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Stress and Decision Making: Effects on
Valuation, Learning, and Risk-taking

Anthony J. Porcelli

Department of Psychology, Marquette University, Milwaukee, W1

Mauricio R. Delgado
Department of Psychology, Rutgers University, Newark, NJ

A wide range of stressful experiences can influence human decision making in complex ways beyond the simple
predictions of a fight-or-flight model. Recent advances may provide insight into this complicated interaction,
potentially in directions that could result in translational applications. Early research suggests that stress
exposure influences basic neural circuits involved in reward processing and learning, while also biasing decisions
toward habit and modulating our propensity to engage in risk-taking. That said, a substantial array of theoretical
and methodological considerations in research on the topic challenge strong cross study comparisons necessary
for the field to move forward. In this review we examine the multifaceted stress construct in the context of
human decision making, emphasizing stress’ effect on valuation, learning, and risk-taking.

Express to anyone that you are ‘stressed’ and you are likely to receive some commiseration, a perception of
understanding that belies a more complex reality. As a construct stress is amorphous, easily identified but
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difficult to define, its nature varying by circumstance and individual. Similarly nebulous can be a decision
maker's grasp of cognitive computations involved in large and small daily life choices, so often made under
stressful conditions. Therefore, it should come as no surprise that exploring the relationship between the two
poses a particularly thorny methodological puzzle. The emergence of the discipline of neuroeconomics,*
coupled with knowledge gained by decades of research on the influence of stress on learning and memory

(e.g.,%), have promoted a surge of attention to this very question. While significant advances have been made,
the growing literature on stress and decision making (DM) in humans is far from internally consistent. To move
toward reconciliation, and in a translational direction, it is important to understand methodological differences

that challenge cross-study comparisons. In this review, we explore stress effects on DM-related processes
focusing on valuation, learning, and risk-taking.

The stress construct

Stress has classically been defined as ‘the non-specific response of the body to any demand for change’, an
adaptive homeostatic function.2 It is associated with parallel activation of two biological systems: the quick-
acting sympathetic-adrenal-medullary (SAM) axis, and the slow-acting hypothalamic-pituitary-adrenal (HPA) axis
4 Sympathetic nervous system reactivity and associated catecholamine (e.g., nor/adrenaline) release
promote peripheral excitation that quickly returns to baseline (i.e., the ‘fight-or-flight’ response®).

Concurrent brainstem signals of homeostatic disruption trigger HPA activation and corticosteroid release at a
slower pace. Yet, this characteristic description does not convey wide-ranging individual differences based on
stressor used (e.g., physiological or psychological) or stressor timing (e.g., when applied and exposure duration),
and associated central/neuroendocrine dynamics. Across studies, variability in stress operationalization along

these lines has contributed to inconsistencies in the stress-DM literature.

Differences in stressor timing can be conceptualized as an interaction between (at least) three factors: stress-to-
task latency, stressor duration, and exposure across the lifespan. Given the different timelines of HPA/SAM
reactivity, carefully calibrating stress-to-task latency is critical to link experimental outcomes with SAM and/or
HPA physiology. For instance, a few minutes’ difference in latency may be sufficient to influence stress effects
on risk-taking.® Similarly, stressors that are repeated or occur long-term (chronic) but not those of short-term
duration (acute) have been associated with structural changes in DM-related brain regions in rats’ and humans.2
Stress effects on DM may also differ based on lifespan phase of the individual.2 Adolescents exposed to early life
stress, for example, are susceptible to changes in affective/motivational circuits typically involved in DM

(e.g., amyqdala, prefrontal cortex, and ventral striatum?°).

Stress-to-task latency is also an issue with respect to cellular and neuroendocrine dynamics. Much stress and
DM research has considered only slower genomic effects of cortisol after reaching peak levels, leading to
general adoption of designs involving long stress-to-task latency. Yet, both fast-acting catecholaminergic and
cortisol-based rapid non-genomic effects can influence brain function in DM-critical regions (e.g., prefrontal
cortex, amygdalall). It is noteworthy that as a class corticosteroids include not only glucocorticoids (e.g.,
cortisol) but also oft-overlooked mineralocorticoids (e.g., aldosterone), which have been linked to optimization
of explicit memoryretrieval.22 While stress-DM research is only beginning to explore the latter, evidence
suggests that mineralocorticoids play a central role in rapid non-genomic stress effects recently gaining
attention in the literature.t®

Another source of variability across studies of stress and DM is the type of stressor used. These can generally be
classified as systemic (i.e., physiological homeostatic disruptions like heat, pain, and cold), processive (i.e.,
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psychological or psychosocial), or systemic/processive hybrids. In terms of HPA/SAM activation, systemic
stressors are brainstem mediated whereas processive stressors require limbic system engagement (i.e.,
subjective identification of stimulus as threat'?). A related point is that certain stressors, such as those involving
social-evaluation or uncontrollability, tend to yield greater peripheral cortisol.*2 This highlights the importance
not only of stressor used but also individual differences in subjective appraisals of stressors as contributing
factors to variability across findings.

Beyond methodological issues related to stress operationalization, differential stress effects on specific DM
computations must be considered. While important and complex frameworks of DM computations have been
proposed (e.g.,:%), here we will focus on a simplified subset. Specifically, valuation (of anticipated or received
decision outcomes), learning (updating value based on experience), and risk-taking. Stress exposure may
modulate any/all of these processes, a proposal that emerging research supports at this early stage; however, it
is not always easy to identify the locus of stress’ effect.

Stress and valuation: reward-related processing

A central axiom of DM research rests on the principle that people act to approach rewards and avoid
punishments in their environment.t’ Thus, valuation of the appetitive/aversive nature of anticipated (or
received) decision outcomes is a likely candidate for stress’ modulation. Indeed, stress-altered sensitivity to
rewarding/punishing outcomes (e.g., primary, food; secondary, money) appears to play a role in development of
some pathologies including binge eating,2 pathological gambling,*2 and anhedonia in depression.2%2L Given
emerging evidence that valuation is a locus of stress’ influence on DM, can a synthesis of research outcomes be
reached accounting for methodological differences?

22,23 and

Initial evidence supports the idea that acute stress reduces sensitivity to rewards, including behavioral
neuroimaging studies highlighting an influence in regions including orbitofrontal cortex (OFC), medial
prefrontal cortex (mPFC), amyqgdala and striatum.24227 Consistent with this, there have been demonstrations
that chronic (i.e., cumulative early life) stress is associated with blunted ventral striatal reward responses in
adulthood.?8 Given methodological differences in stress-to-task latency and decision process (e.g., valuation at
anticipation/receipt) across studies, however, it is still early to claim that stress universally blunts reward

valuation.

Though reductions in reward-related responses have been observed using different stressors during anticipation
24.25 3and receipt, 222’ there are some disagreements. For example, one of these studies employed a methodology
that permitted exploration of stress effects as a function of decision process.2’ Enhanced responses associated
with reward anticipation were observed under stress, in contrast with prior studies.?4:2° A critical
methodological difference is that studies reporting increases at anticipation used a short stress-to-task latency
(i.e., immediately before task performance?%27), compared to studies employing a longer latency which led to
decreases.?*2° Thus, cross study comparisons show some consistency in results even with different stressors
applied, but are not conclusive given differing cellular and neuroendocrine dynamics associated with stress-to-
task latency.

Other recent behavioral research utilizing reinforcement-learning paradigms has demonstrated systemic and
processive acute stress effects seemingly opposed to blunted reward valuation. In these studies learning is
operationalized as improved choice after repeated positive/negative feedback, and was impaired for decisions
based on negative outcome feedback but enhanced for positive (i.e., rewarding) feedback.222% Thus, a
reasonable hypothesis is that ‘stress triggers increased reward salience’ (STARS2). The noteworthy STARS model
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is consistent with research linking stress and cortisol to increases in extracellular dopamine in rats in mPFC,
dorsal and ventral striatum,32:22 replicated in the human PET literature.22% This begs the question, however, of
how reports of blunted valuation for rewards but not punishments can be reconciled with STARS during
reinforcement-learning.%®

Beyond potential difficulty in directly comparing fMRI BOLD with PET/animal neurochemical results, it is
plausible that different processes were examined. For example, in reinforcement-learning increased reward
‘salience’ may represent enhanced retrieval of representations of previously learned reward associations rather
than enhanced valuation of rewards per se. Consistent with this interpretation, in one of the previously
discussed learning studies stress-blunted reward sensitivity was observed in early trials despite ultimately
enhanced reward-based performance.?2 Another possibility is that stress influences different components of a
reward outcome (e.g., the affective value, but not the information it convey3’) or impacts learning via reward
but not punishment.28 It is clear moving forward that novel experimental designs could focus on careful
manipulation of such factors to dissociate stress effects on the intertwined processes of valuation and learning.

Stress and learning: the role of habit

A logical next question relates to how stress might influence expression of previously learned outcomes.
Research across disciplines supports the idea that DM processes can be placed on a spectrum ranging from (1)
habitual, stimulus-bound, automatic, and less effortful, to (Il) goal-directed, flexible, controlled, more effortful
and resource-dependent.2®=2 As learning proceeds over time to establish strong and ingrained prior
expectations informing DM, might stress exposure bias choice toward those expectations and away from novel
but relevant information (i.e., a goal-directed to habit-based shift)? Consider, for example, how habitual an
elevator button press to one's floor at work becomes over time. If one day circumstances require a different
floor be chosen after a stressful experience, is a person more likely to choose the goal-directed or habitual
button?

Chronic stress may support a shift to habitual responding while promoting an insensitivity to novel goal-directed
contingencies. For instance, rats under chronic stress operantly conditioned to respond for two food rewards
tend to perseverate in responses associated with the devalued stimulus (classic devaluation studies would
suggest a reduction’). Structural neural changes in such animals are also observed, with atrophy in mPFC and
dorsomedial striatum (associated with goal-directed DM*2) but hypertrophy in the dorsolateral DM (associated
with habit-based DM*%). Taken together, these data suggest that a goal-directed to habit-based shift could
become a persistent change under chronic stress.

A nascent human literature involving acute stress using a similar devaluation approach based on primary
reinforcers converges with the above.#>4% Additionally, an analogous fMRI study involving exogenous
administration of hydrocortisone and the B-adrenergic antagonist yohimbe (to mimic combined HPA/SAM
engagement) yielded similar outcomes.*’ There, BOLDresponses in OFC and mPFC for devalued outcomes were
reduced and a perseverative DM pattern manifested. This implies a key interaction between DM and memory
processes, that synergistic HPA/SAM engagement may promote a goal-oriented to habit-based shift.? It is
notable that mineralocorticoids may also play a critical role.%®

Potential clues about underlying mechanisms can be drawn from well-developed human and animal literatures
on stress, learning, and memory. It has been proposed that under stress combined glucocorticoid/noradrenergic
activity promotes a mode of hippocampal memory formation by which stress-associated experiences are
strongly consolidated and ancillary systems brought offline,2° resulting in a shift in neural resources away from
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executive toward salience networks that enhance vigilance and fear.2! This converges with a rich literature on
stress-related impairment of prefrontal-based working memory linked to excess catecholamine release.2

In fact, greater working memory capacity serves as a protective factor against stress-related impairments in
model-based learning (a goal-directed form of reinforcement learning®®). Critically, stress-influenced brain
regions discussed earlier in valuation are consistent with prefrontal and dorsomedial striatum mediated goal-
directed processing.> It is plausible that valuation impairments may play a role in goal-directed/habit-based
shifts under stress (e.g., insensitivity to devaluation). That said, timing of stress exposure is likely to influence
which system informs DM most strongly,?8 as it is yet unclear how differing stress-to-task latencies may promote
or impair shifts on a goal-directed/habit-based spectrum.

Stress and risk-taking

Another prominent emphasis in stress-DM investigations is risk-taking, a critical issue given its prevalence in
stressful real-life contexts including medicine,® psychopathology,®® and financial investing.>’ Decision-makers’
likelihood to engage in risk varies greatly based on multiple decision-inherent features including uncertainty
(i.e., degree of information informing outcome predictability®t), framing of a decision (as a potential gain or
loss®?), and valuations of outcome valence, magnitude, and probability of receipt (also combined to compute
expected utility®9). As such, decisions involving risk-taking rely in part on stress-susceptible valuation/learning
processes and brain regions already discussed.®>=2 Though, little research has examined the neural substrates of
stress in this context necessitating focus on a growing behavioral literature.

Acute stress effects on risk-taking have yielded mixed results in decision making tasks under risk characterized
by explicit probabilistic information (e.g., 50% chance of $100). Multiple studies have reported risk-taking
increases when decisions are framed as potential financial gains,4625€ though longer stress-to-task latencies

have recently been shown to be a factor with respect to decisions under risk (i.e., greater risk taking
immediately after stress but reduced risk-taking 45 min later’). Other studies separating decisions under risk by
domain (gain/loss trials) are inconsistent. For instance, acute systemic stress applied in that context has led to
an exaggerated reflection effect (i.e., decreased risk-taking for gains but increases for losses) interpreted as a
stress-related shift toward habit-based DM.8 More recent processive stress studies also manipulating decision
frame yield different outcomes: reductions (rather than increases) in loss risk-taking and no effects during
gains.f%7 Beyond a systemic/processive stressor difference, other design elements may partially explain the
discrepancy in results. In the former,8 decisions were limited to two domains and equal expected values, a fast-
paced time-limited choice period, and a large number of trials. In the latter two,%2’° decision options were more
varied (i.e., gain/loss/mixed and several options), time to choose unlimited, and fewer trials offered, all which
reduced repetition and increased variability of choices. Thus, one possibility is that a fast-paced and repetitive
methodology promoted sensitivity to a stress-related habit-based shift in the first case whereas a slower-pace,
less repetition, and varied expected values in the second two may have promoted a more deliberative strategy
and enhanced salience of potential losses.

Compared to decisions based on explicit probabilistic information, in decision making tasks under ambiguity,
where such information is not available (e.g., X% of $100) results are different but more consistent. Specifically,
multiple studies have reported reduced risk-taking in stressed females but increases in males. This holds true
both whether risk-taking is financially disadvantageous (i.e., lowa Gambling Task’*’?) or advantageous
(Balloon Analgoue Risk Task’2:%4). While one study reported no stress/sex effects at all,*® early evidence appears
to support the proposal that in decisions made under ambiguity acute stress increases risk-taking in males while
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decreasing it in females. A potential explanation for this is that females may be more ambiguity averse in some
DM contexts,”® which could be exacerbated under stress.

While these early studies indicate that acute stress can influence risk-taking, its effect varies. When decisions
provide little/no probabilistic information (i.e., ambiguous), stressed females may be more risk-averse and males
more risk-seeking. With more explicit information to inform choice, stress effects appear to differ based on
methodological elements related to stress and decision operationalization. A recent meta-analysis offers
insights along these lines, highlighting that first, stress may promote increased risk-taking/reward-seeking even
when this leads to disadvantageous outcomes, and second, processive stressors yield more reliably stress effects
than systemic ones (potentially due to enhanced HPA reactivity’®). Notably, no effects of moderating factors
such as sex, age, neuroendocrine response, and stress-to-task latency were observed. This is surprising given
growing research supporting the importance of such moderators, for example stress-related risk-taking
increases in adolescents.”-’ Though it is premature to draw strong conclusions given small sample size, likely
without adequate representation of moderating factors and great methodological variability across included
studies (e.g., uncertainty level), the meta-analysis represents an important step forward and helps shape
impending research.

Future directions

Despite some lack of internal consistency given a wide range of between-study methodological differences, the
human stress and DM literature has made great advances over the last few years. For instance, there are
consistent observations indicating that stress exposure reduces reward valuation upon receipt of an outcome
yet questions remain at anticipation due to differences in stress-to-task latency. A growing consensus supports a
propensity to shift toward habit-based from goal-directed systems under stress, potentially associated with
facilitation of reward-based reinforcement-learning — but also an insensitivity to updated environmental
contingencies that can be maladaptive in some contexts. At choice, stress can exert an influence at multiple
levels ranging from altered valuation/feedback processing and automaticity effects expanded on in this review,
to increased impulsivity in decision implementation. While some studies report stress-related modulation of
risk-taking and/or disadvantageous choices, drawing strong conclusions would be premature as this literature in
particular is subject to great variability in methodology and outcome measures.

Yet, there is room for growth and exciting future directions. In stress operationalization, fruitful future avenues
include targeted manipulations of timing and stressor type as previously discussed. Gaining a greater
understanding of stress’ cellular and neuroendocrine influences on DM, so strongly influenced by timing, will
significantly improve our ability to make cross-study comparisons. For example, though some studies discussed
here linked reported effects to cortisol reactivity many did not. Exploration of neuroendocrine dynamics little-
examined under stress will be critical to gain new insights, including rapid nongenomic versus slow genomic
cortisol effects and the role of mineralocorticoids. Also of note are important quasi-independent factors recent
research indicates interact with stress such as sex,”2age,? other stress-influenced neuroendocrine factors

(e.g., oxytocinand testosterone’®), and genetic variants influencing catecholaminergic and executive
function.&

Future studies will also benefit greatly from targeted manipulations of DM computation components such as
valuation (e.g., beyond expected value) and learning (e.g., stress effects at different stages of learning). One
direction may be carefully decomposing the influence of stress on various DM components, as in a recent study
controlling for risk attitudes, loss aversion, and choice consistency which reported no acute stress effects
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(suggesting stress might influence other processes that contribute to DM&2). It is also plausible that acute stress
affects subcomponents of receipt of reward-related information that may exert distinct influences on valuation
and learning (e.g., affect versus quantitative information). Along these lines, early stress-DM investigations
involving decisions with a more complicated structure accounting for factors like intertemporal discounting®?
and loss aversion®! raise interesting questions as to the locus of stress’ influence even within a specific
computation (e.g., probability versus magnitude, etc.). Finally, there are exciting extensions with respect

to decision making in the social context. For example, prosocial behavior is influenced by stress exposure,
with increases in self-interested decisions during social exchange games against strangers&3-2° but generosity
toward close others when decisions and stress exposure were close in time.28

Looking ahead, stress-DM research has great potential to contribute to science in both the basic and applied
senses. To reach that point, however, it will be critical to develop a common methodological framework for
stress research implementation and reporting. The benefits of moving in a translational direction to inform
clinical work and ameliorate everyday lives cannot be overstated. For instance, individuals may have difficulties
using emotion regulation strategies under stress®’ which could lead to deficits in decision making such as
reduced self-control.28 Increasing positive emotion®® or fostering a perception of control in the face of stress
could serve as alternative coping mechanisms with potential consequences for decision making, such as
promoting persistence in goal pursuit.22 Future advances along these lines will move the field in an exciting and
valuable applied direction.

Acknowledgements

AJP was supported by funding from the Scientific Research Network for Decision Neuroscience and

Aging (subaward under NIH Grant AG039350). MRD was supported by funding from the National Institute
on Drug Abuse(DAQ27764).

References

1p.W. Glimcher, A. Rustichini. Neuroeconomics: the consilience of brain and decision. Science, 306 (2004),
pp. 447-452

2C. Sandi, M.T. Pinelo-Nava. Stress and memory: behavioral effects and neurobiological mechanisms.
Neural Plast, 78970 (2007), pp. 1-20

3H. Selye. A syndrome produced by diverse nocuous agents. Noture, 138 (1936), p. 32

4Y M. Ulrich-Lai, J.P. Herman. Neural regulation of endocrine and autonomic stress responses. Nat Rev
Neurosci, 10 (2009), pp. 397-409

3W.B. Cannon. Bodily Changes in Pain, Hunger, Fear, and Rage: An Account of Recent Researches into
the Function of Emotional Excitement. D. Appleton and Company, New York (1915)

55, Pabst, M. Brand, O.T. Wolf. Stress and decision making: a few minutes make all the difference. Behav
Brain Res, 250 (2013), pp. 39-45

’E. Dias-Ferreira, J.C. Sousa, |. Melo, P. Morgado, A.R. Mesquita, J.J. Cerqueira, et al.. Chronic stress causes
frontostriatal reorganization and affects decision-making. Science, 325 (2009), pp. 621-625
A study demonstrating chronically stressed rats shift from goal-directed to habit-based responses,
associated with atrophy and hypertrophy (respectively) of associated brain regions.

8B.S. McEwen. Physiology and neurobiology of stress and adaptation: central role of the brain. Physiol
Rev, 87 (2007), pp. 873-904


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0860
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0865
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0860
https://www.sciencedirect.com/topics/neuroscience/decision-making
https://www.sciencedirect.com/topics/neuroscience/prosocial-behavior
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0875
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0890
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0895
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0900
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0905
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bib0910
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#gs1
https://www.sciencedirect.com/topics/neuroscience/drug-abuse
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#gs2
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0460
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0465
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0470
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0475
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0480
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0485
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0490
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0495

25.J. Lupien, B.S. McEwen, M.R. Gunnar, C. Heim. Effects of stress throughout the lifespan on the brain,
behaviour and cognition. Nat Rev Neurosci, 10 (2009), pp. 434-445

10N, Tottenham, A. Galvan. Stress and the adolescent brain: amygdala-prefrontal cortex circuitry and
ventral striatum as developmental targets. Neurosci Biobehav Rev, 70 (2016), pp. 217-227
A review of literature on stress exposure in early childhood through adolescence, proposing
neurobiological changes in amygdala, PFC, and ventral striatum promote vulnerability to environmental
stress and some mental illnesses later in life.

LIF L. Groeneweg, H. Karst, E.R. de Kloet, M. Joels. Rapid non-genomic effects of corticosteroids and their
role in the central stress response. J Endocrinol, 209 (2011), pp. 153-167

12, Rimmele, L. Besedovsky, T. Lange, J. Born. Blocking mineralocorticoid receptors impairs, blocking
glucocorticoid receptors enhances memory retrieval in humans.
Neuropsychopharmacology, 38 (2013), pp. 884-894

13M. Joels, H. Karst, R. DeRijk, E.R. de Kloet. The coming out of the brain mineralocorticoid receptor.
Trends Neurosci, 31 (2008), pp. 1-7

14) P. Herman, W.E. Cullinan. Neurocircuitry of stress: central control of the hypothalamo-pituitary-
adrenocortical axis. Trends Neurosci, 20 (1997), pp. 78-84

155.S. Dickerson, M.E. Kemeny. Acute stressors and cortisol responses: a theoretical integration and
synthesis of laboratory research. Psychol Bull, 130 (2004), pp. 355-391
A meta-analysis of acute stressors in lab-based studies, indicating that uncontrollability or social-
evaluation evoke both greater and longer-lasting HPA reactivity.

15A. Rangel, C. Camerer, P.R. Montague. A framework for studying the neurobiology of value-based
decision making. Nat Rev Neurosci, 9 (2008), pp. 545-556

L7M. Pessiglione, M.R. Delgado. The good, the bad and the brain: neural correlates of appetitive and
aversive values underlying decision making. Curr Opin Behav Sci, 5 (2015), pp. 78-84

18T C. Adam, E.S. Epel. Stress, eating and the reward system. Physiol Behav, 91 (2007), pp. 449-458

19A E. Goudriaan, J. Oosterlaan, E. de Beurs, W. Van den Brink. Pathological gambling: a comprehensive
review of biobehavioral findings. Neurosci Biobehav Rev, 28 (2004), pp. 123-141

20p.A. Pizzagalli. Depression, stress, and anhedonia: toward a synthesis and integrated model. Annu Rev
Clin Psychol, 10 (2014), pp. 393-423

21N S. Corral-Frias, Y.S. Nikolova, L.J. Michalski, D.A.A. Baranger, A.R. Hariri, R. Bogdan. Stress-related
anhedonia is associated with ventral striatum reactivity to reward and transdiagnostic
psychiatric symptomatology. Psychol Med, 45 (2015), pp. 2605-2617

22| H. Berghorst, R. Bogdan, M.J. Frank, D.A. Pizzagalli. Acute stress selectively reduces reward sensitivity.
Front Hum Neurosci, 7 (2013), p. 133

23R, Bogdan, D.A. Pizzagalli. Acute stress reduces reward responsiveness: implications for depression.
Biol Psychiatry, 60 (2006), pp. 1147-1154

24J M. Born, S.G. Lemmens, F. Rutters, A.G. Nieuwenhuizen, E. Formisano, R. Goebel,et al.. Acute stress and
food-related reward activation in the brain during food choice during eating in the absence of
hunger. Int J Obes, 34 (2009), pp. 172-181

23| Ossewaarde, S. Qin, H.J. Van Marle, G.A. van Wingen, G. Fernandez, E.J. Hermans. Stress-induced
reduction in reward-related prefrontal cortex function. Neuroimage, 55 (2011), pp. 345-352

25A.). Porcelli, A.H. Lewis, M.R. Delgado. Acute stress influences neural circuits of reward processing.
Front Neurosci, 6 (2012), p. 157


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0500
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0505
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0510
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0515
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0520
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0525
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0530
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0535
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0540
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0545
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0550
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0555
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0560
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0565
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0570
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0575
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0580
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0585

27p_ Kumar, L.H. Berghorst, L.D. Nickerson, S.J. Dutra, F.K. Goer, D.N. Greve, et al. Differential effects of acute
stress on anticipatory and consummatory phases of reward processing.
Neuroscience, 266 (2014), pp. 1-12
An fMRI study examining acute stress effects on reward valuation at anticipation and receipt,
demonstrating increased striatal and amygdala BOLD at anticipation but decreased striatal BOLD at
receipt.

28) L. Hanson, D. Albert, A.M.R. Iselin, J.M. Carre, K.A. Dodge, A.R. Hariri. Cumulative stress in childhood is
associated with blunted reward-related brain activity in adulthood. Soc Cogn Affect
Neurosci, 11 (2016), pp. 405-412

2IN.R. Lighthall, M.A. Gorlick, A. Schoeke, M.J. Frank, M. Mather. Stress modulates reinforcement learning
in younger and older adults. Psychol Aging, 28 (2013), pp. 35-46

30A. Petzold, F. Plessow, T. Goschke, C. Kirschbaum. Stress reduces use of negative feedback in a feedback-
based learning task. Behav Neurosci, 124 (2010), pp. 248-255

3IM. Mather, N.R. Lighthall. Risk and reward are processed differently in decisions made under stress.
Curr Direct Psychol Sci, 21 (2012), pp. 36-41

32E D. Abercrombie, K.A. Keefe, D.S. DiFrischia, M.J. Zigmond. Differential effect of stress on in vivo
dopamine release in striatum, nucleus accumbens, and medial frontal cortex. J
Neurochem, 52 (1989), pp. 1655-1658

33F, Rouge-Pont, V. Deroche, M. Le Moal, P.V. Piazza. Individual differences in stress-induced dopamine
release in the nucleus accumbens are influenced by corticosterone. FurJ Neurosci, 10 (1998),
pp. 3903-3907

34D J. Scott, M.M. Heitzeg, R.A. Koeppe, C.S. Stohler, J.K. Zubieta. Variations in the human pain stress
experience mediated by ventral and dorsal basal ganglia dopamine activity. J
Neurosci, 26 (2006), pp. 10789-10795

35J.C. Pruessner, F. Champagne, M.J. Meaney, A. Dagher. Dopamine release in response to a psychological
stress in humans and its relationship to early life maternal care: a positron emission
tomography study using [11C]raclopride. J Neurosci, 24 (2004), pp. 2825-2831

350.J. Robinson, C. Overstreet, D.R. Charney, K. Vytal, C. Grillon. Stress increases aversive prediction error
signal in the ventral striatum. Proc Nat/ Acad Sci U S A, 110 (2013), pp. 4129-4133

37p V. Smith, A.E. Rigney, M.R. Delgado. Distinct reward properties are encoded via corticostriatal
interactions. Sci Rep, 6 (2016), p. 20093

38M.]. Frank, L.C. Seeberger, R.C. O’Reilly. By carrot or by stick: cognitive reinforcement learning in
Parkinsonism. Science, 306 (2004), pp. 1940-1943

39D, Kahneman, S. Frederick. Representativeness revisited: attribute substitution in intuitive judgment.
T. Gilovich, D. Griffin, D. Kahneman (Eds.), Heuristics and Biases: The Psychology of Intuitive
Judgment, Cambridge University Press, New York, NY (2002), pp. 49-81

40N.D. Daw, Y. Niv, P. Dayan. Uncertainty-based competition between prefrontal and dorsolateral
striatal systems for behavioral control. Nat Neurosci, 8 (2005), pp. 1704-1711

417, Dickinson. Actions and habits: the development of behavioural autonomy. Philos Trans R Soc B: Biol
Sci, 308 (1985), pp. 67-78

42y F. Reyna. How people make decisions that involve risk: a dual-processes approach. Curr Direct
Psychol Sci, 13 (2004), pp. 60-66

43H_H. Yin, S.B. Ostlund, B.J. Knowlton, B.W. Balleine. The role of the dorsomedial striatum in instrumental
conditioning. Fur J Neurosci, 22 (2005), pp. 513-523


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0590
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0595
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0600
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0605
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0610
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0615
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0620
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0625
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0630
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0635
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0640
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0645
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0650
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0655
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0660
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0665
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0670

44H H. Yin, B.J. Knowlton, B.W. Balleine. Inactivation of dorsolateral striatum enhances sensitivity to
changes in the action-outcome contingency in instrumental conditioning. Behav Brain
Res, 166 (2006), pp. 189-196

45|, Schwabe, O.T. Wolf. Stress prompts habit behavior in humans. J Neurosci, 29 (2009), pp. 7191-7198

45, Schwabe, O.T. Wolf. Socially evaluated cold pressor stress after instrumental learning favors habits
over goal-directed action. Psychoneuroendocrinology, 35 (2010), pp. 977-986

47) . Schwabe, M. Tegenthoff, O. Hoffken, O.T. Wolf. Simultaneous glucocorticoid and noradrenergic
activity disrupts the neural basis of goal-directed action in the human brain. J
Neurosci, 32 (2012), pp. 10146-10155
An fMRI study demonstrating a goal-directed to habit-based shift (and reduced OFC/mPFC reward
valuation) with concurrent administration of hydrocortisone and yohimbe to mimic combined HPA/SMA
activation.

48|, Schwabe, O.T. Wolf. Stress and multiple memory systems: from ‘thinking’ to ‘doing’. Trends Cogn
Sci, 17 (2013), pp. 60-68

495, Vogel, G. Fernandez, M. Joels, L. Schwabe. Cognitive adaptation under stress: a case for the
mineralocorticoid receptor. Trends Cogn Sci, 20 (2016), pp. 192-203

29M. Joels, G. Fernandez, B. Roozendaal. Stress and emotional memory: a matter of timing. Trends Cogn
Sci, 15 (2011), pp. 280-288

31E ). Hermans, M.J. Henckens, M. Joels, G. Fernandez. Dynamic adaptation of large-scale brain networks
in response to acute stressors. Trends Neurosci, 37 (2014), pp. 304-314

22AF. Arnsten. Stress signalling pathways that impair prefrontal cortex structure and function. Nat Rev
Neurosci, 10 (2009), pp. 410-422

33A.R. Otto, C.M. Raio, A. Chiang, E.A. Phelps, N.D. Daw. Working-memory capacity protects model-based
learning from stress. Proc Nat/ Acad Sci U S A, 110 (2013), pp. 20941-20946
A reinforcement-learning study demonstrating that acute stress impaired model-based (i.e., goal-
directed) but not model-free (i.e., habit-based) choice, and that greater working memory capacity
protected against a model-based impairment.

24R.J. Dolan, P. Dayan. Goals and habits in the brain. Neuron, 80 (2013), pp. 312-325

23|, Kozena, E. Frantik. Psychological and physiological response to job stress in emergency ambulance
personnel. Homeost Health Dis, 41 (2001), pp. 121-122

25M. Gunnar, K. Quevedo. The neurobiology of stress and development. Annu Rev Psychol, 58 (2007),
pp. 145-173

27J M. Coates, M. Gurnell, Z. Sarnyai. From molecule to market: steroid hormones and financial risk-
taking. Philos Trans R Soc B: Biol Sci, 365 (2010), pp. 331-343

28D, Ellsberg. Risk, ambiguity and the savage axioms. Q J Econ, 75 (1961), pp. 643-669

29D, Kahneman, A. Tversky. Choices, values, and frames. Am Psychol, 39 (1984), pp. 341-350

80A.G. Sanfey, G. Loewenstein, S.M. McClure, J.D. Cohen. Neuroeconomics: cross-currents in research on
decision-making. Trends Cogn Sci, 10 (2006), pp. 108-116

81A.L. Krain, A.M. Wilson, R. Arbuckle, F.X. Castellanos, M.P. Milham. Distinct neural mechanisms of risk and
ambiguity: a meta-analysis of decision-making. Neuroimage, 32 (2006), pp. 477-484

52M. Hsu, M. Bhatt, R. Adolphs, D. Tranel, C.F. Camerer. Neural systems responding to degrees of
uncertainty in human decision-making. Science, 310 (2005), pp. 1680-1683

53M.L. Platt, S.A. Huettel. Risky business: the neuroeconomics of decision making under uncertainty.
Nat Neurosci, 11 (2008), pp. 398-403


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0675
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0680
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0685
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0690
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0695
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0700
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0705
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0710
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0715
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0720
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0725
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0730
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0735
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0740
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0745
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0750
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0755
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0760
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0765
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0770

84K, Starcke, O.T. Wolf, H.J. Markowitsch, M. Brand. Anticipatory stress influences decision making under
explicit risk conditions. Behav Neurosci, 122 (2008), pp. 1352-1360
A review of the acute stress and DM literature, proposing stress effects be grouped by: dysfunctional
strategy use, insufficient adjustment from automatic response, altered feedback processing, and altered
reward/punishment sensitivity.

555 pabst, D. Schoofs, M. Pawlikowski, M. Brand, O.T. Wolf. Paradoxical effects of stress and an executive
task on decisions under risk. Behav Neurosci, 127 (2013), pp. 369-379

%M. Buckert, C. Schwieren, B.M. Kudielka, C.J. Fiebach. Acute stress affects risk taking but not ambiguity
aversion. Front Neurosci, 8 (2014), p. 82

575 Bendahan, L. Goette, J. Thoresen, L. Loued-Khenissi, F. Hollis, C. Sandi. Acute stress alters individual risk
taking in a time-dependent manner and leads to anti-social risk. Fur J Neurosci (2016)

88A.J. Porcelli, M.R. Delgado. Acute stress modulates risk taking in financial decision making. Psychol
Sci, 20 (2009), pp. 278-283

9. Pabst, M. Brand, O.T. Wolf. Stress effects on framed decisions: there are differences for gains and
losses. Front Behav Neurosci, 7 (2013), p. 142

791, Clark, R.R. Li, C.M. Wright, F. Rome, G. Fairchild, B.D. Dunn, et al.. Risk-avoidant decision making
increased by threat of electric shock. Psychophysiology, 49 (2012), pp. 1436-1443

715.D. Preston, T.W. Buchanan, R.B. Stansfield, A. Bechara. Effects of anticipatory stress on decision making
in a gambling task. Behav Neurosci, 121 (2007), pp. 257-263

2R van den Bos, M. Harteveld, H. Stoop. Stress and decision-making in humans: performance is related
to cortisol reactivity, albeit differently in men and women. Psychoneuroendocrinology, 34 (2009),
pp. 1449-1458

Z3N.R. Lighthall, M. Sakaki, S. Vasunilashorn, L. Nga, S. Somayajula, E.Y. Chen, et al.. Gender differences in
reward-related decision processing under stress. Soc Cogn Affect Neurosci, 7 (2011), pp. 476-484

7AN.R. Lighthall, M. Mather, M.A. Gorlick. Acute stress increases sex differences in risk seeking in the
balloon analogue risk task. PLoS ONE, 4 (2009), p. e6002

73R, Schubert, M. Gysler, M. Brown, H.-W. Brachinger. Gender Specific Attitudes Towards Risk and
Ambiguity: An Experimental Investigation. Center for Economic Research, Swiss Federal Institute of
Technology, Zurich (2000)

76K, starcke, M. Brand. Effects of stress on decisions under uncertainty: a meta-analysis. Psychol
Bull, 142 (2016), pp. 909-933

ZZp. Phuong, A. Galvan. Acute stress increases risky decisions and dampens prefrontal activation among
adolescent boys. Neuroimage (2016)

’8). Galvan, K.M. McGlennen. Daily stress increases risky decision-making in adolescents: a preliminary
study. Dev Psychobiol, 54 (2012), pp. 433-440

795 E. Taylor, L.C. Klein, B.P. Lewis, T.L. Gruenewald, R.A.R. Gurung, J.A. Updegraff. Biobehavioral responses
to stress in females: tend-and-befriend, not fight-or-flight. Psychol Rev, 107 (2000), pp. 411-429

805, Qin, H. Cousijn, M. Rijpkema, J. Luo, B. Franke, E.J. Hermans, et al. The effect of moderate acute
psychological stress on working memory-related neural activity is modulated by a genetic
variation in catecholaminergic function in humans. Front Integr Neurosci, 6 (2012), p. 16

81p_Sokol-Hessner, C.M. Raio, S. Gottesman, S.F. Lackovic, E.A. Phelps. Acute stress does not affect risky
monetary decision-making. Neurobiol Stress, 5 (2016), pp. 19-25

82K M. Lempert, A.J. Porcelli, M.R. Delgado, E. Tricomi. Individual differences in delay discounting under
acute stress: the role of trait perceived stress. Front Psychol, 3 (2012), p. 251


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0775
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0780
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0785
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0790
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0795
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0800
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0805
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0810
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0815
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0820
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0825
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0830
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0835
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0840
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0845
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0850
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0855
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0860
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0865

83C.H. Vinkers, J.L.V. Zorn, S. Cornelisse, S. Koot, L.C. Houtepen, B. Olivier, et al. Time-dependent changes in
altruistic punishment following stress. Psychoneuroendocrinology, 38 (2013), pp. 1467-1475

84N, Steinbeis, V. Engert, R. Linz, T. Singer. The effects of stress and affiliation on social decision-making:
investigating the tend-and-befriend pattern. Psychoneuroendocrinology, 62 (2015), pp. 138-148

850. FeldmanHall, C.M. Raio, J.T. Kubota, M.G. Seiler, E.A. Phelps. The effects of social context and acute
stress on decision making under uncertainty. Psychol Sci, 26 (2015), pp. 1918-1926

867. Margittai, T. Strombach, M. van Wingerden, M. Joels, L. Schwabe, T. Kalenscher. A friend in need: time-
dependent effects of stress on social discounting in men. Horm Behav, 73 (2015), pp. 75-82

87C.M. Raio, T.A. Orederu, L. Palazzolo, A.A. Shurick, E.A. Phelps. Cognitive emotion regulation fails the
stress test. Proc Natl/ Acad Sci U S A, 110 (2013), pp. 15139-15144

885.U. Maier, A.B. Makwana, T.A. Hare. Acute stress impairs self-control in goal-directed choice by
altering multiple functional connections within the brain's decision circuits. Neuron, 87 (2015),
pp. 621-631

8M.E. Speer, J.P. Bhanji, M.R. Delgado. Savoring the past: positive memories evoke value
representations in the striatum. Neuron, 84 (2014), pp. 847-856

20).P. Bhanji, E.S. Kim, M.R. Delgado. Perceived control alters the effect of acute stress on persistence. /
Exp Psychol Gen, 145 (2016), pp. 356-365


https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0875
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0880
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0885
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0890
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0895
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0900
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0905
https://www.sciencedirect.com/science/article/pii/S2352154616301905?via%3Dihub#bbib0910

	Marquette University
	e-Publications@Marquette
	4-1-2017

	Stress and Decision Making: Effects on Valuation, Learning, and Risk-taking
	Anthony J. Porcelli
	Mauricio R. Delgado

	Marquette University
	e-Publications@Marquette
	Faculty Research and Publications/Department
	This paper is NOT THE PUBLISHED VERSION; but the author’s final, peer-reviewed manuscript. The published version may be accessed by following the link in th citation below.
	Current Opinion in Behavioral Sciences, Vol. 14 (April 2017): 33-39. DOI. This article is © Elsevier and permission has been granted for this version to appear in e-Publications@Marquette. Elsevier does not grant permission for this article to be further copied/distributed or hosted elsewhere without the express permission from Elsevier. 
	Stress and Decision Making: Effects on Valuation, Learning, and Risk-taking
	Anthony J. Porcelli
	Department of Psychology, Marquette University, Milwaukee, WI
	Mauricio R. Delgado
	Department of Psychology, Rutgers University, Newark, NJ
	A wide range of stressful experiences can influence human decision making in complex ways beyond the simple predictions of a fight-or-flight model. Recent advances may provide insight into this complicated interaction, potentially in directions that could result in translational applications. Early research suggests that stress exposure influences basic neural circuits involved in reward processing and learning, while also biasing decisions toward habit and modulating our propensity to engage in risk-taking. That said, a substantial array of theoretical and methodological considerations in research on the topic challenge strong cross study comparisons necessary for the field to move forward. In this review we examine the multifaceted stress construct in the context of human decision making, emphasizing stress’ effect on valuation, learning, and risk-taking.
	Express to anyone that you are ‘stressed’ and you are likely to receive some commiseration, a perception of understanding that belies a more complex reality. As a construct stress is amorphous, easily identified but difficult to define, its nature varying by circumstance and individual. Similarly nebulous can be a decision maker's grasp of cognitive computations involved in large and small daily life choices, so often made under stressful conditions. Therefore, it should come as no surprise that exploring the relationship between the two poses a particularly thorny methodological puzzle. The emergence of the discipline of neuroeconomics,1 coupled with knowledge gained by decades of research on the influence of stress on learning and memory (e.g.,2), have promoted a surge of attention to this very question. While significant advances have been made, the growing literature on stress and decision making (DM) in humans is far from internally consistent. To move toward reconciliation, and in a translational direction, it is important to understand methodological differences that challenge cross-study comparisons. In this review, we explore stress effects on DM-related processes focusing on valuation, learning, and risk-taking.
	The stress construct
	Stress has classically been defined as ‘the non-specific response of the body to any demand for change’, an adaptive homeostatic function.3 It is associated with parallel activation of two biological systems: the quick-acting sympathetic-adrenal-medullary (SAM) axis, and the slow-acting hypothalamic-pituitary-adrenal (HPA) axis .4 Sympathetic nervous system reactivity and associated catecholamine (e.g., nor/adrenaline) release promote peripheral excitation that quickly returns to baseline (i.e., the ‘fight-or-flight’ response5). Concurrent brainstem signals of homeostatic disruption trigger HPA activation and corticosteroid release at a slower pace. Yet, this characteristic description does not convey wide-ranging individual differences based on stressor used (e.g., physiological or psychological) or stressor timing (e.g., when applied and exposure duration), and associated central/neuroendocrine dynamics. Across studies, variability in stress operationalization along these lines has contributed to inconsistencies in the stress-DM literature.
	Differences in stressor timing can be conceptualized as an interaction between (at least) three factors: stress-to-task latency, stressor duration, and exposure across the lifespan. Given the different timelines of HPA/SAM reactivity, carefully calibrating stress-to-task latency is critical to link experimental outcomes with SAM and/or HPA physiology. For instance, a few minutes’ difference in latency may be sufficient to influence stress effects on risk-taking.6 Similarly, stressors that are repeated or occur long-term (chronic) but not those of short-term duration (acute) have been associated with structural changes in DM-related brain regions in rats7 and humans.8 Stress effects on DM may also differ based on lifespan phase of the individual.9 Adolescents exposed to early life stress, for example, are susceptible to changes in affective/motivational circuits typically involved in DM (e.g., amygdala, prefrontal cortex, and ventral striatum10).
	Stress-to-task latency is also an issue with respect to cellular and neuroendocrine dynamics. Much stress and DM research has considered only slower genomic effects of cortisol after reaching peak levels, leading to general adoption of designs involving long stress-to-task latency. Yet, both fast-acting catecholaminergic and cortisol-based rapid non-genomic effects can influence brain function in DM-critical regions (e.g., prefrontal cortex, amygdala11). It is noteworthy that as a class corticosteroids include not only glucocorticoids (e.g., cortisol) but also oft-overlooked mineralocorticoids (e.g., aldosterone), which have been linked to optimization of explicit memoryretrieval.12 While stress-DM research is only beginning to explore the latter, evidence suggests that mineralocorticoids play a central role in rapid non-genomic stress effects recently gaining attention in the literature.13
	Another source of variability across studies of stress and DM is the type of stressor used. These can generally be classified as systemic (i.e., physiological homeostatic disruptions like heat, pain, and cold), processive (i.e., psychological or psychosocial), or systemic/processive hybrids. In terms of HPA/SAM activation, systemic stressors are brainstem mediated whereas processive stressors require limbic system engagement (i.e., subjective identification of stimulus as threat14). A related point is that certain stressors, such as those involving social-evaluation or uncontrollability, tend to yield greater peripheral cortisol.15 This highlights the importance not only of stressor used but also individual differences in subjective appraisals of stressors as contributing factors to variability across findings.
	Beyond methodological issues related to stress operationalization, differential stress effects on specific DM computations must be considered. While important and complex frameworks of DM computations have been proposed (e.g.,16), here we will focus on a simplified subset. Specifically, valuation (of anticipated or received decision outcomes), learning (updating value based on experience), and risk-taking. Stress exposure may modulate any/all of these processes, a proposal that emerging research supports at this early stage; however, it is not always easy to identify the locus of stress’ effect.
	Stress and valuation: reward-related processing
	A central axiom of DM research rests on the principle that people act to approach rewards and avoid punishments in their environment.17 Thus, valuation of the appetitive/aversive nature of anticipated (or received) decision outcomes is a likely candidate for stress’ modulation. Indeed, stress-altered sensitivity to rewarding/punishing outcomes (e.g., primary, food; secondary, money) appears to play a role in development of some pathologies including binge eating,18 pathological gambling,19 and anhedonia in depression.20,21 Given emerging evidence that valuation is a locus of stress’ influence on DM, can a synthesis of research outcomes be reached accounting for methodological differences?
	Initial evidence supports the idea that acute stress reduces sensitivity to rewards, including behavioral22,23 and neuroimaging studies highlighting an influence in regions including orbitofrontal cortex (OFC), medial prefrontal cortex (mPFC), amygdala and striatum.24–26,27 Consistent with this, there have been demonstrations that chronic (i.e., cumulative early life) stress is associated with blunted ventral striatal reward responses in adulthood.28 Given methodological differences in stress-to-task latency and decision process (e.g., valuation at anticipation/receipt) across studies, however, it is still early to claim that stress universally blunts reward valuation.
	Though reductions in reward-related responses have been observed using different stressors during anticipation 24,25 and receipt,26,27 there are some disagreements. For example, one of these studies employed a methodology that permitted exploration of stress effects as a function of decision process.27 Enhanced responses associated with reward anticipation were observed under stress, in contrast with prior studies.24,25 A critical methodological difference is that studies reporting increases at anticipation used a short stress-to-task latency (i.e., immediately before task performance26,27), compared to studies employing a longer latency which led to decreases.24,25 Thus, cross study comparisons show some consistency in results even with different stressors applied, but are not conclusive given differing cellular and neuroendocrine dynamics associated with stress-to-task latency.
	Other recent behavioral research utilizing reinforcement-learning paradigms has demonstrated systemic and processive acute stress effects seemingly opposed to blunted reward valuation. In these studies learning is operationalized as improved choice after repeated positive/negative feedback, and was impaired for decisions based on negative outcome feedback but enhanced for positive (i.e., rewarding) feedback.29,30 Thus, a reasonable hypothesis is that ‘stress triggers increased reward salience’ (STARS31). The noteworthy STARS model is consistent with research linking stress and cortisol to increases in extracellular dopamine in rats in mPFC, dorsal and ventral striatum,32,33 replicated in the human PET literature.34,35 This begs the question, however, of how reports of blunted valuation for rewards but not punishments can be reconciled with STARS during reinforcement-learning.36
	Beyond potential difficulty in directly comparing fMRI BOLD with PET/animal neurochemical results, it is plausible that different processes were examined. For example, in reinforcement-learning increased reward ‘salience’ may represent enhanced retrieval of representations of previously learned reward associations rather than enhanced valuation of rewards per se. Consistent with this interpretation, in one of the previously discussed learning studies stress-blunted reward sensitivity was observed in early trials despite ultimately enhanced reward-based performance.29 Another possibility is that stress influences different components of a reward outcome (e.g., the affective value, but not the information it convey37) or impacts learning via reward but not punishment.38 It is clear moving forward that novel experimental designs could focus on careful manipulation of such factors to dissociate stress effects on the intertwined processes of valuation and learning.
	Stress and learning: the role of habit
	A logical next question relates to how stress might influence expression of previously learned outcomes. Research across disciplines supports the idea that DM processes can be placed on a spectrum ranging from (I) habitual, stimulus-bound, automatic, and less effortful, to (II) goal-directed, flexible, controlled, more effortful and resource-dependent.39–42 As learning proceeds over time to establish strong and ingrained prior expectations informing DM, might stress exposure bias choice toward those expectations and away from novel but relevant information (i.e., a goal-directed to habit-based shift)? Consider, for example, how habitual an elevator button press to one's floor at work becomes over time. If one day circumstances require a different floor be chosen after a stressful experience, is a person more likely to choose the goal-directed or habitual button?
	Chronic stress may support a shift to habitual responding while promoting an insensitivity to novel goal-directed contingencies. For instance, rats under chronic stress operantly conditioned to respond for two food rewards tend to perseverate in responses associated with the devalued stimulus (classic devaluation studies would suggest a reduction7). Structural neural changes in such animals are also observed, with atrophy in mPFC and dorsomedial striatum (associated with goal-directed DM43) but hypertrophy in the dorsolateral DM (associated with habit-based DM44). Taken together, these data suggest that a goal-directed to habit-based shift could become a persistent change under chronic stress.
	A nascent human literature involving acute stress using a similar devaluation approach based on primary reinforcers converges with the above.45,46 Additionally, an analogous fMRI study involving exogenous administration of hydrocortisone and the β-adrenergic antagonist yohimbe (to mimic combined HPA/SAM engagement) yielded similar outcomes.47 There, BOLDresponses in OFC and mPFC for devalued outcomes were reduced and a perseverative DM pattern manifested. This implies a key interaction between DM and memory processes, that synergistic HPA/SAM engagement may promote a goal-oriented to habit-based shift.48 It is notable that mineralocorticoids may also play a critical role.49
	Potential clues about underlying mechanisms can be drawn from well-developed human and animal literatures on stress, learning, and memory. It has been proposed that under stress combined glucocorticoid/noradrenergic activity promotes a mode of hippocampal memory formation by which stress-associated experiences are strongly consolidated and ancillary systems brought offline,50 resulting in a shift in neural resources away from executive toward salience networks that enhance vigilance and fear.51 This converges with a rich literature on stress-related impairment of prefrontal-based working memory linked to excess catecholamine release.52
	In fact, greater working memory capacity serves as a protective factor against stress-related impairments in model-based learning (a goal-directed form of reinforcement learning53). Critically, stress-influenced brain regions discussed earlier in valuation are consistent with prefrontal and dorsomedial striatum mediated goal-directed processing.54 It is plausible that valuation impairments may play a role in goal-directed/habit-based shifts under stress (e.g., insensitivity to devaluation). That said, timing of stress exposure is likely to influence which system informs DM most strongly,48 as it is yet unclear how differing stress-to-task latencies may promote or impair shifts on a goal-directed/habit-based spectrum.
	Stress and risk-taking
	Another prominent emphasis in stress-DM investigations is risk-taking, a critical issue given its prevalence in stressful real-life contexts including medicine,55 psychopathology,56 and financial investing.57 Decision-makers’ likelihood to engage in risk varies greatly based on multiple decision-inherent features including uncertainty (i.e., degree of information informing outcome predictability58), framing of a decision (as a potential gain or loss59), and valuations of outcome valence, magnitude, and probability of receipt (also combined to compute expected utility60). As such, decisions involving risk-taking rely in part on stress-susceptible valuation/learning processes and brain regions already discussed.61–63 Though, little research has examined the neural substrates of stress in this context necessitating focus on a growing behavioral literature.
	Acute stress effects on risk-taking have yielded mixed results in decision making tasks under risk characterized by explicit probabilistic information (e.g., 50% chance of $100). Multiple studies have reported risk-taking increases when decisions are framed as potential financial gains,64,65,66 though longer stress-to-task latencies have recently been shown to be a factor with respect to decisions under risk (i.e., greater risk taking immediately after stress but reduced risk-taking 45 min later67). Other studies separating decisions under risk by domain (gain/loss trials) are inconsistent. For instance, acute systemic stress applied in that context has led to an exaggerated reflection effect (i.e., decreased risk-taking for gains but increases for losses) interpreted as a stress-related shift toward habit-based DM.68 More recent processive stress studies also manipulating decision frame yield different outcomes: reductions (rather than increases) in loss risk-taking and no effects during gains.69,70 Beyond a systemic/processive stressor difference, other design elements may partially explain the discrepancy in results. In the former,68 decisions were limited to two domains and equal expected values, a fast-paced time-limited choice period, and a large number of trials. In the latter two,69,70 decision options were more varied (i.e., gain/loss/mixed and several options), time to choose unlimited, and fewer trials offered, all which reduced repetition and increased variability of choices. Thus, one possibility is that a fast-paced and repetitive methodology promoted sensitivity to a stress-related habit-based shift in the first case whereas a slower-pace, less repetition, and varied expected values in the second two may have promoted a more deliberative strategy and enhanced salience of potential losses.
	Compared to decisions based on explicit probabilistic information, in decision making tasks under ambiguity, where such information is not available (e.g., x% of $100) results are different but more consistent. Specifically, multiple studies have reported reduced risk-taking in stressed females but increases in males. This holds true both whether risk-taking is financially disadvantageous (i.e., Iowa Gambling Task71,72) or advantageous (Balloon Analgoue Risk Task73,74). While one study reported no stress/sex effects at all,66 early evidence appears to support the proposal that in decisions made under ambiguity acute stress increases risk-taking in males while decreasing it in females. A potential explanation for this is that females may be more ambiguity averse in some DM contexts,75 which could be exacerbated under stress.
	While these early studies indicate that acute stress can influence risk-taking, its effect varies. When decisions provide little/no probabilistic information (i.e., ambiguous), stressed females may be more risk-averse and males more risk-seeking. With more explicit information to inform choice, stress effects appear to differ based on methodological elements related to stress and decision operationalization. A recent meta-analysis offers insights along these lines, highlighting that first, stress may promote increased risk-taking/reward-seeking even when this leads to disadvantageous outcomes, and second, processive stressors yield more reliably stress effects than systemic ones (potentially due to enhanced HPA reactivity76). Notably, no effects of moderating factors such as sex, age, neuroendocrine response, and stress-to-task latency were observed. This is surprising given growing research supporting the importance of such moderators, for example stress-related risk-taking increases in adolescents.77,78 Though it is premature to draw strong conclusions given small sample size, likely without adequate representation of moderating factors and great methodological variability across included studies (e.g., uncertainty level), the meta-analysis represents an important step forward and helps shape impending research.
	Future directions
	Despite some lack of internal consistency given a wide range of between-study methodological differences, the human stress and DM literature has made great advances over the last few years. For instance, there are consistent observations indicating that stress exposure reduces reward valuation upon receipt of an outcome yet questions remain at anticipation due to differences in stress-to-task latency. A growing consensus supports a propensity to shift toward habit-based from goal-directed systems under stress, potentially associated with facilitation of reward-based reinforcement-learning — but also an insensitivity to updated environmental contingencies that can be maladaptive in some contexts. At choice, stress can exert an influence at multiple levels ranging from altered valuation/feedback processing and automaticity effects expanded on in this review, to increased impulsivity in decision implementation. While some studies report stress-related modulation of risk-taking and/or disadvantageous choices, drawing strong conclusions would be premature as this literature in particular is subject to great variability in methodology and outcome measures.
	Yet, there is room for growth and exciting future directions. In stress operationalization, fruitful future avenues include targeted manipulations of timing and stressor type as previously discussed. Gaining a greater understanding of stress’ cellular and neuroendocrine influences on DM, so strongly influenced by timing, will significantly improve our ability to make cross-study comparisons. For example, though some studies discussed here linked reported effects to cortisol reactivity many did not. Exploration of neuroendocrine dynamics little-examined under stress will be critical to gain new insights, including rapid nongenomic versus slow genomic cortisol effects and the role of mineralocorticoids. Also of note are important quasi-independent factors recent research indicates interact with stress such as sex,73 age,9 other stress-influenced neuroendocrine factors (e.g., oxytocinand testosterone79), and genetic variants influencing catecholaminergic and executive function.80
	Future studies will also benefit greatly from targeted manipulations of DM computation components such as valuation (e.g., beyond expected value) and learning (e.g., stress effects at different stages of learning). One direction may be carefully decomposing the influence of stress on various DM components, as in a recent study controlling for risk attitudes, loss aversion, and choice consistency which reported no acute stress effects (suggesting stress might influence other processes that contribute to DM81). It is also plausible that acute stress affects subcomponents of receipt of reward-related information that may exert distinct influences on valuation and learning (e.g., affect versus quantitative information). Along these lines, early stress-DM investigations involving decisions with a more complicated structure accounting for factors like intertemporal discounting82 and loss aversion81 raise interesting questions as to the locus of stress’ influence even within a specific computation (e.g., probability versus magnitude, etc.). Finally, there are exciting extensions with respect to decision making in the social context. For example, prosocial behavior is influenced by stress exposure, with increases in self-interested decisions during social exchange games against strangers83–85 but generosity toward close others when decisions and stress exposure were close in time.86
	Looking ahead, stress-DM research has great potential to contribute to science in both the basic and applied senses. To reach that point, however, it will be critical to develop a common methodological framework for stress research implementation and reporting. The benefits of moving in a translational direction to inform clinical work and ameliorate everyday lives cannot be overstated. For instance, individuals may have difficulties using emotion regulation strategies under stress87 which could lead to deficits in decision making such as reduced self-control.88 Increasing positive emotion89 or fostering a perception of control in the face of stress could serve as alternative coping mechanisms with potential consequences for decision making, such as promoting persistence in goal pursuit.90 Future advances along these lines will move the field in an exciting and valuable applied direction.
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