex, the main effects were significant for all
variables for both men and women (see Table 3). In order of effect
size based on standardized hazard ratios, FAQ scores, RAVLT
delayed recall, APOE4 status, Aβ42, hippocampal volume, cat-
egory fluency, BNT scores, p-tau181, p-tau181/Aβ42, and ven-
tricular volume were significant risk factors for dementia over
the follow-up period for women. For men, FAQ scores, Aβ42,
APOE4 status, hippocampal volume, RAVLT delayed recall,
p-tau181/Aβ42, BNT scores, p-tau181, category fluency, and
ventricular volume were significant. When reaggregating the data
and including interaction effects with sex, only RAVLT delayed
recall and FAQ scores revealed a significant interaction effect, with
these variables being stronger risk factors for women.

Supplemental analyses were repeated with head-sized corrected
neuroimaging variables and norm-adjusted neuropsychological
variables. The results were generally unchanged for these variables
(see Supplemental Table 1).

Analysis 3a: fully adjusted Cox PH regression stratified by sex

In the fully adjusted Cox PH regression models (see Table 4), sig-
nificant risk factors for women were Aβ42, hippocampal volume,

RAVLT delayed recall, BNT scores, and FAQ scores. Above and
beyond the effects of the other variables included in the model,
APOE4 status, p-tau181, ventricular volume, and category fluency
were no longer independent predictors of dementia progression for
women. In contrast, for men, APOE4, Aβ42, p-tau181, p-tau181/
Aβ42, hippocampal volume, category fluency, and FAQ scores sig-
nificantly predicted progression to dementia, whereas APOE4,
ventricular volume, RAVLT delayed recall, and BNT scores did
not reach the level of significance.

Analysis 3b: fully adjusted Cox PH regression with sex
interactions

Interactions with sex (see Table 4) were only significant for
p-tau181/Aβ42, with stronger effects for men, and RAVLT
delayed recall, with stronger effects for women. Unexpectedly,
the sex interaction effect for p-tau181/Aβ42 was highly signifi-
cant, in contrast to the nonsignificant effect demonstrated
when only adjusting for age and education. Follow-up explora-
tory analyses (results not reported) revealed that this change in
effect appears to be primarily explained by the inclusion of
FAQ in the model. While p-tau181 demonstrated a somewhat
stronger effect for men, the sex interaction effect did not reach
statistical significance (p = .07).

Table 4. Cox PH analyses of baseline measures predicting progression to AD stratified by sex. Regression analyses run entering all variables simultaneously, adjusting
for age (years) and education (years) (analysis 3a). Data reaggregated and sex interactions included for significant variables from the sex-stratified analyses
(analysis 3b)

Women (n= 188) Men (n= 261)

HR [95% CI] Std HR [95% CI]* p-value HR [95% CI] Std HR [95% CI]* p-value Sex interaction p-value †

APOE4 (dichotomized) 1.30 [0.68–2.47] – .43 1.44 [0.93–2.25] – .11 –
Elecsys® Aβ42 1.00 [1.00–1.00] 0.59 [0.40–0.88] .01 1.00 [1.00–1.00] 0.71 [0.53–0.97] .03 .55
Elecsys® p-tau181 1.00 [0.98–1.02] 1.05 [0.80–1.36] .74 1.03 [1.01–1.04] 1.42 [1.15–1.77] .001 .07
Ventricular volume 1.00 [0.98–1.02] 0.95 [0.61–1.48] .82 1.01 [1.00–1.02] 1.15 [0.95–1.41] .16 –
Hippocampal volume 0.63 [0.45–0.87] 0.58 [0.40–0.85] .005 0.63 [0.50–0.80] 0.58 [0.45–0.77] <.001 .90
RAVLT Delay Recall 0.84 [0.74–0.94] 0.50 [0.32–0.78] .002 0.98 [0.90–1.06] 0.92 [0.67–1.27] .62 .045
BNT 0.90 [0.84–0.98] 0.67 [0.50–0.91] .01 0.98 [0.91–1.05] 0.92 [0.70–1.22] .57 .28
Category Fluency 0.97 [0.90–1.04] 0.85 [0.58–1.24] .41 0.94 [0.89–0.99] 0.73 [0.57–0.93] .01 .42
FAQ (dichotomized) 2.70 [1.50–4.87] – <.001 3.83 [2.44–6.02] – <.001 .19

*Based on variables entered as z-scores.
† Interaction with sex only entered for significant variables.
Note: Analyses rerun replacing Aβ42 and p-tau181 with p-tau181/Aβ42 due to multicollinearity.
Women: Elecsys® p-tau181/Aβ42 (HR= 23.26 [0.02–3.36*104], Std HR= 1.10 [0.88–1.37], p = .40).
Men: Elecsys® p-tau181/Aβ42 (HR= 7.38*105 [613.50–8.87*108], Std HR= 1.50 [1.21–1.86], p ≤ .001).
Sex interaction: Elecsys® p-tau181/Aβ42 (p = .01).

Table 3. Cox PH analyses of baseline measures predicting progression to AD stratified by sex. Regression analyses run separately for each variable, adjusting for age
(years) and education (years) (analysis 2a). Data were reaggregated and sex interactions were included within each model (analysis 2b)

Women (n= 188) Men (n= 261)

HR [95% CI] Std HR [95% CI]* p-value HR [95% CI] Std HR [95% CI]* p-value Sex interaction p-value

APOE4 (dichotomized) 3.78 [2.15–6.67] – <.001 2.12 [1.42–3.15] – <.001 .15
Elecsys® Aβ42 1.00 [1.00–1.00] 0.33 [0.23–0.46] <.001 1.00 [1.00–1.00] 0.45 [0.34–0.59] <.001 .19
Elecsys® p-tau181 1.04 [1.02–1.05] 1.60 [1.37–1.87] <.001 1.03 [1.02–1.05] 1.59 [1.33–1.90] <.001 .93
Elecsys® p-tau181/Aβ42 † 1.55 [1.37–1.75] <.001 1.76 [1.49–2.08] <.001 .16
Ventricular volume 1.02 [1.00–1.03] 1.38 [1.06–1.80] .02 1.01 [1.00–1.02] 1.25 [1.05–1.48] .01 .69
Hippocampal volume 0.42 [0.34–0.52] 0.36 [0.28–0.46] <.001 0.54 [0.45–0.65] 0.49 [0.40–0.61] <.001 .13
RAVLT Delay Recall 0.70 [0.63–0.78] 0.25 [0.17–0.38] <.001 0.84 [0.78–0.90] 0.50 [0.38–0.67] <.001 .01
BNT 0.87 [0.82–0.93] 0.58 [0.45–0.74] <.001 0.88 [0.82–0.94] 0.61 [0.47–0.79] <.001 .76
Category Fluency 0.84 [0.79–0.90] 0.42 [0.31–0.58] <.001 0.91 [0.87–0.95] 0.63 [0.50–0.78] <.001 .19
FAQ (dichotomized) 8.02 [4.76–13.50] – <.001 3.94 [2.61–5.95] – <.001 .045

*Based on variables entered as z-scores.
† HR Women: 2.06 × 106 [3.19 × 104–1.34 × 108]; Men: 1.56 × 108 [6.44 × 105–3.78 × 1010].
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Discussion

We sought to examine whether demographic, ATN biomarker,
and neuropsychological variables differentially predict progression
fromMCI to dementia when stratified by sex. The results from our
study indicate that the baseline variables that best predict progres-
sion from MCI to dementia differ in some respects between men
and women. When adjusting for only age and education, individ-
ual regression analyses revealed that all baseline cognitive and bio-
marker variables examined significantly predicted progression to
dementia over the follow-up period. Some of these variables
(i.e., delayed verbal memory and IADL functioning) were consis-
tently stronger predictors of dementia in women when only adjust-
ing for age and level of education.

Although nearly all variables predicted dementia for men and
women in the individual regression analyses, the unique contribu-
tion of each variable in the fully adjusted models varied by sex. For
women, variables associated with the greatest odds of developing
dementia in order of effect were (1) a score of 6 or greater on the
FAQ; (2) poorer delayed verbal memory, (3) smaller hippocampi,
(4) lower concentrations of Aβ42; and (5) lower scores on a mea-
sure of confrontation naming. In men, the strongest predictors
were (1) a score of 6 or greater on the FAQ; (2) smaller hippocampi;
(3) a higher ratio of p-tau181 to Aβ42; (4) higher concentrations of
p-tau181; (5) lower concentrations of Aβ42; and (6) fewer words
provided on a test of animal fluency. Although numerous risk fac-
tors appeared to differ between men and women according to
stratified analyses, only verbal memory was a significantly stronger
risk factor for women, and the ratio of p-tau181 to Aβ42 was a sig-
nificantly stronger risk factor for men, based on sex interactions.
Surprisingly, the ratio of p-tau181 to Aβ42 only demonstrated a
significant sex interaction in the fully adjusted model.
Subsequent exploratory analyses revealed that this may be
explained by the inclusion of IADL functioning in the model. In
other words, while the ratio of p-tau181 to Aβ42 did not differen-
tially predict dementia for men and women when only adjusting
for age and education, this variable did demonstrate a significantly
stronger effect for men after controlling for limitations in IADL
functioning. Given that men presented with greater IADL difficul-
ties than women in this ADNI sample, these men may be further
along the AD continuum at baseline. As a result, the ratio of
p-tau181 to Aβ42 may better predict subsequent dementia for
men in this sample.

Individuals with MCI and subjective memory complaints,
accompanied with IADL difficulties, are considered a high-risk
population for developing dementia (Luck et al., 2011, 2012;
Roehr et al., 2019). In our analyses, reduced independence in
IADLs was the strongest predictor of subsequent dementia for both
men and women, with a stronger relationship for women when
only adjusting for age and education. A smaller proportion of
women than men obtained scores of 6 or greater on the FAQ,
which may reflect a resiliency to functional decline for women.
This may be explained by greater experience engaging in these
IADLs for women in this older cohort. If so, the smaller subset
of women with poorer ratings of real-world functioning may dem-
onstrate faster progression to dementia. This is consistent with
individuals with higher cognitive reserve who demonstrate faster
cognitive decline after reaching an “inflection point” (Stern,
2009). We have proposed a similar “functional reserve” process
specific to real-world functioning (Berezuk et al., 2017, 2018).

The detrimental effects of possessing one or two APOE4 alleles
did not demonstrate incremental value above and beyond the other

variables examined. Hobel and colleagues (2019) found that
APOE4 was more detrimental for women; however, their study
was cross-sectional in nature and hippocampal atrophy and neuro-
cognitive functioning were examined as outcomes. Lower CSF con-
centrations of Aβ42 and smaller hippocampal volumes were
independent predictors of dementia for both sexes, whereas higher
CSF concentrations of p-tau181 and a higher ratio of p-tau181 to
Aβ42 were only significant for men. Neuropsychological measures
also varied in terms of which variables uniquely predicted sub-
sequent dementia when comparing men and women. Lower
delayed verbal memory and naming ability were significant inde-
pendent risk factors for women, whereas worse category fluency
was a significant risk factor for men. Despite these differences
betweenmen andwomen based on stratified analyses, only delayed
verbal memory and the ratio of p-tau181 to Aβ42 exhibited a sig-
nificant sex difference. Nevertheless, these exploratory sex
differences identified in the stratified analyses may be avenues
for future research with a larger sample.

Our findings, which are uniquely interested in diagnostic pro-
gression from MCI to dementia using longitudinal data, are fairly
consistent with existing research. Although nearly all biomarker
variables were significant risk factors for women, some of these
effects were attenuated when neuropsychological measures were
included in the model. Greater shared variance between AD bio-
markers and cognitive functioning in women may explain why
amyloid concentrations or hippocampal volumes did not predict
progression to dementia above and beyond the effects of cognition
in our study. This is consistent with a study that found cognitive
markers to be stronger predictors of progression to dementia rel-
ative to biomarkers (Gomar et al., 2011), although that study did
not examine the impact of sex. Conversely, greater cognitive resil-
iency to the effects of AD pathology in men may support why a
larger number of biomarker variables remained significant in
the multivariate model compared to neuropsychological measures,
especially earlier in the disease course. Generally, the literature sug-
gests that women tend to be more vulnerable to the effects of AD
pathology. Cognitive reserve (Stern, 2012) and brain reserve
(Katzman et al., 1988) hypotheses are possible explanations for
greater vulnerability in women (Malpetti et al., 2017; Skup et al.,
2011). Barnes and colleagues (2005) found that a 1 unit increase
in AD pathology at the time of autopsy was associated with a 3-fold
increased odds of clinical AD inmen, relative to a 22-fold increased
odds in women, with a stronger relationship between AD bio-
marker burden and cognitive functioning evident for women.
Additionally, amyloid, total tau, and phosphorylated tau have been
found to correlate with delayed verbal memory in women alone
(Haapalinna et al., 2016). However, the relationship between sex
and reserve is likely more nuanced. For example, Digma and col-
leagues (2020) demonstrated that women can endure a higher
degree of tau pathology before presenting impaired verbal
memory, which may be attributed to a premorbid female advan-
tage in verbal memory.

Importantly, when sex was simply entered into this model as a
covariate, as is common practice, most variables were significant
risk factors for developing dementia. Since this model controlled
for the effects of sex, these results may be interpreted as applying
to both men and women. Based on our sex-stratified and sex inter-
action analyses, this may not be an accurate interpretation for a
number of variables. This distinction provides further support
for recommendations to stratify by sex and include sex interactions
when studying AD risk factors, with further studies needed with
greater power.
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There are limitations to this work. Firstly, the ADNI sample is
highly educated, contains a higher proportion of men to women,
and is predominantly White, which limits the generalizability of
our findings. Glymour and colleagues (2018) argue that the
ATN framework will work best for White, highly educated, high
to middle income countries, and individuals with proximity to
major research universities, therefore this work must be replicated
in culturally diverse samples. Secondly, sex and gender differences
are likely explained by many complex mechanisms (e.g., genetic,
hormonal, environmental, psychiatric, vascular, social factors,
etc.), which may account for dementia risk. This study did not
explore these possible underlying mechanisms. Additionally, prior
work examining ADNI revealed sex differences in the aMCI diag-
nostic error rate, with greater false negative errors for women and
greater false positive errors for men. These authors attributed this
diagnostic error to the use verbal memory scores that are not
adjusted using sex-based normative data (Sundermann et al.,
2019). It is possible that sex differences in baseline diagnostic error
may account for some of the sex differences identified in this study.
Thirdly, reasons for censorship (e.g., death and loss to follow-up)
and possible sex differences in these factors was not examined in
the current study. Fourthly, while a strength of ADNI is its large
sample size, many participants without CSF data were excluded
from the current study, limiting generalizability of our findings
and statistical power. This is especially true for the fully adjusted
models that stratify by sex, which may be especially prone to type 2
error. Given that this sample included fewer women than men, the
results derived from the women-only analyses may be particularly
vulnerable to statistical artifacts. This a major limitation to many
studies examining sex differences and highlights the need for these
findings to be replicated in other large longitudinal datasets.
Finally, it may be somewhat tautological to use baseline measures
of IADL impairment and cognition to predict later dementia, given
that these factors are used for the diagnosis of AD. This is further
complicated by the fact that the threshold between MCI and
dementia is somewhat arbitrary. Therefore, individuals with
poorer functioning on these measures at baseline may be later
in the disease continuum and more likely to progress to dementia
during our study. For example, longitudinal work has found a
quadratic decline in complex ADL functioning just prior to
dementia diagnosis (Cloutier et al., 2020). Despite these limita-
tions, which we would expect to affect both men and women,
sex differences nonetheless were identified.

To summarize, risk factors appear to differ between men and
women for predicting progression from MCI to dementia when
stratifying by sex, with a greater number of significant brain-based
and CSF biomarker for men in the final model and a greater num-
ber of neuropsychological measures significant for women.
However, only verbal memory and the ratio of CSF p-tau181 to
Aβ42 demonstrated a statistically significant sex difference in
the final model. As statistical power is a limitation of this work,
further sex-based research is needed when validating the ATN
framework and other models of Alzheimer’s disease.

Supplementary material. To view supplementary material for this article,
please visit https://doi.org/10.1017/S1355617722000297

Acknowledgements.This work was supported partially byDoctoral Canadian
Graduate Scholarship from the Canadian Institutes of Health Research (C.B.,
fund number 503504); Canadian Research Chair (B.L.C.) and LC Campbell
Foundation (J.R., S.E.B.).

Funding statement.Data collection and sharing for this project was funded by
theAlzheimer’s DiseaseNeuroimaging Initiative (ADNI) (National Institutes of

Health Grant U01 AG024904) and DODADNI (Department of Defense award
number W81XWH-12-2-0012). ADNI is funded by the National Institute on
Aging, the National Institute of Biomedical Imaging and Bioengineering, and
through generous contributions from the following: AbbVie, Alzheimer’s
Association; Alzheimer’s Drug Discovery Foundation; Araclon Biotech;
BioClinica, Inc.; Biogen; Bristol-Myers Squibb Company; CereSpir, Inc.;
Cogstate; Eisai Inc.; Elan Pharmaceuticals, Inc.; Eli Lilly and Company;
EuroImmun; F. Hoffmann-La Roche Ltd and its affiliated company
Genentech, Inc.; Fujirebio; GE Healthcare; IXICO Ltd.;Janssen Alzheimer
Immunotherapy Research & Development, LLC.; Johnson & Johnson
Pharmaceutical Research & Development LLC.; Lumosity; Lundbeck; Merck
& Co., Inc.;Meso Scale Diagnostics, LLC.; NeuroRx Research; Neurotrack
Technologies; Novartis Pharmaceuticals Corporation; Pfizer Inc.; Piramal
Imaging; Servier; Takeda Pharmaceutical Company; and Transition
Therapeutics. The Canadian Institutes of Health Research is providing funds
to support ADNI clinical sites in Canada. Private sector contributions are facili-
tated by the Foundation for the National Institutes of Health (www.fnih.org).
The grantee organization is the Northern California Institute for Research and
Education, and the study is coordinated by the Alzheimer’s Therapeutic
Research Institute at the University of Southern California. ADNI data are dis-
seminated by the Laboratory for Neuroimaging at the University of Southern
California.

Conflicts of interest. None.

References

Altmann, A., Tian, L., Henderson, V.W., & Greicius,M. D. (2014). Sexmodifies
the APOE-related risk of developing Alzheimer disease.Annals of Neurology,
75, 563–573. https://doi.org/10.1002/ana.24135

Artero, S., Ancelin, M. L., Portet, F., Dupuy, A., Berr, C., Dartigues, J. F.,
Tzourio, C., Rouaud, O., Poncet, M., Pasquier, F., Auriacombe, S.,
Touchon, J., & Ritchie, K. (2008). Risk profiles formild cognitive impairment
and progression to dementia are gender specific. Journal of Neurology,
Neurosurgery, and Psychiatry, 79, 979–984.

Barnes, L. L., Wilson, R. S., Bienias, J. L., Schneider, J., Evans, D., & Bennett, D.
(2005). Sex differences in the clinical manifestations of Alzheimer disease
pathology. Archives of General Psychiatry, 62, 685–691. https://doi.org/10.
1001/archpsyc.62.6.685

Belleville, S., Fouquet, C., Hudon, C., Zomahoun, H. T. V., & Croteau, J. (2017).
Neuropsychological measures that predict progression from mild cognitive
impairment to Alzheimer’s type dementia in older adults: A systematic
review and meta-analysis. In Neuropsychology Review. https://doi.org/10.
1007/s11065-017-9361-5

Berezuk, C., Ramirez, J., Black, S. E., Zakzanis, K. K., & Alzheimer’s Disease
Neuroimaging Initiative. (2018).Managingmoneymatters: Managing finan-
ces is associated with functional independence inMCI. International Journal
of Geriatric Psychiatry, 33, 517–522. https://doi.org/10.1002/gps.4817

Berezuk, C., Zakzanis, K. K., Ramirez, J., Ruocco, A. C., Edwards, J. D., Callahan,
B. L., & Black, S. E. (2017). Functional reserve: Experience participating in
instrumental Activities of daily living is associated with gender and func-
tional independence in mild cognitive impairment. Journal of Alzheimer’s
Disease, 58, 425–434. https://doi.org/10.3233/JAD-161227

CIHR. (2012). What a Difference Sex and Gender Make: A Gender, Sex and
Health Research Casebook. https://cihr-irsc.gc.ca/e/documents/What_a_
Difference_Sex_and_Gender_Make-en.pdf

Cloutier, S., Chertkow, H., Kergoat, M., Gélinas, I., Gauthier, S., & Belleville, S.
(2020). Trajectories of decline on instrumental activities of daily living prior
to dementia in persons with mild cognitive impairment. International
Journal of Geriatric Psychiatry, gps.5426. https://doi.org/10.1002/gps.5426

Digma, L. A., Madsen, J. R., Rissman, R. A., Jacobs, D.M., Brewer, J. B., Banks, S.
J., Weiner, M., Aisen, P., Petersen, R., Jack, C. R., Jagust, W., Trojanowki, J.
Q., Toga, A.W., Beckett, L., Green, R. C., Saykin, A. J., Morris, J., Shaw, L. M.,
Liu, E., : : : Raj, B. A. (2020). Women can bear a bigger burden: ante- and
post-mortem evidence for reserve in the face of tau. Brain Communications,
2. https://doi.org/10.1093/braincomms/fcaa025

Fagan, A. M., Roe, C. M., Xiong, C., Mintun, M. A., Morris, J. C., & Holtzman,
D. M. (2007). Cerebrospinal fluid tau/beta-amyloid(42) ratio as a prediction

Journal of the International Neuropsychological Society 7

https://doi.org/10.1017/S1355617722000297 Published online by Cambridge University Press

https://doi.org/10.1017/S1355617722000297
https://doi.org/10.1002/ana.24135
https://doi.org/10.1001/archpsyc.62.6.685
https://doi.org/10.1001/archpsyc.62.6.685
https://doi.org/10.1007/s11065-017-9361-5
https://doi.org/10.1007/s11065-017-9361-5
https://doi.org/10.1002/gps.4817
https://doi.org/10.3233/JAD-161227
https://cihr-irsc.gc.ca/e/documents/What_a_Difference_Sex_and_Gender_Make-en.pdf
https://cihr-irsc.gc.ca/e/documents/What_a_Difference_Sex_and_Gender_Make-en.pdf
https://doi.org/10.1002/gps.5426
https://doi.org/10.1093/braincomms/fcaa025
https://doi.org/10.1017/S1355617722000297


of cognitive decline in nondemented older adults. Archives of Neurology, 64,
343–349. https://doi.org/10.1001/archneur.64.3.noc60123

Farrer, L. A., Cupples, L. A., Haines, J. L., Hyman, B. T., Kukull, W. A., Mayeux,
R., Myers, R. H., Pericak-Vance, M. A., Risch, N. J., & van Duijn, C. M.
(1997). Effects of age, sex, and ethnicity on the association between
Apolipoprotein E genotype and Alzheimer disease – A meta-analysis.
Journal of American Medical Association, 278, 1349–1356.

Ferretti, M. T., Iulita, M. F., Cavedo, E., Chiesa, P. A., Schumacher Dimech, A.,
Santuccione Chadha, A., Baracchi, F., Girouard, H., Misoch, S., Giacobini, E.,
Depypere, H., Hampel, H., & Women’s Brain Project and the Alzheimer
Precision Medicine Initiative. (2018). Sex differences in Alzheimer disease
– The gateway to precision medicine. Nature Reviews. Neurology, 14,
457–469. https://doi.org/10.1038/s41582-018-0032-9

Filon, J. R., Intorcia, A. J., Sue, L. I., Vazquez Arreola, E., Wilson, J., Davis, K. J.,
Sabbagh, M. N., Belden, C. M., Caselli, R. J., Adler, C. H., Woodruff, B. K.,
Rapscak, S. Z., Ahern, G. L., Burke, A. D., Jacobson, S., Shill, H. A., Driver-
Dunckley, E., Chen, K., Reiman, E. M., : : : Serrano, G. E. (2016). Gender
differences in Alzheimer disease: Brain atrophy, histopathology Burden,
and cognition. Journal of Neuropathology and Experimental Neurology.
https://doi.org/10.1093/jnen/nlw047

Glymour, M. M., Brickman, A. M., Kivimaki, M., Mayeda, E. R., Chêne, G.,
Dufouil, C., & Manly, J. J. (2018). Will biomarker-based diagnosis of
Alzheimer’s disease maximize scientific progress? Evaluating proposed diag-
nostic criteria. European Journal of Epidemiology, 33, 607–612. https://doi.
org/10.1007/s10654-018-0418-4

Gomar, J. J., Bobes-Bascaran, M. T., Conejero-Goldberg, C., Davies, P., &
Goldberg, T. E. (2011). Utility of combinations of biomarkers, cognitive
markers, and risk factors to predict conversion from mild cognitive impair-
ment to Alzheimer disease in patients in the Alzheimer’s disease neuroimag-
ing initiative. Archives of General Psychiatry, 68, 961–969. http://www.ncbi.
nlm.nih.gov/pubmed/21893661

Haapalinna, F., Paajanen, T., Penttinen, J., Kokki, H., Kokki,M., Koivisto, A.M.,
Hartikainen, P., Solje, E., Hänninen, T., Remes, A. M., & Herukka, S. K.
(2016). LowCerebrospinal fluid amyloid-eta concentration is associatedwith
Poorer delayed memory recall in women. Dementia and Geriatric Cognitive
Disorders Extra, 6, 303–3012. https://doi.org/10.1159/000446425

Hobel, Z., Isenberg, A. L., Raghupathy, D., MacK, W., Pa, J., & Zhao, L. (2019).
APOE ϵ4 gene dose and sex effects on Alzheimer’s disease MRI biomarkers
in older adults with mild cognitive impairment. Journal of Alzheimer’s
Disease, 71, 647–658. https://doi.org/10.3233/JAD-180859

Hohman, T. J., Dumitrescu, L., Barnes, L. L., Thambisetty, M., Beecham, G.,
Kunkle, B., Gifford, K. A., Bush, W. S., Chibnik, L. B., Mukherjee, S.,
Jager, P. L., De Kukull, W., Crane, P. K., Resnick, S. M., Keene, C. D.,
Montine, T. J., Schellenberg, G. D., Haines, J. L., Zetterberg, H., : : :

Initiative, for the A. D. G. C. and the A. D. N. (2018). Sex-specific association
of Apolipoprotein E with cerebrospinal fluid levels of Tau. JAMA Neurology,
75, 989–998. https://doi.org/10.1001/JAMANEUROL.2018.0821

Ivnik, R. J., Malec, J. F., Smith, G. E., Tangalos, E. G., & Petersen, R. C. (1996).
Neuropsychological tests’ norms above age 55: COWAT, BNT, MAE token,
WRAT-R reading, AMNART, STROOP, TMT, and JLO. The Clinical
Neuropsychologist, 10, 262–278. https://doi.org/10.1080/1385404960
8406689

Ivnik, R. J., Malec, J. F., Tangalos, E. G., Petersen, R. C., Kokmen, E., & Kurland,
L. T. (1990). The Auditory-verbal learning test (AVLT): Norms for ages 55
years and older. Psychological Assessment. https://doi.org/10.1037/1040-
3590.2.3.304

Jack, C. R., Bennett, D. A., Blennow, K., Carrillo, M. C., Dunn, B., Haeberlein, S.
B., Holtzman, D.M., Jagust,W., Jessen, F., Karlawish, J., Liu, E., Molinuevo, J.
L., Montine, T., Phelps, C., Rankin, K. P., Rowe, C. C., Scheltens, P., Siemers,
E., Snyder, H. M., : : : Silverberg, N. (2018). NIA-AA research framework:
Toward a biological definition of Alzheimer’s disease. Alzheimer’s and
Dementia, 14, 535–562. https://doi.org/10.1016/j.jalz.2018.02.018

Jack, C. R., Wiste, H. J., Weigand, S. D., Therneau, T.M., Knopman, D. S., Lowe,
V., Vemuri, P., Mielke, M. M., Roberts, R. O., Machulda, M. M., Senjem, M.
L., Gunter, J. L., Rocca, W. A., & Petersen, R. C. (2017). Age-specific and
sex-specific prevalence of cerebral β-amyloidosis, tauopathy, and neurode-
generation in cognitively unimpaired individuals aged 50–95 years: A

cross-sectional study. The Lancet. Neurology, 16, 435–444. https://doi.org/
10.1016/S1474-4422(17)30077-7

Katzman, R., Terry, R. D., De Teresa, R., Brown, T., Davies, P., Fuld, P.,
Reinbing, X., & Peck, A. (1988). Clinical pathological and neurochemical
changes in dementia: A subgroup with preserved mental status and numer-
ous neocortical plaques. Annals of Neurology, 23, 138–144.

Kim, S., Kim, M. J., Kim, S., Kang, H. S., Lim, S. W., Myung, W., Lee, Y., Hong,
C. H., Choi, S. H., Na, D. L., Seo, S.W., Ku, B. D., Kim, S. Y., Kim, S. Y., Jeong,
J. H., Park, S. A., Carroll, B. J., & Kim, D. K. (2015). Gender differences in risk
factors for transition frommild cognitive impairment to Alzheimer’s disease:
A CREDOS study. Comprehensive Psychiatry, 62, 114–122. https://doi.org/
10.1016/j.comppsych.2015.07.002

Knopman, D. S., Haeberlein, S. B., Carrillo, M. C., Hendrix, J. A., Kerchner, G.,
Margolin, R., Maruff, P., Miller, D. S., Tong, G., Tome, M. B., Murray, M. E.,
Nelson, P. T., Sano,M., Mattsson, N., Sultzer, D. L.,Montine, T. J., Jack, C. R.,
Kolb, H., Petersen, R. C., : : : Siemers, E. (2018). The National Institute on
Aging and the Alzheimer’s association research framework for Alzheimer’s
disease: Perspectives from the research Roundtable. Alzheimer’s and
Dementia, 14, 563–575. https://doi.org/10.1016/j.jalz.2018.03.002

Koran, M. E. I., Wagener, M., & Hohman, T. J. (2017). Sex differences in the
association between AD biomarkers and cognitive decline. Brain Imaging
and Behavior, 11, 205–213. https://doi.org/10.1007/s11682-016-9523-8

Luck, T., Luppa, M., Angermeyer, M. C., Villringer, A., König, H. H., & Riedel-
Heller, S. G. (2011). Impact of impairment in instrumental activities of daily
living and mild cognitive impairment on time to incident dementia: Results
of the Leipzig longitudinal study of the aged. Psychological Medicine, 41,
1087–1097. https://doi.org/10.1017/S003329171000142X

Luck, T., Luppa, M., Wiese, B., Maier, W., van den Bussche, H., Eisele, M.,
Jessen, F., Weeg, D., Weyerer, S., Pentzek, M., Leicht, H., Koehler, M.,
Tebarth, F., Olbrich, J., Eifflaender-Gorfer, S., Fuchs, A., Koenig, H.-H., &
Riedel-Heller, S. G. (2012). Prediction of incident dementia: impact of
impairment in instrumental activities of daily living and mild cognitive
impairment-results from the German study on ageing, cognition, and
dementia in primary care patients. The American Journal of Geriatric
Psychiatry : Official Journal of the American Association for Geriatric
Psychiatry, 20, 943–954. http://www.ncbi.nlm.nih.gov/pubmed/22706332

Malpetti, M., Ballarini, T., Presotto, L., Garibotto, V., Tettamanti,M., Perani, D.,
Alzheimer’s Disease Neuroimaging Initiative (ADNI) database;, & Network
for Efficiency and Standardization of Dementia Diagnosis (NEST-DD)
Database. (2017). Gender differences in healthy aging and Alzheimer’s
Dementia: A 18 F-FDG-PET study of brain and cognitive reserve. Human
Brain Mapping, 38, 4212–4227. https://doi.org/10.1002/hbm.23659

McKhann, G. M., Knopman, D. S., Chertkow, H., Hyman, B. T., Jack, C. R.,
Kawas, C. H., Klunk, W. E., Koroshetz, W. J., Manly, J. J., Mayeux, R.,
Mohs, R. C., Morris, J. C., Rossor, M. N., Scheltens, P., Carrillo, M. C.,
Thies, B., Weintraub, S., & Phelps, C. H. (2011). The diagnosis of dementia
due to Alzheimer’s disease: Recommendations from theNational Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for
Alzheimer’s disease. Alzheimer’s & Dementia : The Journal of the
Alzheimer’s Association, 7, 263–269. https://doi.org/10.1016/j.jalz.2011.03.
005

Nation, D. A., Ho, J. K., Dutt, S., Han, S. D., Lai, M. H. C., & Bondi, M. (2019).
Neuropsychological decline improves prediction of dementia beyond
Alzheimer’s disease biomarker and mild cognitive impairment diagnoses.
Journal of Alzheimer’s Disease, 69, 1171–1182. https://doi.org/10.3233/
JAD-180525

Nebel, R. A., Aggarwal, N. T., Barnes, L. L., Gallagher, A., Goldstein, J. M.,
Kantarci, K., Mallampalli, M. P., Mormino, E. C., Scott, L., Yu, W. H.,
Maki, P. M., & Mielke, M. M. (2018). Understanding the impact of sex
and gender in Alzheimer’s disease: A call to action. Alzheimer’s and
Dementia, 14, 1171–1183. https://doi.org/10.1016/j.jalz.2018.04.008

Nitrini, R., Caramelli, P., Herrera, E., Bahia, V. S., Caixeta, L. F., Radanovic, M.,
Anghinah, R., Charchat-Fichman, H., Porto, C. S., Carthery, M. T.,
Hartmann, A. P. J., Huang, N., Smid, J., Lima, E. P., Takada, L. T., &
Takahashi, D. Y. (2004). Incidence of dementia in a community-dwelling
Brazilian population. Alzheimer Disease and Associated Disorders, 18,
241–246. http://www.ncbi.nlm.nih.gov/pubmed/15592138

8 Courtney Berezuk et al.

https://doi.org/10.1017/S1355617722000297 Published online by Cambridge University Press

https://doi.org/10.1001/archneur.64.3.noc60123
https://doi.org/10.1038/s41582-018-0032-9
https://doi.org/10.1093/jnen/nlw047
https://doi.org/10.1007/s10654-018-0418-4
https://doi.org/10.1007/s10654-018-0418-4
http://www.ncbi.nlm.nih.gov/pubmed/21893661
http://www.ncbi.nlm.nih.gov/pubmed/21893661
https://doi.org/10.1159/000446425
https://doi.org/10.3233/JAD-180859
https://doi.org/10.1001/JAMANEUROL.2018.0821
https://doi.org/10.1080/13854049608406689
https://doi.org/10.1080/13854049608406689
https://doi.org/10.1037/1040-3590.2.3.304
https://doi.org/10.1037/1040-3590.2.3.304
https://doi.org/10.1016/j.jalz.2018.02.018
https://doi.org/10.1016/S1474-4422(17)30077-7
https://doi.org/10.1016/S1474-4422(17)30077-7
https://doi.org/10.1016/j.comppsych.2015.07.002
https://doi.org/10.1016/j.comppsych.2015.07.002
https://doi.org/10.1016/j.jalz.2018.03.002
https://doi.org/10.1007/s11682-016-9523-8
https://doi.org/10.1017/S003329171000142X
http://www.ncbi.nlm.nih.gov/pubmed/22706332
https://doi.org/10.1002/hbm.23659
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.3233/JAD-180525
https://doi.org/10.3233/JAD-180525
https://doi.org/10.1016/j.jalz.2018.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15592138
https://doi.org/10.1017/S1355617722000297


Pankratz, V. S., Roberts, R. O., Mielke,M.M., Knopman, D. S., Jack, C. R., Geda,
Y. E., Rocca, W. A., & Petersen, R. C. (2015). Predicting the risk of mild cog-
nitive impairment in the Mayo Clinic Study of Aging. Neurology, 84,
1433–1442. https://doi.org/10.1212/WNL.0000000000001437

Pfeffer, R. I., Kurosaki, T. T., Harrah, C. H., Chance, J. M., & Filos, S. (1982).
Measurement of functional activities in older adults in the community.
Journal of Gerontology, 37, 323–329.

Roehr, S., Riedel-Heller, S. G., Kaduszkiewicz, H., Wagner, M., Fuchs, A., van
der Leeden, C., Wiese, B., Werle, J., Bickel, H., König, H. H., Wolfsgruber, S.,
Pentzek, M., Weeg, D., Mamone, S., Weyerer, S., Brettschneider, C., Maier,
W., Scherer, M., Jessen, F., & Luck, T. (2019). Is function in instrumental
activities of daily living a useful feature in predicting Alzheimer’s disease
dementia in subjective cognitive decline? International Journal of Geriatric
Psychiatry, 34, 193–203. https://doi.org/10.1002/gps.5010

Santangelo, R., Dell’Edera, A., Sala, A., Cecchetti, G., Masserini, F., Caso, F.,
Pinto, P., Leocani, L., Falautano, M., Passerini, G., Martinelli, V., Comi,
G., Perani, D., & Magnani, G. (2019). The CSF p-tau181/Aβ42 ratio offers
a good accuracy “InVivo” in the differential diagnosis of Alzheimer’s demen-
tia. Current Alzheimer Research, 16, 587–595. https://doi.org/10.2174/
1567205016666190725150836

Shaw, L., Vanderstichele, H., Knapik-Czajka, M., Clark, C., Aisen, P., Petersen,
R., Blennow, K., Soares, H., Simon, A., Lewczuk, P., Dean, R., Siemers, E.,
Potter, W., Lee, V., & Trojanowski, J. (2009). Cerebrospinal fluid biomarker
signature in Alzheimer’s disease neuroimaging initiative subjects. Annals of
Neurology, 65, 403–413. https://doi.org/10.1002/ANA.21610

Skup, M., Zhu, H., Wang, Y., Giovanello, K. S., Lin, J., Shen, D., Shi, F., Gao, W.,
Lin, W., Fan, Y., Zhang, H., & Alzheimer’s Disease Neuroimaging Initiative.
(2011). Sex differences in grey matter atrophy patterns among AD and aMCI

patients: results from ADNI. NeuroImage, 56, 890–906. https://doi.org/10.
1016/j.neuroimage.2011.02.060

Sohn, D., Shpanskaya, K., Lucas, J. E., Petrella, J. R., Saykin, A. J., Tanzi, R. E.,
Samatova, N. F., & Doraiswamy, P. M. (2018). Sex differences in cognitive
decline in subjects with high likelihood of mild cognitive impairment due
to Alzheimer’s disease. Scientific Reports, 8. https://doi.org/10.1038/
s41598-018-25377-w

Stern, Y. (2009). Cognitive reserve. Neuropsychologia, 47, 2015–2028. https://
doi.org/10.1016/j.neuropsychologia.2009.03.004

Stern, Y. (2012). Cognitive reserve in ageing and Alzheimer’s disease. The
Lancet Neurology, 11, 1006–1012. https://doi.org/10.1016/S1474-4422(12)
70191-6

Sundermann, E., Maki, P., Biegon, A., Lipton, R., Mielke, M., Machulda, M., &
Bondi, M. (2019). Sex-specific norms for verbal memory tests may improve
diagnostic accuracy of amnestic MCI. Neurology, 93, E1881–E1889. https://
doi.org/10.1212/WNL.0000000000008467

Sundermann, E. E., Panizzon, M. S., Chen, X., Andrews, M., Galasko, D., &
Banks, S. J. (2020). Sex differences in Alzheimer’s-related Tau biomarkers
and a mediating effect of testosterone. Biology of Sex Differences, 11.
https://doi.org/10.1186/s13293-020-00310-x

Tombaugh, T. N., Kozak, J., & Rees, L. (1999). Normative data stratified by age
and education for two measures of verbal fluency: FAS and animal naming.
Archives of Clinical Neuropsychology : The Official Journal of the National
Academy of Neuropsychologists, 14, 167–177. http://www.ncbi.nlm.nih.
gov/pubmed/14590600

Wang, L., & Tian, T. (2018). Gender differences in elderly with subjective cog-
nitive decline. Frontiers in Aging Neuroscience, 10. https://doi.org/10.3389/
fnagi.2018.00166

Journal of the International Neuropsychological Society 9

https://doi.org/10.1017/S1355617722000297 Published online by Cambridge University Press

https://doi.org/10.1212/WNL.0000000000001437
https://doi.org/10.1002/gps.5010
https://doi.org/10.2174/1567205016666190725150836
https://doi.org/10.2174/1567205016666190725150836
https://doi.org/10.1002/ANA.21610
https://doi.org/10.1016/j.neuroimage.2011.02.060
https://doi.org/10.1016/j.neuroimage.2011.02.060
https://doi.org/10.1038/s41598-018-25377-w
https://doi.org/10.1038/s41598-018-25377-w
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1016/S1474-4422(12)70191-6
https://doi.org/10.1212/WNL.0000000000008467
https://doi.org/10.1212/WNL.0000000000008467
https://doi.org/10.1186/s13293-020-00310-x
http://www.ncbi.nlm.nih.gov/pubmed/14590600
http://www.ncbi.nlm.nih.gov/pubmed/14590600
https://doi.org/10.3389/fnagi.2018.00166
https://doi.org/10.3389/fnagi.2018.00166
https://doi.org/10.1017/S1355617722000297

	Sex differences in risk factors that predict progression from mild cognitive impairment to Alzheimer's dementia
	Methods
	Study participants
	CSF and neuroimaging biomarkers
	Neuropsychological measures
	Statistical analysis

	Results
	Analysis 1: fully adjusted Cox PH regression with sex entered as a covariate
	Analysis 2a and 2b: individual sex-stratified Cox PH regression analyses conducted for each variable, adjusting for age and education, with subsequent sex interactions
	Analysis 3a: fully adjusted Cox PH regression stratified by sex
	Analysis 3b: fully adjusted Cox PH regression with sex interactions

	Discussion
	References


