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7 Brain Maintenance and Cognition

in Old Age

LARS NYBERG AND ULMAN LINDENBERGER

ABSTRACT The aging brain is notorious for detrimental
changes. However, some older adults display brain mainte-
nance, defined as a lack of senescent brain changes and age-
related brain pathology. While general brain maintenance
seems possible, the selective maintenance of some brain sys-
tems in the presence of age-related decline in others appears
more likely. Here we focus on the structural and functional
maintenance of the hippocampus. We propose that hippo-
campal maintenance is the primary determinant of pre-
served episodic-memory functioning in old age. We discuss
several potential neural and nonneural mechanisms promot-
ing hippocampal maintenance, including neuronal survival
and generation, intact neuronal morphology, and vascular
integrity. We provide evidence suggesting that correlated
genetic and environmental factors cumulatively influence
the operation of these mechanisms, in part through lifestyle
choices. Future work should study the contributions of spe-
cific connections, transmitter systems, and subregions to
hippocampal maintenance; further explore its etiology, prev-
alence, and behavioral relevance; and examine the gener-
alizability of the maintenance concept for understanding
individual differences in human cognitive aging to other
regions and circuits.

More than 30 years ago, Rowe and Kahn (1987) intro-
duced the notion of successful aging as a complement to
the distinction between pathological and normal aging.
While defining the criteria for success has stirred some
debate, the preservation of broad cognitive abilities,
such as episodic memory, is generally considered a hall-
mark of successful aging. Hence, the sizeable heterogene-
ity and malleability of human cognitive aging, including
the potential for brain maintenance, have attracted
increasing attention in recent years (Lindenberger,
2014; Nyberg, Lovdén, Riklund, Lindenberger, &
Biackman, 2012).

Cognitive abilities such as episodic memory, percep-
tual speed, reasoning, and semantic memory are char-
acterized by large individual differences in age-related
longitudinal change (e.g., Ghisletta, Rabbitt, Lunn, &
Lindenberger, 2012; Lindenberger, 2014; Tucker-Drob,
Brandmaier, & Lindenberger, 2019). Some individuals
show a precipitous decline with advancing adult age,
whereas others display high and stable levels of perfor-
mance well into old age. In the following, we focus on

the preservation of episodic memory as a particularly
important aspect of successful cognitive aging (i.e., suc-
cessful memory aging; see also Nyberg & Pudas, 2019.

Complex interactions among genetic and environ-
mental factors underlie successful memory aging by
influencing brain integrity. Major brain changes are
linked to pathological memory aging—for example, in
Alzheimer’s dementia, as reviewed in detail elsewhere
(e.g., Jack, Barrio, & Kepe, 2013). Also, while not of a
pathological nature, brain changes at multiple levels
(e.g., cellular, regional, and large-scale networks) are
normative in aging (Fjell, McEvoy, Holland, Dale, &
Walhovd, 2018) and underlie normal memory decline.
Even in the presence of normative age-related brain
changes, memory aging might be ameliorated through
compensatory processes, as, for example, proposed by
Reuter-Lorenz and Park (2014). Hence, successful
memory aging is likely to proceed along multiple paths
(Cabeza et al., 2018; Nyberg & Pudas, 2019; figure 7.1).

We have previously argued that the primary determi-
nant of preserved cognition in older age is brain mainte-
nance, or a relative lack of senescent and pathological
brain changes in aging (Lindenberger, Burzynska, &
Nagel, 2013; Nyberg et al., 2012). Despite its face valid-
ity and conceptual appeal, the relative maintenance of
structural and functional brain integrity in aging
remains an underexplored path toward successful
memory aging. In this chapter we summarize relevant
findings from studies of brain maintenance and cogni-
tion in old age and offer some thoughts on conceptual
and theoretical refinements of the maintenance
concept.

Brain Maintenance— General or Specific?

Will a group of older individuals who are characterized
by, say, minimal cortical and subcortical atrophy, also
display other kinds of brain maintenance (e.g., intact
neurotransmitter systems, preserved structural connec-
tivity, or low amyloid retention)? Alternatively, in the
spirit of a multiple-factor framework (Buckner, 2004;
Gabrieli, 1996), will different groups of individuals show
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FIGURE 7.1 Model of life course paths to pathological, usual,
and successful memory aging. Path 1 (not the focus of this
chapter) represents trajectories characterized by pathological
memory decline (e.g., dementia). Paths 2, 3, and 4 lead to nor-
mal memory aging (usual and successful). Path 2 represents
usual memory decline in response to age-related brain
changes (e.g., hippocampus atrophy). Path 3 (dashed line) is an

distinct cascades of age-related degenerative changes
that target different brain systems and vary in the rate
of progression? In the latter view, it is conceivable that
some individuals would display brain maintenance of
certain major systems (such as the hippocampal/medial
temporal lobe (MTL) system) while showing normal
age-related changes in other systems (e.g., the fronto-
striatal system). These competing accounts make dis-
tinct predictions for patterns of age-related cognitive
changes (cf., Rabbitt, 1993).

Some findings from studies comparing the magni-
tude of age-related changes among different cognitive
abilities, which should tax distinct brain circuits, at
least in part, are in line with the generality of brain
maintenance. For example, Ghisletta and colleagues
(2012) found that about two-thirds of the age-based
changes in memory are shared with those of other cog-
nitive abilities, including reasoning, vocabulary, and
perceptual speed (see also Dekhtyar et al., 2017; Tucker-
Drob, Reynolds, Finkel, & Pedersen, 2014). These
results were recently confirmed in a meta-analysis com-
prising 89 effect sizes representing shared variance in
cognitive change from 22 unique data sets composed of
over 30,000 individuals {Tucker-Drob, Brandmaier, &
Lindenberger, 2019).

Broad cognitive abilities require multiple brain cir-
cuits and regions for their operation. Hence, individual
differences in aging-induced cognitive change may
covary across different abilities in the presence of dis-
tinct patterns of cerebral deterioration and mainte-
nance. Longitudinal studies of brain aging do not
portray a coherent picture as to the generality or speci-
ficity of brain maintenance in aging. For instance, anal-
yses of individual five-year changes in the volumes of
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indirect path to successful memory aging via compensation
for age-related brain changes. Path 4 leads directly to success-
ful memory aging via brain maintenance. The dotted lines
reflect the influences of genetics, epigenetics, and lifestyle
(“what” factors) as well as strategies (“how” factors) on brain
integrity (maintenance versus decline) and memory outcomes.
From Nyberg & Pudas (2019). (See color plate 6.)

specific regions revealed correlations for some of the
examined brain volumes, but not others (Raz et al.,
2005). The highest change-change correlations were
observed for the prefrontal white matter and the hip-
pocampus (r=.71) and for the prefrontal white matter
and the lateral prefrontal cortex (r=.70).

Some cross-sectional studies point to a certain degree
of specificity of maintenance (Hedden et al.,, 2016;
Lovdén et al,, 2018; Salami, Pudas, & Nyberg, 2014). In
a recent report from the COBRA Study, Salami and
colleagues used a latent-profile analysis of data from
181 older adults aged 64 to 68 years who performed
an n-back working-memory task during functional
magnetic resonance imaging (fMRI) scanning. They
identified one subgroup with higher performance (n=
113; 63%) and a second subgroup (n = 55; 31%) with
lower performance. Analyses of data from an exten-
sive off-line cognitive test battery confirmed that the
lower-performing group had lower working-memory
performance but nevertheless relatively intact episodic-
memory performance. Moreover, analyses of different
markers of brain integrity (cortical and subcortical
volumes; functional connectivity; dopamine D2 system
integrity) revealed specific alterations in the second
group in frontoparietal regions, along with no group
differences for other markers, such as hippocampal/
default-mode regions.

Taken together, the degree of generality in brain
maintenance remains a significant unresolved issue.
Future large-scale longitudinal studies with multiple
indicators of brain integrity, along with reliable mea-
sures of different cognitive functions, are needed to
more conclusively address this topic. Awaiting such
evidence, we focus on brain maintenance of the



hippocampal system in relation to episodic memory,
which is known to be hippocampus-dependent. We will
draw on findings from longitudinal studies when avail-
able, as they provide more direct evidence on mainte-
nance than cross-sectional comparisons. Select examples
of nonhippocampal forms of brain maintenance will be
provided in a separate section.

Hippocampus and Successful Episodic Memory

There is evidence that the amount of age-related atrophy,
and by inference likely also maintenance, is not uni-
form across subregions of the hippocampal formation
(Leal & Yassa, 2015; Pini et al., 2016; Shing et al., 2011).
However, with only a few exceptions that will be noted,
the available evidence relevant to brain maintenance
refers to the whole hippocampus.

Mounting evidence indicates that hippocampal
atrophy in aging underlies normal episodic-memory
decline—notably, from change-change analyses (e.g.,
Gorbach et al.,, 2016). Hippocampal atrophy has been
observed even in normal individuals who, according to
genetic, biomarker, and cognitive criteria, are at mini-
mal risk for showing early signs of pathological brain
aging (Fjell et al., 2013; Raz et al., 2005). Importantly,
there is evidence that some older individuals suffer mini-
mal hippocampal atrophy with advancing adult age
(Fjell et al., 2009; Raz et al., 2005), along with intact epi-
sodic memory (see Nyberg & Pudas, 2019). For example,
Sun and colleagues (2016) reported that a group of
“memory super-agers” had hippocampal volumes com-
parable to those of younger adults, in contrast to typi-
cally performing older adults, who had smaller volumes
than younger individuals (see also Dekhtyar et al., 2017).

In addition to structure, functional integrity of the
hippocampal formation matters as well. An fMRI study
from the Betula project (Pudas et al., 2013) compared
the brain activity of a group of individuals with main-
tained memory, as defined by baseline level and change
over two to four test waves covering up to 15 years
(Josefsson, De Luna, Pudas, Nilsson, & Nyberg, 2012),
with individuals with normal memory development
{(i.e., moderate decline). The successful older adults
were found to have a higher activity in the left hippo-
campus and prefrontal cortex during encoding of face-
name pairs compared to the normal participants, and
this activity was as high as the average activity observed
in a young reference group (see also Diizel, Schiitze,
Yonelinas, & Heinze, 2011). Hippocampal activity cor-
related positively with memory performance, and this
association continued to be present after statistically
controlling for group differences in hippocampal
volume. Further evidence for the importance of

hippocampal functional integrity was obtained in a
study showing that Betula participants who maintained
their memory over up to 20 years had better-preserved
hippocampal resting-state connectivity than older indi-
viduals with typical memory decline (Salami, Pudas, &
Nyberg, 2014).

Additional aspects of hippocampal maintenance
include dopaminergic neurotransmission (e.g., Nyberg
et al., 2016) and neurovascular functions (Dizel, van
Praag, & Sendtner, 2016), as well as minimal tau pro-
tein deposition (Scholl et al., 2016). Schoéll and col-
leagues noted that tau is abundant in normal aging, in
particular in the medial temporal lobes, and they
observed that the amount of tau deposition across indi-
viduals was negatively related to episodic memory.

Not all of the above-mentioned studies used a longi-
tudinal design. It has been acknowledged that cross-
sectional data cannot serve as proxies for estimating
associations between age changes in brain mainte-
nance and age changes and cognitive performance
(Lindenberger, von Oertzen, Ghisletta, & Hertzog,
2011; Nyberg et al,, 2010; Raz & Lindenberger, 2011).
Nevertheless, a cross-sectional data pattern in which
older adults with more “youth-like” brain structures
and functions show higher levels of cognitive perfor-
mance is at least consistent with the brain maintenance
notion. Hence, the longitudinal and cross-sectional
findings taken together give some credence to the
maintenance hypothesis as far as the hippocampal for-
mation and episodic memory are concerned.

Brain Maintenance beyond the Hippocampus

Going beyond the focus on the hippocampal forma-
tion, other brain characteristics have also been related
to well-preserved episodic memory in aging. One
prominent example is greater thickness of the cingulate
cortex, particularly its anterior segments (Gefen etal,,
2015; Sun et al., 2016). Another example is stronger and
more youth-like functional connectivity between the
hippocampus and anterior brain regions, which have
been found to correlate with better memory perfor-
mance in old age (Fandakova, Lindenberger, & Shing,
2015; Lin, Ren, et al., 2017).

Minimal B-amyloid deposition might also be asalient,
more general characteristic of brain maintenance, and
it has been found to relate to high episodic-memory
functioning in aging (Dekhtyar et al., 2017; Farrell
et al,, 2017). Also, recent findings suggest that integrity
of the locus coeruleus and associated noradrenergic
pathways may play an important role in maintaining
memory performance in old age (Dahl et al.,, 2019;
Himmerer et al., 2018; Mather, this volume).
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Possibly, minimal cortical pathology could also have
contributed to observations of a youth-like pattern of
functional brain activity in high-performing older
adults while performing tasks assessing processing
speed (Waiter et al., 2008), executive functioning
(Burzynska et al., 2012), and working memory (Burzyn-
ska et al., 2013; Nagel et al., 2009, 2011). For instance,
Burzynska et al. (2013) found that a more intact white
matter microstructure was associated with less signal
increase from rest to task in task-relevant brain regions
and better performance on a working-memory task
(n-back), regardless of adult age.

Moderators of Brain Maintenance

In view of global population aging, a pressing question
for individuals as well as society is whether it is possible
to influence successful aging in general and successful
memory aging in particular (cf. Lindenberger, 2014;
Nyberg & Pudas, 2019). In this chapter we have argued
that the primary path to well-preserved episodic-memory
functions in older age is via brain maintenance—
notably, hippocampal integrity (Nyberg et al., 2012).
Both genetic and environmental factors influence brain
integrity (maintenance and change) in aging. The age-
related increase in heritability for most cognitive abili-
ties from childhood to adulthood suggests that genetic
and environmental factors are correlated across ontog-
eny (Beam & Turkheimer, 2013). In particular, differ-
ences in lifestyle choices are likely to reflect, in part,
genetic differences (Pedersen et al.,, 2013). Hence, gene-
tic and environmental factors contribute synergistically
and cumulatively to individual differences in brain
maintenance,

Among the genetic factors, APOE stands out in rela-
tion to an accelerated cognitive decline in aging (e.g.,
Davies et al., 2014; Josefsson et al., 2012). APOE has also
been identified as a characteristic of older adults dis-
playing successful memory aging (Lin, Wang, et al,
2017). In addition, APOE has repeatedly been linked 1o
hippocampal volume and atrophy (e.g., Davies et al,,
2014; Li et al., 2016), though large-scale genome-wide
association studies (GWAS) also point to other genetic
loci in determining individual differences in hippo-
campal volume (Hibar et al., 2017) and atrophy (e.g.,
Mather et al., 2015).

Some lifestyle features may also promote brain main-
tenance, in part through epigenetic mechanisms (e.g.,
Mather, Kwok, Armstrong, & Sachdev, 2014; Spiegel,
Sewal, & Rapp, 2014). In line with observational longi-
tudinal data (Valenzuela, Sachdev, Wen, Chen, & Bro-
daty, 2008), intervention studies have linked cognitively
stimulating activities, such as spatial navigation, to less
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hippocampal atrophy (e.g., Lévdén et al,, 2012). Physi-
cal activity is also a crucial lifestyle factor, and there is
evidence from epidemiological and intervention stud-
ies in older age for positive associations among physical
exercise, hippocampal integrity, and memory (e.g.,
Diizel, van Praag, & Sendtner, 2016; Maass et al., 2015).

Specifically, physical activity may contribute to hip-
pocampal maintenance by reducing the risk for hyper-
tension. There is evidence that midlife hypertension
increases the risk for hippocampal atrophy (e.g., Korf,
White, Scheltens, & Launer, 2004), and it has been
shown that accelerated hippocampal atrophy in older
age is selective for individuals with hypertension (Raz
et al.,, 2005). Also, hypertension has been linked to
impaired hippocampus-related neurogenesis (Shih
et al.,, 2016) and to smaller hippocampal subfield vol-
umes and a greater propensity for false memories
among older adults (Shing et al., 2011). Thus, the pre-
vention and treatment of hypertension may be crucial
for promoting hippocampal maintenance in aging,
and physical exercise may be relevant in this regard.

In sum, genetic and environmental factors interac-
tively and cumulatively contribute to brain mainte-
nance, in part through individual differences in
lifestyle. Next, we turn to the more mechanistic issue of
what is maintained, and how.

Etiology and Expressions of Brain Maintenance

Evolutionary theories propose that human senescence
reflects evolved limitations in somatic maintenance,
resulting in a buildup of damage (Kirkwood, 2005). In
light of the brain’s disproportionately high energy
needs, general theories of human brain aging stress
the importance of bioenergetic mechanisms (Linden-
berger, 2014; Raz, this volume; Raz & Daugherty, 2018).
By this account, the “core cause of cognitive aging is a
generalized and chronic decline in the availability of
energy resources” (Raz & Daugherty, 2018, p. 55). As a
corollary of this view, maintenance processes that are
particularly expensive metabolically, such as myelin
repair and regeneration (Hill, Li, & Grutzendler, 2018),
are especially likely to suffer from normal aging. Brain
maintenance, from this point of view, can be seen as
the postponement and attenuation of a looming energy
crisis,

In relation to the hippocampus, several possible eti-
ologies of atrophy and functional impairment have
been put forward (e.g., Dawe, Bennett, Schneider, &
Arfanakis, 2011). These include (1) neuronal loss, (2)
the loss of axons and dendrites, and (3) the loss of non-
neural elements (e.g., glia, vessels). Each of these can
be considered in relation to brain maintenance.



Starting with neuronal loss, postmortem MRI quantifi-
cation of hippocampal volume was found to correlate
with histology-based measurements in a sample of 11
patients with Alzheimer’s disease and 4 healthy older
controls (Bobinski et al., 2000). Specifically, in the
study by Babinski and colleagues, a strong correlation
between neuronal counts and MRI volumes was found
(cf. Zarow et al,, 2005). Hence, by inference, in vivo
MRI observations of hippocampal atrophy in aging
might reflect neuronal loss. Cell loss is a characteristic
feature of pathological aging in Alzheimer’s disease,
but it has been argued that a marked loss of neurons in
the hippocampus is not typical for normal aging (e.g.,
Dickstein, Weaver, Luebke, & Hof, 2013; Lister &
Barnes, 2009; Wilson, Gallagher, Eichenbaum, &
Tanila, 2006). Still, although the rate is higher in
pathological aging, aging neurons seem to become
more vulnerable to cell death (e.g., Mattson & Mag-
nus, 2006), in particular in the CAl region (éimié,
Kostovi¢, Winblad, & Bogdanovi¢, 1997). Moreover, it
remains an open possibility that neuronal loss is more
abundant in usual than in successful aging, resulting
in a nonlinear loss gradient (successful < usual <<
pathological aging).

A related mechanism is age-related alteration in neu-
rogenesis. New hippocampal neurons are generated
throughout development, and perhaps throughout life
(Spalding et al., 2013). Spalding and colleagues
reported only a modest reduction in neurogenesis in
aging, with marked interindividual differences from
about age 20 to 80. Other studies have observed age-
related reductions in neurogenesis and related such
reductions to memory impairment in normal aging
(see Seib & Martin-Villalba, 2015). Collectively, these
past studies suggest that maintained neurogenesis
could contribute to hippocampal integrity and pre-
served memory in certain older individuals, and some
recent results further underscore this interpretation
(Boldrini et al., 2018). It should be noted, though, that
findings from another recent study suggested that neu-
rogenesis in the dentate gyrus is rare or nonexistent in
adult humans (Sorrells et al., 2018). Thus, at present,
the evidence that effective neurogenesis in older age is
a vital mechanism underlying brain maintenance is
inconclusive (Snyder, 2019). Still, a role for neurogene-
sis in brain maintenance, even in view of the recent
findings by Sorrells and colleagues, is bolstered by the
suggestion that high degrees of neurogenesis at younger
ages might protect against memory decline in old age
(Seib & Martin-Villalba, 2015).

We turn now to the second class of possible etiologies
of hippocampal atrophy, the loss of axons or dendrites
(Dawe et al.,, 2011). Dendritic spine changes in aging
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FIGURE 7.2 Putative underlying mechanisms of (hippocam-
pal) brain maintenance.

have been suggested to potentially distinguish unsuc-
cessful from successful cognitive aging (Dickstein et al.,
2013). Alterations of myelin and nerve fibers in normal
aging have been linked to cognitive decline (Peters,
2002). Morphological neuronal changes may also relate
to decreased brain connectivity and disrupted neuro-
nal synchrony in aging (Pannese, 2011). Relatedly, sub-
tle synaptic alterations, including in the hippocampus,
have been linked to cognitive impairment in normal
aging (Morrison & Baxter, 2012).

In the third class, nonneural contributions to hippo-
campal atrophy, a recent study indicated that genes
specific for astrocytes and oligodendrocytes, but not
neurons, shift their expression patterns in aging—
notably, in the hippocampus (Soreq et al., 2017)—thus
pointing to a key role of glia cells in aging. Another
example of a relevant nonneural contribution was
revealed in a study of the neuropathological basis of
age-associated brain atrophy (Erten-Lyons et al., 2013).
Multiple antemortem MRI measurements of brain vol-
umes were related to several neuropathological markers.
Accelerated hippocampal volume decline trajectories
were found to be significantly associated with the pres-
ence of amyloid angiopathy, and it was suggested that
subtle chronic ischemia may contribute to elevated
atrophy. More generally, there is much evidence that
vascular pathology in normal and pathological aging
negatively affects the brain and cognition in old age
(see Farkas & Luiten, 2001).

In summary, we have reviewed some potential neural
and nonneural mechanisms underlying brain mainte-
nance (figure 7.2)—in particular, the maintenance of
hippocampal integrity. Each of these mechanisms is
likely influenced by the individual differences in life-
styles summarized above. Perhaps the most prominent
example is physical exercise, which has been linked to
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each of the three domains in figure 7.1, such as
increased neurogenesis (van Praag, Shubert, Zhao, &
Gage, 2005), vascular health (see Diizel et al.,, 2016),
and dendritic branching (Redila & Christie, 2006).

Future Divections

We have argued that brain maintenance is the primary
path to preserved cognition in later adulthood, and
more specifically that hippocampal maintenance is a
key determinant of intact episodic-memory function-
ing in old age. Such specification of the general con-
cept of brain maintenance has been called for (Cabeza
et al., 2018; Nilsson & Lovdén, 2018). In future work,
the underlying mechanisms of hippocampal mainte-
nance should be explored in greater detail. This work
will benefit from considering specific connections and
subregions of the hippocampal formation, which in
human MRI studies may require MR research at high
field strengths (e.g., Maass et al., 2014).

At a more general level, the etiology, dimensionality,
and promotion of brain maintenance needs to be
addressed in large-scale studies that combine long-
term longitudinal observations with interventions tar-
geting behaviorally relevant brain regions and neural
circuitry. At the same time, more detailed insights into
the metabolic preconditions and molecular mecha-
nisms of brain maintenance are needed o gauge their
contributions to successful cognitive aging.
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