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Abstract
A recent proposal called the Scaffolding Theory of Cognitive Aging (STAC) postulates that
functional changes with aging are part of a lifespan process of compensatory cognitive scaffolding
that is an attempt to alleviate the cognitive declines associated with aging. Indeed, behavioral
studies have shown that aging is associated with both decline as well as preservation of selective
cognitive abilities. Similarly, neuroimaging studies have revealed selective changes in the aging
brain that reflect neural decline as well as compensatory neural recruitment. While aging is
associated with reductions in cortical thickness, white-matter integrity, dopaminergic activity, and
functional engagement in posterior brain regions such as the hippocampus and occipital areas,
there are compensatory increases in frontal functional engagement that correlate with better
behavioral performance in older adults. In this review, we discuss these age-related behavioral and
brain findings that support the STAC model of cognitive scaffolding and additionally integrate the
findings on neuroplasticity as a compensatory response in the aging brain. As such, we also
examine the impact of external experiences in facilitating neuroplasticity in older adults. Finally,
having laid the foundation for STAC, we briefly describe a proposed intervention trial (The
Synapse Program) designed to evaluate the behavioral and neural impact of engagement in
lifestyle activities that facilitates successful cognitive scaffolding using a controlled experiment
where older adult participants are randomly assigned to different conditions of engagement.

1. Introduction
There is a large literature that documents clearly and in considerable detail the declines that
occur in the cognitive system of humans as they age. The speed at which information is
processed (Verhaeghen and Cerella, 2008), the capacity of the working memory system
(Braver and West, 2008), the ability to learn and recall new information (Old and Naveh-
Benjamin, 2008), the clarity and efficiency of reasoning processes (Berg, 2008) – all of
these behaviors show age-related declines in healthy adults. In the past decade or so,
neuroscientists have also documented, using advanced imaging techniques, reliable
decreases in the volume of many brain structures with age, as well as decreases in
neuroreceptors and structural integrity of the white matter (Park and Reuter-Lorenz, 2009;
Park and Goh, 2009). In light of this plethora of findings, the puzzle that neuroscientists
face, in our view, is not so much why cognitive decline occurs with age, but rather why
older adults continue to function quite well in both demanding personal and professional
situations in light of the declines in neural structures and cognitive processing efficiency that
they are experiencing. Increasingly, there is evidence that one of the reasons that people
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continue to function at a high level in later adulthood is that the brain has the ability to
change and adapt to the process of aging. Functional neuroimaging studies have
demonstrated quite clearly that the brain has the capacity to increase the breadth of its
function with age. That is, as various insults of aging occur (e.g., shrinkage, white matter
lesions, etc.), the brain responds to these changes by expanding its activity or by recruiting
additional sites of activation to process the information streaming into the system (Dennis
and Cabeza, 2008; Hedden and Gabrieli, 2004; Park and Reuter-Lorenz, 2009; Reuter-
Lorenz and Cappell, 2008). This ability to expand function and perhaps even to grow
additional tissue in response to extensive usage is the essence of neuroplasticity – the brain's
ability to respond and adapt to its changing circumstances.

In this review, we will provide a description of the cognitive and structural brain changes
that occur with age, as well as patterns of functional activation. We will then relate these
findings to a model of aging and neural adaptation – the Scaffolding Theory of Aging and
Cognition (STAC). The STAC model, recently proposed by Park and Reuter-Lorenz,
(2009), integrates extant cognitive, structural and functional imaging data and makes some
predictions about the brain's plasticity and ability to change. We additionally discuss recent
animal and human studies that demonstrate neuroplasticity in the aging brain and consider
the implications of these studies for the development of cognitive scaffolds. Finally, we
close with a description of an ambitious intervention trial we are presently conducting in our
lab (The Synapse Program) that is based on the STAC model. “Synapse” is designed to
evaluate the behavioral and neural effects of engaging activities on maintaining and even
enhancing the adaptive capacity and function of the older adult brain within a controlled
experimental context.

2. Theoretical background
2.1. Behavioral theories of cognitive aging

Behavioral performance in aging is characterized by both decline and preservation.
Preservation is evidenced by findings in both longitudinal and cross-sectional studies that
verbal knowledge, primarily vocabulary, is intact with age (Hultsch et al., 1998; Park et al.,
2002). There is also evidence that implicit, procedural memory is intact with age (Howard et
al., 2008; Song et al., 2009), and that aspects of memory that rely more on familiarity than
active recollection show minimal age differences (Jennings and Jacoby, 1993; MacDaniel et
al., 2008).

Despite evidence for these intact abilities, however, the dominant picture with respect to
cognitive aging is one of decline. As adults age, they become slower, and this slowing
accounts for the majority of age-related variance on many tasks (Salthouse, 1996).
Salthouse, (1996) has argued that age-related slowing is a fundamental mechanism in
accounting for age-related decline on many cognitive tasks. An even more fundamental
mechanism may be that of dedifferentiation of cognitive processes. Baltes and Lindenberger
noticed that along with a general decline in behavioral performance in older adults, there
was an increasing relationship with age between sensory abilities and many cognitive
functions (Baltes and Lindenberger, 1997; Lindenberger et al., 2001). They reported that
auditory and visual perceptual abilities are both strong predictors of other cognitive task
performance in very old adults. In contrast, this link between sensory and cognitive function
is not present in young adults. These findings suggest that cognitive mechanisms in young
adults are more specialized, but they become less specific and selective in older adults.
Baltes and Lindenberger proposed that this gradual dedifferentiation of cognitive processes
with age stems from a reduction in sensory processing fidelity, constituting a common-cause
that results in a significant proportion of the decline in behavioral performance observed in
older adults.
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Another perspective on cognitive aging declines suggests that age-related decline on a range
of cognitive tasks is mediated by deterioration in specific executive processing functions,
including working memory and attentional processing. Age-related declines in executive
functions include reductions in the ability to select relevant information and to inhibit
irrelevant stimuli, decreased ability to perform task switching, or deficits in attentional
processing resources (Craik and Byrd, 1982; Hasher and Zacks, 1988; Hasher et al., 2007;
Hasher and Zacks, 1979; Zacks et al., 2000). Importantly, the cognitive processes involved
in these executive-function accounts typically engage more flexible and individually varied
mechanisms.

Despite these declines,there is clear evidence that external guidance on cognitive strategy
and environmental support alleviates some age-related declines in cognitive performance, at
times increasing performance in old to the level of young adults (Bherer et al., 2005; Castel,
2005; Castel, 2007; Castel et al., 2007; Craik, 2002; Craik, 1977; Dunlosky et al., 2003;
Kramer et al., 1999; Kramer et al., 1999; Luo and Craik, 2008; Luo et al., 2007; Madden and
Langley, 2003; Meiran et al., 2001; Rendell et al., 2005). For example, when distractors
were salient during visual search, older adults were more affected by perceptual load
changes than young adults, suggesting poorer inhibition (Madden and Langley, 2003). When
the distractor was less salient, however, perceptual load effects were the same in young and
older adults. Dual-task training, in which participants practice task switching over extended
periods, results in greater improvement for older adults than young adults generally because
the latter already perform at a relatively high level (Bherer et al., 2005; Kramer et al., 1999;
Kramer et al., 1999; Meiran et al., 2001). Older adults also benefit greatly from instruction
and training, such as on the use of mnemonic strategies, for associative learning and other
memory tasks (Castel, 2005; Castel et al., 2007; Castel, 2007; Dunlosky et al., 2003; Luo et
al., 2007).

2.2. Structural brain changes with aging
Structural studies of the aging brain generally show reductions of brain volume, cortical
thickness and white-matter integrity (Davatzikos and Resnick, 2002; Head et al., 2004;
Moseley, 2002; Raz et al., 2005; Resnick et al., 2003; Salat et al., 2004; Sullivan and
Pfefferbaum, 2006 et al., 2006; Wen and Sachdev, 2004). Raz et al., (2005) obtained
longitudinal structural brain images of older adults over a course of five years. They showed
both cross-sectional and longitudinal declines in brain volume, with the prefrontal,
hippocampal, cau-date, and cerebellar regions showing the greatest reductions, and the
entorhinal and visual regions of the brain showing relative stability. Salat et al., (2004)
obtained cross-sectional data ranging from young adults in their 20s to older adults in their
90s and measured cortical thickness over the entire cortex. They found that the gray matter
of older adults were significantly thinner in the prefrontal cortex, but selective preservation
in the parahippocampal and temporal areas. Interestingly, using this measure, they detected
significant cortical thinning in the visual regions of older adults as well. To date, however,
there is no clear link between reduction in cortical thickness and volume with age and
behavioral performance (Raz and Rodrigue, 2006).

Age-related structural decline has also been observed in the white-matter fibers that connect
grey-matter regions (Head et al., 2004; Sullivan et al., in press; Sullivan and Pfefferbaum,
2006; Sullivan et al., 2006). For example, using Diffusion Tensor Imaging (DTI), Head et
al., (2004) showed deterioration in white-matter diffusivity and anisotropy, suggesting that
pathways from one region of the cortex to another are compromised with age. Moreover,
these effects were greater in the frontal regions in older adults, the primary site for executive
function. Recent studies have also quantified the frequent observation of white-matter
hyperintensi-ties in older adults. Wen and Sachdev, (2004) found that normal older adults
have more white-matter hyper-intensities than young adults, particularly in the frontal and

Goh and Park Page 3

Restor Neurol Neurosci. Author manuscript; available in PMC 2012 May 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



occipital areas of the brain. There is evidence that such white matter deterioration is related
to speed of processing (Bartzokis et al., in press; Sullivan et al., in press) as well as
performance on a face perception task (Thomas et al., 2008) and the Trails-Making Test,
involving executive processing (O'Sullivan et al., 2001).

2.3. Neurobiological changes in the aging brain
Aging is also associated with the dysregulation of dopaminereceptors in the frontal regions
in older adults (Kaasinen et al., 2000). This frontal depletion of dopaminergicreceptors has
been hypothesized to cause frontal neural “noise”. Computational modeling of dopamine
depletion has been shown to effectively account for and predict much of the observed
declines in old adults' behavioral performance in working memory tasks such as the N-back
task (Li et al., 2001; Li and Sikström, 2002). This loss of dopamine efficacy in older adults
has also been associated with altered reward processing cognitive mechanisms related to the
mid-brain regions (Dreher et al., 2008). Interestingly, it has recently been shown that
cognitive training increases dopamine receptor binding in frontal and parietal regions of
young adults that is in turn associated with improved working memory function (McNab et
al., 2009), adding credence to the role of the dopaminergic system in cognitive aging.

2.4. Functional imaging of the aging brain
Thus far, we present a pattern of age-related declines in cognitive function, brain structure
and neurobiology. However, the picture of aging looks quite different when functional
imaging studies are examined. There is now a huge literature that demonstrates that older
adults show greater breadth of activation across frontal sites in the brain compared to young
adults when they are performing cognitive tasks (Davis et al., 2008; Dennis and Cabeza,
2008; Park and Reuter-Lorenz, 2009; Reuter-Lorenz and Cappell, 2008). The pattern is
observed in many different tasks and takes various forms. One dominant pattern of
particular interest in this review, and of relevance to the STAC model, is that of frontal
functional bilaterality in older adults.

In young adults, left lateralized frontal activity is typically engaged for tasks that involve
verbal working memory, semantic processing, and recognition memory. In older adults,
however, while left frontal activity is also observed, there is additional contralateral
recruitment in the homologous region of the right hemisphere that was not present in young
(Cabeza et al., 1997; Daselaar et al., 2003; Logan et al., 2002; Madden et al., 1999; Reuter-
Lorenz et al., 2000; Rosen et al., 2002; Stebbins et al., 2002). Similarly, while young adults
engage right lateralized frontal activity with tasks that involve face processing (Grady et al.,
1995), spatial working memory (Reuter-Lorenz et al., 2000), and episodic recall (Cabeza et
al., 1997), older adults engage both right and left frontal activity during these tasks. This
bilateral frontal recruitment in older adults has been replicated in several studies involving
many different types of tests and has been described as hemispheric asymmetry reduction in
older adults (HAROLD; Cabeza, 2002).

There is increasing evidence that this additional activation in older adults is facilitative of
task performance. Studies involving episodic encoding and retrieval additionally reported
that when old adults were separated into high-performing and low-performing groups, high-
performing older adults engaged more bilateral activity than the low-performing group
(Cabeza et al., 2002; Daselaar et al., 2003; Rosen et al., 2003). In Cabeza et al.'s, (2002)
study, older adults who had poorer behavioral performance showed similar left lateralized
frontal engagementas youngadults, suggesting that lateralized recruitment was no longer
sufficient for effective memory processing in older adults. In contrast, older adults who had
better memory performance engaged both left and right frontal regions,suggesting a
facilitative role of the additional right frontal activity for memory retrieval in older adults.
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Faster response time in older adults is also associated with increased bilaterality (Reuter-
Lorenz et al., 2000) and greater dorsal prefrontal activity (Rypma and D'Esposito, 2000).
Stebbins et al., (2002) showed that greater extent of activation in older adults in the same
hemisphere as young adults was associated with better performance in a few behavioral
neuropsychological measures. More direct evidence for the compensatory role of extra-
frontal recruitment is observed from a Transcranial Magnetic Stimulation (TMS) study,
which demonstrated that older adults' behavioral performance was greatly contingent on
contralateral frontal recruitment whereas younger adults were less affected by inactivation of
the contralateral frontal region (Rossi et al., 2004). Patient studies also support the
compensatory role of extra-recruitment in that contralateral hemisphere recruitment after
damage to one side of the frontal lobes is often associated with better patient outcomes (see
Cabeza, 2002 for brief review).

Thus, the functional imaging literature provides clear evidence that older adults show greater
breadth of activation than young adults when performing a cognitive task, particularly in the
frontal cortex, and that this additional activation facilitates task performance. While it is
possible that increased frontal activity may not be compensatory, we believe the vast
majority of evidence supports a compensatory view (see Park and Reuter-Lorenz, 2009 for
an extended discussion of this). It should also be noted that while we have focused thus far
on additional frontal activation with age as facilitative, there are other relevant brain areas
where significant age differences in activation patterns are observed. For example, there is
additional evidence suggesting that the additional frontal activation in old may be
compensating for decreased hippocampal activation (Gutchess et al., 2005; Park and
Gutchess, 2005; Park et al., 2003), or decreased specificity of the ventral visual cortex (Park
et al., 2004). Aging is also associated with a decreased ability to suppress irrelevant or
“default” activity that normally occurs at rest reflected by less me-dial anterior and posterior
deactivation in older adults (Persson et al., 2007). Davis et al., (2008) demonstrated that
individual differences in default activity in me-dial frontal regions might have a
compensatory association with posterior medial activity as well, although there were some
methodological differences between these two studies. In addition, age-related differences in
parietal regions have also been observed with older adults showing greater and more
bilateral parietal recruitment (Davis et al., 2008; Grady et al., 1994).

3. The scaffolding theory of aging and cognition (STAC)
3.1. A lifespan perspective of neuroplasticity

With the overview of behavioral, structural, neuro-biological, and functional findings in
mind, we now consider the STAC model. Park and Reuter-Lorenz, (2009) have proposed an
integrative theory (STAC) and argue that the behavioral, structural and functional data about
aging can be understood within the framework of a compensatory scaffolding model. They
suggest that the brain builds protective “scaffolds” in response to the age-related neural
insults of brain shrinkage, decreased white matter integrity, and decreased dopamine
receptors. Scaffolding is defined as “the recruitment of additional circuitry that shores up
declining structures whose function has become noisy, inefficient, or both. (p. 183).” Thus,
increased frontal bilaterality with aging is one reflection of this additional recruitment that is
in response to the underlying structural declines.

Park and Reuter-Lorenz,(2009) suggest that the scaffolding process is not unique to aging,
but rather occurs under conditions of cognitive challenge across the entire lifespan. Thus,
when a child or young adult is engaged in active learning, new neural circuitry is recruited
and honed for acquisition and performance of the desired task (Petersen et al., 1998). What
is unique about scaffolding in older adults is that scaffolding occurs not only under
conditions of new learning, but may be invoked even for less novel or practiced behaviors
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because the existing neural circuitry for performing the task has degraded. These secondary
networks may be less efficient than the primary circuitry, but nevertheless result in task
performance that is better than could be achieved by using only the primary but degraded
network. Park and Reuter-Lorenz, (2009) suggest that the frontal cortex – the most
cognitively flexible, strategic component of the brain – is the primary site for cognitive
scaffolding. Additional sites for scaffolding may be in the penumbra (surrounding or
adjacent regions) of primary activation sites for a given task. The STAC model appears in
Fig. 1. As can be seen in the model, the process of aging causes deterioration in functional
activation networks, reflected in the process of age-related increases in neural
dedifferentiation (Park et al., 2004), decreased medial temporal recruitment (Gutchess et al.,
2005; Park and Gutchess, 2005; Park et al., 2003) and the ability to shift efficiently from
default activity to task-based activities when under cognitive challenge (Persson et al.,
2007). In addition, aging also causes structural deterioration of the brain or “neural
challenges,” due to structural shrinkage, decreased white matter integrity, cortical thinning,
and depletion of dopamine receptors. As depicted in Fig. 1, the brain responds to this
deterioration by engaging in “compensatory scaffolding,” that is, in an effort to maintain
cognitive behavior prior to age-related degradation, the brain shows enhanced recruitment of
frontal structures, growth and integration of new neural tissue in the hippocampus (see next
section), and processing is distributed across more neural sites (which is frequently
evidenced in frontal and/or parietal bilaterality). The level of participants' cognitive function
is therefore a combination of the mag nitude of the degradation and the effectiveness of the
compensatory scaffolding present.

A key, moderating factor for the efficiency of compensatory activity, according to the model
portrayed in Fig. 1, is the engagement in activities that enhance the ability to engage in
scaffolding. The model suggests that individuals will improve their ability to scaffold and
develop effective new neural circuitry if they maintain high levels of engagement in novel
activities including learning new things, engage in exercise, or possibly participate in
cognitive training. Some evidence for this has already been reviewed above regarding the
facilitative role of external guidance on behavioral performance in older adults. As such, we
now turn to consider and integrate the notion of neuroplasticity, the evidence that it occurs
in advanced aging, the impact of external experiences and how it relates to STAC.

3.2. Evidence for neuroplasticity in animals: Neurogenesis
As noted above, the STAC model is predicated on evidence that the aging brain has the
ability to adapt and change in response to experiences and environmental demands. There is
clear evidence from animal studies that such neuroplasticity in older animals occurs in the
form of neurogenesis and synaptic modulation and can result from both increased cognitive
and physical engagement (Jessberger and Gage, 2008). We first consider the findings
regarding neurogenesis in older animals.

Neurogenesis refers to the proliferation, survival, and differentiation of neural precursor
cells into mature neurons or glia that are integrated into the rest of the brain structure
(Kempermann et al., 1998). A central site for neurogenesis in adult mammals is in the
dentate gyrus of the hippocampus. Although the STAC model postulates that cognitive
scaffolding occurs primarily in the frontal regions in older adults, the hippocampus is of
particular interest to cognitive aging because most commonly reported behavioral declines
in older human adults involves hippocampal-dependent processes such as learning, encoding
and retrieving episodic, associative memories, and flexibility in processing (Cohen et al.,
1997; Gould et al., 1999; Henke et al., 1999; Hultsch et al., 1998; Kempermann et al., 2004;
Park et al., 2002). Moreover, there is tight functional coupling between frontal regions and
the hippocampus (Gutchess et al., 2005) such that structural and functional changes in either
region are likely to affect the other.
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While the rate of neurogenesis is significantly lower in older animals, environmental and
experiential factors effectively modulate this decline (Kempermann et al., 2002;
Kempermann et al., 1997; Kempermann et al., 1998; Keuker et al., 2003; Kuhn et al., 1996;
Nottebohm, 2002). Studies on the hippocampus of senescent mice show that older mice
raised in larger cages that allow for social interaction with other mice, cognitive stimulation,
and physical exercise (enriched environment) evinced more neurogenesis in the
hippocampus compared to mice raised in a standard or impoverished environment where the
opportunity for engagement is reduced (Kempermann et al., 2002; Kempermann et al., 1997;
Kempermann et al., 1998; Kronenberg et al., 2006; van Praag et al., 1999). A recent study
also demonstrated that physical exercise results in both increases in neurogenesis as well as
cerebral blood volume in mice dentate gyrus, providing an in vivo brain-imaging index of
improvement in cognitive function related to neurogenesis and experience (Pereira et al.,
2007).

Interestingly, Kempermann and colleagues suggest that physical exercise and cognitive
stimulation act on different stages of neurogenesis in mice (Kempermann, 2008; Kronenberg
et al., 2003; Kronenberg et al., 2006; van Praag et al., 1999). Physical exercise increases
proliferation of neural precursor cells whereas cognitive stimulation promotes survival of the
new precursor cells. If stimulation is halted, or not novel, or lacking in complexity, the new
precursor cells may fail to differentiate into mature neurons and may even die, however, the
surviving ones may be maintained for further development when stimulation is present later
on (Kempermann and Gage, 1999). Kempermann, (2008) further suggests an interesting role
of new neurons in tagging temporal information for episodic or associative memories in the
hippocampus. He postulated that as newly born hippocampal neurons mature, they form
connections with the existing brain network that carry on through time. In this manner, each
new neuron may act as a temporal tag for the state of the brain at the time it is born.

3.3. Evidence for neuroplasticity in animals: Synaptic modulation
Synaptic modulation in adult mammals is also altered with aging and likewise modulated by
external experiences. Burke and Barnes, (2006) and colleagues suggest that aging results in
the dysregulation of neuronal long-term potentiation (LTP), long-term depression (LTD),
and other forms of synaptic signaling important for Hebbian learning and memory, specially
in the hippocampus (Geinisman et al., 1992; Hattiangady et al., 2005; Nieto-Sampedro and
Nieto-Díaz, 2005; Rosenzweig and Barnes, 2003). Compared to young animals, the synaptic
connections of aged animals require higher-intensity stimulations to induce LTP. At the
same time, LTD is more easily induced at low-intensity stimulations in older than younger
animal synapses. These altered hippocampal neuronal learning responses in older rats lead to
signal processing infidelity and has been shown to affect the ability to retrieve correct spatial
maps resulting in the animal displaying behavior indicative of being “lost” (Rosenzweig and
Barnes, 2003). These age-associated changes in the required stimulation intensity for
hippocampal function may be an underlying mechanism for increased frontal activity in
older adult humans as a form of compensatory processing or scaffolding. That is, frontal
increases in older adults may be an effort to boost hippocampal activity through top-down
modulation so that LTP can be induced for learning.

A myriad of studies demonstrate that aged animals that were raised in enriched
environments show improved synaptic modulation. Experience and training induces
neurochemical changes and increases the number of dendritic spines and complexity of
dendritic branching, the number and size of synapses and synaptic contact points, cortical
volume, neuronal cell body and nuclei size (Bennett et al., 1996; Diamond et al., 1964;
Diamond et al., 1967; Globus et al., 1973; Greenough and Volkmar, 1973; Krech et al.,
1960; Rosenzweig et al., 1962; Turner and Greenough, 1985; West and Greenough, 1972).
Importantly, these changes also occur in older rats (Bennett et al., 1996; Riege, 1971;
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Rosenzweig et al., 1962; Zolman and Morimoto,1962), indicating that aged animal brains
still maintain the capacity for neuroplasticity in response to environmental experiences.

3.4. Evidence for neuroplasticity in humans
Although direct histological and neurochemical evidence in humans is more limited, the
general findings also support the influence of enriched environments on promoting
neuroplasticity in older adult humans. Neurogenesis in humans has been reported for
postmortem data (Eriksson et al., 1998) as well as in an in vitro study (Roy et al., 2000).
There is also broad imaging evidence suggesting that healthy aging, under more controlled
circumstances where health complications are avoided, is associated with less drastic
structural brain declines not only in the hippocampus but for frontal regions as well (Raz and
Rodrigue, 2006; Raz et al., 2005; West et al., 1994). Exercise and training is associated with
increases in brain volume as well as functional responses in selective regions such as the
frontal and parietal cortices (Colcombe and Kramer, 2003; Colcombe et al., 2004; Colcombe
et al., 2006). A famous study shows that the hippocampal cortex of London taxi drivers were
larger than control subjects, presumably due to their constant experience in navigation
(Maguire et al., 2003). A more recent study showed that training with juggling was
associated with increased grey matter integrity in area MT/V5 of older adults probably due
to the requirement for visual movement monitoring (Boyke et al., 2008). In terms of
neurochemistry, Valenzuela et al., (2003) investigated neurotransmitter activity in older
adults who were trained to use the method-of-loci to encode lists of words by visualizing
and tagging the items to a physical environment. Using magnetic resonance spectroscopy,
they found that training was associated with improvements in both memory performance as
well as hippocampal neurochemistry activity in older adults.

In summary, there is clear evidence that external experience and training serve to improve
brain neuroplasticity. The human findings mirror the animal studies and demonstrate that a)
physical exercise and cognitive training has impact on neural structural development in
older adults throughout the brain and including the hippocampus, and b) cognitive training
increases neural resources and improves function in a more specific manner that is localized
to the regions that sub-serve the cognitive processes involved. Consistent with the notion of
cognitive scaffolding, is it suggested that the frontal functional increases observed in older
adults may be a compensatory response to these neurobiological changes observed in the
hippocampus, although this remains to be clearly investigated.

4. The synapse program: A lab/life test of the STAC model
In view of the compelling body of evidence for compensatory frontal engagement and
experience-dependent neuroplasticity in older adults, we now discuss a proposed
interventiontrial in our lab that is based on the STAC model and that engages older adult
participants in an effort to enrich their cognitive development during late adulthood. The
Park laboratory at the Center for Brain Health in Dallas, funded by the National Institute on
Aging, has developed an ambitious project, entitled “Synapse,” designed to assess many of
the tenets of the STAC model. One of the problems with understanding conditions that
promote cognitive health in older adults, particularly lifestyle factors, is that it is difficult, if
not impossible, to randomly assign individuals to conditions that involve major behavioral
changes. Other large-scale studies have shown demographically that lifestyle factors such as
education, occupation, and leisure-activities affect cognitive aging. Two well-known
examples of such studies are the Seattle Longitudinal Study
(http://geron.psu.edu/sls/index.htm) and the Berlin Aging Study
(http://www.base-berlin.mpg.de/Introduction.html). In Synapse, we propose to further this
work by evaluating the effect of engaging activities on cognitive behavioral performance in
older adults using a controlled experimental study and relating them to neural structure and
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function. Older adults will be randomly assigned to conditions that should promote neural
scaffolding and the impact of these various conditions will be assessed. Given that neural
structures deteriorate with age, cognitive enrichment should serve to improve the existing
scaffolding via compensatory frontal engagement and neuroplasticity and thus improve
cognitive function compared to when less or no enrichment is experienced.

To do this, we needed to come up with deeply engaging tasks that would appeal to a broad
spectrum of older adults and that would be sufficiently interesting that participants would be
willing to work on the tasks 20 hours or more per week for many weeks. Moreover, we
needed tasks of sufficient complexity and novelty that subjects could continuously keep
learning (building scaffolds) across the weeks and adding to their skills sets. The tasks also
needed to be sufficiently fun that people would not drop out once randomized into a
condition because they did not enjoy participation. After a lot of thought, we decided to try
and engage older adults in learning to quilt or learning digital photography over a period of
14 weeks, with a minimum participation of 15 hours per week. We considered many other
tasks including piano playing (rejected because we felt too many people would drop out,
realizing that they did not enjoy this), bridge-playing (too competitive with a clear hierarchy
of who was good or not good at the task), dancing (confounds exercise with cognitive
engagement and has potential for falling and injury). Once we settled on the tasks, we
developed a detailed cognitive, neuroimaging, and psychosocial battery to assess subjects
prior to enrollment, and then this battery is used again at the end of 12 weeks of
participation to see whether we have changed cognitive function, brain structure, or patterns
of neural recruitment. In order to enroll in Synapse, volunteers had to agree to be
randomized into all of six conditions, with participation of 15 hours a week or more in all
conditions, except the wait-list control. These conditions include the following:

Quilting Engagement Group: Novice subjects learn all aspects of quilting under the
direction of a master quilting instructor.

Digital Photography Group: Novice participants learn all aspects of photocomposition
and photo processing, using PhotoShop, under the direction of a master photographer.

Quilting/Photography Group: Participants spend the first six weeks learning
photography and the second six weeks learning quilting (counterbalanced across
groups).

Social Control: Participants engage in many social activities, game playing, and field
trips, but do not actively acquire new skills, under the direction of a social facilitator.

Placebo Control: Participants work at home on tasks that are engaging but have
relatively little likelihood of inducing scaffolding, and include things like listening to
classical music and National Public Radio (NPR), playing simple computer games of
chance, watching movies, and reading non-challenging materials that contains
information that they likely already know, such as prominent current events.

No Treatment Control: This group involves participants who agreed to be randomized
to all conditions, but do not receive any treatment except pre and post-testing.

In summary, the design of the Synapse study allows us to address the following hypotheses:

(a) Cognitive engagement improves cognition. The three quilting/photography
engagement groups will each show more positive change on cognitive constructs
compared to the No Treatment Control and the Placebo Control.

(b) Social engagement is just as effective as cognitive engagement. We will contrast
the cognitive engagement conditions with the social engagement condition.
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(c) What is the effect of general socializing with no new skills learned? There will
be a small, significant effect associated with participation in the social
engagement group relative to the no treatment control.

(d) What role do beliefs of change play in cognitive intervention effects? We do not
expect that a belief that one will improve will impact performance and predict
the Placebo Control will perform like the No Treatment Control.

(e) Are there differences in facilitation as a function of a greater breadth of new
activities? The scaffolding model predicts that there would be and we believe
that the quilting/photography combination condition will show the greatest
impact, if any of the three cognitive engagement groups differ from one another.

(f) We hypothesize that effects may be moderated by personality variables or self-
reported levels of lifetime engagement. For example, subjects high in
neuroticism may have sustained more hippocampal deterioration with age than
subjects low in neuroticism, due to increased cortisol, a substance damaging to
the hippocampus (Sapolsky, 2001), and may respond more strongly to the
intervention. Alternatively, subjects who are conscientious may be more
responsive to the engagement manipulations. We also hypothesize that subjects
high in lifetime engagement or in engagement at the time of enrollment may
respond less to the manipulation than subjects low in engagement, as it will be
more stimulating to low engagement subjects. A similar effect might be
predicted for subjects with a low need for cognition, as the manipulation may
prove to be more stimulating for subjects who have generally sought less
stimulation.

The Synapse study is being conducted as a blind clinical trial, so the results will not be
known until early 2011. Thus far, participants have been extraordinarily enthusiastic about
the project and dropout has been minimal. The Synapse study provides a strong
experimental test of the role of lifestyle manipulations on cognitive abilities and neural
structure and function. We are particularly interested in following up Synapse participants in
the future, a year or more after they complete the project, as it may be that the effects of
stimulation may be even more pronounced at later dates than immediately at the close of the
trial.

5. Conclusion
There has been tremendous evolution in our view of the aging mind and brain. The advent of
neuroimaging has resulted in scientist's recognition that the brain is much more active and
dynamic than was previously suspected from basic behavioral data that showed relentless
decline across many different domains. The STAC model posits that the brain adapts and
reorganizes in response to both the neural insults associated with aging, but also in response
to stimulating activities and new learning. Behavioral and brain imaging findings, as well as
studies on neuroplasticity provide converging evidence about the adaptive brain and the role
of external engagement. The Synapse project is an attempt to experimentally test these new
views of the aging mind. There is a need for much more research on the role of a lifestyle of
active engagement and its impact on cognitive health. Moreover, it is of particular
importance to explore the possible interactive relationship between cognitive stimulation
and physical exercise, as there could be a synergistic or potentiating relationship between
the two. Determining how to protect the mind from serious age-related declines in late
adulthood is one of the most critical public health issues of the 21st century. The growing
evidence that there is plasticity in even the aged neural system adds to the hope that both
pharmacologic and behavioral solutions will be available to slow down the rate of cognitive
aging.
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Fig. 1.
Conceptual model of the Scaffolding Theory of Cognitive Aging (STAC), with permission
from Park and Reuter-Lorenz, (2009).
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