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Fluid cognitive abilities
Abilities to flexibly generate,
transform and manipulate new
information.

Crystallized cognitive
abilities

Abilities to invoke previously
stored information that is
drawn from experience or
accumulated knowledge.
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Decision making in the ageing brain:
changes in affective and
motivational circuits

The global population is ageing rapidly. Projections sug-
gest that the proportion of older individuals (those over
65 years of age) will double between 2000 and 2050 (REF. 1),
increasing the relative number of older decision makers
in society, particularly in developed countries. Alongside
these demographic shifts, governments and businesses
have begun to implement policy changes that will increase
older individuals’ responsibility for maintaining their own
health and financial welfare.

Although research has begun to suggest that ageing
might alter decision making, little is known about the tra-
jectory or causes of these changes. An emerging interdis-
ciplinary field that combines methods and theories from
neuroscience, psychology and economics could bridge
these gaps in knowledge and so inform scientific theory
as well as accelerate the translation of research findings
into applications.

Multiple neural and psychological factors contribute to
decision making. By connecting sensory input to motor
output, cognitive and affective capacities have important
roles in decision making, especially when individuals must
weigh potential benefits against potential costs. In terms
of cognition, accumulated evidence suggests that although
ageing can compromise some cognitive capacities, others
are preserved. Specifically, fluid cognitive abilities (such as
working memory; attention and executive control) steadily
decline with ageing, whereas crystallized cognitive abilities
(such as domain-specific knowledge) remain conserved®.
Thus, older people may fare worse when making deci-
sions that require fluid cognitive abilities (that is, choices
that require multiple attributes and/or options to be
simultaneously considered and compared).
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Abstract | As the global population ages, older decision makers will be required to take
greater responsibility for their own physical, psychological and financial well-being. With this
in mind, researchers have begun to examine the effects of ageing on decision making and
associated neural circuits. A new ‘affect-integration—motivation’ (AIM) framework may help
to clarify how affective and motivational circuits support decision making. Recent research
has shed light on whether and how ageing influences these circuits, providing an
interdisciplinary account of how ageing can alter decision making.

More recent evidence has also revealed different
influences of ageing on affect (emotional responses) and
motivation. Adults report reduced levels of negative
affective experience as they age but preserved levels of
positive affective experience* — trends that have been
linked to decreased attention to and memory for nega-
tive versus positive material®. These changes may result
from shifts in motivational goals (which, for example,
may stem from changing perceptions of remaining
time)® and/or independent physiological changes in
neural function. Overall, this evidence implies that older
adults might weigh costs and benefits differently from
their younger counterparts®.

In the past few decades, researchers have made con-
siderable progress towards characterizing the impact of
healthy ageing on the brain (BOX 1), but they have only
recently begun to examine how age-related changes
in neural structure, chemistry and function influence
decision making. Decision making has the potential to
recruit almost any brain capacity and is thus a broad and
challenging research target. Different types of decisions
may also recruit distinct circuits, either sequentially or in
parallel. In this Review, we primarily focus on decisions
that involve affective and motivational processing”'
rather than those that rely on sensorimotor processing
(in which deficits would obviously compromise deci-
sions) or cognitive processing (which has been reviewed
elsewhere®). After describing a framework that can link
neural activity in circuits implicated in affect and moti-
vation to decision making, we review emerging neuro-
scientific findings that shed light on age-related changes
in value-based decision making".
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Box 1 | Age-related changes in brain structure and function

Neuroimaging studies have documented numerous changes in the structure and
function of the ageing brain*#211%, In general, both cross-sectional studies and
longitudinal studies of brain volume show linear and curvilinear changes in grey
matter volume, as well as curvilinear changes in white matter volume, over the
lifespan. These volumes increase until adulthood and then steadily decrease with
senescence!®'?%, More recent studies using diffusion tensor imaging, have
revealed age-related decreases in the connectivity of the major white matter
tracts, with the most pronounced declines occurring in anterior and superior
cortical regions'?'?2, Studies of neurochemical changes across the lifespan have
primarily focused on changes in the neurons releasing biogenic amine
neurotransmitters (such as dopamine and serotonin), which emanate from focal
nuclei in the midbrain to project broadly throughout the subcortex and cortex.
Positron emission tomography (PET) studies in humans have revealed relatively
linear declines during adulthood in serotonin receptors in the cortex, in dopamine
receptors (both D1-like and D2-like) in the prefrontal cortex and striatum, and in

dopamine transporters in the striatum; but they have yielded more mixed
evidence for age-related changes in presynaptic neurotransmitter availability
(related to synthesis capacity and vesicular storage)'?*!**. These PET imaging
findings were mostly obtained in cross-sectional samples and are therefore limited
by a lack of longitudinal data. There has been even less investigation of
age-related changes in the availability of basic amino acid neurotransmitters (such
as glutamate and GABA) that, although present throughout the brain, support
more local and targeted circuit functions'?*'?’. Overall, research that links and
integrates age-related changes in brain function, structure and chemistry (such as
multimodal neuroimaging studies'?®) could help neuroscientists to pinpoint the
circuits that are most compromised by ageing.

Affect

Emotional responses that
include a combination of
subjective valence and arousal.
Affect is sometimes depicted
as a two-dimensional space, in
which the two dimensions
correspond to valence and
arousal.

Cross-sectional studies
Studies that compare
individuals (for example,
individuals of different ages) at
one simultaneous time point.

Longitudinal studies

Studies that compare the same
individuals (for example,
individuals of different ages)
repeatedly over multiple time
points to assess change.

Positron emission
tomography

(PET). A nuclear imaging
technique that produces
three-dimensional images of
brain activity by detecting
photons that are emitted by a
positron-emitting radionuclide
tracer.

Valence

The subjectively positive or
negative feeling evoked by an
experience.

Neural circuits that promote choice

Mounting evidence suggests that, as well as arising in
reaction to the outcomes of decisions, affect can also
proactively influence decision making'*'*. Throughout
the twentieth century, affect was indirectly inferred
from measures of self-reported experience, physiology
or non-verbal behaviour. Consistent with the predic-
tions of pioneering psychologist Wilhelm Wundt',
psychometric research revealed that emotional experi-
ence can be described using two independent dimen-
sions: subjective valence and subjective arousal'’. Positive
arousal might increase the motivation to approach
opportunities, whereas negative arousal might increase
the motivation to avoid threats'®". If positive and neg-
ative arousal reflect ongoing activity of independent
mechanisms, additional mechanisms might integrate
their influences to promote the next appropriate behav-
ioural response. These elements — affect, integration
and motivation — comprise core components of a skel-
etal framework for neural circuits that promote choice,
which are detailed below.

Circuit function, chemistry and structure. Neuro-
imaging methods with enhanced spatial, temporal and
depth resolution (such as functional MRI (fMRI)) have
enabled investigators to track activity in neural circuits
that support affect and motivation. The resulting evi-
dence suggested that positive subjective arousal corre-
lates with nucleus accumbens (NAc) activity, whereas
negative subjective arousal correlates with anterior
insula (AI) — and possibly reduced NAc — activity?.
In situations in which affect motivates behaviour, these
findings imply that (during consideration of choices)
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NACc activity should promote approach behaviour,
whereas AT activity should promote avoidance behav-
iour??. Indeed, these predictions hold across diverse
choice scenarios*. Activity in these circuits also precedes
social approach and avoidance: NAc activity predicts
cooperation, whereas Al activity predicts defection in
dyadic interactions with strangers®.

Although approach and avoidance responses might
suffice to drive simple choices, more complex value
assessments require integration of these basic tenden-
cies with other considerations (such as the potential
likelihood of reward, the length of waiting time or
the effort required to obtain something). Researchers
found evidence that the medial prefrontal cortex
(mPFC) has a prominent role in value integration in
situations requiring the integration of attributes both
within and across choice options?*-%. Several meta-
analyses of functional neuroimaging studies have
implicated NAc, Al and mPFC activity in affect and
choice?**-**. To motivate behaviour, these components
must then activate circuits that prepare motor output,
including the dorsal striatum and premotor cortical
regions®. Evidence from fMRI indicates that activity
in all of these circuits can both precede and predict
choice. Therefore, these brain regions are promising can-
didate components of the neural circuits that promote
choice (FIG. 1).

Dopaminergic and noradrenergic neurons broadly
but differentially innervate these regions and can rap-
idly shift their firing rates in response to environmen-
tal opportunities and challenges. Specifically, the NAc
receives dense dopaminergic projections from the ven-
tral tegmental area (VTA) but does not receive noradre-
nergic projections from the locus coeruleus. The mPFC
and Al receive both dopaminergic projections from
the VTA and noradrenergic projections from the locus
coeruleus. However, dopamine reuptake mechanisms
primarily reside in the striatum (including the NAc),
where they enhance both the release and the clearance
of synaptic dopamine™®.

Structural studies of these circuits in both pri-
mates and humans suggest evolutionarily conserved
patterns of connectivity. VTA dopaminergic neurons
project through the medial forebrain bundle to the
NAc, which then projects indirectly via GABAergic
neurons through the globus pallidus to the medial
thalamus. From there, glutamatergic neurons project
to the mPFC and then back down to the ventral stria-
tum (including the NAcc and adjacent ventral putamen
and medial caudate). The glutamatergic projections
from the mPFC to the NAc are notably unidirectional.
The indirect looping’ connectivity of striatal to frontal
regions, and vice versa, continues in an upwards spiral-
ling pattern that progresses through the medial caudate
and the anterior cingulate to the dorsal caudate and
premotor cortex™®, and is thought to facilitate the con-
version of motivation to action®. Although structural
connections between the AI and these regions have not
been characterized extensively in primates, it has been
shown that the AI sends unidirectional glutamatergic
projections to the NAc*” and also projects forwards to
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Figure 1 | Important components of the affect-integration-motivation
framework. The affect-integration-motivation (AIM) framework proposes that three
hierarchical and sequential processes can occur before, and promote, choice. The
brain regions involved in these processes are shown. a | Affect processes are associated
with: ventral tegmental area (VTA) dopamine neurons projecting to the ventral
striatum (VS), which includes the nucleus accumbens (NAc); locus coeruleus (LC)
noradrenaline neurons projecting to the anterior insula (Al); and Al glutamatergic
neurons projecting to the VS. These processes potentiate anticipation of gain and
loss. Dashed lines on the right indicate the plane of the sections depicted on the left.
b | Integration processes are associated with VTA dopamine neurons and LC
noradrenaline neurons, both of which also project to the medial prefrontal cortex
(mPFC). In addition, the VS indirectly projects to the mPFC via GABAergic
connections in the pallidum (not depicted), and glutamatergic projections from the
thalamus. The Al also projects to the mPFC, presumably via glutamatergic
connections. Finally, mPFC glutamatergic neurons project directly back to the VS,
facilitating the integration of value and other relevant input (for instance, from the
medial temporal and lateral frontal cortical regions). c | Motivational processes are
associated with dorsal striatal and insular glutamatergic neurons that project to the
pre-supplementary motor area (pSMA), potentiating motor action. Healthy ageing
may degrade glutamatergic projections from the PFC to the striatum, which could
diminish value integration and compromise choice optimality.

lateral aspects of the PFC**, potentially enabling the
AT to directly influence NAc activity and to indirectly
influence mPFC activity (FIC. 1).

The affect-integration-motivation framework. The find-
ings described above thus converge upon a framework in
which affective neural components first anticipate gains
(via dopaminergic projections to the NAc) and losses (via
noradrenergic and dopaminergic projections to the AI).
Output from these components is then integrated with
further evaluative considerations (via glutamatergic pro-
jections to the mPFC) before feeding into a motivational
component that promotes subsequent actions (via gluta-
matergic projections to the dorsal striatum and supple-
mentary motor area; see FIC. 1). When there are multiple
attributes or options to be considered, additional integra-
tion (in the mPFC) or comparison (in the dorsolateral
PFC (dIPFC)) may be required.

The proposed affect-integration-motivation (AIM)
framework builds on previous findings and models
that have associated some of these components with
valuation®*** by assigning each component different
(but connected) functions that begin with affect and
end with motivation. Notably, the AIM framework
is sequential and hierarchical. Activity occurs first in
connections among affective components and propa-
gates over time to motivational components. Affective
components can operate with variable input from moti-
vational components, but motivational components
cannot operate without some input from affective com-
ponents. The framework specifies a set of minimal and
necessary components that precede and predict choice,
but it retains flexibility to account for choice through
different combinations of those components and also
remains open to input from additional components.
For instance, for the affective components, information
about salient options might enter through an amygda-
lar-orbitofrontal circuit®, whereas for the integrative
components, information about past memories or rule-
based knowledge might enter through a medial temporal
lobe-dIPFC circuit.

Although the AIM framework generally applies to
decision making, it may further suggest specific predic-
tions about how healthy ageing can influence decision
making. Ageing might globally compromise neural struc-
ture and function, which should cause a general decline
in all of the components and their associated functions.
However, behavioural research suggests that ageing does
not uniformly change cognition and affect. In terms of
affect, if ageing decreases anticipation of losses, but not
of gains, components associated with loss anticipation
may show functional and structural declines. Similarly,
if ageing compromises integration of value, components
associated with value integration may show functional
and structural declines. These age-related changes could
exert specific effects on choice biases. In terms of cog-
nition, if ageing compromises fluid but not crystallized
cognition**? (BOXES 1,2), the associated diminished func-
tion and structure of the PFC and medial temporal lobe
might impair value integration in complex choice tasks
that require more attention and memory.
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Box 2 | Age-related differences in decision performance depend on cognitive demands

Age-dependent differences in performance in decision-making tasks heavily depend on the extent to which decisions
make cognitive demands or provide opportunities to draw on prior knowledge'?. Recently, theorists have built on classic
observations of adult age differences in fluid and crystallized cognitive abilities'* to explain age-related differences in
decision performance® 3132, Although fluid cognitive ability decreases linearly across adulthood, crystallized ability
increases non-linearly and begins to level off in late middle age' (see the figure, part a). These changes imply
context-dependent differences in decision performance (see the figure, part b). For example, when a decision requires
high fluid ability and low crystallized ability, younger adults should
outperform middle-aged and older adults. However, when a decision
instead requires low fluid ability and high crystallized ability, older
adults should outperform middle-aged and younger adults.

This cognitive account predicts that middle-aged adults may make
the most optimal decisions across a broad range of contexts, which is
consistent with a recent suggestion that financial reasoning peaks in
middle age'. Even in contexts in which decisions can be made based
almost completely on crystallized cognitive abilities, older adults enjoy
only a slight advantage over middle-aged adults. Although initial
findings reviewed here and elsewhere®’ are consistent with these
accounts, and specifically implicate input during value integration
from the medial temporal lobe and the dorsolateral prefrontal cortex,
they require further generalization across different decision contexts.

a Cognitive change across adulthood

Crystallized

Ability (performance)

Fluid
Older

Younger Middle-aged

b Context-dependent performance peaks

When combined with this cognitive account, the affect-integration— § Older

motivation framework suggests that ageing may compromise g Middle-aged

performance in scenarios requiring integration of new value o

information but may enhance or preserve performance in situations g_

that allow greater reliance on previously established value =

representations. Part a is republished with permission of Brookings =

Institution Press, from The age of reason: financial decisions over the < Younger

life-cycle with implications for regulation, Agarwal, S., Driscoll, J. C., Fluid Crystallized
—

Gabaix, X. & Laibson, D. 1., 40 (2), 2009; permission conveyed through

Arousal

The subjective level of
alertness, activation or energy
elicited by an experience.

Functional MRI

(fMRI). A functional imaging
technique that uses a magnetic
field and radio waves to
measure the blood-oxygena-
tion-level-dependent signal,
which indexes regional brain
activity.

Copyright Clearance Center, Inc.

Changes in decision making with age

A simple, but useful, theory of optimal decision mak-
ing states that individuals assess the expected value
of their options (or the magnitude of the value of each
option multiplied by the probability of its occurrence)
before choice®*. By considering gain and loss separately,
expected value can be deconstructed as the magnitude of
an option multiplied by the probability of potential gain
minus the magnitude multiplied by the probability of
potential loss. Expected value can be modified further by
other factors (including how long one must wait before
receiving an option, and the effort required to obtain
that option). Expected value can then recommend the
best choice among a set of options, and expected value
theory can even specify the necessary criteria for optimal
choice (such as choice consistency within a set of ordered
preferences). Expected value theory has inspired recent
neuroimaging research, in which investigators correlated
activity in some AIM framework components with dif-
ferent aspects of expected value**. For instance, NAc
activity was associated with gain magnitude; Al activity
with both loss magnitude and gain magnitude; and MFPC
activity with value and probability integration (reviewed
in REF. 20).

However, although people often choose options that
are consistent with the predictions of expected value
theory, this is not always the case. This creates oppor-
tunities to experimentally measure and account for
suboptimal choices. For example, people often make sub-
optimal choices (or fail to maximize expected value) when

Decision context

evaluating risks and delays, and when learning about
changes in value’. Therefore, two important questions
are: do older adults make more or fewer optimal deci-
sions in these scenarios than younger adults; and, when
differences exist, which underlying neural mechanisms
can account for those differences?

Changes in value assessment. As described above,
although older adults report similar levels of posi-
tive affective experience to younger adults, they
report lower levels of negative affective experience?.
Consistent with this age-related asymmetry, experi-
mental research indicates that older adults show
reduced attention to and memory for negative mate-
rial®. However, these findings do not specify whether
older adults show less negative affect during anticipa-
tion of events that have not yet occurred (which could
implicate expected value) and/or in response to events
that have already occurred.

Behavioural research in younger adults has shown
that anticipation of uncertain monetary gains robustly
and reliably elicits positive arousal, whereas anticipation
of uncertain monetary losses elicits negative arousal®.
By contrast, although older adults also report increased
positive arousal when anticipating monetary gains,
they do not report increased negative arousal when
anticipating losses***’. However, younger and older
adults do report similar positive affective responses to
gain outcomes and negative affective responses to loss
outcomes.
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Figure 2 | Age-related differences in incentive anticipation and risky decision making. a|ln anincentive anticipation
task in which subjects saw cues signalling the potential gain or loss of varying amounts of money, gain anticipation
increased nucleus accumbens (NAc) activity in both younger adults (ages 19-27 years) and older adults (ages 65-81 years)
(left panels). However, loss anticipation increased anterior insula (Al) activity in younger, but not older, adults (right
panels)®. Shaded error bars indicate standard error of the group mean. The y axis represents percentage functional MRI
activity change (% signal A) in the ventral striatum (VS), which includes the NAc, or the insula. Asterisks indicate statistical
significance (P<0.05), monetary values given in US dollars. b | In a financially risky choice task, older adults made more
mistakes than younger adults when seeking risk (selection of stocks) but not when avoiding risk (selection of bonds) (left
panel)**. Age-related differences in behaviour (in individuals aged between 19 and 85 years) were associated with an
age-related increased variability in activity in the striatum (including the NAc; right panel). The coloured areas overlaid on
the brain are voxels for which a statistical test of the linear effect of age exceeded P<0.0001, uncorrected. This increased
variability mediated the association between increased age and risky stock mistakes. Solid arrows, associations between
age and neural activity variability, and between neural activity variability and risk-seeking mistakes (P < 0.05); dashed
arrow, association between age and risk-seeking mistakes mediated by neural activity variability. Part a is from REF. 49,
Nature Publishing Group. Part b is republished with permission of Society for Neuroscience, from Variability in nucleus
accumbens activity mediates age-related suboptimal financial risk taking, Samanez-Larkin, G.R., Kuhnen, C. M., Yoo, D. ). &
Knutson, B., 30 (4), 2010; permission conveyed through Copyright Clearance Center, Inc.

With respect to the AIM framework, these findings
imply that older adults might show decreased activity
in loss anticipation circuits during value assessment (or,
possibly, increased activity in gain anticipation circuits).
Studies using fMRI in younger adults typically show that
anticipation of uncertain monetary gains increases NAc,
Al and dorsomedial caudate activity but that anticipa-
tion of uncertain monetary losses increases only Al and
dorsomedial caudate activity***. Although older adults
show similar increases in NAc activity during anticipa-
tion of monetary gains*~' (but see REF. 52), they do not

show the same increases in Al activity during anticipa-
tion of monetary losses*>* (FIC. 2a). Interestingly, younger
and older adults show similar neural responses in both the
mPFC and the ventral striatum in response to gain and
loss outcomes****-% (see also REF. 56). Thus, in older adults,
both affective and neural responses during anticipation
of gains are preserved, whereas both affective and neural
responses during anticipation of losses are reduced.

The diminished responses of older adults to antici-
pated losses® may impose costs as well as confer benefits.
Specifically, although reduced loss anticipation could
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enhance well-being, it may also increase susceptibility
to threats. For instance, one study found that older adults
rated conventionally untrustworthy faces as more trust-
worthy and responded to these faces with less Al activity
than did younger adults®. In another study that used
a socially incentivized game, older adults responded
to unfair offers to divide a financial windfall with less
AT activity than did younger adults®®. However, despite
this neural difference, older adults rejected slightly
more unfair offers than younger adults. Although nega-
tive arousal correlated with rejection of unfair offers in
younger adults, there was no such correlation in older
adults, suggesting that other, more cognitive, mecha-
nisms might have driven rejections by the older partici-
pants. These findings broadly suggest that age-related
changes in value assessment may sometimes influence
decisions directly *” but need not always alter choice***.

Considered in light of the AIM framework, this evi-
dence suggests that older adults show preserved posi-
tive affect and NAc activity while anticipating gains but
reduced negative affect and insula activity while antici-
pating losses. Although age-related changes in these
responses may influence choice, most of these experi-
ments were designed only to elicit affect and brain activ-
ity. In addition, many of these experiments did not require
value integration (either across potential gains and losses
or with respect to probability, delay, effort and other fac-
tors). Thus, the impact of age-related affective changes on
choice must be assessed rather than assumed.

Changes in risky decision making. Risky decision mak-
ing requires, at a minimum, the assessment of uncertain
future gains versus losses. Theorists have historically
defined risk in different ways. Financially, expected value
can be defined as the mean return of an option and risk
as the mean variance of the option®. Financial theo-
ries further posit that expected value attracts investors,
whereas risk repels them. Younger adults generally pre-
fer to avoid financial risk, which can lead to suboptimal
decision making®. However, financial risk preferences
show substantial individual differences and also vary as
a function of situational factors®’.

Perhaps because older adults generally avoid physi-
cal risks, people often assume that they will show even
greater financial risk aversion than younger adults.
However, these suspected differences do not consist-
ently emerge in well-controlled behavioural tasks®. In
fact, a recent meta-analysis showed no evidence of sys-
tematic age-related differences in risk taking®. Rather,
in tasks in which risk taking increased earnings, older
adults avoided more risk; but in tasks in which risk tak-
ing decreased earnings, older adults sought more risk —
suggesting that older adults made more mistakes overall.
Furthermore, older adults performed less optimally than
younger adults in tasks that required them to learn from
recent experience but not in tasks that did not require
learning®. Finally, older and younger adults did not differ
in their tendency to take risks when choices were framed
as gains versus losses. Together, this evidence is consistent
with an account in which older adults evince cognitive
limitations rather than different risk preferences®.

REVIEWS

With respect to the AIM framework, these find-
ings suggest that although older adults show reduced
loss anticipation during value assessment, this may not
necessarily translate into biased financial risk taking.
Instead, cognitive limitations and associated compro-
mises in value integration might more prominently
influence financial risk taking in older adults. Studies
using fMRI in younger adults indicate that anticipation
of expected value is associated with NAc and mPFC
activity, whereas anticipation of risk is associated with
AT activity®. Furthermore, whereas NAc activity and
mPFC activity predict financial risk seeking, AI activity
predicts financial risk aversion®.

Currently, only a few fMRI studies have compared
financial risk taking in younger and older adults. Older
adults showed greater Al activity and more risk-averse
choices than younger adults during a gambling task®
in addition to greater prefrontal activity during a slot
machine task®, which is consistent with research
showing increased prefrontal recruitment in older
adults during risky decision making® and across a
range of cognitive tasks®-"!. However, the small num-
ber of older adults in some of these studies (N~ 10)
makes it difficult to generalize from these findings. A
study with a larger sample size examined age-related
differences in risky choice during an investing task
designed to elicit both high- and low-risk choices
from each subject®. The investing task also enabled
investigators to model the choices of an ‘optimal actor’
and thereby quantify each subject’s ‘mistakes’ — that
is, deviations from optimal choice”. Although results
showed no age-related differences in risk-averse
choices, they did show that older adults made more
risk-seeking mistakes® (FIG. 2b). This behavioural pat-
tern was subsequently replicated in two additional sam-
ples**”. Furthermore, older adults showed more random
variation over time in NAc activity, which could statisti-
cally account for increased risk-seeking mistakes™’*. An
independent study using a different task without finan-
cial incentives also found increased age-related variabil-
ity in NAc and midbrain activity”. Although most fMRI
studies focus on mean activity, variability may provide an
important but overlooked measure that can also clarify
how ageing influences choice’””.

Together, these findings suggest that the variability
of neural activity during expected value assessment
may increase with age — particularly when previ-
ous value associations must be adjusted or relearned.
Consistent with this account, older adults have more
difficulty estimating expected value during reward
learning”®. Therefore, apparent age-related differences
in risk preferences may result from increased neural
variability during the estimation of expected value. The
source of this variability may not merely reflect NAc
activity but could also reflect more variable dopamin-
ergic input from the midbrain or more variable gluta-
matergic input from the mPFC. Consistent with the
possibility of more variable glutamatergic input from
the mPFC, a study of older adults found that individu-
als with lower earnings in a gambling task with a learn-
ing component showed reduced mPFC recruitment”.
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Figure 3 | Age-related differences in temporal decision making and value

learning. a|lntwo studies®*®*, younger adults showed reduced nucleus accumbens
(NAc) activity for rewards that were available later than those that were available sooner,
but older adults showed comparable activity for both short and long delays. Shaded
error bars indicate standard error of group means. The y axis represents percentage
functional MRl activity change (% signal A) in the ventral striatum (VS), which includes
the NAc. Asterisks indicate statistical significance (P<0.05). b | Structural coherence
along a frontostriatal axonal tract extending from the dorsomedial nucleus of the
thalamus to the medial prefrontal cortex (mPFC) and from the mPFC to the VS was
reduced in older age but associated with better learning. White matter (WM) coherence
was indexed by measuring fractional anisotropy. Individual differences in learning were
calculated as the percentage of choices of the higher expected value option. Part a, left
panels, adapted from REF. 95, Frontiers. Part a, right panels, adapted from REF. 94, PLoS.
Part b republished with permission of Society of Neuroscience, from Frontostriatal white
matter integrity mediates adult age differences in probabilistic reward learning,
Samanez-Larkin, G.R., Levens, S. M., Perry, L. M., Dougherty, R. F. & Knutson, B., 32 (15),
2012; permission conveyed through Copyright Clearance Center, Inc.

Considered in light of the AIM framework, these early
findings suggest that greater variability in a value-
integration signal conveyed by mPFC projections to
the NAc may destabilize expected value estimates as
well as associated risky choices (a theme that recurs in
the value learning section below).

Changes in temporal decision making. People commonly
devalue (or ‘discount’) potential rewards as a function of
the time that they must wait to obtain them. The rate at
which young adults temporally discount gains is often
steeper than the rate at which those gains actually decrease
in value over time*. This non-linear devaluation of future
gains (called ‘delay discounting’) can provoke suboptimal
choices®. As with risk preferences, individuals reliably
differ in their tendency to discount future gains, and situ-
ational factors such as incentive type can also exacerbate
delay discounting®. Accumulating behavioural research
suggests that older adults discount future rewards less
steeply than younger adults®® (a phenomenon also dem-
onstrated in some animal models*®); consequently, the
choices of older adults better approximate the market
value of future rewards®.

Neuroimaging studies have implicated NAc and
mPFC activity in the tendency of younger adults to
weight immediate rewards over future rewards (both
sensory and financial)®-*°. Although NAc activity
also has a lesser role in the value assessment of future
rewards”, converging evidence suggests that activity in
the PFC (including the dIPFC and possibly the mPFC)
has a more prominent role in the ability to imagine and
extend value to future rewards®*'-%. From the stand-
point of the AIM framework, these findings suggest at
least three possible accounts of the ability of older adults
to more optimally balance future and present rewards.
Specifically, the lower levels of delay discounting seen
in older adults may result from reduced anticipation of
gain from immediate rewards, increased anticipation
of gain from future rewards or increased integration of
future rewards into an overall value assessment.

Only two fMRI studies have directly compared
neural responses during temporal valuation tasks in
younger and older adults®***. In both studies, younger
adults showed more ventral striatal activity in response
to immediate rewards than to future rewards, whereas
older adults showed comparable ventral striatal activity
in response to both immediate and future rewards (FIG. 3).
In addition, in adults of all ages, ventral striatal activ-
ity in response to future rewards predicted individual
differences in relative preferences for future rewards®.
However, these studies did not find differences in pre-
frontal activity of older versus younger adults during
consideration of future rewards.

These neuroimaging results are consistent with
behavioural findings indicating that, whereas younger
adults value immediate rewards more than future
rewards, older adults value the two more similarly. With
respect to the AIM framework, these findings support
either the notion that immediate rewards evoke less gain
anticipation or the notion that future rewards elicit more
gain anticipation in older adults, but they do not impli-
cate compromised value integration. Reduced respon-
siveness to immediate rewards might imply that ageing
could compromise midbrain dopaminergic input to
the ventral striatum®, but pharmacological data do not
fully support this*. Enhanced responsiveness to future
rewards instead might imply that ageing preserves mid-
brain dopaminergic input or mPFC glutamatergic input
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Probabilistic learning
Learning in which individuals
use recent feedback to guide
future choices among options
of uncertain value.

Reward prediction
A quantity denoting the
expected reward.

Reward prediction errors
Quantities denoting the
difference between the
received versus expected
reward.

Diffusion tensor imaging

A neuroimaging technique that
uses the restricted diffusion of
water around neural
membranes and myelinated
fibres to map anatomical
connectivity between brain
areas.

to the ventral striatum during contemplation of future
gains, thereby optimizing temporal choice®>”. Future
research using causal affective manipulations could com-
pare the plausibility of these accounts and might also test
whether more optimal temporal choices of older adults
result from physiological changes, experience or both*.

Changes in value learning. Traditional theories of valu-
ation often do not consider the source of those values.
Although some values may have innate origins, most
are learned and may require continual adjustment to
accommodate changing environmental circumstances.
Value learning can be dynamic and complex, potentially
recruiting and recalibrating any of the valuation mecha-
nisms described above. Even in the case of simple proba-
bilistic learning, although people can eventually learn that
one option is more likely to yield gains than another,
they often show suboptimal patterns of choice in the
process. As with other types of valuation, individuals
reliably differ in learning performance, and situational
influences may accelerate or decelerate learning.

Possibly owing to variable task demands, behavioural
comparisons of value learning in older and younger
adults have produced mixed results. For instance,
although some studies suggest decreased responsive-
ness to gains during learning in older versus younger
adults®'®, others suggest decreased responsiveness to
losses'1%, When studies find decreased sensitivity to
gains in older adults, it tends to occur in the very old'*'*,
which may reflect a slight decrease in positive affect near
the end of life*. However, across studies, researchers have
generally noted slower learning about both gains and
losses in older adults', which is consistent with general
age-related decrements in value learning.

With respect to the AIM framework, these findings
suggest that ageing may compromise either gain antici-
pation or value integration during probabilistic learning.
In fMRI studies of younger adults, gain learning tasks
typically elicit correlated activity in the NAc and mPFC,
whereas loss learning tasks more often elicit correlated
activity in the AI?*?. Consistent with decreased learn-
ing performance, fMRI studies have shown reduced NAc
activity during learning in older adults'®. Moreover, elec-
troencephalographic studies have also shown decreased
frontal potentials during learning in older adults'®>'%,
Recent research has explored whether these neural dif-
ferences reflect diminished updating of reward prediction,
as modelled by reward prediction errors®>'°>1”. Two fMRI
studies of incentive learning specifically showed reduced
neural activity associated with reward prediction errors
in the mPFC and NAc of older adults relative to younger
adults®>' Furthermore, in a combined fMRI and phar-
macological study, administration of a drug that increased
dopamine availability improved learning and restored
NAc activity that was associated with reward prediction
errors in underperforming older adults'”.

Age-related decreases in NAc recruitment during
reward learning might seem to be inconsistent with pre-
served NAc activity during value assessment (described
above). To directly compare value assessment to learn-
ing, an fMRI study examined neural responses of older
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adults to gains in tasks with and without probabilistic
learning demands. As in previous learning studies,
older adults showed reduced mPFC and NAc activity
associated with reward prediction errors in the context
of probabilistic learning but preserved NAc responses
to monetary gains in a value assessment task®'?’. Thus,
age-related decreases in NAc activity during value learn-
ing seem not to stem from a lack of physiological respon-
siveness to reward but rather from a slowness in altering
existing reward predictions based on feedback. From the
standpoint of the AIM framework, older adults may not
suffer from reduced gain anticipation associated with
NAc activity but rather from a lack of responsiveness to
new information that corrects gain predictions, which is
possibly conveyed by mPFC glutamatergic projections
to the NAc.

To specifically test whether frontostriatal connec-
tions could account for age-related decrements in reward
learning, a diffusion tensor imaging study assessed the
structural coherence of mesolimbic white matter path-
ways in a community adult lifespan sample. Measures
of tract coherence were tested for associations with per-
formance on a probabilistic learning task. Not only did
ageing diminish the coherence of frontostriatal pathways
(specifically, tracts that connect the thalamus to the
mPFC, and the mPFC to the NAc), but decreased coher-
ence of these pathways fully accounted for the influence
of ageing on learning'®®. With respect to the AIM frame-
work, these findings highlight the importance of consid-
ering connections between components and specifically
imply that age-related decreases in frontostriatal signal-
ling might account for decreased reward learning. Thus,
an age-related compromise of value integration might
account for deficits in reward learning, and may extend
to any tasks that require reward learning (including
dynamic risk taking). However, age-related changes in
implicit reward learning must be distinguished from age-
related changes in explicit memory, with respect to both
relevant neural circuits and psychological processes”.

Conclusions and implications

Advances in interdisciplinary research have begun to link
age-related changes in decision making to alterations in
affective and motivational brain circuits. Specifically,
emerging evidence suggests that, in older adults, gain
anticipation and correlated NAc activity are preserved, but
loss anticipation and correlated Al activity are relatively
reduced. Older adults show more variable risky choices,
which are related to more variable NAc activity during
contemplation of risky options. Older adults may place
greater value on future rewards, which may be associ-
ated with relatively increased NAc activity in response
to future prospects. Finally, older adults show reduced
reward learning, which may be related to diminished
NACc responsiveness to violated reward expectations as
well as degraded structural connectivity from the mPFC
to the NAc.

These findings suggest that ageing does not uni-
formly diminish decision performance and, under
some circumstances, may enhance it. Optimal criteria
for decision making are difficult to define, but according
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Box 3 | Innovating targeted decision aids

When the decision performance of older adults trails behind that of younger adults, research might identify opportunities
for intervention. Building from the finding that age-related changes in risky choice may result from impairments in
updating expected value, recent work demonstrated that providing graphical representations of expected value
information could improve financial risk taking”. With these targeted decision aids, older adults chose as optimally as
younger adults without decision aids (see also REF. 133).

Although promising, this early research is still several steps away from real-world implementation. The complexity and
changing nature of many important financial choices often resist easy graphical or numerical depiction. Furthermore,
providing helpful information does not necessarily guarantee implementation. Adopting new strategies requires
motivation as well as information. For instance, a recent study that trained individuals to use an expected value-based
decision strategy was less effective in older than in younger adults'**, as older adults deviated from the suggested
strategy within minutes. Research has yet to clarify whether this shift occurred as a result of memory decay or of active
doubts about the usefulness of recommended strategies. Novel decision-making strategies may prove difficult to
substitute after a lifetime of using other effective or familiar strategies.

Precise value calculations may not be necessary for solving most decision problems outside of the laboratory. In fact,
some theorists suggest that rapidly grasping the gist, rather than concentrating on exact details, of most decision
problems provides important leverage for success in the real world'****. In many situations, older individuals might play
to their strengths without sacrificing decision quality by choosing simpler strategies'’*%.

In contrast to a general degradation account of neurobiological function, a componential approach such as the
affect-integration-motivation (AIM) framework naturally implies targeted interventions for specific age-related
changes in decision making'**'*°. Through the lens of the AIM framework, the studies reviewed imply that decision
aids for older adults should strive to focus on gains rather than losses, leverage emphasis on long-term gains, build on
rather than change existing value associations, and present simple and limited sets of options. Combined with an
appreciation of cognitive limitations, decision neuroscience may eventually yield more effective decision aids for

people of all ages.

to expected value theory people should prefer options
that return greater value and should consistently choose
in a way that matches their preferences. Consistent with
optimal choice, older adults seem to anticipate gains (but
not losses) to the same extent as younger adults. Older
adults also tend to make more optimal choices in tempo-
ral valuation. However, inconsistent with optimal choice,
when value assessment dynamically varies or requires
integration across many attributes or options, as in the
case of risky choice or probabilistic learning, older adults
seem to choose less optimally than younger adults.

The findings also paint a varied picture of how age-
ing influences neural activity preceding choice, which
does not neatly fit a profile of global age-related neural
decline. As an alternative, we introduce the AIM frame-
work, which delineates different crucial neural com-
ponents and connections that can together promote
optimal decision making. This hierarchical and com-
ponential framework might provide a richer and more
accurate view of the diverse effects of ageing on decision
performance. For instance, if gain anticipation circuits
that include the NAc are relatively preserved with ageing
but value integration circuits associated with the MFPC
and its connections to the NAc degrade, gain anticipa-
tion might be preserved but dynamic updating in the
context of risky choice and probabilistic learning might
be compromised®>'®.

The AIM framework thus fills a theoretical gap and
complements existing neural accounts of age-related
changes in attention, memory and cognitive con-
trol”1%-14, Many of these cognitive contributions to deci-
sion making may enter the AIM framework at the value
integration phase, deranging the contribution of this
component to decision making but leaving other types
of input intact®®>!">!'6, For instance, a recent study using

a purchasing task found that older adults made similar
optimal choices to younger adults with respect to simple
choices but not complex choices that required working
memory. However, older adults who showed increased
mPFC activity during complex choices were able to match
the performance of younger adults'’. An exciting future
research agenda involves connecting the AIM framework
to existing cognitive models of the influence of ageing on
decision making.

Beyond organizing previous findings and generating
future research questions, knowledge of neural com-
ponents could inspire more specific ideas for applica-
tions. Complex decision tasks probably engage more
components of the AIM framework, making perfor-
mance failures more challenging to diagnose. Although
different components may produce similar choices,
understanding the underlying mechanisms could help
investigators to identify targeted interventions with the
best chance of optimizing function. Thus, an important
goal of neural deconstruction of decision making is to
use this knowledge to inform the design of interven-
tions that can enhance performance across the lifespan
(BOX 3). However, before innovating interventions, it will
be important to verify that laboratory behaviour reflects
decision making in the real world (BOX 4).

The application of neuroscience methods to address
age-related changes in decision making has just begun
and raises more questions than it answers. For instance, in
which decision scenarios is diminished loss anticipation
helpful versus harmful? To what extent are age-related
changes in decision performance due to physiological
changes versus psychological strategies for coping with
those changes? Although some evidence suggests age-
related diminutions in dopamine activity'”, other evi-
dence points towards broader age-related neurochemical
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Box 4 | Generalizing from the laboratory to the real world

REVIEWS

The field of decision neuroscience is both interdisciplinary and young, and researchers have yet to link most laboratory

measures of decision performance to substantial real-world outcomes. Nevertheless, some links have begun to emerge.
Individuals who make more optimal choices (or fewer ‘mistakes’) in a laboratory financial investment task also report
having accumulated more real-world assets**. In probabilistic value learning tasks, individuals who learn more rapidly to
acquire gains also report having accumulated more real-world assets, whereas individuals who learn more rapidly to
avoid losses report having less financial debt'*!. Some of these measures have been validated not only by self-report but

also by independent financial records (for instance, credit reports)'3214..

The possibility of associating a laboratory measure with real-world behaviour is limited by the reliability of both the
measure and the behaviour, which could present considerable challenges for some traditional measures of economic
choice. Fortunately, interdisciplinary collaboration can encourage innovation of measures with improved reliability when
traditional measures do not suffice. Furthermore, the extent to which laboratory findings can be applied to the real world
may be limited by varying choice conditions. For instance, older individuals may not have the opportunity to avoid
choices in the laboratory that they might in everyday life®2.

Beyond providing evidence for the validity of laboratory-based tasks, improving the predictive power of laboratory
assessments could also help researchers to identify vulnerable individuals who are prone to making suboptimal choices
in the real world'*2. Older adults may be disproportionately targeted by fraudulent financial appeals, although evidence
does not strongly suggest that they are more susceptible'*. Researchers are currently studying older individuals who
are at a heightened risk of making financial mistakes (for example, based on prior victimization) to understand how
potential vulnerability to financial fraud relates to physiological, psychological and behavioural variables across the
adult lifespan. Future research should attempt to link laboratory measures to real-world decisions'*'* to ensure that
findings are consequential and have the best chance of improving the wealth and health of individuals as well as the
broader society they inhabit.

changes (in noradrenergic and glutamatergic activity)'®, As scientific research on ageing and decision making

all of which could influence decision performance.
Furthermore, to what extent do structural changes influ-
ence communication between crucial components?
Which connections are central to decision making, and
can they be targeted and modified with interventions?
Finally, how can neuroscience improve the design and
assessment of decision aids (BOX 3)?
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