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SUMMARY

We often experience troubled sleep in a novel
environment [1]. This is called the first-night effect
(FNE) in human sleep research and has been re-
garded as a typical sleep disturbance [2–4]. Here,
we show that the FNE is a manifestation of one hemi-
sphere being more vigilant than the other as a night
watch to monitor unfamiliar surroundings during
sleep [5, 6]. Using advanced neuroimaging tech-
niques [7, 8] as well as polysomnography, we found
that the temporary sleep disturbance in the first sleep
experimental session involves regional interhemi-
spheric asymmetry of sleep depth [9]. The interhemi-
spheric asymmetry of sleep depth associated with
the FNE was found in the default-mode network
(DMN) involved with spontaneous internal thoughts
during wakeful rest [10, 11]. The degree of asymme-
try was significantly correlated with the sleep-onset
latency, which reflects the degree of difficulty of fall-
ing asleep and is a critical measure for the FNE.
Furthermore, the hemisphere with reduced sleep
depth showed enhanced evoked brain response to
deviant external stimuli. Deviant external stimuli
detected by the less-sleeping hemisphere caused
more arousals and faster behavioral responses than
those detected by the other hemisphere. None of
these asymmetries were evident during subsequent
sleep sessions. These lines of evidence are in accord
with the hypothesis that troubled sleep in an unfamil-
iar environment is an act for survival over an unfamil-
iar and potentially dangerous environment by keep-
ing one hemisphere partially more vigilant than the
other hemisphere as a night watch, which wakes
the sleeper up when unfamiliar external signals are
detected.

RESULTS AND DISCUSSION

Does sleep disturbance caused by an unfamiliar environment,

that is, the first-night effect (FNE), have only negative effects?
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It has been suggested that a function of partial sleep such as uni-

lateral hemispheric sleep in some birds and marine mammals is

a protective mechanism to compensate for risks during sleep

[5, 6]. This led us to ask whether the FNE is involved in some

type of interhemispheric sleep to be vigilant in one brain hemi-

sphere in humans as a protective mechanism.

In experiment 1 (see Supplemental Experimental Proce-

dures), we tested whether a regional interhemispheric asym-

metry occurs with the FNE using an advanced neuroimag-

ing technique that combines magnetoencephalography (MEG),

structural MRI, and polysomnography (PSG) in the sleeping

brain. We investigated slow-wave activity (SWA), which is a

spontaneous brain oscillation (1–4 Hz) in non-rapid eye move-

ment (NREM) sleep. The reason that we focused on SWA is

that it is the only sleep characteristic that reflects the depth of

sleep [9, 12] and is supported by cross-species studies of local

sleep including those for mammals and birds. Since SWA in hu-

mans originates in cortical regions including the brain network

such as default-mode network (DMN) [10, 11, 13], we hypothe-

sized that the regional interhemispheric SWA occurs in brain

networks while the FNE occurs. To test this hypothesis, we

measured SWA from four brain networks (including the DMN;

Figure S1) during the first sleep session in which the FNE occurs

and the second sleep session in which the FNE does not occur

(Table S1). We conducted a four-way repeated-measures

ANOVA on SWA with the factors being network, hemisphere

(left versus right), sleep stage (slow-wave sleep versus stage 2

sleep), and sleep session (day 1 versus day 2). A factor of sleep

stage was included because the strength of SWA, or sleep

depth, should be different between sleep stages. If regional

interhemispheric asymmetry of SWA occurs with the FNE in a

certain network, this should manifest as an interaction among

the factors. We indeed found the four-way interaction significant

(F3,30 = 4.45, p = 0.011; Figure S1 and Table S2). The hemi-

sphere 3 sleep session interaction was significant only in

the DMN among the four networks during slow-wave sleep

(F1,10 = 10.03, p = 0.010; Table S2). Further analyses (Table

S2) indicated that SWA in the left DMN on day 1 was signifi-

cantly smaller than SWA in the right DMN on day 1 (Figure 1A;

t10 = 2.59, p = 0.027, d = 0.8) and was also significantly smaller

than SWA in the left DMN on day 2 (t10 = 2.69, p = 0.023,

d = 0.8). There was no significant difference between days in

the right DMN (t10 = 0.97, p = 0.355, nonsignificant [n.s.]).

SWA associated with K complexes did not show any hemi-

spheric asymmetry (Figure S2).
d.
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Figure 1. SWA Asymmetry in the DMN dur-

ing Slow-Wave Sleep in Association with

the FNE

(A) SWA in the DMN during slow-wave sleep. The

red bars show the left hemisphere, and the blue

bars show the right hemisphere. The values are

mean ± SEM. Asterisks indicate a significant dif-

ference in the post hoc tests after the four-way

repeated-measures ANOVA (*p < 0.05).

(B and C) Scatter plots for the asymmetry index of

DMN SWA against the sleep-onset latency for day

1 (r = �0.68, p = 0.022) (B) and day 2 (r = 0.03,

p = 0.935, n.s.) (C). *p < 0.05. The correlation coefficient on day 1 was significantly different from day 2 (zpf10 = �1.99, p = 0.046).

See Figure S1 for SWA in other networks, details of ANOVA results, and details of the asymmetry index. See also Figure S2 for additional data on SWA.
We further examined the relationship between the degree of

interhemispheric asymmetry of SWA in the DMN and the degree

of the FNE. We obtained an asymmetry index for SWA strength

([left SWA� right SWA]/[left SWA + right SWA]) for the DMN dur-

ing slow-wave sleep (Figure S1). If SWA asymmetry for the DMN

is associated with the reduced sleep quality in the first sleep ses-

sion, the asymmetry index should be significantly correlated with

the sleep-onset latency, which is a sensitive parameter for the

presence of the FNE [3, 14]. A strong and significant negative

correlation between these measures was found on day 1, but

not on day 2 (Figures 1B and 1C). The correlations were signifi-

cantly different between days.

To our best knowledge, regional asymmetric SWA associated

with the FNE has never been reported in humans. Why was this

not found in previous studies? First, visual inspection of PSG did

not detect any hemispheric asymmetry in the apparent ampli-

tude of SWA in the current data. Second, frequency analyses

on sensor-space MEG failed to reveal regional hemispheric

asymmetry of SWA (Figure S2). It may be difficult to detect the

regional asymmetric SWA in a specific network such as the

DMN in association with the FNE, unless sleeping brain activities

are examined across different sleep sessions, hemispheres, and

brain networks with high spatial resolution.

Is the regionally lighter sleep in the left hemisphere shown

in the results of experiment 1 on day 1 related to higher vigi-

lance to external signals? In experiment 2, we addressed this

question using an oddball paradigm, where the amplitude of

the brain response evoked by rare stimuli correlates with vigi-

lance [15, 16] with a new group of subjects (see Supplemental

Experimental Procedures). If one hemisphere is more vigilant

than the other on day 1, the amplitude of the brain response

should be larger in the hemisphere than in the other hemisphere

on day 1. Both infrequent deviant and frequent standard beeps

were presented every 1 smonaurally while subjects were asleep.

We conducted a three-way repeated-measures ANOVA on

the mean amplitude of evoked brain responses with the factors

of sound type, hemisphere, and sleep session during slow-wave

sleep (Figure S3) in which regional asymmetric SWA was found

in experiment 1. The results indicated that the mean amplitude

ofbrain responses todeviant soundswassignificantly augmented

in the left hemisphere compared to the right on day 1 (Figure 2A;

t12 = 2.92, p = 0.013, d = 0.9), but not on day 2 (t12 = 1.37, p =

0.195, n.s.). The amplitude of the brain response to the deviant

sounds in the left hemisphere was significantly reduced on

day 2 (t12 = 3.18, p = 0.008, d = 1.0), while therewas no significant
difference between days in the right hemisphere (t12 = 0.66, p =

0.523, n.s.). No significant difference was found in the brain

responses to the standardsoundbetween the hemispheresorbe-

tween sleep sessions (Figure 2B). Thus, hemispheric asymmetry

in the brain responses was specific to the deviant sounds on

day 1. These results indicate that the left hemisphere was more

vigilant than the rightwhen the FNEoccurred. Hemispheric asym-

metry in the brain responses to the deviant sounds was not found

during wakefulness or stage 2 sleep (Figure S3).

Next, we found that enhanced vigilance in the left hemisphere

resulted in more arousals. An arousal is defined as an abrupt and

short shift of electroencephalogram (EEG) frequency [17]. We

counted how often arousals occurred per minute following a

deviant sound during slow-wave sleep. Arousals occurred more

frequently on day 1 than day 2 (Figure 3A). Given that an arousal

was induced by amonaural deviant sound, we examined whether

the arousal occurrencedependedon the contralateral hemisphere

to theear towhich thedeviant soundwaspresented.Here, a trial in

which a deviant soundwas presented to the right (left) ear is called

a left- (right-) hemisphere trial [18]. The percentage of arousal

occurrence following the left-hemisphere trials occupied more

than80%of the total arousals onday 1 andwas significantly larger

than chance (Figure 3B; Wilcoxon signed-rank test, z12 = 3.22,

p = 0.001). The percentage of arousal occurrence following the

left-hemisphere trials was significantly larger on day 1 than on

day 2 (Figure 3B; z12 = 2.49, p = 0.013). However, this left-hemi-

sphere dominance in the arousal occurrence vanished on day 2

(z12 = 0.32, p = 0.751, n.s.). These results indicate that the left

hemisphere showed more arousals with deviant external stimuli

than the right hemisphere during sleep on day 1 when the FNE

occurred.

Does the vigilant hemisphere on day 1 produce faster behav-

ioral responses to deviant external stimuli than on day 2? If the

FNE plays a role as a protective mechanism such as a night

watch rather than showing a merely disrupted sleep, a faster

behavioral response should be generated from sleep upon the

detection of deviant external stimuli in the first sleep session.

In experiment 3, we asked a new group of subjects to lightly

tap fingers when they heard sounds while they were sleeping,

using an oddball paradigm similar to experiment 2. First, a larger

number of subjects were woken by left-hemisphere trials than

right-hemisphere trials on day 1 compared to day 2 (Figure 4A).

Second, the reaction time from a deviant sound to tapwas signif-

icantly faster on day 1 than day 2 (Figure 4B). Third, this faster

response on day 1 was mainly driven by the shorter time from
Current Biology 26, 1190–1194, May 9, 2016 1191



Figure 2. Brain Responses during Slow-Wave Sleep

(A) The amplitudes of the brain responses to deviant sounds in the left (red)

and right (blue) hemispheres (mV). Asterisks indicate a significant difference in

the post hoc tests after the three-way repeated-measures ANOVA (**p < 0.01,

*p < 0.05).

(B) The amplitudes of the brain responses to standard sounds in the left (red)

and right (blue) hemispheres (mV).

The values aremean ± SEM. See Figure S3 for additional information regarding

brain responses including detailed results of the ANOVA, time course, and the

brain responses in other sleep stages.

Figure 3. Arousals Followed by Deviant Sounds Presented during

Slow-Wave Sleep

(A) The total number of arousals perminute during slow-wave sleep. There was

a significant difference in the number of arousals per minute between days

(Wilcoxon signed-rank test, z12 = 3.18, p = 0.002).

(B) The percentage of arousal occurrences that followed left-hemisphere trials

(red) and right-hemisphere trials (blue).

The values are mean ± SEM. ***p < 0.005, *p < 0.05; the false discovery rate

was controlled to be at 0.05.
a deviant sound to awakening while the brain was still asleep and

not by the time from awakening to tapping, by the left hemi-

sphere (Figure S4), indicating that subjects woke up faster after

the deviant sound. Importantly, the faster awakening was corre-

lated with the asymmetry index of regional SWA (Supplemental

Experimental Procedures) on day 1, but not on day 2 (Figure S4).

These results demonstrate that the FNE is linked to faster awak-

ening upon detection of deviant stimuli during sleep by a more

vigilant hemisphere and suggest that the FNE is involved in a

protective mechanism.

The regional interhemispheric asymmetry in SWA, brain re-

sponses, and behavioral outcomes were observed specifically

during slow-wave sleep associated with the FNE. We suggest

that this sleep stage specificity is related to increased vigilance

and responsiveness for a night watch as a countermeasure to

the vulnerability of this sleep stage [19, 20]. Unihemispheric sleep

hasbeen linked to aprotectivemechanism in somebirds andma-

rine mammals to monitor the environments and detect predators

[5, 6, 21]. Although the interhemispheric asymmetry of SWA inour

study ismore regionally restricted compared to animals [5, 6, 21],

we speculate that the regional interhemispheric asymmetry of

SWA in humans is also linkedwith aprotectivemechanism,which

is sensitive to potential danger in an unfamiliar sleeping environ-

ment and the increased need for vigilance during sleep.

Some forms of regional interhemispheric asymmetry of SWA

have already been reported in humans. However, they were

observed in entirely different conditions and may have funda-

mentally different mechanisms from the form of asymmetry

found in this study. First, regional interhemispheric asymmetry

of SWA in prolonged wakefulness [22, 23] and stimulation to a

unilateral cortical region [24, 25] have been reported and are

regarded as the rationale for the sleep homeostasis hypothesis

[9, 26]. According to this hypothesis, regional SWA is modulated

by a homeostatic need for SWA accumulated in a brain region

during prior wakefulness. However, the sleep homeostasis hy-

pothesis cannot account for the present results. The sleep ho-
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meostasis hypothesis predicts that decreased SWA in the left

DMN should result from the decreased use of the region during

prior wakefulness. However, we did not systematically manipu-

late to use, or stimulate, cortical regions including the left DMN

during prior wakefulness. Second, increased stress and/or anx-

iety in novel environments during wakefulness increased SWA

during subsequent sleep in animals [27]. However, the present

finding that the SWA decreased in the left DMN on day 1 does

not match the increased stress and/or anxiety account. Impor-

tantly, the FNE does not necessarily accompany increased anx-

iety or discomfort level (see Table S3; [4]). Third, patients with

sleep apnea and insomnia show regional interhemispheric

asymmetry in SWA [28–31]. However, the asymmetry is not spe-

cific to the DMN or the FNE in these studies. Finally, the present

study recruited young healthy subjects, not clinical populations.

Thus, it is unlikely that the forms of asymmetry in the above three

cases have the same underlying mechanism as the asymmetry

found in our study.

Our study suggests that the DMNworks as a night watch in an

unfamiliar environment to protect the sleeper. The DMN has

been associated with mind wandering, or simulation and evalu-

ation of upcoming events apart from execution of a current

task [10, 32]. While general connectivity in the brain is mostly

broken during sleep [33, 34], the DMN is not completely shut

off and works as a network showing reduced connectivity during

sleep [35–37]. These unique characteristics of the DMN may fit

well with the role of a night watch. However, since the number

of brain networks examined in the current study was limited,

the possibility of involvements of other intrinsic networks [34,

35, 38] cannot be rejected. Moreover, the DMN may not work

solely as a night watch but may cooperate with the subcortical

circuits that play important roles in the regulation of sleep and

wakefulness [39]. More studies are needed to fully understand

neural mechanisms underlying the night watch system associ-

ated with the FNE.

Why was the left hemisphere more vigilant than the right when

the FNE occurred? At least a few possibilities arise. First, the



Figure 4. Awakening and Behavioral Responses Followed by

Deviant Sounds

(A) The number of subjects who were woken in the left-hemisphere (red) and

right-hemisphere (blue) trials. The numbers of subjects whowere woken on the

left-hemisphere and right-hemisphere trials were significantly different be-

tween days (McNemar’s test, p = 0.033). The number of subjects who were

woken on the left-hemisphere trials was significantly larger than chance on day

1 (Wilcoxon signed-rank test, z10 = 2.11, p = 0.035).

(B) The reaction time between the deviant sound and the finger tapping. The

reaction time was significantly faster on day 1 than day 2 (Wilcoxon signed-

rank test, z10 = 2.31, p = 0.021).

The values are mean ± SEM. *p < 0.05. See Figure S4 for additional information

on the reaction time.
overall functional connectivity between the DMN and other re-

gions is stronger in the left hemisphere than the right [38]. The

stronger connectivity to other regions may be useful for a night

watch and faster responses to risk factors. Direct stimulation

by transcranial magnetic stimulation [33] might be useful for

further investigations. Second, we measured brain activity only

during the first sleep cycle. This leaves the possibility that during

the first sleep cycle the left hemisphere is vigilant but vigilant

hemispheres alternate with different cycles. Future studies are

needed to examine these possibilities.

In summary, the present study has demonstrated that when

we are in a novel environment, interhemispheric asymmetry oc-

curs in regional SWA, vigilance, and responsiveness as a night

watch to protect ourselves.

EXPERIMENTAL PROCEDURES

A total of 35 young and healthy subjects participated in the study. All subjects

gave written informed consent for their participation in experiments. The

research protocols were approved by the institutional review boards. All

experiments had two sleep sessions, which were conducted approximately

a week apart. See Supplemental Experimental Procedures for more details.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, and three tables and can be found with this article online at

http://dx.doi.org/10.1016/j.cub.2016.02.063.

AUTHOR CONTRIBUTIONS

M.T. and Y.S. designed the research. M.T. and J.W.B. performed the experi-

ments and analyzed the data. M.T., T.W., and Y.S. wrote the manuscript.
ACKNOWLEDGMENTS

The authors thankMary A. Carskadon, Aaron V. Berard, Jonathan Dobres, and

Kazuhisa Shibata for their helpful comments on an earlier draft. This work was

supported by grants to T.W. and Y.S. (NIH R01MH091801, R01EY019466, and

NSF BCS 1539717). This work also involved the use of instrumentation sup-

ported by the NCRR Shared Instrumentation Grant Program and High-End

Instrumentation Grant Program (specifically, grant numbers S10RR014978,

S10RR021110, and S10RR023401). This research was carried out in part at

the Athinoula A. Martinos Center for Biomedical Imaging at theMassachusetts

General Hospital, using resources provided by the Center for Functional Neu-

roimaging Technologies, NCRR P41RR14075. Part of this research was also

conducted using computational resources and services at the Center for

Computation and Visualization, Brown University.

Received: August 29, 2015

Revised: January 21, 2016

Accepted: February 24, 2016

Published: April 21, 2016

REFERENCES

1. Roth, T., Stubbs, C., and Walsh, J.K. (2005). Ramelteon (TAK-375), a

selective MT1/MT2-receptor agonist, reduces latency to persistent sleep

in a model of transient insomnia related to a novel sleep environment.

Sleep 28, 303–307.

2. Agnew, H.W., Jr., Webb, W.B., and Williams, R.L. (1966). The first night

effect: an EEG study of sleep. Psychophysiology 2, 263–266.

3. Tamaki, M., Nittono, H., Hayashi, M., and Hori, T. (2005). Examination of

the first-night effect during the sleep-onset period. Sleep 28, 195–202.

4. Tamaki, M., Nittono, H., and Hori, T. (2005). The first-night effect occurs at

the sleep-onset period regardless of the temporal anxiety level in healthy

students. Sleep Biol. Rhythms 3, 92–94.

5. Rattenborg, N.C., Lima, S.L., and Amlaner, C.J. (1999). Half-awake to the

risk of predation. Nature 397, 397–398.

6. Lilly, J. (1964). Animals in aquatic environments: adaptation of mammals

to the ocean. In Handbook of Physiology, Section 4: Adaptation to the

Environment, D.B. Dill, E.F. Adolph, and C.G. Wilber, eds. (American

Physiological Society), pp. 741–757.
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24. Kattler, H., Dijk, D.J., and Borbély, A.A. (1994). Effect of unilateral somato-

sensory stimulation prior to sleep on the sleep EEG in humans. J. Sleep

Res. 3, 159–164.

25. Cottone, L.A., Adamo, D., and Squires, N.K. (2004). The effect of unilateral

somatosensory stimulation on hemispheric asymmetries during slow

wave sleep. Sleep 27, 63–68.

26. Tononi, G., and Cirelli, C. (2003). Sleep and synaptic homeostasis: a

hypothesis. Brain Res. Bull. 62, 143–150.

27. Tang, X., Xiao, J., Parris, B.S., Fang, J., and Sanford, L.D. (2005).

Differential effects of two types of environmental novelty on activity and

sleep in BALB/cJ and C57BL/6J mice. Physiol. Behav. 85, 419–429.

28. Abeyratne, U.R., Swarnkar, V., Hukins, C., and Duce, B. (2010).

Interhemispheric asynchrony correlates with severity of respiratory distur-
1194 Current Biology 26, 1190–1194, May 9, 2016
bance index in patients with sleep apnea. IEEE Trans. Biomed. Eng. 57,

2947–2955.
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