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Abstract

Our understanding of human neurocognitive aging, its devel-
opmental roots, and life course influences has been trans-
formed by brain imaging technologies, increasing availability of
longitudinal data sets, and analytic advances. The Scaffolding
Theory of Aging and Cognition is a life course model, proposed
originally in 2009, featuring adaptivity and compensatory po-
tential as lifelong mechanisms for meeting neurocognitive
challenges posed by the environment and by developing or
declining brain circuitry. Here, we review the scaffolding theory
in relation to new evidence addressing when during the life
course potentially enriching and depleting factors exert their
effects on brain health and scaffolding, and we consider the
implications for separable, and potentially reciprocal, in-
fluences on the level of cognitive function and the rate of
decline in later life.
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Introduction

In many respects, all aging people are alike: compared to
one’s younger self, the body becomes less able, the
senses less acute, and the mind less sharp. And vyet,
every person ages in their own way. Beyond one’s
inherited endowment and family of origin, a life time of
behaviors, experiences, and exposures chart the course
of aging through the elder years. The Scaffolding Theory
of Aging and Cognition (STAC; [1]), and its longitudinal

life-course sibling, STAC-r ([2]; collectively STAC-R),
were an early effort to integrate the general behavioral
findings on aging with emergent evidence in cognitive
neuroscience. This brief review takes stock of some new
developments relevant to key facets of STAC-R, reas-
sesses these and other features of the model, and con-
siders future directions in the cognitive neuroscience of
aging informed by STAC-R.

According to STAC-R, scaffolding is the forging of new
neural pathways or circuitry that relies on the brain’s
inherent neuroplasticity in the face of cognitive chal-
lenge across the entire lifespan. Evidence suggests that
the cognitive challenges of mastering the complex world
faced in early development are particularly instrumental
[3,4]. In addition, the challenges met by scaffolding may
be posed by new skill acquisition [5] or by the chal-
lenges of maintaining fulfilling and effective levels of
cognitive, behavioral, and socio-emotional functioning
in the face of neurobiological declines that accompany
increasing chronological age. STAC-R emphasizes the
dynamic adaptability of the brain to engage supple-
mentary neural circuitry to support developing or
declining core task networks.

A key innovation of STAC-R [2] is its specification of
two broad categories of life-course experience, referred
to as neural resource ‘enriching’ and ‘depleting’ factors,
that impact brain structure, brain function (collectively
brain health), and the capacity for compensatory scaf-
folding, which in turn affect the model’s outcome vari-
ables—the level of cognitive ability and rate of cognitive
change (see Figure 1). Coupled with “biological aging”,
these features determine individual trajectories of aging
and their potential for mutability. To date, scaffolding
theory has broadly influenced the cognitive neurosci-
ence of healthy aging; a recent bibliometric analysis
based on the Web of Science [6] identified it as the most
frequently cited, impactful, and potentially trans-
formative work in healthy cognitive aging over the past
twenty years. Informing large-scale predictions and new
theories about the aging brain (e.g. Refs. [7—10]), with
impact as far reaching as microgravity environments in
outer-space [11], the influential status of STAC-R has
been attributed to its multifaceted framework [12] and
its unique emphasis on the notion of adaptivity [6]—the
brain’s lifelong capacity to adapt to its own development
and aging [13].
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Figure 1

A Life Course Model of The Scaffolding Theory of Aging and Cognition (STAC-R)

Social/Intellectual Engagement

Education Amyloid/Tau Burden New Learning

Fitness/Leisure Activity Dopaminergic Activity Social/Intellectual Engagement

Muttilingualism Cor?lcal Thickness Exercise

Higher Ability Brain Volume . Cognitive Training/Neurostimulation
| White Matter Integrity Meditation

Neural
Resource
Enrichment Brain Intervention Level of
Structure Cognitive  §—
Function
Life Course Biological Compensatory
e mesmesead A —_— —— 5 _—
Experience > Aging L) Scaffolding
A \I / Brain ; c?):::'t‘i):e
Neural Function Bileteral Recruitment
Resource Enhanced Fronto-Panela Recruitment Change
. Altered Connectivity
Depletion Recrui Of New
Neurogenesis
Depression APOE Neural Specificity
Neuroticism Stress MTL Activity
Head Trauma Vascular Disease Network Connectivity
Toxin Exposure  Low SES Default Network Modulation

Current Opinion in Psychology

This figure depicts the life course framework of the Scaffolding Theory of Aging and Cognition (STAC-R; Reuter-Lorenz & Park, 2014). Through life course
experience, variables that enrich or deplete neural resources influence brain structure, brain function, and scaffolding, which is the brain’s adaptive and
neuroplastic response to cognitive challenge (see text for more details). These jointly influence the level of cognitive function and rate of cognitive change.
Some examples are listed for neural resource enrichment and depletion factors, age-related indices of brain structure, brain function, and scaffolding, as
well as types of interventions that can affect scaffolding. These lists are not exhaustive and will warrant continual updating as new empirical evidence
emerges. STAC-R recognizes that different enrichment and depletion factors may operate independently, additively, or have interactive effects. Moreover,
they are likely to exert their effects via different mechanistic pathways (e.g. inflammation, systemic biological processes, and/or processes within the
central nervous system) and at different stages of the life course (genetic, prenatal, early to late childhood/adolescence, early, middle, late adulthood).
Brain structure and function are jointly referred to in the text as ‘brain health’, which can also be characterized by level of brain resources and rate of
neural change. The figure includes two noteworthy updates from Reuter-Lorenz and Park (2014). First, the influence of life course experience on bio-
logical aging is now depicted in the model, whereas this was assumed in the earlier account. Second, the likelihood that level of cognitive ability plays a
causal role in life course experience (and thus, the type and magnitude of enrichment and depletion factors) is depicted by the dotted feedback arrow (see
text for more details; illustration credit Stephen Alvey).

While predating recent consensus treatments of “risk
and resilience” (Stern et al., 2023 [14]), maintenance
and reserve [15,16], the STAC-R model offers a dy-
namic framework characterizing lifelong influences on
the preservation (i.e. maintenance; [15]), enhance-
ment, and decline of brain health, and compensatory
scaffolding (see the publication by Oosterhuis et al. [12]
for a comparison of STAC-R and cognitive reserve). The
term brain reserve is also used to characterize individual
differences potentially present from birth [17], which
may set an upper boundary on the level and quality of
brain resources (e.g. brain volume, cortical area/thick-
ness, connectivity etc.) available to an individual. Braimn
endowment might constitute a more fitting term for the
brain resources one is born with, because “reserve”

connotes something unused unless needed. According
to STAC-R, the extent to which brain resources are
augmented, maintained, diminished, and engaged
adaptively is influenced by life course factors, and are
thus intricately related to brain health and biolog-
ical aging.

The life course model

The ultimate goal of STAC-R is to predict an in-
dividual’s level of cognition along with trajectories of
cognitive change over time. We revisit several of STAC-
R’s core assumptions about aging cognition by consid-
ering recent studies that address enriching and
depleting effects on level of cognition and rate of
change, the time course and dynamics of influence,
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specificity of cognitive impact, as well as influences on
neural resources, brain maintenance, and scaffolding.

Level of cognition, rate of cognitive change, or both?
Figure 1 depicts “level of cognition” and “rate of
cognitive change” as independent components of the
STAC-R model. Recent evidence indicates that some
enriching and depleting variables may influence these
outcomes differentially. For example, consider educa-
tion, a variable that figures prominently in early devel-
opment, and in theories of adulthood such as STAC-R
and cognitive reserve [18]. Whether measured by years
in school or degree attained, education has a well-
established positive relationship with level of cognitive
ability: more education is associated with better cogni-
tive performance throughout life (i.e., between-person
differences), including in older age (see e.g. the publi-
cation by Lovdén et al. [19]). Indeed, there is even
evidence that a higher guality high school education is
associated with better cognition 58 years later [20].
Thus, the amount and quality of education raise the bar
of cognitive performance. Evidence also indicates that
cognitive ability can influence educational attainment
[19] suggesting the influence is bidirectional, as we
discuss further below.

However, is education associated with the raze of
cognitive decline over time (i.e. within-person change)?
Does education confer protection and resilience to the
effects of aging? Apparently not, according to multiple
studies reporting strong associations between education
and the level of cognitive ability in older age, but not the
rate of cognitive decline [19,21—24]. Similar effects of
childhood education are found for indices of brain aging
[25,26]. Likewise, at least one study reports that early
childhood socioeconomic status affects general cogni-
tive ability but not rate of decline in later life [27].
These relationships are of considerable consequence
because they indicate that some powerful forms of early
enrichment affect one’s distance above a functional
threshold in later years (as depicted in Figure 2), but
their influence on the rate of aging is the same over the
life course. The functional threshold may be breached at
an earlier age with a poor education but the magnitude
of the between-person difference is at least partially
determined in youth (i.e. “preserved differentia-
tion”, [28]).

Indeed, compelling evidence from the Lothian birth
cohorts indicates that individual differences in cognition
measured at age eleven persist until at least age 80;
however, early life ability did zoz predict later-life change
(e.g. 29; c.f., 17). Nevertheless, numerous variables (i.e.
depleting factors), including sedentary lifestyle,
depression, smoking, and alcohol consumption [30],
have been shown to affect the rate of later decline.

Figure 2
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A graphical illustration of sample cognitive trajectories over the life course
from early to late adulthood (after Lévdén et al., 2020, with permission).
The figure depicts four hypothetical trajectories, labeled a/a’ and b/b. The
pairs have different intercepts, representing initial higher and lower levels
of cognitive ability, respectively, in early adulthood that likely originates in
early childhood or earlier. Throughout adulthood and into older age, the
higher initial level of trajectories a/a’ manifests as better relative cognitive
ability and descent to the dysfunctional threshold at older chronological
ages than trajectories b/b’. As others have noted, this illustrates that some
aspects of “successful” aging can begin early in life. In early adulthood
trajectories, a’ and b’ have levels of cognition comparable to their a and b
counterparts. However, the dashed lines change more rapidly than the
solid lines leading to comparably lower levels of cognitive functioning, and
ultimately dysfunction at a younger chronological age for a’ and b’
compared to their respective a and b counterparts. Accordingly,
comparing a and a’ (or comparing b and b’) illustrates trajectories char-
acterized by different rates of change, despite initial equivalent levels of
cognitive ability, whereas comparing trajectories a and b (or comparing a’
and b’) illustrates initial differences in level that are preserved throughout
the life course (no differences attributable to differences in rate of change).
As reviewed by Lévdén et al. [19], education is one form of enrichment
that affects level of cognitive ability but evidently not the rate of cognitive
change. Finally, comparing trajectories a and b’ (or comparing a’ and b)
illustrates differences in initial level of cognitive ability as well as differ-
ences in cognitive change over the course of adulthood. Some forms of
activity engagement have been shown to affect both the level of cognitive
ability and rate of cognitive change (e.g. Corley et al., 2018; Frank et al.,
2020) (lllustration credit Stephen Alvey).

Moreover, recent evidence indicates that greater gains
in cognition (i.e. rate of change in visuospatial ability,
memory, processing speed) prior to age 70 predict slower
decline after age 70, even controlling for level of
cognition in childhood, suggesting early determinants of
cognitive change may be influential in later life [31], a
property potentially related to plasticity and scaffolding.
Of importance, STAC-R also captures the indepen-
dence of cognitive level and rate of decline, which is
essential for the model’s account of life course in-
fluences and their dynamics over time.
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Cognitive domain and model dynamics

STAC-R treats cognition as a global construct, and
indeed, meta-analytic evidence of longitudinal change
indicates sizeable correlations within an individual in
the magnitude of decline across different ability do-
mains [32]. Nevertheless, crystalized cognitive abilities,
measured by vocabulary and world knowledge, age more
slowly than fluid abilities, like memory, speed of
processing, spatial reasoning, and executive functions,
which may also have different trajectories of decline
(e.g. the study by Park et al. [33] and Schaie and Willis
[34]). Accordingly, some evidence suggests that
enriching and depleting factors can have domain-
specific effects (e.g. the study by Zaninotto et al. [30]
and Aartsen et al. [35]). For example, Meister and
Zahodne [36] examined the effects of social network
properties (network size, contact frequency, quality) on
memory, executive function, speed, and language.
Contact frequency had positive effects across all do-
mains, whereas domain-specific effects were associated
with supportive or straining relationships with family or
friends. Likewise, fitness interventions are reported to
have greatest impact on executive functions, although as
noted by Erikson et al., measurement limitations could
contribute to this result [37].

STAC-R specifies a unidirectional effect of change rate
on cognitive level due to limited evidence for reciprocal
influence. However, we should consider the likelihood
that cognitive ability influences education as well as
individual life-style choices, and thus has consequences
for the types and magnitudes of enriching and depleting
factors experienced throughout the life course, such
that advantages or disadvantages are cumulative (i.c.
“differential preservation” ([28,38]). A modification to
STAC-R now includes feedback connections from
cognitive level to some modifiable factors including
education, occupation, and health behaviors (e.g.
[19,20,23,29,39,40]).

Time-dependency of enrichment and depleting

effects

The temporal dynamics of aging are currently implicit in
STAC-R. The framework does not explicitly represent
the likelihood that various enriching and depleting fac-
tors may have ‘sensitive periods’ whereby their influ-
ence on the brain, and ultimately on cognition, may be
greater during some phases of the lifespan than others,
or that such periods and the biological locus of their
influence may vary depending on the factor in question.
For example, evidence indicates that educational ben-
efits to cognitive ability are established early in life
[19,21] and persist into later life. Further, the enrich-
ment effects from engaging in a wide variety of child-
hood lifestyle activities, such as playing an instrument,
team sports, vacationing, and volunteering, are associ-
ated with greater hippocampal volumes in older at-risk

individuals, even when accounting for educational
attainment and current lifestyle activities [41].

While the positive and negative long-term impacts of
early life experiences (e.g. the study by Gehred et al.
[42] and Kucharska-Newton et al. [43]) likely stem from
greater neuroplasticity during early development [44],
evidence indicates that benefits of enrichment can
continue to accrue throughout the life course [45,46]. In
particular, participation in enriching activities during
one or more phases of the life span, from childhood to
early, middle, and late adulthood has been found to in-
fluence the level and rate of cognitive decline (e.g. Gow
et al. [39]). For example, based on a retrospective life
history and current life style questionnaires from the
longitudinal Health and Retirement Study, Frank
et al. [8] report that high levels of enriching activities
during early, mid, and late periods of the life course,
independently predicted higher cognitive performance
in adults age >65, while enrichment levels both early
and later in life predicted the rate of cognitive decline
over a subsequent 8 year period.

Scaffolding, neural resources, and brain maintenance
STAC-R assumes that aging successfully entails main-
taining brain health with increasing age [47], which
impacts cognitive ability and rate of cognitive decline
(Figure 2, trajectories a and b). Enrichment and deple-
tion factors can influence brain health and compensatory
scaffolding. Compensation can be engaged when neural
resources in core task networks are inefficient or insuf-
ficient to meet task demands [1,2]. Interventions that
pose sufficient mental challenge can improve task per-
formance, and presumably network efficiency by reducing
reliance on compensatory scaffolding as indexed by
decreased brain activity and increased modulation to
task demand, post-training ([48,49]; see also the study
by Tao and Rapp [50]). Because cognition across the life
span is jointly determined by brain health and associated
neurocognitive compensation [21,51], according to
STAC-R some degree of ‘cognitive maintenance’ is
possible even in the face of brain decline. For example,
Chen et al. [52] identified subgroups of successful and
average agers in the Dallas Lifespan Brain Study based
on multidomain performance over a 4-year period. Then,
despite some reduction in successful memory retrieval
relative to young adults, successful agers showed a more
youth-like activation pattern than average agers of the
same chronological age, consistent with better functional
brain maintenance, while also displaying higher activa-
tion outside the core task regions, including areas of
prefrontal  cortex, consistent with compensa-
tory scaffolding.

STAC-R distinguishes between brain resources and
neurocognitive scaffolding, although they are related
and influenced similarly by life course factors (see also
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Figure 1 in the publication by Cabeza et al. [15]). A
significant percentage of individual variation in brain
resources in older age has early developmental origins
associated with genetic characteristics, birth weight,
intracranial volume, and childhood intelligence (1Q)
[29, 53—55]. Thus, while some constraints on brain
structure and function may be determined prenatally
(i.e. brain endowment) and in early development, the
brain’s adaptivity and compensatory potential through
scaffolding may be a crucial target for modification
throughout the life course [29,31].

Conclusions: aging and predicting the
future

These are exciting times for the prospect of under-
standing the bases and modifiers of human neuro-
cognitive aging and much more is to come. The
availability and collective use of increasingly interna-
tional longitudinal data sets, buttressed by targeted
small-scale investigations, can address longstanding
questions about why some people age better than
others, trajectories of decline, as well as the neurobio-
logical underpinnings and mechanisms of endowment
and change. Greater and continued efforts to study
representative and diverse life span samples are needed
to understand societal variation and heterogeneity in life
course influences [56,57]. Advances in brain imaging
and biomarkers to measure disparities in chronological
and (neuro)biological age [53,58—60], especially in early
adulthood and middle age, hold promise for identifying
targeted interventions that may alter the course of
decline. STAC-R provides a framework for a more
detailed delineation of enrichment and depletion
pathways and a mechanistic understanding that can
specify their temporal dynamics, selective influence,
and targets of life-course modifiers to promote brain
health and successful cognitive aging.
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