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Women are more likely to have Alzheimer's disease (AD) and decline more rapidly once diagnosed despite greater verbal memory early in the disease compared to men—an advantage that has been termed “memory reserve.” Resting state functional MRI (fMRI) investigations demonstrate interactions between sex and AD risk factors in default mode network (DMN) connectivity, a network of brain regions showing progressive dysfunction in AD. Separate work suggests connectivity of left prefrontal cortex (PFC) may correlate with more general cognitive reserve in healthy aging. It is unknown whether left prefrontal functional connectivity with anterior and posterior default mode network (aDMN, pDMN) might differ by sex in AD. This study employed group independent component analysis (ICA) to analyze resting state fMRI data from 158 participants from the Alzheimer's Disease Neuroimaging Initiative (ADNI) with baseline diagnoses of normal cognition or early mild cognitive impairment (eMCI). pDMN and aDMN were defined on a subject-specific basis; prefrontal areas were selected from the Brodmann atlas (BA 6, 44, 8, and 9). Moderation regression analyses examined whether sex and amyloid PET positivity (A+/–) moderated effects of apolipoprotein ε4 (APOE ε4) on connectivity between left PFC, aDMN, and pDMN; and between aDMN and pDMN. Significant analyses were followed up with partial correlations assessing relationship of connectivity to verbal memory on the Rey Auditory Verbal Learning Test (RAVLT), and with preliminary analyses within NC and eMCI groups separately. Results showed no sex moderation of effects of A+ and APOE ε4 on left prefrontal/DMN connectivity in the full sample. However, sex significantly moderated impact of A+ and APOE ε4 on connectivity between aDMN and pDMN (p < 0.01). Women with an APOE allele (ε4+) and A+ showed greater aDMN/pDMN connectivity than their ε4- counterparts. No significant results were observed in men. Subgroup analyses suggested the aDMN/pDMN finding was true for those with NC, not eMCI. Partial correlations controlling for age and education showed increased aDMN/pDMN connectivity related to better verbal learning in women (p < 0.01) and not men (p = 0.18). In women at risk for AD or in early symptomatic stages who also have evidence of amyloid burden, stronger aDMN/pDMN connectivity may support verbal learning.
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INTRODUCTION

Alzheimer's disease (AD) is a progressive neurodegenerative disease that causes characteristic memory decline. Current estimates are that 5.7 million people in the US have AD, and ~2/3 of those with the disease are women (1). These statistics have led to a resurgence of research in sex-based differences in AD (2). Much of this work has delineated ways in which women show vulnerabilities and more precipitous decline due to AD (3, 4). However, a number of investigations have shown that women have some early resilience to AD-related changes, and specifically that their verbal memory remains intact despite positive amyloid positron emission tomography (PET) scan evidence of brain amyloidosis (5, 6), mild to moderate changes in hippocampal volumes (7), and reduced brain fluorodeoxyglucose (FDG) PET activity (8). This initial maintenance of memory despite pathological burden has been called memory reserve, and has been thought to reflect women's lifetime history of stronger verbal memory when compared to men (9).

Moving beyond sex-based memory reserve, a separate body of literature has delineated ways in which general cognitive reserve—often indexed by higher education levels or intelligence, and presumed to involve cognition broadly—can delay onset of AD symptoms (10). Similar to the sex-focused literature showing that women ultimately decline faster, literature on cognitive reserve in AD has shown that some individuals have a more rapid decline after an extended period of reserve-related stability (11).

The underlying neural correlates of the established concept of cognitive reserve and the newer proposal of women's memory reserve remain incompletely understood. With specific respect to women's memory reserve, work from our group suggests that compared to men, women at risk for AD may have measureable differences in volume of the hippocampus (12), a region known to be critical for both memory and AD (13). However, the hippocampus is only one potential contributor. It is possible that women's early memory resilience relates more to structural integrity of cortical networks important for memory storage and retrieval or to differences in neural function rather than structure.

In line with this, research in aging and mild cognitive impairment (MCI) suggests that a potential neural correlate of general cognitive reserve is functional resting state connectivity of the left prefrontal cortex—both globally (14, 15) and specifically with the brain's default mode network (DMN) (16). The DMN is a network of brain regions shown to be more active when people are not engaged in a particular cognitive task, i.e., at “rest” (17, 18). Brain regions connected by the DMN are among the first to be implicated in AD, and spread of AD pathology follows the DMN (19, 20). Longitudinal changes in DMN function related to AD have been delineated, such that individuals at risk or in very early stages of AD show dysfunction in posterior aspects of the DMN (pDMN) (21–25), and as AD progresses, the pattern shifts to predominant dysfunction of the anterior DMN (aDMN). This pattern has been hypothesized to reflect progressive network overload and failure (26). Interactions of sex and AD risk factors (i.e., apolipoprotein ε4 status; APOE ε4) have also been observed in the DMN, with healthy older women with an ε4 allele showing decreased posterior DMN connectivity compared to non-carriers (27).

The left prefrontal cortex (PFC) is a large region comprised of subregions with distinct functionality and connectivity. Generally, verbal functions including verbal memory lateralize to the brain's left hemisphere in most individuals, highlighting the potential importance of this hemisphere when considering women's verbal memory reserve (28). Of particular interest to the general cognitive reserve literature are left lateral PFC (i.e., Brodmann area 6 and 44) (15, 16), and left dorsolateral prefrontal cortex (dlPFC; including BA 8 and 9). BA 6 and 44 have been shown in resting state functional connectivity studies to have anticorrelation—or negative correlation—with the DMN, with maintenance of anticorrelation marking cognitive reserve in amnestic MCI (15). The dlPFC has been implicated as a site of cognitive reserve-based structural integrity (29) and compensatory activation, such that maintained functionality on FDG PET relates to maintained cognition (30). Of note, many other brain regions have been suggested to play a role in general cognitive reserve, including right prefrontal cortex (31, 32) and inferior and middle temporal cortex (33).

No studies to date have examined whether resting state functional connectivity of left prefrontal cortex with aDMN and pDMN might serve to support women's memory reserve in AD. The present analysis sought to follow the demonstrated importance of looking at sex in AD by evaluating sex differences in the functional connectivity between left prefrontal cortex and aDMN and pDMN, and between aDMN and pDMN, in individuals with normal cognition (NC) and early mild cognitive impairment (eMCI), who were participants in a large, national study of AD (the Alzheimer's Disease Neuroimaging Initiative or ADNI) and either had or did not have known AD risk factors (i.e., APOE ε4 allele) and pathological burden (i.e., positive amyloid PET). Due to reduced power, a secondary and preliminary analysis examined connectivity in the diagnostic subgroups separately, as to date findings of women's memory reserve have been at the NC stage. We specifically hypothesized that sex would moderate the effects of the presence of an APOE ε4 allele and positive amyloid PET on functional connectivity within the DMN and between left prefrontal cortex and the DMN, and that this altered connectivity would relate to women's stronger preserved memory abilities.

MATERIALS AND METHODS

Participants

Data were included from 158 participants from the ADNI (http://adni-info.org) who had available resting state functional magnetic resonance imaging (fMRI) data and were diagnosed at baseline as having normal cognition [including those with subjective memory complaints (SMC)] or eMCI. As described on the ADNI website, ADNI defined Normal cognition as no SMC, Mini Mental State Exam [MMSE; (34)] of 24–30, Clinical Dementia Rating (CDR) (35), and memory box = 0, education-adjusted raw scores on the Wechsler Memory Scale Logical Memory II test (Raw ≥ 9 for >16 years education; ≥5 for 8–15 years education; ≥3 for 0–7 years education), and no significant impairment in cognitive functions or activities of daily living. Criteria for SMC were the same as for normal cognition, but with the addition of self-reported memory problems on the Cognitive Change Index (>16). In the present analysis, individuals with SMC were combined with NC. Early MCI was defined by ADNI as SMC, MMSE of 24–30, CDR of 0.5, CDR memory box of ≥0.5, education-adjusted raw scores on the Wechsler Memory Scale Logical Memory II test (Raw = 9–11 for >16 years education; 5–9 for 8–15 years education; 3–6 for 0–7 years education), and not meeting criteria for dementia (36). Individuals with two copies of the apolipoprotein ε4 allele (APOE ε4/4) were excluded. Analyses were conducted in the full sample, and repeated excluding individuals with eMCI.

The study was approved by each participating ADNI site's local Institutional Review Boards, as documented on the ADNI website. All participants gave written, informed consent.

Verbal Memory Assessment

Verbal learning and memory were assessed using the Rey Auditory Verbal Learning Test (RAVLT) (37). Specifically, we analyzed total learning and delayed free recall scores.

Resting State fMRI Processing

For each subject, the first available resting-state fMRI scan was used for the analysis.

The first five time frames (15 s) were removed to allow the MR signal to achieve T1 equilibrium. Remaining time frames were slice-timing corrected, realigned to the mean echo-planar image using SPM12 (http://www.fil.ion.ucl.ac.uk/spm/), co-registered to the subject T1 space, normalized to the standard MNI-152 2 mm-template using Advanced Normalization Tools software (http://stnava.github.io/ANTs/) and then spatially smoothed using a 3D Gaussian filter with full-width-half-maximum (FWHM) equals 8 mm. The T1 image for each subject was segmented into gray matter, white matter and cerebrospinal fluid (CSF) to generate subject specific white matter and CSF masks. These masks were further normalized to the standard MNI-152 2 mm space. Signals from subject white matter and CSF (average time series within white matter and CSF masks), as well as six head motion parameters were regressed out from each dataset. All voxel time courses were further band pass filtered (0.008 Hz < f < 0.1 Hz) and variance normalized.

The root-mean-square (RMS) motion was computed for each subject (38). Specifically, rotational displacements were converted to translational displacements by projection to a surface of a 50 mm radius sphere and RMS head motion was then computed from both the original translational displacements and the converted rotational displacements. All subjects had less than a voxel-size RMS motion (0.30 ±0.23 mm).

Resting-state networks were obtained through a spatial group independent component analysis (ICA). Principle component analysis (PCA) was first carried out for data reduction and the first 100 PCA components were retained for each subject. Data from all subjects were concatenated in time and input to the group ICA program. The ICA was carried out with in-house MATLAB scripts using the fast-ICA algorithm (39), repeated 20 times to output stable components; 30 stable ICA components were finally obtained. Out of 30 ICA components, posterior and anterior DMN were manually identified and selected (see Figure 1). Posterior DMN mainly includes posterior cingulate cortex, precuneus, bilateral angular gyrus, and bilateral middle temporal gyrus, whereas anterior DMN majorly consists of superior frontal gyrus, superior medial gyrus and anterior cingulate cortex Subject-specific spatial maps and time-courses for these two networks were reconstructed using GIG-ICA (40). Prefrontal areas were selected from the Brodmann atlas, as left Brodmann Areas (BA) 6, 44, 8, and 9. For each subject, average time courses were computed for each BA area. Functional connectivity between each prefrontal area and the DMN pair were accessed using the Pearson's correlation value between the average time courses in each BA area and the subject-specific network time series. Fisher z-transformation was then applied to the Pearson's correlation values so that computed z-values are normally distributed.
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FIGURE 1. Spatial maps of anterior and posterior DMN. One-sample t-statistics have been computed across the single-subject spatial maps and thresholded at t = 2. DMN, Default mode network; std, standard deviation.



Florbetapir PET Image Processing

Amyloid status (A+/–) was determined from the PET study most proximal to participant fMRI scan date. The summarized standardized uptake value ratio (SUVR) normalized to the cerebellum were obtained from the ADNI database and the amyloid status (A+/–) was further determined using a 1.11 cut-off.

APOE Genotype

APOE genotype was downloaded from the ADNI website. After exclusion of individuals with two copies of the ε4 allele, a binary variable was created, coding individuals as either ε4+ or ε4−.

Statistical Methods

Analyses were performed using Statistical Package for the Social Sciences (SPSS) and the Process Macro (41, 42).

T-tests or Mann–Whitney U-tests (the latter where group sizes differed) were used to explore group differences in demographic variables.

Moderation regressions examined whether sex and amyloid PET positivity (A+/–) moderated effects of a single copy of the APOE ε4 allele on connectivity between left prefrontal cortex regions of interest (i.e., BA 6, 44, 8, and 9) and the posterior and anterior default mode network (pDMN; aDMN), as well as between aDMN and pDMN. For all analyses, connectivity was assessed as using the Fisher z transformed correlation values, APOE ε4 carrier status was treated as an independent variable, A+/– as a moderator, and sex as a secondary moderator. Age at screening visit and education were included as covariates.

Significant moderation regression analyses were followed up with correlation analyses assessing the relationship of connectivity values with performance on the RAVLT immediate and delayed recall, partialling out effects of age and education.

Significant moderation regression analyses were also followed up with preliminary analyses in the NC and eMCI groups separately. All regressions and correlations were repeated; data are considered preliminary due to reduced power.

Significant models were corrected for multiple comparisons within each model using a Bonferroni correction based on the number of comparisons of interest in the model for the hypothesized three-way interaction. We are only interested in the following four comparisons: (1) A+ vs. A– APOE ε4 carrying women; (2) A+ vs. A– APOE ε4 carrying men; (3) A+/APOE ε4 carrying women vs. A+/APOE ε4 carrying men; and (4) A–/APOE ε4 carrying women vs. A–/APOE ε4 carrying men. Therefore, the corrected p-value threshold is p = 0.05/4.

RESULTS

Demographics and Descriptives

Demographics and sex differences in demographic factors and memory for the full sample are summarized in Table 1. Demographics are additionally broken down by diagnosis in Tables S1, S2, and diagnosis and amyloid status in Table S3. Descriptive statistics for functional correlations (Pearson's r values) between left prefrontal and DMN and between aDMN and pDMN are summarized in Table S4, broken down by sex, diagnosis, amyloid status, and APOE ε4 status.


Table 1. Participant demographics and group differences by sex (NC + MCI).

[image: image]



Sex Does Not Moderate Left Prefrontal/DMN Connectivity Across Diagnoses

Moderation regression models for the aDMN showed only one significant result, for the overall model predicting aDMN connectivity with BA44 (p = 0.05); however, within this model, there were no significant main or interaction effects. Models predicting aDMN connectivity with other prefrontal regions were not significant (BA6: p = 0.44; BA8: p = 0.23; BA9: p = 0.19; see Table 2).


Table 2. Summary of regression analyses for the connectivity between left prefrontal regions and anterior default mode network.
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For the pDMN, the overall model predicting BA9/pDMN connectivity was significant (p = 0.003), but the 3-way sex by A+/– by APOE ε4 interaction was not (p = 0.09). Main effects of age (p = 0.002), sex (p = 0.03), and education (p = 0.04) were noted, with women showing greater connectivity and older and more educated individuals showing less connectivity. Models predicting connectivity of other prefrontal regions to pDMN were not significant (BA6: p = 0.93; BA44: p = 0.76; BA8: p = 0.21; Table 3).


Table 3. Summary of regression analyses for connectivity between left prefrontal regions and the posterior default mode network.
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Secondary analyses within NC showed the model for BA9/pDMN was significant (p = 0.008) and the uncorrected three-way sex by A+/– by APOE ε4 interaction was also significant (p = 0.03). The interaction was not significant after multiple comparison correction; however, parsing the interaction suggested an APOE ε4 by A+/– effect on connectivity only in women (p = 0.005) and not men (p = 0.56), with lowest connectivity in A–/ε4+ women.

The secondary analysis within eMCI individuals showed the model was not significant for BA9/pDMN (p = 0.15).

Sex Moderates aDMN/pDMN Connectivity Across Diagnoses

Moderation regression results showed a significant overall model predicting connectivity from aDMN to pDMN (p = 0.0003). This model also evidenced a significant uncorrected 3-way interaction effect of sex, A+/–, and APOE ε4 status on connectivity (p = 0.01; significant after correction for multiple comparisons correction). Specifically, there was an APOE ε4 by A+/– interaction effect on aDMN/pDMN connectivity only in women (p = 0.04; not significant after multiple comparison correction) and not men (p = 0.11). Parsing this interaction showed a trend toward APOE ε4 effect on aDMN/pDMN connectivity in women who were A+ (p = 0.07), and not in those who were A– (p = 0.26). Specifically, A+, ε4+ women showed more positive aDMN/pDMN connectivity. For men, the trend-level result suggested the opposite pattern (i.e., A– [p = 0.07] rather than A+ [p = 0.93] men showing a relationship of APOE ε4 to greater aDMN/pDMN connectivity). This model also showed a main effect of age (p < 0.001), with older individuals showing less connectivity (Table 4; Figure 2).


Table 4. Summary of regression analyses for connectivity between anterior and posterior default mode network.
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FIGURE 2. Mean resting state functional connectivity by sex, APOE ε4 carrier status, and amyloid status. APOE ε4: Apolipoprotein 4. ε4(+/−) indicates presence or absence of gene. A(+/−) indicates presence or absence of positive amyloid PET scan. Units are Pearson's r-values.



Secondary analyses showed that for NC, aDMN/pDMN connectivity findings were similar to those for the full sample, though did not pass multiple comparison correction (overall model p = 0.0004; 3-way interaction p = 0.014; interaction of APOE ε4 by A+/– significant in women [p = 0.02] and not men [p = 0.20]). The model for MCI was not significant (p = 0.09).

aDMN/pDMN Connectivity Relates to Verbal Memory

Partial correlations controlling for age and education showed that increased aDMN/pDMN connectivity related to better verbal learning in women (p = 0.006; simple Pearson correlation values: r = 0.39, p < 0.001) and not men (p = 0.18; simple Pearson correlation values: r = 0.14, p = 0.24). Increased aDMN /pDMN connectivity did not significantly relate to delayed recall after partialling out age and education (women: p = 0.13; men: p = 0.43; Figure 3). aDMN/pDMN connectivity was not correlated with education alone (p = 0.53).
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FIGURE 3. Relationship of verbal learning with resting state functional connectivity between the anterior and posterior DMN, by sex. DMN, Default mode network; RAVLT, Rey Auditory Verbal Learning Test. Units are Pearson's r-values.



DISCUSSION

The current investigation showed that sex did not moderate the impact of APOE ε4 genotype and amyloid status on left prefrontal/DMN connectivity across NC and MCI cohorts. However, sex did moderate the impact of APOE ε4 genotype and amyloid positivity on functional connectivity between anterior and posterior DMN. In particular, aDMN/pDMN connectivity was greater in the presence of an APOE ε4 genotype, but only in women with a positive amyloid scan. In other words, connectivity was highest in those with most AD risk and burden. Interestingly, for women only, greater aDMN/pDMN connectivity was correlated with better verbal learning. Men showed trend-level results suggesting that APOE ε4 genotype was associated with greater connectivity only for individuals who were amyloid negative—the opposite pattern to women.

The primary hypotheses of this investigation were not supported, suggesting that women's verbal memory reserve does not relate to left prefrontal functional connectivity with the DMN, which may underlie more general cognitive reserve. In our sample, left prefrontal and DMN connectivity were also not correlated with education, a typical marker of general cognitive reserve, and this may explain our overall negative finding. Lack of findings may also relate to sample-size or methodological choices (i.e., excluding right prefrontal and bilateral temporal cortex; defining DMN on a subject-specific basis but left PFC based on the Brodmann atlas). Another factor to consider is that work has shown that beyond cognitive reserve and underlying neural reserve, complex genetic interactions may have a role in resilience to AD. Assessing the wide array of genetic contributors, some of which are known to differ by sex (43–45), was beyond the scope of this analysis, but may be key in understanding the neural basis of women's memory reserve in AD. Despite these caveats, secondary analyses suggested that BA9/pDMN connectivity may be moderated by sex in individuals with normal cognition. Given reduced power in our secondary analyses, this finding warrants follow-up in larger samples.

Our finding that sex moderated the impact of A+ and APOE ε4 status on connectivity between anterior and posterior DMN, and that greater aDMN/pDMN connectivity related to better verbal learning in women overall, will also require follow-up. This pattern could suggest reserve in verbal learning or compensation in women, and this could be further evaluated using longitudinal approaches. In the context of prior work showing an APOE ε4 by sex interaction in the pDMN resulting in less global pDMN connectivity in ε4 positive healthy women (27), the present results could suggest that specific aspects of pDMN connectivity are maintained or increased in women at highest risk, while global pDMN connectivity declines. Our findings for aDMN/pDMN connectivity appear to be driven by the NC group, which could be consistent with early resilience to overall DMN dysfunction over time. At the same time, tighter aDMN/pDMN coupling in the most at risk individuals is unlikely to be advantageous in the long term [i.e., (26)] and may play a role in women's steeper decline after the MCI stage. Interestingly, the pattern in ε4+/A+ women was opposite of the pattern in men and also opposite of the age effect, which predicted less connectivity. Given the age of our sample, our age findings are consistent with recent studies in healthy aging (46), but complex interaction of age and other risk factors may warrant additional assessment. Of note, the lack of interaction in men appears to be due to amyloid positivity having an effect on connectivity that does not differ by ε4 status. In contrast, a main effect of ε4 allele presence on greater connectivity in men is suggested. While this could not be directly assessed in the current model, it deserves attention in future investigations.

Limitations of the present study include the high education level of the ADNI sample and relatively small sample size for examination of complex interactive effects. Future efforts should aim to replicate these findings in larger and longitudinal samples, and to carefully consider effects of diagnosis. It will also be key to examine functional connectivity at rest of other regions suggested to be important for cognitive reserve, such as the right prefrontal cortex and left inferior temporal cortex. In addition, the present analysis included a small number of individuals with SMC but no cognitive impairment in the normal control group. As SMC have been associated with cognitive decline, this analytical choice may have impacted our findings, and it will be important to further assess the SMC group independently in the future. Moreover, given the relatively large number of variables of interest in the present analysis, diagnostic group was not treated formally as a measure of interest in the primary analysis. This is a limitation that warrants further assessment. Beyond resting-state investigations, it may also be informative to examine sex-based reserve correlates in task-based fMRI, focusing on memory.

Overall, the strengths of the present investigation lie in its novel integration of the otherwise separate research literatures on general cognitive reserve and sex-based memory reserve as assessed by functional resting state connectivity. We use a relatively large and well-characterized sample to show that women's memory reserve may be supported in part by complex interplay between networks typically most active at rest and prefrontal brain regions. These findings lend support for the continued importance of considering sex as a factor of importance in AD neural correlates. Better understanding of these correlates may in turn be helpful in delineating targets for treatment.
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