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Abstract
Resting-state functional connectivity (RSFC) has widely been used to examine reorganization of functional brain networks
during normal aging. The extraction of generalizable age trends, however, is hampered by differences in methodological
approaches, study designs and sample characteristics. Distinct age ranges of study samples thereby represent an important aspect
between studies especially due to the increase in inter-individual variability over the lifespan. The current review focuses on
comparing age-related differences in RSFC in the course of the whole adult lifespan versus later decades of life. We summarize
and compare studies assessing age-related differences in within- and between-network RSFC of major resting-state brain
networks. Differential effects of the factor age on resting-state networks can be identified when comparing studies focusing on
younger versus older adults with studies investigating effects within the older adult population. These differential effects pertain
to higher order and primary processing resting-state networks to a varying extent. Especially during later decades of life, other
factors beyond age might come into play to understand the high inter-individual variability in RSFC.
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Introduction

Population aging inherits a shift in the age distribution of our
population that has a tremendous impact on health and eco-
nomic aspects of our society, as it is particularly accompanied
by increasing prevalences of neurodegenerative diseases, such
as Alzheimer’s disease [29]. Normal, non-diseased aging is
already associated with considerable alterations to the brain
and its associated functions. Cognitive functions decline, most
prominently in the domains of attention, executive functions
and memory [30, 31], prevailing current research to focus on
the relationship between brain structure, brain function and

cognitive performances [55, 64, 65, 90]. Based on mainly
cross-sectional studies, relations between increasing brain at-
rophy and cognitive performance decline during the aging
process could be demonstrated ([63, 69]; for a recent review
on longitudinal changes, see [54]). Based on task-based func-
tional magnetic resonance imaging (fMRI), theories about a
functional reorganization of the brain during the aging process
were proposed (e.g. [11, 15, 24, 65]).

As task-based fMRI is typically limited in terms of general
coverage of functional networks across the entire brain, as-
sessment of resting-state functional connectivity (RSFC) for
a more systemic investigation of the functional brain architec-
ture came into focus over the last decade, particularly also in
view of age-related changes in RSFC. RSFC relies on spon-
taneous fluctuations of the blood-oxygenation level dependent
(BOLD) signal (0.1–1.0 Hz) in the brain during rest; i.e. par-
ticipants are usually lying in the MR scanner, without
performing any task [6]. Spatially distinct regions that are
supposed to work together during cognitive tasks exhibit sim-
ilar spontaneous fluctuations and are thus functionally linked
[6, 7]. For example, primary processing networks represent
those functional networks involved in somatomotor functions
(somatomotor network), auditory processing (auditory net-
work) or visual processing (visual network). Higher order

This article is part of the special issue on Aging Brain in Pflügers
Archiv—European Journal of Physiology

* C. Jockwitz
c.jockwitz@fz-juelich.de

1 Institute of Neuroscience and Medicine (INM-1), Research Centre
Jülich, Jülich, Germany

2 Institute for Anatomy I, Medical Faculty & University Hospital
Düsseldorf, Heinrich Heine University, Düsseldorf, Germany

3 JARA-Brain, Jülich-Aachen Research Alliance, Jülich, Germany

https://doi.org/10.1007/s00424-021-02520-7

/ Published online: 12 February 2021

Pflügers Archiv - European Journal of Physiology (2021) 473:793–803

http://crossmark.crossref.org/dialog/?doi=10.1007/s00424-021-02520-7&domain=pdf
mailto:c.jockwitz@fz-juelich.de


functional networks represent those involved in higher cogni-
tive functions, such as introspection (default mode network),
executive functions and attention (executive network), lan-
guage processing and working memory functions
(frontoparietal networks) or memory performance and emo-
tional processing (limbic network) [42, 75]. Changes to these
resting-state networks, e.g. due to aging, are supposed to re-
flect more fundamental alterations or adaptations at the gen-
eral level of brain function. For example, changes in RSFC
might represent disturbed communication of the anatomical
connectivity (i.e. due to disruptions in white matter tracts) and
have been associated with neurotransmitter dysfunction (i.e.
dopamine), less glucose metabolism and resulting increases in
amyloid binding [18, 73]. So far, investigations of RSFC dif-
ferences due to aging are highly variable between studies.
Differences in preprocessing (for recent reviews and studies
on e.g. motion correction and global signal regression, see [21,
27, 88]), brain regions or networks investigated, inclusion of
covariates of (non-) interest, sample characteristics and ap-
proaches used, however, hamper generalizability of the so
far obtained results. For example, hypothesis-driven ap-
proaches focus on either the functional connectivity between
two brain regions (seed-to-seed) or between an initial region
of interest and all other voxels of the brain (seed-to-whole
brain). Data-driven approaches, e.g. independent component
analysis (ICA), decompose the spontaneous fluctuations of
the BOLD signal into a set of independent components [3,
4] that represent resting-state networks, such as the default
mode network (DMN; [26, 62]), the visual network,
somatomotor network, auditory network, left and right
frontoparietal networks, executive network, limbic network
and salience network (e.g. see [75, 76]). Finally, graph-
theoretical approaches are probably the most integrative way
to investigate RSFC. Based on predefined parcellations
(which might be theory or data driven , e.g. see [59, 70,
93]), graph-theoretical approaches assess RSFC at both node
and system level and allow for investigation of function brain
network segregation (i.e. within-network RSFC) as well as
integration (i.e. between-network RSFC) [76, 78].

RSFC has been used in various ways to answer the
question of how the functional architecture of the brain
ages. Focusing on the older adult population in particular
reveals an additional sample characteristic which might
explain parts of this heterogeneity: inter-individual vari-
ability increases considerably over the lifespan, at this
characterizing the old age. This introduces a new variable
when studying typical effects in the aging brain which
might be obscured when studying lifetime trajectories
and only seizable when particularly focusing on the older
adult population. The current review aims at summarising
and discussing so far obtained results from the most prom-
inent papers with respect to age-related differences in
RSFC with a specific focus on the challenge of studying

lifetime trajectories vs. focusing on specific age ranges
and associated sample characteristics.

Age-related differences in RSFC: a matter
of sample characteristics?

There is a vast amount of literature investigating age-related
differences (cross-sectional) or changes (longitudinal) in
terms of RSFC. The following two sections review studies
that investigate differences/changes in RSFC from young to
late adulthood and within the older adult population,
respectively.

Age-related differences in RSFC
across the lifespan

The resting-state network probably studied most intensively
with regard to aging effects is the DMN. Functional connec-
tivity within the DMN has repeatedly been shown to decrease
from early to late adulthood. This has been studied using seed-
based approaches, graph theory as well as ICA. Participants’
age ranges from young to older ages across the whole adult
lifespan, while other studies compared younger versus older
adult groups. These different approaches nevertheless came to
the same conclusions, as exemplified here on three different
studies investigating the effects of aging within the DMN:
Andrews-Hanna et al. [1] compared 38 younger (mean age =
22 years) and 55 older adults (mean age = 77 years) using a
seed-based approach, Geerligs et al. [22] used a graph-
theoretical approach and compared 40 young (mean age =
21 years) to 40 older adults (mean age = 65 years), and
Mowinckel et al. [47] used an ICA in a larger group of 238
adults ranging from 21 to 81 years of age. Based on these
analyses, which differ in many aspects, i.e. age regression
versus group comparison, theory- versus data-driven, there
seems to be a general consensus that the DMN shows de-
creases in RSFC from early to late adulthood (see Table 1
for more studies showing similar age-related decreases in
RSFC of the DMN).

For other functional networks, however, results are more
multifaceted when it comes to aging. Mowinckel et al. [47]
showed age-related decreases for the visual network, as well
as increases in RSFC for the somatomotor, auditory, executive
and frontoparietal networks from early to late adulthood. In
contrast, using a graph-theoretical approach, Betzel et al. [5]
found within-network decreases in RSFC for higher order
control and attention networks, as well as stable primary pro-
cessing visual and somatomotor networks in a group of 126
participants between 7 and 85 years of age. Using RSFC local
density mapping, Tomasi and Volkow [85] showed decreases
for the dorsal attention network, but increases for the
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somatomotor and cerebellar networks in a large sample of 913
participants ranging from 13 to 85 years of age. While the
aforementioned studies mainly used large age ranges (i.e.
from teenage to old age), Siman-Tov et al. [74] conducted a
multicentre study and divided their large sample into 543
young (21–40 years), 238 middle-aged (41– 60 years) and
106 older adults (≥ 61 years). Interestingly, they showed a
twofold effect of age on RSFC: the salience, dorsal attention
and frontoparietal networks seem to decrease in within-
network RSFC from young to middle age, with less decreases
(or even slight increases) in RSFC from middle to older age.
In turn, the auditory and visual networks showed linear de-
creases from early tomiddle to late adulthood, while the motor
network rather showed non-linear trajectories during the
lifespan, i.e. increases in RSFC from young to middle adult-
hood with a subsequent decrease in RSFC from middle to late
adulthood. For an overview of within-network RSFC differ-
ences with increasing age, see Table 1. What becomes obvi-
ous when summarizing the results obtained so far regarding
particularly within-network functional connectivity in the
course of age is that predominantly higher order networks
show RSFC decreases with increasing age. Primary process-
ing networks on the other hand, i.e., somatomotor, auditory
and visual networks, showmore heterogeneous results when it
comes to aging from early to late adulthood, with some studies
showing increases and others reporting stability or decreases
in RSFC with increasing age. Referring back to Siman-Tov
et al. [74], who subdivided their sample into young, middle-
aged and old adults, a non-linear relationship between age and
RSFC at least within the somatomotor network might explain
the heterogeneity of the results best. Generally, age-related
within-network RSFC decreases have been associated with
arespective decline in mental functions [1, 67, 72, 86].

As the within-network RSFC focuses on single functional
networks, another relevant aspect for understanding the func-
tional architecture of the aging brain concerns the between-
network RSFC, i.e. the question of integrated processing
across networks. Overall, age-related increases in RSFC be-
tween networks were found, such as for the dorsal attention
network, the salience and ventral attention networks and the
somatomotor network [5], between subcortical and higher or-
der networks [23] or between the control network and the
visual network as well as DMN [22]. Likewise, research
groups directly investigate the relationship of within- versus
between-network RSFC by examining the ratio between the
two.With increasing age, functional brain networks tend to be
less segregated, resulting from a combination of between-
network RSFC increases and/or within-network RSFC de-
creases [13, 25]. At younger age, functional brain networks
are typically more segregated, with every network being rela-
tively specialized for distinct mental processes [13]. These
functionally specialized brain networks interact, at least to a
certain degree, with each other, to fulfil everyday task

requirements. With increasing age, however, the functional
coherence within these networks decreases, while the
between-network RSFC increases. This would hint at func-
tional dedifferentiation during aging, i.e. a loss of functional
specialisation of specific brain networks as the brain ages [24].
This would be also supported by studies investigating the
relation between resting state and task-based functional con-
nectivity; e.g. Hughes et al. [35] found that functional connec-
tivity across the two states were less correlated in older com-
pared to younger subjects. The authors explained this effect by
a lower segregation (i.e. specialisation) of functional brain
networks, which then potentially might lead to disturbed com-
munication of brain networks during task performance. As
suggested by established aging theories, though, the brain re-
organizes itself to maintain cognitive functions as stable as
possible. Thus, the observed increase of integration across
brain networks might not only be a consequence of functional
dedifferentiation processes, expressed by a loss of within-
network RSFC in the course of aging. Rather, increases in
between-network communication might reflect compensa-
tional mechanisms to maintain cognitive functions as stable
as possible (e.g. scaffolding theory of aging [65], hemispheric
asymmetry reduction in older adults [11] or posterior-to-
anterior shift in aging [15]).

Taken together, lifespan trajectories of RSFC are charac-
terized by reductions of functional coherence within brain
networks, together with enhanced RSFC between functional
brain networks, which has been shown for the DMN aswell as
higher order brain networks. Primary processing networks
(i.e. somatomotor networks) on the other hand are potentially
subject to non-linear changes throughout the lifespan, which
cannot be uncovered by exploring linear changes from early to
late adulthood. Consequently, investigations of the older adult
population could help to reveal age-related changes in the
functional brain architecture.

Differences in RSFC within the older adult
population

The so far reported studies describe age-related differences in
RSFC from early to late adulthood. With an increasing num-
ber of older subjects in our societies and the burden of increas-
ing prevalence of neurodegenerative diseases, though, the
need for understanding the particularities of the old brain is
of specific relevance. Two observations from lifespan studies
support this notion: the hints on non-linear aging trajectories
[74] and the increasing inter-individual variability over the
aging process, with regard to the brain functional network
architecture [1, 47], brain structure [16] and cognitive perfor-
mance [52], with a possible starting point in the mid-50s [31,
47]. Investigating a population-based cohort of older adults
(between 55 and 85 years of age) using ICA, Jockwitz et al.
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[38] found again high inter-individual variability of RSFC in
all major brain networks. This was especially seen for the
DMN, together with stable RSFC in this group of older adults.
This finding was corroborated in another study on the same
cohort but using a graph-theoretical approach [82], as well as
by investigation of other cohorts and by using seed-based
analyses (age ranges: 64–85 years [33]; 69–85 years [74]).
Other studies, contrarily, showed further decreases in RSFC
for the DMN during older ages (64–91 years [40]; 50–95
[95]), but only for the anterior part of the DMN, while the
posterior DMN showed increases or remained stable dur-
ing older ages. Additionally, Huang et al. [34] could
show that only a ventral DMN (representing a further
subdivision of the posterior DMN described by other
authors; comprised of the inferior parietal lobule and
parts of the posterior cingulate cortex) revealed a de-
crease in RSFC in 430 adults being 51 years and older.
Dividing the older adult population into age groups,
Farras-Permanyer et al. [17] showed a slight decrease
within the anterior and ventral DMN from 60 to 79,
with a subsequent increase in subjects being older than
80 years of age.

In light of the lifespan studies discussed in the first part of
this review, the current state of research clearly indicates that
functional connectivity within the DMN from early to late
adulthood decreases as a function of age. During older ages,
however, these whole network differences in RSFC cannot be
extracted. Instead, investigating only parts of the DMN in this
population revealed decreases in functional connectivity
amongst the older subjects, hinting at more subtle differences
at older ages. The question that thus remains is: If age itself
does not explain the observed inter-individual variability,
which other factors could be accountable for that?

With respect to age-related differences in higher order net-
works within the older adult population, quite heterogeneous
observations have been reported. While Jockwitz et al. [38]
showed slight increases in RSFC for the frontoparietal and
executive networks during older ages using ICA, Zonneveld
et al. [95] showed a decrease in within-network RSFC for the
ventral attention network, while the dorsal attention, temporal
and frontoparietal networks remained stable.

Regarding the primary processing networks, Siman-Tov
et al. [74], Stumme et al. [82] and Huang et al. [34] could
show a decrease in RSFC particularly within primary process-
ing networks, i.e. somatomotor and/or visual networks.
Contrarily, Farras-Permanyer et al. [17] and Varangis et al.
[87] found stable somatomotor and visual network RSFC
amongst older subjects (65–80 years), and Zonneveld et al.
[95] reported increased RSFC for the visual network together
with decreases in RSFC for the somatomotor network. This
observation is especially interesting since the primary process-
ing networks already showed heterogeneous age-related dif-
ferences when comparing younger and older adults, and the

somatomotor network most likely follows a non-linear age
trajectory from early to late adulthood. While from young to
old age, the somatomotor network predominantly showed in-
creases in RSFC (cf. Table 1), its within-network RSFC seems
to rather decrease (or at least remain stable) within the group
of older subjects.

Similar to the heterogeneity of within-network RSFC,
between-network RSFC differences with age show a hetero-
geneous picture. Zonneveld et al. [95] showed both increases
and decreases in RSFC between networks, i.e. increased
RSFC between the DMN and higher order networks as well
as between subcortical and temporal networks, together with
decreases in RSFC between anterior and posterior DMN, ven-
tral and dorsal attention networks as well as ventral attention
network and somatomotor network. Contrarily, Stumme et al.
[83] found increased connectivity between the somatomotor
network and higher order networks, but RSFC decreases be-
tween the somatomotor and visual network. The higher inter-
network communications have been interpreted as an attempt
to compensate for the decline of primary processing networks
to maintain mental abilities as stable as possible from early to
late adulthood. A similar mechanism might also apply to the
older adult population. Taking recent evidence about the re-
serve capacity of the brain [81] into account, though, the ques-
tion remains if and to what extent such compensational mech-
anisms are actually present in the already aged brain. The
heterogeneous results strongly emphasize the necessity for
more researchwithin the older adult population to extract clear
hypotheses regarding functional reorganization within the
older adult population and the relevance of the factor age in
this regard.

Other factors that might explain the high
inter-individual variability in older adults

Comparing lifespan development of RSFC from early to late
adulthood and changes in RSFC in the older adult population
brings up an important aspect. The two groups are not directly
comparable regarding age-related differences in RSFC ex-
tracted from cross-sectional data: From early to late adult-
hood, the DMN as well as higher order networks decreases
in within-network RSFC, independent of methods (i.e., seed-
based, ICA, graph theory) and statistical approaches (i.e.,
group comparisons, age-regression) used. During older ages,
however, RSFC remains rather stable for those networks.
Increasing inter-individual variability over the aging process
might be one essential factor that explains these differences.
From early to late adulthood, a large part of the inter-
individual variability in RSFC is attributable to the factor
age. During older ages, however, this variability across sub-
jects has proven to be even higher, and age itself cannot fully
account for this variance. Consequently, other factors
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might come into the fore that explain changes in RSFC
during older ages.

The question of which factors might be essential in this
regard, however, has not been answered so far. Recent studies
focused on quite different factors, which can be assigned to
modifiable and non-modifiable (risk) factors. With respect to
the non-modifiable (risk) factors, Zonneveld et al. [95], for
example, showed that sex might be important. Sex differences
in RSFC of the aged brain have been reported repeatedly, such
that females show higher connectivity within the DMN, while
males show higher RSFC for the somatomotor network [66,
83, 95]. Recently, Weis et al. [91] even showed that RSFC
serves as a useful basis for sex prediction. This pertains im-
portant particularly when taking sex differences in preva-
lences of neurodegenerative diseases into account. Another
large and in itself also heterogeneous group of potentially
relevant factors in the aging brain is the number of physical
factors, such as body size, that have been reported to be related
to both within- and between-network RSFC [46, 95]. Genetic
variants have also been discussed over the last decade to ex-
plain aging-related alterations of the functional architecture of
the brain. Especially, the APOE status, a common risk factor
for Alzheimer’s disease, came into focus also in relation to
normal, non-diseased aging (for a recent review, see [57]). Wu
et al. [92] showed altered RSFC for the executive and salience
network as well as the DMN in 17 APOE 4 carriers between
50 and 65 years of age, while Zonneveld et al. [95] did not find
any APOE-associated effects in their large sample of 2878
older adults.

With respect to modifiable factors, Boraxbekk et al. [9]
showed a higher RSFC within the posterior DMN with in-
creasing physical activity. Pillemer et al. [58] found higher
RSFC within the sensorimotor, visual, insular and
frontoparietal networks with higher social interactions.
Furthermore, Lindbergh et al. [43] found a stronger segrega-
tion of the DMN, expressed by a higher within- compared to
between-network RSFC, over the course of aging to be asso-
ciated with higher intelligence. Bittner et al. [8] integrated
different aspects of lifestyle into a lifestyle risk score including
smoking and alcohol intake as risk factors and social interac-
tion and physical activity as protective factors. Higher lifestyle
risk was associated with higher between-network RSFC, i.e.
between motoric and dorsal occipital cortex. Thus, protective
factors that are supposed to increase the so-called cognitive
reserve capacity during aging [80, 81] are associated with a
better perseveration of functional brain networks in older
adults. Moreover, nutrients and dietary behaviour also showed
associations with RSFC in the older adult population: Caloric
restriction was associated with higher RSFC between the hip-
pocampus and left precuneus and angular gyrus, together with
lower RSFC between hippocampus and right inferior frontal
gyrus [60]. Mega-3 polyunsaturated fatty acids were associat-
ed with higher RSFC within frontal lobe regions [84], and

vitamin B1 and B6 were found to be associated with higher
interhemispheric RSFC [37].

The integrated analysis and systematic examination of the
large number of factors as a whole contributing to the high
inter-individual variability of RSFC in the aging brain gains
particular importance within the older adult population. Miller
et al. [46] started to use such an approach by investigating a
variety of lifestyle and physical factors in relation to RSFC in
a population-based cohort consisting of more than 5000 older
adults. It seems that although not each variable was signifi-
cantly associated with RSFC, a large number of variables
show at least small associations with RSFC. This shows that
such systematic global investigations provide valuable hints at
potentially relevant associations between RSFC and factors
beyond age. Hence, the ultimate goal would be to reassemble
these small but possibly important aspects and to disentangle
the individual contributions to the aging process of the brain to
finally get a clearer picture of age-related changes in the func-
tional architecture of the brain.

Longitudinal investigations into the aging
process and relations to cognitive
performance

So far, research investigating age trajectories of RSFC mostly
focused on comparing subjects of different age, i.e. between-
subject differences.While these differences in RSFCmight be
related to cohort effects, rather than reflecting a true aging
effect [71], there are only limited studies investigating RSFC
using a longitudinal research design (e.g. [44, 51]). However,
to understand the aging process within subjects, it is necessary
to explore intra-individual changes of the functional architec-
ture and related reorganization of the aging brain. Important to
note, changes seen in longitudinal studies are usually smaller
and more focused to specific networks. For example,
Malagurski et al. [44] found RSFC to decrease within the
frontoparietal network over a time interval of 4 years. In turn,
the limbic and somatomotor networks seem to increase with
respect to the within-network RSFC. Additionally, increases
in the between-network RSFC relating especially to the
somatomotor network (e.g. with the frontoparietal, DMN, lim-
bic, ventral attention and dorsal attention networks) have been
reported. Ng et al. [51] showed the DMN and frontoparietal
networks to decrease over a time interval of 2 years, while
their between-network RSFC remained stable. Fjell et al.
[19] showed several networks (i.e. frontoparietal and DMN)
to increase in within-network RSFC over time. While longi-
tudinal investigations of changes in RSFC are an inevitable
step towards a better understanding of intra-individual trajec-
tories of aging, more research is needed to reliably extracting
robust trends.

798 Pflugers Arch - Eur J Physiol (2021) 473:793–803



One additional important issue concerning the assessment
of age-related changes in RSFC is cognitive performance it-
self. Resting-state networks are supposed to be engaged in the
successful performance of distinct cognitive functions. While
networks such as the visual, auditory and somatomotor net-
works are supposed to be involved in primary processing of
the respective function, higher order networks are associated
with higher cognitive functions. The DMN, for example,
seems to be involved in introspection, day dreaming and ep-
isodic memory collection; frontoparietal and executive net-
works are rather associated with attention, executive functions
and working memory [42, 75]. During the aging process,
when RSFC seems to change, this could be somehow related
to cognitive abilities and corresponding decline. And indeed,
several studies reported an association between RSFC and
cognitive status. In cross-sectional studies, RSFC has fre-
quently been associated with cognitive performance level [1,
20, 23, 38, 48, 49, 53, 83, 87]. However, cognitive tasks and
brain metrics investigated differ between studies, making it
difficult to compare them directly. For example, Andrews-
Hanna et al. [1] showed that within-network RSFC of the
DMN was positively related to memory functions. Perry
et al. [56] further added that higher between-network RSFC
(reflecting a lower segregation of functionally specialised
brain networks) would be associated with worse overall cog-
nitive function.

Regarding longitudinal analyses, several studies assessed
associations between RSFC and cognitive performance by
either focussing on level-change (i.e. the relation between a
cross-sectional measured level of performance or RSFC and
the longitudinal change of these metrics over time) or change-
change (i.e. the relation between two longitudinal changes
over time) associations [13, 20, 44, 51]. For instance, a decline
in processing speed has been associated with increases in
between-network RSFC of the executive network and DMN
[51], and a decline in segregation of the frontoparietal network
over time [20, 45] further showed stability in within-network
RSFC over time to be related to better episodic memory per-
formance. Thus, regarding the relation between RSFC and
cognitive performance, cross-sectional and longitudinal stud-
ies indicate that higher segregation of specialized functional
brain networks might be related to better cognitive perfor-
mance. Nevertheless, especially more longitudinal analyses
are warranted to better understand this relationship.

Conclusions and future investigations

Research in the field of RSFC has become quite popular during
the last decades, since it assesses the underlying functional
architecture of the brain that is supposed to be responsible for
successful cognitive performance and related to pathological
conditions, e.g. Alzheimer’s disease. Based on the current state

of research, general trends on age-related alterations of the
resting-state functional network architecture of the brain can
only partially be extracted, due to differences in analysis
methods, investigated networks or sample characteristics
across studies. Two main conclusions can be drawn from the
current literature. First, the DMN seems to decrease from youn-
ger to older ages, but within the older adult population, the
DMN as a whole, at least in normal aging, remains relatively
stable, with only anterior parts (further) deteriorating. This is an
important aspect since the DMN has been reported to be espe-
cially vulnerable to age-related changes. From the studies re-
ported in the current review, we can conclude that this age-
related vulnerability pertains to the whole adulthood, while
during older ages, the variability between subjects hamper the
extraction of major trends. Thus, age itself might be less im-
portant during older ages. Here, pathological states, e.g.
Alzheimer’s disease, might be of special importance. Sheline
and Raichle [73], for example, showed that the DMN is prone
to preclinical changes in the network configuration, thus serv-
ing as a clinical target for early detection and therapy.

Second, especially the primary processing networks seem
to exhibit heterogeneous and largely non-linear effects over
the lifespan when generalizing over different study samples
and methods used. Regarding the somatomotor network, age-
related decreases in within-network RSFC during older ages
might hint at a dedifferentiation of this network, especially
pertaining to the older adult population. This is an important
observation since it emphasizes differential aging during older
ages that might be related to cognitive impairments.
Especially with respect to the older adult population, it has
to be mentioned that the studies described here included sub-
jects of different age ranges (i.e. [38] included subjects from
55 years onwards, while Huang et al. [34] included subjects
being 50 years and older), which might impact the obtained
results. Nevertheless, the heterogeneity of results together
with the observed inter-individual variability emphasizes the
necessity of investigating other determinants beyond the fac-
tor age which might be relevant for explaining the heteroge-
neous findings in aged resting-state networks.

Large sample sizes are needed to have the sufficient power
to even detect these sometimes subtle, but still important ef-
fects on the aged brain [10]. Recent studies already showed
that other factors, such as lifestyle, genetics and physical fac-
tors, might influence the functional architecture in the aging
brain. Furthermore, the here discussed metricsincluded
within- and between-network connectivity. It has to be men-
tioned, though, that other metrics, e.g. participation coeffi-
cient, weighted degree or dynamic functional connectivity,
are becoming more prominent to assess RSFC from quite
different perspectives. Their relevance for understanding the
aging process need to be further assessed.

In addition to this, although the resting-state fMRI has
proven to be an essential tool to examine the underlying
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architecture of the brain, with respect to healthy as well as
pathological conditions, it has to be mentioned that this tech-
nique, nevertheless, inherits some methodological as well as
psychological challenges. First, fMRI is known to be an indi-
rect measure of neuronal activity, with a slow time resolution,
as it is induced by the slow hemodynamic response, compared
to the much faster neuronal firing rate. Although multimodal
analyses, e.g. combined fMRI and EEG, provide valuable
information in this respect, the exact relationship between
the two remains unclear. Furthermore, it has to be mentioned
that the resting-state fMRI is related to several psychological
states, e.g. anxiety arousal and uncomfortability (e.g. [32, 41,
50]), which in turn might be related to physiological conditions,
e.g. motion, cardiac and respiratory responses. Although sever-
al cleanup tools try to remove confounding effects of motion,
heartbeat or breathing (e.g. AROMA [61] and FIX [28, 68]
implemented in FSL), the relation between psychological states
and RSFC is not directly measurable and therefore remains
within the signal. These effects might, of course, represent con-
founding factors during the aging process.

Furthermore, current studies mainly used a cross-sectional
design, which prevents drawing conclusions about potentially
causal relationships. So far, there are only limited studies in-
vestigating RSFC using a longitudinal research design (e.g.
[44, 51]). With large population-based cohorts across the
lifespan or with focus on the older age recently being available
and currently being built, investigating subjects at more than
one time point, including neuroimaging assessment together
with a multitude of phenotypes and influencing factors (e.g.
1000BRAINS [12]; UK Biobank [46]; German National
Cohort [2]; Rotterdam Scan Study [36]; SHIP [89]), such
longitudinal analyses of RSFC changes in the aging brain
are further enabled and help to disentangle the individual con-
tributions of the different influencing factors on the older adult
brain.
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