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Humans typically discount future gains more than losses. This phenomenon is referred to as the “sign effect” in experimental and
behavioral economics. Although recent studies have reported associations between the sign effect and important social problems, such as
obesity and incurring multiple debts, the biological basis for this phenomenon remains poorly understood. Here, we hypothesized that
enhanced loss-related neural processing in magnitude and/or delay representation are causes of the sign effect. We examined partici-
pants performing intertemporal choice tasks involving future gains or losses and compared the brain activity of those who exhibited the
sign effect and those who did not. When predicting future losses, significant differences were apparent between the two participant
groups in terms of striatal activity representing delay length and in insular activity representing sensitivity to magnitude. Furthermore,
participants with the sign effect exhibited a greater insular response to the magnitude of loss than to that of gain, and also a greater striatal
response to the delay of loss than to that of gain. These findings may provide a new biological perspective for the development of novel
treatments and preventive measures for social problems associated with the sign effect.
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Introduction
Humans exhibit a temporal preference known as “delay dis-
counting,” whereby a sooner reward is typically preferred to a
future reward of equal magnitude (Ainslie, 1975). Value that is
discounted to account for a time delay is expressed as discounted
value � u (outcome) � g (delay), where u is the utility function
and g is the discount function. Previous studies in experimental and
behavioral economics have reported an asymmetry in the dis-
counted value assigned to gains and losses, whereby the value of a
future loss appears to be less steeply discounted than the value of a
future gain (Thaler, 1981; Loewenstein, 1987, 1988; Frederick et al.,
2002). This gain–loss asymmetry in delay discounting is referred to
as the “sign effect.” Recent economic studies have reported that the
lack of the sign effect was associated with social problems, such as
smoking (Odum et al., 2002), debt, and obesity (Ikeda et al., 2010).

Theoretical work has suggested that a sign effect could result
from a value function that is more elastic for losses than that for

gains, and a combination of loss aversion and the magnitude
effect (Loewenstein and Prelec, 1992). Here, we focused on loss
aversion as one potential source of the sign effect. It has been
suggested in theoretical studies of loss aversion that the loss of
utility from a specific magnitude of loss is greater than the gain of
utility from the same magnitude of gain, when they are taken at
the same timing (Kahneman and Tversky, 1984). The greater
utility can generate greater discounted value, which is correlated
with more gradual discounting. Hence, loss aversion can cause
the sign effect. At a neural level, loss has been shown to be neu-
rally coded in the insula and striatum. The insula is activated
when predicting monetary loss (Paulus et al., 2003; Pessiglione et
al., 2006; Palminteri et al., 2012), and a recent study reported that
individual insular activity responding to monetary losses re-
flected the individual degree of loss aversion in economic gam-
bling tasks (Canessa et al., 2013). In the striatum (commonly
activated by primary and monetary rewards), a positive relation-
ship between striatal BOLD response and monetary loss has also
been observed. For instance, in tasks with both gains and losses in
primary and monetary outcomes, a correlation between striatal
activity and negative outcomes has been observed when partici-
pants are forced to receive negative outcomes while the potential
to receive positive outcomes is present (Seymour et al., 2004,
2007b). These findings on gain and loss coding indicate the en-
hanced responses to loss in the insula and striatum.

Another potential source of the sign effect is that salient de-
layed losses may create a “dread effect.” People sometimes prefer
to receive aversive outcomes, such as pain and monetary loss
sooner rather than later. This type of preference has been termed
“dread” (Loewenstein, 1987; Loewenstein and Prelec, 1991, 1993;
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Story et al., 2013). According to economic
theory, this preference can be explained by
an increasing discount function with time,
whereby future outcomes are weighted
more than immediate outcomes because
anticipation itself harbors disutility. This
pattern of time discounting can be a cause
of the sign effect (Loewenstein, 1987). At a
neural level, delay is suggested in some
studies to correlate negatively striatal ac-
tivity; for example, striatal activity corre-
lates negatively with length of delay
(Gregorios-Pippas et al., 2009) and corre-
lates positively with hyperbolic discount
functions that decrease with increasing
length of the delay (Pine et al., 2009; Pine
et al., 2010). These studies suggest down-
ward sloping discount functions where
future outcomes are discounted more.
However, one study showed that subjects
under the influence of dread exhibited a
time discounting pattern where they
weighted future outcomes more; that is,
they exhibited a positive correlation be-
tween the length of delay to an electric
shock and neural activities in anticipation
of the shock in the insula (Berns et al.,
2006).

Together, economic theory suggests
two possible explanations for the sign ef-
fect: loss aversion and dread. The loss
aversion hypothesis would suggest that
the sign effect is related to an enhanced
neural response to the magnitude of losses
relative to gains. The dread hypothesis
would suggest that the sign effect is related
to an enhanced neural response to delay
for losses relative to gains. Here, we tested
these hypotheses by examining activity in
insula and striatum with an intertemporal choice task involving
losses and gains (Fig. 1). We then quantitatively compared brain
activity representing magnitude and delay information at the
time of decision making between those participants who exhib-
ited the sign effect and those who did not. In doing so, we man-
aged to identify the effects of magnitude and delay components of
future gains and losses in a single experimental setting.

Materials and Methods
Participants. We initially conducted an fMRI experiment with 32 partic-
ipants and identified those who exhibited the sign effect and those who
did not. Of these 32 volunteer participants (18 males and 14 females), 3
did not exhibit the sign effect. To obtain a greater number of participants
without the sign effect, we ran an additional behavioral experiment with
60 additional volunteers (30 males and 30 females) using the same meth-
ods as in the first fMRI experiment. We found 9 did not exhibit the sign
effect, and these 9 were added to the original 32 volunteers for a total of 41
participants who went through to our fMRI experiment. These 41
healthy, right-handed volunteers (23 males and 18 females; age 26.1 �
7.0 years; age range 20 –52 years) consented to participate in the experi-
ment, which was conducted with approval from the Review Board Ethics
and Safety Committees for Functional Resonance Imaging Research of
the Advanced Telecommunication Research Institute International and
Osaka University. From these 41, we excluded 3 participants before be-
havioral data analysis because of problems acquiring imaging or behav-

ioral data during the experimental trials. We also excluded 6 participants
before imaging data analysis because they exclusively chose the small-
sooner or larger-later option in the experimental task; because we used a
method of indifference points (see Behavioral data analysis), we were
unable to estimate the discounting parameter of these participants when
they had consistently chosen a single option. Thus, in total, behavioral
and imaging data from 32 participants (19 males and 13 females; age
26.6 � 7.4 years; age range 20 –52 years) were analyzed in this study: 23
participants with the sign effect and 9 participants without.

Experimental task. We used a repeated intertemporal choice task (Fig.
1) in which participants were asked to choose between a smaller-sooner
and a large-later option. In the original task used in our previous studies
(Schweighofer et al., 2006; Tanaka et al., 2007), only options with poten-
tial gains were presented. In the present study, we added a novel condi-
tion in which participants chose between small-sooner and large-later
losses. At the beginning of each trial, a white square (small-sooner op-
tion) and a yellow square (large-later option), which were occluded by a
variable number of black patches corresponding to the length of mone-
tary payoff delays, were displayed side by side on a screen for 2000 ms. In
the GAIN condition, participants chose between a white square indicat-
ing a small gain (10 yen) with a short delay and a yellow square indicating
a large gain (40 yen) with a longer delay. In the LOSS condition, partic-
ipants chose between a small loss (�10 yen) with a short delay and a large
loss (�40 yen) with a longer delay. Once a square had been selected by
pressing a button, the black patches started being removed sequentially.
The number of patches taken away at each time interval (400 ms) was a
random variable S, taking the value of 3, 4, 5, 6, or 7. S is uniformly

Figure 1. Experimental task. At the beginning of each trial, a white square (small-sooner option) and a yellow square (large-
later option) were displayed side by side on a screen for 2000 ms. The squares were occluded by a variable number of black patches
corresponding to the length of monetary payoff delays. In the GAIN condition, participants chose between a white square indicat-
ing a small gain (10 yen) with a shorter delay (1–7 s) and a yellow square indicating a large gain (40 yen) with a longer delay (6 –26
s). In the LOSS condition, participants chose between a small loss (�10 yen) with a shorter delay and a large loss (�40 yen) with
a longer delay. Once a square had been selected by pressing a button, the black patches were removed from the chosen square at
400 ms intervals. When the square was completely exposed, the monetary payoff was displayed on the screen for 1000 ms. In the
next trial, white and yellow squares were displayed with novel mosaic patterns. In the example shown, choosing a white square led
to a small monetary gain (10 yen) or a small monetary loss (�10 yen), which was delivered in two steps (0.4 � 2 � 0.8 s) in the
GAIN or LOSS condition, respectively. When choosing a yellow square, participants waited four steps (0.4 � 4 � 1.6 s) to obtain a
larger monetary gain (40 yen) or a larger loss (�40 yen) in the GAIN or LOSS condition, respectively.
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distributed. When the white or yellow square image was completely ex-
posed, the monetary payoff was displayed on the screen for 1000 ms. In
the next trial, the white and yellow squares were displayed with novel
mosaic patterns of black patches.

The initial numbers of black patches against white and yellow squares,
termed MS for small-sooner options and ML for large-later options, were
random variables and followed uniform distributions. MS had an average
value of 48, a minimum value of 16, and a maximum value of 80; ML had
an average value of 200, a minimum value of 80, and a maximum value of
320. The expected delays to small outcomes and large outcomes, termed
DS and DL, respectively, are given by the following:

DS � �*MS/mean�S� and DL � �*ML/mean�S�,

where � is the time interval of 400 ms. Thus, the ranges of expected delays
for the average values of DS and DL were as follows: (DS, DL) � (1.2–10.8
s, 4.8 – 42.8 s). The delay time associated with a small reward/loss was
typically shorter than the delay length associated with a large reward/loss.
Thus, at the beginning of each trial, participants were required to choose
between a sooner but smaller reward/loss (white) and a later but larger
reward/loss (yellow) by comparing the patterns of black patches on the
two squares. The participants were required to respond within 2000 ms,
so that decision making was based on the visual impression of darkness
on the squares rather than on an explicit count of the black patches. Each
GAIN and LOSS condition lasted �20 min. The order of the conditions
was counterbalanced across participants.

Procedure. Before the fMRI experiment, the 32 participants initially
recruited practiced the identical experimental task they performed in the
fMRI scanner, except that the initial number of black patches was differ-
ent in each trial. The second 9 participants who did not exhibit the sign
effect in the additional behavioral experiment were exempt from this
practice on the day of fMRI experiment because they had learned the
task. All participants received a cash honorarium immediately after fin-
ishing the tasks in both the GAIN and LOSS conditions. Participants who
completed the fMRI experiment received a participation fee (10,000 yen,
equivalent to �100 U.S. dollars) as well as the total amount earned in the
GAIN and LOSS conditions, minus withholding tax (10%). Participants
earned an average of 1559.7 yen (in the GAIN condition) and lost an
average of 1134.4 yen (in the LOSS condition). Therefore, the partici-
pants in the fMRI experiments received, in total, an average of 9382.8

yen. When we recruited the second group of
participants in the behavioral tasks, partici-
pants received an average of 2000.3 yen. We
informed participants approximately the hon-
orarium while describing the experimental
methods.

Behavioral data analysis. The degree of dis-
counting was calculated for each participant
using his or her individual choice patterns with
a method of indifference points (Ho et al.,
1999). The delay length of the large-later op-
tion (DL) was plotted against the delay length
of the small-sooner option (DS) for each choice
(for the GAIN condition, see Fig. 2a). The
probability of choosing the large-later option
(PL) was fitted using the following logistic re-
gression analysis (Schweighofer et al., 2006;
Tanaka et al., 2007):

PL � 1/�1 � exp[� (�LDL � �SDS � �0�]).

(1)

When PL � 0.5, this equation was transformed
to:

DL � � �S/�L*DS � �0/�L. (2)

For any point on this “indifference line,” the
discounted values of the small-sooner and
large-later options were equal. The intercept of
the indifference line ��0/�L is the point where

a small-sooner option with delay � 0 is equivalent to a large-later option
with a delay value equivalent to the intercept.

By applying the method of indifference points to the specific discount
model, we can compute an individual discount rate from the estimated
intercept. The theoretical model of discounting in the hyperbolic style
g( D) � 1/(1 	 khD) can be transformed to the same form as the indif-
ference line equation in the following way:

1/�1 � khDL�*u�40� � 1/�1 � khDS�*u�10�

DL � bDS � c/kh in the hyperbolic model, (3)

b � u�40�/u�10�, c � �u�40� � u�10��/u�10�.

u(40) and u(10) is utility for 40 yen and 10 yen, respectively. We adopted
a linear utility function here; thus, u(40) � 40, and u(10) � 10. kh is the
discount rate and is included in the intercept: the intercept in Equation 2,
��0/�L, reflects the “inverse discount rate” c/kh in Equation 3. To cate-
gorize the participants according to the existence of the sign effect, we
computed the individual discount rate as kh � ��0/c�L. To investigate
the detailed relationship between neural activity and behavioral param-
eters (Fig. 3e,f ), we defined the degree of the sign effect as the difference
between the intercepts of the indifference line in the GAIN and LOSS con-
ditions. We suggest that the obtained intercept parameters accurately re-
flected individual neural features because the abovementioned method of
indifference points avoids potential data deterioration that can be caused by
using specific discounting functions (Gregorios-Pippas et al., 2009).

Imaging acquisition. A 3.0-Tesla scanner (Magnetom Trio, A Tim Sys-
tem; Siemens Japan) was used to acquire structural T1-weighted images
and T2*-weighted echo planar images (repetition time � 2000 ms; echo
time � 30 ms; flip angle � 80°; matrix � 64 � 64; field of view � 192
mm; slice thickness � 4 mm; slice gap � 0 mm) with BOLD contrast.
SPM8 software (Wellcome Department of Imaging Neuroscience, Insti-
tute of Neurology, London) was used for preprocessing and statistical
analysis. The first six image volumes were discarded to avoid T1 equilib-
rium effects. The images were realigned to the first image as a reference,
spatially normalized with respect to the MNI echo planar imaging tem-
plate, and spatially smoothed with a Gaussian kernel (8 mm, full width at
half maximum).

a b
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Figure 2. a, Choice pattern of a representative participant in the GAIN condition. The delay length of the large-later option (DL)
is plotted against the delay length of the small-sooner option (DS) for each choice. Filled circles represent selection of the large-later
option (yellow square: 40 yen); open circles represent selection of the small-sooner option (white square: 10 yen). The dotted line
indicates the estimated indifference line of the participant. The intercept of the indifference line is the point where a small-sooner
option with delay � 0 is equivalent to a large-later option with the delay of the intercept. b, The sign group exhibited a smaller
discount rate (slower discounting) in the LOSS condition than in the GAIN condition. *p 
 0.05 (multiple comparison with
Tukey–Kramer method). In the LOSS condition (white bars), there was a significantly smaller discount rate in the sign group than
in the no-sign group. *p 
 0.05 (multiple comparison with Tukey–Kramer method). Error bars indicate SE.
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Imaging data analyses. In the fMRI data analyses, we prepared an
event-related design matrix for the GAIN and LOSS sessions. The design
matrix contained the following five regressors for each of the GAIN and
LOSS conditions: (1) an event regressor (�-function) at the timing of

stimulus display; (2) a parametric modulation of event regressor 1 by the
delay length of the chosen option; (3) a parametric modulation of event
regressor 1 by the outcome magnitude (10 or 40) of the chosen option;
(4) an event regressor at the time the black patches were removed (every

a b

c d

e f

Figure 3. a, In the striatum, we found a significant difference between the sign and no-sign groups in the LOSS condition in terms of the correlation between BOLD signals and delay length. b,
In the insula, we found a significant group difference in the LOSS condition in terms of magnitude sensitivity. c, Delay correlation in the striatum in the GAIN (white bars) and LOSS (gray bars)
conditions. d, Magnitude sensitivity in the insula in the GAIN (white bars) and LOSS (gray bars) conditions (sign: n � 23; no-sign: n � 9). **p 
 0.05 (multiple comparison with Tukey–Kramer
method). *p 
 0.05 (one-sample t test). e, Differences between the behaviorally measured discount rates in the GAIN and LOSS conditions and between the striatal delay correlations in the GAIN
and LOSS conditions were significantly correlated (r � 0.437, p 
 0.05). f, Differences between the behaviorally measured discount rates in the GAIN and LOSS conditions and between the left
insular magnitude sensitivity in the GAIN and LOSS conditions were significantly correlated (r � 0. 673, p 
 0.05). Error bars indicate SE.
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400 ms from the stimulus display until the outcome display); and (5) an
event regressor at the timing of the outcome display. We excluded trials
in which participants failed to press a button within the required dura-
tion (2000 ms). All regressors were convolved with a canonical hemody-
namic response function and were entered into a general linear model.
First, we created parameter estimates for the parametric modulation of
delay length (“delay correlation,” regressor 2). These parameter esti-
mates were then used for the second-level group analyses (random-
effects analysis) using a two-sample t test (Table 1). Next, we created
parameter estimates for the parametric modulation of outcome magni-
tude (“magnitude sensitivity,” regressor 3). These parameter estimates
were then used for the second-level group analyses using a two-sample
t test (Table 2).

ROIs and correction for multiple comparisons. Our hypothesis was that
differential neural response in the striatum or insula between gains and
losses to magnitude and/or delay may be related to the sign effect. We
therefore report brain responses corrected for multiple comparisons in a
priori ROIs in the striatum and insula. We referred to the Automatic
Anatomical Labeling (AAL) Atlas (Tzourio-Mazoyer et al., 2002) to
define each of the clusters of the striatum and insula regions anatom-
ically. We used a combined image of the right putamen and left
putamen from AAL as the region of the striatum (size � 16,584 mm 3)
and a combined image of the right insula and left insula from AAL as
the region of the insula (size � 29,024 mm 3). For inference of second-
level group analyses (Tables 1 and 2), we applied a family-wise error
correction of p 
 0.05 by an anatomically defined small-volume cor-
rection. For visualization of the second-level group analyses (Fig.
3a,b), we used an uncorrected height threshold of p 
 0.001 and no
extent threshold.

To evaluate the brain responses associated with delay and magnitude
information, we defined the functional ROIs as the peak voxel of clus-
tered voxels where significant between-group differences were observed
in terms of delay correlation and magnitude sensitivity in either the
GAIN or LOSS condition (Tables 1 and 2). For the peak voxels in the
striatum (x, y, z � 28, 2, �2) and insula (x, y, z � 36, �10, �10), we
plotted the value of the parameter estimates for delay correlation and
magnitude sensitivity averaged across participants for the GAIN and
LOSS conditions (Fig. 3c–f ). We used the MarsBaR toolbox (Brett et al.,
2002) for these analyses. We used Pearson’s correlation coefficient in
the correlation analysis of the size of behavioral and neural sign effects
(Fig. 3e,f ).

Results
Behavioral results
We estimated the discount rate of each participant based on their
individual choice patterns in the GAIN and LOSS conditions
(Fig. 2a). The behavioral results showed that 23 participants ex-
hibited the sign effect (sign group), as indicated by a smaller
discount rate in the LOSS condition than in the GAIN condition.
The other 9 participants did not exhibit the sign effect (no-sign
group). Figure 2b shows the discount rate of the sign group and
no-sign group in the GAIN and LOSS conditions. Discount rates
for gains and losses were subjected to a 2 � 2 mixed ANOVA with
condition (GAIN/LOSS) as the within-subject factor and group
(sign/no-sign) as the between-subject factor. No significant effect
of condition (F(1,30) � 0.037, p � 0.1) or group (F(1,30) � 0.502,
p � 0.1) was found on discount rates, although we did find a
significant interaction between condition and group (F(1,30) �
23.401, p 
 0.05). A multiple comparison analysis of discount
rate revealed that the sign group exhibited a significantly smaller
discount rate in the LOSS condition than the no-sign group (p 

0.05, Tukey–Kramer method). However, we observed no signif-
icant differences between the two groups in the GAIN condition
(p � 0.05). Hence, our hypothetical focus on loss as a cause of
the sign effect was confirmed by the behavioral patterns of the
participants.

We did not find any demographic attributes that could ac-
count for the differences between the two groups. Although there
was a higher male-to-female ratio in the no-sign group (77.8%)
compared with the sign group (52.2%), this difference was not
significant (p � 0.1, � 2 distribution). Additionally, we did not
observe any significant differences in age between the two groups
(p � 0.1, two-sample t test).

Imaging results
To examine our hypothesis that the sign effect is caused by en-
hanced loss-related neural processing in magnitude and/or delay
representation, we measured the brain activity of participants
during decision making in the GAIN and LOSS conditions. We
then assessed event-related BOLD signals at the time of decision-
making (display stimulus). To evaluate the effect of delay infor-
mation at the neural level, we assessed the correlation between
event-related BOLD signals and delay length for the chosen op-
tions (termed “delay correlation”). To evaluate the effect of mag-
nitude information at the neural level, we focused on the
correlation between event-related BOLD signal and the binary
variable (i.e., 10 or 40) of outcome magnitude for the chosen
outcome magnitude (termed “magnitude sensitivity”); a small
correlation would indicate weak magnitude sensitivity at the
neural level.

We compared the delay correlation and magnitude sensitivity
between the sign and no-sign groups in the LOSS condition (Ta-
bles 1 and 2). We observed a significant group difference in delay
correlation in the striatum in the LOSS condition (Fig. 3a; two-
sample t test with a corrected height threshold, p 
 0.05). We also
observed a significant group difference in magnitude sensitivity
in the insula in the LOSS condition (Fig. 3b; two-sample t test
with a corrected height threshold, p 
 0.05). Both in the striatum
and insula, a significant group difference was not observed in the
GAIN condition, supporting our hypothesis.

Respective neural responses of the striatum and the insula to
delay/magnitude information among the sign group and no-sign
group were plotted (Fig. 3c,d). We found two major findings. The
first was contrasting correlations in the LOSS condition between
the sign group and no-sign group. In the striatum (Fig. 3c), delay

Table 1. Results of two-sample t test for delay correlation between the sign and
no-sign groupsa

Contrast Area Coordinates Voxels t value

GAIN condition
(Sign) � (no-sign) None — — —
(No-sign) � (sign) None — — —

LOSS condition
(Sign) � (no-sign) Striatum 28, 2, �2 130 4.77
(No-sign) � (sign) None — — —

aCorrected threshold of p 
 0.05 (small-volume correction) for voxels with activation exceeding the uncorrected
height threshold p 
 0.001 and no extent threshold. All xyz coordinates correspond to the MNI coordinates system.
—, Not applicable.

Table 2. Results of two-sample t test for magnitude sensitivity between the sign
and no-sign groupsa

Contrast Area Coordinates Voxels t value

GAIN condition
(Sign) � (no-sign) None — — —
(No-sign) � (sign) None — — —

LOSS condition
(Sign) � (no-sign) Right insula 36, �10, �10 376 5.01
(No-sign) � (sign) None — — —

aCorrected threshold of p 
 0.05 (small-volume correction) for voxels with activation exceeding the uncorrected
height threshold of p 
 0.001 and no extent threshold. All xyz coordinates correspond to the MNI coordinates
system. —, Not applicable.
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correlation was significantly positive for the sign group, but neg-
ative for the no-sign group (p 
 0.05, one-sample t test). Simi-
larly, in the insula (Fig. 3d), size sensitivity was significantly
positive for the sign group, but negative and significant for par-
ticipants in the no-sign group (p 
 0.05, one-sample t test).

The second finding was an across-condition difference in cor-
relations for the sign group. In the striatum (Fig. 3c), delay cor-
relation was significantly positive and greater in the LOSS
condition than in the GAIN condition (p 
 0.05, Tukey–Kramer
method). Similarly, in the insula (Fig. 3d), we found significantly
positive and greater magnitude sensitivity in the LOSS condition
than in the GAIN condition (p 
 0.05, Tukey–Kramer method).

To complement the above analyses, we also checked whether
there was any relationship established between magnitude and
striatal activation or between delay and insular activation. We
found no significant delay correlation in the insula or significant
magnitude sensitivity in the striatum in all conditions and groups
(p � 0.05, one-sample t test). Moreover, we found no significant
across-condition differences in delay correlation in the insula or
in magnitude sensitivity in the striatum in both groups (p � 0.05,
Tukey–Kramer method). In summary, our results revealed
magnitude-related responses in the insula and delay-related re-
sponses in the striatum.

The size of the behaviorally defined sign effect was signifi-
cantly correlated with the size of the neural effects. The larger the
degree of the sign effect (i.e., difference between discount rates for
the GAIN and LOSS conditions), the larger the difference in stri-
atal delay correlations (r � 0.437, p 
 0.05; Fig. 3e) and insular
magnitude sensitivity (r � 0.673, p 
 0.05; Fig. 3f) for the GAIN
and LOSS conditions.

Discussion
For the sign group relative to the no-sign group, we found en-
hanced neural responses in the striatum to a delay in loss out-
comes, and enhanced neural responses in the insula to loss
magnitude. In addition, participants showing greater difference
in striatal and insular activities between the gain and loss out-
comes exhibited a larger sign effect seen in the behavioral data.

Many investigations with human participants in the field of
neuroscience have demonstrated that specific brain areas, such as
the prefrontal cortex, insula, and striatum, are involved in tem-
poral discounting of future appetitive outcomes, such as a drink
and monetary rewards (McClure et al., 2004, 2007; Hariri et al.,
2006; Kable and Glimcher, 2007; Tanaka et al., 2007; Wittmann et
al., 2007; Ballard and Knutson, 2009; Gregorios-Pippas et al.,
2009; Pine et al., 2009, 2010). In contrast, only a few studies have
examined the neural differences between delay discounting of
gains and losses (Bickel et al., 2009; Xu et al., 2009), and little is
known about the neural substrates of the sign effect. A previous
study (Bickel et al., 2009) indeed found no behavioral or neural
differences in intertemporal choice between gains and losses.
Such a result may have been obtained because the study consid-
ered differences in discounting for loss and gain without consid-
ering individual level variation. However, individual level
differences have been reported in other studies (Kable and Glim-
cher, 2007; Gregorios-Pippas et al., 2009). Here, we addressed the
important issue of individual variation in discounting, focusing
on its potential relationship with the sign effect. Accordingly, we
compared the brain activity of participants who exhibited the
sign effect with that of participants who did not. Another study by
Xu et al. (2009) found that the frequency of selecting smaller-
sooner options was greater in a gain task than in a loss task. This
choice pattern is also explained by the sign effect, in line with the

present findings. Brain activity was also measured during
decision-making periods in their study, and greater activation
was found when discounting losses than when discounting gains
in some brain regions, such as the prefrontal area, insula, and
striatum. Although our findings are consistent with those of Xu et
al. (2009), they could not distinguish the effect of magnitude
from that of delay for the sign effect. Bypassing the complicated
distinction between decision making with positive and negative
reinforcers (Seymour et al., 2007a) and focusing instead on delay-
related or magnitude-related responses enabled the present study
to better investigate the neural substrate underlying the sign
effect.

We found greater insular responses to the magnitude of loss
than gain among participants with the sign effect. This result
could imply that the sign effect might be related to loss aversion,
as proposed by economic theory (Loewenstein and Prelec, 1992),
and that the insula forms the neural substrate of this effect. In the
present study, participants with the sign effect exhibited a smaller
discount rate for future losses than for future gains, as deter-
mined from the behavioral data. This observationally smaller dis-
count rate for future loses could be the result of a stronger
sensitivity for future losses in the insula, independent of the delay
component. Consistent with this, participants who exhibited the
sign effect had stronger sensitivity to losses in the insula. A recent
study by Canessa et al. (2013), who showed that individual insu-
lar activity responding to monetary losses reflected individual
degree of loss aversion in economic gambling tasks, supports our
conclusion.

Our other main finding is the opposite delay correlation in the
striatum seen across the groups for future losses. A possible in-
terpretation of this result (Fig. 3c) is that the striatum represents
the discount function. First, the striatal responses of the no-sign
group showed a negative correlation between BOLD signals and
delay. This finding is in line with previous findings of a negative
correlation between striatal BOLD signals and length of the delay
(Gregorios-Pippas et al., 2009) and a correlation between striatal
BOLD signals and the hyperbolic discount functions (Pine et al.,
2009; Pine et al., 2010). Second, in contrast to the no-sign group,
we found a significant positive delay correlation in the striatum of
the sign group, which suggests that these participants exhibiting
the sign effect may exhibit the “dread effect.” Neural correlates of
dread in the insula have been observed in a previous study involv-
ing choice between delayed aversive outcomes (Berns et al.,
2006), although not previously in the striatum. We observe a
negative correlation between striatal activity and delay for losses,
which may reflect a neural correlate for dread in the striatum. It
has been previously suggested that the striatum represents sub-
jective value after discounting has taken place (Kable and Glim-
cher, 2007). This would be consistent with the striatum
representing an upward-sloping discount function for losses
here. The interplay between striatal and insular activity in repre-
senting dread-discount functions suggests an interesting target
for future studies.

Regarding the core neural mechanism of the sign effect, it is
useful to consider studies investigating the neural basis of delay
discounting. Previous human fMRI studies have found neuronal
activity representing discounted value in the striatum (Hariri et
al., 2006; Kable and Glimcher, 2007; Tanaka et al., 2007;
Gregorios-Pippas et al., 2009; Pine et al., 2009, 2010). Recent
neurophysiological studies have reported neuronal activity rep-
resenting delay information in the dorsolateral prefrontal cortex
(Kim et al., 2012) and lateral intraparietal cortex (Louie and
Glimcher, 2010). Taking these previous findings together with
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our current findings, we suggest one possible mechanism of the
sign effect as follows: delay information is processed in cortical
regions, such as the frontal and parietal areas before being trans-
mitted to the striatum, which then represents the upward-sloping
discount function of future losses. Finally, by combining with
magnitude information from the insula that emphasizes losses,
the striatum computes the discounted value needed for decision
making. Future studies manipulating the activities of these corti-
cal areas by transcranial magnetic stimulation could clarify the
detailed biological basis of the sign effect.

Our results suggest that, at the neural level, both the effect of
magnitude and the effect of delay are important sources of the
sign effect. However, we had only limited (i.e., two) variations of
magnitudes to identify the effect of magnitude. In addition, we
could not remove the limitation inherent to intertemporal choice
tasks whereby delay and magnitude are correlated, namely, that
an option with a smaller magnitude had a shorter delay, even
though we randomly defined the length of delay from the uni-
form distribution. Importantly, however, the group difference in
delay correlation was observed in the striatum (Fig. 3c) and not in
the insula, and the group difference in magnitude sensitivity was
observed in the insula (Fig. 3d) and not in the striatum. These
results indicate that we have identified the effect of delay and
magnitude on the sign effect. Future studies should develop novel
paradigms that allow for a completely uncorrelated assessment of
delay-related and magnitude-related neural systems by manipu-
lating delay and magnitude independently as, for example, seen
in a study using rats (Roesch et al., 2006). The other potential
drawback of the study is that we set a time restriction in the
intertemporal choice task. Thus, participants tried to maximize
their total amount of gains as well as minimize their total amount
of losses within a particular time. However, in a standard inter-
temporal choice task, the duration of a single trial is fixed regard-
less of the participants’ choice, which allows them not to optimize
the number of trials dependent on their choices. Our experimen-
tal task was able to capture not only the neural mechanism of
discounting for each trial but also the neural mechanism of opti-
mizing in the decision-making problem over a longer time frame
(Sonuga-Barke, 2002, 2003; Plichta et al., 2009). Future studies
should more clearly identify the role played by the striatum and
insula for time discounting in a trial and optimize the whole
session.

This study showed that the majority of participants exhibited
gain–loss asymmetry at the behavioral level, which is actually an
“anomaly” in standard economics. In the first and second re-
cruitment stages of this study, 3 of the 32 participants (9.4%) and
9 of the 60 participants (15%) were identified as no-sign partici-
pants. This minor proportion of no-sign individuals is similar to
that reported by a survey in Japan in which 11.5% of 2289 partic-
ipants did not exhibit the sign effect (Ikeda et al., 2010). Thus, it is
reasonable to expect that �10% of individuals in a sample of
healthy adults will not consistently exhibit the sign effect. This
consistency in behavioral results suggests that the intuitive and
relatively short-term intertemporal choice task (on the order of
seconds) used in the present study was able to capture the sign
effect similarly to the previous study that used intertemporal
choice tasks in a questionnaire form with longer delay ranges (on
the order of days). Future studies should analyze the relationships
between the degree of the sign effect, striatal and insular activities,
and individual biological attributes (e.g., ethnicity, sex, age, obe-
sity, and gene polymorphisms) as well as social attributes (e.g.,
culture, income, job, social status, and civil status) to further
enhance understanding of the prevalence of the sign effect.
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