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Abstract

There is a growing recognition of sex differences in Alzheimer’s disease (AD). Females show an 

advantage over males on tests of verbal memory, which are used to diagnose AD and its precursor, 

amnestic mild cognitive impairment (aMCI). Women retain this advantage in aMCI despite 

reduced hippocampal volume and temporal lobe glucose metabolism. Here we examined whether 

this female advantage endures despite evidence of AD-specific pathology, cortical amyloid-β (Aβ) 

deposition measured with [18F]AV45 (florbetapir) positron emission tomography. Participants with 

normal cognition (N=304), aMCI (N=515), and AD dementia (N=175) were drawn from the 

Alzheimer’s Disease Neuroimaging Initiative (ADNI). Across and within diagnostic groups, we 

conducted linear regressions to examine the interaction of sex with cortical Aβ burden on 

immediate and delayed recall on the Rey Auditory Verbal Learning Test (RAVLT) adjusting for 

age, education, and APOE4. In the overall group, sex by cortical Aβ interaction was significant for 

delayed recall only. Overall, delayed recall performance was significantly better in women versus 

men among those with low to moderate Aβ burden, but women and men performed similarly 

among those with high Aβ burden. In diagnosis-stratified analyses, a significant sex by cortical Aβ 
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interaction was observed for delayed recall in the aMCI group, but not in the normal or AD 

dementia groups. Thus, women maintain a verbal memory advantage over men in aMCI despite 

similar levels of AD pathology. Although this advantage may benefit women by delaying verbal 

memory impairment until more advanced pathology, it may also delay diagnosis of aMCI and 

treatment intervention.
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INTRODUCTION

The “cognitive reserve” theory is used to explain how individuals can vary in clinical 

measures of cognitive aging yet have a similar degree of Alzheimer’s disease (AD) brain 

pathology [1,2]. It proposes that high educational attainment, high IQ, and other cognitively 

advantageous characteristics confer a “reserve” capacity to engage compensatory brain 

networks or cognitive strategies so that cognitive function can be maintained despite brain 

pathology [1–3]. The theory predicts that, for a given level of clinical severity, persons with 

high reserve would have more brain pathology than persons with low cognitive reserve [1–

3]. However, once brain pathology depletes brain resources past a threshold level, cognitive 

decline begins and is more accelerated in persons with high reserve because the pathology is 

more advanced at that point. In support of the cognitive reserve hypothesis, persons with 

high education show these predicted profiles at AD onset [4–6].

Throughout life, females perform better than males on verbal memory tests [7–8]. The 

cognitive reserve theory may explain the female advantage in verbal memory that persists in 

the precursor stage to AD dementia, amnestic mild cognitive impairment (aMCI) [9–11]. We 

previously showed that, in aMCI, women continued to outperform men in verbal memory 

despite moderate levels of hippocampal volume loss and temporal lobe hypometabolism, 

suggesting that women sustain their advantage despite advancing disease burden [9,10]. 

Others reported that the female advantage in verbal memory is eliminated or attenuated 

among patients with AD dementia [9–12]. Consistent with the cognitive reserve theory, the 

elimination of the female advantage in AD dementia suggests that women may experience 

more accelerated decline than men when transitioning from aMCI to AD dementia.

The female advantage in verbal memory is clinically relevant because verbal memory tests 

are used to diagnose aMCI and AD dementia, and the norms for these tests are not 

consistently sex-stratified or adjusted. Critically, the female advantage might mask 

underlying brain pathology particularly in earlier disease stages and, thereby, delay aMCI 

diagnosis.

Herein, we extended our previous findings of sex differences in how verbal memory 

performance relates to hippocampal volume and temporal metabolism to a hallmark 

pathologic characteristic specific to AD, amyloid-β (Aβ) plaque deposition. Aβ plaque 

deposition is an initial step in the AD pathologic cascade [13,14], and it is essential for AD 

diagnosis confirmation in autopsy [15]. [18F]AV45 (florbetapir) positron emission 
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tomography (18F-AV45-PET) is a valid, in-vivo measure of brain Aβ deposition [16]. We 

examined whether the association between verbal memory performance and a summary 

measure of cortical [18F]AV45 Aβ burden differs by sex within and across diagnostic 

groups (Normal, aMCI, AD dementia). We hypothesized that the magnitude of the female 

advantage in verbal memory would vary by cortical Aβ burden. Specifically, women would 

perform significantly better on verbal memory tests at low and moderate levels of Aβ burden 

but not at high levels which indicate more advanced disease.

MATERIALS AND METHODS

Participants and Data Source

Cross-sectional data were obtained from the Alzheimer’s Disease Neuroimaging Initiative 

(ADNI) database (adni.loni.usc.edu) in July, 2014. Information about ADNI is provided at 

www.adni-info.org. ADNI is a longitudinal, multi-site, cohort study that began in 2003 as a 

public-private partnership, led by Principal Investigator Michael W. Weiner, MD. The broad 

aim of ADNI is to test whether neuroimaging markers, other biological markers, and clinical 

and neuropsychological assessment can be combined to measure the progression of mild 

cognitive impairment (MCI) and early Alzheimer’s disease (AD). ADNI recruitment 

targeted healthy older adults, individuals with early or late MCI and early AD patients [17]. 

See www.loni.ucla.edu/ADNI for recruitment procedures and www.adni-info.org/Scientists/

ADNIGrant/ProtocolSummary.aspx for eligibility criteria. Our initial study sample consisted 

of the 1,006 participants who had concurrent diagnostic, [18F]AV45 PET, and verbal 

memory assessments from one visit cycle. We excluded seven participants that did not have 

apolipoprotein ε [ApoE] genotype, three participants who showed evidence of brain 

infection, infarction, or other focal lesions at their baseline MRI, and two participants with a 

MCI diagnosis that did not fulfill standard criteria for aMCI [18]. Thus, our final sample 

consisted of 994 participants (252 from ADNIGO and 742 from ADNI2). ADNI was 

approved by the institutional review board at each site and written consent was obtained 

from all participants.

Verbal Memory Outcomes

The Rey Auditory Verbal Learning Test (RAVLT) served as our verbal memory measure 

[19]. In each of five learning trials, the same list of 15 unrelated words is read aloud to the 

participant and the participant is asked to recall aloud as many words as possible. The 

number of correctly recalled words across the five learning trials comprises the “immediate 

recall score” (range: 0–75). After the learning trials, an interference list of 15 words that are 

unrelated to one another and the first list is read aloud to the participant, and the participant 

is asked to recall aloud as many of these words as possible. Then, the participant is asked to 

recall aloud as many words as possible from the first word list. After a 30-minute delay in 

which the participant completes only non-verbal tasks, the participant is again asked to recall 

as many words as possible from the first list as possible. The number of words correctly 

recalled after the delay comprises the “delayed recall score” (range: 0–15). The immediate 

and delayed recall scores served as our outcome measures because these outcomes 

demonstrated the strongest ability in differentiating between normal controls and AD among 

other RAVLT outcomes (e.g. hits and false positive errors on recognition) [20].
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Diagnostic Criteria

ADNI criteria for an AD dementia diagnosis included a Mini Mental State Examination 

(MMSE) score between 20 and 26, a Clinical Dementia Rating (CDR) score of 0.5 or 1, and 

a diagnosis of probable AD dementia based on the NINCDS/ADRDA [21] criteria. Criteria 

for an aMCI diagnosis included a MMSE score between 24 and 30, a CDR of 0.5, a 

subjective memory complaint, and objective memory impairment as indicated by education-

adjusted, but not age-adjusted, scores on the Wechsler Memory Scale Logical Memory II, 

but no significant impairment in non-memory cognitive domains or interference in everyday 

activities. An early aMCI diagnosis reflects modest impairment on delayed recall of Logical 

Memory II (score=9–11 for 16 or more years of education; score=5–9 for 8–15 years of 

education; score=3–6 for 0–7 years of education), whereas, a late aMCI diagnosis reflects 

more advanced impairment within the aMCI criteria (score≤8 for 16 or more years of 

education; score≤4 for 8–15 years of education; score≤2 for 0–7 years of education) [22]. 

Although late aMCI patients showed significantly worse performance than early aMCI 

patients on Logical Memory and RAVLT outcomes (p’s<0.05), early aMCI and late aMCI 

cases were combined into an aMCI group because statistical power was limited if the aMCI 

group was stratified by both early vs. late and sex. A “Normal” diagnosis required a MMSE 

score between 24 and 30, a CDR of 0, no subjective memory complaints, verified by a study 

partner, beyond what one would expect for age, and memory scores on the Logical Memory 

II Delayed Recall above the cutoffs for memory impairment.

AV45-PET

[18F]AV45 PET image acquisition is described in detail at http://www.adni-info.org. 

Participants were intravenously injected with an approximately 370 MBq bolus of the tracer, 

[18F]AV45. Following a 50-minute uptake period, a cranial PET scan was conducted and 

images were reconstructed using iterative algorithms immediately after the scan. Levels of 

tracer uptake from regions of interest (ROI) were measured and standardized by creating a 

standardized uptake value ratio (SUVR) of tracer uptake in the ROI to the whole cerebellum 

since the cerebellum stays relatively free of Aβ plaques in AD. T1-weighted, structural 

images from 1.5-T or 3-T MRI scanners were segmented and parcellated with Freesurfer 

(version 4.5.0) and used to define cortical ROIs and the cerebellar reference region. ROIs 

included lateral and medial frontal, anterior and posterior cingulate, lateral parietal, and 

lateral temporal regions. Mean [18F]AV45 SUVR were extracted from gray matter within 

ROIs. Scans were repeated if motion artifact was detected. Preprocessing of the scans was 

conducted by ADNI investigators at University of California, Berkeley as previously 

described [23]. Our primary analysis used a summary measure of Aβ deposition averaged 

across the four ROIs and divided by the whole cerebellum..

Statistical Analysis

In the overall sample and within diagnostic group, differences in sample characteristics and 

variables of interest (RAVLT scores and [18F]AV45 SUVR) between sexes were tested using 

independent t-tests for continuous variables and Chi-square tests for categorical variables. In 

the overall sample, multivariable linear regressions were conducted to test the independent 

and interactive associations of sex and temporal [18F]AV45 SUVR for the RAVLT 
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immediate and delayed recall. Analyses were adjusted for age, education, apolipoprotein ɛ 
(ApoE) genotype, and diagnostic group (overall sample only). ApoE genotype was 

dichotomized as ApoE4 carriers versus non-carriers. In model one, we examined the 

independent effects of sex and cortical [18F]AV45 SUVR on RAVLT immediate and delayed 

recall. In model two, a sex × cortical [18F]AV45 SUVR interaction term was added to the 

model, but removed if not significant (p>0.05). Statistical procedures were repeated but were 

stratified by diagnostic group rather than covarying for diagnostic group. In light of our 

previous finding of a stronger association between RAVLT performance and hippocampal 

volume ratio (hippocampal volume/ intracranial volume) and temporal lobe glucose 

metabolic rate (TLGluMR) in women versus men, we repeated analyses adjusting for 

hippocampal volume ratio and TLGluMR to determine whether these imaging outcomes 

accounted for any cortical Aβ × sex interactions on RAVLT performance..

In exploratory analyses, we sought to determine the specificity of our findings to the 

sexually-dimorphic cognitive domain of verbal memory and not to sex neutral cognitive 

domains such as frontally-mediated, executive function. For this analysis, our executive 

function outcome was time to complete the Trail Making Test (TMT), Part B [24]. Our 

predictor variables were the independent and interactive associations of sex and cortical 

[18F]AV45 SUVR. All statistics were performed using SAS version 9.4 (SAS Institute Inc., 

Cary, N.C). Significance was defined as p<0.05 (two-sided).

RESULTS

Sample Characteristics

Our overall sample of 994 participants was comprised of 304 Normals, 515 aMCI (57% 

early aMCI), and 175 AD dementia patients. Sample characteristics are displayed by sex in 

the overall sample in Table 1 and by diagnostic group in Table 2. In the overall sample, 

women were younger, less educated, and had a lower mean severity rating on the CDR-SOB 

compared to men (p’s<0.05). As expected, women performed significantly better on the 

verbal memory measure, the Rey Auditory Verbal Learning Test (RAVLT) immediate and 

delayed recall compared to men (p≤0.001). Overall, cortical and [18F]AV45 standard uptake 

value ratios (SUVR) were similar between women and men. In diagnosis-stratified analyses, 

women were younger and less educated than men in each group (p’s<0.05). The female 

advantage on the RAVLT was evident in Normal and aMCI groups (p’s≤0.001) but not in the 

AD dementia group (p’s>0.05). Cortical [18F]AV45 SUVRs were higher in women versus 

men in the Normal and AD dementia groups (p’s<0.05), but not in the aMCI group (p>0.05). 

We categorized participants into Aβ positive and negative groups based on a previously-

employed SUVR threshold of 1.11 which reflects an Aβ burden associated with a preclinical 

AD diagnosis [25,26]. The prevalence of Aβ positivity was significantly higher in Normal 

women versus Normal men (X2=4.6, p=0.03).

Linear Regression Results – Overall Sample

Regression results are displayed in Table 2. Our hypothesis that the magnitude of the female 

advantage in verbal memory would depend on cortical Aβ burden was supported by a 

significant sex by cortical [18F]AV45 SUVR interaction for delayed recall (B=3.22, β=
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−0.12, SE=0.99, p=0.001) with a moderate and clinically-meaningful effect size [27]. On the 

other hand, the interaction was a non-significant trend for immediate recall (B=5.01, β=

−0.12, SE=2.68, p=0.06 (see Figure 1A and 2A). Greater cortical [18F]AV45 SUVR was 

significantly associated with poorer RAVLT scores in both men and women; however, this 

association was stronger in women for delayed recall (B=−4.94, β=−0.25, SE=0.80, 

p<0.001for women versus B=−1.72, β=−0.09, SE=0.74, p=0.02 for men) and a similar 

pattern was seen on immediate recall (B=−11.47, β=−0.20, SE=2.16, p<0.0001 for women 

versus B=−6.46, β=−0.11, SE=1.99, p=0.001for men). This is reflected in the steeper slopes 

for delayed and immediate recall scores across cortical [18F]AV45 SUVR in women 

compared to men in Figures 1B and 1A. The female advantage on RAVLT outcomes was 

most evident in the low to moderate range of cortical [18F]AV45 SUVR (left side of the X 

axis), but, the female advantage disappeared among persons with higher cortical [18F]AV45 

SUVR (right side of the X axis), with men and women performing similarly. When we 

added the hippocampal volume ratio (hippocampal volume/ intracranial volume) and 

temporal lobe glucose metabolic rate (TLGluMR) as covariates in analyses, the cortical 

[18F]AV45 SUVR × sex interaction remained significant for delayed recall (B=−3.38, 

SE=1.21, p=0.005).

Linear Regression Analyses – Stratified by Diagnostic Group

In diagnosis-stratified analyses, the sex by cortical [18F]AV45 SUVR interaction was 

significant in the aMCI group for delayed recall (B=3.76, β=−0.14, SE=2.68, p=0.01) with a 

moderate and clinically-meaningful effect size [27], but it was not significant for immediate 

recall (B=5.87, β=−0.08, SE=3.96,p=0.14) (Figures 1C and 2C). The interaction was not 

significant for either RAVLT outcome in the AD dementia (Figures 1D and 2D) or Normal 

groups (Figures 1B and 2B). The significant sex by cortical [18F]AV45 SUVR interaction for 

delayed recall in the aMCI group had a similar pattern as the overall sample, whereby the 

association between RAVLT performance and cortical [18F]AV45 SUVR was stronger in 

women with aMCI (B=3.48, β=0.21, SE=0.57, p<0.001) compared to men with aMCI 

(B=1.92, β=0.12, SE=0.75, p=0.01). Figure 2C shows that the female advantage on delayed 

recall in aMCI is most evident in the low to moderate range of cortical [18F]AV45 SUVR 

(left side of the X axis), but, among persons with high cortical [18F]AV45 SUVR, the 

advantage disappears (right side of the X axis). Conversely, among Normals, women 

outperformed men on immediate (p<0.0001) and delayed recall (p<0.0003) regardless of 

cortical [18F]AV45 SUVR, and cortical [18F]AV45 SUVR was not associated with 

immediate (p=0.47) or delayed recall (p=0.46) (Figures 1B and 2B). Among AD dementia 

patients, women only outperformed men on immediate (p=0.02; Figure 1D) but not delayed 

recall (p=0.54; Figure 2D), and cortical [18F]AV45 SUVR was not associated with 

immediate (p=0.15) or delayed recall (p=0.08). As expected, in exploratory analysis 

examining the specificity of these sex differences, Trails B performance was significantly 

associated with cortical [18F]AV45 SUVR (B=0.33, SE=0.07, p<0.001) but not with sex (B=

−0.002, SE=0.03, p=0.94) in the overall sample. The interactive association of sex × 

[18F]AV45 SUVR on Trails B performance was not significant in the overall group (B=0.02, 

SE=0.12, p=0.84). Results were the same in the diagnosis-specific groups.
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DISCUSSION

We investigated whether the female advantage in verbal memory might represent a form of 

cognitive reserve by examining sex differences in the relationship between a clinical marker 

of AD (verbal memory performance) and an index of AD pathology (cortical Aβ burden). 

Consistent with the broader literature and prior findings from this sample, we found that 

women significantly outperformed men on immediate and delayed measures of verbal 

memory in the overall sample and in the Normal and aMCI groups [7–11]. As demonstrated 

previously [28,29], we confirmed that across the two sexes combined, greater cortical Aβ 
burden was related to poorer verbal memory performance in the overall sample and in the 

aMCI group. Our novel finding was a sex difference in the relationship between cortical Aβ 
burden and verbal memory performance in the overall sample. Specifically, females showed 

an advantage in memory performance when cortical Aβ burden was low to moderate, but not 

when Aβ burden was greater. This sex difference suggested an accelerated decline in verbal 

memory among women once the level of AD pathology reaches a critical threshold. 

Previously, we found a sex difference in how verbal memory performance relate to imaging 

markers of structural and functional decline (hippocampal volume and TLGluMR) [9,10]. 

The current results extend those findings more directly to neuropathology of AD dementia 

with an imaging marker that is more specific to AD pathology, Aβ plaque deposition.

In diagnosis-stratified analyses, as well as in previous studies [30,31], cortical Aβ burden 

was not related to RAVLT performance among Normals. This finding is expected given that 

Aβ accumulation in the brain can occur a decade or more before clinical deficits manifest 

[32,33]. The lack of relationship between Aβ burden and RAVLT performance in Normals 

may also reflect the more limited variability in Aβ deposition among Normals (SD=0.16) 

compared to the aMCI (SD=0.21) or AD (SD=0.30) groups. There was a significant effect of 

sex on Aβ burden among Normals in ADNI; women had a significantly higher cortical Aβ 
burden compared to men and, yet, showed significantly better verbal memory performance. 

Furthermore, we found that the prevalence of Aβ positivity was significantly higher in 

Normal women versus Normal men. Similarly, Jack et al. [34] reported a trend toward 

significantly greater cortical Aβ burden in Normal women versus Normal men after age 70 

despite better verbal memory performance in women.

We found that in comparison with men, women in the Normal group had higher levels of Aβ 
burden and that a higher proportion met criteria for Aβ positivity. These findings support the 

cognitive reserve theory by showing that women are better able than men to maintain normal 

verbal memory performance despite accumulating Aβ pathology. In our prior reports, we 

found that hippocampal volume and metabolic imaging markers (FDG-PET) did not show a 

sex difference in Normals. This apparent discrepancy is explained by the well-established 

temporal evolution of AD biomarkers; Aβ deposition is thought to be the initial event 

followed by metabolic dysfunction and neurodegeneration and, ultimately, cognitive 

impairment [32,33].

Similar to our previous studies with imaging markers of hippocampal volume ratio or 

TLGluMR, results in the overall sample for the RAVLT delayed recall were driven by the 

aMCI group. As in the overall sample, women with aMCI outperformed men with aMCI on 
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delayed recall when cortical Aβ burden was in the low to moderate range, but not at high 

levels of cortical Aβ burden. This suggests that women with aMCI sustain their verbal 

memory advantage over men despite having similarly moderate levels of cortical Aβ burden. 

Unlike our previous studies with hippocampal volume ratio and TLGluMR, the sex by 

cortical Aβ burden interaction was not significant for immediate recall in the overall sample 

or within the aMCI group. Within the broader framework of the temporal evolution of AD 

biomarkers, this inconsistency may reflect the looser coupling of cognitive impairment with 

Aβ deposition compared to neurodegenerative and metabolic markers. That is, Aβ 
deposition may be an early event which precedes cognitive decline by years. Biomarkers of 

neurodegeneration (volumetrics) and metabolism (FDG-PET) may reflect later processes 

more tightly linked with cognitive performance. The female advantage in verbal memory has 

been shown to be stronger for delayed versus immediate recall, and this could be why, with 

the looser coupling of amyloid to cognitive performance, a sex effect manifested with 

delayed recall only [8,35].

In AD dementia, men and women performed similarly on RAVLT delayed recall which 

supports our hypothesis that the female advantage in verbal memory would disappear among 

individuals with high Aβ burden; however, a floor effect with delayed recall scores limits 

interpretation. Inconsistent with hypotheses, women with AD dementia continued to 

significantly outperform men with AD dementia on immediate recall after adjusting for 

covariates; however, the female advantage was smaller (mean difference=1.8) compared to 

Normal (mean difference=5.1) and aMCI (mean difference=6.4) groups. Our results suggest 

a weakening of the female advantage in AD rather than an elimination or even a reversal as 

reported by others [11,12]. Cortical Aβ deposition was not associated with either RAVLT 

outcomes in AD dementia likely because Aβ aggregation plateaus prior to AD dementia 

diagnosis [36].

We suggest that the life-long, female advantage in verbal memory may represent a sex-

specific form of cognitive reserve that enables women to maintain verbal memory 

performance for longer in the AD trajectory compared to men despite accumulating 

pathology. Importantly, when we applied a previously used cut-score for memory 

impairment on the RAVLT (<37 on immediate recall [37] and <8 on delayed recall [38]) to 

the current data, we found that women at this cut-score had a greater degree of cortical Aβ 
deposition compared to men for both immediate (~1.4 versus 1.1; see Figure 1A) and 

delayed recall (~1.0 versus 0.7; see Figure 2A). Therefore, in line with the cognitive reserve 

theory, verbal memory impairment clinically manifested in women at a more severe stage of 

AD pathology compared to men.

These findings might shed light on other reported sex differences in AD. Paradoxically, 

studies have reported higher incidence of AD dementia in women [39,40] whereas others 

have reported higher incidence of aMCI in men [41,42], although not consistently [43,44]. A 

higher risk of AD in women could reflect their overall higher Aβ burden in the Normal 

stage. However, if the female advantage in verbal memory allows women to delay verbal 

memory impairment until a later disease state, at which point they decline more rapidly as 

our study suggests, then the window of time for an aMCI diagnosis will be shorter in women 

versus men. In support of a more rapid decline in women after the onset of clinical 
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impairment, an ADNI study reported that the rate of cognitive decline in women with MCI 

was two times faster compared to men with MCI [45]. Thus, among individuals that 

transition from Normal to AD dementia, women may transition more abruptly. 

Consequently, the aMCI stage would be less likely to be observed in women versus men in 

longitudinal studies with assessments occurring every 12 months or more. In accordance 

with this view, the Einstein Aging Study found that women were less likely to transition 

from normal to MCI but more prone to transition from normal to dementia than men [46].

Our study has limitations. Because our analysis was cross-sectional, we cannot determine 

the temporal relationship between verbal memory and cortical Aβ deposition. However, it is 

well-established that Aβ deposition can occur up to a decade before clinical memory 

impairment [32,33]. Our cross-sectional design precluded us from comparing rates of 

decline between men and women, which would provide a stronger test of the cognitive 

reserve theory. Longitudinal analyses are underway in ADNI in order to examine sex 

differences in rates of decline in verbal memory. Because men were significantly older than 

women in the overall sample and within all diagnostics groups, we adjusted for age in all 

analyses; however, this may not fully account for age effects. Lastly, ADNI is based on a 

convenience sample of volunteers, who are predominantly white and well-educated 

compared with the general US population, which limits generalizability of results.

To conclude, our results showed that the magnitude of the female advantage in verbal 

memory varies across levels of cortical Aβ burden. Specifically, women sustained the 

advantage despite cortical Aβ burden at minimal (i.e. mean difference of ~10 words in 

RAVLT immediate and ~3 words in RAVLT delayed) or moderate (i.e. mean difference of 

~8 words in RAVLT Immediate and ~2 words in RAVLT delayed) levels; however, the 

female advantage was diminished when cortical Aβ burden was high. Our results have been 

consistent across three AD biomarkers which represent distinct pathologic hallmarks of the 

disease including: 1) hippocampal volume, a measure of neural loss; 2) TLGluMR, a 

measure of metabolic or neural dysfunction; and now 3) Aβ burden, a measure of AD-

specific pathology. This set of findings provides compelling evidence that the female 

advantage in verbal memory may serve as a domain-specific form of cognitive reserve. 

Females may be able to sustain their advantage in verbal memory despite moderate levels of 

hippocampal atrophy, metabolic deficits and Aβ deposition. If replicated, our findings 

indicate the need to assess whether the female advantage paradoxically puts them at a 

disadvantage because a diagnosis of aMCI is made at a later disease stage compared to men. 

If so, then applying sex-based norms for all verbal memory tests may aid in identifying 

women at an earlier disease stage when currently available treatments are the most 

beneficial.
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Figure 1. RAVLT immediate recall scores as a function of cortical [18F]AV45 SUVR and sex in 
the (A) overall group, (B) Normals, (C) aMCI and (D) AD dementia.
Note. Sex × cortical [18F]AV45 SUVR interaction just missed significance in the overall 

sample (A, p=0.06), and was not significant in diagnosis-specific groups of Normals (B), 

aMCI (C) and AD (D) (p’s>0.05). SUVR = standardized uptake value ratio, RAVLT = Rey 

Auditory Verbal Learning Test. β = sex-specific standardized regression coefficient of the 

relationship between RAVLT scores and cortical [18F]AV45 SUVR controlling for age, 

education and ApoE4 and diagnosis (overall sample only). aMCI = amnestic mild cognitive 

impairment. AD = Alzheimer’s disease.

Sundermann et al. Page 13

J Alzheimers Dis. Author manuscript; available in PMC 2020 November 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. RAVLT delayed recall scores as a function of cortical [18F]AV45 SUVR and sex in the 
(A) overall group, (B) Normals, (C) aMCI and (D) AD dementia.
Note. Sex × cortical [18F]AV45 SUVR interaction was significant in the overall sample (A, 

p=0.0007) and in aMCI (C, p=0.009), but not in Normals (B) or AD (D) (p’s>0.05). SUVR= 

standardized uptake value ratio. RAVLT = Rey Auditory Verbal Learning Test. β = sex-

specific standardized regression coefficient of the relationship between RAVLT scores and 

cortical [18F]AV45 controlling for age, education, ApoE4 and diagnosis (overall sample 

only). aMCI = amnestic mild cognitive impairment. AD = Alzheimer’s disease.
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Table 1.

Overall sample characteristics by sex

Parameters Females
N=455

Mean (SD)

Males
N=539

Mean (SD)

p-value

Age 71.8 (7.2) 73.7 (7.1) <0.001

Education (years) 15.6 (2.6) 16.7 (2.6) <0.001

Race (% Caucasian) 90.9 94.1 0.06

APOE4 carrier (%) 43.5 44.1 0.84

Global cognition (MMSE) 27.5 (2.9) 27.3 (2.8) 0.12

CDR-SOB 1.5 (1.9) 1.7 (1.9) 0.05

RAVLT immediate recall 40.4 (13.2) 34.0 (12.3) <0.001

RAVLT delayed recall 5.7 (4.7) 4.2 (4.0) <0.001

Cortical [18F]AV45 SUVR 1.21 (0.22) 1.19 (0.23) 0.37

Note. MMSE = Mini Mental State Exam. RAVLT = Rey Auditory Verbal Learning Test. CDR-SOB = Clinical Dementia Rating – Sum of Boxes. 
SUVR = Standardized uptake value ratio.
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Table 2.

Sample characteristics by sex and diagnostic group

Normals
N=304

aMCI
N=515

AD dementia
N=175

Parameters Females
N=158 
(52%*)

Mean (SD)

Males
N=146 
(48%*)

Mean (SD)

p-value Females
N=226 
(44%*)

Mean (SD)

Males
N=289 
(56%*)

Mean (SD)

p-value Females
N=71 

(40%*)
Mean (SD)

Males
N=104
(60%*) 

Mean (SD)

p-value

Age 73.0 (5.6) 74.6 (6.1) 0.02 70.8 (7.8) 72.7 (7.3) 0.005 72.3 (7.7) 75.1 (7.3) 0.02

Education 
(years)

15.9 (2.6) 17.2 (2.5) <0.001 15.6 (2.6) 16.5 (2.7) <0.001 15.0 (2.5) 16.5 (2.5) <0.001

Race (% 
Caucasian)

89.2 91.1 0.59 92.4 95.5 0.14 90.1 94.2 0.76

APOE4 carrier 
(%)

29.1 23.3 0.25 44.7 48.1 0.44 71.8 62.5 0.20

MMSE score 29.0 (1.3) 28.9 (1.3) 0.62 28.1 (1.8) 28.0 (1.7) 0.33 22.4 (3.1) 22.9 (2.6) 0.28

CDR-Sum of 
Boxes

0.05 (0.15) 0.06 (0.24) 0.46 1.4 (0.9) 1.5 (1.0) 0.21 5.0 (2.0) 4.8 (2.0) 0.51

Early aMCI (%) - - - 57.6 58.1 0.64 - - -

RAVLT 
immediate recall

48.1 (9.1) 43.0 (11.4) <0.001 40.5 (11.7) 34.1 (9.9) <0.001 22.9 (8.3) 21.1 (6.6) 0.11

RAVLT delayed 
recall

8.4 (3.7) 6.8 (4.2) 0.001 5.5 (4.6) 4.1 (3.6) <0.001 0.4 (0.9) 0.7 (1.2) 0.17

Cortical 
[18F]AV45 
SUVR

1.12 (0.18) 1.08 (0.16) 0.04 1.20 (0.22) 1.21 (0.22) 0.70 1.44 (0.16) 1.33 (0.2) 0.001

Note.

*
The proportion of females to males significantly varies across diagnostic groups, X2=7.83, p=0.02. aMCI = amnestic Mild Cognitive Impairment. 

AD = Alzheimer’s disease. MMSE = Mini Mental State Exam. RAVLT = Rey Auditory Verbal Learning Test. CDR = Clinical Dementia Rating. 
SUVR = standardized uptake value ratio.
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Table 3.

Results of multivariable linear regression analyses modeling the independent and interactive associations of 

sex and cortical Aβ burden with verbal memory performance.

Multivariable Linear Regression Models

Model 1: No interactions in model Model 2: Interaction included in model

Sample/Outcome
Sex (male vs. female) Cortical [18F]AV45 SUVR¥ Sex × cortical [18F]AV45 SUVR¥

B, β (SE) p-value B, β (SE) p-value B, β (SE) p-value

Overall Sample

 Immediate recall −5.43, −0.21 (0.62) <0.0001 −8.71, −0.15 (1.59) <0.0001 5.01, −0.06 (2.68) 0.06

 Delayed recall −1.28, −0.14 (0.23) <0.0001 −3.16, −0.16 (0.59) <0.0001 3.22, −0.12 (0.99) 0.001

Controls

 Immediate recall −5.45, −0.26 (1.16) <0.0001 −2.47, −0.04 (3.44) 0.47 −5.61, −0.07 (6.70) 0.40

 Delayed recall −1.69, −0.21 (0.47) 0.0003 −1.02, −0.04 (1.39) 0.46 0.23, −0.01 (2.71) 0.93

aMCI

 Immediate recall −5.97, −0.26 (0.89) <0.0001 −10.74, −0.21 (2.22) <0.0001 5.87, −0.08 (3.96) 0.14

 Delayed recall −1.33, −0.16 (0.34) 0.0001 −4.18, −0.22 (0.85) <0.0001 3.76, −0.14 (1.51) 0.01

AD Dementia

 Immediate recall −2.82, −0.19 (1.22) 0.02 −4.16, −0.12 (2.88) 0.15 5.40, −0.14 (6.19) 0.38

 Delayed recall 0.11, −0.05 (0.18) 0.54 −0.78, −0.15 (0.43) 0.08 0.10, −0.02 (0.94) 0.91

Note. All analyses were adjusted for age, education, ApoE status and diagnostic group (overall sample only). SUVR = standardized uptake value 
ratio. B = unstandardized regression coefficient. β = standardized regression coefficient. aMCI = amnestic Mild Cognitive Impairment. AD = 
Alzheimer’s disease.
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