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Abstract

The lowa Gambling Task (IGT) is widely used to assess real life decision-making impairment in a wide variety of clinical
populations. Our study evaluated how IGT learning occurs across two sessions, and whether a period of intervening sleep
between sessions can enhance learning. Furthermore, we investigate whether pre-sleep learning is necessary for this
improvement. A 200-trial version of the IGT was administered at two sessions separated by wake, sleep or sleep and wake
(time-of-day control). Participants were categorized as learners and non-learners based on initial performance in session
one. In session one, participants initially preferred the high-frequency reward decks B and D, however, a subset of learners
decreased choice from negative expected value ‘bad’ deck B and increased choices towards with a positive expected value
‘good’ decks (decks C and D). The learners who had a period of sleep (sleep and sleep/wake control conditions) between
sessions showed significantly larger reduction in choices from deck B and increase in choices from good decks compared to
learners that had intervening wake. Our results are the first to show that post-learning sleep can improve performance on a
complex decision-making task such as the IGT. These results provide new insights into IGT learning and have important
implications for understanding the neural mechanisms of “sleeping on” a decision.
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Introduction of reward (bad deck B and good deck D) compared to decks with a
. . ) . o lower probability (0.5) of reward (bad deck A and good deck C)
Decision-making can be difficult. To make a decision, [2,3,4]. Thus, advantageous decision-making relies on shifting

individuals must use current knowledge to predict and weigh all choice away from bad deck B and replacing choices with good
potential options. The decision process is particularly difficult decks C and/or D [5,6].

when options are complex and involve multiple risks and benefits,
such as the decision to take a new job or move to a new city. A
common word of advice to individuals before making an
important or difficult decision is to ‘sleep on it’. This implies that
when weighing the risks and benefits of multiple options, sleep may
help sort through information to provide clear insight to the
answer. Although it is a common practice, there has yet to be
strong evidence that sleep facilitates the decision-making process.

The Iowa Gambling Task (IGT) is a widely used task that was
designed to mimic real life decision-making. In the IGT,
individuals experience rewards and punishments as they select
from four card decks: A, B, C, D. Deck A and B are ‘bad decks’
that have high immediate rewards ($100 per draw) and larger
comparative punishments. Deck C and D are ‘good decks’ that
have relatively smaller immediate rewards ($50 per draw) but
smaller comparative punishments. The good and bad decks result
in a $250 positive or negative expected value (EV), respectively,
per 10 card selections [1]. Recent studies suggest that initial deck
preferences are driven towards decks with a high probability (0.9)

A wide body of literature has identified the neural mechanisms
underlying learning of the IGT. Areas linked to emotional
processing, including the ventral striatum, insula and amygdala
have heightened activity during task acquisition [7,8,9]. These
areas are thought to communicate affective information to the
ventral medial prefrontal cortex (vimPFC) which integrates
previous emotion to reward and loss to guide future choice
[10,11,12]. Over time, associations are stored in long-term
memory via connections to hippocampal memory systems [13].

Recent evidence suggests that the neural circuitry underlying
IGT learning is sensitive to periods of sleep deprivation [14].
Killgore et al. [15] revealed that compared to well-rested controls,
46 hours of sleep deprivation can lead to decision-impairments in
the IGT, marked by increased choice toward bad decks combined.
Churrently, it has yet to be investigated whether learning in this
system can be enhanced across multiple sessions, and across
periods with intervening sleep. In general, a period of sleep
following learning promotes synaptic changes and strengthens
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memories of recently acquired information [16,17,18]. Recent
work suggests that post-learning sleep helps facilitate insight into
complex strategies and rule-based learning [19,20,21,22]. Fur-
thermore, it is well known that sleep enhances memories for
emotionally relevant stimuli [23,24]. Considering the IGT is a
decision-making task that integrates complex cognitive and
emotional information, and is sensitive to the effects of sleep
deprivation, we suggest that post-learning sleep may facilitate this
unique process.

A recent study by Pace-Schott et al. [25] reported that
individuals who engaged in sleep following 100-trials of the
original IGT had a significant improvement in choices from
positive EV decks compared to individuals that had intervening
wakefulness. However, because the sleep and wake group had
differences in time of re-testing (morning and evening) and hours
of wakefulness prior to retesting (0—1 and 12 hours), conclusions
could not be made on whether post-learning sleep enhanced IGT
decision making. The authors suggest that future research should
control for potential influences of time-of-day and amount of prior
wakefulness on IGT performance. A second study by Abe et al.
[26] reported sleep-dependent improvement using an instructional
version of the IGT. Prior to engaging in sleep or wake, individuals
were instructed to click on each deck 6 times in a predetermined
order. The authors report sleep-dependent improvement, howev-
er, recent studies have revealed that instructed feedback of the
IGT does not engage the same underlying decision processes (i.e.,
activation of vmPFC) as the original version [7,8]. Given this, it is
unlikely the instructed version of the task captured the decision
processes of the original IGT.

The goal of our study was to determine whether post-learning
sleep enhances performance on the IGT. To do this, we
administered the IGT and retested participants after 12 hours of
wakefulness, 12 hours with intervening sleep, or 12 hours with
intervening sleep followed by 12 hours of wakefulness. The latter
group was used to investigate potential influences of time-of-day
and hours of wakefulness before retesting. To measure improve-
ment, we used the traditional method of analysis (positive EV
decks combined) reported by Pace-Schott et al. [25] and Abe et al.
[26]. Additionally, we expanded the analysis by investigating
improvement across individual decks (A, B, C, D).

The major questions addressed were: 1) are deck choices
initially driven toward decks with high reward frequency, 2) how
do individual deck choices shift as learning occurs, and 3) does
intervening sleep between sessions enhance performance? Given
previous work, we hypothesized that there would be an initial
preference for deck B and D [2,3,4] and that learning would
reflect a decrease in choices from bad deck B and increase in
choices from good decks C and/or D [5,6]. We expected that
those who engaged in post-learning sleep would show greater
overall improvement than those in the post-learning wake
condition.

Methods

Pilot Task: Task Development

Within the sleep literature, sleep-related improvement is largely
reliant on initial insight being achieved prior to sleep
[19,27,28,29], however, effects can be lost if participants hit a
ceiling during initial learning [19,30]. Given that very few studies
have administered the IGT across multiple sessions, our initial goal
was to identify a version where individuals show initial improve-
ment during session one, and have room for improvement during
session two. We piloted two versions of the task, the original
version with good and bad decks placed side by side (A, B, C, D),
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and a more difficult shuffled version [12,31] with good and bad
decks separated (C, A, D, B). Pilot testing of the original version
revealed a ceiling effect within the first 100 trials, with no room for
improvement in a second session. Pilot testing of the 200-trial
shuffled version revealed a moderate improvement in session one
and further improvement during session two. For this reason, we
chose the 200-trial shuffled version for our study. This version
maintained the same punishment and reward structure [1] and
shift in deck choice across learning as the original version.

Participants

Participants were recruited through poster advertisements on
Trent University and Queen’s University campuses. Prior to
selection, they were administered a telephone and online screening
questionnaire. The screening measures confirmed participants had
healthy sleep hygiene. This included being free from atypical sleep
patterns (sleep time outside 22:00-09:00, shift work or napping),
sleep disorders, use of sleep altering medications, head injuries,
history of depression, physical ailments, excessive alcohol use (>10
drinks per week), excessive caffeine use (>4 caffeinated beverages
per day) and nicotine use. It also confirmed that participants
maintained a healthy sleep schedule, going to bed between 22:00—
24:00 and waking 07:00-09:00 daily, with no trouble sleeping and
experiencing little to no sleep disruptions throughout the night.
This sleep schedule and sleep hygiene behaviour were then used
for guidelines for participants to follow during participation.
Participants that met these criteria were randomly assigned to a
12-hour sleep condition (n = 33; female =28; mean age =20.6*
SEM 0.37 years), 12-hour wake condition (n=26; female =21;
mean age =20.1% SEM 0.41 years), or 24-hour sleep/wake
control condition (n = 33; female =27; mean age =20.3* SEM
0.38 years) prior to participation.

Protocol

Participants visited the lab one week prior to participation
where they filled out a written consent form and were given an
Actiwatch and sleep and activity diary. They were reminded to
adhere to the sleep guidelines for the week prior to participation,
as well as prior to and between testing sessions. They were also
instructed to avoid caffeine use after 15:00, refrain from using
alcohol on days with scheduled sessions, and to avoid caffeine use
prior to morning testing sessions. One week later, participants
returned to the lab at two separate sessions to perform our 200-
trial version of the IGT. The task was administered during session
one, with session two after 12 hours with intervening sleep (21:00—
22:00 and 09:00-10:00), 12 hours with intervening wake (09:00—
10:00 and 21:00-22:00) or 24 hours with intervening sleep and
wake (sleep/wake control; 21:00-22:00 and 21:00-22:00) (Fig. 1).

To ensure participants were well-rested, and to investigate
whether self-reported sleepiness levels changed across sessions and
between conditions, the Epworth Sleepiness Scale (ESS) was filled
out at the beginning of each session [32]. Verbal instructions were
given, as previously reported in Seeley et al. [33] and the task was
administered for 200 trials, after which the participant was told the
task was over. The task began with $2000 in virtual money. As
they selected from decks, the reward and punishment value, net
total and their updated cumulative total was displayed on the
screen. Decks were recycled after 40 trials, allowing for unlimited
choice from each deck. The same procedure was followed in
session two. After session two participants returned the Actiwatch,
were debriefed and reimbursed $35 for their time. This study
received approval from the Queen’s University General Research
Ethics Board and Trent University Research Ethics Board.
Because participants slept at home and could not be directly
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Session 1 Session 2
Session 1 Session 2
Session 1 Session 2
9:00 15:00 21:00 3:00 09:00 15:00 21:00
Time of Day

Figure 1. Experimental Design. The experimental design for participants in the sleep (n=33), wake (n=26) and sleep/wake control (n=33)
conditions. The shaded bar indicates the period of time in which sleep occurs.

doi:10.1371/journal.pone.0112056.9001

monitored, actigraphy (Actiwatch, Mini Mitter, Inc, Bend OR)
and self-report diaries were used to confirm that participants
adhered to the guidelines, were well-rested, and had similar sleep
histories.

Actigraphy Measures and Epworth Sleepiness Scores

To evaluate participants’ sleep history prior to participation,
one-way simple effects ANOVA of condition (sleep, wake, sleep/
wake) were performed with average total sleep time across the
week (average T'ST; minutes) and total sleep time prior to session
one (prior TST; minutes) as dependent variables. Results revealed
a non-significant effect on average TST (F[2, 85] =0.1, p=10.99),
and prior TST (F[2, 85] =0.1, p=0.99). The sleep, wake and
sleep/wake conditions were similarly well-rested and had a similar
average TST £SEM (467.8+8.7, 469.2%7.6 and 467.5*7.4) and
prior TST (465.1%13.0, 463.0£14.8, and 462.5%£21.6), respec-
tively. Furthermore an independent sample t-test revealed that
minutes of total sleep time between session one and session two
were similar in the sleep (431.5%£89.9) and sleep/wake control
(457.2%55.7) (t[61] =—1.4, p=0.17).

To investigate whether self-reported sleepiness differed between
sessions and across conditions a two-way repeated measures
ANOVA with condition (sleep, wake, sleep/wake) and session (1
and 2) as independent variables were performed with ESS score as
a dependent variable. The condition x session ANOVA revealed a
non-significant interaction for ESS scores (F[2, 83] =1.5,
p=0.23). The ESS scores (= SEM) in session one were 6.0
(£0.58), 6.3 (*0.54), and 6.4 (£0.51) and for session two were 6.7
(£0.83), 5.2 (%£0.79), and 5.7 (*0.73) in the wake, sleep, and
sleep/wake control conditions, respectively. All scores were well
below the criteria that would indicate daytime sleepiness [32] and
did not change across sessions. Overall, the actigraphy data and
ESS scores verified that participants were similarly well-rested
throughout the entire duration of the study.

Statistical Analysis

Session One: Initial Learning. ur initial questions of
interest were: 1) Are the initial deck preferences driven toward
deck B and D? and 2) As learning occurs, how do individual deck
choices shift?> We also aimed to identify potential differences in
deck preferences among conditions (sleep, wake, sleep/wake) to
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ensure there were no group differences in session one. The 200-
trials from session one were split into 4, 50-trial blocks [34]. The
dependent variable was proportion of choices (total draws chosen/
total number of possible draws) from each deck for each condition
within each block. To investigate how deck preferences changed
from block 1 to block 4, and to evaluate possible differences among
conditions we performed a three-way analysis of variance
(ANOVA) with independent variables of block (1, 2, 3, 4), deck
(A,B,C,D), and condition (sleep, wake, sleep/wake). Greenhouse-
Geisser corrections were made to avoid the effects of sphericity
violations. To investigate initial and final deck preferences a one-
way simple effects ANOVA of decks was performed for block 1
and block 4 separately, followed by Tukey tests for pairwise
comparisons. In addition, to investigate how deck choices shifted,
a repeated measures ANOVA of block (1, 2, 3, 4) was performed
for each deck followed by paired t-tests comparing block 1 to block
2, block 2 to block 3, and block 3 to block 4.

Improvement with post-learning sleep. Our final ques-
tions of interest were: 1) whether intervening sleep between
sessions improved choices from positive EV decks combined (C
and D) and if so, 2) whether improvement was restricted to a
specific deck? To calculate improvement the proportion of draws
per 200 trials was calculated for session one and session two in
both the combined positive EV decks (C and D) and each deck
separately. The dependent variable was percent change (session 2
proportion — session 1 proportion). A one-way ANOVA was
performed with condition (sleep, wake, sleep/wake) as the
independent variable and percent change in positive EV decks
(C and D) as the dependent variable. Further, a two-way ANOVA
with condition (sleep, wake, sleep/wake) and deck (A, B, C, D) as
the independent variables, and percent change as dependent
variable was carried out.

Results

Initial Learning and Sleep Related Improvement

Session One: Initial Learning. Averaging across conditions,
in the first block (trials 1-50), deck B was most preferred and decks
B and D were preferred over deck A and C (Fig. 2A). Over trials,
preference for deck C increased and preference for deck A and B
decreased (Fig. 2A). The block x deck x condition ANOVA
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revealed a significant block x deck interaction (F[6.5, 767.5] =10.26,
p<<0.01). All other main effects and interactions were not significant.
Tests of simple effects of deck at block 1 revealed a significant effect
(F[3, 364] =81.55, p<0.01) with Tukey tests showing deck B
preferred over all decks, followed by deck D that was preferred over
decks A and C. Tests of simple effects of deck at block 4 revealed a
significant effect (F[3, 364] =19.1, p<<0.01), with Tukey tests
showing deck B, C and D preferred similarly and above deck A.
Across the four blocks, the repeated measures ANOVA revealed
a significant change from deck A (F[3, 273] =26.7, p<<0.01), deck
B (F[2.4, 216.3] =3.3, p=0.03) and deck C (F[1.9, 173.2] =9.5,
p<<0.01), and no significant change in deck D choice (F[2.1,
189.7] =2.1, p=0.1). Choices from deck A significantly decreased
from block 1 to block 2 (t[91] =4.3, p<<0.01), and block 2 to block
3 (t[91] =2.6, p=0.01). Choices from deck B significant reduced
from block 1 to block 2 (t[91] =2.0, p=0.048) and choices from
deck C increased from block 1 to block 2 (t[91] =—2.5, p=0.01)
and block 2 to block 3 (t[91] =—2.7, p=0.009) (Fig. 2A). No
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0.5

0.4
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other paired t-tests were significant. These results demonstrate that
participants showed evidence of learning, but still preferred deck
B, C, and D in block 4, leaving room for improvement.

Performance Improvement Following Sleep. Ior the
positive EV decks (C and D) combined, there was no significant
effect of condition (F[2, 89] =1.48, p =0.23). Figure 2B shows the
percentage change in choices from each deck for each condition.
Across all conditions, choices from deck C increased, choices from
deck A and B decreased and choices from deck D stayed the same.
We found no evidence that intervening sleep enhanced this
improvement, evidenced by a non-significant deck x condition
mteraction (F[6, 356] =1.0, p=0.41).

Close inspection of the data revealed that initial learning was
driven by only a small proportion of individuals. A subset
(approximately 1/3) of individuals improved, where the remaining
participants had no improvement in session one. Considering it is
well documented that that the benefits of sleep are largely reliant
on achieving pre-sleep learning [19,27,28,29], it is not surprising
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Figure 2. Session one deck choice and the subsequent improvement following a period of sleep and/or wake. (A) Session 1 proportion
(= SEM) of draws from each deck (A, B, C, D) in 4 blocks of 50 trials for all participants combined over condition (N=92). Solid lines represent low-
frequency penalty decks and dashed lines represent high-frequency penalty decks; blue lines represent negative expected value (EV) decks and
orange lines represent positive EV decks. In block 1 participants choose significantly more from deck B followed by deck D and least from decks A and
C. In block 4 participants choose similarly from deck B, C, and D, each with significantly more choices than deck A. Supported by a significant block x
deck interaction in a three-way analysis of variance (ANOVA) of block x deck x condition, followed by significant simple effects of decks at block 1 and
block 4, followed by significant Tukey tests for pairwise comparisons. (B) Percent change (= SEM) in deck choice from session 1 to session 2 in wake
(n=26), sleep (n=33) and sleep/wake control (n =33) conditions. Percent change in Deck C was significantly different from percent change in Deck B
in ANOVA of condition by deck; there were no significant effects of condition.

doi:10.1371/journal.pone.0112056.9002
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we were unable to find evidence for sleep-dependent improve-
ment. Researchers often use performance level at the end of
training to isolate those who showed evidence of learning
[27,35,36,22]. For this reason, we categorized individuals into
learners and non-learners to determine whether improvement is
localized to those who achieved some insight into the task prior to
sleep.

Learners and Non-learners: Categorization and

Sleep-related Improvement

Session Omne: Categorization of Learners and Non-
learners. Individuals were categorized into learners (n=30)
and non-learners (n=62) based on their performance in the last
half of session one (total draws chosen from deck C and D
combined in trials 101-200). Using individual observations, and a
previously established criterion [27,35] we categorized learners
and non-learners as those who reached equal or more than 60%
and less than 60% choices from combined good decks (decks C
and D), respectively. A significant two-way block (1, 2, 3, 4) x
group (learners, non-learners) ANOVA confirmed group differ-
ences (F[2.7, 239.9] =37.6, p<<0.001). In the learners, a repeated
measures ANOVA revealed that choices from good decks
significantly improved (F[2.4, 68.9] =36.1, p<<0.001) with no
significant improvement in non-learners (I[2.6, 160.7] =1.1,
p = 0.34). Within learners paired t-tests revealed choices from good
decks significantly increased from block 1 to block 2 (t[29] = —3.9,
p<<0.001), block 2 to block 3 (t[29] = —3.8, p<<0.001), and block 3
to block 4 (t[29] =-—2.7, p<<0.05). Furthermore, Figure 3B
suggests that learners decreased preferences for deck B, choosing
predominately from good decks C and D in the last 50 trials.
Figure 3C suggests that non-learners prefer deck B and D
throughout the full 200 trials.

The percentage of individuals classified as learners was slightly
larger in the wake (38%; N =10), compared to the sleep (30%;
N=10) and sleep/wake (30%; N=10) groups. To ensure
improvement was equal between the three conditions we ran a
block (1, 2, 3, 4) x condition (sleep, wake, sleep/wake) ANOVA
with proportion of choices from positive EV decks as the
dependent variable. As expected, the learners had a significant
main effect of block (F[2.3, 63.0] =35.5, p<0.001), and non-
significant main effect of condition (F[2,27] =1.0, p=0.37) and
block x condition interaction (F[4.7, 63.0] =0.77, p=0.57). These
results show that improvement in session one was consistent
among conditions.

Learners and Non-learners: Performance Improvement
Following Sleep. Our final question was whether sleep-
dependent improvement was exclusive to those with initial
learning. A two-way ANOVA was performed with group (learners,
non-learners) and condition (sleep, wake, sleep/wake) as the
independent variables and percent change in the positive EV decks
(C and D) as the dependent variable. The same simple effects
ANOVA as the original analysis was performed for learners and
non-learners separately. Pairwise comparisons were made with
Tukey tests. To investigate improvement across individual decks, a
three-way ANOVA was performed with group (learners, non-
learners), deck (A,B,C,D), and condition (sleep, wake, sleep/wake)
as independent variables and percent change as a dependent
variable. The same two-way condition x deck ANOVA as the
original analysis was performed for learners and non-learners
separately. This was followed by individual simple effects ANOVA
of condition (sleep, wake, sleep/wake) for each deck, and Tukey
tests for multiple comparisons.

Within the learners, the conditions that had intervening sleep
(sleep and sleep/wake control) had a significantly larger improve-
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ment in choice from positive EV decks compared to the wake
condition (Fig. 4A). The two-way ANOVA revealed a significant
group (learners, non-learners) x condition (sleep, wake, sleep/
wake) interaction (F[2,92] =2.7, p=0.04). A one-way ANOVA in
the learners revealed a significant main effect of condition (F[2,27]
=4.98, p=0.014). Tukey tests revealed the sleep (p =0.005) and
sleep/wake control (p = 0.03) conditions exhibited a larger percent
change in positive EV decks than the wake condition. In the non-
learners, a one-way ANOVA of condition revealed a non-
significant effect (I[2,59] =0.004, p=0.996). Results revealed a
similar percent change in choices from positive EV decks (G and
D) in the sleep, sleep/wake control and wake groups (Fig. 5A.).

Within the learners, the conditions that had intervening sleep
(sleep and sleep/wake control) had a significantly larger reduction
in choices from deck B compared to the wake condition (Fig. 4B).
The group x condition x deck ANOVA revealed a significant
three-way interaction (F[6,344] =2.7, p=0.014). In the learners,
a deck x condition ANOVA revealed a significant interaction
(¥[6,108] =2.26, p=10.043). Test of simple effects of condition
were significant for deck B (F[2,27] =7.61, p=0.02). The sleep
(p<<0.01) and sleep/wake control (p=0.015) condition decreased
choices towards deck B significantly more than the wake
condition. There was a non-significant effect of condition for deck
A (F[2,27] =0.74, p=0.48), deck C (F[2,27] =0.96, p=0.4) and
deck D (F[2,27] =1.93, p=0.16).

In the non-learners, there was no evidence that intervening
sleep enhancement improvement, as evidenced by a non-
significant deck x condition ANOVA (F[6, 236] =0.16,
p=0.99). The wake, sleep, and sleep/wake control condition
showed similar respective percent changes (£ SEM), reducing
choices from bad decks A and B and increasing choices toward
good decks C and D (Fig. 5B).

Discussion

This study reveals the first clear evidence that post-learning
sleep facilitates decision-making of the IGT. Individuals with
initial learning had larger post-learning improvement following a
period of sleep compared to a period of wake (Fig. 4A). More
specifically, we are the first to demonstrate that sleep enhances
performance via reduction in deck B (Fig. 4B) and increase in
positive EV decks combined (Fig. 4A).

As hypothesized, initial learning required reduction in choices
from initially preferred bad deck B, and increase toward positive
EV deck C and/or D (Fig. 2A). Individuals improved in session
one (Fig. 2A) and showed further improvement during session two
(Fig. 2B), however, we found no initial evidence to support the
idea that intervening sleep enhanced this process (Fig. 2B). Close
mspection of the data revealed that initial learning in session one
was driven by about one-third of participants. These learners
decreased choice from deck B and increased choice from deck C,
gaining preference for positive EV decks at the end of session one
(Fig. 3B). The remaining non-learners preferred deck B through-
out the 200-trials of session one (Fig. 3C). Within the learners
there was a significant decrease in deck B (Fig. 4B) and increase in
positive EV decks C and D following a period of intervening sleep
compared to a period of intervening wake (Fig. 4A).

Our results build on previous work by Abe et al. [26] by ruling
out potential influences of time-of-day or hours of prior
wakefulness on improvement. The sleep/wake control was
administered session two at the same time as our wake condition
(21:00-22:00) and showed similar improvement to the sleep group
who was administered session two in the morning (09:00-10:00)
(Fig. 1). We also found no evidence that time-of-day (morning vs.
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SEM) of draws in blocks of 50 trials from (A) positive expected value (EV) combined (C and D) for learners (n=30) and non-learners (n=62) as well as
each individual deck (A, B, C, D) in (B) Learners and (C) Non-learners separately. All Learners reached 60% choices from good decks in the last 100
trials, the cut-off criterion is represented by the grey dotted line (A). Learners significantly improved choices from positive EV decks from block 1 to
block 2, block 2 to block 3 and block 3 to block 4, with no significant improvement in the Non-Learners. Supported by a significant group by block
interaction in a two-way analysis of variance, followed by a significant simple effects of block in Learners and significant Tukey tests of multiple
comparison. The simple effects of block in Non-learners was non-significant. Learners appeared to reduce preference for deck B and increase choices
from deck C (B), while Non-learners did not appear to reduce deck B preference (C). Solid lines represent low-frequency penalty decks and dashed
lines represent high-frequency penalty decks; blue lines represent negative EV decks and orange lines represent positive EV decks.
doi:10.1371/journal.pone.0112056.g003

evening) influenced initial performance on the task during session These results are the first to show strong evidence that post-
one and subjective sleepiness scores did not significantly change learning sleep can improve performance on a task that was
between sessions or conditions. These results support the designed to mimic real life decision-making. In the past, sleep has
conclusion that improvement was due to intervening sleep rather been shown to enhance performance on many types of learning
than time-of-day or hours of prior wakefulness. tasks, including motor procedural [30], neutral declarative [37],
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Figure 4. Improvement in deck choice following sleep and/or
wake in learners. Percent change (= SEM) from session 1 to session 2
in wake (n=10), sleep (n=10) and sleep/wake control (n=10)
conditions in draws from (A) good overall expected value decks (C
and D) and (B) individual decks (A, B, C, and D) of individuals who were
categorized as learners in session 1. Improvement is reflected by a
negative percent change in deck A and B and positive percent change
in deck C and D. * Significant improvement (p<<0.05) for both sleep
groups (sleep and control) compared to wake by one-way analysis of
variance (ANOVA) followed by Tukey tests (A) and by two-way ANOVA
revealing a significant (p<<0.05) interaction followed by significant
simple effects of group for deck B (p =0.02) followed by Tukey tests (B).
doi:10.1371/journal.pone.0112056.9004

emotional declarative [23] and complex cognitive tasks [19,20,22].
The IGT is unique from these tasks, and referred to as a cognitive-
emotional task that integrates emotional response to decks in the
vmPFC [38,39,40]. This is the first evidence that sleep can help
promote learning of this nature. In addition, our results show that
sleep may specifically enhance learning of deck B. Deck B has a
unique design. It is initially preferred, however, individuals must
integrate the large infrequent $1250 loss into their value estimate
to discover it has a negative EV. Numerous studies have revealed
that IGT learning is guided by experienced and anticipated
galvanic skin response toward bad decks [38,39,40]. Thus,
experiencing negative emotions to deck B may be imperative for
IGT learning and subsequently enhanced with sleep. There has
yet to be a study to investigate the online neural mechanisms of
this shift.

These results support the sleep deprivation literature that
suggests cognitive processes of IGT decision-making are intricately
connected with sleep behaviour. A recent study by Venkatraman
et al. [45] found that IGT impairment following sleep deprivation
was due to a generalized dampened activity in the vmPFC, and
reduced activity in insula following a loss. The authors suggest that
sleep deprivation may impair the ability to learn from previous
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Figure 5. Improvement in deck choice following sleep and/or
wake in non-learners. Percent change (= SEM) from session 1 to
session 2 in wake (n=16), sleep (n=23) and sleep/wake control (n=23)
conditions in draws from (A) good overall expected value decks (C and
D) and (B) individual decks (A, B, C, and D) of individuals who were
categorized as non-learners in session 1. Improvement is reflected by a
negative percent change in deck A and B and positive percent change
in deck C and D. The sleep groups (sleep and control) did not
significantly change compared to the wake group, as evidenced by a
non-significant one-way analysis of variance (ANOVA) (A) and two-way
ANOVA (B).

doi:10.1371/journal.pone.0112056.g005

negative experiences. Likewise, learning in the IGT, is marked by
heightened activity in the vimPFC [7] and insula [8]. Thus, one
potential hypothesis for our results is that the heightened activity of
the vmPFC and insula that occurs while integrating loss
information into deck evaluations, may be subsequently processed
and further enhanced during a period of intervening sleep.
Considering what is currently known in the IGT and sleep
literature, we speculate that rapid eye movement (REM) sleep may
be specifically involved in this process.

REM sleep has been shown to enhance learning of complex
cognitive tasks [19,20,21,22], as well as memory for stimuli that
evoke negative emotions [23,24]. Additionally, several areas that
are active during online learning of the IGT, including the ventral
striatum, amygdala, vmPFC and hippocampus [7,8,9,13], have
heightened activity during REM sleep, compared to activity in
other stages of sleep and quiet wakefulness [41]. It was recently
suggested by the Reward Activation Model that the emotionally
driven pathways active during wake are reactivated during REM
sleep, and this reactivation contributes to memory enhancement
[41]. Thus, one potential explanation for our results is that REM
strengthens previously acquired learning by reactivating neural
pathways that were active during online learning. Furthermore,
given the general role of REM in processing negative emotions
[23,24], post-learning REM may be particularly beneficial for
processing negative emotions to deck B loss.
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Another potential hypothesis for our results is that post-learning
sleep may consolidate declarative memory for deck representations
through slow-wave sleep (SWS). SWS strengthens memories that
rely on hippocampal activity through activation of hippocampal-
cortical connections [37,42]. It is possible that learners gained an
explicit knowledge of deck B during session one that was further
enhanced via SWS. However, due to the relatively little
understanding of the neural mechanisms of individual deck
choice, and the neural processes of sleep, we can only speculate
about the mechanisms for consolidation. Future research to
mvestigate these hypotheses would provide great insight into the
role of post-learning sleep on decision-making processes.

In addition to our ‘deck B sleep effect’ choices trended toward
deck D in the sleep condition, and deck C in the sleep/wake
control condition (Fig. 4B). These differences failed to reach
significance and we found no evidence that sleep improved
performance on C or D separately. Currently it is unclear what
drives individuals toward deck C, deck D or a combination of deck
C and D and how individual strategies might evolve. Future
studies could use imaging techniques to investigate the underlying
deck characteristics and neural mechanisms that contribute to
online and offline processing of deck B and positive EV decks.

One surprising observation was that initial learning in session
one was driven by approximately 33% of participants. A likely
explanation is that our version was designed for difficultly. We also
refrained from giving participants a “hint” that some decks were
better than others, which has been shown to significantly slow
learning [5]. It could also be argued that our relatively young age
(mean age =20.7+ SEM 0.2) [43], and large percentage of female
participants in the study (79%) [34] contributed to this effect.
However, our data revealed no evidence that age or gender
influenced performance. Currently, it is unclear what might
distinguish a learner from non-learner. We suggest that catego-
rizing learners and non-learners may be a useful tool for future
studies. Future work could investigate whether learners and non-
learners have distinct cognitive and neural processes that influence
both online and offline improvement on the task.

Limitations and Outstanding Questions

One potential limitation in our study is that we have not fully
controlled for all circadian factors that might influence IGT
performance. Although we have controlled for differences in time
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