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Older adults typically show weaker functional connectivity (FC) within brain networks compared with
young adults, but stronger functional connections between networks. Our primary aim here was to use a
graph theoretical approach to identify age differences in the FC of 3 networksddefault mode network
(DMN), dorsal attention network, and frontoparietal control (FPC)dduring rest and task conditions and
test the hypothesis that age differences in the FPC would inﬂuence age differences in the other networks,
consistent with its role as a cognitive “switch.” At rest, older adults showed lower clustering values
compared with the young, and both groups showed more between-network connections involving the
FPC than the other 2 networks, but this difference was greater in the older adults. Connectivity within
the DMN was reduced in older compared with younger adults. Consistent with our hypothesis, betweennetwork connections of the FPC at rest predicted the age-related reduction in connectivity within the
DMN. There was no age difference in within-network FC during the task (after removing the speciﬁc task
effect), but between-network connections were greater in older adults than in young adults for the FPC
and dorsal attention network. In addition, age reductions were found in almost all the graph metrics
during the task condition, including clustering and modularity. Finally, age differences in betweennetwork connectivity of the FPC during both rest and task predicted cognitive performance. These
ﬁndings provide additional evidence of less within-network but greater between-network FC in older
adults during rest but also show that these age differences can be altered by the residual inﬂuence of task
demands on background connectivity. Our results also support a role for the FPC as the regulator of other
brain networks in the service of cognition. Critically, the link between age differences in inter-network
connections of the FPC and DMN connectivity, and the link between FPC connectivity and performance, support the hypothesis that FC of the FPC inﬂuences the expression of age differences in other
networks, as well as differences in cognitive function.
Ó 2016 Elsevier Inc. All rights reserved.
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1. Introduction
With the advent of modern functional neuroimaging techniques,
considerable effort has been made to attempt to understand age
differences in cognitive function in the context of differences in brain
activity (e.g., Cabeza, 2002; Grady, 2012; Park and Reuter-Lorenz,
2009; Rajah and D’Esposito, 2005). Initially, such experiments
assessed brain activity or functional connectivity (FC) between brain
regions during speciﬁc tasks in young and older adults using positron
emission tomography or functional magnetic resonance (fMRI).
* Corresponding author at: Rotman Research Institute at Baycrest, 3560 Bathurst
Street, Toronto, Canada, M6A2E1. Tel.:416 785 2500x3525; fax: 416 785 2862.
E-mail address: cgrady@research.baycrest.org (C. Grady).
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However, the discovery that BOLD signals in regions known to be
functionally connected during tasks also were robustly correlated
during the resting state (Biswal et al., 1995), combined with the
identiﬁcation of multiple resting-state brain networks (e.g., Allen
et al., 2011; Smith et al., 2009; Yeo et al., 2011), has spurred
increasing interest in the use of resting-state FC measures as indices
of brain and behavioral integrity in older adults.
In the present study, we explored age differences in FC of 3
networks: the default mode network (DMN, Greicius et al., 2003;
Raichle et al., 2001), the dorsal attention network (DAN, Corbetta
et al., 2002), and the frontoparietal control network (FPC, Vincent
et al., 2008). The FPC was of particular interest because of evidence that this network may serve as a “switch” that actively
engages or disengages other networks to facilitate cognition
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(Cole et al., 2013; Shaw et al., 2015; Spreng et al., 2010a). This makes
it an interesting target for aging research, given the well-known age
differences in cognitive control (e.g., Buckner, 2004; Cepeda et al.,
2001; de Frias et al., 2009; West et al., 2002). Therefore, one of
our primary aims was to test the hypothesis that between-network
FC involving the FPC would inﬂuence age differences in connectivity of the other networks, providing evidence that the cognitive
switch is altered with age, thus inﬂuencing how other networks
operate. We focused on the FPC, DMN, and DAN for several reasons.
First, although the FPC may facilitate activity in many brain networks, the most information to date concerns its interactions with
the DMN and DAN (Gao and Lin, 2012; Hellyer et al., 2014; Kaiser
et al., 2015; Scott et al., 2015; Sestieri et al., 2014; Spreng and
Schacter, 2012; Spreng et al., 2013; Vincent et al., 2008). Second, a
recent meta-analysis found that age differences in activation across
various brain networks were most common in the FPC, DAN, and
DMN (Li et al., 2015). A third rationale for concentrating on these 3
networks is that much is known about the DMN and DAN and their
interactions. For example, there is strong evidence that these 2
networks subserve different attentional foci, with an internally
directed attentional focus for the DMN and an external-attention
focus for the DAN (Corbetta et al., 2008; Grigg and Grady, 2010b;
Gusnard et al., 2001; Spreng et al., 2010a). This attentional difference is reﬂected in anti-correlations between these 2 networks
(Fox et al., 2005; Kelly et al., 2008), which are reduced with age
(Keller et al., 2015). Therefore, we chose to focus on the interactions
within and among these 3 networks as a ﬁrst exploration of our
hypothesis.
To address our hypothesis, we used a graph theoretical
approach, which assesses pair-wise correlations among a set of
brain regions and produces a series of highly interconnected
modules of brain regions, and overall metrics that describe various
characteristics of the identiﬁed networks and their nodes (Bullmore
and Sporns, 2009; Power et al., 2010). We, thus, were able to
quantify overall characteristics, such as clustering (a measure of
network segregation across the whole graph), as well as measures
of within- and between-network connections for each network. An
important aspect of this study is that we examined age differences
in network FC during both task and rest. Studies have shown age
differences in both task and resting FC, but it is still an open
question as to whether task- or rest-based FC is more sensitive to
age differences and/or cognitive performance, and this is rarely
tested in the same participants. In the following sections, we
summarize the evidence to date for age differences in FC measured
at rest and during various cognitive tasks.
1.1. Age differences in intrinsic FC at rest
Several studies have looked at intrinsic FC across the whole brain
in young and older adults and reported reductions with age in frontal
and parietal regions, as well as age-related increases of FC in
subcortical, sensorimotor, and medial temporal lobe regions
(Hampson et al., 2012; Meinzer et al., 2013; Wang et al., 2012a). Work
focusing on known brain networks has shown that older adults have
reduced FC within the DMN, which is by far the most studied
network (Allen et al., 2011; Andrews-Hanna et al., 2007; Damoiseaux
et al., 2008; Grady et al., 2012; Hampson et al., 2012; Madhyastha and
Grabowski, 2014; Meier et al., 2012; Mevel et al., 2013; Mowinckel
et al., 2012; Onoda et al., 2012; Sala-Llonch et al., 2012; Sambataro
et al., 2010; Saverino et al., 2015; Schultz et al., 2014; Wu et al., 2011).
The FPC (Allen et al., 2011; Campbell et al., 2012; Geerligs et al., 2014;
Madhyastha and Grabowski, 2014; Sala-Llonch et al., 2012; Schultz
et al., 2014) and the DAN (Allen et al., 2011; Andrews-Hanna et al.,
2007; Madhyastha and Grabowski, 2014; Schultz et al., 2014) also
show age-related decreases in FC. In contrast, somatosensory

networks (Meier et al., 2012; Mowinckel et al., 2012) show higher FC
in older adults, suggesting that reduced network connectivity is not a
general consequence of aging.
Studies using graph theory to describe age differences in FC
across the whole brain have reported a general loss of long range
connections (Tomasi and Volkow, 2012) and reduced efﬁciency of
communication between nodes (Achard and Bullmore, 2007). An
interesting property of brain graphs is a characteristic known as
small-worldness, which refers to the combination of high levels of
local clustering among nodes of a network (to form modules) and
short paths that globally link all nodes of the network. Reduced
small-worldness of graphs in older adults has been reported
(Matthaeus et al., 2012). On the other hand, older adults sometimes
show larger values of graph metrics than young adults, usually in
sensorimotor or subcortical regions (Cao et al., 2014; Meunier et al.,
2009; Onoda and Yamaguchi, 2013; Tomasi and Volkow, 2012),
similar to those studies measuring FC through simple correlations.
Studies examining speciﬁc networks report that young adults show
higher modularity (density of connections within a module) and
degree (interconnectedness of a given node) in the DMN and FPC
relative to older adults (Geerligs et al., 2015; Song et al., 2014). One
of the more interesting age differences revealed through graph
theory approaches is that older adults show stronger connections
between networks, despite having weaker connections within
networks, resulting in reduced network segregation (Chan et al.,
2014; Geerligs et al., 2015; Song et al., 2014). However, none of
these studies investigated the extent to which age differences in the
connections between the FPC and other networks relate to age
differences in FC within networks.
1.2. Age differences in FC during tasks
The literature on task-based FC has typically focused on the
speciﬁc regions thought to be important for the particular task and
a diverse set of cognitive functions has been examined. For
example, in the context of cognitive control, the FC between frontal
and parietal nodes of the FPC was stronger in younger than in older
adults during task switching (Madden et al., 2010) and during a task
involving detection of targets in the presence of interference
(Geerligs et al., 2014), although in this latter study, the older group
had stronger connectivity between the FPC and motor regions. In a
study using tasks designed to activate the DAN or the DMN (Spreng
and Schacter, 2012), young adults showed functional coupling
between the FPC and DAN only during the task that activated the
DAN, and FPC-DMN coupling only during the task that activated
the DMN, indicating that the control processes of the FPC, and its
between-network coupling, switched depending on the task
demands. However, in older adults, the FPC remained coupled to
the DMN in both tasks, suggesting less ﬂexible network interactivity in older adults, and perhaps reduced ability of the FPC to
organize this ﬂexible switching of network activity. Some studies
of age differences in FC during episodic memory have reported
greater coupling involving the medial temporal lobes and other
brain regions in younger versus older adults (Dennis and Cabeza,
2011; Dennis et al., 2008; St Jacques et al., 2012), whereas other
studies have found that medial temporal lobe regions are correlated
with different brain regions in young and older adults and that
these age-speciﬁc patterns are correlated with memory performance (Daselaar et al., 2006; Grady et al., 2003). Studies of selfreferential processing have found reduced connectivity in the
DMN of older adults, compared with younger adults (Grady et al.,
2012), but stronger FC in the DMN predicted more negative selfjudgments in both younger and older adults (Saverino et al.,
2015), consistent with the reported link between DMN FC and
depressive symptoms (e.g., Whitﬁeld-Gabrieli and Ford, 2012;
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Zeng et al., 2012). Thus, across multiple cognitive domains, taskrelated FC differs between younger and older adults and this age
difference in FC is related to age differences in behavior.
Only a few studies have examined age differences in graph
metrics during tasks. One such study found more frontally located
network clusters in older versus young adults during working and
episodic memory tasks (Matthaeus et al., 2012). Another reported
stronger FC between networks in younger adults during a verbal
recognition task (Steffener et al., 2012); importantly, FC between
FPC and DMN regions mediated the effect of age on working
memory performance. A third study assessed graph metrics during
visuomotor task events as well as across the full time series to
estimate “resting” FC (McCarthy et al., 2014). This study reported
higher clustering in posterior cortex in young adults and higher
values in older adults in frontal and subcortical areas across both
analyses, which is not surprising given that both assessed the same
scanning runs. Importantly, no studies to our knowledge have
assessed age differences in a direct comparison of FC during resting
and task conditions in our 3 networks of interest, raising
the question of whether the cognitive state of the participants
inﬂuences age differences in network interactions.
1.3. The present study
To assess age differences in FC involving the 3 networks of interest,
we used rest and task data from 3 prior experiments (Campbell et al.,
2012; Grady et al., 2012; Saverino et al., submitted) and previously
published coordinates to deﬁne the network nodes (Spreng et al.,
2013). Our ﬁrst hypothesis was that the overall network structure
at rest would replicate that seen in prior work (Spreng et al., 2013;
Vincent et al., 2008) and that this structure would be similar, but
perhaps not identical, in young and older adults. Second, we predicted that older adults would show reduced network segregation
across the entire graph structure (i.e., in metrics such as clustering or
modularity), as well as reduced network-speciﬁc measures of withinnetwork FC, especially within the DMN. In contrast, the older adults
were expected to have increased FC between the networks, particularly involving the FPC. A novel hypothesis was that age differences in
FPC connectivity would inﬂuence FC within other networks, and
might do so both at rest and during task. If the role of the FPC is to
engage/disengage other networks (Cole et al., 2013; Spreng et al.,
2013), then the primary FC measure that would inﬂuence age differences in other networks would be one that reﬂects the betweennetwork interactions of the FPC.
In terms of the differences that one might see between FC at rest
and during task, past literature would suggest 2 alternatives. On
the one hand, work showing a lack of age reductions in FC of taskpositive networks, such as the DAN, during tasks (Grady et al., 2010)
would suggest that greater similarity in network FC between young
and older adults might be expected during task, compared with
rest. On the other hand, the many studies showing both over- and
under-recruitment of various regions of cortex in older adults
during cognitive tasks (for reviews, see Cabeza, 2002; Grady, 2012;
Park and Reuter-Lorenz, 2009; Rajah and D’Esposito, 2005) might
lead to the prediction of enhanced age differences in FC during task
conditions.
Finally, because prior work has shown that FC is related to
behavior in both young and older adults (e.g., Andrews-Hanna et al.,
2007; Dang et al., 2013; Kelly et al., 2008; Sambataro et al., 2010),
we examined the relevance of age differences in between-network
FC involving the FPC to cognitive task performance from the 3
experiments. For this analysis, we focused on the between-network
FC of the FPC to test the hypothesis that age differences in the
presumed switch function of the FPC during rest and/or task would
predict performance.
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2. Methods
2.1. Participants
The number of younger participants was 45 (18e29 years;
mean ¼ 22.4, standard deviation [SD] ¼ 3.1; 23 males) and that
of older adult participants was 39 (60e83 years; mean ¼ 69.0,
SD ¼ 5.2; 15 males). None had a history of psychiatric or neurologic
disorder, drug or alcohol abuse, or any systemic disease that might
compromise cognitive function or blood ﬂow (e.g., diabetes,
untreated hypertension, cardiovascular disease), and there were no
signiﬁcant brain abnormalities found on structural magnetic resonance imaging. The participants came from 3 separate experiments
(Campbell et al., 2012; Grady et al., 2012; Saverino et al., submitted),
and the resting data from these participants have appeared in
an earlier publication on age differences in the FC of DMN subsystems (Campbell et al., 2013). All participants were right handed,
had normal or corrected to normal vision, and older adults scored
in the normal range on the mini-mental status examination (>26;
Folstein et al., 1975). Written informed consent was obtained from
all participants, and the consent form and study were approved by
the Research Ethics Board of Baycrest Centre.
For each participant, 2 time series were used, 1 from a resting
state run and 1 from a task run, all of which used visual stimuli.
Experiment 1 involved encoding of items or pairs of items, followed
by post-scanning tests of item and associative memory (15 old, 14
young; Saverino et al., submitted); the item encoding run was used
in the current analysis. The task data from experiment 2 consisted
of a 1-back task for pictures of objects with words superimposed on
them that participants were told to ignore, followed by a fragmentcompletion task (not scanned) to assess implicit retrieval of the
distracting words (9 old, 12 young; Campbell et al., 2012). Priming
on the completion task served as an index of the ability to inhibit
the distracting information. Experiment 3 involved a series of
scanning runs that all included blocks of externally and internally
directed tasks, including a self-reference task requiring participants’ judgments of whether personality traits characterized
themselves (15 old, 19 young; Grady et al., 2012). The ﬁrst task run
was used in the current analysis. For experiments 1 and 3, the
resting scan was acquired before any task runs, and in experiment 2,
the rest scan was acquired after the task run. We included this latter
experiment to increase power and because we previously identiﬁed
multiple resting state networks consistent with prior work using
the participants across these 3 studies (Campbell et al., 2013).
Although task runs can inﬂuence subsequent resting FC, these
effects are usually subtle and are found typically only in speciﬁc
task-related regions (Grigg and Grady, 2010a; Stevens et al., 2010;
Wang et al., 2012b).
2.2. Image acquisition and preprocessing
Participants were scanned using a Siemens Trio 3T scanner.
Anatomic scans were acquired with a 3D MP-RAGE sequence
(repetition time [TR] ¼ 2 seconds, echo time [TE] ¼ 2.63 ms, ﬁeld
of view [FOV] ¼ 25.6 cm2, 256  256 matrix, 160 slices of 1-mm
thickness). Each participant performed a series of functional
runs, including a resting state scan (eyes closed); 5 minutes of data
were used from all runs in the analyses reported here. The functional runs were acquired with an echo planar imaging sequence
(TR ¼ 2 seconds, TE ¼ 30 ms, ﬂip angle ¼ 70 , FOV ¼ 20 cm2, 64 
64 matrix, 3.75  3.75  5 mm resolution, no gap). Measures of
pulse and respiration were obtained during the scan.
Preprocessing of the image data was performed with Analysis of
Functional Neuroimages (Cox, 1996). This included physiological
motion correction (using Retroicor), rigid motion correction

162

C. Grady et al. / Neurobiology of Aging 41 (2016) 159e172

(3Dvolreg), spatial normalization to Montreal Neurological Institute
space (afﬁne transformation), and smoothing with an 8-mm
Gaussian ﬁlter (the ﬁnal voxel size was 4  4  4 mm). We also
regressed out white matter and cerebrospinal ﬂuid time series from
each voxel time series using small masks placed on the Montreal
Neurological Institute average brain to deﬁne white matter and
cerebrospinal ﬂuid compartments (Grady et al., 2010). Consistent
with prior work (Mowinckel et al., 2012; Seto et al., 2001), we found
that the older adults had more head motion than the younger
adults on some of the motion parameter estimates (Supplementary
Table 1). Because of this age difference and the fact that motion has
recently been shown to inﬂuence measures of FC (Power et al.,
2012; Van Dijk et al., 2012), we took an additional step
(“censoring” or “scrubbing”) and removed images that appeared to
be inﬂuenced unduly by motion, even after motion correction. The
censoring was carried out using a procedure similar to that published by Power et al. (2012), but using a multivariate approach.
Brieﬂy, for each run in each participant, the image intensity data
and the motion parameter estimates were decomposed with
principal component analysis (PCA). We then calculated the median
PC-space coordinate vector for each data set and determined those
volumes that deviated from these medians using a gamma probability distribution at p < 0.05. A volume was omitted if it deviated at
p < 0.05 from both the image and motion medians and was
replaced by interpolating voxel values from adjacent images to limit
discontinuities in the fMRI time course (for details, see Campbell
et al., 2013; Churchill et al., 2015). There was a signiﬁcant difference in the number of images removed between young and older
adults for the resting data (t(82) ¼ 3.24, p < 0.001), although only a
few images were removed in either group (young mean ¼ 1.24,
SD ¼ 1.28; Old mean ¼ 2.21, SD ¼ 1.40; from a total of 150 images).
For the task data, there was no group difference in the number of
images removed (young mean ¼ 4.04, SD ¼ 1.84; Old mean ¼ 4.62,
SD ¼ 1.94, t(82) ¼ 1.38, p > 0.10; from a total of 150 images). Before
running the analyses on the task data, the speciﬁc task effect for
each participant was regressed out of the time series (WhitﬁeldGabrieli and Nieto-Castanon, 2012) to remove any speciﬁc task effects that might differ across the data from the 3 experiments and
provide an estimate of the background FC that would presumably
reﬂect more general task demands as well as aspects of intrinsic FC
(Al-Aidroos et al., 2012; Norman-Haignere et al., 2012; Smith et al.,
2009). In addition, each resting time series was high-pass ﬁltered
with a cutoff frequency of 0.01 Hz using the fslmaths module in FSL
(Smith et al., 2004).
2.3. Graph analyses
For each subject, nodes for the DAN, FPC, and DMN were deﬁned
by spherical ROIs (5-mm radius) centered on the coordinates of the
regions reported in Spreng et al. (2013) and given network labels
corresponding to the resting FC analysis from this earlier article
(Table 1), with 2 exceptions. When visualizing the network structure, we found that there were 2 nodes that were assigned to
networks that differed from the network assignments reported by
Spreng et al., in both age groups. These 2 nodes were the precuneus,
reassigned from the DMN to the DAN, and the right inferior frontal
gyrus, which was reassigned from the DMN to the FPC (Table 1).
Correlation matrices for each individual’s rest and task runs
were calculated consisting of the pair-wise correlations between all
the regions across the fMRI time series, using the CONN toolbox
(Whitﬁeld-Gabrieli and Nieto-Castanon, 2012). The pair-wise correlations were converted to Z scores, and the individual correlation
matrices were then input into the graph analysis toolbox (GAT)
(Hosseini et al., 2012). A graph was constructed with N nodes, with
a network degree of E equal to number of edges (links), and a

Table 1
Nodes for the 3 networks
Region code

Region name

Dorsal attention network (DAN)
A1, A2
Left/right frontal eye ﬁeld (FEF)
A3, A4
Left/right inferior precentral sulcus (iPCS)
A5, A6
Left/right middle temporal gyrus (MT)
A7, A8
Left/right superior occipital gyrus (SOG)
A9, A10
Left/right superior parietal lobe (SPL)
A11
Precuneus (PCu)
Frontoparietal control network (FPC)
C1, C2
Left/right middle frontal gyrus, BA6 (MFG_BA6)
C3, C4
Left/right middle frontal gyrus, BA9 (MFG_BA9)
C5
Right superior frontal gyrus (SFG)
C6, C7
Left/right anterior insula/frontal operculum (aIFO)
C8, C9
Left/right anterior inferior parietal lobe (aIPL)
C10
Right dorsal anterior cingulate cortex (dACC)
C11, C12
Left/right dorsolateral prefrontal cortex (DLPFC)
C13
Medial superior prefrontal cortex (msPFC)
C14, C15
Left/right rostral prefrontal cortex (rlPFC)
C16
Right inferior frontal gyrus (IFG)
Default mode network (DMN)
D1, D2
Left/right hippocampal formation (HF)
D3
Left inferior frontal gyrus (IFG)
D4
Posterior cingulate cortex (PCC)
D5
Left superior frontal gyrus (SFG)
D6, D7
Left/right superior temporal sulcus (STS)
D8, D9
Left/right temporoparietal junction (TPJ)
D10
Ventromedial prefrontal cortex (vmPFC)
D11
Anterior medial prefrontal cortex (amPFC)
D12, D13
Left/right anterior temporal lobe (aTL)
D14
Dorsomedial prefrontal cortex (dmPFC)
D15, D16
Left/right angular gyrus (AG)
For coordinates of these regions, see Spreng et al. (2013).

network density (cost) of D ¼ E/[(N  (N1))/2], representing the
fraction of present connections to all possible connections (Hosseini
et al., 2012). Group density ranges were then set to 0.01e0.6 (in
increments of 0.01), to examine group differences in graph-wide
metrics using the entire range in which all individual graphs were
fully connected (Bassett et al., 2008; He et al., 2008). These global
graph metrics were compared at each density across groups
(Supplementary Figs. 1e5) using 1000 permuted t tests with
replacement so that each test contained an equal number of comparisons, and p values for group differences were corrected using
the false discovery rate (p < 0.05). Global metrics included the
mean clustering coefﬁcient (number of links between a node and its
neighborhood divided by the number of links that could possibly
exist between them, averaged across all nodes), mean path length
between all nodes, modularity (strong within-module connections
along with few between-module connections), assortativity (tendency for a node to link with others of a similar connectivity
strength), and transitivity (tendency to form triads of nodes with
links among all 3 nodes). We report here age differences in these
metrics that occurred over a range of network densities >0.1, so as
to avoid threshold effects (Power et al., 2010; Zalesky et al., 2012).
We also were interested in determining age differences in the
contribution of each network node to see if the relative strength of
connectivity across nodes was distributed differently in older
versus younger adults. To compute group differences in the metrics
for each individual node, each participant’s matrix was thresholded
at network densities of 0.22e0.40 (in intervals of 0.01) and the
mean value of each metric was calculated across these densities for
each node and participant. The thresholds used in the present study
were based on a previously published study (Hosseini et al., 2012)
showing that a minimum density value of 0.22 includes networks
that are not highly disconnected, and a maximum density value of
0.40 will allow for the inclusion of networks that are not highly
random. We report here the mean normalized clustering coefﬁcient
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for each network node (i.e., the mean area-under-the-curve value
for each node, normalized by dividing by the mean value of all 44
nodes) and age differences per node that were identiﬁed via
permuted t tests (1000 permutations, false discovery rate corrected
at p < 0.05).
To visualize the networks, edge matrices (using the mean
calculated over densities from 0.22 to 0.40, which then was
thresholded at 0.3) were exported from the GAT toolbox and displayed for each group using Gephi (Bastian et al., 2009), a toolbox
which can display 2-dimensional spring-loaded graphs. In these
graphs, we did not constrain the nodes to fall within the canonical
network but allowed the toolbox to create clusters of nodes using
the modularity metric (i.e., strong within-module connections and
weaker between-module connections). This allowed us to determine how closely the networks from each group replicated those
reported in Spreng et al. (2013).
To assess the strength of connectivity within each of the 3 networks, we calculated for each participant the ratio of the number of
connections for each node within its network divided by the total
possible number of within-network connections and averaged this
ratio across all network nodes. A similar ratio was used to indicate
the strength of between-network connectivity for each network:
the number of each node’s connections to the other 2 networks
divided by the total possible number of between-network connections, averaged across nodes. Connections were counted for
Z > 0.20, so that the weakest positive correlations and all negative
correlations were omitted. An alternative measure also was used,
consisting of a recently published segmentation index (Chan et al.,
2014) calculated as mean Z within-network minus mean Z
between-network divided by mean Z within, using all positive Z’s.
For these 3 metrics, the networks were deﬁned from the graphs
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produced by Gephi, using the nodes assigned to each network in
each group, and repeated measures analyses of variance (ANOVAs)
testing the effects of network and group were carried out. Signiﬁcant interactions were followed up with linear and quadratic
within-subject contrasts and/or between-group t tests with corrections for multiple comparisons. Linear regressions were used to
determine whether FPC connectivity measures could predict FC in
the other networks (see Results for details on these analyses).

2.4. Relation to behavior
Because of our interest in the FPC as a prime driver of age differences, we assessed the relevance of age differences in FPC connectivity to behavior. We tested the ability of FPC between-network
connectivity measures during rest and task to predict performance
from each of the experiments separately, using the scores showing
robust age differences. In experiment 1 (Saverino et al., submitted),
there was an age-related reduction in memory for pairs of items
(i.e., associative memory), consistent with the memory literature
(e.g., Naveh-Benjamin, 2000). The behavioral measure from
experiment 2 (Campbell et al., 2012) was a priming score that
reﬂected the extent to which participants were unable to ignore
distracting words during the 1-back task; older adults showed more
priming for distractors than young adults, consistent with reduced
cognitive control (Hasher et al., 1999). The behavioral measure from
experiment 3 was a self-reference judgment made on trait adjectives (e.g., “honest”) as to whether they applied to the participant
(Grady et al., 2012). Older adults were less likely to endorse negative traits than the younger adults, in line with reports that older
adults are more positive in outlook and have more positive mood

Fig. 1. The graphs (A) and within- and between-network connections (B) for young and older adults are shown for rest. The DAN is represented in red, FPC in green, and DMN in
blue. The FPC lies between the other 2 networks in both groups, although some nodes have been assigned to non-canonical networks in the older group. Each metric (in B) was
calculated as the proportion of connections within or between networks (out of the total possible) for each node and then averaged across nodes for each network. Reassigned nodes
in older adults were considered to be part of the network as they appear in (A) (e.g., nodes C02, C08, C09, C12 and C15 were included in the DAN for the calculations seen in [B]).
Abbreviations: DAN, dorsal attention network; DMN, default mode network. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. The regions with signiﬁcant age differences in normalized clustering coefﬁcients at rest are shown. Older adults had larger values in DAN and FPC regions, whereas younger
adults had larger values in DMN regions. Abbreviations: dACC, dorsal anterior cingulate cortex; DAN, dorsal attention network; DLPFC, dorsolateral prefrontal cortex; DMN, default
mode network; FEF, frontal eye ﬁeld; FPC, frontoparietal control; HF, hippocampal formation; MFG, middle frontal gyrus; PCC, posterior cingulate cortex; SPL, superior parietal lobe;
STS, superior temporal sulcus; vmPFC, ventromedial prefrontal cortex.

than younger adults (e.g., Carstensen et al., 2011; Mather and
Carstensen, 2005; Stone et al., 2010).
Because the behavioral measures from the experiments assessed
different processes and were on different scales, we converted all
scores to a Z score using the mean and SD for each experiment,
separately. For all experiments, a higher Z score was indicative of

typical performance in younger adults (i.e., better associative
memory, less priming, more negative self rating). These Z scores
were then entered into forward regressions with FPC betweennetwork connectivity and the interaction of age group and FPC
between-network connectivity as predictors. Two such regressions
were carried out for each experiment, one using measures from the
resting scan as predictors and one using measures from the task run
as predictors.
3. Results
3.1. Network graphs and metrics at rest

Fig. 3. The residuals for within-network connections for the DMN and betweennetwork connections for the FPC (with the effect of overall connectivity regressed
out) are plotted for young and older adults separately for the resting data. This graph
shows how the interaction of group and between-network connections in the FPC
predicts connectivity within the DMN. Abbreviations: DMN, default mode network;
FPC, frontoparietal control.

As expected, the network structure in young adults replicated
that seen in Spreng et al. (2013), such that the FPC was interposed
between the DAN and DMN due to its numerous connections with
these 2 networks (and relative lack of connections between the
DMN and DAN; Fig. 1A). A similar network structure was seen in
the older adults, but a number of nodes were not assigned to their
canonical network. Five FPC nodes, including right MFG_BA6 (C2),
left anterior inferior parietal lobe (aIPL; C8), right aIPL (C9), right
dorsolateral prefrontal cortex (DLPFC; C12), and right rostral
prefrontal cortex (C15), were reassigned to the DAN. In addition,
left superior frontal gyrus (D5) and left inferior precentral sulcus
(A3) were reassigned to the FPC in older adults. The clustering
coefﬁcient was the only global graph metric to show a group difference, with younger adults showing higher values than older
adults (Supplementary Figs. 1e5).
We also examined the normalized clustering coefﬁcients of the
individual nodes in the 3 networks to identify age differences in the
regional distribution of clustering across these nodes. In line with
our expectation of reduced FC within the DMN, a number of DMN
nodes had higher clustering in younger than older adults (Fig. 2).
Those with signiﬁcant differences were the bilateral hippocampal
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Fig. 4. The graphs (A) and within- and between-network connections (B) for young and older adults during the task run are shown. The DAN is represented in red, FPC in green, and
DMN in blue. The FPC lies between the other 2 networks in both groups, although some nodes have been assigned to non-canonical networks in the older group. Each metric is
calculated as the proportion of connections within or between networks (out of the total possible) for each node and then averaged across nodes for each network. Reassigned nodes
in older adults were considered to be part of the network as they appear in (A) (e.g., nodes C08 and C09 were included in the DAN for the calculations seen in [B]). Abbreviations:
DAN, dorsal attention network; DMN, default mode network; FPC, frontoparietal control. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the Web version of this article.)

formation, posterior cingulate cortex, ventromedial prefrontal cortex, and right superior temporal sulcus (see Supplementary Table 2
for mean values for all nodes). However, other nodes showed
greater relative clustering in older adults than younger adults
(Fig. 2 and Supplementary Table 2). Regions with signiﬁcantly
higher clustering in older adults were the bilateral frontal eye ﬁeld,
superior occipital gyrus, and superior parietal lobe (from the DAN)
and the dorsal anterior cingulate cortex, left DLPFC, and bilateral
middle frontal gyrus (from the FPC). Thus, despite lower overall
clustering across the entire graph structure in the older adults,
some FPC and DAN nodes showed higher relative clustering in the
older group compared with the young.

3.2. Within- and between-network connections at rest
To examine the hypothesis that within-network connectivity is
reduced with age in the DMN, whereas between-network FC in the
FPC would be increased in older adults, the proportions of withinand between-network connections for each network and group at
rest (Fig. 1B) were calculated for the networks as they appear in
Fig. 1A. That is, the DAN in older adults included the reassigned FPC
regions, whose potential within-network connections included the
other DAN regions and between-network connections included all
other nodes. A 3 (network)  2 (age group) repeated measures
ANOVA on the within-network connections showed signiﬁcant
effects of network (F(2,164) ¼ 5.9, p < 0.01) and the network 
group interaction (F(2,164) ¼ 7.7, p ¼ 0.001). Young adults showed a
linear effect of network (F(1,44) ¼ 23.7, p < 0.001), with the largest
number of within-network connections for the DMN (Fig. 1B). Older
adults showed no signiﬁcant differences across networks. The only
signiﬁcant group difference was for the DMN (t(82) ¼ 3.1, p < 0.01,
corrected for 3 comparisons); a difference for the FPC did not survive correction for multiple comparisons (t(82) ¼ 2.2, p < 0.05,
uncorrected). Thus, only young adults showed signiﬁcant variation
of within-network connections across the 3 networks and also

showed more connections within the DMN than did the older
adults.
A 3 (network)  2 (age group) repeated measures ANOVA on the
between-network connections also showed signiﬁcant effects of
network (F(2,164) ¼ 42.1, p < 0.001) and network  group
(F(2,164) ¼ 3.3, p < 0.05). Both the young (F(1,44) ¼ 21.3, p < 0.001)
and older adults (F(1,38) ¼ 86.1, p < 0.001) showed signiﬁcant
quadratic contrasts for network, indicating that there were more
between-network connections for the FPC in both groups. None of
the pairwise group comparisons were signiﬁcant. However, the
quadratic contrast for the network  group interaction (F(1,82) ¼
4.2, p < 0.05) was signiﬁcant, indicating that the between-network
advantage for the FPC was larger in the older than in the young
adults. Thus, both within- and between-network connectivity
differed with age; however, within-network differences were seen
for the DMN, whereas between-network differences were maximal
for the FPC.
These effects were mirrored in the segregation index (Table 2),
which combines measures of within- and between-network FC
strength. There were signiﬁcant effects of network (F(2,164) ¼ 28.9,
p < 0.001), group (F(1,82) ¼ 24.6, p < 0.001), and network  group

Table 2
Segregation index
Network
Rest
DAN
FPC
DMN
Task
DAN
FPC
DMN

Young adults

Older adults

0.30  0.02
0.29  0.02
0.37  0.03

0.28  0.02
0.19  0.02a
0.30  0.02a

0.36  0.03
0.26  0.02
0.38  0.02

0.25  0.03a
0.20  0.02a
0.30  0.03a

Key: DAN, dorsal attention network; DMN, default mode network; FPC, frontoparietal control.
a
Old < young, p < 0.05 (corrected).
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(F(2,164) ¼ 6.8 p ¼ 0.001) on segregation. Both the young (F(1,44) ¼
16.8, p < 0.001) and older adults (F(1,38) ¼ 49.3, p < 0.001) showed
lower segregation in the FPC, consistent with the greater number of
between-network connections for this network. Younger adults
showed signiﬁcantly higher segregation in the FPC (t(82) ¼ 5.5,
p < 0.005, corrected for 3 comparisons) and in the DMN (t(82) ¼
4.2, p < 0.005, corrected) relative to older adults, but not in the
DAN.
3.3. Inﬂuence of the FPC on DMN connectivity at rest
To test our hypothesis that age differences in other networks are
at least partly due to FPC connectivity, we carried out a regression
analysis to assess whether the FC measures from the FPC (withinand between-network) could predict within-network connections
for the DMN, where an age difference was found. Because the 6
within- and between-network connection measures were all
moderately-to-highly correlated (r’s ¼ 0.35e0.90, p’s < 0.001), we
determined a measure of overall connectivity using PCA to reduce
the dimensionality to one factor. We then regressed out the effect of
the factor scores on this general connectivity component from the
within- and between-network measures for the FPC and the withinnetwork measure for the DMN to isolate the unique contribution of
each metric. We used a forward regression to test the effect of 3
predictors on the residualized within-network DMN measure: (1)
the residuals for between-network FC in the FPC, (2) the residuals for
within-network FC in the FPC, and (3) the interaction of group and
between-network FC for the FPC (age group was not entered due to
its high collinearity with the interaction term). The strongest support
for our hypothesis that age differences in DMN connectivity are due
to differences in FPC interactions would be found if the interaction
term was a signiﬁcant predictor of DMN FC. The resulting model was
signiﬁcant (F(1,83) ¼ 11.7, p ¼ 0.001), with the interaction of group 
between-network FPC connectivity being the only signiﬁcant predictor of within-network DMN connectivity (R2 ¼ 0.12, b ¼ 0.35,
t ¼ 3.4, p ¼ 0.001). This interaction effect is illustrated in Fig. 3, in
which the between-network connectivity for the FPC and withinnetwork connectivity for the DMN (both adjusted for the effect of
overall connectivity) are plotted for each age group. Those older
adults with more between-network connections involving the FPC
were also those with fewer connections within the DMN.
3.4. Network graphs and metrics during task
The graphs reﬂecting background FC for young and old adults
during the task run (Fig. 4A) were similar to those at rest. In the
older group, only left and right aIPL (C8 and C9) were reassigned to
the DAN, and left inferior frontal gyrus (D3) and superior frontal
gyrus (D5) were reassigned to the FPC. Interestingly, with the task
data, there were age differences on almost all the global graph
metrics, with older adults showing lower values, consistent with
the idea that assessing background FC during task enhances age
differences in these metrics. These differences were seen for path
length, clustering coefﬁcient, assortativity, transitivity, and modularity (Supplemental Figs. 1e5).
There was a tendency during the task run for relative clustering
in the older group to be higher in DAN and FPC nodes and lower in
DMN nodes relative to younger adults, as was seen at rest. However,
there were only a few nodes with signiﬁcant age differences in
clustering during task (Supplementary Table 2). These were
restricted to bilateral frontal eye ﬁeld and left middle frontal gyrus,
where older adults had higher clustering coefﬁcients, and left
superior temporal sulcus, and younger adults had higher relative
clustering.

3.5. Within- and between-network connections during task
To assess age differences in background connectivity within the
3 networks during task, a 3 (network)  2 (age group)  3
(experiment) repeated measures ANOVA on the within-network
connections was carried out. We included experiment as a factor
to determine whether potentially different residual task effects
inﬂuenced any of the effects across the 3 experiments. Withinnetwork connectivity (Fig. 4B) showed a signiﬁcant effect of
network (F(2,156) ¼ 5.7, p < 0.01) but no signiﬁcant interactions
involving the network factor. The quadratic contrast for the effect of
network (F(1,78) ¼ 16.1, p < 0.001) was signiﬁcant, indicating that
the FPC had the most within-network connections in both young
and older adults. There also was a signiﬁcant effect of group,
F(1,78) ¼ 4.6, p < 0.05, but this was qualiﬁed by a signiﬁcant
group  experiment interaction, F(2,78) ¼ 4.7, p < 0.05. Although
both experiments 1 and 2 showed a trend for older adults to have
higher within-network FC overall than younger adults (i.e., the
trend seen in Fig. 4B), this effect was signiﬁcant only for experiment
2 (Supplementary Fig. 6A).
An ANOVA on the between-network connections showed signiﬁcant effects of network (F(2,156) ¼ 137.0, p < 0.001) and group
(F(1,78) ¼ 9.3, p < 0.01). The quadratic contrast for the effect of
network (F(1,78) ¼ 379.4, p < 0.001) was signiﬁcant, indicating that
the number of between-network connections was largest for the FPC
(Fig. 4B). Although the network  experiment effect was signiﬁcant
(F(4,156) ¼ 4.6, p < 0.01), this quadratic effect nevertheless held for
each experiment individually (p < 0.001; Supplementary Fig. 6B).
Finally, there also was a signiﬁcant interaction of network and group,
F(2,156) ¼ 3.8, p < 0.05. Independent samples t tests showed that
the older adults had larger between-network values for the DAN
(t(82) ¼ 2.9, p < 0.05, corrected for 3 comparisons) and FPC (t(82) ¼
2.6, p < 0.05, corrected), but the age difference for the DMN was not
signiﬁcant (Fig. 4B). Taken together, the greater number of withinand between-network connections for the FPC, relative to the other 2
networks, during the tasks is consistent with the idea that the FPC is
engaged to actively support cognitive control. Interestingly, we did
not ﬁnd an age reduction in within-network connections for the
DMN in the task run, as we expected and as we found during rest; if
anything there was a trend, although generally not signiﬁcant, for an
age-related increase in within-network connections. However, the
older adults did show more between-network connections involving
the FPC and DAN, as expected.
These effects in within and between connections were mirrored
in the segregation index (Table 2). There were signiﬁcant effects of
network (F(2,156) ¼ 15.8, p < 0.001) as well as network  experiment (F(4,156) ¼ 2.7, p < 0.05). Separate analyses by experiment
indicated that there was a signiﬁcant quadratic network effect in
experiments 2 and 3, with stronger overall segregation in the DAN
and DMN (p < 0.001), but not for experiment 1 (p ¼ 0.07;
Supplementary Fig. 6C). There was also a signiﬁcant effect of group
(F(1,78) ¼ 12.9, p ¼ 0.001), with higher segregation in young adults
for all 3 networks.
3.6. Inﬂuence of the FPC on DAN connectivity during task
We carried out a regression analysis to assess whether background FC measures for the FPC during the task run would predict
between-network connections for the DAN, as an age difference was
seen on this measure. As with the resting data, we used the factor
scores from a PCA of all 6 connectivity measures to residualize the
within- and between-network metrics for the FPC and the betweennetwork measure for the DAN and then used the same set of predictors as was used for the rest analysis, using forward regression.
The resulting model was signiﬁcant (F(1,83) ¼ 11.2, p ¼ 0.001), and
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To test directly the impact of general task demands on withinand between-network FC as a function of age, we compared these
measures between the task and resting state runs. Three
(network)  2 (rest, task)  2 (group)  3 (experiment) repeated
measures ANOVAs were carried out on the within- and betweennetwork indices. In these analyses, we were only interested in the
main effect of condition, whether the effect of condition varied
across the networks (the interaction of condition with network)
and whether there was a group difference in any effect of condition
on the networks (a condition  network  group interaction). The
factor of experiment was included to determine if it inﬂuenced any
of these effects. For within-network connections, the effect of
condition was signiﬁcant (F(1,78) ¼ 5.0, p < 0.05), but so were the
condition  network (F(2,156) ¼ 3.9, p < 0.05) and the condition 
group  network (F(2,156) ¼ 3.1, p < 0.05) interactions. This latter
interaction indicated that differences in within-network FC between task and rest varied as a function of network and age group
(Fig. 5A). Older adults showed a greater increase in within-network
connections than young adults during the task runs in the FPC
(t(82) ¼ 2.9, p < 0.05, corrected for 3 comparisons) and DMN
(t(82) ¼ 2.6, p < 0.05, corrected), but not the DAN. The factor of
experiment did not interact with any of these effects (p > 0.05).
For between-network connections, the interaction of
condition  network (F(2,156) ¼ 16.8, p < 0.001) was signiﬁcant,
but the effect of condition and the 3-way interaction of condition 
network  group were not. The condition  network effect was due
to a larger advantage in between-network connectivity for the FPC,
relative to the DAN and DMN, during task than during rest (Fig. 5B).
A signiﬁcant interaction of condition  network  experiment
(F(4,156) ¼ 3.7, p < 0.01) indicated some variation in how this
advantage was expressed across experiments, although the effect
was seen in all 3 (Supplementary Fig. 7). Thus, the inﬂuence of
residual task demands on between-network connectivity in the FPC
was similar in young and older adults, whereas there was an age
difference in how these demands inﬂuenced within-network connectivity across the 3 networks.

its function as a network “switch”) would inﬂuence behavior. For
these analyses, we used FPC between-network FC and the interaction
of age group with this measure, from both rest and task, as predictors
of the behavioral Z scores. Neither regression was signiﬁcant for the
priming measure from experiment 2 (perhaps due to the smaller
sample sizes in this experiment). For experiment 1, the model predicting associative memory using intrinsic connectivity at rest
was signiﬁcant (F(2,26) ¼ 13.42, p < 0.001; R2 ¼ 0.51). Both betweennetwork FC of the FPC (b ¼ 0.31, p < 0.05) and the interaction of age
group and FPC between-network connectivity (b ¼ 0.66, p < 0.001)
were signiﬁcant predictors. Fig. 6A illustrates these effects, showing
that higher between-network connectivity of the FPC at rest was
associated with better performance, especially in the younger group.
Similarly, the model using background FC measures from the task
run was signiﬁcant (F(1,27) ¼ 12.36, p < 0.01; R2 ¼ 0.31), but in this
case, only the interaction of age group and between-network FC of
the FPC was predictive (b ¼ 0.56, p < 0.01). As can be seen in Fig. 6A,
higher FPC connectivity during the task run was beneﬁcial to
memory performance in older adults (a regression run in older
adults only was signiﬁcant, F(1,13) ¼ 4.81, p < 0.05), but not younger
adults (although the slope was negative, the within-group regression
was not signiﬁcant, F(1,12) ¼ 2.66, p ¼ 0.13).
For experiment 3, the model predicting the self-reference rating
from resting between-network FPC connectivity was signiﬁcant
(F(1,29) ¼7.40, p < 0.02; R2 ¼ 0.20), with a signiﬁcant effect of the
interaction of age group and FPC connectivity (b ¼ 0.45, p < 0.02).
Although neither of the slopes for young or older adults were signiﬁcant when analyzed separately (F < 1), there was a trend for
higher between-network connectivity of the FPC at rest to be
related to more negative self-judgments (higher Z score) in the
younger group, with the opposite trend in the older group (Fig. 6B).
Similarly, the model testing the predictive effect of background
connectivity during the task run also was signiﬁcant (F(1,29) ¼ 5.76,
p < 0.05; R2 ¼ 0.17), with a signiﬁcant effect of the interaction of age
group and FPC connectivity (b ¼ 0.41, p < 0.05). However, in this
case, greater FPC connectivity during the task was associated with
more negative self-judgments in the older adults (F(1,11) ¼ 5.39,
p < 0.05), with no effect in the younger adults (F < 1, Fig. 6B). Thus,
for both experiments 1 and 3, stronger resting between-network
connectivity in the FPC had the effect of increasing the age difference in behavior, whereas during the task, the age difference was
reduced as FPC interactions with the other networks increased, and
these effects held despite the difference in cognitive domain.

3.8. Predicting behavior

4. Discussion

The ﬁnal set of analyses addressed our hypothesis that age differences in the between-network connectivity of the FPC (reﬂecting

In this study, we had a number of hypotheses about age differences in FC involving the DAN, FPC, and DMN, and our results in

the only signiﬁcant predictor was within-network FPC connectivity
(R2 ¼ 0.12, b ¼ 0.35, t ¼ 3.35, p ¼ 0.001). Participants showing a
larger number of connections within the FPC during task had fewer
between-network connections involving the DAN.
3.7. Comparisons between rest and task

Fig. 5. The difference between task and rest values for the within-network metric is shown for young and older adults (A). Positive values indicate an increase in within-network
connectivity during task versus rest, and negative values indicate the opposite effect. In (B) are shown the between-network measures for rest and task collapsed across age groups.
Error bars are the SE of the mean. Abbreviations: DAN, dorsal attention network; DMN, default mode network; FPC, frontoparietal control; SE, standard error of the mean.
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Fig. 6. Scatterplots showing the relation between behavioral Z scores and between-network connectivity of the FPC in young and old adults for rest and task in experiment 1 (A) and
experiment 3 (B). Experiment 1 assessed associative memory and Experiment 3 measured self-ratings of positive/negative personality traits. In all plots, higher Z scores indicate
behavior typical of young adults (better memory, more negative self-ratings). Abbreviations: FC, functional connectivity; FPC, frontoparietal control.

general supported these hypotheses. We expected that the overall
graph structure would replicate that reported by others and would
be similar in young and older adults. We found this to be the case
during both rest and task, although older adults showed some
reassignment of nodes, mainly from the FPC to the DAN. Also
consistent with expectations, we found age reductions in graph
metrics during both rest and task (particularly during task) and
reduced within-network connectivity in the DMN of older adults,
but only during rest. Although we might have expected to ﬁnd an
age difference in within-network connectivity during the task, it is
interesting that we did not do so, largely because the number of
DMN functional connections was boosted in older adults and
reduced in the younger adults, compared with resting FC. Betweennetwork FC, especially in the FPC, was predicted to be higher in
older adults, and we found this to be true during the task run (but
not signiﬁcantly so during rest). Importantly, we found support
for our hypothesis that FPC connectivity would inﬂuence age
differences in other networks. Speciﬁcally, age differences in
between-network resting connectivity in the FPC predicted
reduced connections within the DMN in the older adults. Although
between-network connectivity in the FPC did not inﬂuence age
differences in FC during the task condition, increasing withinnetwork FPC connectivity during task was associated with lower
between-network connectivity in the DAN regardless of age. Finally,
we found support for our hypothesis that connectivity in the FPC
would inﬂuence age differences in behavior. Greater betweennetwork connectivity in the FPC during rest was associated with
enhanced age differences in memory and self-ratings of negativity,
whereas FPC connectivity during task predicted reduced age differences primarily because greater connectivity was found in those
older adults whose performance more closely resembled that seen

in the young adults. The implications of these results are discussed
in the following sections.
4.1. Age differences in resting FC
The overall network structure seen at rest in young adults
replicated that reported by Spreng et al. (2013), indicating that the
interposition of the FPC between the other 2 networks is a robust
effect, consistent with a role of the FPC in switching these networks
on or off. Older adults showed a similar structure, although several
nodes that fell within the FPC in young adults were assigned to the
DAN in the older group. The reassignment of the bilateral aIPL from
the FPC to the DAN is interesting in light of studies showing
stronger FC involving parietal regions in older versus younger
adults (Meunier et al., 2009; Onoda and Yamaguchi, 2013; Park
et al., 2010) and suggests that alterations in the speciﬁc regions
correlated with parietal cortex may underlie this age increase in
parietal FC. The DLPFC and rostral prefrontal cortex in the right
hemisphere, linked to the FPC in young adults, also showed stronger connections to the DAN in older adults, which may be related to
over-recruitment of these regions during cognitive tasks in older
adults (Cabeza, 2002; Grady, 2012; Park and Reuter-Lorenz, 2009;
Rajah and D’Esposito, 2005). Importantly, this reassignment of
nodes suggests that network boundaries are atypical and perhaps
less distinct in older adults (a ﬁnding also noted by Geerligs et al.,
2015). This ﬁnding is similar to the idea of dedifferentiation of
brain function with age (Grady, 2012), which typically has been
seen in less task-selectivity in patterns of activation (e.g., Carp et al.,
2011; Dennis and Cabeza, 2011). Atypical boundaries between
networks during rest in older adults could be indicative of less
selectivity of network interactions. Alternatively, age differences in
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network boundaries also could reﬂect differences in the types of
internal mentation that young and old adults engage in during
resting scans. Studies have shown that participants engage in a
variety of internal mentations during resting state scans (AndrewsHanna et al., 2010, 2013), but age differences in these thoughts, or
their relation to FC outside of the DMN, have not been studied, to
our knowledge.
The main goal of this study was to examine the hypothesis that
age differences in the FPC might inﬂuence differences in other
networks. The regression analysis carried out on the resting data
provided support for this idea, showing that it was the age difference in between-network connections of the FPC that predicted the
reduction of FC within the DMN in the older group. This particular
effect was seen only at rest, suggesting that the inﬂuence of the
between-network FC of the FPC on other networks may be more
readily seen when there are no external demands on cognitive
processing. In addition, the inﬂuence of resting connectivity of the
FPC on connectivity of the DMN in older adults is generally
consistent with the idea that increased between-network FPC
connections might compensate in some way for reduced FC in the
DMN (e.g., Grady, 2012; Park and Reuter-Lorenz, 2009). Thus, our
results raise the intriguing possibility that resting FC in the FPC may
play an important role in the expression of age differences in other
networks, an idea that will need to be explored fully in the future.
Although we did not ﬁnd a signiﬁcant age difference in the
between-network connections of the FPC at rest, we did ﬁnd a
greater advantage of such connections in the FPC, relative to the
other 2 networks, in older adults, as well as lower segregation in
older adults, consistent with previous reports (Chan et al., 2014;
Geerligs et al., 2015). In terms of network segregation, these
earlier studies did not report any marked differences across the
DMN, DAN, and FPC. In contrast, our results suggest that age differences can vary across these networks depending on what metric
is under consideration. The age differences in within-network
connectivity and segregation at rest were strongest in the DMN,
whereas the DAN at rest appeared to show little if any effect of age
on these metrics. Age reductions in DAN connectivity have been
reported, but there is some suggestion that these age differences
may not be as large as seen in other networks (Chan et al., 2014).
Our data suggest that the DAN is less sensitive to the reduced FC
seen in other networks in older adults, and this may be related in
part to recruitment of other regions into the DAN.
We found a striking age difference in the nodal clustering values,
with younger adults showing higher relative clustering in DMN
nodes and older adults showing larger values for DAN and FPC
nodes, despite lower overall clustering in older adults. The higher
DMN values in younger adults are consistent with the large body of
evidence showing stronger DMN functional coupling in younger
adults (e.g., Andrews-Hanna et al., 2007; Damoiseaux et al., 2008),
but the FPC/DAN age differences in favor of the older adults would
not have been predicted from the resting studies showing reduced
FC in these networks in older adults (e.g., Allen et al., 2011;
Madhyastha and Grabowski, 2014; Schultz et al., 2014). However,
age-related rebalancing of clustering to favor DLPFC and parietal
nodes at rest is similar to reports of over-recruitment of activity
and/or maintained FC in these regions during cognitive tasks in
older adults (e.g., Cabeza, 2002; Grady, 2012; Li et al., 2015; Park
and Reuter-Lorenz, 2009; Rajah and D’Esposito, 2005; Spreng
et al., 2010b) and may be an intrinsic reﬂection of these task-related
mechanisms.
4.2. Age differences in FC during task
The background FC during the task runs retained the overall
network conﬁguration seen during rest, although the FPC showed
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more within- and between-network connections than the DMN or
DAN, as would be expected if the FPC is a switch that engages other
networks during cognitive processing (Cole et al., 2013; Spreng
et al., 2013). In terms of age differences, reductions of global
graph metrics were much more robust during task than at rest, with
differences seen on most of the metrics. The reduction in metrics
that reﬂect modularity and clustering may have been related to the
general increase in between-network connections in older adults
that we observed. Interestingly, assortativity and transitivity also
were reduced with age during the task run. Because these metrics
reﬂect the ﬁne-grained structure within the graph, such as the
tendency for nodes to form triads (transitivity) or connect with
other nodes of similar degree (assortativity), age reductions in these
metrics suggest that subtle aspects of network structure are
impacted by older age when cognitive demands increase. In addition, lower assortativity in older adult networks during cognitive
demands may indicate that network integrity is more vulnerable
with age during task than during rest, as there is evidence that
more highly assortative networks are more robust to node removal
(Newman, 2002).
A somewhat unexpected result was the lack of an age difference
in within-network FC in the DMN during the task run. Although
most of the studies showing age reductions in DMN connectivity
have assessed FC during a resting state scan (e.g., Chan et al., 2014;
Damoiseaux et al., 2008; Madhyastha and Grabowski, 2014), our
result suggests that age differences in DMN connectivity are
reduced or even non-existent under some conditions. The difference between task and rest FC shown in Fig. 5A suggests that in our
data sets, background FC during the task was associated with
increased DMN FC in older adults and a decrease in younger adults,
which combined to erase the age difference seen in the resting
scan. The decrease in young adults is consistent with reduced DMN
activity during active tasks found routinely in young adults (e.g.,
Grady et al., 2010; McKiernan et al., 2003; Raichle et al., 2001), and
the increased FC in the older adults could be related to the ﬁnding
that older adults show smaller reductions of DMN activity during
active tasks (Grady et al., 2010; Lustig et al., 2003; Persson et al.,
2007). Clearly the impact of task demands as a function of age
will need to be studied further in future work. Regardless, taken
together with the resting state results, the results seen in background activity during task indicate that the extent and magnitude
of age differences in FC metrics can vary depending on the cognitive
state of the individuals being assessed.
The comparison between intrinsic FC during rest and background FC during task indicated that FC in older adults is more
strongly inﬂuenced by task demands, even when the speciﬁc task
effects have been removed. That is, the older adults showed robust
increases in within-network connectivity in the FPC and DMN
during the task, compared with rest, whereas the younger adults
did not. This ﬁnding, along with the greater between-network
connectivity in the older adults during task in the FPC and DAN,
suggests a general upregulation of background FC during tasks
similar to the well-known over-recruitment of various brain regions
during task in older versus younger adults (e.g., Cabeza, 2002;
Grady, 2012; Park and Reuter-Lorenz, 2009; Rajah and D’Esposito,
2005). Older adults may ramp up FC, as well as activity, to meet
cognitive demands, with the strongest boost in the FPC.
In contrast to what we found in the resting data, during task there
was no inﬂuence of the age difference in between-network FC in the
FPC on age differences in other networks. This was somewhat surprising, but it may be that age differences in the interactions of the
FPC play a larger role during other kinds of tasks, such as those
relying primarily on cognitive control. However, there was still an
inﬂuence of FPC connectivity on the DAN, reﬂected in a negative
relation between connections within the FPC and between-network
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connections in the DAN. Stronger FC within the FPC in response to
general task demands may mitigate the need for the type of goaldirected attentional control that presumably would be a function
of connections between the DAN and other networks. However, this
interpretation is somewhat speculative because we did not predict
such an effect, and future work will need to investigate how the
control functions of the FPC and DAN complement one another.
It is important to note that despite removing the speciﬁc task
effect from the task runs before conducting the analyses, there
nevertheless were substantial differences in FC between rest and
task, suggesting residual effects of task demands on the background
FC. Thus, using a modiﬁed task run to estimate intrinsic FC when a
resting-state scan is not available (e.g., Andrews-Hanna et al., 2007;
Grady et al., 2015) may not provide the same results as a “true”
resting-state scan, at least where the DMN, DAN, and FPC are
concerned.
4.3. Relation of FPC connectivity to age differences in performance
Although our data came from separate experiments with
different cognitive tasks, we thought it important to obtain an
estimate of the behavioral relevance of FPC between-network
connectivity, given our hypothesis regarding the important role of
this network in determining age differences within other networks,
and, ultimately, cognition. Our results show that between-network
FC of the FPC at rest, as well as age differences in this connectivity,
inﬂuence memory performance, such that stronger betweennetwork connectivity at rest predicts better associative memory
regardless of age, although age differences are also enhanced with
stronger FPC connectivity. A similar effect was found for the selfreference judgment, in that increased resting FPC connectivity
enhanced the age difference in how negatively participants rated
themselves on this task. These associations between connectivity at
rest and performance are consistent with other studies showing
that resting FC is related to behavior in young and older adults
(Andrews-Hanna et al., 2007; Dang et al., 2013). The enhanced age
difference in behavior with increasing between-network FPC connectivity suggests that the expression of this network’s connectivity
at rest is likely to reﬂect age differences in subsequent behaviors
that are typically found between younger and older adults, and as
such may be an important indicator of poorer overall brain health. It
remains to be determined how stronger intrinsic FC in the FPC
might facilitate cognitive control processes to better bind information into memory or promote a particular approach to selfreference.
In contrast to the resting data, stronger between-network FC of
the FPC during the task predicted reduced age differences in performance on both the memory and self tasks. Both these effects
were due to the stronger connectivity seen in those older adults
with performance that was more like that seen in the young. This
suggests that more connectivity between the FPC and other networks during encoding in older adults, even if not directly related to
the speciﬁc encoding events, can boost their memory performance.
Greater connectivity involving the FPC may also make older adults
look more like young adults on other kinds of tasks, although one
could argue whether a more negative self-judgment is desirable.
This result indicates that between-network connectivity of the FPC
might be an interesting target for interventions designed to boost
cognitive function in older adults, although more work is clearly
needed to determine its impact on other cognitive processes.
4.4. Limitations
Our study inevitably had some limitations. One limitation was
that we combined data across 3 separate experiments, so that some

inﬂuence of the different tasks might have remained in analysis of
FC from the task runs despite our procedure to regress out the
speciﬁc task effect from the data. Using experiment as a betweengroup factor in the analyses did not substantively change the
results that we found, suggesting that any such inﬂuence of
different task demands was likely to be small. Combination of data
across experiments also meant that we were unable to correlate the
FC results with the same cognitive performance measure across all
participants. Although we found some intriguing results in the
separate analyses carried out on each experiment that appear to
generalize across multiple cognitive domains, the sample sizes
within each experiment were not large. Clearly, experiments
measuring resting state and task-based FC with the same task in
samples of participants of varying ages will be needed to assess
fully the relations between network FC and performance on
cognitive tasks.
Another limitation is the fact that there were age differences in
head motion in our sample of participants. This is a common
ﬁnding and was one reason why we performed additional motion
censoring of the data. However, the issue of how head motion
inﬂuences FC is quite complicated and still unclear. For example,
head motion can inﬂuence FC in multiple resting-state networks,
but motion has been associated with both reduced FC (Power et al.,
2012; Van Dijk et al., 2012) and increased FC (Mowinckel et al.,
2012). On the plus side, censoring questionable images, as we did
here, has been shown to increase the reliability of graph metrics
(Aurich et al., 2015), and regressing out motion has little effect on
the reductions in FC seen with aging (Mowinckel et al., 2012). Thus,
although age differences in head motion could have inﬂuenced our
results, it is not clear that such differences could easily explain our
results, which showed both decreases and increases of FC in the
older group compared with the young, and no age differences at all
on some measures.
5. Conclusion
We found a number of age differences in FC that primarily
affected the DMN and FPC. These include higher connectivity
within the DMN in younger adults at rest, and increased functional
coupling between the networks in older adults, especially in the
FPC and during task. These differences are reﬂected in higher
network segregation in younger adults. The predominance of
between-network connections in the FPC in both age groups,
particularly during task, adds evidence to the idea that the FPC acts
as the regulator of other brain networks in the service of cognition.
Critically, we found a link between the age difference in internetwork resting connections of the FPC and the reduction of connectivity within the DMN in the older group, as well as a link
between FPC connectivity and age differences in cognitive performance, supporting the hypothesis that FC of the FPC plays an
important and inﬂuential role in cognitive aging.
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