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ABSTRACT
Objective: To examine how risk-related decision making might
be associated with habitual sleep variables, including sleep vari-
ability, sleep duration and perceived sleep need in young adults
cross-sectionally and longitudinally.
Design: 166 participants completed a 7-day protocol with sleep
and risk-related decision-making measures at baseline (T1) and 12
months later (T2).
Results: Habitual short sleep duration (averaging < 6h nightly) was
identified in 11.0% in our sample. After controlling for baseline demo-
graphic factors and risk-taking measures, self-reported sleep need at
T1 interacted with habitual short sleep in predicting risk taking at fol-
low-up (F8,139¼9.575, adjusted R2=.431, p<.001). T1 greater perceived
sleep need predicted more risk taking among short sleepers, but
decreased risk taking among normal sleepers at T2. Variable sleep
timing was cross-sectionally correlated with making more Risky
choices at baseline and fewer Safe choices after loss at follow up.
Conclusions: Young adults with variable sleep timing and those
with short sleep duration coupled with high perceived sleep need
were more likely to take risks. The moderating effects of per-
ceived sleep need suggest that individual differences may alter
the impact of sleep loss and hence should be measured and
accounted for in future studies.
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Introduction

Adolescence and young adulthood are a stage at which individuals increasingly make
independent decisions under conditions of uncertainty in areas ranging from social
interactions to educational and occupational choices. Making optimal decisions
depends on weighing potential rewards against possible risks. Coincidentally, adoles-
cence to young adulthood is also a stage characterised by significant changes in sleep
features, including reduced sleep duration, delayed sleep timing and varied sleep
schedules (Fuligni & Hardway, 2006), which have been associated with higher rates of
risk taking (Hasler et al., 2012; Mckenna, Dickinson, Orff, & Drummond, 2007). Most
previous studies relating risk taking to sleep parameters in young adults involved the
effects of acute sleep restriction or total sleep deprivation, the results of which may
not generalise to the effects of chronic sleep restriction or to naturalistic differences in
sleep parameters (Thacher, 2008). In addition, the potential moderating effects of indi-
vidual differences in variables such as sleep need on the relationship between sleep
loss and risk taking were largely unexplored. This study examined how spontaneously
occurring differences in sleep parameters and in perceived sleep need interact to influ-
ence risk-related decision making in college students.

Sleep loss and risk-related decision making

Risk taking refers to the decision-making process by which an option with high out-
come uncertainty is chosen because of the chance of large rewards, but at risk of
encountering undesirable outcomes (Braams, van Duijvenvoorde, Peper,& Crone, 2015;
Steinberg, 2008). Risk-related decision making is subserved by a frontostriatal network,
including the ventromedial prefrontal cortex, anterior cingulate, insula and ventral stri-
atum (Elliott, Dolan, & Frith, 2000; Knutson, Westdorp, Kaiser, & Hommer, 2000; Lee
et al., 2008), which has also been found to be sensitive to the effects of sleep loss
(Harrison & Horne, 2000; Killgore, Balkin, & Wesensten, 2006). Both anecdotal and
empirical evidence showed that adolescents and young adults are prone to risk taking
(Steinberg, 2007, 2008), a phenomenon hypothesised to be related to an imbalance
between early development of the affective reward system and later development of
top-down cognitive control mechanisms (Casey, Jones, & Hare, 2008; Galvan et al.,
2006; Peeters, Oldehinkel, & Vollebergh, 2017; van Duijvenvoorde et al., 2015). This
cognitive-affective asynchrony can be further exacerbated by insufficient sleep (Telzer,
Fuligni, Lieberman, & Galv�an, 2013).

Laboratory studies with college student samples have consistently found that
experimental sleep loss impairs neuro-cognition like vigilance (Lim, Tan, Parimal,
Dinges, & Chee, 2010), selective and sustained attention (Lim et al., 2010; Lo et al.,
2016). Experimental sleep deprivation also worsens working memory (Lo et al., 2012),
processing speed (Lim & Dinges, 2010), and increases risk-taking propensity and effort
discounting (Libedinsky et al., 2013) in young adults in the general population. Sleep-
deprived young adults (mean age ¼ 25.2) took greater risks to get higher incentives
and seemed less concerned with heavy losses relative to their well-rested baseline per-
formance (Killgore et al., 2006). Compared to their sleep-satiated counterparts, sleep-
deprived young adults in their early 20’s were found to be more risk-seeking when
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expecting gains in experimental gambling tasks (Mckenna et al., 2007; Venkatraman,
Huettel, Chuah, Payne, & Chee, 2011). While previous studies have reported associa-
tions between sleep loss and risk taking, Womack and colleagues (2013) reviewed that
existing studies were limited by either the usage of self-reported measures of risk tak-
ing or small sample sizes (median ¼ 34.5) when objective experimental tasks were
adopted. The review article also illustrates that whether or not effects of sleep loss are
shown may depend on the types of risk-related decision-making tasks in use,
underscoring the importance of more explicit specifications of the aspects of risk
taking being measured, in light of the complexity of this multi-dimensional con-
struct (e.g. risk-taking propensity measured by overall number of high-uncertainty
choices, reward/punishment-learning indicated by safe/risky choices immediately
after losses or gains). Another gap in the extant literature is the generalisability of
findings generated in experimental sleep-deprivation studies to the context of
spontaneous, habitual sleep restriction, which is more frequently experienced in
the daily life of college students (Thacher, 2008). Lastly, it would also be inform-
ative to understand whether and how individual differences may moderate the
relationship between sleep loss and risk taking, as called for by Womack, Hook,
Reyna, and Ramos (2013).

Previous studies have repeatedly shown that individuals differ in sleep need and in
their vulnerability to sleep deprivation (Rivkees, 2003; Ursin, Bjorvatn, & Holsten, 2005;
Van Dongen, Baynard, Maislin, & Dinges, 2004) but the interplay between sleep need
and sleep loss in risk taking is unknown. Subjective sleep need refers to the amount
of sleep one needs to function optimally the next day (Hublin, Kaprio, Partinen, &
Koskenvuo, 2001). Individuals with shorter spontaneous sleep durations may either
need more sleep and experience increased sleep pressure (i.e. sleep debt) (Dement &
Vaughan, 1999), or they may need less sleep than others to maintain optimal daytime
functioning. In a pilot study, we observed that individuals with high subjective sleep
need and habitual short sleep duration (less than 6 h) were significantly faster at mak-
ing a risky response, whereas those with low subjective sleep need spent more time
making both safe and risky decisions than controls with normal habitual sleep dur-
ation (Lee, Lau, Wong, Tseng, & Lau, 2014). The current study expands on this finding
by investigating how habitual sleep durations and perceived sleep need interact longi-
tudinally to affect risk-related decision making.

Sleep variability and risk-related decision making

Another relevant characteristic of sleep among young adults is high variability in tim-
ing and duration (Becker, Sidol, Van Dyk, Epstein & Beebe, 2017; Bei, Wiley, Trinder, &
Manber, 2016), but little is known about its relationship with risk-taking behaviours. A
typical pattern is for young adults to switch from relatively early sleep onset on week-
days to delayed sleep on weekends, due to social demands and lifestyle choices
(Fuligni & Hardway, 2006; Hasler et al., 2012; Dahl & Lewin, 2012; Thorleifsdottir,
Bj€ornsson, Benediktsdottir, Gislason, & Kristbjarnarson, 2002). Delayed wake-time and
catch-up sleep during holidays and weekends are also common among young adults
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as compensation for sleep loss due to late-night activities (Chung & Cheung, 2006;
Galambos, Vargas Lascano, Howard, & Maggs, 2013).

In contrast to the increased neural activity subserving reward-related processing
after sleep loss, sleep variability measured by weekday–weekend variations in sleep
timing was associated with diminished activation of the ventral striatal network and
reduced medial prefrontal cortex reactivity (Hasler et al., 2012). The ventral striatal net-
work is involved in reward processing whereas the medial prefrontal cortex is impli-
cated in regulatory control (Hasler et al., 2012; Mullin et al., 2013). Reduced striatal
activation might represent suppressed reactivity to low-intensity rewards, which in
turn might induce compensatory seeking of high-intensity rewards. Coupled with
diminished regulatory control, reduced reward sensitivity related to sleep variability
might lead to increased risk taking (Hasler et al., 2012). Further, large daily sleep vari-
ability, but not short sleep duration, in adolescents was associated with reduced white
matter integrity in the cingulum, superior and posterior corona radiata, which are
parts of the prefrontal-striatal pathway involved in reward processing (Telzer,
Goldenberg, Fuligni, Lieberman, & G�alvan, 2015). However, these studies did not
include explicit measures of risk taking, warranting more direct investigation of risk-
taking behaviours in adolescents and young adults who commonly experience sleep
variability.

The current study

Using a longitudinal design, we hypothesised that those with higher variability in
sleep timing at baseline would engage in more risky decisions both at baseline (time
1; T1) and prospectively at a one-year follow-up assessment (Hypothesis 1). We
hypothesised that subjective sleep need at T1 would moderate the relationship
between sleep duration and risk taking at T2 (Hypothesis 2).

Methods

Participants

For the cross-lagged analyses, based on power analysis and previous studies with simi-
lar designs (e.g. Hawkley, Preache, & Cacioppo, 2010; Kelly & El-Sheikh, 2014), with an
alpha level of 0.05 and power level of 80%, 152 subjects are required to detect an
effect size of r=.02 (multiple regression coefficient). To account for a possible dropout
rate of 30% between the two time-points, we aimed to recruit 200–240 participants.
Out of the 305 Chinese undergraduate students (aged 17–25) who expressed interest
in our recruitment notices, including mass email, on-campus posters and internet
advertisements, 201 students were recruited at baseline (T1) based on the following
inclusion/exclusion criteria: (1) no active use of medication affecting sleep and cogni-
tive function during the last 2 weeks, and (2) no congenital or acquired cognitive
impairment or medical condition affecting sleep and cognitive functioning. Although
the participants were not representatively sampled, our sample’s sleep and demo-
graphic characteristics are generally similar to those reported in previous large-scale
studies on college students’ sleep in Hong Kong (e.g. Wong et al., 2013). At T2, 12
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months later, 177 participants (88%) were retested. After exclusion of 11 participants
because of missing data on more than three assessment tools at either time points,
166 participants were included in the final analyses. Note that the 35 participants who
either dropped out or were excluded from Time 2 analyses were not significantly dif-
ferent from the rest in terms of sleep behaviours, e.g. total sleep time, t(177)=.100,
p=.921, sleep efficiency, t(177)=.070, p=.945, mid-sleep time, t(195)=.825, p=.411, as
well as risky decision-making tendency, e.g. number of risky decision made,
t(192)¼�.014, p=.989.

Design and procedures

Ethics approval was obtained from the Institutional Human Research Ethics Committee
before the commencement of data collection. The study protocol was developed in
compliance with the Declaration of Helsinki and international ethical standards for
human research on biological rhythm (Portaluppi, Smolensky, & Touitou, 2010). Upon
completion of the consenting procedure, participants first completed the screening
assessment on day 1, during which an interview on demographics, physical and men-
tal health conditions, and sleep was conducted. They were then instructed to fill out
the sleep diary and wear actigraph-watch over the subsequent seven days. At around
13:00 on day 6 (at T1) and day 7 (at T2), participants underwent individual neurocog-
nitive assessment, including risk-related decision making (other data not reported in
this study), conducted in Chinese by research personnel trained and supervised by a
clinical psychologist. At each time-point, participants could opt for either HK$200 or
course credit as compensation.

Measurements

Sleep parameters
The Consensus Sleep Diary was adapted to measure participants’ sleep-wake behav-
iours, including total sleep time, sleep efficiency, sleep need, sleep debt and sleep tim-
ing variability (Carney et al., 2012). Participants also wore an actigraph (Micro
Motionlogger, Ambulatory Monitoring, Inc., Ardsley, New York) set on zero crossing
mode with data collected in 1-min recording bins. Actigraph results were scored using
Action 4 software (Ambulatory Monitoring Inc.) based on a validated algorithm (Sadeh,
Sharkey, & Carskadon, 1994). Total sleep time (TST) was calculated by subtracting sleep
onset latency and wake after sleep onset from time in bed (TIB), which is the period
from participants going to and leaving the bed. A TST < 6 h was classified as a short
sleep duration (SSD), given that 6–10 h have been suggested as the optimal sleep dur-
ation range for young adults (Hirshkowitz et al., 2015). Sleep efficiency was calculated
by dividing TST by TIB. Sleep need was assessed using a one-item question, ‘How
much sleep (in hours) do you think you need?’. Sleep debt was calculated by subtract-
ing TST from self-reported sleep need. For sleep timing variability, we measured partici-
pants’ standard deviation (SD) of sleep onset time, wakeup time and mid-sleep time
(average of bedtime and wakeup time) during the 5/6 nights at T1/T2 before the
assessment session on days 6/7 (Bei et al., 2016). Participants’ daytime nap behaviours
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including nap frequency, nap duration and nap onset latency were also derived from
actigraph-watch data. In addition, we assessed participants’ daytime sleepiness using
the validated Chinese version of Epworth Sleepiness Scale (ESS) (Johns, 1991; Chen
et al., 2002).

Risk-related decision making
Risk-related decision making was measured in-vivo by the risky-gains task (RGT)
(Paulus, Rogalsky, Simmons, Feinstein, & Stein, 2003), which manipulates variance in
the magnitude and probabilities of gains and losses but not expected values
(Schonberg, Fox & Poldrack, 2011). The RGT is serial in nature, mimicking the increas-
ing tension one often encounters in real-life risk taking (Connolly et al., 2014). Greater
insula and dorsolateral prefrontal cortex activation during risky choices has been dem-
onstrated in healthy individuals including a Chinese population (Lee, Chan, Leung,
Fox, & Gao, 2008). Using the RGT, greater numbers of risky choices have been
reported among the stimulant users (Leland & Paulus, 2005) and impaired reward but
intact punishment processing was found in individuals with schizophrenia (Cheng,
Tang, Li, Lau, & Lee, 2012).

Participants’ goal in performing the RGT is to collect as many points as possible.
Participants are presented with three numbers sequentially in a fixed order (20, 40,
80), to which they respond by pressing a button. The 20 option is safe and risk-averse
as a gain of 20 points is guaranteed. Waiting to respond to the 40 or 80 options are
more risk-taking, because the returns were unpredictably positive (gains) or negative
(losses). There were 96 trials, including 3 trial types: non-punished (all positive; n¼ 54),
�40 punished trials (n¼ 24), and �80 punished trials (n¼ 18), which were presented
in a randomised order in 4 blocks, separated by 3 short breaks. In addition to analy-
sing Risky and Safe choices, we also assessed the number of Safe choices immediately
after punished trials (Punish-safe choices) and Risky choices after rewarded trials
(Reward-risky choices) as measures of the immediate impacts of experiencing reward
or punishment on risk-related decision making.

Statistical methods

The Statistical package for the Social Sciences (SPSS) version 20 was used to perform
all statistical analyses and an alpha value of 0.05 was considered to indicate statistical
significance. For the cross-sectional analyses relating sleep variables with risk-related
decision making, bivariate correlations between sleep measures and RGT results at T1
and T2 were computed. A sequential regression model was used to examine whether
short sleep duration (SSD) interacted with self-reported sleep need in predicting risk-
related decision making. At the first level, SSD and participants’ sleep need were
entered. To prevent potential collinearity of variables, sleep need was centred by sub-
tracting the group mean value. An interaction term, sleep need� SSD (versus people
without SSD) was created and entered at the second level. The outcome variables
were the number of Risky choices, Punish-safe choices and Reward-risky choices.

For the longitudinal analyses, sequential regression analyses were conducted using
the following approach. Demographic variables, including participants’ age, sex, body
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mass index, household monthly income and parent’s education level were entered at
the first level; the T1 measure of the corresponding outcome variable was entered at
the second level; and T1 sleep variables were entered last. The same sequential regres-
sion approach was used as for the cross-sectional analyses of interaction effects
between SSD and sleep need in predicting risk-related decision making. The first two
levels were the demographics and T1 measure of the corresponding outcome variable.
SSD and sleep need were entered at the third level, and the interaction terms
between SSD and sleep need at the fourth level. The outcome variables of the models
were Risky choices, Punish-safe choices and Reward-risky choices.

Results

The final sample at T1 included 201 participants with 127 females (63.2%) and 74
males (36.8%) with a mean age of 20.1 (SD, ± 1.5; range, 17–24 years), body mass
index of 20.2 (SD, ± 3.1; range, 14.7–34.2), monthly household income of HKD37.4K
(SD, ± HKD39.1K; range, HKD0 to HKD200K) and 14.4 years of education (SD, ± 1.4;
range, 13–18 years). 71.1% of the participants had part-time work with average of
3.79 hours/week (SD, ± 5.0 h; range, 0–25 h/week). Details of the sleep variables at
baseline and 12 months later are reported in Table 1. The sleep need measure is cor-
related with both actigraphy-measured, r(188)=.209, p=.007 and sleep diary-measured
sleep duration, r(173)=.365, p<.001.

Cross-sectional results

Relationship between risk-related decision making and sleep variables
Bivariate correlations were computed between risk-related decision making and sleep
variables at baseline and at the follow-up assessment one year later. At baseline, the
number of Risky choices correlated significantly with smaller variability of sleep diary
mid-sleep time (r(195)¼�.20, p=.038). At one-year follow-up, more Punish-safe choices
was found to be significantly correlated with less variable sleep onset times measured
by sleep diary (r(124)¼�.18, p=.041) and actigraphy (r(73)¼�.25, p=.036), less variable
mid-sleep time measured by sleep diary (r(124)¼�.20, p=.023) and less variable wake-
up time measured by actigraphy (r(73)¼�.25, p=.032). No other significant correlations
were detected.

From the interaction analyses, in relation to Risky choices, the regression model
with sleep need (B¼ 4.257, p<.001), SSD measured by actigraphy (B¼�.411, p<.001),
and their interaction terms, SSD� sleep need (B¼�4.356, p<.001) significantly pre-
dicted the number of Risky choices at T1 (F5,185¼3.331, adjusted R2=.148, p<.001).
Among individuals with SSD, higher perceived sleep need corresponded to increased
Risky choices, whereas for those without SSD, higher perceived sleep need corre-
sponded to decreased Risky choices (Table 2a).

For Reward-risky choices, the regression model with SSD measured by actigraphy
(B¼�.330, p=.002), sleep need (B¼ 3.671, p<.001) and their interaction terms,
SSD� sleep need (B¼�3.745, p<.001), significantly predicted Reward-risky choices at
T1 (F5,185¼3.331, adjusted R2=.094, p<.001), in which higher perceived sleep need cor-
responded to increased Reward-risky choices among individuals with SSD, whereas for
those without SSD, higher perceived sleep need corresponded to decreased Reward-
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risky choices (Table 2a). Although including the interaction terms, SSD measured by
actigraphy� sleep need (B¼ 1.755, p=.043), significantly increased the R2 of the regres-
sion model in predicting Punish-safe choices, the regression model as a whole did not
predict Punish-safe choices significantly (F5,185=.793, adjusted R2¼�.009, p=.393; Table
2a). The regression model with sleep diary-measured SSD, sleep need and their inter-
action terms did not significantly predict the risk-related decision-making variables
(Table 2b).

Longitudinal analyses of relationship of sleep variables to risk-related
decision making

In the sequential regression models, after controlling for the effects of demographic
variables, including age, sex, body mass index and family income at step 1, and the
corresponding baseline (T1) measure of the outcome variable at step 2, number of
Punish-safe response at T2 was not significantly predicted by T1 sleep-diary measured
variability in mid-sleep time (B¼�.061, p=.574), though T1 mid-sleep time variability
correlated significantly with T1 Punish-safe choices.

After controlling for the effects of demographic factors and the corresponding risk-
related decision-making measure at baseline, T1 sleep need (B¼ 1.839, p=.039) and
the interaction between SSD and sleep need (B¼�1.901, p=.034), but not SSD alone
(B¼�.038, p=.727), significantly predicted T2 Risky choices (F8,139¼9.575, adjusted
R2=.431, p<.001). To decompose the interaction effect, we examined the effects of

Table 2. Interactions of (a) actigraphy-measured short sleep duration and sleep need with risk-
related decision making at T1 and (b) Interactions of sleep diary-measured short sleep duration
and sleep need with risk-related decision making at T1.

Models Variables Risky choice
Punish-safe
choice

Reward-risky
choice

(a)

Step 1 (B) Age .266 �.094 .088
Sex �.126 �.010 �.169
BMI .068 �.097 .076
Family income .191 �.022 .190
R2 change of the model .111 .022 .073

Step 2 (B) SSD �.411��� .147 �.330��
Sleep need 4.257��� �1.694 3.671���
R2 change of the model .008 .003 .003

Step 3 (B) SSD� Sleep need �4.356��� 1.755� �3.745���
R2 change of the model .166��� .027� .122���

Adjusted R2 of the final model .148��� .036� .094���
(b)
Step 1 (B) Age .266 �.094 .088

Sex �.126 �.010 �.169
BMI .068 �.097 .076
Family income .191 �.022 .190
R2 change of the model .111 .022 .073

Step 2 (B) SSD �.110 �.016 �.114
Sleep need .401 .395 .544
R2 change of the model .011 .003 .007

Step 3 (B) SSD� Sleep need �.470 �.345 �.586
R2 change of the model .007 .004 .011

Adjusted R2 of the final model �.009 �.028 �.013

B¼ standardized coefficient, SSD¼ short sleep duration, �p<.05, ��p<.01, ���p<.001.
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sleep need in the group with actigraphy-measured SSD versus the group without SSD
on Risky choices: among individuals with T1 SSD, higher perceived sleep need was
associated with more Risky choices at T2, while those without SSD showed the inverse
relationship between sleep need and risk taking, i.e. higher perceived sleep need cor-
responded to fewer Risky choices (Table 3a; Figure 1).

For T2 Punish-safe choices, actigraphy-measured SSD was found to interact with
sleep need (B¼ 7.680, p<.001) in predicting the number of Punish-safe choices
(F8,139¼28.507, adjusted R2=.673, p<.001) at T2. T1 sleep need (B¼�7.666, p<.001),
actigraphy-measured SSD (B=.641, p<.001), and the interaction term, SSD� sleep need
(B¼ 7.680, p<.001) were all significant predictors. To clarify the interaction effect, we
found that among individuals with SSD, higher perceived sleep need corresponded to
fewer Punish-safe choices, while the opposite applied to those without SSD (Table 3a;
Figure 2). Sleep diary data showed consistent findings, with sleep need (B¼�1.001,
p=.037) and SSD� sleep need (B=.970, p=.039) significantly predicting T2 Punish-safe
choices (F8,139¼3.974, adjusted R2=.170, p<.001) (Table 3b; Figure 3).

Table 3. Interaction of (a) T1 actigraphy-measured short sleep duration with sleep need in pre-
dicting T2 risk-related decision making and (b) T1 sleep diary-measured short sleep duration with
sleep need in predicting T2 risk-related decision making.
Models Variables Risky choice Punish-safe choice Reward-risky choice
(a)

Step 1 (B) Age .293�� �.593��� �.040
Sex �.158 .220��� �.120
BMI .106 �.096 .080
Family income .289�� �.021 .162
R2 change of the model .176�� .022 .073

Step 2 (B) T1 risk-related decision
making variable

.448��� .301��� .381���

R2 change of the model .263��� .174��� .109���
Step 3 (B) T1 Sleep need 1.839� �7.666��� �1.629

T1 Short sleep duration
(Actigraphy)

�.038 .641��� .185

R2 change of the model .017 .001 .006
Step 4 (B) T1 Sleep need� T1 Short sleep

duration (Actigraphy)
�1.901� 7.680��� 1.564

R2 change of the model .026� .500��� .019
Adjusted R2 of the final model .431��� .673��� .143
(b)
Step 1 (B) Age .211�� �.064 .075

Sex �.122 .012 �.167
BMI .084 �.145 .066
Family income .153 �.018 .171
R2 change of the model .111� .022 .073

Step 2 (B) T1 risk-related decision
making variable

.495��� .431��� .333���

R2 change of the model .240��� .174��� .109���
Step 3 (B) T1 Sleep need �.185 �1.001� �.314

T1 Short sleep duration
(Sleep diary)

.051 .076 �.004

R2 change of the model .002 .001 .004
Step 4 (B) T1 Sleep need� T1 Short

sleep duration (Sleep diary)
.147 .970� .251

R2 change of the model .001 .031� .002
Adjusted R2 of the final model .306��� .170��� .129��
B¼ standardized coefficient, SSD¼ short sleep duration, �p < .05, ��p < .01, ���p < .001

10 E. Y. Y. LAU ET AL.



Discussion

Using a longitudinal design, the present study examined the relationship between
habitual sleep behaviours and risk-related decision making in young adults. Providing
partial support to H1, sleep timing variability was cross-sectionally correlated with risk-
taking behaviours at the two assessment time-points, but baseline sleep timing vari-
ability did not associate with risk taking at T2. In support of H2, individual’s baseline
sleep need and sleep duration interacted in predicting risk-related decision making at
T2. Individuals with high sleep need but short sleep duration showed more risk-tak-
ing behaviours.

Young adults typically have increased autonomy in managing their sleep schedule
and lifestyle; among our young adult sample, there were substantial day-to-day fluctu-
ations in sleep duration and sleep timing varied by one to one and a half hours.
Furthermore, we found that variable sleep-wake schedule was associated with risk-tak-
ing behaviours, consistent with previous studies of adolescents reporting associations
of variability in weekday–weekend sleep timing with reward functions and cognitive
control, which are processes involved in risk-related decision making (Hasler et al.,
2012). In a recent neurophysiological study (Telzer et al., 2015), sleep variability was
also found to be related to decreased white matter microstructure integrity in brain
associative regions, e.g. internal capsule, which projects from the frontal lobes to other
brain regions. The authors argued that variable sleep-wake timing, white matter devel-
opment, and executive functioning might be closely related, and stable sleep-wake
timing should be recommended to optimise cognitive performance. Yet, it should be
noted that despite the cross-sectional associations, our longitudinal analyses did not
support a directional relationship between day-to-day variability in sleep timing with
risk-taking behaviours. It is possible that both sleep variability and risk taking are man-
ifestations of a third factor, such as dysfunctional planning and organising ability,

Figure 1. The interaction between T1 actigraphy-measured short sleep duration and sleep need in
predicting T2 Risky choices
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subserved by the prefrontal cortex (Koechlin, Basso, Pietrini, Panzer, & Grafman, 1999;
Newman, Carpenter, Varma, & Just, 2003; Miller & Cohen, 2001). Further longitudinal
studies combining both neurophysiological and neuropsychological data are war-
ranted to elucidate the relationships among sleep variability, risk-related decision mak-
ing and other executive functions, as well as the underlying mechanisms.

Previous sleep restriction studies have identified consequences of sleep loss for
cognition and the potential mechanisms (Pilcher & Huffcutt, 1996; Harrison, Horne, &
Rothwell, 2000; Krause et al., 2017), by ensuring a common baseline of sleep timing
and sleep duration before sleep restriction in the laboratory (Killgore et al., 2006). Of
note, apart from the aforementioned high day-to-day variability in sleep timing, short
sleep duration and excessive daytime sleepiness (EDS) were also common in our sam-
ple, with 11–16% sleeping less than the threshold of 6 h per night (Hirshkowitz et al.,
2015) and 66% with EDS (c.f., 25% in US college population (Lund, Reider, Whiting, &
Prichard, 2010)). Moreover, we found that individual differences in subjective sleep
need moderated the influence of short sleep duration on risk-taking behaviours. The
prospective association between increased sleep need and later risk-taking behaviours
among short sleepers may be understood with the heterogeneity of short sleepers.
This population is assumed to include both natural short sleepers with low sleep
need, as well as individuals with higher sleep need who restrict sleep in favour of

Figure 2. The interaction between T1 actigraphy-measured short sleep duration and sleep need in
predicting T2 Punish-safe choices
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other activities (Hwangbo, Kim, Chu, Yun, & Yang, 2016; Grandner, Patel, Gehrman,
Perlis, & Pack, 2010). As a result, comparable sleep durations will induce sleep insuffi-
ciency in some individuals, but not in others. In fact, Aeschbach et al. (2001) reported
that natural short sleepers tolerated higher sleep pressure during sustained wakeful-
ness, as indexed by theta/low-frequency alpha activity and beta activity in the waking
electroencephalogram. It is possible that natural short sleepers maintain daytime func-
tioning without significant impairment, whereas those who curtail sleep to similar
amounts despite a perceived need for more sleep experience adverse consequences
(Grandner, Patel, Gehrman, Perlis, & Pack, 2010; Aeschbach et al., 2003). We consider
two potential interpretations of our findings. One is that those with high perceived
sleep need are not likely to be natural short sleepers. Thus, they may be the only sub-
group among short sleepers who experience chronic, unmet sleep need, which leads
to a tendency toward more risk-taking. An alternative interpretation is that continuing
to curtail sleep for, e.g. social or academic gains, despite a perceived need for more
sleep, reflects a risk-prone personality. In other words, the choice of shorter sleep than
one needs may itself be a risk-taking behaviour as one risks some sleep loss for uncer-
tain benefits. Nevertheless, T1 risk-taking performance was taken into account in our
regression analyses, and therefore the interactive effects of sleep need and short sleep
on T2 risk taking were above and beyond the variance explained by the individual’s
risk-taking style. While existing studies converged to show that sleep gain from a day-
time nap could attenuate or even reverse the decline in performance after sleep loss,
such as sustained attention and working memory (Lo et al., 2017; Lau, Wong, Lau, Hui,

Figure 3. The interaction between T1 sleep diary-measured short sleep duration and sleep need in
predicting T2 Punish-safe choices
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& Tseng, 2015), future studies are warranted to examine the possibility of reversing
the deleterious effects of chronic sleep restriction on risk taking by recovery sleep.

One limitation of the current study is that we assessed sleep for only 5 or 6 days. A
longer period of assessment would enhance the reliability of sleep measures and allow
better classification of habitual sleep need and chronic sleep restriction. For instance,
there were studies showing carryover effects induced by prior sleep loss on cognitive
performance (Lo et al., 2017), and sleep loss might also affect physiological functions
greater than individuals’ subjective experience of sleepiness (Simpson et al., 2016).
Nevertheless, the current use of a one-week sleep assessment including both weekday
and weekend was able to demonstrate a significant impact of sleep variability on risk-
related decision making, as in other studies (Hasler et al., 2012; Wittmann, Dinich,
Merrow, & Roenneberg, 2006; Lau et al., 2013). Second, to capture information about
typical sleep behaviours among young adults and to enhance the ecological validity
of our findings, sleep was not manipulated experimentally, which is consistent with
other recent studies (Telzer et al., 2015; Wittmann et al., 2006). Although it is not pos-
sible to draw definitive conclusions about causality, the longitudinal design allowed us
to examine whether sleep characteristics predicted subsequent risk-related decision
making prospectively. Finally, the use of a single risk-taking task limits the generalis-
ability of our findings to other types of risk-related decision making. Of note, the RGT
reveals the general risk-seeking propensity and punishment learning, as indicated by
the number of risky choices and safe choices after punishment trials, respectively.
However, unlike other studies, risk taking in the contexts of everyday living, such as
smoking and substance use (e.g. Schoenborn & Adams, 2008) and the shifting
between risk-seeking and risk-aversive choices in forced-choice risk-taking paradigms
(e.g. Mckenna et al., 2007; Venkatraman et al., 2011) were not measured in the current
study. Future studies with different aspects of risk-related decision making, from obser-
vational and behavioural assessments to neurophysiological measures would be help-
ful for further understanding about the relationship between sleep and risk-related
decision making.

In conclusion, our study shows that individual difference in sleep-wake behaviours,
including sleep need, sleep-wake timing and duration are important factors that inter-
play in affecting risk-taking behaviours among young adults; sleep health education in
college should include promotion of regularity of sleep-wake timing in addition to
adequate sleep duration and quality sleep. Clinical assessment of sleep would also
benefit from a more comprehensive evaluation of the sleep-wake pattern as well as
the sleep need of the individual.
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