
www.manaraa.com

Elevated hippocampal resting-state connectivity
underlies deficient neurocognitive function in aging
Alireza Salamia,b,c,1, Sara Pudasa,2, and Lars Nyberga,b,d

aUmeå Center for Functional Brain Imaging, S-90187 Umeå, Sweden; bDepartment of Integrative Medical Biology, Physiology Section and dDepartment of
Radiation Sciences, Diagnostic Radiology, Umeå University, S-90187 Umeå, Sweden; and cAging Research Center, Karolinska Institutet and Stockholm
University, 11330 Stockholm, Sweden

Edited by Marcus E. Raichle, Washington University in St. Louis, St. Louis, MO, and approved October 24, 2014 (received for review June 4, 2014)

The brain is not idle during rest. Functional MRI (fMRI) studies have
identified several resting-state networks, including the default
mode network (DMN), which contains a set of cortical regions that
interact with a hippocampus (HC) subsystem. Age-related alter-
ations in the functional architecture of the DMN and HC may
influence memory functions and possibly constitute a sensitive
biomarker of forthcoming memory deficits. However, the exact
form of DMN–HC alterations in aging and concomitant memory
deficits is largely unknown. Here, using both task and resting data
from 339 participants (25–80 y old), we have demonstrated age-
related decrements in resting-state functional connectivity across
most parts of the DMN, except for the HC network for which age-
related elevation of connectivity between left and right HC was
found along with attenuated HC–cortical connectivity. Elevated HC
connectivity at rest, which was partly accounted for by age-related
decline in white matter integrity of the fornix, was associated with
lower cross-sectional episodic memory performance and declining
longitudinal memory performance over 20 y. Additionally, elevated
HC connectivity at rest was associated with reduced HC neural re-
cruitment and HC–cortical connectivity during active memory encod-
ing, which suggests that strong HC connectivity restricts the degree
to which the HC interacts with other brain regions during active
memory processing revealed by task fMRI. Collectively, our findings
suggest a model in which age-related disruption in cortico–hippo-
campal functional connectivity leads to a more functionally isolated
HC at rest, which translates into aberrant hippocampal decoupling
and deficits during mnemonic processing.
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The brain is not idle at rest (1). Rather, intrinsic neuronal
signaling, which manifests as spontaneous fluctuations in the

blood oxygen level-dependent (BOLD) functional MRI (fMRI)
signal, is ubiquitous in the human brain and consumes a substantial
portion of the brain’s energy (2). Coherent spontaneous activity has
been revealed in a hierarchy of networks that span large-scale
functional circuits in the brain (3–6). These resting-state networks
(RSNs) show moderate-to-high test–retest reliability (7) and rep-
licability (8), and some have been found in the monkey (9) and
infant (10) brain. In the adult human brain, RSNs include sensory
motor, visual, attention, and mnemonic networks, as well as the
default mode network (DMN). There is evidence that the DMN
entails interacting subsystems and hubs that are implicated in ep-
isodic memory (11–13). One major hub encompasses the posterior
cingulate cortex and the retrosplenial cortex. Other hubs include
the lateral parietal cortex and the medial prefrontal cortex. In
addition, a hippocampus (HC) subsystem is distinct from, yet in-
terrelated with, the major cortical DMN hubs (12, 14).
The functional architecture of the DMN and other RSNs is af-

fected by different conditions, such as Alzheimer’s disease (AD),
Parkinson’s disease, and head injury, suggesting that measurements
of the brain’s intrinsic activity may be a sensitive biomarker and
a putative diagnostic tool (for a review, see ref. 15). Alterations of
the DMN have also been shown in age-comparative studies (16, 17),
but the patterns of alterations are not homogeneous across different

DMN components (18). Reduced functional connectivity among
major cortical DMN nodes has been reported in aging (16, 17) and
also inAD (19) and for asymptomatic APOE e4 carriers at increased
risk of developing AD (20). Reduced cortical DMN connectivity has
been linked to age-impaired performance on episodicmemory (EM)
tasks (21, 22). For instance, Wang and colleagues (21) showed that
functional connectivity between cortical and HC hubs promoted
performance on an EM task and was substantially weaker among
low-performing elderly. This and other findings suggest that reduc-
tions in the DMN may be a basis for age-related EM impairment.
However, elevated connectivity has been observed for the HC in
individuals at genetic risk for AD (23, 24) and for elderly with
memory complaints (25). Furthermore, a trend toward elevated
functional connectivity for the medial temporal lobe (MTL) sub-
system was observed in healthy older adults (26). Critically, higher
subcortical RSN connectivity was found to correlate negatively with
EM performance in an aging sample (27). Moreover, a recent
combined fMRI/EEG study observed age increases in HC EEG
beta power during rest (28).
Thus, the association of aging with components of the DMN is

complex, and it has been argued that age-related increases in
functional connectivity need further examination (18). Such
increases could reflect a multitude of processes, including age-
related degenerative effects on the brain’s gray and white matter
(18). Additionally, increases in HC functional connectivity may
reflect alterations in proteolytic processes, such as amyloid de-
position (29). Amyloid deposition is most prominent in posterior
cortical regions of the DMN (29). It has been argued that there
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is a topological relationship between high neural activity over
a lifetime within the DMN and amyloid deposition (30). Increased
amyloid β protein burden within the posterior cortical DMN may
cause cortico–hippocampal functional connectivity disruption (31),
leading to a more functionally isolated HC network, which trans-
lates into aberrant hippocampal decoupling (30, 32, 33). Corre-
spondingly, a recent model hypothesized that progressively less
inhibitory cortical input would cause HC hyperactivity in aging (34).
Elevated HC resting-state connectivity might thus be a sign of

brain dysfunction, but the evidence remains inconclusive. Here,
using data from a population-based sample covering the adult
age span (n = 339, 25–80 y old), we tested the hypothesis that
aging differentially affects distinct DMN components. A data-
driven approach, independent component analysis (ICA), was
used to identify DMN subsystems (4). We expected to observe
age-related decreases in the connectivity of the cortical DMN.
We also examined age-related alterations of HC RSN connec-
tivity, and tested whether such alterations were related to HC
volume and white matter integrity. We predicted that if in-
creased HC connectivity was found, it would be accompanied by
age-related decreases in internetwork connectivity of the HC
RSN with cortical DMN regions. To constrain interpretations of
age-related alterations, the DMN components were related to
cognitive performance. Elevated HC RSN should negatively
correlate with level and longitudinal change in EM performance.
Such negative correlations could reflect an inability to flexibly
recruit the HC and functionally associated areas during EM task
performance due to aberrant hippocampal decoupling (23, 24).
We tested this prediction by relating the HC RSN, within-person,
to HC recruitment during an EM fMRI task (35, 36).

Results
Mapping Resting-State Networks. Our primary results stem from
ICA decomposition of resting-state fMRI data at an ICA di-
mensionality of 47. Twenty-four of the 47 components were
considered to reflect RSNs (SI Text). All components exhibited
high spatial correlations (r > 0.60, p < 0.0001) with established
templates of RSNs (4, 5). In line with previous reports (3–5),
these RSNs encompassed the basal ganglia, auditory cortex, and
cerebellum, as well as several visual, sensorimotor, and attention
networks (Fig. S1). Critically, three DMN components, including
the posterior and anterior cortical components as well as the HC
component, were part of the observed patterns (Fig. S1; see Fig.
S2 after pre-ICA motion correction). It is also important to note
that functional architecture of the DMN components remained
relatively stable at different model orders (Fig. S3).
Two different ICA-driven connectivity measures were com-

puted for each DMN per subject. Voxelwise functional connec-
tivity indicates the local strength of connectivity for each voxel
within each DMN, whereas global functional connectivity reflects
a single composite measure of functional connectivity strength
within each DMN component (see SI Text for details). In addition,
we considered amplitude, a measure of BOLD signal fluctuation,
as an index of level of activation within each DMN component.
To investigate the effect of age on cortical and HC DMN

subsystems, we considered the different DMN measures (voxel-
wise/global connectivity, amplitude) as dependent variables. In
addition to age and sex, a measure of head motion (framewise
displacement) and a measure of data quality (temporal signal-to-
noise ratio) were included. Moreover, parameters obtained by
rigid-body head motion correction, their temporal derivatives,
and the square of each parameter were regressed out from each
DMN’s time course (post-ICA motion correction). In addition,
in a separate analysis, motion correction [based on scrubbing
(37) and the Friston model (38)] and global signal regression
were conducted before the ICA (pre-ICA motion correction).
Age differences across DMN measures [global connectivity and
amplitude: r ≥ 0.20, p < 0.0001; voxelwise connectivity: p < 0.05
(familywise error-corrected), k > 20] are reported.

Age-Related Reductions in the Cortical DMN Components. Consistent
with our prediction, age had a significant negative association
with the anterior and posterior cortical DMN (Fig. 1 A and B;
see also Fig. S4). For both the posterior and the anterior DMN
components, the results of the voxelwise analyses (i.e., regions in
yellow on the slice figure) converged with amplitude and global
connectivity indices (across the whole network shown in red) in
showing age-related decline. For the posterior DMN, however,
the voxelwise effect of age was more expressed in the posterior
cingulate cortex but less evinced in the angular gyrus. The ob-
served negative relation between age and cortical DMN com-
ponents is consistent with several previous reports (4, 5, 16, 17).

Age-Related Increase in the Hippocampus Subsystem. For the HC
subsystem, a significant positive relation between age and RSN
measures was observed (Fig. 1C). As illustrated in Fig. 1C, with
increasing age the coupling between left and right HC was
strengthened, as shown by both the voxelwise (in green contour)
and the global connectivity (scatter plot based on regions in red)
measures. Similarly, there was an age-related increase in am-
plitude for the HC component.

DMN and Head Motion. Head motion may have systematic effects
on functional connectivity (37, 39). To explore the influence of
head motion on observed age effects on functional connectivity,
a set of control analyses (including scrubbing and the Friston
24-parameter model) was conducted before ICA. All control
analyses confirmed that the main findings on the influence of
age on cortical DMN and the HC component were maintained
regardless of whether motion was regressed out pre- or post-ICA
(Fig. S5; see SI Text for details).

HC–Cortical DMN Internetwork Connectivity. Next, the connectivity
among DMN components was explored. These analyses revealed
significant internetwork connectivity between posterior/anterior
DMN and the HC [mean correlation: r (posterior DMN; HC) =
0.30, p < 0.0001; r (anterior DMN; HC) = 0.23, p < 0.001]. The
degree of internetwork connectivity was positively associated with
performance on the EM task (corrected for age) for both the
posterior (r = 0.17, p < 0.001) and anterior (r = 0.11, p < 0.05)
DMN. Together, these findings support the notion that the HC
component interacts with cortical components of the DMN, and
that such interactions promote EM performance. Critically, the
degree of internetwork connectivity significantly decreased as
a function of increasing age for posterior (r = −0.33, p < 0.0001)
and anterior (r = −0.32, p < 0.001) DMN. Thus, with increasing
age, the anterior and posterior cortical components and the HC
tended to operate more independent of each other.

Increased Hippocampal Connectivity in Relation to Brain Structure.
Increased HC connectivity may reflect age-related degenerative
effects on the brain’s gray and white matter (18). We therefore
examined whether the observed age-related changes in HC
coupling were related to structural brain changes across the ex-
amined age span. First, we computed the influence of age on
gray matter (GM). Hippocampal RSN connectivity and GM
volume were integrated in a voxelwise multiple-regression ap-
proach. Of chief interest was to investigate whether elevated
hippocampal coupling in aging could be accounted for by age-
related local changes in GM volume. Results showed that age-
related increases in voxelwise functional connectivity of the HC
RSN persisted [left HC (LHC): xyz = −18 −14 −18, t = 9.29;
right HC (RHC): xyz = 16 −10 −14, t = 5.60] after controlling for
voxelwise GM volume (Fig. S6), suggesting that increases in
functional connectivity were not driven by HC GM loss.
For white matter, we found a significant negative association

between HC functional connectivity and the integrity of white
matter (measured by fractional anisotropy; FA) in the fornix
(Table S1). The negative association between hippocampus and
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fornix integrity remained after statistically correcting for age, sex,
and head motion, suggesting that elevated HC coupling, at least
in part, could be accounted for by alterations in white matter

integrity of specific tracts. Fornix is a main efferent neural
pathway of the hippocampus, but the cingulum bundles are also
important for connecting the HC with posterior cortex. No sig-
nificant correlation was found between HC RSN functional
connectivity and FA of descending cingulum (p > 0.5). We did
observe a positive correlation between the level of internetwork
functional connectivity (between HC and posterior DMN) and
FA of descending cingulum (r = 0.14; p < 0.005), although this
correlation did not remain significant after controlling for age.

DMN–Performance Relations. We considered cognitive tasks asso-
ciated with posterior cortical areas (block design; BD) and HC (an
episodic memory composite score). The cortical DMN compo-
nents had positive associations with EM and BD (Table S1). By
contrast, for the HC, which was positively related to chronological
age, a negative relation was observed with EM and BD (Table S1).
Only the EM association remained significant after controlling for
age (r = −0.17, p < 0.005). Moreover, in addition to the global
connectivity measures presented in Table S1, a voxelwise analysis
of the relation between HC connectivity and EM performance
revealed a strong negative association in bilateral HC [LHC: xyz =
−15 −6 −14, t = 5.48, p < 0.01 (corrected for false-discovery rate;
FDR); RHC: xyz = 16 −16 −18, t = 3.73, p < 0.01 (corrected for
FDR)], which remained significant in the left HC after controlling
for age [LHC: xyz = −26 −18 −10, t = 3.76, p < 0.01 (corrected for
FDR)]. Collectively, these findings support our prediction that
age-related increases in connectivity within the HC subsystem are
detrimental to EM performance.

Hippocampal RSN in Relation to Longitudinal Memory Change. We
hypothesized that elevated connectivity of the HC RSN would
negatively correlate with longitudinal decline in EM. To test this
hypothesis, we compared individuals who maintained EM rela-
tively intact over 20 y with individuals showing typical age-related
decline (36). There was no significant difference (t < 0.6, p > 0.5)
in head motion or age between the two groups. We predicted
that individuals who maintained memory would show less ele-
vation of HC resting-state coupling than those with declining
memory. In support of this prediction, we noticed a significant
group difference in voxelwise (left HC: xyz = −24 −20 −10, t48 =
3.74; right HC: xyz = 16 −26 −10, t48 = 3.55; p < 0.05; FDR-
corrected) as well as global (t = 3.16, p < 0.005) functional
connectivity (Fig. 2). This finding provides further evidence that
an age-related increase in connectivity of the HC subsystem is
associated with declining EM performance.

Hippocampal RSN in Relation to Task-Induced Recruitment. Our
results showed that elevated connectivity of HC RSN is nega-
tively linked to EM performance (composite score of episodic
memory) as well as to longitudinal change in EM. We tested the
prediction that such negative correlations could be driven by an
inability to engage the HC and functionally associated areas
during EM tasks by relating within-person HC RSN to task-in-
duced hippocampal (and cortical) recruitment during an EM-
encoding fMRI task. The magnitude of recruitment of the HC
and associated brain networks during encoding has been found
to promote EM performance (accuracy during the face–name
fMRI task) in this sample (35). We first focused on left and right
HC regions (these regions were previously identified to be part
of a network that facilitated EM performance during the fMRI
task for this sample; table 2 in ref. 35) that spatially overlapped
with the HC RSN. A significant negative correlation was ob-
served between the amplitude of the HC RSN and the degree
of task-induced left HC recruitment (Fig. 3A). A similar relation
was seen for right HC (r = −0.20, p < 0.001). Next, connectivity of
the HC RSN was related to a large-scale functional network in-
cluding bilateral HC (35). A similar negative relation between HC
connectivity during rest and task-induced HC–cortical functional
engagement was seen (Fig. 3B). Third, we related connectivity of
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Fig. 1. Age-related alterations of the posterior (A) and anterior (B) DMN and
the HC RSN (C) for three different ICA-driven measures (voxelwise connectivity,
global connectivity, and amplitude) after post-ICA motion correction. For each
network, scatter plots display global functional connectivity (based on the
whole network) and amplitude as a function of chronological age (n = 339). The
slice panels indicate brain regions (in yellow) exhibiting age-related decline (for
DMNs) and age-related increase (green contour, for HC component; k = 375
voxels within the entire MTL; hippocampus proper: LHC: k = 47; RHC: k = 25) in
voxelwise functional connectivity overlaid on the sample-specific template
created using DARTEL. Hippocampus proper as segmented by Freesurfer (surfer.
nmr.mgh.harvard.edu/fswiki/FreeSurferWiki) is shown in white contour. Note
that regions in yellow and green are subregions of the whole network shown in
red, and global functional connectivity was measured across the whole RSN
network (in red). The unit for the global functional connectivity is percent signal
changes (intensity normalization followed by no scaling; SI Text).
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the HC RSN to HC functional connectivity during EM encoding
(Fig. S7) and again observed that high HC coupling during rest
was negatively associated with the strength of HC–cortical func-
tional connectivity during the EM task (Fig. 3C). These three
analyses converge to show that strong HC coupling during rest
predicts weaker engagement of HC, and associated brain regions,
during active memory processing.
To further test the notion that strong HC connectivity at rest

restricts the degree to which the HC interacts with other brain
regions during active mnemonic processing, we subdivided the
older participants (≥55 y), for whom elevated connectivity of the
HC RSN was apparent (Fig. 1C), into high vs. low couplers (SI
Text). There was no significant difference (t < 0.2, p > 0.9) in
head motion between the two groups. We conducted a functional
connectivity analysis of left HC with the rest of the brain during
EM encoding (Fig. S7). Results showed that functional con-
nectivity of the left HC was essentially restricted to the right
HC for high couplers, whereas low couplers displayed a large-
scale cortical network that interacted with the left HC during
EM encoding (Fig. 4). Thus, individuals who displayed high
HC synchronicity during resting state had a less extensive task-
induced functional connectivity pattern with the HC. A similar
pattern was seen when functional connectivity patterns during
EM encoding were compared for individuals with a stable versus
declining longitudinal memory performance (Fig. S8).

Discussion
We investigated the influence of age on the cortical DMN and
the HC subsystem in 339 healthy individuals between 25 and 80 y
of age using group ICA and dual regression. Consistent with past
studies (4, 5, 16, 17), we observed age-related decrements in
functional connectivity for the anterior and posterior DMN
components. In contrast, functional connectivity within the
HC subsystem exhibited a positive association with advancing
age. We found no evidence that elevated connectivity of the HC
was driven by age-related HC volume reductions. The observa-
tion that age has opposite effects on the major cortical nodes
of the DMN and the HC subsystem provides evidence that the
influence of advancing age is not homogeneous across compo-
nents of the DMN (18).
The analyses of relations between the connectivity of various

DMN components and cognitive performance revealed a selec-
tive pattern. The posterior DMN, which was negatively linked to

advancing age, was positively associated with block design and to
a weaker degree with EM. By contrast, for the hippocampal
RSN, which was positively related to chronological age, a nega-
tive relation was observed with the EM composite score and
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Fig. 3. HC RSN coupling in relation to hippocampus and memory-related net-
works during an encoding task. (A) The scatter plot displays amplitude (percent
signal changes) of the left hippocampus (xyz = −28 −14 −16), which promoted
episodic encoding as a function of HC RS amplitude. Amplitudewas computed as
a joint metric of the SD of the HC time course (TC) and the maximum value of
the HC spatial map (SM; SI Text). Both TC and SM are in units of percent signal
changes. (B) The scatter plot displays the strength of a large-scale network
(measured by brain score) that promoted episodic encoding as a function of HC
connectivity during rest. Brain score is a subject-specific measure at network level
that indicates how strongly an individual recruits an encoding network (SI Text).
Here, a brain score represents a level of activation across the entire network that
facilitated EM performance during the fMRI task (figure 1 e and f and table 2 in
ref. 35). Functional connectivity during rest was computed from subject-specific
SMs of the HC network according to a suggestion by Glahn and colleagues (46)
(SI Text). (C) The scatter plot displays the relation between the strength of
a network functionally connected to LHC (xyz = −28 −14 −16), which promoted
the episodic encoding task, and HC connectivity during rest. Here a brain score
represents a connectivity index across the entire network that facilitated EM
performance during the fMRI task (Fig. S7).

Salami et al. PNAS | December 9, 2014 | vol. 111 | no. 49 | 17657

N
EU

RO
SC

IE
N
CE

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=SF7
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1410233111/-/DCSupplemental/pnas.201410233SI.pdf?targetid=nameddest=SF7


www.manaraa.com

to a lesser degree with block design. Importantly, the negative
relation between functional connectivity and EM, but not
BD, remained after controlling for age in both the global and
voxelwise analyses. Moreover, in the voxelwise analyses, which
provide a more locally sensitive measure of brain–performance
relations, the negative correlation between HC connectivity and
performance on the EM composite task was found to be sizable
and significant. Also, individuals with declining longitudinal EM
performance had stronger age-related elevation of HC connec-
tivity, which concurs with a previous result that elevated HC ac-
tivation predicted impending hippocampal failure and subsequent
memory decline (40). This notion is also consistent with cross-
sectional findings that hyperactivity and/or increased functional
connectivity are present at early stages of mild cognitive impair-
ment and then followed by reduced activation as cognitive im-
pairment worsens, as seen in individuals with AD (41). With this
view, it is reasonable to predict that elderly individuals with higher
HC connectivity at rest will exhibit a more rapid cognitive decline
or faster conversion to AD. Although firm conclusions must await
longitudinal follow-up studies, the present observations strongly
indicate that age-related elevation in HC RSN amplitude and
connectivity is detrimental for the integrity of the EM system.
The observed negative correlation between elevated HC

RSN and cross-sectional and longitudinal episodic memory
performance might reflect an inability to flexibly recruit the HC
together with other task-relevant areas during EM. In successful
EM encoding, the HC interacts with lateral prefrontal regions
(35). The present results showed that elevated hippocampal
coupling during rest was associated with reduced functional in-
tegration of HC with other regions, such as the prefrontal cortex,
during EM encoding (Fig. 3). Moreover, older adults with no or
weaker elevation of HC RSN coupling displayed a more extensive

functional connectivity pattern with the left HC during active
memory encoding (Fig. 4). Critically, this network was associated
with superior EM performance (accuracy during fMRI tasks; Fig.
S7), suggesting that more extensive interactions are beneficial to
performance. Although the causal direction cannot be determined,
these findings imply that elevated HC RSN coupling in aging con-
tributes to age-related decline in EM performance by preventing
efficient hippocampal–cortical connectivity during task performance.
In line with the present findings, a combined EEG/fMRI study

also found opposing age–activity relations for cortical DMN and
the HC (28), with an age decrease in cortical DMN beta power
along with an age increase in HC beta power. The basis for
differential influences of advancing age on key components of
the DMN remains to be determined. A negative relation of age
with the cortical DMN has been linked to amyloid deposition
(30, 32). The positive influence of age on the HC RSN could in
turn relate to age-related cortical changes, such that amyloid-
induced destabilization of cortical neural network activity (42) dis-
tally drives the up-regulation of HC connectivity. Specifically, in-
creased HC functional connectivity might be due to progressively
less inhibitory cortical input. Reduced inhibitory input has been
shown to lead to increased RSN functional connectivity in studies
of amyotrophic lateral sclerosis (ALS) (43). Critically, in the con-
text of aging, it has also been proposed that HC subregions are
vulnerable to age-related loss of inhibitory input, which cascades
into HC hyperactivation (34). In a study of ALS patients (43), in-
creased functional connectivity was linked to decreased structural
connectivity, which is in keeping with our observation that age-
related changes in white matter integrity of the fornix were nega-
tively related to the magnitude of HC RSN elevation. Finally, it has
been argued that hubs that are relatively more isolated may display
increased local connectivity (44). Thus, in response to age-related
reduction in cortical DMN–HC structural and functional connec-
tivity, leading to reduced cortical inhibitory input to the HC, the
HC component may begin to operate more in isolation and exhibit
elevated interhippocampal synchrony.
Resting-state fMRI has emerged as a powerful tool for map-

ping intrinsic functional connectivity in large-scale networks. Still,
this method is susceptible to some technical artifacts as well as to
being influenced by the mental states of participants that may
confound interpretation (39). In addition, aging may affect car-
diovascular dynamics, and although ICA can help to disentangle
such confounding variables from RSNs, it cannot be ruled out
that the observed differences in RSNs at least in part reflected
nonneural factors. Critically, however, the related observation of
an age-related EEG increase in HC RSN activity (28) suggests
that our finding of an age-related increase in HC–fMRI con-
nectivity has a neural origin. We used ICA components to define
RS networks (defined as spatially independent but temporally
correlated sets of regions), but note that there are various ways to
characterize and estimate networks. An interesting task for future
studies is to consider alternative network science approaches,
such as graph theory, to describe neural systems in terms of
graphs of compromising nodes (brain regions) and edges [syn-
aptic connections (6)]. The correlations for the global measures
of DMN components were rather weak, but the voxelwise mea-
sure of each component, which is the most typical measure used,
exhibited strong and reliable correlations with offline measures
even at a stringent statistical threshold. This finding suggests that
not all voxels within a component exhibited correlations with
offline performance measures. In other words, the global mea-
sure (which is a measure across the majority of voxels within
a network) may not be as strongly correlated with performance as
outcomes from voxelwise analyses. A longer duration of RS scans
would likely boost correlations with the global measures.
In conclusion, with increasing age, alterations in functional con-

nectivity emerge within cortical DMNs and the associated HC
network. Our findings suggest a model where age-related cortico–
hippocampal functional connectivity disruption leads to a more

Functional connectivity during episodic encoding

A

Encoding network for low HC couplers

B

Encoding network for high HC couplers

p 
< 

0.
00

1,
 F

D
R

 c
or

re
ct

ed
Encoding network for low HC couplers > Encoding network for high HC couplers

Fig. 4. HC RSN in relation to memory-related network recruitment during
encoding. Older participants (55 y and older; n = 212 subjects) were sub-
divided into two age-matched groups of high- and low-HC couplers according
to a median-split analysis based on the degree of HC coupling during rest. (A)
Regions (in red) functionally connected to left HC (xyz = −28 −14 −16) during
episodic encoding in the low-coupler group (n = 106; 66.5 ± 7.41 y of age). (B)
Regions (in green) functionally connected to left HC (xyz = −28 −14 −16)
during episodic encoding in the high-coupler group (n = 106; 66.5 ± 7.41 y of
age). Regions with p < 0.0001 (FDR-corrected) are shown in red and green.
The glass brain demonstrates brain regions that exhibited greater functional
connectivity to the left HC during the encoding task for the low couplers than
for the high couplers (left fusiform: xyz = −26 −36 −18; right fusiform: xyz =
28 −44 −16; left hippocampus: xyz = −28 −30 −16; right hippocampus: xyz =
24 −36 4; left inferior frontal cortex: xyz = −46 32 −4).
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functionally isolated HC at rest, which translates into aberrant hip-
pocampal decoupling and deficits in active mnemonic processing.

Methods
Subjects and Experimental Procedures. All participants in the present study (n =
339, age = 61.5 ± 13.3 y, 176 females) were part of the Betula prospective cohort
study on memory, health, and aging. From the initial sample of 357 participants,
18 were excluded due to technical error (five participants) and/or severe motion
(2 SD above the mean) that corrupted fMRI data (13 participants). All remaining
participants were native Swedish speakers, had normal or corrected-to-normal
vision, and had no history of severe neurological illness or events that might
cause dementia. fMRI time series data from each of the 339 participants were
acquired at rest over a 6-min period. Participants were instructed to keep their
eyes open during the scan and look at a presented fixation cross. In addition, 292
of the participants performed an episodic face–name paired-associate (FN-PA)
encoding and retrieval task as well as an active baseline task. Full details of the
episodic memory paradigm are given elsewhere (35).

Imaging Methods. Structural and functional imaging was performed on a 3-T
General Electric scanner equipped with a 32-channel head coil. Functional
data (resting-state and FN-PA task) were acquired with a gradient echo-
planar imaging sequence [37 transaxial slices; thickness, 3.4 mm; gap, 0.5 mm;
repetition time (TR), 2,000ms; echo time (TE), 30ms; flip angle, 80°; field of view,
25 × 25 cm]. Ten dummy scans were collected and discarded before experi-
mental image acquisition. High-resolution T1-weighted structural images were
collected with a 3D fast spoiled gradient echo sequence (180 slices; thickness,

1 mm; TR, 8.2 ms; TE, 3.2 ms; flip angle, 12°; field of view, 25 × 25 cm). Finally,
white matter integrity was assessed with a diffusion tensor imaging (DTI)
T2-weighted spin-echo planar sequence (64 slices; TR, 8,000 ms; flip angle,
90°; field of view, 25 × 25 cm; b = 1,000 s/mm2; 32 directions; six B0 images).

Functional MRI Data Analysis. All preprocessing steps were carried out using
Statistical Parametric Mapping software (SPM8; Wellcome Department of Imag-
ing Science, Functional Imaging Laboratory). fMRI data were first corrected for
acquisition time differences between slices within each volume and then were
motion-corrected. Using diffeomorphic anatomical registration using expo-
nentiated lie algebra (DARTEL) (45) (SI Text), the realigned fMRI images were
nonlinearly normalized to the sample-specific group template, affine-aligned into
stereotactic space of theMontreal Neurological Institute, and smoothed using an
8.0-mm full width at half maximum Gaussian filter. Preprocessed resting-state
data were analyzed using temporal concatenation independent component
analysis as implemented in theGIFT toolbox (4). Both the cortical and theHCDMN
were identified and their ICA-driven measures (amplitude, voxelwise, and global
connectivity) were extracted. A detailed description of the ICA, RSN selection, and
ICA-driven measures of RSNs is provided in SI Text.
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