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Abstract
Objective
To examine whether the use of sex-speciﬁc norms and cut scores to identify memory impairment improves diagnostic accuracy of amnestic mild cognitive impairment (aMCI) compared to non–sex-speciﬁc (typical) norms/cut scores given the female advantage in verbal
memory.
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Methods
We calculated sex-speciﬁc and typical norms/cut scores (age and education speciﬁc) for impairment on the Rey Auditory Verbal Learning Test in the Mayo Clinic Study of Aging.
Norms/cut scores were applied to 453 women and 532 men from the Alzheimer’s Disease
Neuroimaging Initiative. We compared sex diﬀerences in rates of aMCI (Jak/Bondi criteria) for
sex-speciﬁc vs typical norms/cut scores. Using sex-speciﬁc cut scores as the true condition and
typical cut scores as the predicted condition, we categorized participants as true positives (TPs),
false positives (FPs), true negative (TNs), or false negative (FNs). In cross-sectional analyses
within sex, we compared positivity rates of CSF hyperphosphorylated tau/β-amyloid (Aβ) and
cortical Aβ deposition ([18F]AV45 PET) and APOE e4 frequency among diagnostic comparison groups.
Results
The frequency of aMCI was higher in men when using typical norms/cut scores. Using sexadjusted norms/cut scores led to the identiﬁcation of 10% FNs (missed aMCI cases) among
women and 10% FPs among men. Biomarker analyses supported the hypothesis that sexspeciﬁc diagnostic criteria improves diagnostic accuracy. Biomarkers rates were higher in FNs
vs TNs and similar in FNs and TPs. Biomarker rates were lower in FPs vs TPs and similar
between FPs and TNs.
Conclusion
Results suggest that non–sex-speciﬁc aMCI diagnostic criteria led to a 20% diagnostic error
rate. Accounting for sex diﬀerences in verbal memory performance may improve aMCI
classiﬁcation.
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Glossary
Aβ = β-amyloid; AD = Alzheimer disease; ADNI = Alzheimer’s Disease Neuroimaging Initiative; aMCI = amnestic mild
cognitive impairment; ANCOVA = analysis of covariance; CDR-SOB = Clinical Dementia Rating Sum of Boxes; CI =
conﬁdence interval; FN = false negative; FP = false positive; NC = normal control; OR = odds ratio; p-tau =
hyperphosphorylated tau; RAVLT = Rey Auditory Verbal Learning Test.; SUVR = standardized uptake value ratio; TN = true
negative; TP = true positive.

Verbal memory deﬁcits are typically required for diagnosis of
Alzheimer disease (AD) dementia and its precursor, amnestic
mild cognitive impairment (aMCI). Normative data for verbal
memory tests usually adjust for age and/or education but not
sex despite the well-documented, lifelong female advantage on
these tests.1–3 We demonstrated a female advantage in verbal
memory in aMCI despite no sex diﬀerence in disease burden
(i.e., hippocampal atrophy, brain hypometabolism, and cortical
amyloid deposition).4–6 These ﬁndings suggest that the female
advantage in verbal memory may be a proxy for a verbal
memory–speciﬁc increase in cognitive reserve7–9 that allows
women to sustain what is considered normal verbal memory
performance and delay aMCI diagnosis until more advanced
disease states compared to men. Consistent with the cognitive
reserve theory, the female advantage is eliminated with advanced disease burden,10,11 suggesting that decline is more
accelerated in women than men after aMCI diagnosis.
Because women outperform men on verbal memory tests, we
tested the hypotheses that deﬁning memory impairment with
the typical non–sex-speciﬁc norms and cut scores for verbal
memory tests leads to underdiagnosis of aMCI in women and
overdiagnosis of aMCI in men and that use of sex-stratiﬁed
norms/cut scores improves these diagnostic errors. We hypothesized that sex-speciﬁc norms/cut scores would reclassify
a subset of women from normal control (NC) to aMCI and
a subset of men from aMCI to NC and that group comparisons of AD-associated and genetic markers and biomarkers
would validate those reclassiﬁcations (e.g., women reclassiﬁed
as aMCI would have more advanced biomarkers than women
consistently classiﬁed as NCs).

Methods
Participants and data source
Cross-sectional data were extracted from the Alzheimer’s Disease Neuroimaging Initiative (ADNI) database (adni.loni.usc.
edu) in October 2016. Detailed information about ADNI can be
found at adni-info.org. ADNI began in 2004 as a longitudinal,
multisite cohort study that recruited healthy older adults and
individuals with early or late MCI and early AD. See loni.ucla.
edu/ADNI for recruitment procedures12 and adni-info.org/
Scientists/ADNIGrant/ProtocolSummary.aspx for eligibility
criteria. We included participants without dementia (based on
conventional ADNI criteria) with neuropsychological and AD
pathologic marker data at baseline (n = 1,065). Because we were
interested speciﬁcally in aMCI as a precursor to AD dementia,
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we excluded individuals with a non-aMCI diagnosis based on
both the typical (non–sex-speciﬁc) and the newly generated sexspeciﬁc Jak/Bondi diagnostic criteria (n = 72). Our ﬁnal sample
consisted of 985 participants (289 from ADNI1 and 696 from
ADNIGO/2) who were 55 to 90 years of age, not depressed,
and diagnosed as either NC (n = 631) or MCI (n = 354) on the
basis of Jak/Bondi diagnostic criteria as typically applied
(non–sex-speciﬁc verbal memory norms/cut scores).13
Standard protocol approvals, registrations,
and patient consents
ADNI was approved by the institutional review board at each
site and was compliant with the Health Insurance Portability
and Accountability Act. Written consent was obtained from
all participants.
Neuropsychological tests
A battery of neuropsychological tests is administered to all
ADNI participants at baseline. Our primary focus was the Rey
Auditory Verbal Learning Test (RAVLT) verbal memory test.
The RAVLT involves learning a list of 15 unrelated words and
recalling as many words as possible across 5 immediate recall
trials (Learning score, range 0–75), after learning an interference list, and after a 30-minute delay period (Delayed
Recall score, range 0–15).14 The RAVLT has previously
shown a strong female advantage.15 The battery also includes
tests of language (Category Fluency Test [animals], Boston
Naming Test [30 items]) and speed/executive function
(Trail-Making Test Parts A and B). The Geriatric Depression
Scale16 and the Clinical Dementia Rating Sum of Boxes
(CDR-SOB) were also administered.
AD-associated markers
Presence or absence of the APOE e4 allele was determined for
each participant. Our biomarker outcomes included the CSF
ratio of hyperphosphorylated tau (p-tau181) to β-amyloid
(Aβ42), and cortical Aβ deposition as measured by [18F]AV45
PET. PET methods are described at adni-info.org. Mean
AV45 uptake was measured within 4 regions (frontal,
anterior/posterior cingulate, lateral parietal, and lateral temporal cortex), and standardized uptake value ratios (SUVRs)
were calculated by averaging across cortical regions and dividing by the whole cerebellum. Participants were dichotomized into positive and negative groups on the basis of
previously established cutoﬀs for CSF p-tau181/Aβ42 (0.11)17
and AV45 SUVR (1.11).18 In exploratory analyses, we examined a clinical marker, the CDR-SOB score, which measures dementia severity (score range 0–18).19
Neurology.org/N
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Diagnostic criteria
The Jak/Bondi actuarial neuropsychological diagnostic
method13 was applied to baseline data. Application of the Jak/
Bondi diagnosis to aging cohorts (including ADNI) produced
more discernible cognitive phenotypes, more stable diagnoses,
stronger associations with AD biomarkers, and better prediction of progression to dementia compared to conventional
MCI diagnostic criteria.13,20 The Jak/Bondi diagnostic method
relies on performance on 6 neuropsychological tests from
ADNI representing 3 cognitive domains: Category Fluency
and Boston Naming Test (language), Trail-Making Test Parts
A and B (speed/executive function), and RAVLT learning and
delayed recall (verbal memory). These tests were chosen because of their sensitivity to early cognitive deﬁcits in AD and
their consistent administration across the 3 ADNI phases
(ADNI-1, -GO, and -2). The language and speed/executive
function tests were converted to an age- and educationadjusted standard score using published normative data from
the National Alzheimer’s Coordinating Center (n = 3,286).21,22
We derived 2 sets of normative data for the RAVLT outcomes
in a normative sample of participants from the Mayo Clinic
Study of Aging (MCSA) who were diagnosed as NC at baseline
and at least 2 follow-up visits at 15 months apart. The normative sample consisted of 810 women and 810 men (age
range 50–89 years, mean education 14.5 [SD = 2.5] years,
98.8%). Age- and education-speciﬁc norms were derived by
generating mean RAVLT scores and their SDs separately for
less educated (8–15 years of education) and more educated
(≥16 years of education) participants within each 5-year age bin
(e.g., 55–59, 60–64, 65–69 years). The sex-speciﬁc norms were
derived in the same way except participants were separated by
sex as well as age and education categories (e.g., female, highly
educated, 55–59 years of age). We calculated RAVLT norms in
the MCSA rather than using published sets of norms because
published norms vary widely in terms of what was adjusted for,
the criteria for inclusion in a normative sample, and the size,
age, and sex distribution of the normative sample. By calculating our norms in the MCSA, we were able to standardize the
calculation of norms across the compared norm sets (age, education, sex adjusted vs age, education adjusted) to speciﬁcally
examine the diﬀerence in a sex adjustment to norms.
Participants were considered to have aMCI if one of the following criteria was met: (1) they had an impaired score, deﬁned
as >1 SD below the normative mean, on both RAVLT Learning
and Delayed Recall (regardless of performance in other cognitive domains); or (2) they had at least 1 impaired score,
deﬁned as >1 SD below the normative mean, in each of the 3
cognitive domains sampled (memory, language, speed/
executive function). We applied both the typical Jak/Bondi
diagnostic method (age- and education-speciﬁc RAVLT
norms/cut scores) and the adapted Jak/Bondi method that
incorporated sex-speciﬁc RAVLT norms/cut scores to all participants’ data, thus generating 2 diﬀerent diagnostic groupings.
When the adapted sex-speciﬁc Jak/Bondi diagnostic criteria
Neurology.org/N

were applied, the diﬀerence in cut scores between men and
women ranged from 3 to 8 points (mean 6 points) for RAVLT
Learning and 1 to 4 points (mean 2 points) for RAVLT
Delayed across age and education categories.
Statistical analyses
Using the sex-speciﬁc diagnostic groupings as the true condition and the typical diagnostic groupings as the predicted
condition, we labeled participants as follows: (1) true positive
(TP), diagnosed as having aMCI with both sets of cut scores;
(2) false positive (FP), diagnosed as having aMCI with typical
cut scores but NC with sex-speciﬁc cut scores; (3) true negative (TN), diagnosed as NC with both sets of cut scores; and
(4) false negative (FN), diagnosed as NC with typical cut
scores but aMCI with sex-speciﬁc cut scores. Sample characteristics were compared among the resulting diagnostic
comparison groups with χ 2 tests for categorical variables and
analyses of variance for continuous variables. Two separate χ 2
tests were conducted to examine whether the frequency of
aMCI diagnoses diﬀered between men and women when the
typical diagnostic criteria were applied (ﬁrst χ 2) and then
when the sex-speciﬁc diagnostic criteria were applied (second
χ 2). In sex-stratiﬁed analyses, we used multivariable logistic
regressions to compare APOE e4 allele frequency and positivity rates of CSF p-tau/Aβ and AV45 SUVR by diagnostic
comparison groups, and we used analysis of covariance
(ANCOVA) to compare CDR-SOB means by diagnostic
comparison groups. Analyses were adjusted for age and education. We used dummy coding to the diagnostic comparison groups of TP, TN, and FN for women and TP, TN, and
FP for men. We ran regressions comparing the diagnostic
comparison groups to the reference group of TNs. If the
overall diagnostic comparison group variable was signiﬁcant,
then regressions were also conducted with the TP group as
the reference group to compare the odds of the AD-related
markers for the FN (women only) and FP (men only) groups
vs both the TN and TP groups.
Data availability
ADNI data were obtained from adni.loni.usc.edu and are
available to investigators in the scientiﬁc community who
have been approved by the ADNI Data Sharing and Publications Committee and who agree to the terms of the ADNI
Data Use Agreement for purposes of replicating procedures
and results.

Results
The ADNI participants included 453 women and 532 men
(94% white, mean age 72.9 years [SD 7.0 years], mean education 16.3 years [SD 2.7 years]). Across diagnostic groups,
women had a signiﬁcantly lower mean age (mean 71.9, SD 6.8
vs mean 73.6, SD 7.0 years) and years of education (mean
15.7, SD 2.6 vs mean 16.7, SD 2.6 years) and a signiﬁcantly
higher mean Mini-Mental State Examination score (mean 28,
SD 1.6 vs mean 28.1, SD 1.7) and Geriatric Depression Scale
Neurology | Volume 93, Number 20 | November 12, 2019
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score (mean 1.5, SD 1.5 vs mean 1.3, SD 1.4) compared to
men (p < 0.05). As expected, women outperformed men on
the RAVLT Learning (mean 42.3, SD 11.5 vs mean 35.6, SD
11.1) and Delayed Recall (mean 6.2, SD 4.5 vs mean 4.5, SD
3.9) outcomes (p < 0.001). When typical cut scores were
used, the frequency of aMCI diagnosis was signiﬁcantly higher
in men than women (p < 0.001); however, this sex diﬀerence
was eliminated when sex-speciﬁc cut scores were used
(p = 0.62, table 1). Among men, 184 (35%) were categorized
as TP, 293 (55%) as TN, and 55 (10%) as FP (table 2). No
men were categorized as FN. Among women, 120 (26%) were
categorized as TP, 288 (64%) as TN, and 45 (10%) as FN. No
women were categorized as FP. Table 3 shows sample characteristics and AD-related markers (continuous levels of
biomarkers) for each diagnostic group stratiﬁed by sex.
AD-associated markers
Women

Among women, the likelihood of positivity for cortical amyloid and CSF p-tau/Aβ ratio and carrying an APOE e4 allele
diﬀered by diagnostic group (p ≤ 0.001). Speciﬁcally, the
likelihood of cortical amyloid positivity in FN women was 3.6
times greater compared to TN women (odds ratio [OR] 3.60,
95% conﬁdence interval [CI] 1.58–8.18, p = 0.002) but did
not diﬀer from TP women (OR 1.43, 95% CI 0.57–3.59, p =
0.45; ﬁgure 1). Similarly, the likelihood of positivity for the
CSF p-tau/Aβ ratio in FN women was >2 times higher than in
TN women (OR 2.46, 95% CI 1.13–5.33, p = 0.02) but did
not diﬀer from TP women (OR 0.65, 95% CI 0.26–1.59,
p = 0.34). The likelihood of having an APOE e4 allele in FN
women was almost 5-fold higher than in TN women (OR
4.91, 95% CI 2.46–9.80, p < 0.001) but did not diﬀer from TP
women (OR 1.36, 95% CI 0.64–2.87, p = 0.99). In an
ANCOVA, mean CDR-SOB score signiﬁcantly diﬀered by
diagnostic groups (F2,575 = 96.3, p < 0.001). Speciﬁcally, mean
CDR-SOB score for FN women was signiﬁcantly higher than
that for TN women (F1,329 = 14.3, p < 0.001) and signiﬁcantly
lower than that for TP women (F1,161 = 9.5, p = 0.002).
Men

Among men, the likelihood of positivity for cortical amyloid,
CSF p-tau/Aβ ratio, and carrying an APOE e4 allele also differed by diagnostic group (p < 0.001). Speciﬁcally, the likelihood of cortical amyloid positivity in FP men was less than in
TP men (OR 0.45, 95% CI 0.21–0.97, p = 0.04) but did not
diﬀer from TN men (OR 1.76, 95% CI 0.87–3.54, p = 0.11;
ﬁgure 2). Similarly, the likelihood of positivity for CSF p-tau/
Aβ ratio in FP men was signiﬁcantly less than in TP men (OR
0.47, 95% CI 0.23–0.98, p = 0.04) but did not diﬀer from TN
men (OR 1.23, 95% CI 0.64–2.28, p = 0.53). The likelihood of
having the APOE e4 allele in FP men was lower than in TP men
(OR 0.63, 95% CI 0.38–1.06, p = 0.08) and higher than in TN
men (OR 1.50, 95% CI 0.91–2.48, p = 0.11), but not signiﬁcantly. In an ANCOVA, mean CDR-SOB score signiﬁcantly
diﬀered by diagnostic groups (F2,527 = 57.0, p < 0.001). Speciﬁcally, mean CDR-SOB score for FP men was signiﬁcantly
e1884
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Table 1 Comparison of sex differences in the frequency
of aMCI diagnosis when using sex-specific aMCI
diagnostic criteria vs conventional aMCI
diagnostic criteria
Women with
aMCI, n (%)

Men with
aMCI, n (%)

χ2 Test,
p value

aMCI classified via
conventional diagnostic
criteria

120 (26)

239 (45)

38.5,
<0.001

aMCI classified via sexspecific diagnostic criteria

165 (36)

184 (35)

0.25,
0.66

Abbreviation: aMCI = amnestic mild cognitive impairment.

higher than for TN men (F1,344 = 13.8, p < 0.001) and signiﬁcantly lower than for TP men (F1,235 = 7.9, p = 0.005).

Discussion
Previous work in ADNI showed that sex diﬀerences in verbal
memory persisted in aMCI and that women with aMCI
retained an advantage in verbal memory over men4–6,23 despite showing similar levels of hippocampal volume, brain
glucose hypometabolism, and cortical Aβ deposition.4–6
These ﬁndings suggested a cognitive beneﬁt for women with
aMCI because women had better memory than men despite
the similar levels of underlying brain pathology. However,
a negative consequence of this verbal memory advantage
among women is that it might mask early signs of AD and
delay aMCI diagnosis. Indeed, it has been suggested that
women with aMCI decline faster compared to men with
aMCI.24 Because verbal memory tests have been used clinically to diagnosis aMCI and women perform better on these
tests, we tested the hypothesis that the use of typical (non–

Table 2 Comparison of clinical diagnosis, by sex, when
using the typical vs sex-specific aMCI diagnostic
criteria
Typical
diagnostic
criteria, n (%)

Sex-specific
diagnostic
criteria, n (%)

FN, n (%)

FP, n (%)

NC

293 (55)

348 (65)

—

—

aMCI

239 (45)

184 (35)

0 (0)

55 (10)

NC

333 (73)

288 (64)

—

—

aMCI

120 (26)

165 (36)

(10)

0 (0)

Men
(n = 532)

Women
(n = 453)

Abbreviations: aMCI = amnestic mild cognitive impairment; FN = false negative; FP = false positive; NC = normal control.
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Table 3 Sample characteristics of male and female diagnostic groups resulting from the comparison of sex-specific aMCI
diagnostic criteria vs typical aMCI diagnostic criteria
Female subjects (n = 453)
Parameters

Male subjects (n = 532)

TP (n = 120),
mean (SD)

FN (n = 45),
mean (SD)

TN (n = 288),
mean (SD)

72.1 (7.4)

72.1 (6.6)

72.9 (6.7)

p
Value

TP (n = 184),
mean (SD)

FP (n = 55),
mean (SD)

TN (n = 293),
mean (SD)

72.9 (7.2)c,d

75.7 (7.0)d

73.7 (6.8)c

p
Value

Demographic/clinical
characteristics
Age, y

b

0.38
b

Education, y

15.5 (2.9)

14.7 (2.5)

White, %

94.0

97.0

95.3

Global cognition
(MMSE) score

27.0 (1.8)a,c

28.1 (1.7)a,b

28.9 (1.3)b,c

GDS score

1.7 (1.5)

1.2 (1.4)

1.3 (1.5)

a,c

a,b

RAVLT Learning
score

28.3 (6.1)

RAVLT Delayed
Recall score

1.4 (1.7)a,c

3.9 (2.3)a,b

CDR-SOB score

1.6 (0.9)a,c

APOE «4 carrier, %

60.7c

35.8 (4.8)

15.8 (2.6)

48.4 (8.3)

0.73

99.4

96.2

96.5

27.3 (1.9)d

28.0 (1.8)d,e

28.6 (1.4)e

1.5 (1.5)c

1.4 (1.3)

1.1 (1.3)c

c,d

30.4 (4.2)

17.0 (2.6)

d,e

42.9 (9.2)

0.04

c,e

16.5 (2.5)

<0.001

15.9 (3.0)

e

0.01

0.06
b,c

c

0.004
0.12
<0.001

0.003
c,e

<0.001

25.9 (5.5)

<0.001

8.5 (3.8)b,c

<0.001

1.4 (1.5)c,d

2.3 (1.8)d,e

6.9 (3.7)c,e

<0.001

1.1 (1.0)a,b

0.5 (0.8)b,c

<0.001

1.6 (1.1)c,d

1.1 (0.9)d,e

0.6 (0.8)c,e

<0.001

60.7b

30.2b,c

<0.001

52.9c

42.8

33.9c

AD-related markers

CSF p-tau/Aβ42
Cortical Aβ42
burden (AV45
SUVR)

0.35 (0.25)

c

1.28 (0.23)

c

0.31 (0.27)

b

1.25 (0.21)

b

0.19 (0.16)

b,c

1.16 (0.19)

b,c

<0.001
<0.001

0.29 (0.18)

c

1.26 (0.23)

c

0.26 (0.18)
1.18 (0.20)

e

<0.001

0.19 (0.15)

c,e

<0.001

1.12 (0.18)

c

<0.001

Abbreviations: Aβ42 = amyloid-β peptide; AD = Alzheimer disease; aMCI = amnestic mild cognitive impairment; CDR-SOB = Clinical Dementia Rating Sum of Boxes;
FN = false negative (diagnosed cognitively normal by conventional cut scores but diagnosed as aMCI by sex-specific cut scores); FP = false positive (diagnosed aMCI
by conventional cut scores but diagnosed as cognitively normal by sex-specific cut scores; GDS = Geriatric Depression Scale; MMSE = Mini-Mental State
Examination; p-tau = hyperphosphorylated tau; RAVLT = Rey Auditory Verbal Learning Test; SUVR = standardized uptake value ratio; TN = true negative (diagnosed
as cognitively normal by both conventional and sex-specific cut scores); TP = true positive (diagnosed aMCI by both conventional and sex-specific cut scores).
Significance was defined as p < 0.05.
a
Significant difference between TP and FN.
b
Significant difference between FN and TN.
c
Significant difference between TP and TN.
d
Significant difference between TP and FP.
e
Significant difference between FP and TN.

sex-speciﬁc) verbal memory norms/cut scores to deﬁne
memory impairment in aMCI diagnostic criteria leads to
aMCI being underdiagnosed in women and overdiagnosed in
men. Furthermore, we sought to determine whether the use of
sex-speciﬁc norms/cut scores would provide better diagnostic
accuracy compared to the typical non–sex-speciﬁc norms/cut
scores based on comparisons of AD-related markers.
As hypothesized, we found that when the new, sex-speciﬁc
norms/cut scores were incorporated into aMCI diagnostic
criteria, a subset of 10% of women previously classiﬁed as NC
with typical diagnostic criteria were reclassiﬁed as having
aMCI (FNs). The new, sex-speciﬁc diagnostic criteria also
reclassiﬁed a subset of 10% of men previously classiﬁed as
having aMCI with typical diagnostic criteria to NC (FPs). Our
hypotheses were further supported because the addition of
sex-speciﬁc verbal memory norms/cut scores to aMCI diagnostic criteria provided arguably more accurate diagnoses
based on genetic and pathologic AD-related markers.
Neurology.org/N

Speciﬁcally, the FN women had positivity rates for ADspeciﬁc pathologic markers and an APOE e4 allelic frequency
that were higher than true NC cases and nearly as high as true
aMCI cases. Similarly, the FP men had positivity rates for ADspeciﬁc pathologic markers that were lower than TP men and
comparably low to TN men. The APOE e4 allelic frequency in
FP men was intermediate between TN and TP men without
signiﬁcantly diﬀering from either group. When considering
the sex-speciﬁc diagnostic groupings as the true condition and
the typical diagnostic groupings as the predicted condition,
these results suggest that typical, non–sex-speciﬁc aMCI diagnostic criteria lead to a 20% diagnostic error rate in opposite
directions across sexes. A particularly noteworthy ﬁnding was
the almost 5-fold higher likelihood of having an APOE e4
allele in FN vs TN women. This suggests that the cognitive
reserve oﬀered by the female advantage in verbal memory may
be most salient for APOE e4 carriers and that female APOE e4
carriers are most at risk of a missed aMCI diagnosis. This
raises the possibility that the vulnerability to developing aMCI
Neurology | Volume 93, Number 20 | November 12, 2019
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Figure 1 Differences in Alzheimer disease-related biomarkers among TP, TN, and FN women

Percent of women who are positive for (A) cortical β-amyloid peptide (Aβ42)
burden and (B) CSF hyperphosphorylated tau (p-tau)/Aβ42 and by diagnostic
comparison category. The p values are from the logistic regression models
that examined the effect of diagnostic comparison group on odds of biomarker positivity while covarying for age and education. FN = false negative;
TN = true negative; TP = true positive.

in female APOE e4 carriers may have been underestimated in
studies reporting no sex diﬀerence in the eﬀect of the APOE
e4 allele on AD risk.25–27
Notably, means and positivity rates of AD-associated markers
in the FN women and FP men were intermediate between the
TP and TN groups. This was expected considering that the
FN and FP groups are closer to the borderline of AD trajectory vs normal cognitive aging when cognitive deﬁcits are
examined on a continuum. However, in support of our hypotheses, rates of FPs were typically closer to the TN vs TP
group, and rates of FNs were closer to the TP vs TN group.
The one exception was the exploratory analysis of mean
CDR-SOB scores in both FN women and FP men, which was
midway between the TN and TP groups.
Consistent with others who have reported a higher incidence
rate of aMCI in men vs women,28,29 we found a higher frequency of aMCI in men when applying the typical diagnostic
criteria but not the sex-speciﬁc diagnostic criteria. This ﬁnding
suggests that the higher rates of aMCI in men vs women may
be an artifact of the lack of adjustment for the female
e1886
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Figure 2 Differences in Alzheimer disease-related biomarkers among TP, TN, and FP men

Percent of men who are positive for (A) cortical amyloid-β peptide (Aβ42)
burden and (B) CSF hyperphosphorylated tau (p-tau)/Aβ42 and by diagnostic
comparison category. The p values are from the logistic regression models
that examined the effect of diagnostic comparison group on odds of biomarker positivity while covarying for age and education. FN = false negative;
TN = true negative; TP = true positive.

advantage in memory. With diagnostic criteria that use the
typical, non–sex-speciﬁc cut scores, impairment in verbal
memory may appear to be delayed in women, resulting in
greater burden of disease during the aMCI stage and consequently a shorter duration in aMCI and a quicker transition to
AD dementia. In addition, with typical diagnostic criteria, men
falsely diagnosed with aMCI would remain in the aMCI group
for longer. Combined, these eﬀects may lead to an overrepresentation of men vs women in aMCI groups28,29 despite
a higher overall frequency of AD in women. Consistent with
this view, our and others’ previous work in ADNI suggests
that, after the onset of clinically evident verbal memory impairment, women decline more rapidly.4–6,24 In addition, the
Einstein Aging Study found that women were less likely to
transition from NC to MCI but more prone to transition from
normal to dementia than men.30
Organizational and activational eﬀects of hormones on brain
structure and function contribute to the female advantage in
verbal memory, which appears early in life and is sustained
until late life.31 The female advantage in verbal memory in
Neurology.org/N
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aMCI may stem from some combination of brain and cognitive
reserve mechanisms. Brain reserve suggests that certain quantitative brain factors such as brain size or number of synapses
confer a capacity to sustain brain damage and still perform
normally. In addition, there is a critical threshold associated
with brain reserve capacity such that clinical deﬁcits begin to
emerge once brain reserve is depleted past this threshold. Although men have larger whole-brain volumes,32–34 women
have a higher ratio of gray to white matter35 and a larger hippocampal volume relative to brain size.36,37 Therefore, greater
depletion of brain resources may be necessary in women vs
men for the emergence of hippocampal-mediated cognitive
deﬁcits. Cognitive reserve suggests that the brain actively
compensates for brain damage by using neural networks more
eﬃciently or activating alternative cognitive strategies or networks. Applied here, women may be more adept at invoking
alternate brain networks or cognitive strategies during verbal
memory tasks. Neuroimaging and brain lesion studies demonstrate sex diﬀerences in the neural correlates of language
processing, whereby processing is more bilateral in women and
left-lateralized in men.38,39 Furthermore, women engage more
than men in an advantageous encoding strategy of clustering
stimuli in a verbal memory task by semantic and phonologic
characteristics.40,41
These initial ﬁnding of a 20% diﬀerence in the diagnosis of
aMCI vs NC with the use of sex-speciﬁc vs non–sex-speciﬁc
diagnostic criteria warrants further investigation because of its
clinical and research implications. If women with a considerable AD-related pathologic burden are inaccurately identiﬁed
as cognitively normal, then pharmaceutical and cognitive
interventions, as well as care, ﬁnancial, and legal planning, are
delayed. Similarly, false diagnosis of aMCI in men without
substantial AD-related pathology can lead to undue stress and
decreased quality of life, as well as unneeded medications. For
research, diagnostic errors lower the reliability and replicability of AD ﬁndings from cohort studies and clinical trials. For
example, the use of sex-speciﬁc diagnostic criteria as entry
criteria in clinical trials could better ensure that men and
women are at similar stages of disease, an assumption that may
be violated with the use of typical diagnostic criteria. With
typical diagnostic criteria, women might respond less to the
therapeutic intervention than men because they are at a more
advanced stage of disease. Conversely, men might not respond because a proportion have been falsely diagnosed with
aMCI. These combined factors would result in a reduced
estimate of the eﬃcacy of the treatment for both men and
women.
Our study has limitations. First, this study used cross-sectional
comparisons of AD-associated markers. A longitudinal comparison of progression and reversion rates from aMCI among
diagnostic comparison categories will more deﬁnitively determine the diagnostic accuracy of the sex-speciﬁc aMCI diagnostic criteria. This analysis is currently underway with
ADNI data. Second, we evaluated the incorporation of sexspeciﬁc, verbal memory norms/cut scores speciﬁcally in the
Neurology.org/N

Jak/Bondi diagnostic method for aMCI. Because other aMCI
diagnostic methods, including the Petersen/Winblad
method,42,43 involve a criterion of memory impairment as
typically determined by non–sex-speciﬁc verbal memory cut
scores, it is likely that our ﬁndings generalize to other methods. However, future eﬀorts are needed to conﬁrm and to
characterize the degree of diagnostic changes resulting from
the use of sex-speciﬁc verbal memory norms/cut scores in
other diagnostic methods. It is possible that the diﬀerences are
stronger with the Jak/Bondi diagnostic approach vs others
because it relies solely on neuropsychological performance;
however, this neuropsychologically based approach has produced stronger associations with AD biomarkers and better
prediction of progression to dementia compared to conventional MCI diagnostic criteria that rely on rating scales, global
cognitive screens, subjective cognitive complaints, and impairment on a single cognitive test.13,20 Lastly, ADNI is
a convenience sample of mostly white and well-educated
volunteers compared with the general US population, which
limits generalizability of results. Study strengths include
a large sample that is well characterized for AD-related neurocognitive deﬁcits and biomarkers, the use of an empirically
based statistical approach to deﬁning aMCI, the use of an
outside normative reference group, and associating the sexspeciﬁc diagnostic method to both CSF and neuroimaging
AD-speciﬁc pathologic markers.
Our results suggest that the application of sex-speciﬁc cut
scores for deﬁning verbal memory impairment improves diagnostic accuracy in both sexes and may result in earlier detection of memory impairment in women and avoid false
diagnoses in men. Replication of these results and additional
longitudinal analyses are warranted in other aging cohort
studies. If replicated, this work could have important implications for both clinical and research practices.
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