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Women show an increased lifetime risk of Alzheimer’s disease (AD) compared with men. Characteristic brain connectivity changes,
particularly within the default mode network (DMN), have been associated with both symptomatic and preclinical AD, but the impact of
sex on DMN function throughout aging is poorly understood. We investigated sex differences in DMN connectivity over the lifespan in
595 cognitively healthy participants from the Human Connectome Project-Aging cohort. We used the intrinsic connectivity distribution
(a robust voxel-based metric of functional connectivity) and a seed connectivity approach to determine sex differences within the
DMN and between the DMN and whole brain. Compared with men, women demonstrated higher connectivity with age in posterior
DMN nodes and lower connectivity in the medial prefrontal cortex. Differences were most prominent in the decades surrounding
menopause. Seed-based analysis revealed higher connectivity in women from the posterior cingulate to angular gyrus, which correlated
with neuropsychological measures of declarative memory, and hippocampus. Taken together, we show significant sex differences in
DMN subnetworks over the lifespan, including patterns in aging women that resemble changes previously seen in preclinical AD. These
findings highlight the importance of considering sex in neuroimaging studies of aging and neurodegeneration.
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Introduction
More than two-thirds of people with Alzheimer’s disease (AD)
are women (2021 Alzheimer’s disease facts and figures 2021).
Women’s elevated risk reflects both sex- and gender-based
factors, including women’s increased longevity relative to men.
Whether female sex represents an independent risk factor for
the development of AD is a subject of active debate, but women
are clearly at risk for AD “differently” than men are. Women with
AD progress more quickly than men do, suffering a faster rate
of both cognitive and functional decline (Agüero-Torres et al.
1998; Tschanz et al. 2011); the same burden of AD pathology is
more likely to cause AD dementia in women than men (Barnes
et al. 2005), and the single greatest genetic risk factor for AD, the
APOE-ε4 allele, disproportionately impacts women (Payami et al.
1996; Ungar et al. 2014; Riedel et al. 2016). Amyloid and tau PET
studies have revealed that women are more likely than men to
harbor entorhinal tau even in the absence of cognitive symptoms
(Buckley et al. 2019) and have a greater regional tau burden than
men at the same clinical stage (Edwards et al. 2021); women with
elevated amyloid as measured by amyloid PET decline faster than
do men with the same extent of amyloid (Buckley et al. 2018). The
menopausal transition may be a period of particular vulnerability:
perimenopausal and postmenopausal women show decreased
metabolic and mitochondrial function, as well as increased
amyloid deposition, compared with age-matched premenopausal
women and to men (Mosconi et al. 2017a, b; Scheyer et al. 2018;
Rahman et al. 2020).

While AD has been associated with robust and characteristic
changes in brain connectivity, including in preclinical and other
at-risk populations, sex differences over the course of aging in
the functional brain networks most linked to AD—which might
yield significant insights into women’s AD risk—are poorly under-
stood. Amnestic AD specifically targets an intrinsic connectivity
network called the default mode network (DMN), anchored in
the posterior cingulate cortex (PCC), mesial prefrontal cortex
(mPFC), and angular gyrus (AG), which subserves self-referential
processing and episodic memory. AD patients show decreased
connectivity within this network, and abnormalities in DMN func-
tion characterize even adults with preclinical AD (Greicius et al.
2004; Sheline et al. 2010; Mormino et al. 2011; Brier et al. 2012).
These network changes are dynamic over the course of disease:
vulnerable and early stage individuals (such as APOE-ε4 carriers
and those with preclinical AD) may show intra- or internetwork
hyperconnectivity from key DMN nodes (Mormino et al. 2011;
Schultz et al. 2017), whereas clinical illness is generally associ-
ated with progressive DMN hypoconnectivity (Greicius et al. 2004;
Sheline et al. 2010; Brier et al. 2012).

Over the course of healthy aging, within-network DMN connec-
tivity (and, for those studies that examined DMN subnetworks,
the connectivity of posterior DMN nodes specifically) declines
as well (Jones et al. 2011; Geerligs et al. 2015; Huang et al.
2015), though not to the extent seen in illness (Jones et al. 2011).
Declines in posterior DMN connectivity correlate with poorer cog-
nitive performance, even in amyloid-negative older individuals
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(Andrews-Hanna et al. 2007; Hansen et al. 2014; Persson et al.
2014; Bernard et al. 2015). Anterior DMN connectivity, on the other
hand, may increase with older age (Persson et al. 2014; Geerligs
et al. 2015).

These prior studies of DMN in aging, however, have generally
ignored the impact of sex.

Prior work that has considered sex as a variable of interest and
assessed functional connectivity within the brain over the course
of aging has concluded variously that sex has no significant
impact on functional networks of interest, including the DMN,
and may safely be ignored (Bluhm et al. 2008; Weissman-Fogel
et al. 2010); that both sexes show decreased DMN connectivity
with age, albeit at different rates (Scheinost et al. 2015); or that
women generally show higher overall DMN connectivity than men
do (Biswal et al. 2010; Ritchie et al. 2018). However, these studies
have generally been limited by smaller sample sizes or limited
age ranges, or have collapsed findings across a predefined set of
networks of interest (including whole DMN), rather than assessing
connectivity within components of the DMN or across the whole
brain.

Given the differences in AD risk between men and women, and
a potential impact of the menopausal transition on women’s cog-
nition specifically, we sought to closely interrogate DMN function
in a large sample of cognitively normal aging men and women
over the lifespan, with the goal of pinpointing sex differences in
DMN connectivity both over the larger course of aging and in
specific decades.

We therefore pursued a cross-sectional assessment of DMN
connectivity in healthy aging in both sexes, leveraging imaging
and behavioral data from the unprecedentedly large Human Con-
nectome Project-Aging (HCP-A) data set (n = 689) (Harms et al.
2018). Specifically, we hypothesized that women would show a
distinct DMN connectivity pattern across their lifespan when
compared with men, with most pronounced differences occurring
around the menopausal transition. On an exploratory basis, we
also hypothesized that connectivity between key DMN nodes
implicated in recollective memory (i.e. PCC, AG, and hippocampus
[HIP]) would correlate with delayed memory performance on
neuropsychological testing, even in this cognitively healthy sam-
ple, and that the relationship between connectivity and memory
performance would vary by sex.

Materials and methods
Participants
Data were from the HCP-A data set (Bookheimer et al. 2019);
imaging data were from release 1.0, and corresponding behavioral
data were made available in release 2.0. Imaging data consisted
of 689 healthy subjects ages 36–100 from 4 data collection sites.
Exclusion criteria of the original HCP-A study included any history
of major psychiatric and neurological conditions, including stroke,
severe head injury or brain surgery, or suspected AD. The study
aimed to include individuals with common health conditions
typical of their age and did not exclude for hypertension or other
vascular risk factors. However, those with new or poorly controlled
conditions, such as a diagnosis of diabetes within the past 3 years
or blood pressure > 170/100, were excluded. In addition, to allow
a sample of “typical aging,” the original HCP-A study did not
exclude for mild cognitive complaints, and used a tiered cut-
off approach for Montreal Cognitive Assessment (MOCA) scores
(requiring a minimum score of 19 for those under 80 years of age
and 17 for those over 80), as well as for hearing and macular
degeneration (specifically, participants under 80 were excluded

if hearing loss precluded communication via telephone, whereas
participants over 80 were only excluded if they could not commu-
nicate using a microphone in the scanner; only participants under
80 were excluded for macular degeneration). See Bookheimer et al.
(2019) for full exclusion criteria. We further added strict exclusion
criteria based on motion (see below for details), missing data
(17 subjects were missing one or more scans), and anatomical
abnormalities (5 subjects). After exclusion, the remaining sample
size was n = 595 (346 F; 249 M). Distribution of participants across
the lifespan is available as Supplementary Fig. 1.

Participants were well-matched in age, ethnicity, race, hand-
edness, and NEO-neuroticism score, but women outnumbered
men and outperformed men in global cognitive function (MOCA)
and verbal learning (Rey Auditory Verbal Learning Test [RAVLT])
(Table 1).

Imaging parameters
Imaging parameters for HCP-A have been published elsewhere
(Harms et al. 2018). In summary, all subjects were scanned in a
Prisma 3 T scanner with 80 mT/m gradients and a 32-channel
head coil. The following scans were acquired: 1 T1-weighted, T2-
weighted, diffusion, perfusion (pseudo-continuous arterial spin
labeling), and turbo-spin-echo scan per subject; 4 resting-state
fMRI scans; and 3 task-fMRI scans. In this analysis, we focus on
the 4 resting-state fMRI scans.

All T1-weighted structural images were acquired using a
multi-echo MPRAGE sequence (0.8 × 0.8 × 0.8 mm voxel size;
FOV = 256 × 240 × 166 mm; matrix size of 320 × 300 × 208 slices;
TR/TI = 2,500/1,000 ms; TE = 1.8/3.6/5.4/7.2 ms; flip angle = 8
degrees; water excitation for fat suppression; up to 30 TRs allowed
for motion-induced reacquisition). All fMRI scans were acquired
with a 2D multiband (MB) gradient-recalled echo echo-planar
imaging sequence (MB8; 2 × 2 × 2 mm voxel size; 72 oblique-axial
slices; TR/TE = 800/37 ms; flip angle = 52 degrees).

Each resting-state fMRI scan was acquired over 6.5 min (26 min
total for 4 runs) with 488 frames per run, during which partici-
pants were told to look at a fixation cross. Two runs were done
in session 1, and 2 were done later that same day in session 2. In
each session, 1 resting-state fMRI scan had an anterior to posterior
phase encoding direction (AP), and the other had a posterior to
anterior phase encoding direction (PA).

Image preprocessing
The preprocessing approach has been described elsewhere
(Greene et al. 2018; Horien et al. 2019) and was performed in
BioImageSuite unless otherwise noted (Joshi et al. 2011). MPRAGE
images were skull stripped using optiBET (Lutkenhoff et al. 2014).
Nonlinear registration of the MPRAGE to the MNI template was
performed in BioImage Suite (Joshi et al. 2011). Linear registration
of a participant’s mean functional image to the same participant’s
MPRAGE image was also performed using BioImage Suite. All
skull-stripped images and registrations were visually inspected;
5 participants had structural abnormalities and were excluded
from further analyses. All transformation pairs were calculated
independently and then combined into a single transform that
warps single participant results into common space. From this,
all subjects’ images can be transformed into common space using
a single transformation, which reduces interpolation error (Noble
et al. 2017). Functional data were motion corrected using SPM8.
Exclusion criteria for motion were a maximum mean frame-to-
frame displacement above 0.3 mm for any scan, and a mean
maximum frame-to-frame displacement over all 4 scans above
0.25 mm. That is, we required all scans to be below 0.3 mm FFD,
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Table 1. Demographics and selected neuropsychological battery scores (Costa and McCrae 1992; Nasreddine et al. 2005; Bean 2011).
(∗Note that years of education was not part of the HCP-A version 1.0 release.) T-tests or chi square tests were performed as
appropriate, excluding unknown/not reported values.

Female Male P-value

Total number of participants 346 (58%) 249 (42%) N/A
Age 57.59 (14.81) 58.13 (14.07) 0.687
Race American Indian/Alaska Native: 1

Asian: 20
Black/African American: 56
White: 246
More than 1 race: 16
Unknown/not reported: 7

American Indian/Alaska Native: 1
Asian: 27
Black/African American: 32
White: 177
More than 1 race: 10
Unknown/not reported: 2

0.204

Ethnicity Hispanic or Latino: 38
Not Hispanic or Latino: 307
Unknown/not reported: 1

Hispanic or Latino: 21
Not Hispanic or Latino: 228
Unknown/not reported: 0

0.299

Handedness Right: 301
Left: 22
Ambidextrous: 23

Right: 206
Left: 24
Ambidextrous: 19

0.283

MOCA total (points out of 30) 26.86 (2.25) 26.31 (2.51) 0.009
RAVLT-L (Sum of Trials 1–5, # words recalled) 48.22 (9.71) 44.06 (10.50) <0.001
RAVLT-IR (Immediate Recall, # words recalled) 10.13 (2.99) 9.07 (3.31) <0.001
NEO-Neuroticism score 15.23 (7.25) 14.57 (7.88) 0.349

as well as the average of all 4 resting-state scans to be below
0.25 mm. Such an approach to handle motion has been shown
to limit motion artifacts (Greene et al. 2018; Horien et al. 2018,
2019; Ju et al. 2020). To assess for significant effects of sex, age,
and their interaction on motion, we implemented the regression
model:

Motion (mean FFD) = β0 + β1
∗ sex + β2

∗ age + β3
∗ sex ∗ age + ε.

There was a significant main effect of age with higher age
being associated with greater mean frame-to-frame displace-
ment (z = 2.392, P = 0.017) and no main effect of sex (z = −0.470,
P = 0.638) or their interaction (z = 0.363, P = 0.717). There were
also no differences in motion between sexes within each age bin
(Supplementary Table 1). Covariates of no interest were regressed
from the data, including linear, quadratic, and cubic drift, a 24-
parameter model of motion (Satterthwaite et al. 2013), mean cere-
brospinal fluid signal, mean white matter signal, and the global
signal. As global signal regression has been shown to limit the
consequences of motion artifact (Power et al. 2017) and strengthen
brain-phenotype associations (Li et al. 2019), we have used it in the
current preprocessing pipeline.

Intrinsic connectivity distribution
We then applied a DMN mask based on the Yeo parcellation
(Yeo et al. 2011; Horien et al. 2019), which was defined on the
MNI brain and applied to the subject-space resting-state scan
using a series of inverse transformations. To assess within-DMN
functional connectivity, we used a voxel-wise assessment, the
intrinsic connectivity distribution (ICD) (Scheinost et al. 2012). In
this method, the time course for each voxel is correlated with the
time course of every other voxel, and using network theory, the
entire distribution of degree is modeled without needing to specify
a priori thresholds. As in previous work (Scheinost et al. 2015,
2019; Rolison et al. 2022), these connections were then converted
to a survival function and fitted with a stretched exponential with
unknown variance, alpha. The alpha for each voxel was converted
into a parametric image of a single alpha for each subject. Larger

alphas represent greater spread of distributions for a single voxel
and thus higher global correlation. Because we restricted analysis
to the DMN, the ICD alpha value for each individual represents
that individual’s overall within-DMN connectedness. As in pre-
vious work, we calculated estimates of connectivity across the
four resting-state scans and then averaged them within subject
(i.e. we averaged the ICD measurements) to ensure that phase
encoding differences (AP/PA) did not result in spatial differences
in connectivity (Greene et al. 2018; Barron et al. 2021; Rosenblatt
et al. 2021). In addition, combining data across scans has been
shown to boost reliability of functional connections (Noble et al.
2017).

ICD group analysis
Using the alpha-value parametric maps obtained from ICD, we
used the Analysis of Functional Neuroimages (AFNI) 3dLME func-
tion (Chen et al. 2013) (https://afni.nimh.nih.gov) to fit the fol-
lowing model: ICD = β0 +β1

∗ sex +β2
∗ age +β3

∗ sex ∗ age + ε.
Multiple comparisons correction was conducted using family-
wise error correction via Monte Carlo simulation in AFNI 3dClust-
Sim (version 18.0.09). We used the autocorrelation values of the
3dFWHMx using the residuals of the 3dLME as input into 3dClust-
Sim. Our resulting cluster value for an initial threshold of P < 0.001
and alpha correction of P < 0.05 was 13, yielding a 104 mm3 cluster.

We also assessed for effects of sex, age, and the inter-
action of these on head motion using the following model:
motion(FFD) = β0 + β1

∗ sex +β2
∗ age + β3

∗ sex ∗ age + ε. We
observed a significant effect of age (z = 2.392, P = 0.017), but
no effect of sex (P = 0.638, P = −0.277) or the interaction of sex
and age (z = 0.363, P = 0.717) on head motion. To assess for a
significant effect of motion on our ICD results, we repeated the
ICD analysis incorporating motion as a covariate in the linear
model (Supplementary Fig. 2). As the results were unchanged, we
present the analysis without the motion covariate here.

ICD analysis by age
Subjects were then binned into six categories by age group (36–
39, 40–49, 50–59, 60–69, 70–79, and 80–89). The minimum age in
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the HCP-A cohort was 36 years old, and the cohort included no
subjects in their 90s. The 5 subjects who were 100 years old (from
the n = 595 cohort) were excluded from binning because of low
sample size. Female-to-male ratios were similar per decade and
representative of the ratio of the overall cohort. Separate analyses
were done by decade bin using the same design and linear model
as for the overall ICD above:

ICDdecade = β0 + β1
∗ sex + β2

∗ age + β3
∗ sex ∗ age + ε.

We then selected regions of interest (ROIs) based on the
ICD analysis above to represent major nodes within the DMN
and calculated average voxel values for each of these for each
participant. Only some ROIs were chosen in an effort to determine
the overall pattern of sex differences by decade while minimizing
multiple comparisons. We then performed 2-tailed, independent-
samples t-tests between the average connectivity values of
females and males by decade for each ROI. The Bonferroni
correction was applied to adjust for multiple comparisons. All
regression and t-test computations were conducted in Python
3.9.5 (Python Language Reference n.d.). ICD values for each ROI
were fit to both linear and quadratic regressions for each sex
across decade age ranges (Supplementary Figs. 3 and 4). Since
linear regressions were best fit across each ROI, quadratic regres-
sions were discarded and we proceeded with linear regressions
alone.

Seed connectivity
Having assessed within-network differences in connectivity by
sex, we next wanted to assess sex differences in connectivity
between the DMN and the whole brain. To seed the DMN for
this purpose, we used an empiric left posterior cingulate (PCC)
coordinate derived from a meta-analysis of 825 prior studies
which robustly elicits the DMN (Toro et al. 2008; Shehzad et al.
2009), selecting this particular coordinate because it has proven
to have the most consistent membership within the DMN in a
hierarchical clustering analysis (Shehzad et al. 2009). We created
a 5 mm3 cubic seed centered at this coordinate (−6, −58, and 28)
in MNI space.

The time course of the seed in each participant was then
computed as the average time course across all voxels in the
seed region. This time course was correlated with the time course
for every other voxel in gray matter to create a map of r-values,
reflecting seed-to-whole-brain connectivity. These r-values were
transformed to z-values using Fisher transform, yielding 1 map for
each seed and representing the strength of correlation with the
seed for each participant. Connectivity maps were again averaged
across all resting-state runs per participant.

We used 3dttest to compute 2-sample, 2-tailed t-tests, result-
ing in parametric maps that were visualized in BioImageSuite.
For cluster correction, we used the autocorrelation values of
3dFWHMx using the residuals of the 3dttest as input into 3dClust-
Sim. Our resulting cluster value for an initial threshold of P < 0.001
and alpha correction of P < 0.05 was 9, yielding a 72 mm3 cluster.

Neuropsychological measures
We conducted exploratory post-hoc analyses assessing the
relationship between selected clusters identified in the seed-
based analysis above and neuropsychological task performance
using standard neuropsychological measures of declarative
memory (RAVLT; Bean 2011) and neuroticism (NEO-N subscale
of the Neuroticism-Extraversion-Openness (NEO) Personality

Inventory; Costa and McCrae 1992). Clusters were selected on the
basis of prior literature suggesting a relationship between those
areas and memory or neuroticism score. We assessed both the
immediate recall (IR) and sum-of-trials learning (L) metrics from
the RAVLT and used the total NEO-N subscale for the neuroticism
metric. Mean connectivity values for each selected cluster were
derived for each participant. We then used regression models to
assess the effects of specific connectivities of interest, sex, age,
and the interactions of sex and age (denoted as “sex ∗ age”) and
connectivity and age (denoted as “connectivity ∗ age”) on the
neuropsychological measures (RAVLT-L, RAVLT-IR, and NEO-N)
using regression models. For the RAVLT-L and RAVLT-IR models, we
specifically assessed for the effects of the left PCC:left AG and left
PCC:left parahippocampal gyrus (PHG) connectivities, whereas
for the NEO-N model, we explore the left PCC:right superior
temporal sulcus (STS) and left PCC:left insula connectivity effects.
We initially fit the following model:

RAVLT or NEO score = β0 + β1
∗ connectivity + β2

∗ age + β3
∗ sex

+ β4age ∗ sex + β5age ∗ connectivity + ε.
(1)

Where the higher-order interaction terms were significant, we
report the results of this model. Where it was not, we removed the
nonsignificant interaction term (age ∗ connectivity) and report the
results of the following simplified model:

RAVLT or NEO score = β0 + β1
∗ connectivity + β2

∗ age + β3
∗ sex

+ β4age ∗ sex + ε. (2)

We report the results of our models in Connectivity between
PCC and AG is associated with declarative memory performance;
connectivity between PCC and STS is negatively associated with
neuroticism of Results, including which model (1) and (2) above
was implemented for each.

Given the exploratory nature of these analyses, we do not
correct for multiple comparisons.

Regression analyses were conducted in R version 1.1.463 (R
Core Team 2019).

Data and code availability
The HCP-A data that support the findings of this study are
publicly available through the NIMH Data Archive (https://
nda.nih.gov/edit_collection.html?id=2847). The preprocessing
software can be freely accessed at https://bioimagesuiteweb.
github.io/webapp/. R code to run correlation analyses between
neuropsychological measures and seed connectivity values and
Python code to conduct the connectivity by age analyses (linear
regressions, boxplots, and t-test computation) can be found at
https://github.com/frederickslab/connectivity_analysis.

Results
Within-DMN ICD: sex differences over the course
of aging
ICD analysis to assess within-network DMN connectivity showed
that women had relatively higher within-network connectivity in
major posterior nodes of the DMN including posterior cingulate
(left t = 3.9; right t = 4.4) and AG (right t = 5.4; left t = 5.0), as
well as PHG/subiculum (left t = 4.4; right t = 4.6), whereas men
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Fig. 1. Sex differences in DMN ICD over age (females minus males, P < 0.001/P < 0.05). Relative to men, women show higher within-network connectivity
in major DMN nodes including PCC and bilateral AG, as well as PHG, and lower within-network connectivity in mesial frontal structures.

had relatively higher connectivity in anterior DMN nodes,
including mPFC (left frontal pole t = −4.3; right t = −3.7) (Fig. 1;
see Supplementary Table 2 for a complete list of clusters).

Within-DMN ICD: sex differences by decade
To visualize and quantitatively examine connectivity differences
between sexes by age, subjects were divided into age groups by
decade as delineated in the methods, and voxel-based 2-tailed t-
tests were performed to compare male and female subjects within
each age bin. Sex differences in posterior DMN nodes including
bilateral posterior cingulate and AG were most prominent for sub-
jects in their 40s and 50s, with women having the highest relative
within-network connectivity compared with men during these
decades. Peak sex differences in PHG connectivity occurred ear-
lier, with women having the greatest relatively increased within-
network connectivity in the 30s and 40s. Mesial prefrontal clusters
with the highest relative within-network connectivity for men,
on the other hand, showed the most prominent differences in
connectivity by sex in later decades (60s and 80s) (Fig. 2). T-scores
of ICD values at peak clusters for female minus male contrasts
are shown in Fig. 2B.

As an alternative means of quantifying sex differences in clus-
ters of interest by decade, we derived ICD values for key ROIs from
our whole-group analysis (Fig. 1) for each participant, then per-
formed 2-tailed t-tests to compare male and female participants’
average ICD values within age groups for each ROI (Fig. 2B). As
a means of visualizing trends over time for each sex in each
key ROI, we also present results of these t-tests as boxplots
(Supplementary Fig. 5): women show higher connectivity than
do men for the PCC and AG clusters (most notably in the 40s
and 50s) as well as PHG (most notably in the 30s and 40s),
but lower connectivity in the mPFC (most notably in the 60s
and 80s).

Finally, in order to assess trends over time for each key ROI, we
performed linear regressions of average ICD values by sex across
bilateral PCC, AG, PHG, and mPFC clusters (Fig. 3).

DMN to whole brain seed-based analysis
Having established significant within-network DMN connectivity
differences by sex over the course of aging, we turned our atten-
tion to the effect of sex on inter-network connectivity, focusing
specifically on connectivity between a canonical DMN seed and
the whole brain. We performed a whole-brain seed-based anal-
ysis using a meta-analysis-derived coordinate for the posterior
cingulate, a central hub of the DMN (Andrews-Hanna et al. 2010),
and compared female and male participants. Relative to men,

women showed significantly increased connectivity to a set of
regions both within and beyond the DMN, including bilateral hip-
pocampi, bilateral angular gyri, insula, and ventral prefrontal cor-
tex/anterior cingulate. Relative to women, men showed relatively
increased connectivity to the STS and left premotor cortex, among
other regions (Fig. 4; see Supplementary Table 3 for a complete list
of clusters).

Connectivity between PCC and AG is associated
with declarative memory performance;
connectivity between PCC and STS is negatively
associated with neuroticism
The clusters highlighted in our seed-based analysis include
regions that are critical for memory (including HIP and AG) and
social function (including insula and STS). We therefore con-
ducted exploratory analyses to examine the relationship between
posterior cingulate connectivity to HIP and AG and declarative
memory scores, and the relationship between posterior cingulate
connectivity to insula and STS and neuroticism. We also sought
to assess the relationship between neuropsychological task
measures and sex, age, and the interactions of both sex and age
and connectivity and age. We assessed these relationships using
general linear models (as outlined in Materials and Methods and
in Table 2).

These general linear models revealed significant effects on
short-term memory performance of connectivity between the
PCC seed and AG, with an additional negative interactive effect
of PCC–AG connectivity and age. Connectivity between PCC and
STS significantly impacted NEO-N score, but there was no rela-
tionship between PCC–insula connectivity and NEO-N, or PCC–HIP
connectivity and RAVLT scores.

Discussion
In contrast to prior research, we show highly significant sex differ-
ences in DMN connectivity over the course of aging in a very large,
cross-sectional sample of cognitively healthy individuals aged 36–
100, drawn from the HCP-A cohort. Some of these differences
are most prominent in the decades surrounding menopause; they
relate both to memory performance and neuroticism. Specifically,
we show that women demonstrate increased connectivity with
age in parietal nodes of the DMN, including posterior cingulate
and bilateral AG, and decreased connectivity in the medial pre-
frontal cortex, relative to men; in whole-brain seed-based anal-
yses, women also show relatively higher connectivity from the
DMN to other regions critical for memory and socioemotional
functioning, including bilateral hippocampi, insula, and ventral

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac491#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac491#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhac491#supplementary-data
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Fig. 2. A) Sex differences in DMN ICD, by decade (females minus males, P < 0.05/P < 0.05) and B) heatmap of scores representing the results of 2-tailed,
independent samples t-tests between each sex’s average connectivity values for each ROI (color gradient labeling denotes absolute values of t-values;
negative scores indicate higher ICD values in male subjects). Sex differences in PHG peak in the 40s, whereas sex differences in PCC and AG are generally
highest in the 5th and 6th decades; men’s higher within-network connectivity from mPFC peaks in the 7th and 9th decades (F, female; M, male).

Fig. 3. Linear regressions of ICD values by sex for key ROIs. Red dots indicate ICD values for individual female subjects; blue indicates ICD values for
individual male subjects.

prefrontal cortex, and lower connectivity to STS. Furthermore,
connectivity between posterior cingulate and AG correlates with
memory performance, whereas connectivity between posterior
cingulate and STS correlates inversely with neuroticism.

Making sense of sex differences in connectivity
and neuropsychological test performance
Prior studies of sex differences in atrophy and glucose metabolism
in AD dementia have demonstrated a similar pattern of preserved
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Fig. 4. Women show significantly greater connectivity from PCC to critical regions both within and beyond the DMN, including bilateral hippocampi,
bilateral angular gyri, insula, and ventral prefrontal cortex/anterior cingulate, but lower connectivity to STS, in a seed-based analysis (females minus
males, P < 0.001/P < 0.05).

Table 2. We used generalized linear models to assess the relationship between declarative memory and neuroticism scores and
connectivity from the PCC seed to prespecified clusters. We first considered the complete model (1), RAVLT or NEO
score = β0 +β1

∗ connectivity +β2
∗ age + β3

∗ sex + β4age ∗ sex +β5age ∗ connectivity + ε. Left AG connectivity significantly impacts
both RAVLT-L and RAVLT-IR scores, whereas the interaction of left AG connectivity and age negatively impacts both. The
age ∗ connectivity interaction term was not significant for the remaining scenarios, so we ran a simplified model (2) eliminating this
interaction term (RAVLT or NEO score = β0 + β1

∗ connectivity + β2
∗ age +β3

∗ sex +β4age ∗ sex + ε). Right STS connectivity has a
statistically significant effect on NEO-N under model 2. At the 0.05 level, the significant P-values are labeled with a. (Abbreviations:
PCC, posterior cingulate cortex; AG, angular gyrus; HIP, hippocampus; STS, superior temporal sulcus.)

Model 1

Response Connectivity β̂1 P-value β̂5 P-value Adjusted R2

RAVLT-L Left_PCC_Left_AG_Connectivity 0.4874 0.0068a −0.4896 0.0084a 0.1351
RAVLT-IR Left_PCC_Left_AG_Connectivity 0.5804 0.0013a −0.5879 0.0016a 0.1141

Model 2

Response Connectivity β̂1 P-value Adjusted R2

RAVLT-L Left_PCC_Left_HIP_Connectivity 0.0202 0.6464 0.1348
RAVLT-IR Left_PCC_Left_HIP_Connectivity 0.05 0.2573 0.1275
NEO-N Left_PCC_Right_STS_Connectivity −0.1072 0.0198a 0.0718
NEO-N Left_PCC_Left_Insula_Connectivity −0.0465 0.3307 0.0629

parietal regions and compromised frontal regions in women com-
pared with men (Herholz et al. 2002; Callen et al. 2004). This
preservation may fall off during more advanced stages of illness:
while male HCs and men with amnestic MCI and AD dementia
show progressively lower cortical thickness of the cingulate and
precuneus with more advanced clinical stage, women’s cortical
thickness remains relatively stable in these regions between HCs
and individuals with MCI, but drops off more steeply in the setting
of dementia (Cieri et al. 2022).

Work in healthy older adults has also hinted at relatively higher
DMN connectivity (usually assessing the network as a whole)
in women compared with men. Two studies taking advantage
of large publicly available data sets (UKBB, >5,000 participants
aged 44–77 (Ritchie et al. 2018); 1000 Functional Connectomes,
1,093 participants aged 18–71 (Biswal et al. 2010)) both found
higher connectivity (by weighted degree, a metric similar to our

ICD approach) in the DMN in women as compared with men;
Cavedo et al. (2018) found higher DMN connectivity (based on
seed-to-seed analysis specifically between mPFC–PCC, pre-
cuneus–HIP, and PCC– HIP), as well as higher glucose metabolism
in PCC, precuneus, and inferior parietal cortex in healthy older
women compared with men. Using an ICD approach in a sample
of men and women aged 18–65 (n = 103), Scheinost et al. (2015)
concluded that DMN connectivity decreased with age in both
sexes, but more steeply in men. None of these studies, however,
assessed intra- and inter-network DMN connectivity, which our
results, and recent work showing longitudinal increases and
decreases within specific DMN components despite an overall
pattern of age-related decreases (Malagurski et al. 2022), suggest
is an important consideration.

Prior work has also assessed for sex differences in inter-
network connectivity from major DMN nodes, generally showing
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higher connectivity in women. In a large study, Tomasi and
Volkow (2012) showed increased short- and long-range functional
connectivity in the DMN (PCC, precuneus, angular gurus, and
ventral PFC) and PHG in women relative to men (but lower
functional connectivity in somatosensory and motor cortex), but
found no interaction effects of age and sex, whereas Lopez-Larson
et al. (2011) showed increased local connectivity within the mesial
temporal lobe specifically in women. Smaller previous studies
have also hinted that women show relative hyperconnectivity in
specific edges or nodes of the DMN; Bluhm et al. (2008), in their
study of 40 men and women, noted that women showed tighter
correlation from a PCC/precuneus seed to the medial prefrontal
cortex, and relatively greater involvement of right AG using an
ICA-based approach.

Our results build upon these prior findings and also add
nuance, showing that aging women’s relative DMN hyper-
connectivity may be specific to specific nodes, including the
PCC/precuneus, AG, and perihippocampal gyrus, with lower
connectivity in the medial prefrontal cortex, and that sex
differences in these regions’ connectivity to the rest of the DMN
vary in magnitude over the course of aging.

The pattern of relative hyperconnectivity in posterior DMN in
women over the course of aging, most significant in the fifth and
sixth decades, is strikingly similar to previous findings of rela-
tive posterior DMN hyperconnectivity in both preclinical AD (i.e.
amyloid-positive but cognitively asymptomatic individuals) and
those at increased risk of AD (e.g. APOE-ε4 carriers) (Bookheimer
et al. 2000; Filippini et al. 2009; Sperling et al. 2009; Mormino et al.
2011; Schultz et al. 2017). Posterior DMN hyperconnectivity in this
context is usually interpreted as the compensatory response of
a network under stress in which the brain must “try harder” to
achieve the same degree of memory performance (Bondi et al.
2005; Filippini et al. 2009; Qi et al. 2010; Mormino et al. 2011).
Whether hyperconnectivity comes first, leaving certain nodes and
edges within a network more vulnerable to amyloid spread (Jones
et al. 2016), or whether excess amyloid accumulation leads to
hyperconnectivity in the first place (as suggested in a mouse
model where DMN-like hyperconnectivity was reduced by admin-
istering antibodies against amyloid; Shah et al. 2016), is currently
under active investigation.

Our finding that connectivity from PCC to AG correlates with
delayed memory task performance is in line with findings of a
similar relationship in studies of symptomatic individuals with
AD (Fredericks et al. 2019; Kang et al. 2021; Vanneste et al. 2021)
and under direct brain stimulation in non-amnestic individuals
(Natu et al. 2019). It is also consistent with the idea that posterior
DMN hyperconnectivity is an effective (albeit potentially harmful
in the long-term) strategy for maintaining mnemonic function.
The finding that women perform better on tests of verbal memory
across the lifespan is well-documented in the literature; interest-
ingly, the gap between men’s and women’s performance widens
in later decades (Bleecker et al. 1988). Could compensatory hyper-
connectivity in the posterior DMN relate to women’s relatively
milder age-related decline in verbal memory?

Our finding that increased connectivity between posterior
cingulate and the STS correlates inversely with NEO neuroticism
score echoes prior findings in preclinical AD, where global
STS connectivity correlated with an emotional reactivity score
derived from a subset of NEO-neuroticism (Fredericks et al. 2018).
Although this was not the case in our sample, most literature
suggests that women score higher than men on the NEO-N
both across adulthood and into their older decades (Chapman
et al. 2007). Changes in neuroticism and emotional reactivity

presage and may in fact represent very early symptoms of AD,
potentially preceding cognitive symptoms (Johansson et al. 2014,
2020; Fredericks et al. 2018). The finding that relatively higher
neuroticism scores are associated with decreased posterior DMN-
STS connectivity, in the setting of women’s relatively lower
DMN-STS connectivity compared with men, could thus have
implications for early neuropsychiatric effects of incipient AD.

The perimenopausal decades and the mesial
temporal lobe
Menopause appears to be a time of emerging vulnerability to AD
for women: postmenopausal women show a greater burden of tau
and amyloid, as well as decreased metabolic and mitochondrial
function, compared with age-matched premenopausal women,
as well as men (Mosconi et al. 2017a, b; Scheyer et al. 2018;
Rahman et al. 2020; Buckley et al. 2022), and changes in metabolic
and mitochondrial function correlate with decreased memory
scores (Mosconi et al. 2017a). There is a strong moderating impact
of menopause on tau accumulation in inferior parietal cortex
that participate in the DMN, among several cortical regions, but
not in the entorhinal cortex (Buckley et al. 2022); the reasons
for cortical tau accumulation independent of entorhinal tau in
postmenopausal women are not understood.

Prior research in mouse models points to multiple potential
pathways by which large fluctuations in hormone levels (includ-
ing both estrogen and FSH) in the setting of perimenopause
and postmenopause might increase women’s vulnerability to
AD. Lower estrogen levels lead to decreased regulation of glu-
cose metabolism and ultimately to decreased synaptic plasticity,
impaired mitochondrial function, and increased amyloid depo-
sition (Brinton 2009; Mosconi et al. 2017a), and estrogen plays
a critical role in sustaining LTP in the HIP and in hippocampal-
dependent memory task performance (Liu et al. 2008; Bean et al.
2015). Female rodents show marked declines in cognitive function
as well as wheel-running following estropause (Febo et al. 2020),
and higher estradiol as well as estrogen replacement therapy
have also been linked to higher short-term memory function in
adult women (Yonker et al. 2006; Rentz et al. 2017). An emerging
line of research suggests that the FSH surge that accompanies
perimenopause might have independent effects on the HIP that
contribute to chronic inflammation, amyloid spread, and abnor-
mal phosphorylation of tau (Xiong et al. 2022).

Whether posterior DMN hyperconnectivity in women in their
40s and 50s relates directly to the effects of perimenopausal
changes in sex hormone levels, or to indirect effects of peri-
menopause (e.g. effects of menopause-related sleep dysregulation
on amyloid and tau; Winer et al. 2019), and how posterior DMN
hyperconnectivity might predispose perimenopausal and post-
menopausal women to cortical tau deposition, warrants future
study.

Sex- and age-related differences in PHG and
anterior DMN connectivity
Prior literature on aging and DMN subnetworks, which has largely
ignored the impact of sex, has generally demonstrated declines
in overall DMN or posterior DMN connectivity (Jones et al. 2011;
Geerligs et al. 2015; Huang et al. 2015), but increases in anterior
DMN connectivity with older age (Jones et al. 2011; Persson et al.
2014; Geerligs et al. 2015). This pattern is strikingly similar to the
one we observe in our male participants, who show increased in-
network connectivity in medial prefrontal clusters, but decreased
connectivity in posterior clusters, compared with women.
Staffaroni et al. (2018) interestingly show an inverted U-shaped
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pattern of DMN connectivity with age, where connectivity
increased across DMN in ages 50–66 and declined after age
74, with DMN connectivity correlating with episodic memory
performance, findings which parallel our results in posterior
nodes of the DMN for women, though the authors do not report
effects of sex.

It is also notable that the cluster within DMN where sex differ-
ences emerged earliest, in bilateral PHG (where women showed
increased in-network connectivity relative to men, particularly in
their 30s and 40s), is an important node in the hippocampal com-
plex, with bidirectional connections both to entorhinal cortex, the
earliest site of pathologic tau deposition (Braak and Braak 1991),
and posterior cingulate (Eichenbaum and Lipton 2008). Prior work
has shown relatively increased long-range connectivity from the
PHG in aging women as compared with men (Tomasi and Volkow
2012). Might early hyperconnectivity in women from this area
relate to early tau pathology in the entorhinal cortex? Over time,
could it precipitate posterior DMN hyperconnectivity?

Limitations and future directions
We show significant differences in DMN regions by sex in a
large healthy aging population and highlight the importance of
considering sex as an independent predictor rather than a nui-
sance covariate in neuroimaging studies of aging. The HCP-A
data set has many advantages, including a broad age range (with
later decades well-represented, particularly compared with other
healthy aging data sets), an extended imaging protocol (including
24 min of resting state time for each individual), and detailed
clinical and neuropsychological phenotyping. This data set, com-
bined with the strengths of ICD, the robust voxel-based technique
we used to assess within-network connectivity in DMN, allows
us to overcome many of the challenges that faced prior studies
evaluating DMN connectivity over the course of aging.

However, our study has several limitations. First, the HCP-A
data set is cross-sectional, so we cannot draw conclusions about
longitudinal changes in DMN connectivity for a given individual.
Relatedly, the nature of a cognitively healthy aging data set is
that individuals who have developed cognitive symptoms in later
decades are excluded, whereas younger individuals who will go on
to develop cognitive symptoms in later decades are not, meaning
that the older decades included in this data set are enriched for
less vulnerable individuals; we therefore view our findings in the
oldest decades as less representative of the general population.

APOE genotype was not available for the participants in our
sample. The APOE-ε4 allele is common (Corbo and Scacchi 1999),
and is the single greatest genetic risk factor for AD. It also impacts
women disproportionately (Payami et al. 1996; Ungar et al. 2014;
Riedel et al. 2016). When APOE genotype becomes available for
the HCP-A data set, it will be important to incorporate APOE
genotype into future analyses to assess for its direct effects and
interactions with sex on DMN connectivity. Prior studies assessing
the impact of APOE genotype on DMN connectivity (which did not
consider the impact of sex) show increased connectivity from the
HIP, including specifically between HIP and DMN, which correlates
with poorer memory performance, even in cognitively healthy
individuals (Westlye et al. 2011; Badhwar et al. 2017; Wang et al.
2017; on behalf of Alzheimer’s Disease Neuroimaging Initiative
et al. 2019; Zhu et al. 2019; Shafer et al. 2021). The interaction
between sex and APOE genotype on functional connectivity across
the brain has rarely been studied, though pioneering work by
Damoiseaux et al. (2012) found decreased connectivity from the
posterior DMN in ε4-positive women (but not men) relative to
ε3 homozygotes; more recent work has begun to uncover the

ways in which vascular risk factors and hippocampal volume
relate to entorhinal tau and hippocampal connectivity in female
ε4 carriers (Shafer et al. 2021; Petersen et al. 2022; Tsiknia et al.
2022). The HCP-A study does plan to release APOE genotypes
for its participants (as well as 7 other SNP regions with strong
associations to neurodegenerative disease and to AD in particular)
(Bookheimer et al. 2019), and future analyses which incorporate
these data will be critical.

Next, we chose to focus our analysis on sex differences specif-
ically in within- and between-network DMN connectivity rather
than assessing sex differences in the integrity of intrinsic func-
tional connectivity networks across the brain. We opted to focus
on the DMN because of the strong evidence that it is specifi-
cally implicated in amnestic AD and our interest in understand-
ing women’s increased vulnerability to AD. However, this focus
makes it challenging to situate our work, and prior work focus-
ing on the DMN in aging, in the larger context of the litera-
ture around connectivity changes in healthy aging. Healthy aging
cohorts typically show lower within-network connectivity across
networks with older age, accompanied by increasing between-
network connectivity, a process that has been termed dedifferen-
tiation (Ferreira and Busatto 2013; Dennis and Thompson 2014;
Grady et al. 2016; Spreng et al. 2016). Dedifferentiation is asso-
ciated with decreased performance on tests of attention and
short-term memory, regardless of age (Chan et al. 2014; Geerligs
et al. 2015; Ng et al. 2016), and high levels of dedifferentiation,
in turn, correlate with the presence of Alzheimer’s pathology
(Cassady et al. 2021). Park and colleagues have hypothesized
that, in the setting of dedifferentiation, increased recruitment of
structures from other networks during tasks, which they term
“scaffolding,” is a compensatory strategy (Park and Reuter-Lorenz
2009; Persson et al. 2014; Reuter-Lorenz and Park 2014; Belleville
et al. 2021). In the context of this theory, individuals with higher
dedifferentiation, whether at baseline or related to a pathologic
process, might rely upon scaffolding in order to perform cogni-
tive tasks successfully. In general, the literature suggests that
women rely more upon between-network connections and have
a greater degree of dedifferentiation over the course of aging,
whereas men have a higher degree of modularity (Ingalhalikar
et al. 2014; Rabipour et al. 2021; Subramaniapillai et al. 2022).
While our work suggests that women do have relatively greater
connectivity from PCC to certain regions outside of the DMN (as
well as relatively greater within-network connectivity in posterior
nodes), the design of our study precludes our being able to assess
sex differences in dedifferentiation across intrinsic connectivity
networks. With regard to scaffolding, while we do not assess
directly for a scaffolding effect on memory performance, we do
show that women’s higher performance on verbal memory testing
is associated with higher connectivity between the PCC and AG,
suggesting that women may be relying on within-network cir-
cuitry—rather than defaulting to between-network connections—
to achieve their higher scores.

Finally, the work conducted here did not consider the effects of
physiological noise affects connectivity estimates. Future studies
could determine how factors like heart rate and respiratory rate
collected during the scanning session impact sex differences in
DMN connectivity.

Conclusion
While much remains to be learned, the present findings shed
much-needed light on sex differences over the lifespan in DMN
connectivity. The DMN has been well-characterized in the context
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of healthy aging, Alzheimer’s risk, and disease, but remarkably
little work has focused on the impact of sex on DMN function,
despite striking sex differences in AD risk and disease course. Here
we highlight that there are meaningful sex differences in DMN
connectivity over the lifespan, with relative hyperconnectivity in
women in PHG in the 30s and 40s, followed by posterior cingulate
and AG in the 40s and 50s, and later relative hypoconnectivity in
medial prefrontal cortex. These findings have real-world impli-
cations in terms of memory performance and neuropsychiatric
symptoms: we find that DMN connectivity metrics and cognitive
and psychiatric outcomes are correlated even in healthy aging
adults without overt cognitive or psychiatric symptoms.

Supplementary material
Supplementary material is available at Cerebral Cortex online.
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