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In this article, marking the 65th anniversary of the Journal of Gerontology, we offer a broad-brush overview of the
new synthesis between neuroscientific and psychological approaches to cognitive aging. We provide a selective
review of brain imaging studies and their relevance to mechanisms of cognitive aging first identified primarily
from behavioral measurements. We also examine some new key discoveries, including evidence favoring plasticity
and compensation that have emerged specifically from using cognitive neuroscience methods to study healthy ag-
ing. We then summarize several recent neurocognitive theories of aging, including our own model—the Scaffold-
ing Theory of Aging and Cognition. We close by discussing some newly emerging trends and future research

trajectories for investigating the aging mind and brain.
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HE use of brain imaging technologies to study the neu-

ral underpinnings of human behavior is changing the
field of psychology. New visions of the human mind are
emerging from the integration of psychological science with
brain science, and this is especially true for the field of
cognitive aging. Indeed the past 15 years have brought a
10-fold increase in annual publications using brain-based
measures to study the healthy aging mind. In this article,
marking the 65th anniversary of the Journal of Gerontology,
we offer a broad-brush overview of how this growing
corpus of human neuroscience work has advanced cognitive
aging research.

We recognize three major ways that brain-based
approaches are having an impact on the study of cognitive
aging. First, converging neuroscience evidence can inform
and specify psychological constructs derived from behav-
ioral work that have figured prominently in the cognitive
aging literature. The first section of our review provides sev-
eral key examples. Second, discoveries from neuroimaging
are generating testable new hypotheses about the aging
mind and brain, and we review several of these in the sec-
ond section of this article. Third, cognitive neuroscience is
stimulating the development of new constructs and theories
about aging, and these are discussed in Section 3. We close
by mentioning new developments and neuroscience fron-
tiers in human aging, including affective processes, cross-
cultural comparisons, and interventions.

CONVERGING EVIDENCE FOR COGNITIVE CONSTRUCTS

To date, cognitive neuroscience studies of aging have
been primarily cross-sectional, focusing on differences be-
tween younger adults, aged 18-30, and older adults, aged
60-80. Functional magnetic resonance imaging (fMRI),
which measures changes in blood flow to index localized

changes in neural activity, has largely replaced positron
emission tomography (PET) as the dominant brain imaging
methodology. In the 1980s and 1990s, behavioral ap-
proaches to cognitive aging implicated four major domains
of age-related decline—working memory, inhibitory con-
trol, processing speed, and long-term memory. Here, we
consider how imaging research provides converging sup-
port and mechanistic insight into age effects in each domain.
Critically, neuroscience evidence reveals that each domain
is associated with age-related alterations indicating that no
single cognitive mechanism or unitary account proposed to
date will suffice to explain cognitive aging.

Working Memory

Working memory, the cognitive system that actively
maintains several pieces of information in mind for imme-
diate use in higher-order processing tasks, has figured promi-
nently in cognitive theories of aging (e.g., Park et al., 2002;
Salthouse, 1996), and is a central focus of neuroscience
research on aging as well (see Rajah & D’Esposito, 2005
and Reuter-Lorenz & Sylvester, 2005, for reviews).

Performance differences between younger and older
adults are generally minimal on simple span tasks (i.e., digit
span) or item recognition that require only rote rehearsal,
whereas differences are pronounced when executive func-
tions such as memory updating, reordering, or inhibition are
added to the task (e.g., word or operation span, N-back tasks;
Craik & Jennings, 1992; Babcock & Salthouse, 1990). Im-
aging studies of item recognition, however, reveal pro-
nounced activation differences, despite age-equivalent
recognition accuracy, especially in regions of prefrontal cor-
tex (dorsolateral, inferior frontal gyrus; e.g., Cabeza et al.,
2004; Nagel et al., 2009; Park et al., 2003; Reuter-Lorenz
et al., 2000; Rypma, Prabhakaran, Desmond, & Gabrieli,
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2001). Varying memory load parametrically reveals that
both age groups generally recruit the same brain regions but
older adults recruit more (stronger activation, more sites of
activation or both) at lower objective memory loads com-
pared with younger adults (Cappell, Gmeindl, & Reuter-
Lorenz, 2010; Schneider-Garces et al., 2010). This pattern
of prefrontal overactivation suggests that older adults are en-
gaging additional “executive” resources to support short-
term memory maintenance. This interpretation gains support
from the finding that younger adults also recruit these addi-
tional prefrontal sites, but at higher objective memory loads.
Indeed, as load increases (e.g., greater than four items),
older adults typically perform more poorly than younger
adults, and this behavioral decline is accompanied by less
prefrontal activation for older compared with younger
adults—a pattern referred to as underactivation—suggesting
a resource ceiling has been reached (Cappell et al., 2010;
Rypma, Eldreth, & Rebbechi, 2007; Rypma et al., 2001).

For complex working memory tasks like operation span
and N-back, older adults also show overactivation in dorso-
lateral prefrontal regions under conditions of age-equivalent
performance (Emery, Heaven, Paxton, & Braver, 2008;
Mattay et al., 2006; Smith et al., 2001). With increasing de-
mand, older adults shift to underactivation coupled with
performance that falls below their younger counterparts
(Mattay et al., 2006; Smith et al., 2001). Taken together,
these results suggest frontally mediated executive processes
may be flexibly recruited to support working memory per-
formance in older adults but are more resource dependent
and resource limited (Craik & Byrd, 1982; Reuter-Lorenz &
Cappell, 2008).

Inhibitory Control

Hasher and Zacks (1988) proposed that excitatory or ac-
tivational aspects of attention are preserved in older adults,
whereas inhibitory processes are deficient. Their view fo-
cused on the role of inhibition in controlling the contents of
working memory by keeping out irrelevant information, and
deleting no-longer relevant contents. Although the ubiquity
of inhibitory dysfunction has been challenged, brain imag-
ing has documented specific inhibitory impairment in older
adults. For example, during item recognition, they are more
vulnerable than young adults to interference from distrac-
tors appearing in the retention interval. Gazzaley, Cooney,
Rissman, and D’Esposito (2005) demonstrated these effects
using faces as the memoranda, and natural scenes such as
distractors, or vice versa. These classes of stimuli are ad-
vantageous because they activate distinct localized regions
making it possible to separate the brain’s response to the
memoranda and the distractors. Older and younger adults
show equivalent activation for the to-be-remembered items;
however, older adults showed more distractor-related activ-
ity than younger adults and distractor-related activation was
correlated inversely with memory performance.

Other work suggests that activational aspects of attentional
selection may also be compromised with age. Johnson,
Mitchell, Raye, and Greene (2004) have shown that the
simple instruction to selectively activate or refresh a repre-
sentation in working memory can improve subsequent
memory for that item and activates a region of left dorsolat-
eral prefrontal cortex. Older adults show neither the behav-
ioral benefit nor the neural correlate of the refresh operation
suggesting that this activational process is deficient.

Inhibitory deficit theory also proposes that older adults
are deficient in the deletion of no-longer relevant informa-
tion, as evident in greater proactive interference (PI) for
older than younger adults (Lustig, May, & Hasher, 2001).
Greater PI in older adults is associated with impaired activa-
tion in a region of left inferior frontal gyrus that has been
linked specifically to interference control (Jonides et al.,
2000). Thus, brain-based measures indicate several corre-
lates of inhibitory dysfunction with age that involve altered
engagement of prefrontal control processes and impaired
top-down control at earlier stages of input processing.

Processing Speed

Evidence for age-related slowing is pervasive in the cog-
nitive aging literature. A variety of analytic behavioral ap-
proaches demonstrate a prominent (Salthouse, 1996),
although not exclusive, role of processing speed in age-
related declines (Charlton et al., 2008; Park et al., 2002).
Nevertheless, speed deficits with age are clearly associated
with age differences in brain-based measures that provide a
reasonable proxy of neural transmission. These include mea-
sures of white matter volume (e.g., Sullivan & Pfefferbaum,
2006) and microstructure (as assessed with diffusion tensor
imaging [DTI] a measure of white matter integrity; see
Kennedy & Raz, 2009 for a recent review). Localized white
matter deficits mediate the relationship between speed and
memory retrieval (Bucur et al., 2008; however, see Charlton
et al., 2008). However, different cognitive measures (e.g.,
processing speed, episodic memory, working memory,
inhibition, and attention) have been associated with differ-
ent localized regions or networks of white matter decline
(Kennedy & Raz, 2009). Such regional specificity suggests
that age-related effects on different cognitive processes
depend on the integrity of different neural substrates, sup-
porting the conclusion that one unitary cause of cognitive
decline with age is unlikely (Kennedy & Raz, 2009).

Long-Term Memory

Aging is thought to have its greatest effect on long-term
episodic memory. Accordingly, the Web of Science indi-
cates that the majority of publications on imaging and cog-
nitive aging focus on memory, posing a considerable
challenge for a succinct summary of this area. We focus
here on studies illuminating two major questions: What
might be going wrong in the older brain when memory is
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poor? And likewise, what neural processes can be linked to
successful memory performance in the older brain?

Poor memory in older adults stems, in part, from defi-
cient encoding, which is unlikely to be effortful or strategic
unless specific encoding instructions are provided. Environ-
mental support can improve memory and minimize age dif-
ferences (Craik, 1994; Craik & Byrd, 1982). Brain imaging
supports these statements. With minimal instruction, older
adults show less activation than young adults in left inferior
prefrontal regions that mediate semantic encoding opera-
tions (e.g., Logan, Sanders, Snyder, Morris, & Buckner,
2002; see Grady, 2008, for a review). With the help of cues
or encoding strategies, older adults show improved perfor-
mance and a corresponding “increase” in left prefrontal
activation (e.g., Logan et al., 2002).

The neural correlates of memory success have been pro-
ductively investigated by classifying trials from the encod-
ing phase of an experiment based on their memory outcome.
These “subsequent memory” effects permit comparisons
between encoding activity that leads to remembering versus
forgetting (see Park & Gutchess, 2005, for a review). Based
on this approach, older adults often show weaker activation
in regions of the medial temporal lobe ([MTL] including
hippocampus and parahippocampus), but “increased” acti-
vation in prefrontal regions compared with younger adults
(Gutchess et al., 2005; Morcom, Li, & Rugg, 2007). It is
tempting to interpret prefrontal overactivations as compen-
satory because they are associated with successful memory.

Episodic memory decline with age has also been attrib-
uted to impaired binding—the association of an item or
event and its context (e.g., Naveh-Benjamin, 2000). Asso-
ciative memory decline is related to volumetric decreases in
MTL regions (see Mitchell & Johnson, 2009, for a review),
which are particularly vulnerable to age-related shrinkage
(Raz, 2008). Moreover, binding deficits are associated with
MTL and prefrontal activity reductions, along with weaker
correlations between these regions, indicative of reduced
functional connectivity (e.g., Chee et al., 2006; Dennis
et al., 2008). Older adults who perform well on tasks requir-
ing memory for context show additional involvement of
prefrontal regions that may compensate for binding defi-
ciencies (e.g., Morcom et al., 2007).

The proposal that aging spares automatic processing
but not effortful processing (e.g., Hasher & Zacks, 1979,
Jennings & Jacoby, 1993) also receives neuroscientific sup-
port. First, preventing younger adults from allocating full
attention to memory encoding creates activation patterns
resembling older brains under full attention conditions (e.g.,
Anderson et al., 2000). Second, familiarity-based memory,
which is preserved in older adults, can be accompanied by
prefrontal overactivation and increased connectivity with
certain MTL regions (Daselaar, Fleck, Dobbins, Madden, &
Cabeza, 2006), suggesting compensatory circuitry. In con-
trast, recollective memory, which is especially poor in older
adults, leads to pronounced underactivation in MTL consis-

tent with processing deficiency (see Park & Gutchess, 2005,
for a review). Third, implicit memory, as reflected in prim-
ing, is relatively preserved (Light, 1988) and associated
with age-equivalent activation patterns, particularly involv-
ing left inferior prefrontal regions associated with semantic
processing (e.g., Lustig & Buckner, 2004; Bergerbest et al.,
2009). In short, brain imaging supports a number of hypoth-
esized mechanisms for memory decline in older age.

NEUROIMAGING DISCOVERIES ABOUT AGING

This section examines four discoveries about aging brain
function that have emerged from brain imaging research.
We begin with the finding of more widespread activation in
older than younger adults. Although underactivation in
older adults is also a common pattern (Persson & Nyberg,
2006), overactivation has been a particularly unexpected
and intriguing result making it the topic of other recent re-
views and debate (Grady, 2008; Greenwood, 2007; Park &
Reuter-Lorenz, 2009; Reuter-Lorenz & Lustig, 2005). Here,
we present some highlights of these issues.

Overactivation

Early PET studies first reported that older adults activated
more and different brain areas than younger adults (e.g.,
Backman et al., 1997; Grady et al., 1992; see Park & Reuter-
Lorenz, 2009, for a review). The tasks used were either per-
ceptual or memory based, and overactivity emerged in
posterior and anterior brain regions. These results chal-
lenged the traditional doctrine of “localization of function”—
the idea that brain functions were mediated by and localized
to specific brain regions. Further challenge arose when left
hemisphere dominance for verbal processing and right
hemisphere dominance for spatial processing were found
lacking in the brain activation patterns of older adults (Reuter-
Lorenz et al., 2000). So, like age-related overactivation
generally, this age-related alteration in hemispheric special-
ization, a pattern dubbed “hemispheric asymmetry reduc-
tion in older adults” or HAROLD (Cabeza, 2002), means
that cognitive neuroscience studies of brain aging are rais-
ing new questions with broad neuroscientific implications
(Figure 1A).

But could such effects be due to age differences in neuro-
vascular coupling on which both PET and fMRI depend
(i.e., the blood-oxygenation level dependent or BOLD re-
sponse)? Indeed, cerebrovascular aging probably underlies
the decreased signal-to-noise ratio, amplitude reduction,
and increased lag of the hemodynamic response in healthy
older adults (D’Esposito, Deouell, & Gazzaley, 2003). Yet,
despite these changes, the shape, summation, and refractory
properties of the hemodynamic response do not differ due
to age (see D’Esposito et al., 2003, for a review), nor are the
findings of “greater” activation in older adults readily
explained by alterations in neurovascular coupling.
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Figure 1. (A) With permission from Schneider-Garces et al. (2010; Figure 4). This image illustrates the greater bilateral activity in older adults compared with
younger adults. Statistical brain maps (axial surface projection) of the working memory task minus rest contrast for younger and older adults, collapsed across set
sizes. LF = left front. (B) With permission from Braver et al., (2009; Figure 1). This image illustrates the prominence of reactive control in older adults compared with
younger adults for whom proactive control is more prominent. The upper image in this panel displays the set of 17 age-related ROIs that show a crossover in the
temporal profile resembling that illustrated in the lower panel. These regions were originally reported in Paxton, Barch, Racine, & Braver (2008). The lower image
displays the activation dynamics during trials for younger and older adults (averaged across all ROIs). Older adults show reduced cue-related but increased probe-
related activity, associated with a reactive control mode. (C) With permission from Persson et al., (2007, Figure 7). This image illustrates default network dysregulation
in older adults, as a function of increasing task demand. The map displays statistically significant group differences across the brain for each of the conditions (i.e.,
baseline > read/few/many from top to bottom illustrating increasing deactivation in younger adults relative to older adults). Each interaction was masked by an over-
all contrast to indicate the direction of effects. (D) With permission from Park et al. (2004, Figure 2). This figure illustrates results supporting dedifferentiation. Mean
t values as a function of age and stimulus category. The 15 voxels are most activated by faces, places, pseudowords, and chairs. As can be seen in this figure, younger
adults demonstrate more category specificity than seniors. Consider the face voxels in the left bar graph, for example. The dark blue bar represents the response (mean
t value) of the top 15 face voxels to the face stimuli. For young adults, these 15 voxels were significantly less active to pictures of houses, pseudowords, and chairs.
In contrast, in the older adults, the top voxels that responded to faces were also active to houses, pseudowords, and chairs, indicating shared activation to these different
categories.

So, if frank age-related confounds are not at play, what is
the functional significance of age-related overactivation?
One plausible interpretation is that overactivation is a neural
correlate of cognitive decline. This possibility is consistent
with results from simple motor tasks, and some measures of
verbal fluency where greater activation of the nondominant
hemisphere predicts poorer performance (see e.g., Meinzer

et al., 2009; Seidler et al., 2010). However, evidence to the
contrary from complex motor tasks and other cognitive do-
mains, especially memory, finds overactivation in higher
performing seniors (e.g., Bergerbest et al., 2009; Cabeza,
Anderson, Locantore, & MclIntosh, 2002; Emery et al.,
2008; Heuninckx, Wenderoth, & Swinnen, 2008; Reuter-
Lorenz et al., 2000), and in association with processes that
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lead to successful performance (Morcom et al., 2007;
Gutchess et al., 2005).

These latter brain-behavior relations lead instead to the
alternative popular view, which is that age-related overacti-
vation indicates compensatory processing. By compensa-
tion, we mean that compared with younger adults, older
adults are performing the same task using different neural
circuitry, which in turn optimizes their performance. Older
adults could be using additional brain regions to implement
the same cognitive strategies as young adults or they could
be using these brain regions to implement different strate-
gies. Current evidence is insufficient to decide which inter-
pretation is correct, and most likely a single account will not
suffice for all tasks and all performance levels (Nagel et al.,
2009). Nevertheless, a compensation account is favored for
at least some overactivation patterns in some cognitive do-
mains (see e.g., Reuter-Lorenz & Cappell, 2008). Also,
overactivation could mediate “successful compensation” in
that it supports performance equivalent to younger adults or
in the upper range of an age-matched cohort, or “attempted
compensation” that is insufficient to bring performance
to such high levels (Rajah & D’Esposito, 2005; Duverne,
Motamedinia, & Rugg, 2009). Moreover, as we discuss
below, compensatory recruitment may have a cost.

Dedifferentiation

The concept of dedifferentiation originated in behavioral
research with older adults (Lindenberger & Baltes, 1994;
Reinert, 1970) but has gained prominence through neuroimag-
ing. In the neural context, dedifferentiation refers to the loss of
regional specialization or specificity. Dedifferentiation con-
notes negative plasticity in older adults resulting in a break-
down of functional specificity, and therefore needs to be
distinguished from beneficial or compensatory overrecruitment.

As noted earlier, ventral visual cortex has functionally
distinct subregions that respond selectively to categories or
domains of visual input, such as faces, places/landmarks,
and alphanumeric characters. Park and colleagues (2004;
Figure 1D) have documented declining specificity in older
adults for whom face regions are also more responsive to
places than in young adults where regions respond discrimi-
natively to one category (see also Chee et al., 2006; Voss
et al., 2008). Ventral visual dedifferentiation in older adults
during working memory encoding together with prefrontal
overactivation (Payer et al., 2006) raises the possibility that
frontal activity may compensate for lost perceptual specific-
ity. Although much work remains to be done concerning the
circuit changes and ubiquity of dedifferentiation, there are
initial indications that it is greater in individuals with greater
general reduction in cortical gray matter (Voss et al., 2008).

Frontal Compensation
Prefrontal overactivation is a paradoxical result in the
cognitive neuroscience of aging. The paradox is because

prefrontal regions are susceptible to considerable age-
related atrophy (Raz, 2008) and have been implicated in an
array of age-related deficits (West, 1996). Nevertheless, me-
dial, lateral, and anterior prefrontal overactivation are prev-
alent in older adults across a range of tasks (Davis, Dennis,
Daselaar, Fleck, & Cabeza, 2007; Gutchess et al., 2005;
Heuninckx et al., 2008). Importantly, prefrontal overactiva-
tion is often associated with underactivation in more poste-
rior regions, including MTL and ventral visual cortex, as
well as with improved performance (e.g., Davis et al., 2007,
Gutchess et al., 2005; Heuninckx et al.). The two findings,
referred to as posterior—anterior shift in aging (Davis et al.),
jointly support the interpretation that these regions are com-
pensating for processing deficiencies elsewhere.

Default Network Alterations

The default network includes medial prefrontal, medial,
and lateral parietal brain regions that have highly correlated
activity and tend to be more active at rest than during task-
related cognition (Raichle et al., 2001). The prevailing view
is that this network mediates cognitions associated with
self-focus, reflective memories, and ambient attention to the
environment (Buckner, Andrews-Hanna, & Schacter, 2008).
The default network was discovered first in healthy younger
adults, but was soon found to be age sensitive with older
adults showing greater default activation during cognitive
tasks (Lustig et al., 2003) and less default suppression with
greater task demand (Persson, Lustig, Nelson, & Reuter-
Lorenz, 2007; Figure 1C). Older adults also show less con-
nectivity among default regions (e.g., Damoiseaux et al.,
2008). Heightened frontal activation is associated with inef-
ficient default activity in older adults during semantic re-
trieval (Persson et al., 2007) and measures of subsequent
memory (Miller et al., 2008). These results support the pro-
posal that age-associated dysregulation of default activity
may promote compensatory overactivation elsewhere (Park &
Reuter-Lorenz, 2009; Reuter-Lorenz & Lustig, 2005).

NEURALLY BASED THEORIES OF COGNITIVE AGING

Cognitive neuroscience has given rise to new theories of
cognitive aging that focus on functional or structural mecha-
nisms to explain both deficient and preserved cognitive per-
formance in older adults. Here, we briefly review a few of
these new theoretical accounts that integrate brain imaging
data with “cognitive behavioral effects” that accompany ag-
ing. Moving away from the “lesion models” of aging (e.g.,
West, 1996), the new generation of cognitive neuroscience
theories incorporate constructs of plasticity and compensa-
tion as critical factors in understanding the aging mind.

Increased Noise
Li and her colleagues (Backman, Nyberg, Lindenberger,
Li, & Farde, 2006; Li, Lindenberger, & Sikstrom, 2001) have
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proposed a model of aging that is based on age-related al-
terations in neural transmission, particularly related to dop-
aminergic decline. This theory and its computational
implementation propose that aging is associated with de-
creased signal-to-noise ratio, which leads to less distinct neu-
ral representations; these effects may be exacerbated in
pathological aging (Backman et al., 2006). The proposed
mechanism is one that fits well with observations suggesting
that some processes in the aging brain such as representa-
tional operations in ventral visual cortex can be characterized
by dedifferentiation.

Proactive Versus Reactive Control

This theoretical proposal advanced by Braver, Paxton,
Locke, and Barch (2009) focuses on the temporal dynamics
of executive control of information processing operations.
Proactive control is preparatory, taking advantage of cuing
and other contextual information that permits selective pro-
cessing prior to the imperative events, whereas reactive con-
trol occurs later in the processing sequence, typically in
response to or succeeding the imperative events. This dual
mechanism view was proposed to account for imaging and
behavioral results across a variety of tasks that permit
different forms of control. Measures of memory (e.g.,
Velanova, Lustig, Jacoby, & Buckner, 2007) and executive
function (Braver et al., 2009) indicate that altered prefrontal
function in older adults is associated with poor proactive
control, causing greater reliance on reactive control than in
younger adults (see Figure 1B). These theoretical proposals
are also reminiscent of the idea discussed previously that
older adults are impaired at effortful, self-initiated processes
(Craik & Byrd, 1982).

CRUNCH

The compensation-related utilization of neural circuits
hypothesis (CRUNCH) was proposed to account for patterns
of overactivation and underactivation in older adults (Reuter-
Lorenz & Cappell, 2008). The CRUNCH model posits that
declining neural efficiency leads older adults to engage more
neural circuits than young adults to meet task demands.
Therefore, older adults are likely to show overactivation,
including frontal or bilateral recruitment, at lower levels
of cognitive demand where younger adults show more focal
activations. However, as load increases, younger adults may
shift to an overactive or bilateral pattern to address task de-
mands, whereas older adults, who may have already maxed
out their neural resources at the lower load, show underacti-
vation and performance decline. The predictions of the
CRUNCH model have been upheld in several studies of
working memory (Cappell et al., 2010; Mattay et al., 2006;
Schneider-Garces et al., 2010). This model meshes well with
the notion of “reserve” in that individuals with more reserve
may reach their resource limit at higher load levels (Stern
2009), making overactivation less likely at lower loads

(e.g., Nagel et al., 2009; Smith et al., 2001; Rypma
et al., 2007). This may be why longitudinal work has found
that overactivation predicted subsequent cognitive decline
(Persson et al., 2006). CRUNCH is also compatible with
Scaffolding Theory of Aging and Cognition (STAC; see be-
low) because compensatory activations may provide scaf-
folding to support aging cognition. Furthermore, CRUNCH
is reminiscent of resource accounts of cognitive aging, which
propose resource deficits as a basis for poorer performance
of older adults (see Cappell et al., 2010; Reuter-Lorenz,
Stanczak, & Miller, 1999).

Scaffolding Theory of Aging and Cognition

The STAC model (Park & Reuter-Lorenz, 2009) depicted
in Figure 2 provides the most integrative account of the
theories reviewed here. The STAC model integrates the ma-
jor findings from the cognitive neuroscience of aging and
addresses both neurocognitive decline as well as neuroplas-
ticity of the aging mind. STAC posits that the aging brain is
subject to a range of neural challenges to which it must
adapt. These challenges include amyloid deposition, atro-
phy, white matter deterioration, and dopamine receptor de-
pletion. Such “hardware” changes are accompanied by the
kinds of functional alterations reviewed above including
dedifferentiation, default network dysregulation, and de-
creased activation of MTL structures. According to STAC,
the brain responds to this corpus of neural burden by forg-
ing alternative neural circuitry (scaffolds) that may operate
less efficiently than the focal, well-honed networks of young
adulthood. The scaffolding process permits individuals to
maintain a high level of cognitive function at advanced ages
and is represented by patterns of overactivation, primarily
in the frontal cortex, but may include areas of parietal, me-
diotemporal, and occipital regions. Although the capacity
for neurogenesis, synaptogenesis, and angiogensis decline
with aging, the model posits that all mechanisms remain
functional and provide plausible means for forging alterna-
tive neural circuitry. Importantly, compensatory scaffolding
is affected by experiences, so that new learning, enhanced
cardiovascular health, sustained engagement in a mentally
challenging activity, and cognitive training might all oper-
ate to enhance the brain’s ability to build effective new scaf-
folding to maintain a high level of cognitive function that
can no longer be supported by deteriorating structures and
older functional networks. As Figure 2 demonstrates, the
magnitude of the neural deterioration combined with the ef-
fectiveness of new compensatory scaffolds operates to pre-
dict overall level of cognitive function.

One key idea in STAC is that scaffolding is not a process
that simply begins in older age. Rather, across the life span,
the individual is confronted with cognitive challenges to
which the brain must adapt. Throughout childhood, existing
circuitry must be harnessed and used to scaffold the forging
of new circuitry to support the acquisition of new cognitive
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Figure 2. A conceptual model of the Scaffolding Theory of Aging and Cognition. Reprinted with permission from Park and Reuter-Lorenz (2009).

skills. Likewise, scaffolding supports new skill acquisition
in adulthood (Petersen, van Mier, Fiez, & Raichle, 1998).
Early phases of new learning are often accompanied by high
levels of activation and increased reliance on prefrontal cir-
cuitry. The proposed continuity of scaffolding across the
life span corresponds with the parallel between the sequence
of neural development in childhood and age-related neuro-
anatomical decline, which follows a “last in, first out”
progression: the regions that are later to myelinate develop-
mentally are the first to decline in older age (Raz, 2008;
Kennedy & Raz, 2009). Thus, aspects of neural decline may
recapitulate earlier developmental states, and thereby revisit
scaffolding solutions that originally aided in the acquisition
of cognitive abilities in early development. So, scaffolding
is a lifelong process that is relied upon continually and in-
creasingly in the later stages of life.

NEW DIRECTIONS IN THE PSYCHOLOGICAL
NEUROSCIENCE OF AGING

A number of rapidly developing domains of neuroscien-
tific inquiry are beginning to influence understanding of the
aging mind and are likely to constitute new frontiers in the
field.

Continued research on emotional regulation, affect, and
aging is fundamental to understanding the aging mind.
Abundant behavioral evidence shows decreased negative af-
fect and a bias to process and remember positive information
in older adults (Carstensen & Mikels, 2005). These biases
are reflected in electrophysiological indices (Langeslag &

Van Strien, 2009), greater amygdala response for positive
stimuli (Mather et al., 2004), and increased fronto-limbic
connectivity in older compared with younger adults
(St. Jacques, Dolcos, & Cabeza, 2009). Likewise, aging may
positively impact decision making (Mohr et al., 2010) along
with representations of self and other, pointing to important
frontiers for a social neuroscience of aging (e.g., Gutchess,
Kensinger, & Schacter, 2007; Mitchell et al., 2009). Affec-
tive regulation may also play an important role in the devel-
opment of neural scaffolds in that poor emotional regulation
could have deleterious effects on the ability to develop com-
pensatory scaffolding.

Another topic of increasing interest is the universality of
patterns of neurocognitive aging, given evidence that cul-
tural environments sculpt cognitive processes (Park &
Gutchess, 2006). Cross-cultural studies of the aging brain
have the potential to reveal what aspects of the aging brain
are biologically programmed and what aspects are more
affected by the environment (Park & Gutchess, 2006).

Evidence favoring continued neural plasticity into older
age has energized the investigation of the effects of exer-
cise, engagement, and cognitive training on neurocognitive
function in older adults (see Hertzog, Kramer, Wilson, &
Lindenberger, 2009 and Lustig, Seidler, Shah & Reuter-
Lorenz, 2009 for reviews). Although the potential for cogni-
tive plasticity in older adults has been recognized for decades
(e.g., Baltes & Schaie, 1976), the use of neural measures to
identify mechanisms and correlates of improved perfor-
mance is stimulating innovative and promising research.
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Current evidence is fairly conclusive that enhanced cardio-
vascular health is associated with better neurocognitive
function (Hertzog et al., 2009). Moreover, there are strong
correlations between an engagement in intellectual pursuits
and later onset of Alzheimer’s disease (Hall, Lipton,
Sliwinski, Derby, & Verghese, 2009), although the causal
relationship has not been determined. Critically, certain
forms of cognitive training appear to change cognitive and
even neural function, which can sometimes be sustained,
but the demonstration of generalized improvement in cogni-
tive function has proven more elusive (Hertzog et al.; Lustig
et al., 2009). Finally, over the next decade, the availability
of new biological methods for genotyping (Jagust, 2009)
and imaging destructive brain proteins such as beta amyloid
which figures prominently in Alzheimer’s disease (Buckner
et al., 2009) will transform our understanding of the rela-
tionship between healthy and pathological life span trajec-
tories, and help to harness the full potential for successful

aging.

CONCLUSIONS

This review highlights three core contributions that have
emerged from the cognitive neuroscience approaches to ag-
ing. The first pertains to the benefits of converging evidence:
decades of behavioral aging research identified fundamen-
tal mechanisms that have garnered support from brain-based
methods. Neuroimaging methods are promoting new neu-
rally informed mechanistic accounts of cognitive decline
and the realization that adverse effects of aging are unlikely
to stem from a unitary or dominant cognitive mechanism.

The second contribution is evidence favoring enduring
plasticity. From imaging, to animal models, to interven-
tions, brain-based discoveries are revealing that psychologi-
cal aging results from the combined effects of both negative
and positive plasticity. The capacity for positive plasticity
and compensation are proving more prevalent and integral
to the aging mind than previously recognized. Human neu-
roscience and genetic approaches hold great promise for
discovering the bases for successful aging and new ways to
promote positive plasticity.

Third, brain-based studies of cognitive aging have broader
human neuroscientific implications. Evidence for altered lat-
eralization, changing specificity of visual cortex, and the
pervasive recruitment of prefrontal areas indicate the dy-
namic nature of functional brain organization that can be rel-
evant to compensatory and recovery processes across the life
span. Moreover, brain-based approaches to aging suggest
continuities across the life span whereby investments made
earlier in life, in the form of intellectual, social, and physical
enrichment, may increase neural reserve and potential for ef-
fective scaffolding as people meet increasing challenges in
later life (Park & Reuter-Lorenz, 2009; Stern, 2009).

In conclusion, the combined use of behavioral and
biologically-based approaches to studying the aging mind

has proven to be far more fruitful than either alone. We hope
this review will further disseminate information about the
new synthesis of psychological and brain science to study
human aging and thereby energize new research that will be
celebrated in future anniversary issues of this and other
journals in the field.
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