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Abstract

There is a great deal of uncertainty in the world. One common source of uncertainty results from incomplete or missing
information about probabilistic outcomes (i.e., outcomes that may occur), which influences how people make decisions.
The impact of this type of uncertainty may particularly pronounced for older adults, who, as the primary leaders around the
world, make highly impactful decisions with lasting outcomes. This review examines the ways in which uncertainty about
probabilistic outcomes is perceived, handled, and represented in the aging brain, with an emphasis on how uncertainty
may specifically affect decision making in later life. We describe the role of uncertainty in decision making and aging from
four perspectives, including 1) theoretical, 2) self-report, 3) behavioral, and 4) neuroscientific. We report evidence of any
age-related differences in uncertainty among these contexts and describe how these changes may affect decision making.
We then integrate the findings across the distinct perspectives, followed by a discussion of important future directions for
research on aging and uncertainty, including prospection, domain-specificity in risk-taking behaviors, and choice overload.
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The world is full of uncertainty. What are the chances my
flight will be on time? What is the probability that my part-
ner will be faithful? How likely is it that I’'ll get a year-
end bonus, and how much will it be? All of this uncertainty
undoubtedly affects how people make decisions. One com-
mon source of uncertainty arises due to incomplete or miss-
ing information about one or more probabilistic outcomes.
Because most people tend to devalue, or discount, uncertain
outcomes, this is an important consideration when making
decisions; uncertain outcomes often lead to different behav-
ior compared to when outcomes are certain.

There are several ways in which uncertainty is defined
across the literature (see Table 1 for definitions of key
terms). In this review, we focus on uncertainty about proba-
bilistic outcomes, which is any time some information about
the number, likelihood, and/or magnitude of probabilistic
outcomes is unknown. While there are other areas of deci-
sion making that are potentially influenced by uncertainty
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(e.g., effort or temporal discounting), we focus on examining
uncertainty that arises from probabilistic outcomes. Two of
the most common ways that this type of uncertainty mani-
fests are that of risk and ambiguity—two related but distinct
concepts. Risk refers to situations where the probabilities
of potential outcomes are known or easily estimated, but
the person does not know the true outcome (also known as
outcome uncertainty). An example of risk would be a coin
toss. There is a 50/50 chance of the coin landing on heads
or tails, but the person does not yet know the actual outcome
of the coin toss, making the coin toss risky. The second way
uncertainty manifests is through ambiguity, where the prob-
abilities of potential outcomes are unknown. This is much
more common in everyday life, where the exact likelihood of
events often is unknown. An example of ambiguity would be
a person not knowing the chances of getting a new job they
just interviewed for. Because they do not know the actual
outcome, nor the chances of each potential outcome, this
uncertainty about how much uncertainty exists, or ambi-
guity, can be even more unsettling. In general, as people
learn about their environments through experience, they
move from states of ambiguity, where the probabilities are
unknown, to risk, where they can estimate or even be certain
of the probabilities of each outcome.
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Table 1 Definitions of key terms

Term Definition Example

Uncertainty Information about the number, likelihood, and/or magni- ~ Not knowing the chances that your flight will be on time
tude of probabilistic outcomes is unknown

Risk The probability of each possible outcome is known or eas- A coin flip
ily estimated but the true outcome is unknown

Ambiguity The probability of each possible outcome is unknown and  Chances of getting a job after an interview
the true outcome is also unknown

Expected Uncertainty A known amount of error in a familiar environment Encountering traffic during rush hour but uncertainty

about how long it will last
Unexpected Uncertainty ~ Changes in the environment that violate expectations Encountering traffic mid-day due to unexpected road

closure

Another relevant distinction regarding uncertainty is that
of expected vs. unexpected uncertainty (Table 1). Expected
uncertainty refers to a known amount of error in a familiar
environment (Yu & Dayan, 2005). For example, predict-
ing you will encounter traffic on your drive home from
work during rush hour. While you may not know exactly
how much traffic to expect or how long the journey will
take (i.e., uncertainty), you anticipate this uncertainty to
be present. Conversely, unexpected uncertainty describes
changes in the environment that violate expectations, mak-
ing us unable to accurately predict outcomes (Yu & Dayan,
2005): for example, encountering traffic in the middle of the
day because of an unexpected road closure. Some authors
also use the term volatility as a synonym for unexpected
uncertainty, whereas others make a clear distinction between
them. Bland and Schaefer (2012) define unexpected uncer-
tainty as rare changes to the environment and volatility as
frequent changes to the environment, which requires an
individual to constantly update their predictions. Others use
unexpected uncertainty to describe when a decision maker
detects a change in the environment, whereas they use vola-
tility to describe unexpected changes that occur regardless
of whether the decision maker is aware (Soltani & Izquierdo,
2019). In this review, we will focus primarily on expected
and unexpected uncertainty, rather than volatility, because
these are more prominently featured across the literature,
and there is more consensus on their definitions.

Despite there being so many unknowns in our environ-
ment, individuals still make countless decisions in their
everyday lives. Current research indicates that individuals
tend to make different choices when there is uncertainty
compared with when the outcomes are certain. Because
older adults often have less time and cognitive resources
available, uncertainty may be particularly impactful for these
individuals. For example, with less time in life remaining,
recovering from a devastating loss in older age may be even
more challenging. Thus, uncertainty about potential losses—
such as market fluctuations—may elicit different responses
from older and younger adults. Less time also means fewer

opportunities for potential gains. Thus, this may result in
age-related differences in response to uncertainty in the posi-
tive domain. This has serious implications for older adults,
who, as the primary leaders in business, government, and
healthcare, make many significant personal and collective
decisions. Thus, due to the consequential nature of decisions
made in later life, it is imperative to understand the ways in
which uncertainty is perceived, handled, and represented
in the aging mind and brain. In this review, we describe the
role of uncertainty in decision making and aging from four
perspectives: theoretical, self-report, behavioral, and neuro-
scientific. We end with some important directions for future
research in this field including prospection, domain-specific
decision making, and choice overload.

Age-related changes in uncertainty
Theoretical

A fundamental idea of the most prominent theoretical
accounts of aging is that how individuals choose, plan, and
implement goals changes across the lifespan. According to
the Selection, Optimization and Compensation (SOC) model
of lifespan development, individuals first select their goals
and then optimize resources to reach them. As people age,
they may need to compensate through substitutive resources
to maintain functioning (Baltes & Baltes, 1990; Baltes &
Smith, 2004). Similarly, the motivational theory of lifespan
developments states that individuals strive to optimize the
influence behavior has on the environment (i.e., primary
control; Heckhausen & Schulz, 1999; Heckhausen et al.,
2010). However, because the capacity for primary control
decreases across the lifespan, there is a compensatory sec-
ondary control that increases in older adults. Both these
theories focus on optimization—which can be particularly
difficult to achieve in the face of uncertainty. Uncertainty
introduces unknowns about what compensatory behav-
iors are needed to achieve the goal, as well as the potential
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outcomes and likelihood of taking each action. Furthermore,
if there is unexpected uncertainty, this may require frequent
shifts in strategies to achieve optimal outcomes. Because
older adults tend to have a more difficult time with task-
switching (Wasylyshyn et al., 2011), this adds yet another
challenge. Thus, older individuals may have a harder time
optimizing under uncertainty and therefore struggle to reach
their optimization goals.

Based on the goal orientation perspective, age-related
shifts in motivation result in changes to goal orientation and
selection. While younger adults appear to strive for gains,
middle-aged and older adults have been found to focus on
maintenance and the avoidance of losses (Ebner et al., 2006;
Freund & Ebner, 2005). This shift in goal orientation may
lead to divergent decision strategies between age groups
(Depping & Freund, 2011). For example, while someone
in their 20s may be looking to advance their career and get
promoted, someone in their 60s may be trying to hold their
current position or even avoid losing their job. Uncertainty
around these goals is likely to further influence what strate-
gies an individual takes—the impact of which may depend
on whether the goal focuses on gains or losses.

Other theories, such as the Socioemotional Selectivity
Theory (SST), posit that age-related changes to goals and
goal behavior are due to differences in emotion regulation
and emotion processing in older age (Carstensen et al.,
1999). The strength and vulnerabilities integration (SAVI)
theory expounds on this idea by describing how cognitive
and neural deficits may contribute to the positive role of
emotion (Charles, 2010). A central theme across these two
theories is that age-related changes in goal-directed behavior
may be due to differences in future time perspective, that is,
how expansively people see the future. As people get older,
their time horizons (i.e., how much time is left) shrink. In
turn, how they choose to make and act upon their goals also
changes, often prioritizing more emotional and social goals
over information-seeking goals. This change in future time
perspective may have to do with uncertainty. A longer time
horizon is inherently more unpredictable. Thus, as time hori-
zons shrink, uncertainty may also decrease, meaning adults
later in their lives should have less uncertainty than those in
the decades prior. This may explain age-related differences
in decision making under uncertainty. For example, because
older and younger adults have vastly distinct time horizons,
this is likely to influence behavior and give rise to divergent
strategies for decisions such as investments and retirement
planning.

Additionally, future time perspective may be particularly
influenced by uncertainty regulation, that is, the idea that an
individual self-regulates the amount of uncertainty present
when creating and acting upon goals (Griffin & Grote, 2020;
Grote & Pfrombeck, 2020). According to this view, indi-
viduals change their behavior depending on how they want
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to regulate the level of uncertainty, which ultimately affects
their future time perspective, in a recursive loop. According
to this framework, if older adults have less uncertainty than
younger adults, then older adults may not need to be actively
working to decrease uncertainty to the same degree.

In addition to the aging theories described above, there
are several neuroscientific theories that point to changes to
neuromodulatory systems that occur with age. They attempt
to explain the age-related declines seen in dopaminergic
(Braver & Barch, 2002), noradrenergic (Mather et al., 2016),
and cholinergic (Schliebs & Arendt, 2006) functioning.
Because these systems have been found to play significant
roles in perceiving and responding to uncertainty (Dayan &
Yu, 2006; Yu and Dayan, 200; Schultz et al., 1997; 2015),
these may be particularly important when considering the
role of uncertainty in decision making in the aging brain.
We describe these theories in further detail throughout the
Neuroscience section of this review.

Self-report
Uncertainty intolerance

Since the late 1900s, the concept of tolerance for uncer-
tainty, or uncertainty intolerance, has increased in popular-
ity. While the definition continues to be updated, it most
commonly refers to the tendency to avoid uncertainty and
the belief that unexpected future events are negative and
should be avoided (Grenier et al., 2005). Uncertainty intol-
erance is typically measured through self-report measures
that ask for beliefs about, emotional reactions to, and fre-
quency of, behaviors to avoid or reduce, uncertainty. Scores
on these measures have been found to be closely related to
generalized anxiety disorder and excessive worry (Dugas
et al., 2001; Dugas et al., 2005; Grenier et al., 2005), with
increasing uncertainty intolerance preceding an increase in
worry (Dugas et al., 2001).

However, uncertainty intolerance has seldom been stud-
ied in an aging context. Although older adults report worry-
ing more about specific aspects of their lives such as health,
family, and world issues (Hunt et al., 2003), frequency of
worry generally decreases across adulthood with older adults
worrying less than younger adults (Babcock et al., 2000,
2012; Brenes, 2006). This has been hypothesized to be par-
tially due to older age groups seeing less value in worrying,
and the idea that uncertainty intolerance also may be lower
in older adults (Basevitz et al., 2008). However, aside from
identifying a relationship between uncertainty intolerance
and trait anxiety in older adults (Song & Li, 2019), there is
little research on the association between uncertainty intoler-
ance and aging beyond that.

Based on the theoretical perspectives discussed earlier
including the SST and SAVI, it may be expected that older
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adults would have better uncertainty intolerance. That is,
the shrinking time horizons may lead to less uncertainty
about what the future holds, because the options become
increasingly limited, which may lead to less worrying in
general. Because emotion regulation strategy use in older
adults tends to increase, this may help to reduce worrying in
general, as well as uncertainty intolerance (Basevitz et al.,
2008; Grote & Pfrombeck, 2020). Although uncertainty
intolerance is assumed to be a relatively stable trait, because
other personality-type traits have been seen to change in later
life (Roberts et al., 2006), it is not yet clear how uncertainty
intolerance may manifest in later life. Because high levels of
worry are related to worse prospection and long-term deci-
sion making (Worthy et al., 2014), and older adults experi-
ence less worry and potentially less uncertainty intolerance,
this may partially explain how older adults make decisions.

Risk tolerance

Risk tolerance——that is, willingness to accept risk——is
another way to assess an individual’s self-reported percep-
tion of, and response to, uncertainty. For several decades,
risk tolerance was primarily assessed via an individual’s
financial portfolio, calculated as a proportion of a persons’
risky assets to their total wealth. While one study found that
older adults were less risk averse than younger adults, that
is, an increased risk tolerance (Wang & Hanna, 1997), the
majority of studies find that older adults actually show a
decreased risk tolerance, as shown by a lower proportion
of risky assets (Bonsang & Dohmen, 2015; Jianakoplos &
Bernasek, 2006; Palsson, 1996; Sharma & Chatterjee, 2021).
This relationship between financial risk tolerance and age
has been shown to be mediated by cognitive ability, suggest-
ing that age-related change in cognition may be an integral
component of this relationship (Bonsang & Dohmen, 2015;
Sharma & Chatterjee, 2021).

While financial decisions are an obvious way to exam-
ine self-reported risky behaviors, risk tolerance also can
be tested across other domains. One measure often used
to study self-reported risk attitudes is the Domain-Specific
Risk-Taking (DOSPERT) Scale, which assesses risk percep-
tions and behaviors across several domains (Weber et al.,
2002). Roalf et al. (2012) found that older adults had less
self-reported risk-taking attitudes and behaviors compared
with younger adults in health/safety, recreation, and social
domains. However, they found no age difference for financial
or ethical behaviors. In contrast, also using the DOSPERT,
Rolison et al. (2014) found that increased age was associated
with less risky behavior for all domains, including financial
and ethical, although the age-related trajectories of change
were dependent on the specific domain. Thus, it appears
that based on self-report measures, older adults report
lower risk tolerance than younger adults across several, if

not all, domains. This is further corroborated by a recent
meta-analysis of longitudinal self-report data that finds a
decreased propensity to take risks with increasing age that
is not domain-specific (Liu et al., 2022).

Ambiguity intolerance

Ambiguity intolerance refers to the tendency to perceive
ambiguity as negative and/or threatening (Budner, 1962;
Frenkel-Brunswik, 1948). While originally synonymous
with uncertainty intolerance, which focuses on behaviors
that attempt to avoid uncertainty in the future, ambiguity
intolerance refers to perceptions of, and reactions to, ambi-
guity in the current moment (Grenier et al., 2005). On the
other end of the spectrum, ambiguity tolerance is the ten-
dency to perceive ambiguous situations as desirable and/or
challenging. An individuals’ degree of tolerance/intolerance
for ambiguity can be assessed through self-report measures,
which ask participants to report their comfort level during
various ambiguous situations (see Furnham & Ribchester,
1995 for a review).

To date, no studies have investigated age-related changes
to self-reported ambiguity intolerance. If we believe that
older adults report dealing with ambiguity similarly to
uncertainty more generally, it may be the case that ambigu-
ity tolerance increases with age. Alternatively, while there
may be less ambiguity in older adults’ lives, because they are
used to having less ambiguity, it may impact their decisions
even more severely. Then again, because self-reports of risk
tolerance suggest older adults are less willing to accept risk,
older adults also may perceive ambiguity as more negative.
However, due to the absence of evidence in this area, we
must rely on findings from behavioral work to compare how
older and younger adults respond to situations of ambiguity.

Behavioral

Despite robust age-related decline seen across many facets
of cognition (Park & Reuter-Lorenz, 2009), how older adults
respond to risk does not appear to follow this general trend.
In behavioral studies, risky decision making often is tested
in the laboratory by asking participants to choose between
two or more hypothetical choices, often with varying lev-
els of risk. Because the literature is mixed, findings from
meta-analyses, which use evidence across several independ-
ent studies, and large-scale studies are helpful in determin-
ing if there is an effect. In a meta-analysis with 29 studies
(N =4,093), Mata et al. (2011) found no overall difference
between younger and older adults in description-based (i.e.,
not experienced) risky decision making. Moreover, using
survey data from an extremely large sample (N = 147,118)
across the world, Mata et al. (2016) found only a small
age-related difference in propensity for risk taking such
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that older age is associated with slightly less risk-taking.
A follow-up meta-analysis by Best and Charness (2015; N
= 3,232), which examined choices between risky and sure
outcomes, also found age differences for positively, but not
negatively, framed items such that older adults were less
risk-seeking. This trend also was observed in a large sam-
ple by Rutledge et al. (2016; N = 25,189); they found a
small age-related difference in risk-taking for gains, but not
losses, when choosing between safe and risky options where
older adults were once again less likely to choose the risky
option. Thus, it appears as though there may only be slight
age-related changes in risky decision making, which may be
limited to the positive domain.

Yet, it is unlikely that these findings reflect the whole
story. These meta-analyses incorporate mixed evidence
concluding there is little to no overall age effect on risky
decision making overall. There are indeed many instances
where more moderate differences have been documented.
In this section, we describe three cases where age-related
differences in decision making do arise—decisions under
certainty, ambiguity, and from experience—and how uncer-
tainty plays a role in each.

Certainty

Certainty appears to play a special role in cognition. Both
inside and outside of the laboratory, there are instances when
an individual must make a choice between one option that
is the safe, sure option where the outcome is known and
another that is uncertain. Mather et al. (2012) found that
decision making did not differ between younger and older
adults when given two risky options, but performance did
diverge for decisions between one risky and one certain
outcome. That is, older adults were more risk averse in the
gain condition (greater preference for sure gains) and more
risk seeking in the loss condition (greater avoidance of sure
losses), showing a stronger “certainty effect” than younger
adults (Mather et al., 2012). This implies that older adults,
compared with younger adults, may give greater negative
weight to potentially uncertain outcomes when making deci-
sions. These findings would also explain why Rutledge et al.
(2016), which compared certain and uncertain outcomes,
indeed found an age-related difference, albeit small, such
that older adults were more risk averse than younger adults
for potential gains. Moreover, this finding has been repli-
cated by O’Brien and Hess (2019), who also found that older
adults were more likely to avoid a sure loss compared to
younger adults. Thus, it seems (un)certainty is highly impor-
tant for age-related differences in decision making.

One potential explanation for this preference for certainty
in older age is due to the increased cognitive resources
required to process uncertainty (O’Brien & Hess, 2019;
Pachur et al., 2017; Zilker et al., 2020). According to this
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hypothesis, individuals who have less cognitive resources
may opt for the sure option more often due to decreased
complexity. Indeed, Pachur et al. (2017) found evidence in
support of this with an association between cognitive abil-
ity and the processing of probability information such that
better cognition in older adults was related to higher deci-
sion quality in the loss domain. Further support comes from
Zilker et al. (2020), who found that by reducing option com-
plexity, thereby lowering the cognitive demand required for
the task, age-related differences in risk attitude disappeared.

Ambiguity

Overall, humans tend to dislike ambiguity, that is, outcomes
with unknown probabilities, and tend to choose non-ambig-
uous options more often than those that are ambiguous.
This is referred to as “ambiguity aversion.” The existence
of age-related differences in ambiguity are not yet clear.
For example, Tymula et al. (2013) tested varying degrees of
ambiguity and found that ambiguity aversion occurred for
both younger and older adults for potential gains, but only
in older adults for potential losses. Furthermore, Sproten
et al. (2018) found that while ambiguous gambles are chosen
less often than risky gambles for both older and younger
adults, older adults were more likely than younger adults to
gamble under ambiguity, demonstrating less ambiguity aver-
sion. Thus, older adults appear to show ambiguity aversion
in both positive and negative domains, but may do so to a
less extent than younger adults. This may be related to cog-
nitive resources—more ambiguity means more uncertainty,
but it also means that there is less information to process,
making these options easier to work with.

One of the most popular ways to study ambiguity is using
the Iowa Gambling Task, which starts with ambiguous
choices where the probabilities of outcomes are unknown
but uncertainty is reduced through experiential sampling so
that choices eventually reflect risky decisions. Wood et al.
(2005) found that older adults do learn to perform optimally
on this task but may use different strategies than younger
adults. They found that older adults apply equal weights
to gains and losses, where younger adults are more influ-
enced by the losses. This follows a shift from growth pro-
motion to loss prevention seen in older age, where there is
a decreased sensitivity to expected value (Chen et al., 2014;
Weller et al., 2011). Additionally, older, but not younger,
adults’ choices are dependent on recent experience, rather
than the maximum expected value (Wood et al., 2005). This
may be because it requires less memory capacity, a com-
mon characteristic of older adults, to remember only the
most recent events, as opposed to all of the previous expe-
riences in the task. Zamarian et al. (2008) also found that
while older and younger adults perform similarly on a risky
decision-making task (i.e., probabilities are known), older
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adults show poorer performance than younger adults on the
Iowa Gambling Task, where they must learn the outcomes
over time to reduce ambiguity. This may be due in part
to age-related deficits in learning abilities (see Decisions
from Experience for more detail). There also appears to be
substantial individual differences in older adults’ ability to
handle ambiguity as between 25% and 40% of older adults
show impairments on the lowa Gambling Task, whereas the
rest remain unimpaired (Denburg et al., 2005, 2006, 2007).
Taken together, older adults seem to avoid ambiguity less
than younger adults, but they are not necessarily better at
dealing with (or learning from) that ambiguity.

Decisions from experience

Just like in the Iowa Gambling Task, there are many cases
in real-world decision making where an individual starts
off with a great deal of ambiguity about outcomes, but over
time, learns about the likelihood of those outcomes and
that alters their subsequent decisions. Through this pro-
cess of experiential sampling, the amount of uncertainty
is reduced. Whereas the Mata et al. (2011) meta-analysis
reported no age-related differences decisions from descrip-
tion, as described above, they did find age-related differences
in risky behavior for decisions from experience, although the
specific direction of these effects was task dependent. This
is likely related to the finding that learning from probabilis-
tic feedback slows with age (Lighthall et al., 2013; Seaman
et al., 2014, 2015). Thus, it is perhaps unsurprising that age-
related differences are found in decisions from experience,
that is, those where the outcomes are experienced, rather
than just described.

Eppinger and Kray (2011) have posited that these changes
in learning may reflect age-related deficits in the ability to
build representations of ambiguous outcomes. Furthermore,
neural representation of the prediction errors during proba-
bilistic learning is reduced in older adults (Samanez-Larkin
et al., 2014). This contrasts with the representation of reward
outcome, which does not require learning, and was found
to remain stable across adulthood. Using computational
modeling, Nassar et al. (2016a, b) more broadly proposes
that this deficit is due to an insufficient representation of
uncertainty in older adults and a diminished capacity to use
uncertainty to learn.

When considering age-related differences in decisions
from experience, it is important to recognize that older
adults have lived longer and thus have had more experiences
than individuals younger than them. This means that when
older adults make decisions from experience, there may be
less reliance on learning because they are more likely to have
encountered similar situations in the past. Having repeated
experiences also may decrease levels of uncertainty such

that older adults experience less uncertainty than a younger
adult in their position, even for the same event.

Neuroscience

When examining the neural mechanisms of uncertainty,
this is primarily done in the context of prediction error.
Prediction error refers to the neural response that occurs
when there is a discrepancy between expected and actual
outcomes (Schultz, 2015; Schultz et al., 1997). Positive pre-
diction error occurs when an event is better than predicted,
whereas negative prediction error occurs when an event is
worse than predicted. For both types, the larger the error, the
larger the difference between expectation and reality. Pre-
diction error also is scaled by outcome uncertainty (Tobler
et al., 2005). That is, uncertainty, such as the variability in
possible outcomes, modifies the magnitude of the predic-
tion error. Under conditions of high uncertainty, prediction
error is larger, whereas under conditions of low uncertainty,
prediction error is smaller. Prediction error is at its largest
the first time a person encounters something unexpected.
However, through learning and experience, as they come to
know what to expect, this reduces prediction error. Predic-
tion error often is modeled through reinforcement learning
models and is used to examine how errors influence subse-
quent decisions and maximize rewards (Chowdhury et al.,
2013; O’Doherty et al., 2003).

Evidence suggests that prediction error originates in the
dopaminergic neurons of the midbrain but can be observed in
regions in which there are dopamine projections, including
the ventral striatum and medial frontal cortex (D’Ardenne
et al., 2008; Schultz, 2007). Prediction error in the brain can
be detected by tracking levels of dopamine, as well as other
neuromodulators, such as noradrenaline and acetylcholine,
all of which are affected by aging. Experts also use neu-
roimaging techniques, such as fMRI and EEG, to quantify
prediction error. In this section, we review the literature of
age-related changes in prediction error in specific neuro-
modulators and across multiple methods.

Dopamine

Scientists have long known that dopamine is related to
reward processing. After initially testing the activity of
dopamine neurons in nonhuman primates and eventually
humans, they found that providing a reward causes dopa-
mine neurons to fire (Schultz et al., 1997). However, they
found that it was not just the reward itself being coded but
rather the deviation, or error, between the expected and
actual reward (Montague et al., 1996; Schultz et al., 1997).
The idea that this change in dopamine activity, which occurs
as a function of prediction error, is referred to as the reward
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prediction error theory of a dopamine function (Schultz
et al., 1997, 2015).

There is substantial evidence that during normal aging,
there is a marked loss in dopamine receptors (i.e., D1 and
D2) and transporters (i.e., DAT; Juarez et al., 2019; Karrer
et al., 2017; see Braver & Barch, 2002 and Bickman et al.,
2006; 2009 for reviews), leading to the dopamine hypothesis
of aging. In its strongest form, this hypothesis suggests that
age-related changes in cognition are mediated by age-related
changes in dopamine function, and this hypothesis has been
extended to prediction errors. Specifically, age-related dif-
ferences in prediction error, especially during reinforcement
learning, are thought to be a result of age-related decline
in dopamine function (Eppinger et al., 2013; Hammerer &
Eppinger, 2012; Nieuwenhuis et al., 2002). In support of this
idea, increasing dopamine through pharmacological interven-
tion (i.e., administration of L-DOPA) is associated with greater
prediction error in younger adults (Pessiglione et al., 2006) and
restored prediction errors in older adults (Chowdhury et al.,
2013). As a result, many believe that age-related changes in
dopamine functioning lead to the age deficits observed in rein-
forcement learning, which are particularly pronounced under
conditions of uncertainty (Eppinger et al., 2011). However,
the original hypotheses about large age-related declines in
dopamine function were built on small, cross-sectional stud-
ies (Karrer et al., 2017). It is notable that more recent studies
with larger sample sizes (Seaman et al., 2019) and longitudinal
samples (Karalija et al., 2022) have estimated much smaller
age-related decreases of dopamine in the striatum, a region
associated with prediction errors (D’Ardenne et al., 2008;
Schultz, 2007).

Of note, some studies have examined the direct effect of
periods of uncertainty on levels of dopamine, rather than
using prediction error as a proxy. This work has found that
reward uncertainty is correlated with gradual activity in
dopaminergic midbrain neurons (Fiorillo et al., 2003) that
is distinct from dopamine responses to reward and reward-
prediction (Schultz, 2007). However, there is substantially
less research in this area and prediction-error is far more
commonly studied regarding uncertainty.

Noradrenaline

Noradrenaline (also known as norepinephrine) is a neuro-
transmitter primarily associated with arousal but is thought
to also play a role in related processes, such as attention,
sleep, motivation, and stress. During states of arousal,
noradrenaline is released from the locus coeruleus, where it
is created and distributed to the cortex through axonal pro-
jections (Berridge & Waterhouse, 2003). Recent evidence
suggests that situations with uncertainty lead to increased
levels of arousal and thus noradrenaline (Lavin et al., 2014;
Preuschoff et al., 2011). Yu and Dayan (2005) found that
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the reverse also is true such that by experimentally increas-
ing noradrenaline, the degree of uncertainty also increased.
They further specify that noradrenaline neuronal activity is
specifically related to unexpected, as opposed to expected,
uncertainty (Dayan & Yu, 2006; Yu & Dayan, 2005). This
increase in noradrenaline may be related to learning from
decision making. For example, Devauges and Sara (1990)
found that a noradrenaline agonist, which increases the fir-
ing rate of noradrenaline, improved the speed of learning
rule changes in rats. Noradrenaline also may play a major
role in decisions of whether to explore vs. exploit (Aston-
Jones & Cohen, 2005). Exploration occurs when uncertainty
(particularly unexpected uncertainty) is high, such as when
someone may be unsure about the state of their environ-
ment or when things are volatile. This may lead them to
explore to better understand what has (or has not) changed
to optimize their decisions. In contrast, exploitation occurs
when uncertainty (particularly unexpected uncertainty) is
low. Here, an individual has already figured out the environ-
ment and knows what the best option is to maximize reward.

Like dopamine, there are significant age-related
changes in the noradrenergic system (Grudzien et al.,
2007; Mitsis et al., 2009; Wilson et al., 2013). Specifi-
cally, there are structural and functional changes to the
locus coeruleus, which result in reduced noradrenergic
neuron activity (Berridge & Waterhouse, 2003; Mather
etal., 2016). There also is an age-related decrease in con-
nectivity between the locus coeruleus and the frontopa-
rietal networks (Lee et al., 2018). Some hypothesize that
the deficit in older adults’ ability to learn under conditions
of uncertainty may be linked to the function of the locus
coeruleus-norepinephrine system. However, this has yet
to be tested empirically (Nassar, Bruckner, & Eppinger,
2016a).

Acetylcholine

Acetylcholine is a neuromodulator that has been associated
with arousal and various cognitive functions including atten-
tion, learning, and memory (for a review, see Hasselmo &
Sarter, 2011). It has been found to be linked to situations
where there is expected uncertainty (Phillips et al., 2000; Yu
& Dayan, 2005). Both human and animal work suggests that
cholinergic responses are scaled by the degree of uncertainty
and thus are important for computing prediction error and
learning from feedback (Hangya et al., 2015; Puigbo et al.,
2020). Similar to what was found with levels of noradrena-
line, Phillips et al. (2000) found that increasing acetylcho-
line in rodents altered uncertainty-seeking behaviors, such
as choosing to explore or exploit. Yu and Dayan (2005) then
tested this effect in humans and found that acetylcholine was
indeed released during conditions of expected, but not unex-
pected, uncertainty. Thus, it appears that while noradrenaline
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and acetylcholine play similar roles in dealing with uncer-
tainty, noradrenaline is associated with unexpected uncer-
tainty, whereas acetylcholine is linked to expected uncer-
tainty. Furthermore, Yu and Dayan (2005) hypothesized that
the noradrenergic and cholinergic systems interact during
conditions of uncertainty and that acetylcholine might set
the threshold for noradrenaline signaling. Other work sug-
gests that acetylcholine may mediate dopamine signaling by
increasing firing rates (Belkaid & Krichmar, 2020; Naudé
et al., 2016). Thus, the cholinergic system may influence
uncertainty in more ways than one, including the modula-
tion of other neuromodulators.

The cholinergic system is related to aging such that during
normal aging, there appears to be a gradual decline in cho-
linergic functioning (Schliebs & Arendt, 2006, 2011). A loss
of cholinergic neurons in the basal forebrain has also been
identified, which becomes more substantial during diseases,
such as Alzheimer’s or related dementias. According to the
cholinergic hypothesis, this decrease in acetylcholine may, in
part, cause the decline in learning and memory typically seen
in dementia (Bartus et al., 1982; Dumas & Newhouse, 2011).
However, it is likely a combination of these neuromodulators
contribute to the documented age-related differences.

Functional magnetic resonance imaging

In what is called the “affect-integration-motivation” (AIM)
framework, Samanez-Larkin and Knutson (2015) propose
the specific brain regions and neural circuits that work
together to promote choice. According to AIM, positive
affective responses (i.e., the anticipation of gains) are associ-
ated with the dopamine neurons of the ventral tegmental area
(VTA) that project to the nucleus accumbens and the rest
of the ventral striatum. Negative affective responses (i.e.,
the anticipation of losses) are related to the noradrenergic
neurons of the locus coeruleus that project to the anterior
insula. These dopaminergic and noradrenergic neurons then
send signals to the medial prefrontal cortex (mPFC), where
responses can be integrated with information from other
sources. Finally, these neurons provide the motivation to
act through projections into the premotor areas—primarily
through glutamatergic neurons (Samanez-Larkin & Knutson,
2015). Because of the significant role the dopaminergic and
noradrenergic pathways play in prediction error, as described
previously, uncertainty is likely to be represented in the sig-
nals of both the affect and integration components of the
AIM framework.

Functional magnetic resonance imaging (fMRI) evidence
supports the idea that prediction error responses are associ-
ated with these brain regions, often measured via blood-oxy-
gen-level-dependent (BOLD) signal. For example, BOLD
activity in the VTA—a hypothesized source of dopamine
for affective responses—and the ventral striatum—one of

the primary targets of dopaminergic projections for affective
responses—have indeed been found to be related to posi-
tive prediction error (D’Ardenne et al., 2008; Jocham et al.,
2011; Pessiglione et al., 2006). Further evidence suggests
that BOLD activity in the ventromedial prefrontal cortex
(vmPFC)—an area proposed to be associated with response
integration—also is correlated with reward prediction error
(Jocham et al., 2011). Similar relationships have been found
in the noradrenergic system between BOLD activity in the
anterior insula and prediction error in the negative domain
(Fazeli & Biichel, 2018). These findings support the idea
that uncertainty, at least when measured via prediction error,
may influence the affect and integration processes used dur-
ing decision making.

Two notable studies have shown age-related differences in
the neural representation of prediction error such that older
adults have reduced BOLD activity in both the ventral stria-
tum and the vmPFC (Eppinger et al., 2013; Samanez-Larkin
et al., 2014). Chowdhury et al. (2013) found irregular rep-
resentation of expected reward in the nucleus accumbens of
older adults, which led to an incomplete prediction error, in
older, but not younger, adults. They also found that replace-
ment of dopamine in low baseline dopamine older individu-
als restored prediction errors. This age-related reduction in
prediction-error representation seems to be independent of
neural representation of the reward outcome (Samanez-Lar-
kin et al., 2014) and subjective value (Seaman et al., 2018),
which do not reliably differ between older and younger
adults.

Electroencephalogram

Scientists also use electroencephalogram (EEG) to study
electrical activity on the scalp that corresponds to specific
events or stimuli—that is, an event-related potential (ERP).
In the context of uncertainty, one of the major responses
that occurs is error-related negativity (ERN). Like prediction
error, the ERN is elicited in the brain when an individual
sees an outcome, such as a gain or loss, that is different than
expected (Holroyd & Coles, 2002). Thus, it can be used as
a proxy to study the neural underpinnings of uncertainty,
especially unexpected uncertainty and volatility, where the
reward or outcome is continuously changing. The ERN is
also heavily dependent on the mesencephalic dopamine
system and is thought to originate in the anterior cingulate
cortex (ACC) of the medial prefrontal cortex (mPFC), which
is proposed to have variety of functions regarding error pro-
cessing including signaling unexpectedness, predicting the
likelihood of outcomes, detecting volatility, and processing
feedback from learning situations (Holroyd & Coles, 2002;
see Alexander & Brown, 2011 for a review).

As mentioned in previous sections, dopamine function-
ing deficits in older age have consequences for cognitive
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processing, especially learning (Backman et al., 2006, 2010;
Braver & Barch, 2002). In studies that have examined age-
related differences in ERN, older adults showed reduced
ERN responses (Eppinger et al., 2008; Mathalon et al., 2003;
Niessen et al., 2017; Nieuwenhuis et al., 2002). According
to Eppinger and Kray (2011), this may be due to a reduced
ability to create representations of ambiguous outcomes. In
concordance with Nieuwenhuis et al. (2002)’s account of
altered error processing in older age, older adults also learn
less from the errors that elicit ERNs. This also is found in
feedback-related negativity responses (FRN), which reflect
a prediction error to feedback, rather than reward (Miltner
et al., 1997). Older adults similarly demonstrate reduced
responses and deficits in learning from these types of feed-
back-related errors (Eppinger et al., 2008). Collectively, the
neuroscience evidence suggests that older adults may have
lower magnitude and/or less precise neural representations
of uncertainty, which contribute to the age-related differ-
ences in learning and decision-making behavior described
above.

Intersection of perspectives

We find evidence across the four perspectives that uncer-
tainty influences decision making in aging adults. From a
theoretical lens, we see that during older age, goals often
shift toward more social and emotional priorities and/or
with an increased focus on loss avoidance. How these goals
are implemented also changes, often necessitating the use
of compensatory mechanisms to optimize achievement.
While there is a lack of evidence from self-reported uncer-
tainty intolerance in an aging context, because older adults
have been found to experience less worry and demonstrate
increased use of positive emotion regulation strategies,
they may avoid conditions of uncertainty less than their
younger counterparts. Thus, with less time left, older adults
may be experiencing less uncertainty in general, although
when it is present, it may cause increased problems. Behav-
ioral work indicates that certainty, and therefore uncer-
tainty, impacts decisions, as shown by older adults yielding
a stronger certainty effect than younger adults. However,
the remaining evidence suggests that the effects of uncer-
tainty may depend on how it is manifested—i.e., conditions
of risk and ambiguity do not appear to impact older adults
in the same way. Neuroscientific data suggest that any dif-
ferences that do arise may be related to a change in uncer-
tainty representation and/or neuromodulatory functioning.

When we look specifically at risk, self-report and behav-
ioral data appear to be in conflict. While self-reported risk
tolerance has been seen to decrease (i.e., older adults report
being less risk tolerant across most, if not all, domains), there
is little evidence for age-related changes in risky behavior seen
in the laboratory (Frey et al., 2021). Therefore, although older
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adults may report taking less risks in later life, they appear to
be making similar decisions to younger adults, at least when
tested in the laboratory. It may be the case that older adults
are less accurate in their self-reports, thereby indicating that
they are less risk tolerant than they are. Alternatively, the risky
decision-making tasks used in the laboratory may not be sensi-
tive enough to detect differences in how individuals take risks
in their everyday lives (e.g., with their financial portfolios).

Nonetheless, ambiguity has been seen to yield age-related
differences in behavior. This is likely related to learning,
which often is required to reduce ambiguity of situations and
is found to be impaired with increased age. Thus, learning
deficits often seen in later life may give rise to the differ-
ences in choice behavior under conditions of uncertainty.
This is further supported by neuroscientific evidence—that
is, neuromodulatory functioning that supports learning also
decreases with age. Alas, because self-reported tolerance
for ambiguity has not been studied within older adults, we
are unable to compare behavioral evidence of ambiguity
aversion to that of self-reported ambiguity intolerance. It is
possible that the same discrepancy between self-report and
behavioral evidence arises for ambiguity that is seen for risk.

Lastly, it is important to note the strong likelihood that
the association between uncertainty and aging is valence-
specific—that is, different for positive (i.e., gains) and nega-
tive (i.e., losses) outcomes. There is substantial evidence
that finds enhanced emotional processing abilities (e.g.,
attention, memory) for positive, compared with negative,
information in older age, in what is called the “the positivity
effect” (Mather & Carstensen, 2005; see Reed et al., 2014 for
a meta-analysis). Thus, this change may explain why some
of the evidence described in this review was not consistent
for both gains and losses. For example, the evidence that
older adults show a small decrease in risky behavior was
only the case for positively framed items. Whereas younger
adults tend to focus only on losses when learning from ambi-
guity, older adults use a different strategy—similarly weight-
ing both gains and losses. Furthermore, reductions in both
affective and neural sensitivity have been found for loss, but
not gain, anticipation in older adults (Samanez-Larkin et al.,
2007), which may be a result of valence-specific, age-related
changes in neural circuitry (Samanez-Larkin & Knutson,
2015). Collectively, these studies suggest that there may
be preferential processing of gains compared with losses,
but more research is needed to clarify the magnitude of this
difference.

Future directions

In this review, we have described evidence of the influ-
ence of uncertainty on decision making in the aging brain.
However, several unanswered questions remain. Below,
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we describe a few areas that we feel are understudied
with regards to uncertainty, aging, or both and would be
particularly beneficial to the field.

Prospection

People often use episodic simulations of possible events
to make predictions about the future, create goals, plan
actions, and make decisions. The group of processes
related to future thinking is called prospection. This
includes processes such as predicting future feelings (i.e.,
affective forecasting) or imagining the future (i.e., epi-
sodic future thinking). These prospective abilities appear
to be important for mental health, with inaccurate predic-
tions of the future related to more negative well-being and
poorer mental health outcomes (MacLeod, 2016; Roepke
& Seligman, 2016). Prospection also plays an impor-
tant role in decision making such that the anticipation
of future motivations, emotions, and cognitive processes
may influence the subjective value given to each choice
(Pezzulo & Rigoli, 2011). Assumably, uncertainty about
the future plays a major role in these prospection pro-
cesses. [t may be the case that uncertainty makes prospec-
tion more challenging as individuals need to simulate a
greater number of potential future outcomes and actions.
As a result, increased uncertainty could result in less
accurate prospection.

In older age, some prospection abilities have been
seen to remain constant, or even improve, whereas other
abilities decline. For example, older adults’ predictions
of future feelings are just as accurate (Kim et al., 2008)
or even better (Nielsen et al., 2008; Scheibe et al., 2011)
than younger adults. Coupled with older adults’ rela-
tive preservation of emotional processing (see Mather,
2012 for a review), the hypothesized decline in levels
of uncertainty in older age, discussed in earlier sec-
tions, may partially explain the absence of an age-related
decline in affective forecasting accuracy. However, older
adults’ episodic future thoughts have been found to be
less detailed and specific compared with their younger
counterparts (Addis et al., 2008). Because of an estab-
lished link between remembering the past and imagining
the future (Schacter & Madore, 2016), episodic memory
deficits seen in older adults may cause increased uncer-
tainty in the past representations. This could then lead to
increased uncertainty, and thus less specificity, about the
future. Nevertheless, there is relatively little research in
this area. Future work should examine how older adults
may differ from younger adults in how they use prospec-
tion when making decisions and what role uncertainty
plays in these processes.

Domain-specificity

The majority of extant decision-making research focuses
on financial decision making. This is due to the quantita-
tive nature of these decisions, as well as their ability to be
adapted to a laboratory task and setting. Evidence from the
domain-specific risk-taking scale (DOSPERT) suggests that
risk perception and risk-taking behavior depends on the type
of decision an individual is making (Blais & Weber, 2006;
Shou & Olney, 2020). This may be especially relevant for
uncertainty, which may arise from different sources depend-
ing on the domain. For example, for social decisions, the
uncertainty primarily lies in what other people may be feel-
ing and how they may act. In contrast, for health decisions,
the uncertainty may come from the potential outcomes of
a medical procedure, which might include some with very
serious consequences (e.g., death). Thus, this uncertainty
might differentially affect decisions across distinct domains.
Evidence suggests that this divergence in risk perception
between domains continues into older age, with unique age-
related trajectories for each domain (Rolison et al., 2014).
They found that risk-taking tendencies for financial and social
decision making declined rather steeply, whereas decreases in
health and ethical risk-taking behavior occurs more gradually.
Additionally, Hanoch et al. (2018) found age-related differ-
ences in medical decision making, with less passive risk taking
and a lower likelihood to accept medical treatment. Yet, this
work is typically done using the DOSPERT or related self-
report methods. While there is some evidence that subjective
measures of risk behavior may predict risk behavior, this may
not be true when ambiguity is introduced (Rolison & Pachur,
2017). Therefore, because uncertainty may cause self-report
measures to be less predictive of behavior, and thus less reli-
able, it is imperative to look closer at the role uncertainty plays
both across the lifespan and in domains other than financial.

Multiple options

Many of the tasks used to study decision making in the labo-
ratory use between two and four choices, each with a limited
number of outcomes. Yet, in the real world, the number of
options to choose from drastically increases in most situa-
tions. For example, when choosing a medical treatment plan,
there often are several options to consider, each with their
own advantages and disadvantages. Additionally, for each of
the possible choices, there are various potential outcomes.
This yields a tremendous amount of uncertainty. In what
is frequently called “choice overload” or “the overchoice
effect,” individuals, somewhat paradoxically, appear to dis-
like having too many options (Chernev et al., 2015; but see
Scheibehenne et al., 2010). Research shows that in situations
with choice overload, people have higher negative emotions
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and lower motivation and satisfaction (Chernev et al., 2015;
Iyengar & Lepper, 2000; Schwartz et al., 2002).

However, older adults have been seen to show less of the
negative consequences of choice overload compared with
younger adults and adolescents (Misuraca et al., 2016). This
may be due to the higher level of experience and knowledge
that older adults possess. One study found that only individu-
als with low, but not high, knowledge about retirement and
investing were negatively affected by having too many options
(Morrin et al., 2012). Additionally, there is evidence that
increased uncertainty and number of choices increases com-
plexity and therefore will require more cognitive resources
(Cherney et al., 2015; Scheibehenne et al., 2010). While one
may assume that this may make the task even more difficult
for older adults, a number of studies have found that older
adults often use different, often simpler, strategies when mak-
ing decisions to avoid depleting cognitive resources (Mata
et al., 2007; Tanius et al., 2009). However, the absence of
overchoice effect in older adults is understudied and not yet
understood. Research in this area will help us to understand
under what conditions older adults make the best decisions
that lead to the most satisfaction and least amount of regret.

Conclusions

We reviewed how uncertainty about probabilistic outcomes
manifests in older age by using evidence across four perspec-
tives: theoretical, self-report, behavioral, and neuroscientific.
Taken together, the evidence from the theoretical accounts
and self-report measures indicate that uncertainty is likely
reduced and/or avoided less in older age, although it may
be particularly harmful to goal optimization when uncer-
tainty does arise. While self-report studies indicate that older
adults are less risk tolerant than their younger peers, meta-
analyses on behavioral data suggest that there are little to
no overall age-related changes to risky decision making. In
contrast, there appears to be substantial behavioral evidence
of age-related differences for other types of uncertainty, such
as conditions of ambiguity and decisions from experience,
both of which are likely related to deficits in learning that
accompany aging. According to the neuroscientific evidence,
older adults may have lower magnitude and/or less precise
neural representations of uncertainty, which may stem from
age-related changes to the neuromodulatory system and
contribute to these age-related differences in learning and
decision-making. Across all four perspectives, there is sup-
port for the idea that positive and negative outcomes may
yield distinct choice patterns across the adult lifespan, which
should be considered when interpreting related work. Future
work that focuses on prospection, domain-specific decisions,
and many choice alternatives may help us to better under-
stand how uncertainty affects decision making in the aging
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brain. More broadly, research in this area will help to explain
how the aging population, despite having limited time and
cognitive resources remaining, are able to make decisions
under conditions of uncertainty.

Funding The funding source did not support the research since it was
a review article, but both authors are partially paid by this grant [NSF
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