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Abstract

Objectives: The onset of many illnesses is confounded with age and sex. Increasing age is a risk factor for the development
of many illnesses, and sexual dimorphism influences brain anatomy, function, and cognition. Here, we examine frequency-
specific connectivity in resting-state networks in a large sample (7 = 406) of healthy aged adults.

Method: We quantify frequency-specific connectivity in three resting-state networks known to be implicated in age-related
decline: the default mode, dorsal attention, and salience networks, using multiband functional magnetic resonance imaging.
Frequency-specific connectivity was quantified in four bands: low (0.015-0.027 Hz), moderately low (0.027-0.073 Hz),
moderately high (0.073-0.198 Hz), and high (0.198-0.5 Hz) frequency bands, using mean intensity and spatial extent.
Differences in connectivity between the sexes in each of the three networks were examined.

Results: Each network showed the largest intensity and spatial extent at low frequencies and smallest extent at high fre-
quencies. Males showed greater connectivity than females in the salience network. Females showed greater connectivity
than males in the default mode network.

© The Author(s) 2018. Published by Oxford University Press on behalf of The Gerontological Society of America. All rights 121
reserved. For permissions, please e-mail: journals.permissions@oup.com.
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Discussion: Results in this healthy aged cohort are compatible with those obtained in young samples, suggesting that

frequency-specific connectivity, and differences between the sexes, are maintained into older age. Our results indicate that

sex should be considered as an influencing factor in studies of resting-state connectivity.

Keywords: Functional connectivity, fMRI, Multiband fMRI, Sex, Resting-state

Evidence from human cognitive neuroimaging supports the
notion of sexual dimorphism in cognition, brain anatomy,
and function. Females tend to outperform males on tests
of verbal abilities (Halpern, 1992) and males outperform
females in tests of visuospatial ability (Maccoby & Jacklin,
1974). Sexual dimorphism is evident across the brain: even
regions that show no anatomical differences between the
sexes may show differences in function, neurotransmitter
release, sex hormone receptor density, genetic expression,
or metabolic response between the sexes (reviewed in
Cahill, 2006). It is believed that many of the factors re-
sponsible for sexual dimorphism in cognition, brain struc-
ture, and brain function may be particularly susceptible to
the ageing process (DeFrias, Nillson, & Herlitz, 2006). For
example, men may show accelerated brain ageing (i.e., at-
rophy) compared to women (Gur et al., 1991).

The onset of many illnesses is confounded with age and
sex. Increasing age is a risk factor for the development
of illnesses such as Alzheimer’s disease and other demen-
tias, cerebrovascular illnesses, and white matter disease,
among others. Greater longevity in females than males is
well established (see e.g. review Maklakov & Lummaa,
2013), however it remains unclear whether the trajectories
of age-related cognitive decline differs between the sexes.
Many studies report no differences in age-related cognitive
decline trajectory (e.g., DeFrias et al., 2006), whereas oth-
ers have reported sharper rates of decline in men (Gur &
Gur, 2002; Wiederholt et al., 1993) or women (Proust-Lima
et al., 2008). Within the brain, anatomical differences be-
tween males and females have long been established: males
show larger overall brains (Chen, Sachdev, Wen, & Anstey,
2007), while females have proportionately more grey mat-
ter compared to white matter volume (Allen, Damasio,
Grabowski, Bruss, & Zhang, 2003) and more efficiently
connected white matter network (Gong et al., 2009) than
males. Sex differences in brain structure have mostly been
studied in younger adults; the studies that have examined
sex differences in brain structure in older age suggest these
differences are maintained into older age (Jancke et al.,
2015; Ruigrok et al., 2014), although the sex differences in
grey to white matter volume proportion may reduce with
age (Jancke et al., 2015). The effect of sex on functional
connectivity is less clear: with most (e.g., Allen, Erhardt,
Damaraju, Gruner, Segall, 2011; Biswal et al., 2010; Filippi
etal.,2013; Scheinost et al., 2015; Tomasi & Volkow, 2012)
but not all (e.g., Weissman-Fogel, Moayedi, Taylor, Pope, &
Davis, 2010) reporting sex differences in functional con-
nectivity. Of those studies that do report sex differences
in functional connectivity, sex differences are seen across

most resting-state networks (Biswal et al., 2010). Most
studies report greater default mode connectivity in females
compared to males in young samples (Allen et al., 2011;
Biswal et al., 2010; Filippi et al., 2013; Tomasi & Volkow,
2012). Others have reported differences between the sexes
obtained in network lateralization (Liu et al., 2009; Tian
et al., 2011) and in within versus between network con-
nectivity (Satterthwaite et al., 2015).

Functional connectivity is often measured using rest-
ing-state functional magnetic resonance imaging (fMRI).
Resting-state fMRI indexes spontaneous large-amplitude
changes in blood oxygenation level dependent (BOLD)
signal at low frequencies (Biswal et al., 1995; Cordes et al.,
2001). Brain regions that exhibit temporal correlation be-
tween low frequency fluctuations are called resting-state
networks (Beckmann, DeLuca, Devlin, & Smith, 2005;
Damoiseaux et al., 2006). A number of reliable and con-
sistent resting-state networks have been identified, reflect-
ing intrinsic brain functional connectivity (reviewed in
Laird et al., 2011). Resting-state networks show moderate-
high test-retest reliability and replicability (Shehzad et al.,
2009). Resting-state connectivity is typically examined in
frequencies up to 0.1 Hz, for two reasons. Firstly, the sam-
pling rate of standard resting-state fMRI protocols use a
TR of around 2 s, limiting the bandwidth to 0-0.25 Hz.
Recent advances in multiband fMRI sequences (Feinberg
& Yacoub, 2012) have increased the temporal resolution to
0.5 s or less, effectively widening the available bandwidth
up to ~5 Hz. Secondly, the neural component of the BOLD
response has previously been thought to be dominated by
oscillations within the 0.01-0.1 Hz range (Cordes et al.,
2001). This contrasts with evidence from more recent stud-
ies that have confirmed the presence of neural oscillations
at higher frequencies (e.g., Gohel & Biswal., 2015; Kalcher
et al., 2014; Lee et al., 2013). Due to these reasons, very
few studies have attempted to quantify resting-state con-
nectivity at frequencies above 0.1 Hz.

Age-related reduction in connectivity in resting-state
networks, particularly in the default mode, dorsal atten-
tion, and salience networks, is considered to be a hall-
mark of age-related cognitive decline (Geerligs, Renken,
Saliasi, Maurits, & Lorist, 2015; Tomasi & Volkow, 2012).
Reduction in default mode network connectivity with age
is well established, and older adults are less likely to disen-
gage the default mode network during externally guided
cognition (Andrews-Hanna et al., 2007). The dorsal atten-
tion and salience networks subserve cognitive processes
that are particularly susceptible to the ageing process,
including selecting behaviorally relevant stimuli, directing
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attention towards those stimuli, and updating behavioral
goals (see Grady, 2008; Uddin, 2016 for reviews). It is
thought that reduced connectivity within default mode,
dorsal attention and salience networks, and between these
networks and other “lower order” sensory/motor net-
works, may contribute to the widespread changes in cogni-
tion during the ageing process (Geerligs et al., 2015). Older
adults show decreased connectivity within resting-state net-
works, becoming less efficient and differentiated (Achard
& Bullmore, 2007; Geerligs et al., 2015). While within-
network connectivity may reduce with age, between-net-
work connectivity increases with age (Betzel et al., 2014).
Connectivity is reduced within networks particularly along
the anterior—posterior axis (Allen et al., 2011; Andrews-
Hanna et al.,2007) and the left-right axis (Zuo, Di Martino,
Kelly, Shehzad, & Gee, 2010). Long-range connections (i.e.
connectivity between regions located further away) show
greater impairment than short-range connections within
resting state networks (Tomasi & Volkow, 2012).

Sex differences in resting-state fMRI are rarely consid-
ered (Biswal et al., 2010), despite the fact that sexual di-
morphism is known to affect the physiological processes
that underlie the BOLD-fMRI signal, including cerebral
blood flow (Aanerud, Borghammer, Rodell, Jonsdottir, &
Gjedde, 2017), cerebral glucose metabolism (Gur et al.,
1995), and hematocrit volume (Zeng, Yankowitz, Widness,
& Strauss, 2001). These physiological factors may partly
explain global differences in BOLD-fMRI intensity be-
tween the sexes, but they do not fully account for local
regional differences in measures such as functional connect-
ivity (Biswal et al., 2010). While the effect sizes tend to be
small (around 5-15%, Allen et al., 2011), most studies re-
port that young females show greater functional connect-
ivity than males within nodes of the default mode network
(Allen et al., 2011; Biswal et al., 2010; Tomasi & Volkow,
2012). A smaller number of studies report sex differences in
attention, salience, sensorimotor, and visual networks (Allen
et al., 2011; Filippi et al., 2013; Scheinost et al., 2015).

The aims of this study were twofold. (1) We aimed to
quantify resting-state connectivity in healthy ageing using
objective metrics of connectivity. We used multiband
resting-state fMRI to quantify the frequency-specific con-
nectivity in these three resting-state networks; here our im-
aging protocol allowed examination of connectivity up to
0.66 Hz (Supplementary Figure 2). To date, only a handful
of studies have attempted to quantify the frequency-spe-
cific connectivity of resting state networks using objective
metrics (e.g., Gohel & Biswal, 2015), and no study to date
has quantified frequency-specific resting state connectivity
in healthy ageing. (2) We aimed to explore age-related
sex differences in functional connectivity in three resting-
state networks relevant to cognitive ageing: the default
mode network, dorsal attention network, and salience
network. We hypothesized that resting-state network con-
nectivity will differ between the sexes in this sample of
healthy elders, particularly in the default mode network

(Allen et al., 2011; Biswal et al., 2010; Tomasi & Volkow,
2012). Consistent with evidence from young samples, we
predicted that females will show greater connectivity than
males in resting-state networks.

We examined functional connectivity across five slow-
wave bands in a large healthy aged sample that forms part
of the ASPirin in Reducing Events in the Elderly (ASPREE)
clinical trial, specifically the ASPREE-Neuro substudy
(Ward et al., 2017). The ASPREE trial and ASPREE-Neuro
substudy aimed to determine the effect of daily low-dose
aspirin on health outcomes in healthy older adults. The
ASPREE-Neuro substudy specifically aimed to determine
the effect of low-dose aspirin on a range of MRI biomark-
ers, including cerebral microbleeds and white matter hyper-
intensity, over a 3-year period, in 559 adults aged 70 years
and over (Ward et al., 2017).

Methods

Full details of the MR image acquisition, preprocessing,
first-level, and group independent component analyses
(ICA) are provided in Supplementary Material (Methods).

Participants

Data formed part of the baseline cohort (i.e. pre-medica-
tion) in the ASPREE trial, a multicentre, randomized dou-
ble-blind placebo controlled trial of daily 100 mg aspirin
in 19,000 healthy community dwelling older adults in
Australia and the United States. Inclusion and exclusion
criteria were published previously (ASPREE Investigator
Group, 2013). Participants were eligible in Australia if
aged 70 years and over, had no past history of occlusive
vascular disease, atrial fibrillation, cognitive impairment,
or disability, were not taking antithrombotic therapy, and
did not have anemia or a diagnosis likely to cause death
within 5 years. Baseline characteristics of the full ASPREE
sample are reported in McNeil et al. (2017). Data in this
sample was obtained from the ASPREE-Neuro substudy
(Ward et al., 2017). At study entry, each participant had
a Modified Mini Mental Status Examination (3MS, Teng
& Chui, 1987) score of at least 78/100; 3MS was con-
ducted on average 54 = 17 days (mean, SD) prior to MRIL
Additional exclusion criteria specific to ASPREE-Neuro
included the presence of contraindications to MRI, includ-
ing metallic or electronic implants not known to be safe at
3T, and claustrophobia.

For this analysis, participants (N = 553) were aged
70-88 years; n = 293 subjects were male, 7z = 260 subjects
were female. Data from five patients were discarded due
to a different number of time points in the resting state
scan. One hundred and forty-two data sets were removed
for poor MRI registration accuracy (see Supplementary
Materials). In the final sample, 406 subjects (age
range = 70-88 years, mean age 75 years, standard devia-
tion 3.5 years, 7 = 223 male, 7 = 183 female) were retained.
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Supplementary Figure 1 provides a frequency histogram of
ages in the final sample.

Image Acquisition and Preparation

ASPREE-Neuro sequence protocols are described in detail
in Ward et al. (2017). Here, we used T1 and multiband
rsfMRI (TR = 754 ms; TA = 5.16 min; eyes open) data.
All subject data underwent standard resting-state fMRI
(rsfMRI) pre-processing, implemented using tools from
FSL (http:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL), and AFNI
(Cox, 1996) (see Supplementary Methods).

Group ICA

Group ICA across the whole brain identified ten resting-
state networks. The focus of the current report is on the
default mode, dorsal attention, and salience networks.
Details about the other seven networks can be found in the
Supplementary Materials.

Resting-state data was parsed into five frequency bands:
low frequency (slow-5, 0.015-0.027), moderately low fre-
quency (mod-low: slow-4, 0.027-0.073), moderately high
frequency (mod-high: slow-3, 0.073-0.198) high frequency
(slow-2, 0.198-0.5), and very high frequency (0.5-0.66
Hz) bands. The very high frequency band resulted only in
noisy components, so was removed from further analysis.
A MELODIC analysis was then conducted to compute 15
independent components.

Within-Network Connectivity Analysis

To quantify within-network connectivity, we examined the
mean intensity and spatial extent of subregions within the
resting state networks of interest. The mean intensity of a
subregion represents the strength of the connectivity. The
mean intensity values reported here are Z scores, computed
from the r-maps of connectivity. The spatial extent provides
a measure of whether a subregion is apparent at all fre-
quency bands (e.g., a region may be present at one but not
all frequencies), and whether the size of the activated area
within a region is consistent across frequencies. The spa-
tial extent values reported here are numbers of voxels in
a cluster. A seed-region based approach was used to ex-
plore the spatial extent of subregions within three major
resting state networks (default mode, dorsal attention and
salience networks), in five different frequency bands (whole
band, low, mod-low, mod-high, and high frequency bands).
The seeds used to generate the networks were: default
mode (posterior cingulate cortex, PCC; 2, -56, 26), dorsal
attention (inferior parietal sulcus, IPS; -24, -54, 52), and
salience network (insula; -44, 12, -2), three spheres (ra-
dius 6 mm) were created. The average time-series extracted
from those spheres were correlated with all brain voxels
to derive a subject-level seed-based correlation map for

each seed. These maps were converted to z-scores using
Fisher’s 7 to z transformation and then further processed
using MELODIC Gaussian Mixture Model correction, to
account for temporal smoothness.

To quantify how the subnetwork connectivity varies
with frequency, we extracted the spatial extent of activated
regions and their mean intensity from the whole band
and band pass filtered frequency bands using regions of
interest (ROIs) from Shirer, Ryali, Rykhlevskaia, Menon,
& Greicius (2012). Spatial extent (voxel counts) and mean
Z-score intensity (extracted from r maps) of each ROI was
calculated each subject. Then, for each subregion, one N x
M matrix containing N = 406 (one per subject) measures
of activated voxels across M = 4 frequency bands, was sub-
jected to a four frequency band (low, mod-low, mod-high,
high) repeated measures ANOVA, with repeated planned
contrasts to determine significant differences in spatial
extents of resting-state networks between frequency bands.

To control for multiple comparisons, alpha was divided
by the number of regions of interest within each network.
So, for the default mode network, o = 0.5/12 = 0.00416; for
the dorsal attention network, o = 0.5/8 = 0.00625; and for
the salience network, o = 0.5/11 = 0.00454.

Sex Analysis

The effect of sex was first tested on the spatial extent
and mean intensity of the whole band data, using an in-
dependent samples #-test, equal variances not assumed.
Secondly, the effect of sex on the frequency bands was
examined using a 2 sex (female, male) x 4 frequency
band (low, mod-low, mod-high, high) repeated measures
ANOVA. As in the within-network analysis, to control for
multiple comparisons, alpha was divided by the number of
regions of interest within each network, yielding the same
o thresholds.

Results

Quantification of Resting-State Networks

To quantify the differences in the default mode, dorsal
attention, and salience networks, we compared the spatial
extent (Figure 1; Supplementary Tables 1 and 2) and mean
intensity (Figure 2; Supplementary Tables 3 and 4) of each
network’s subregions across frequency bands.

The variation in spatial extent of regions within the
dorsal attention, default mode, and salience networks
across frequency bands is shown in Figure 1. To facili-
tate comparison of effects across regions that differ sub-
stantially in size, each frequency band for each region was
normalized to the number of voxels present in the whole
band. One common feature between these three networks
is that for almost all subregions, the maximum spatial ex-
tent was obtained in the whole band, or in the low fre-
quency (low and mod-low) bands. Most regions showed a
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Figure 1. Spatial extent of subregions for (A) default mode, (B) dorsal
attention, and (C) salience network. To improve comparison of subre-
gions differing substantially in size, the spatial extent of each frequency
was divided by the spatial extent of that region in the whole band.
Supplementary Tables 1 and 2 report raw spatial extents and statisti-
cal tests for each effect reported here. Abbreviations: angular, angular
gyrus; dACC, dorsal anterior cingulate cortex; FEF, frontal eye fields;
IPS, intraparietal sulcus; Inf Temporal, inferior temporal gyrus; L, left;
mPFC, medial prefrontal cortex; Mid Frontal, middle frontal gyrus; PCC,
posterior cingulate cortex; PHG, parahippocampal gyrus; R, right; SMG,
supramarginal gyrus.

linear decrease in spatial extent with increasing frequency
(Supplementary Table 2, trends). Figure 2 shows the vari-
ation in mean intensity of regions within the three networks

across frequency bands. Most regions showed a linear re-
duction in mean intensity with increased frequency band
(Supplementary Table 4, trends).

In the default mode network, spatial extent was signifi-
cantly lower in low than mod-low band in cortical regions:
mid-prefrontal cortex, posterior cingulate, precuneus, and
bilateral angular gyri. In contrast, the hippocampus, para-
hippocampal gyrus, and thalamus showed no difference
in spatial extent between low and mod-low bands. For all
regions, spatial extent reduced significantly with increase
in frequency band from mod-low to high frequency bands.
A similar pattern was obtained for the mean intensity
of regions within the default mode network. All cortical
regions showed a trend towards increased intensity in mod-
low versus low frequency, although in some regions this
effect was at trend level and did not survive correction for
multiple comparisons. The hippocampus, parahippocampal
gyrus, and thalamus showed the opposite effect, with lower
intensity in mod-low versus low frequency bands. Mean
intensity in all regions except posterior cingulate reduced
between mod-low and high frequency bands.

A similar pattern of effects was obtained in the dorsal
attention network. In all regions except the left intraparietal
sulcus, low, and mod-low bands did not differ in spatial ex-
tent; and extent reduced linearly with increasing frequency
band from mod-low to high frequencies. In the left intra-
parietal sulcus, spatial extent was larger in mod-low than
low frequency and did not reduce with increasing frequency
band. Mean intensity comparisons mirrored this pattern:
across regions, the overall trend was for no significant dif-
ference in intensity between low and mod-low bands, with
a linear reduction in intensity with increasing frequency be-
tween mod-low and high frequency bands. The left intrapa-
rietal sulcus was a notable exception to this trend, with a
linear increase in intensity with increasing frequency.

In the salience network, most regions showed a trend to-
wards smaller spatial extent in low versus mod-low bands,
however this trend in many regions did not survive correc-
tion for multiple comparisons. Most regions showed trends
towards linear reduction in extent with increased frequency
(to mod-high band), except the right cerebellum and left
insula. The right cerebellum showed no significant differ-
ence in spatial extent across frequency bands, whereas the
left insula showed an increase in extent with increasing
frequency. In the mean intensity comparisons, regions did
not differ significantly in intensity between low mod-low
frequencies, and showed a reduction in intensity between
mod-low and mod-high frequencies. Again, the left insula
was a notable exception to this trend, which showed the
opposite effect: an increase in mean intensity with increas-
ing frequency band.

Effect of Sex on Resting State Connectivity

Overall, the effect of sex on resting-state connectivity
was modest. Figures 3 and 4 show the effect of sex on


https://academic.oup.com/psychsocgerontology/article-lookup/doi/10.1093/geronb/gby004#supplementary-data
https://academic.oup.com/psychsocgerontology/article-lookup/doi/10.1093/geronb/gby004#supplementary-data
https://academic.oup.com/psychsocgerontology/article-lookup/doi/10.1093/geronb/gby004#supplementary-data
https://academic.oup.com/psychsocgerontology/article-lookup/doi/10.1093/geronb/gby004#supplementary-data

1126

Journals of Gerontology: PSYCHOLOGICAL SCIENCES, 2019, Vol. 74, No. 7

Mean Intensity

A. Default Mode Network

35 q
3.0
2.5 4

2.0

Mean Z Score

0.5

0.0 - -
O @ @& L v © O 3 IS CIINC) 3
< N \ SR X (A@Q\\ @Q\) \/QQ\ Qﬁe\ \rbﬂ(\\)
¢ & & &# @

25 - B. Dorsal Attention Network

2.0

Mean Z Score

0.5

0.0 -

35 - C. Salience Network

3.0

2.5

2.0 | ow

[ Mod-Low

15 [ Mod-High
7 1 High

Mean Z Score

1.0 4

0.5

> > O
@ 0 €
Q@(\ ((‘0“\ &

O

& G
O
o N

KR N N RN
& ¢ S S & PN B\
[N 2 & “@\ &

2 "
& &
N

Figure 2. Mean intensity of sub-regions for (A) default mode, (B)
dorsal attention, and (C) salience network. Error bars show standard
error. Supplementary Tables 3 and 4 report mean intensities and stat-
istical tests for each effect shown here. Note that the mean intensity
of the seed regions (default mode: posterior cingulate; dorsal atten-
tion: left intraparietal sulcus; salience: left insula) are larger than for
all other regions. As these networks were created using a seed-based
approach, the resulting maps are r-maps, which were then transformed
to Z-scores. Hence, the value for each of the seed regions represents
correlation of that region with itself. Abbreviations: angular, angular
gyrus; dACC, dorsal anterior cingulate cortex; FEF, frontal eye fields;
IPS, intraparietal sulcus; Inf Temporal, inferior temporal gyrus; mPFC,
medial prefrontal cortex; mid Frontal, middle frontal gyrus; PCC, pos-
terior cingulate cortex; PHG, parahippocampal gyrus; SMG, supramar-
ginal gyrus; L, left; R, right.

the spatial extent and mean intensity of resting state net-
works. Supplementary Tables 5 and 7 report effect sizes for
each network and frequency band for females and males

separately. Effect sizes for spatial extent for females ranged
from 43 to 4366 voxels, and for males from 42 to 4098
voxels. Z scores for mean intensity ranged from 0.60 to
5.66 for females, and 0.62 to 5.38 for males. Supplementary
Tables 6 and 8 report statistical results of sex and sex by
frequency for each network.

Whole band data (Figures 3 and 4, left panels)

In the whole-band data, females showed greater mean
intensity in the default mode network (Figure 4A, left),
specifically in the medial prefrontal cortex, right middle
frontal gyrus, precuneus, and posterior cingulate. Marginal
effects were also obtained in the right parahippocampal
gyrus (Figure 4A left, single asterisks). The medial pre-
frontal cortex, right middle frontal gyrus and posterior
cingulate in this network also showed larger spatial extent
(Figure 3A, left) in females than males, with marginal
effects obtained in the precuneus, left angular gyrus, and
bilateral parahippocampal gyrus.

In the dorsal attention network, there was no significant
effect of sex on spatial extent (Figure 3B, left), or mean in-
tensity (Figure 4B, left).

In the salience network, males showed greater mean
intensity than females in the left and right middle frontal
gyrus, with marginal effects in right insula and bilateral
supramarginal gyrus (Figure 4C, left). In contrast, females
showed greater spatial extent in the left supramarginal
gyrus, and marginally in the right supramarginal gyrus,
compared to males (Figure 3C, left).

In summary, the whole band data suggest that females
show greater connectivity than males in the default mode
network. Further, males show greater connectivity in por-
tions of the salience network, and females show a larger
spatial extent of activity in the supramarginal gyrus in the
salience network.

Sex by frequency interaction (Figures 3 and 4, right panel)
The largest differential effect of sex on frequency-specific
connectivity was obtained in the default mode network.
This network showed largest spatial extent at low fre-
quencies for females, and largest extent at mod-low and
high frequencies in males in the medial prefrontal cortex
(Figure 3A, right). Marginal effects of sex on frequency-
specific connectivity were also obtained for the right
mid frontal region (Figure 3A, right, single asterisks).
The default mode network also showed higher mean
intensity for females versus males at low, mod-low and
mod-high frequencies in right middle frontal region and
precuneus (Figure 4A, right); with marginal effects in the
medial prefrontal cortex, posterior cingulate, and left
angular gyrus.

There were no significant effects of sex on frequency-
specific connectivity (Figures 3B and 4B, right panels) in the
dorsal attention network. Marginal effects were obtained
in the right intraparietal sulcus for spatial extent and right
frontal eye fields for mean intensity.
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Figure 3. Effect of sex on spatial extent. (Left) Main effect of sex in the
whole band data. (Right) Sex by Frequency interaction. Bars represent
female-male differences. Positive values show regions showing greater
extent for females than males, negative values show regions showing
greater extent for males than females. Double asterisks indicate regions
significant above the threshold corrected for multiple comparisons.
Single asterisks indicate regions that did not survive correction for mul-
tiple comparisons. Abbreviations: angular, angular gyrus; dACC, dorsal
anterior cingulate cortex; FEF, frontal eye fields; IPS, intraparietal sul-
cus; Inf temporal, inferior temporal gyrus; L, left; mPFC, medial prefron-
tal cortex; mid frontal, middle frontal gyrus; PCC, posterior cingulate
cortex; PHG, parahippocampal gyrus; SMG, supramarginal gyrus; R,
right.

Likewise, in the salience network, only marginal effects
of sex on frequency-specific connectivity were obtained
(Figures 3C and 4C, right panels), specifically in the right
cerebellum for spatial extent, and left insula and right cere-
bellum for mean intensity.

In sum, only the default mode network showed differ-
ences in frequency-specific connectivity between the sexes
after correcting for multiple comparisons. The overall
trend showed increased connectivity for females com-
pared to males at low, mod-low and mod-high frequen-
cies in frontoparietal components of the default mode
network.

Discussion

The aims of this study were twofold: (1) quantify fre-
quency-specific connectivity in three resting-state networks

relevant to cognitive ageing; and (2) examine the effects of
sexual dimorphism on connectivity in those same resting-
state networks.

Frequency-Specific Characteristics
of Resting-State Networks

Using ICA decomposition, we identified 10 resting-state
networks in healthy aged individuals. To quantify the dif-
ferences in the resting state networks across frequency
bands, we examined the variation in spatial extent and
mean intensity for three networks relevant to cognitive
ageing: the default mode, dorsal attention, and salience
networks. The three networks showed relatively consist-
ent results, with largest spatial extent and mean intensity
in the lowest frequencies (low and mod-low) and small-
est extent and intensity at high frequencies (mod-low
and high). This reduction in connectivity with increasing
frequency band was roughly linear across regions within
each network.

The default mode, dorsal attention, and salience net-
works are particularly noteworthy in the context of
cognitive ageing, as the intrinsic connectivity of these
networks influences higher-order cognition. The default
mode network (Raichle et al., 2001) subserves internally
directed cognition and is often anticorrelated with task
performance—that is, activity in this network is reduced
or inhibited during the performance of many cognitive
tasks (Buckner et al., 2005). The dorsal attention network
(Fox, Corbetta, Snyder, Vincent, & Raichle, 2006) sub-
serves externally driven cognition and is involved in top-
down orienting of attention during cognitive tasks. The
salience network (Menon, 2015; Seeley et al., 2007) is an
exogenously focused network that integrates information
about conflict monitoring, interoception, and reward pro-
cessing centers to detect salient information in the envir-
onment. Ageing results in reduced functional connectivity
of these networks (e.g., Andrews-Hanna et al., 2007; He
et al., 2014), and older subjects show reduced modularity
(Geerligs et al., 2015), reduced network efficiency (Achard
& Bullmore, 2007), and reduced long-range connections
between networks (Tomasi & Volkow, 2012). Very few
studies have specifically examined age effects on the ampli-
tude of high-frequency spontaneous fluctuations of resting-
state networks using fMRI. Using standard-TR fMRI, Allen
et al. (2011) found a decrease in low frequency power and
mean intensity with age across 75 resting-state networks,
primarily between 0 and 0.15 Hz (low to mod-high bands
here). They found that default mode and attentional net-
works showed a slightly more significant decline in connect-
ivity with age compared to other networks. Evidence from
near infrared spectroscopy confirms that ageing reduces
spontaneous and task-related fluctuations in the cerebral
microvasculature: Schroeter, Schmiedel, and von Cramon
(2004) demonstrated reduced hemodynamic oscillations
at 0.07-0.11 Hz (approximately mod-low band here) but



1128

Journals of Gerontology: PSYCHOLOGICAL SCIENCES, 2019, Vol. 74, No. 7

Mean Intensity
Whole Band: Main Effect of Sex Sex By Frequency Interaction
. A. Default Mode Network

4 06

1/8) ke XX bl (R
N 2 *k gk *
1 02
§
2 *
1
‘k 0.0
=
0 T T
O B PP o B 3§ $P00 00 @ I I e VIR I I IR IR
PSR IR R JERCRC IR B B P o & o X
RGO P ST B S R
S Tl S <® O Q\é' S <
P RS S AR
e
B. Dorsal Attention Network
30
04
25
03
2 20 3
&
& 02
N 15 H
§
2 10 o1
05 % 0.0
=
0.0 < < 0.1 4r
O I SR & & & & & & @
<<<°°‘g<*°° T e RO MRS e
W St e o
C. Salience Network
6 *
04
5 — Low
s 03 = Mod-Low
e 4 ~ == Mod-High
'§ I Female o — High
2, == Male 02
§ 2
= T ek * ok ok

R ORI SRR CRC PR S O (© P PO
S TRV S N, oo S, T & & N S o Y
R Sy S TN T e
e [OXONEA W Ve Pl

Figure 4. Effect of sex on mean intensity. (Left) Main effect of sex in the
whole band data. (Right) Sex by Frequency interaction. Bars represent
female-male differences. Positive values show regions showing greater
extent for females than males, negative values show regions showing
greater extent for males than females. Double asterisks indicate regions
significant above the threshold corrected for multiple comparisons.
Single asterisks indicate regions that did not survive correction for mul-
tiple comparisons. Abbreviations: angular, angular gyrus; dACC, dorsal
anterior cingulate cortex; FEF, frontal eye fields; L, left; IPS, intraparietal
sulcus; inf temporal, inferior temporal gyrus; mPFC, medial prefrontal
cortex; mid frontal, middle frontal gyrus; PCC, posterior cingulate cor-
tex; PHG, parahippocampal gyrus; SMG, supramarginal gyrus; R, right.

not at 0.01-0.05 Hz (~low band); whereas Vermeij et al.
(2014) demonstrated reductions in hemodynamic oscilla-
tions across all studied frequencies (0.02-0.35 Hz).
Ageing leads to degeneration of the vascular system
(Marin, 1995), which affects hemodynamic measures like
BOLD fMRI (D’Esposito, Zarahn, Aguirre, & Rypma,
1999). Blood volume, total red cell mass, cerebral per-
fusion, cerebral metabolic rate of oxygen, and cerebral
glucose utilization decrease with age (reviewed in Marin,
1995; and Schroeter et al., 2004), the interaction of which
has a yet-unknown effect on the BOLD-fMRI response
(D’Esposito, Deouell, & Gazzaley, 2003). The participants
in this sample had no history of occlusive vascular disease,
atrial fibrillation, were not currently taking antithrom-
botic therapy and were not anemic (Ward et al., 2017), rul-
ing out some common issues of studying older individuals
using fMRI. It remains possible that some of the modest
differences identified between the current and past studies

(e.g., Gohel & Biswal, 2015) may be attributable to dif-
ferences in the underlying signal between young and older
subjects.

Effect of Sexual Dimorphism on Resting-State
Network Connectivity

Overall, the effect of sex on resting-state functional con-
nectivity was modest, particularly in the dorsal attention
network, where no effect of sex survived correction for
multiple comparisons. This is consistent with some previ-
ous reports (e.g., Weissman-Fogel et al., 2010). Within the
salience network, males showed greater connectivity than
females. No differences were obtained in the frequency-
specific analyses after correcting for multiple compari-
sons. This result is compatible with the results of Filippi
et al. (2013) who showed that inter-network connectivity
between the salience network and sensorimotor network
was larger in males than females. The salience network is
active when salient events change the current focus of atten-
tion (Corbetta & Shulman, 2002; Menon, 2015), and so
is an exogenously focused network. Note that while males
showed greater mean intensity than females throughout the
salience network, females did show larger spatial extent of
the supramarginal gyrus in this network. The salience net-
work has been shown to reduce in connectivity with age and
in Alzheimer’s disease, but not in mild cognitive impairment
(He et al., 2014). Interestingly, Alzheimer’s disease is more
prevalent in females (von Strauss, Viitanen, De Ronchi,
Winblad, & Fratiglioni, 1999) suggesting that early sex dif-
ferences in salience network connectivity may be a related
to sexual dimorphism of Alzheimer’s disease prevalence.
The largest effects of sex were obtained in the default
mode network, where females showed greater connectiv-
ity than males, particularly at low, mod-low, and high-fre-
quencies. This is consistent with previous studies that have
reported greater default mode connectivity in females than
males in young samples (Allen et al., 2011; Biswal et al.,
2010; Filippi et al., 2013; Scheinost et al., 2015; Tomasi &
Volkow, 2012; Zuo et al., 2010; but see Weissman-Fogel
et al., 2010 who did not find sex differences). Our results are
compatible with previous reports of greater age-related dis-
connectivity in the default mode network in males compared
to females. Tomasi & Volkow (2012) reported that females
show greater long-range connectivity in the default mode
network than males, with no significant change in older
age. Scheinost et al. (2015) demonstrated that males have a
greater age-related disconnectivity in the default mode net-
work than females. Thus, evidence of sexual dimorphism in
default mode connectivity in older age appears to be a con-
tinuation of differences that are evident across the lifespan.

Conclusions and Directions for Future
Research

This study quantified frequency-specific resting-state net-
work connectivity in a sample of healthy older people. We
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found that males show greater connectivity than females in
the salience network, and females show greater connectiv-
ity than males in the default mode network. Our results
in healthy older people indicate that frequency-specific
connectivity and sex differences in connectivity previ-
ously reported in young adults are maintained in older age.
Furthermore, our results also highlight the importance of
considering sex as an influencing factor on resting-state
functional connectivity, particularly in the default mode
and salience networks. These sex differences may influ-
ence an individual’s risk for cognitive decline, psychiatric
or neurodegenerative diseases, or response to treatment.
Consistent with Cahill (2006), our results support the argu-
ment that sex influences on brain function are not negligi-
ble, and should be considered in future studies.

Our study possesses a number of strengths, including the
large sample size and use of multiband fMRI protocols that
allowed the examination of frequency-specific connectiv-
ity in a bandwidth significantly larger than possible using
standard imaging protocols. This study does have a num-
ber of limitations, the most important of which is the lack
of a young comparison sample. Thus, this study can only
be considered as a characterization of frequency-specific
connectivity of resting-state networks in older adulthood,
rather than making inferences on the effect of age, per se. To
this end, we are currently working to acquire a young com-
parison group. However, the strength of the ASPREE-Neuro
study lies in its longitudinal nature: this paper reports the
baseline results from a minimum three-year study, with fol-
low-ups at one and three years (Ward et al., 2017). Future
reports will build upon the current results to examine the
effects of ageing in this large sample of healthy older adults.

Supplementary Material

Supplementary data is available at The Journals of
Gerontology, Series B: Psychological Sciences and Social
Sciences online.
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