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Personality traits are stable predictors of many life outcomes that are associated with important decisions that
involve tradeoffs over time. Therefore, a fundamental question is how tradeoffs over time vary from person to
person in relation to stable personality traits. We investigated the influence of personality, as measured by the
Five-FactorModel, on time preferences and on neural activity engaged by intertemporal choice. During functional
magnetic resonance imaging (fMRI), participants made choices between smaller-sooner and larger-later mone-
tary rewards. For each participant, we estimated a constant-sensitivity discount function that dissociates impa-
tience (devaluation of future consequences) from time sensitivity (consistency with rational, exponential
discounting). Overall, higher neuroticism was associated with a relatively greater preference for immediate re-
wards and higher conscientiousness with a relatively greater preference for delayed rewards. Specifically, higher
conscientiousness correlated positively with lower short-term impatience and more exponential time prefer-
ences,whereas higher neuroticism (lower emotional stability) correlatedpositivelywith higher short-term impa-
tience and less exponential time preferences. Cognitive-control and reward brain regions were more activated
when higher conscientiousness participants selected a smaller-sooner reward and, conversely, when higher neu-
roticism participants selected a larger-later reward. The greater activations that occurredwhen choosing rewards
that contradicted personality predispositions may reflect the greater recruitment of mental resources needed to
override those predispositions. These findings reveal that stable personality traits fundamentally influence how
rewards are chosen over time.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Many decisions involve a conflict between immediate rewards and
delayed gratification — between, for example, receiving a smaller cash
amount now and a larger cash amount next year. Formal temporal
discounting models specify how subjective present value, which is the
personal value (utility) of money or a particular good obtained at a
specific date, decreases as that date moves further into the future
(Frederick et al., 2002). A fundamental question is how such value
varies from person to person in relation to stable personality traits.
Further, is personality associated with the neurobiological competition
between immediate and delayed rewards as decisions are made, or
with integration among neural systems involved with both immediate
mbridge, MA 02139, USA.
and delayed rewards, dependent on the behavioral predisposition asso-
ciated with personality type?

Both temporal discounting and the influence of personality traits on
behavior have been studied extensively, but there is limited evidence
about either howmajor personality factors, such as the Big Five Person-
ality traits (Costa andMcCrae, 1992), influence temporal discounting or
how personality traits and temporal discounting are related with one
another in terms of brain processes. Personality traits predict variation
in goal-directed behaviors that involve tradeoffs between immediate
and delayed consequences, including health and exercise (Conner and
Abraham, 2001), academic performance (Chamorro-Premuzic and
Furnham, 2003; Paunonen, 2003), years of education (Goldberg et al.,
1998), and job performance (Barrick et al., 2001). Each of these en-
deavors requires sacrifice of current satisfactions in exchange for re-
mote rewards, so it might be hypothesized that personality traits
influence temporal discounting.
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The most widely used and validated self-report of personality is the
Big Five questionnaire (Costa and McCrae, 1992), which yields indepen-
dent measures of conscientiousness, neuroticism, extraversion, openness
to experience, and agreeableness. One study found that greater extraver-
sionwas associatedwith higher discounting rates, but only in peoplewith
lower cognitive scores, and that greater neuroticism was associated with
higher discounting rates, but only in people with higher cognitive scores
(Hirsch et al., 2008). Also, tryptophan depletion increases discounting
rates in individualswith higher neuroticism (Demoto et al., 2012). Impul-
siveness can also be measured as a trait by a questionnaire. Greater trait
impulsivity correlated with preference for immediate rewards and in-
creased discounting rates (Sripada et al., 2011) and also difficulty resisting
immediate rewards (Diekhof et al., 2012). Thus, personality variables
have been related to variation in discounting rates, but there has been
no straightforward relation reported between the Big Five personality fac-
tors and variation in temporal discounting.

Personality has been linked to the consistency of intertemporal
decisions, as revealed by impulsivity and procrastination. Individuals
who score high on neuroticism report more impulsive behavior
(Whiteside and Lynam, 2001) and more procrastination (Lee et al.,
2006); conversely, conscientiousness is associated with less procras-
tination (Lee et al., 2006). We therefore hypothesized that greater
conscientiousness would be associated with greater willingness to
wait for reward, whereas greater neuroticism (or instability that can be
associated with impulsiveness) would be associated with lesser willing-
ness to wait for reward.

If personality traits alter temporal discounting preferences, there are
twomajor alternative ways in which this could occur in the brain. Some
neuroimaging studies have found that different brain regions are associ-
atedwith immediate versus delayed rewards (e.g., McClure et al., 2004).
These findings raise the possibility that variation in personality may be
understood in the framework of a dual-system competition model, in
which a fast, visceral system responds to immediate rewards, and a
slow deliberate system considers delayed rewards. Personality could
tip the balance of this competition. Other neuroimaging studies have
found that brain regions appear to integrate information about immedi-
ate versus delayed rewards (e.g., Kable andGlimcher, 2007). Thesefind-
ings raise the alternative possibility that variation in personalitymay be
understood in a system integration model, in which personality does
not influence one or another competing system, but rather multiple
systems operating in concert.

Neuroimaging studies of temporal discounting have provided evi-
dence for both competition and integration under varying experimental
designs (reviewed in Peters and Büchel, 2011). Evidence for competi-
tion comes from functional neuroimaging that has associated brain
responses to immediate rewards with subcortical reward systems, and
brain responses to delayed rewards with prefrontal and other neocorti-
cal regions thought to support cognitive control (McClure et al., 2004).
Regions in the reward system, including the ventral striatum, medial
prefrontal cortex, and posterior cingulate cortex, exhibited higher levels
of activation when people chose immediate rewards over delayed
rewards (McClure et al., 2004). Conversely, regions associated with
cognitive control, such as the dorsolateral prefrontal cortex, were asso-
ciated with the value of the delayed rewards (McClure et al., 2004). The
lateral prefrontal cortex also has a causal role in the self-control needed
to select delayed rewards (Figner et al., 2010). Evidence for integration
comes from the finding that activation in ventral striatum appears to
track the subjective value of rewards, calculated as a hyperbolic
discount function, simultaneously with regions in prefrontal and poste-
rior cingulate cortices (Kable and Glimcher, 2007). Regions including
the dorsolateral prefrontal cortex, ventrolateral prefrontal cortex, mid-
dle temporal gyrus, somatosensory cortex, primary motor cortex, and
the striatum were also associated with the subjective value of rewards
(Onoda et al., 2011).

Individual differences in reward processing have been associated
with individual differences in the magnitude of activation occurring in
these neural systems. Increased impulsivity, measured by temporal
discount functions, was associated with lower activation in the ventral
striatum and nucleus accumbens while responding to delayed rewards
(Ballard and Knutson, 2009; Ripke et al., 2012). However, the ventral
striatum has also been shown to have higher activation for steeper,
more impulsive temporal discounters while waiting for the receipt
of a reward (Jimura et al., 2013). Cognitive control regions, including
the dorsolateral prefrontal cortex, showed greater deactivation to the
delay of reward in impulsive temporal discounters (Ballard and
Knutson, 2009). Thus both reward and cognitive control systems have
exhibited variation in activation that was associated with variation in
temporal discounting preferences between immediate and delayed
rewards.

We employed a single model of constant sensitivity function
(Bleichrodt et al., 2009; Ebert and Prelec, 2007) to examine the relation
of personality to both behavior and brain function.We chose thismodel,
relative to other models of temporal discounting, because it offers
two formal measures of time preference, one of impatience (pure
discounting) and one of impulsivity. The impatience measure captures
howmuch weight people give to future outcomes. The impulsivity mea-
sure captureswhether time discounting promotes inconsistent decisions
about future outcomes, such that, for example, a person's ‘morning pref-
erences’might yield a decision to work rather than party in the evening,
but his ‘evening preferences’would yield the opposite. Using this model,
with the separate impulsivity parameter, is especially appropriate
because of the established relationship between impulsivity and neu-
roticism (Whiteside and Lynam, 2001). We examined whether each of
these two temporal-discounting measures correlated with personality-
related psychological variables and neural activity.

We therefore aimed to integrate economic, psychological, and neu-
robiological perspectives to understand how personality differences
are associated with making economic choices over time. We character-
ized the personalities of healthy young adults who performed temporal
discounting choices while undergoing functional magnetic resonance
imaging (fMRI), and analyzed their time discounting functions. We
also measured cognitive abilities because of evidence that such abil-
ities can influence temporal discounting (Shamosh and Gray, 2008;
Shamosh et al., 2008) and interactwith the personality trait of extraver-
sion (Hirsch et al., 2008). We hypothesized that conscientiousness
would be associated with relatively more consistent time preferences
and shallower discounting or preferences for relatively longer delays,
and, conversely, that neuroticism would be associated with relatively
less consistent time preferences andwith deeper discounting or prefer-
ences for relatively shorter delays.

Functional neuroimaging analyses, analogous to the behavioral anal-
yses, focused on the relation between personality traits and selection of
shorter versus longer delays in the context of the amount of subjective
value gained by a person's choice. With this type of fMRI analysis, we
asked whether personality influences in relation to subjective value
would manifest in the brain as variation in competition between
subcortical and cortical systems (with personality factors differentially
associated with the two systems), or as an integration between subcor-
tical and cortical systems (with personality factors similarly associated
with the two systems).

Method

Participants

Participants were 40 healthy young adults between ages 20 and 32
(right handed, mean age = 24.9 years, 22 females) screened for prior
neurological disorder. Three participants were excluded from analysis
due to invalid data: One had missing fMRI data; one switched hand re-
sponse button boxes; one had excessive movement that required the
removal of 253 outlier data points (threshold of z = 3 relative to the
mean intensity and composite motion with threshold of 1 mm relative
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to previous time point). The study was approved by the Committee On
the Use of Humans as Experimental Subjects at MIT in accordance with
WorldMedical Association Declaration of Helsinki. All participants gave
informed consent.

Procedure

Participant characterization: personality, intelligence, and
working memory

Participants completed the 60-item Neuroticism-Extraversion-
Openness Five Factor Inventory (Costa and McCrae, 1992). Responses
were scored for neuroticism, extraversion, openness to experience, con-
scientiousness, and agreeableness. Intelligence for each participant was
assessed with the Full-Scale Intelligence Quotient (FSIQ) estimate from
the American National Adult Reading Test (Wechsler, 1981). Working
memory ability was assessed with two tests: (1) the Letter-Number
Sequencing test from the WAIS-R (Wechsler, 1981), and (2) a Multiple-
category N-back task adapted from Salthouse et al. (2003).

Neuroimaging

Behavioral assessment of temporal discounting. During scanning, partici-
pants were presented with 108 trials consisting of two options: (1) a
smaller monetary reward with a shorter delay and (2) a larger mone-
tary reward with a longer delay. Participants were informed that one
of their choiceswould be randomly selected as a true payoff. One option
was presented initially for 2–8 s (counterbalanced across shorter and
longer delays), followed by both options presented until the participant
made a choice or the trial timed out (after a total of 14 s). Afixation cross
was presented for the remaining time after the choice. Options were
presented side-by-side, and the order and side of shorter and longer de-
lays was fully counterbalanced across trials (Fig. 1).

Sixty trials contained delays of 0 (immediate), 21, 60, 180, and
365 days, with rewards ranging from $30 to $150. These intervals
were selected to approximate log(time) intervals. The remaining 48 of
the 108 trials were adaptive. This adaptive method assured that some
trials provided options that were close to equivalent in subjective
value. Using the starting values from the practice session increased the
likelihood that the in-scanner adaptive trials more rapidly converged
toward each participant's indifference point. The model was fit to all
trials in the scanner, both fixed and adaptive options. This design en-
hanced the accurate estimation of the discounting model by increasing
Fig. 1. An example trial, showing timing and presentation of options. Each option
consisted of a dollar amount paired with a delay. The first option was displayed (side of
presentation counterbalanced) for 2–8 s, followed by the appearance of a second option
for 6–12 s (14 s — first option duration) or until a response was made. A fixation cross
was presented for any remainder of the 14 s trial period, and for a 0–8 s inter-trial interval.
the number of observations most sensitive to a participant's subjective
value in decision making. One of the options was always an immediate
reward and the otherwas a delayed reward of $60 or $150 at each of the
four delays. The immediate alternatives for each reward/delay pairwere
determined in an adaptive fashion using a staircase procedure. The
starting value of the immediate alternative for each reward/delay pair
was determined from the participant's behavior during a pre-scan ses-
sion (described below). Depending upon the participant's responses to
these trials, the next immediate reward was either raised or lowered,
with the increments of change becoming successively smaller in log
amounts. The minimum reward for adaptive trials varied across partic-
ipants, dependent on the adaptive reward values from the staircase pro-
cedure. After scanning, participants received the reward from their
choice on a randomly selected trial as a check. If there was a delay for
the selected choice, a check wasmailed to the participants at the sched-
uled date.

Prior to the fMRI session participants received 96 practice adaptive
trials outside of the scanner with the same delays used in theMRI scan-
ner. Starting values of $60 and $150 were paired with the delays and
were adapted using the procedure above. The first staircase trial for
each delayed reward was paired with an immediate reward alternative
that was 1/2 of the log-delayed amount (rounded to the nearest dollar).
Depending upon the participant's responses to these trials, the next im-
mediate reward was either raised or lowered, with the increments of
change becoming successively smaller in log amounts. The final values
from this adaptive procedure were used as starting values for the adap-
tive trials during scanning.

Discounting analysis
Data from the discounting task in the scanner were used to model

each participant's subjective value using the constant sensitivity
discounting function (Bleichrodt et al., 2009; Ebert and Prelec, 2007),
(Eq. (1)), which allows formal separation of impatience levels and im-
pulsivity and relate them to conscientiousness and neuroticism. In this
model, β is a measure of pure exponential discounting or impatience.
As β increases, people becomemore impatient. Time-sensitivity ismea-
sured by α. Rational compound discounting is equivalent to α=1. As α
decreases, people become increasingly insensitive to differences be-
tween future time points. The limiting case α ~ 0 yields dichotomous
discounting, where an individual only distinguishes between ‘now’

and ‘later,’ treating all future dates as equivalent. This would promote
extreme inconsistency in inter-temporal choices. In principle, inter-
subject variation in α and β across people describes individual differ-
ences in temporal discounting. Maximum likelihood estimation, with
the softmax activation function (Eq. (2)) for the likelihood, was used
to obtain the parameter estimates α and β from Eq. (1), and θ, the
inverse temperature or slope parameter from the softmax function. θ
reflects a random element in choice. θ = 0 represents a person that
chooses completely at random. As θ increases a person is more likely
to choose theoptionwith the highest subjective value. Theseparameters
were estimated for each participant, and we related these discounting
functions to each individual's personality measures. We calculated
both Pearson correlations and Spearman rank correlations between
each participant's estimated discounting parameters and personality
measures. Because previous research has found a correlation between
personality and both IQ and working memory (Shamosh and Gray,
2008; Shamosh et al., 2008), we also examined the Pearson correlations
between personality and both IQ and working memory.

f tð Þ ¼ exp − βtð Þα� � ð1Þ

p Option Chosenið Þ ¼ eθ� f tið Þ�Reward Chosen

eθ� f tið Þ�Reward Chosen þ eθ� f t jð Þ�Reward Rejected
: ð2Þ
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fMRI acquisition
Data were acquired using a 3-Tesla Siemens Tim Trio scanner

(Siemens, Erlangen, Germany) with a 12-channel phased array
whole-head coil. 3D T1-weighted magnetization prepared rapid acqui-
sition gradient echo (MP-RAGE) anatomical images (TR = 2530 ms,
TE = 3.39 ms, flip angle = 7°, 1.33 mm slice thickness, 1.3 × 1 mm2

in plane resolution) and T2*‐weighted EPI sequence functional images
(TR = 2.0 s, TE = 30 ms, flip angle = 90°, 3 mm3 resolution, 300
timepoints per run with 3 runs, tilt = 22° upward from AC-PC line to
minimize distortion and signal dropout, interleaved acquisition, using
prospective acquisition correction) (Thesen et al., 2000) with full
brain coverage were collected.

fMRI analysis
The functional data were analyzed using SPM8 (http://www.fil.

ion.ucl.ac.uk/spm/software/spm8/). Functional images were pre-
processedwith realignment formotion correction, slice-time correction,
artifact detection (threshold of z = 3 relative to the mean intensity and
composite motion with threshold of 1 mm relative to previous time
point), spatial smoothing (6 mm full-width-half-maximum Gaussian
kernel), and ANTS (Avants et al., 2009) normalization and coregistration
of the contrast images to each participant's anatomical scan using
Freesurfer (Fischl et al., 2001, 2002).

We used a general linear model (GLM) for the fMRI analysis that re-
lated personality variables to individually calculated subjective value for
each participant. The GLM consisted of three vectors of onsets. The first
corresponded to trials where participants chose the option with a
shorter delay, and the second corresponded to trials where participants
chose the option with a longer delay. Both onset vectors for choice
consisted of unit values at the time of the presentation of the second op-
tion. A third vector corresponded to the presentation of the first option.
Additional parametric regressors coincidedwith the onsets at presenta-
tion of the second option. Nuisance regressors were also included in the
GLM; one for each artifactual time point, one for linear drift, and 7
motion parameters (3 rotation, 3 translation, and 1 composite). Three
sessions were concatenated for the design matrix (see Supplementary
Fig. 1).

These parametric regressors represented the utility surplus of each
decision; the difference in the subjective value between the option
chosen and the option not chosen (all fMRI contrasts are with the para-
metric regressors). The utility surplus captures the subjective value of
the entire option, which provides more information than other possible
regressors (e.g., absolute monetary value or subjective value of a single
option). This is also an important measure because we predicted a rela-
tionship between personality and the parameters of the constant sensi-
tivity model, which determines each person's unique subjective value.

One parametric regressor corresponded to trials where the option
with a shorter delay was chosen and the other regressor corresponded
to trials where the option with a longer delay was chosen. For chosen
shorter delays, the regressor was calculated as the subjective value of
the option with the shorter delay minus the subjective value of the
option with the longer delay (Utility Surplus Short). For chosen longer
delays, the regressorwas calculated as the subjective value of the option
with the longer delay minus the subjective value of the option with the
shorter delay (Utility Surplus Long) (see Supplementary Table 1 for dis-
tribution of choices). All subjective values were calculated by multiply-
ing Eq. (1) by the monetary value of the options (assuming that utility
was linear in money). When positive, this difference of the subjective
value shows how much additional utility the participant gained by
choosing the option with the larger modeled subjective value (based
on their entire series of choices). When negative, this difference shows
how much additional utility the participant could have received had
they chosen the option with the larger modeled subjective value.

Because we were interested in the relationship between discounting,
personality, andbrain function, the subjective values associatedwith each
trial were essential to evaluate these relationships, as opposed to other
possible variables (e.g. actual values of the option chosen or the difference
between the two monetary values). In addition we hypothesized a rela-
tionship between neuroticism and high impulsivity/high short-term im-
patience, and conscientiousness and low impulsivity/low short-term
impatience. Therefore we separated these regressors dependent on
whether a person chose the shorter delay or the longer delay in order
to see how the preference for the length of delay related to different per-
sonality traits and brain function. Finally, we used the difference in sub-
jective value or utility surplus because this value represents both the
difficulty of the choice and the actual utility gained or lost on each trial.

We used the personality scores of conscientiousness and neuroti-
cism as second level covariates in separate second level group analyses.
Two separate second level group analyses avoided collinearity between
the personality dimensions. Conjunctions of thresholded (FDR b .05)
correlation maps were performed (Nichols et al., 2005). All analyses
applied a cluster level false discovery rate (FDR) threshold of p b .05.

Results

Behavioral results

We used an intertemporal choice task in which participants chose
between two options: (1) a smaller monetary reward with a shorter
delay, and (2) a larger monetary reward with a longer delay (Fig. 1).
Each participant's datawasfit to the two-parameter constant sensitivity
function (Bleichrodt et al., 2009; Ebert and Prelec, 2007). One parameter,
α (where 0≤α≤1)measures time-sensitivity and impulsivity. Smallerα
reflects greater impulsivity (less rational) and more short-term impa-
tience, while α= 1 reflects a rational discounter. The second parameter,
β (where 0 ≤ β,) measures exponential discounting or pure impatience.
Larger β reflects greater overall impatience. The distribution of the
time-sensitivity/impulsivity parameter (α) was approximately Gaussian
except for being truncated at 1, but the distribution of the pure-
discounting parameter βwas truncated at zero and skewed to the right,
resembling an exponential distribution. Therefore, we took the log trans-
formofβ tomake the datamoreGaussian.We assessed each participant's
personality traits with the 60-item Neuroticism-Extraversion-Openness
Five Factor Inventory (Costa andMcCrae, 1992). The influence of person-
ality factors on temporal discountingwas analyzed by calculating Pearson
correlations between personality factors and the discounting parameters
α and log(β). Based on our hypotheses, we examined correlations of neu-
roticism and conscientiousness on an a priori basis, but also performed an
exploratory analysis of extraversion, agreeableness, and openness.

As hypothesized, conscientiousness was positively correlated
with α (r = .47, p = .002). Neuroticism was negatively correlated
with α (r = − .41, p = .008) (Fig. 2 and Supplementary Table 1
for distribution of personality scores). The other three personality factors
did not correlate with α (p N .13). However, our hypotheses regarding β
were not supported, as there were no correlations between personality
and log(β) (p N .33). The correlation with α indicates that personality
was related to impulsivity differences and deviations from exponential
discounting toward hyperbolic discounting. The lack of correlation be-
tween personality and log(β) indicates that personality was not related
to exponential discounting when separating impulsivity from the expo-
nential parameter. In addition, conscientiousness was negatively corre-
lated with neuroticism in these participants (r = − .33, p = .037).
Therewere no significant correlations betweenα and log(β), or between
either α or log(β) and variation in cognitive abilities as measured by an
IQ estimate or two measures of working memory capacity.

Because α is constrained at 1, it is difficult to assess the normality
of α. Therefore, we also calculated the Spearman rank correlations be-
tween personality factors and discounting parameters α and log(β).
The results were highly similar to the Pearson correlations. Conscien-
tiousness was positively correlated withα (r= .44, p= .005) and neu-
roticismwasnegatively correlatedwithα (r=− .40, p= .005). Aswith
the Pearson correlation there were no significant correlations between



Fig. 2. Scatter plot for each individual's conscientiousness score and impulsivity parameterα (r=.47, p= .002, top), and for each individual's neuroticism score and impulsivity parameter
α (r = − .41, p = .008, bottom).

Fig. 3.Whole brain correlation of conscientiousness with the Utility Surplus Short vs. Utility
Surplus Long contrast. Peak voxel of the ventral striatum: t = 3.77, MNI coordinates: (−6,
15, 3). Peak voxel of the left DLPFC/middle frontal gyrus cluster: t = 3.12, MNI coordinates:
(−41, 24, 25) (clusterwise pFDR b .05).
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log(β) and personality traits. There were also no correlations between
either α or log(β) and variation in cognitive abilities as measured by
an IQ estimate or twomeasures of workingmemory capacity. However,
α and log(β)were negatively correlated using the Spearman rank corre-
lation (r = − .79, p b .001).

Wedid notfind the correlation betweenα and log(β) using the Pear-
son correlation that we did with the Spearman correlation, which is
likely due to the lack of normality. However, the significant negative
Spearman rank correlation between these two parameters is consistent
with the expected direction of the relationship. Increasing α is associat-
ed with greater shot-term patience and decreasing log(β) is associated
with greater patience overall. Therefore, the negative correlation sup-
ports the expected relationship between the two parameters. All corre-
lations were calculated in separate models. We also assessed the
goodness-of-fit of the constant sensitivity model. The model was fit
separately to the 40 participants. The model was a good fit for 85% of
the participants using a χ2 threshold of .05.

We also asked participants to report annual income in eight income
brackets from $0 to over $250,000. Greater income was marginally
correlated with lower α (r = − .33, p = .055). Many participants
were young adults in college or graduate school, so there may have
been an atypical relation between present and anticipated future
earnings.

fMRI results

Subjective value in relation to choosing shorter vs. longer delays
We examined the relations of neuroticism and conscientiousness to

intertemporal choice in the brain because only these personality factors
correlated behaviorally with such choices. Because neuroticism and
conscientiousness were negatively correlated, two separate second
level group analyses were conducted to avoid collinearity between the
twopersonality dimensions.We estimated each participant's utility sur-
plus, the difference in the subjective value between the option chosen
and the option not chosen, on each trial. The first contrast examined
the utility surplus, relative to each participant's subjective value (SV)
of the two options presented, between trials where a shorter delay
was chosen versus those where a longer delay was chosen (Utility
Surplus Short vs. Utility Surplus Long). Therewere no significant activa-
tions correlated with neuroticism. However, greater conscientiousness
correlated positively with increased activation in the ventral and dorsal
striata, bilateral DLPFC, left OFC, precuneus, and bilateral superior parietal
lobe (Fig. 3 and Supplementary Table 2).

The second contrast examined utility surplus, relative to each
participant's SV of the two options presented, between selecting a lon-
ger delay versus a shorter delay (Utility Surplus Long vs. Utility Surplus
Short). There were no significant activations correlated with conscien-
tiousness, but greater neuroticism correlated positively with greater
activations in the ventral striatum, bilateral DLPFC, bilateral insula,
ACC, MPFC, and bilateral OFC (Fig. 4 and Supplementary Table 3).

Nextwe examined the variation in the left and right ventral striatum
activations that associated personality and intertemporal choice (Fig. 5).
Individual parameter values were extracted from the overlap between
the anatomically defined head of the caudate, which includes surround-
ing tissue of the ventral striatum (WFU_PickAtlas, Maldjian et al., 2003),
and the larger clusters of correlation between the two personality fac-
tors and intertemporal choices that were found in each second-level
analyses (i.e., conscientiousness in Fig. 3 and neuroticism in Fig. 4).
Contrast values were then extracted from each individual's first-level

image of Fig.�2
image of Fig.�3


Fig. 4. Whole brain correlation of neuroticism with the Utility Surplus Long vs. Utility
Surplus Short contrast. Peak voxel of the ventral striatum: t = 3.36, MNI coordinates:
(−14, 10, −6). Peak voxel of the left DLPFC/middle frontal gyrus cluster: t = 4.08, MNI
coordinates: (−37, 29, 30) (clusterwise pFDR b .05).

Fig. 6. Conjunction of the two thresholded (FDR b .05) correlation maps: (1) The contrast
Utility Surplus Short vs. Utility Surplus Long correlatedwith conscientiousness (Fig. 3) and
(2) the contrast Utility Surplus Long vs. Utility Surplus Short correlated with neuroticism
(Fig. 4).
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contrast images. The Utility Surplus Short vs. Utility Surplus Long con-
trast correlated with conscientiousness and the Utility Surplus Long
vs. Utility Surplus Short contrast correlatedwith neuroticism. Increasing
contrast values from the first level contrast map were positively associ-
ated with personality scores.

There were apparent similarities in activations associated with both
personality dimensions of conscientiousness andneuroticism, and these
apparent co-localizations were statistically examined in a conjunction
analysis (Nichols et al., 2005) (FDR corrected threshold of p b .05).
There was indeed substantial overlap in the brain regions associated
with conscientiousness or neuroticism (Fig. 6). Selecting the option
that was behaviorally opposed to a person's discounting tendency
(i.e., selecting the shorter delay for a person with high conscientious-
ness or selecting the longer delay for a person with high neuroticism)
was associated with widespread activation of areas associated with
reward (ventral striatum) and with cognitive control (DLPFC).

To be certain that these fMRI results were not due toworking harder
or taking longer when choosing the option that was behaviorally op-
posed to a person's discounting tendency, we analyzed the correlations
between neuroticism and response time when the longer delay was
chosen and between conscientiousness and response time when the
shorter delay was chosen. There were no significant correlations in ei-
ther case (ps N .21). High neuroticism scores were not associated with
taking longer when choosing the longer delay, nor were high conscien-
tiousness scores associated with taking longer when choosing the
shorter delay.
Fig. 5. Scatter plots for each individual's conscientiousness score vs. fMRI contrast parameter va
Short N Utility Surplus Long (USS N USL) (top), and for each individual's neuroticism score vs. le
Surplus Short (USL N USS) (bottom). Contrast values were extracted from each individual's firs
Discussion

Economists and psychologists have described many differences in
people's discounting preferences and behaviors (Frederick et al.,
2002), and here we describe a convergence of behavioral economics,
personality, and brain function that appears to contribute to such
individuality. With respect to personality, higher conscientiousness
correlated positively with lower short-term impatience andmore expo-
nential time preferences, while higher neuroticism correlated positively
with higher short-term impatience and less exponential time prefer-
ences. Thus, the estimated discount functions of people with high neu-
roticism implies strong impatience for short delays, but relatively less
impatience when the same trade-off between delay and monetary
amount is moved into the future. This discounting profile would
promote temporally inconsistent behavior, where a decision made in
themorningmight be reversed in the evening. In contrast, the discount
functions of people with high conscientiousness exhibit both lower
impatience with respect to short term delays, as well as more time
consistency.

The relation between personality and temporal discounting can be
illustratedwith examples of differences in subjective values for immedi-
ate versus delayed rewards for the participant who had the highest
neuroticism score versus the participant who had the highest conscien-
tiousness score. Assume that both are offered the option of $8 now or
$10 in five days. Using their implied discount model, for the highly
neurotic person, the subjective value of $10 in five days was $4.87,
which was lower than the subjective value of $8 now. For the highly
lues for the left ventral striatum and right ventral striatum for the contrast Utility Surplus
ft ventral striatum and right ventral striatum for the contrast Utility Surplus Long N Utility
t level contrast map.

image of Fig.�4
image of Fig.�5
image of Fig.�6
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conscientious person the subjective value of $10 in five days was $9.93,
which was higher than the subjective value of $8 now. Therefore, the
highly neurotic person will choose the $8 now while the highly consci-
entious person will choose the $10 in five days.

We did not observe significant relations between cognitive mea-
sures of a verbal IQ estimate or two complex working memory tasks
conceptualized as indexing executive functions. This differs from prior
findings that related higher scores on measures of intelligence and
working memory capacity with lower temporal discounting (Shamosh
and Gray, 2008; Shamosh et al., 2008) and the interaction of extraver-
sion and emotional stability/reversed neuroticismwith cognitive ability
and temporal discounting (Hirsch et al., 2008). The lack of convergence
with our datamay reflect a restricted high range of cognitive abilities in
the present study (Mean IQ = 120). In any case, the absence of a
relation between cognitive measures and temporal discounting in the
present study indicates that influence of personality on temporal
discounting preference was not secondary to variation in cognitive
ability.

With respect to brain function, the regions activated have been
observed in prior studies of temporal discounting, such as those associ-
ated with reward (e.g., striatum) and cognitive control (e.g., prefrontal
cortex) (Kable andGlimcher, 2007;McClure et al., 2004), but the activa-
tions showed a novel pattern in relation to personality. Greater activa-
tions in the brain regions occurred as options were chosen that were
contradictory to personality preferences, i.e., when more conscientious
people chose the shorter delay ormore neurotic people chose the longer
delay. Many of these contradictory choices were rational, but it appears
that making a choice that contradicts a disposition may require more
mental resources that are reflected in greater activations. This is analo-
gous to evidence of greater brain activation when people perform tasks
that are inconsistent versus consistent with cultural preferences
(Hedden et al., 2008). The present findings may be contrasted with
other conditions of temporal discounting in which reward regions
respond selectively to immediate rewards whereas regions associated
with cognitive control respond similarly to immediate and delayed
rewards (McClure et al., 2004). Here, brain regions supporting reward
and cognitive control appeared to operate in an integrated fashion for
an economic decision thatwas contradictory to personality preferences.

Prior studies have related individual differences in impulsivity to
variation in temporal discounting and in brain function. One study
found a relation between individual differences in trait impulsivity,
measured by a questionnaire, and activation in MPFC (Sripada et al.,
2011). Another study dissociated the subjective valuation stage from
the choice stage in such decisions and found that greater impulsivity,
measured by preferences in intertemporal choices, was associated
with reduced activations in lateral prefrontal regions at the choice
stage (Liu et al., 2012). Other similar cognitive control regions, including
the DLPFC, showed a greater decrease in activation for delayed reward
in impulsive discounters (Ballard and Knutson, 2009). Impulsive
discounters also showed decreased activation in the ventral striatum
while responding to delayed rewards (Ballard and Knutson, 2009;
Ripke et al., 2012), but showed increased activation in the ventral stria-
tum while anticipating the outcome of a delayed reward (Jimura et al.,
2013). People with high trait impulsivity showed decreased activation
in the nucleus accumbens/ventral striatum when successfully resisting
choosing suboptimal immediate rewards (Diekhof et al., 2012).
Although the NEO-FFI does not provide a direct measure of impulsivity,
neuroticism scores have been associated with high impulsivity
(Whiteside and Lynam, 2001). The present study is thus in accord
with these prior neuroimaging studies in identifying the ventral striatum,
MPFC, andDLPFC regions as being related to personality-related variation
in intertemporal choice.

The present findings occurred in the context of a specific model of
temporal discounting, constant sensitivity, and a specific experimental
measure of temporal discounting. The constant sensitivity model
allowed for separation of pure discounting or impatience, represented
by β, which was not associated with personality variation, from
impulsivity/short-term impatience and preference consistency, repre-
sented byα, whichwas associatedwith variation in both conscientious-
ness and neuroticism. Other discounting models, such as the simple
hyperbolic model, do not separate discounting from impulsivity (both
are captured in a single parameter). Another feature of our experimen-
talmeasure thatmay be beneficial for estimating discount rates was the
adaptive procedure used in some of the trials. The adaptive procedure
ensured that participants were presented with difficult trials with
options near their indifference point, which is important for estimating
the model more accurately for each individual.

The present study documented individual differences in economic
decision-making and brain function in relation to two fundamental
dimensions of human personality, conscientiousness or neuroticism.
These personality factors have wide-ranging relations to important
human behaviors and outcomes. These two personality factors are
predictive of job performance (Hurtz and Donovan, 2000), and in longi-
tudinal studies higher conscientiousness is a predictor of longevity
(Friedman et al., 1993) and lower risk for Alzheimer's disease (Wilson
et al., 2007). The present study suggests that these personality factors
are associated with quite different valuations of the short-term and
the long-term, but that both factors are associated with predispositions
that require similar integrated neural resources of reward and cognitive
control regionswhen a specific choice violates that predisposition. Thus,
themental and neural characteristics associated with stable personality
traits wield considerable power over the choice between immediate
and delayed gratification.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.neuroimage.2014.04.066.
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