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ness vigilance and mood.9 Roehrs and colleagues10 showed 
that habitually sleepy individuals (multiple sleep latency test 
[MSLT] < 6 min) did improve their sleepiness after 6 consecu-
tive nights of extended TIB (10 h) to near fully alert levels 
(MSLT = 10 min).

In a recent sleep restriction-extension study,11 the authors 
showed that one week of sleep extension (TIB 10 h) improved 
resilience during subsequent sleep restriction and facilitated 
task related performance during recovery in normal subjects. A 
2-week sleep extension study showed full recovery of alertness 
after 2 weeks.12 These data suggest that increasing time in bed 
in habitual short sleepers may also provide benefits for specific 
aspects of cognitive function. However, it remains unknown if 
extending time in bed to levels typical of the general population 
would have benefits on cognitive processing.

Neurocognitive changes associated with sleep loss have 
been studied in both clinic and research subjects. Among meth-
ods used for this assessment are event-related brain potentials 
(ERPs). ERPs are one of the most informative and dynamic 
methods of monitoring the information stream in the brain. The 
voltage deflections comprising the ERP reflect the reception 
and processing of sensory information, as well as higher-level 
processing involving selective attention, memory updating, 
and other types of cognitive activity. ERPs are linked in time 
with a physical or mental event, and typically extracted from 
the scalp-recorded electroencephalogram (EEG) by means of 
signal averaging.

Due to its high sensitivity to variables related to informa-
tion processing (e.g., auditory discrimination), the ERP may 
complement traditional and limited performance measures, 
such as the accuracy and speed of behavioral responses. Mon-

INTRODUCTION
The importance of adequate sleep duration is often over-

looked, especially in countries with busy 24/7 schedules. In 
a meta-analysis by Knutson et al.,1 the trend of shorter sleep 
periods among individuals in the USA for the time period of 
1975-2006 was documented. Short sleepers were defined as 
those reporting < 6 h of sleep in their sleep diary. They found an 
increase in the number of short sleepers from 7.6% in 1975 to 
9.3% in 2006 among full-time workers. Another meta-analysis 
on 1,382,999 participants from 8 different countries (USA, Ja-
pan, UK, Spain, Sweden, Finland, Israel, and Taiwan) showed 
that both short and long duration of sleep are associated with 
increased mortality risk.5

Studies have shown that restricting sleep to ≤ 6 h in healthy 
individuals can produce a significant decline in vigilance reac-
tion time, increase objective daytime sleepiness to pathological 
levels, and produce impairments in memory.6-8 However, it is 
unclear whether impairments of neuronal processing of audito-
ry information are present in individuals who regularly restrict 
habitual time in bed (TIB) to ≤ 6 hours.

It is also unknown if deficiency in neuronal processing 
can be reversed following sleep extension. Sleep extension 
in college students has been shown to improve daytime alert-
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and mechanisms of attention control.30 It has been demonstrated 
that 36 hours of total sleep deprivation affects frontal neuronal 
processes involved in novelty detection as measured by P3a (or 
novelty P3).20 In this study, authors demonstrated the sensitivity 
of P3a amplitude to sleep deprivation (8.7 µV in control sub-
jects vs. 3.5 µV following 36 h of total sleep deprivation). Fol-
lowing recovery sleep (TIB 10 hours), the P3a increased from 
3.5 µV to 6.2 µV at frontal sites.20 Based on these previous stud-
ies, we expected that novel sounds would elicit the MMN and 
P3a complex with attenuated amplitudes in short sleepers with 
respect to these ERPs in normal-sleeping individuals.

Unlike the P3a, another ERP component termed “P3b” is 
task relevant and associated with target detection. It is elicited 
when a subject’s attention is focused on a stimulus.31 The P3b is 
associated with the process of memory comparison in the con-
text of the previous stimuli, generating a brain potential with a 
parietal scalp distribution. The initial processing of a new stim-
ulus engages the switching of attention that underlies P3a pro-
duction, whereas the subsequent memory comparison engages 
the operations associated with P3b production.32,33 According to 
previous research showing the effect of sleep deprivation on the 
amplitude and latency of the P3b,20,33 attenuation of amplitude 
and prolonged latency of the P3b are expected in habitually 
short sleepers compared to normal sleepers.

In the current study, we utilized “to-be-ignored” vs. “at-
tend” novelty oddball tasks to evaluate the effect of habitual 
short sleep on brain function underlying attention control pro-
cess measured by the MMN (index of pre-attentive stage), P3a 
(attention-dependent), and P3b (memory-dependent) ERP com-
ponents (Study I). Extended time in bed was used to evaluate 
the possible reversal of the impairments of these processes in 
habitual short sleepers (Study II).

We expected novel sounds to elicit ERP components with 
predominantly frontal scalp distribution (MMN and P3a) in nor-
mal sleeping individuals, whereas in habitually short sleeping 
individuals these ERPs show amplitude attenuation over frontal 
areas due to the impact of habitual short sleep time on reducing 
markers of frontal lobe activity.20,41 We also hypothesized that 
attention load in the attend condition would contribute to the 
attenuation of the MMN, P3a, and P3b amplitudes with respect 
to the ERPs in normal-sleeping individuals. For the extended 
sleep condition, we hypothesized that longer time in bed would 
increase total sleep time, which subsequently would improve 
frontal activity in short sleeping individuals.

METHODS

Participants
All participants were recruited from advertisements posted 

at the Henry Ford Hospital website for employees. A total of 
12 self-defined healthy short sleepers (1-week sleep diary total 
sleep time (TST) ≤ 6 h) were enrolled in the study. EEG/ERP 
data of 2 individuals were excluded due to extensive EEG ar-
tifacts. Thus, 10 habitual short sleepers (Mean age: 35 ± 10 y, 
5 females) and 9 self-reported normal sleepers with TST 7-8 h, 
who served as a control group (mean age: 30 ± 6 y, 6 females) 
participated in study I. In study II, only habitually short sleeping 
individuals participated. Neither group had a history of sleep 
disorders; participants worked or attended school on a typical 

itoring changes in ERPs may also be used to assess the effects 
of sleep restriction and extension on early stages of informa-
tion processing (e.g., occurring in tens of milliseconds). The 
cognitive operations reflected in ERP components are sup-
ported by specific brain systems, which in some cases have 
been well defined.13-15

As the human brain does not have a sufficient capacity to 
enable our consciousness to simultaneously detect all sensory 
information entering our sensory system, our cognitive pro-
cesses involve an “automatic” mode as well as an “attentional” 
mode to process all of the incoming information. Therefore, 
following an initial phase (sensory input), only part of the in-
coming information gains access to consciousness.16 In the cur-
rent theory of human attention-control, there is an assumption 
that the relatively large-capacity system performs the initial 
processing of sensory information, and the subsequent limited-
capacity system takes over for task-related evaluation and de-
cision-making processes.17,18 Thus, the entry of information to 
the limited-capacity system is controlled by two types of pro-
cesses: focused attention and breakthrough of the unattended 
information (or passive attention).19 The balance between these 
two neuronal processes is very important for attention control. 
For example, lack of flexibility between the two processes 
may lead to either insufficient attention to potentially relevant 
events or easy distraction by irrelevant events. In laboratory 
studies, these two processes have been found to be greatly af-
fected by sleep loss.20-22

There are auditory ERP components that can be used as a 
tool for assessing pre-attentive, attention-dependent, and mem-
ory-dependent brain mechanisms involved in attention con-
trol. Mismatch negativity (MMN) is an ERP component with 
a frontocentral scalp topographical distribution, elicited by in-
frequent stimuli presented among frequent stimuli. The MMN 
has been described as an “automatic” brain response occurring 
at a latency around 150 ms from deviance onset to any change 
in the acoustical environment and is relatively independent of 
the listener’s perception of the sound or behavioral response to 
the sound.23 Thus, the MMN (amplitude and latency) reflects 
the outcome of a deviance-detection process associated with 
infrequent sound that is based on the memory of regularities in 
the auditory input formed by frequent sound.23-25 Because the 
MMN is elicited when an incoming sound does not “match” 
the series of previous stimuli, even when these stimuli occur 
outside of the subject’s attention, it might be that the MMN-
generating process (frontal counterpart of the MMN) could be 
involved in both the “passive” and “active” directing of atten-
tion.26,26,27 Therefore, in our study we used the MMN in pas-
sive and active tasks to evaluate the frontal lobe function in 
direction of attention to the novelty associated with automatic 
change-detection processes.

Another ERP component, the P3a (or novelty P3) is elicit-
ed by novel or deviant sounds during an “ignore” or “attend” 
task condition. The P3a is associated with involuntary atten-
tion switching (irrelevant to the task) to salient sounds.28,27 The 
P3a has latency at around 200-300 ms from deviance onset and 
a frontocentral scalp distribution. ERP studies in humans with 
frontal lobe lesions have found that such patients produce a 
clear diminution of the P3a from a distracting stimulus.29 Fron-
tal lobe engagement is therefore necessary for P3a generation 
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were presented at a constant interstimulus interval of 800 ms. A 
total of 1100 trials were presented for each task condition.

EEG Recording and Analysis
The EEG was recorded via a 64-channel EEG cap (Easycap 

GmbH Hersching, Germany), using the ASA-EEG system 
(ANT, Netherlands).The 64-channel EEG system is an appro-
priate tool for studying global brain regional differences that 
we expect to observe between sleep conditions in our partici-
pants. The 2 forehead electrodes (Fp1 and Fp2) as well as one 
left (F7) and one right (F8) served to monitor eye movement 
artifact during EEG recording. Impedance was kept < 10 kΩ. A 
band-pass filter was set from 0.1 to 100 Hz, and the sampling 
rate was 1024 Hz.

EEG data were analyzed using Brain Vision Analyzer soft-
ware (Brain Products GmbH, Gilching, Germany). Data were 
segmented separately for each stimulus, starting with 100 ms 
prior to stimulus onset and continuing for 400 ms after the 
stimulus onset. A band-pass filter ranging from 1 to 20 Hz was 
applied to segmented data. Trials in which the EEG or EOG 
exceeded ± 70μV were excluded from the analysis. ERPs in 
response to the standard tone and novel sounds were averaged 
separately. On mean, ≥ 300 trials for the standard tone, and ≥ 
100 trials for novel sounds were included for each participant 
in each task condition.

All statistical comparisons of the MMN and P3a, and P3b 
to novel sounds involved computing difference waves (ERPs 
in response to novel sounds minus ERPs to the standard tone). 
The time windows for mean amplitude comparisons were se-
lected based on the peak amplitude of each brain response at Fz, 
F3, F4 (frontal); Cz, C3, and C4 (central); and Pz, P3, and P4 
(parietal) electrodes. Thus, the mean amplitudes of the MMN 
components to novel sounds were measured in both task condi-
tions within 120-150 ms from stimulus onset.

The mean amplitude of the P3a observed in the ignore and 
attend tasks were selected within a 200-240 ms time window 
for further comparison. As expected, the P3b was observed in 
the attend task only. The mean amplitude within the 280-320 
ms time window was selected for further statistical evaluation 
of P3b amplitude differences between groups at frontal (Fz), 
central (Cz), and parietal (Pz) electrodes.

In study I, the MMN and P3a amplitudes were analyzed and 
compared between groups (control vs. short sleepers) on the 2 
task conditions (ignore vs. attend) for frontality (frontal [F3, Fz, 
and F4] / central [C3, Cz, and C4] / and parietal [P3, Pz, and 
P4] electrodes) with 3-factor ANOVA. The P3b amplitude and 
latency differences were tested by 2-way ANOVA with factors: 
groups and electrodes (Fz, Cz, and Pz).

In study II, the MMN and P3a amplitudes were statistically 
compared within subjects for sleep condition (short vs. extend-
ed), task condition (ignore vs. attend), and frontality by 3-factor 
ANOVA (2 within, 1 between). The P3b amplitude difference 
was tested by 2-way ANOVA with factors: sleep condition (ha-
bitual vs. extended) and electrodes (Fz, Cz, and Pz). Sleep diary 
data were compared between and within group by t-tests. An 
α-level of 0.05 was used for all statistical tests.

In all statistical analyses of ANOVA, Greenhouse-Geisser 
corrections were applied when appropriate; significant effects 
were further specified by Newman-Keuls post hoc test.

daytime schedule (~08:00-17:00 hours, Monday-Friday). All 
participants underwent an initial phone interview to document 
their sleep quality and duration and to rule out known medical 
or psychiatric/neurological illness. Habitually short sleeping 
participants were confirmed to be free of excessive sleepiness 
and insomnia based on the Epworth Sleepiness Scale (mean 
3.6 ± 2.2) and Insomnia Severity Index (mean 4.9 ± 3.8). The 
Stanford Sleepiness Scale was also collected during the week 
of habitual short sleep (mean 2.35 ± 0.64) and the week of ex-
tended sleep (mean 2.40 ± 0.98 for control). Although polysom-
nography was not performed in the current study, sleep apnea 
was screened out during the clinical evaluation using the Berlin 
Questionnaire,34 with each participant endorsing < 2 categories 
on the Berlin, indicating low risk for OSA in all participants. 
Habitual sleep time was determined by self-report with a one 
week sleep diary prior to participation.

In the EEG/ERP study (performed on the 8th day of either 
the habitual or extended week of sleep), the clock time of each 
ERP assessment was set between 14:00 and 16:00. The mean 
body mass index for short sleepers was 23.4 ± 5.9, and for the 
control population it was 22.6 ± 3.7. All participants have had 
≤ 5 caffeinated beverages per week. Individuals using any CNS 
medication including over-the-counter sleep aids were exclud-
ed from participation. All study procedures were approved by 
the Institutional Review Board of Henry Ford Hospital, and in-
formed consent was obtained from all participants. Individuals 
were paid for their participation.

Stimuli and Procedure
A novelty oddball task utilized ignore and attend task-con-

ditions, which were counterbalanced between participants. The 
presented sequence of stimuli in the ignore task consisted of a 
“standard” tone (pure tone = 600 Hz, 100 ms duration, prob-
ability of occurrence = 70%) and “deviant” tone (pure tone = 
700 Hz, 100 ms duration, probability of occurrence = 20%), 
as well as a “novel” sound, presented as 110 unique environ-
mental sounds (e.g., dog barking, baby sounds, bird sounds) 
randomly interspersed among standard and deviant tones. The 
novel sound was 100 ms duration with a probability of occur-
rence = 10%. All participants were pre-screened with a brief 
hearing test using standard procedure prior to the ERP study. 
All participants were seated comfortably in a sound-attenuated 
room in the sleep center and asked to ignore all sounds during 
the ignore task condition. A silent movie, chosen by the partici-
pants, was used for helping subjects to follow task instructions 
to ignore the auditory stimuli and to direct their attention away 
from the presented sounds. In the attend task condition, partici-
pants were asked to fixate their gaze on a cross presented on the 
screen of the computer positioned approximately 80 cm from 
participant’s eyes. In the attend condition, 12 deviant sounds 
were replaced by the target sound (pure tone = 1000 Hz, du-
ration 100 ms) in the previously described stimuli sequence. 
All participants were trained to recognize the target tone during 
a short (~1 min) practice session. Participants were asked to 
count the target tones quietly in their head and report the total 
number of target tones after the EEG/ERP recording session. 
All participants counted the targets with > 85% accuracy. All 
sounds were presented through earplugs binaurally at a 75dB 
SPL (sound pressure level) with a 5 ms rise/fall time. All stimuli 
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plitude for frontal and central electrodes as compared to pari-
etal. The group × task × frontality interaction across 3 frontal, 3 
central, and 3 parietal electrodes was significant (F8,136 = 2.40; 
P < 0.01). Post hoc tests revealed that the mean amplitude of the 
MMN was significantly reduced over frontal and central elec-
trode sites in short sleepers in the ignore and attend tasks com-
pared to controls (P < 0.05). This difference was minimal and 
did not reach statistical significance between task conditions or 
between groups over parietal electrodes. Also, in short sleepers 
the mean amplitude of the MMN at the Fz electrode was signifi-
cantly reduced in the attend task (−0.14 ± 0.5 µV) as compared 
to the ignore task (–1.47 ± 0.8 µV) (P < 0.001).

The large positive polarity P3a response with a frontocentral 
scalp distribution was observed in both task conditions and in 
both groups at the latency range of 200-240 ms from sound 
onset. There were 2 significant main effects found for the P3a 
amplitude. The main effect of task (F1,17 = 8.34; P < 0.01) was 
significant, with the P3a in the ignore task being lower in am-
plitude than in the attend task when all groups and electrodes 
were combined. The main effect of the cortical region showed 
a significant difference between frontal, central, and parietal 
electrodes (F8,136 = 44.06; P < 0.001), with the P3a amplitude 
being higher at frontal and central leads when compared to 
parietal. Finally, the group × task × frontality interaction con-
firmed that the P3a mean amplitude was significantly reduced 
(F8,136 = 2.96; P < 0.04) in short sleepers compared to controls 
(see Figure 1). Post hoc tests revealed that the largest difference 
between groups in the ignore task was observed at Fz (4.7 ± 0.9 
µV [control] vs. 3.9 ± 1.2 µV [short sleep], P < 0.03) and at Cz 
(4.9 ± 0.8 µV [control] vs. 4.0 ± 1.3 µV [short sleep], P < 0.05) 
electrodes, whereas at Pz there were no significant differences 
between groups (2.6 ± 1.0 µV vs. 2.3 ± 0.7 µV, n.s.).

In the attend task, the post hoc test revealed that short sleep-
ers had significantly reduced amplitude compared to controls at 
all electrode sites. For example, frontal (Fz) amplitude was 5.0 
± 0.5 µV (short sleep) vs. 5.7 ± 0.8 µV (controls; P < 0.02); at 
central (Cz) it was 4.5 ± 1.0 µV (short sleep) vs. 6.1 ± 0.9 µV 
(controls; P < 0.001); and at parietal (Pz) it was 4.4 ± 0.9 µV 
(controls) vs. 2.6 ± 1.2 µV (short sleep; P < 0.0001).

In the attend task, in order to detect the target sound among 
all auditory stimuli presented, our participants were instructed 
to focus their attention on sounds. This active and focused at-
tention elicits the P3b brain response at a latency of 280-320 ms 
from sound onset. Typically, the P3b amplitude decreases from 
centroparietal to frontal sites, as observed in the control subjects. 
However, we found a group × frontality interaction (F2,34 = 16.88; 
P < 0.01), confirming a mean amplitude of P3b at Fz being sig-
nificantly higher in short sleepers (4.6 ± 1.2 µV) than in controls 
(2.3 ± 0.7 µV; P < 0.002), while at the Pz electrode, the amplitude 
of P3b was significantly higher in controls (4.1 ± 1.0 µV) than 
in short sleepers (2.1 ± 0.7 µV; P < 0.002). Differences did not 
reach statistical value at the central electrode site, 4.8 ± 1.2 µV 
(controls) vs. 3.4 ± 1.1 µV (short sleepers; P > 0.05).

In addition to the amplitude difference between groups, there 
was also a latency difference for time to peak amplitude of the 
P3b response (see Figure 1, attend task), with short sleepers 
having a longer latency than controls. Specifically, at the Pz 
electrode this latency difference for the P3b peak was 316 ± 16 
ms (short sleepers) vs. 284 ± 17 ms (controls) (P < 0.01).

Sleep in Study II
The sleep conditions (habitual and extended) were counter-

balanced in short sleeping participants and performed for one 
week prior for the EEG/ERP assessment. A week of habitual 
time in bed was required between the 2 sleep conditions in 
order to “wash out” the effect produced by extended time in 
bed for each short sleeper. Sleep parameters were measured us-
ing an in-home monitor comprised of a headband containing 
dry fabric sensors that wirelessly transmitted single-channel 
EEG signals obtained from the forehead to a bedside device 
for processing (Zeo Inc, USA). Sleep parameters were com-
puted in real-time by the device, using previously validated al-
gorithms.35 Sleep variables measured included total sleep time 
(TST), latency to persistent sleep ([LPS] 10 min of consecutive 
sleep), wake time during sleep (WTDS), stage 1 and 2 sleep, 
slow wave sleep (SWS), and REM sleep. To facilitate accu-
rate measures of LPS, participants were instructed to put on 
the wireless headband immediately prior the participant’s intent 
to go to sleep, and to keep the headband on all night long and 
place it back on its bedside device upon rising from bed in the 
morning. For the sleep extension condition, participants were 
asked to go to bed earlier by 1 h and delay their habitual rise 
time by 1 h. The extended time in bed mean was ~8.5 h.

The current study was designed to observe electrophysiolog-
ical changes associated with individuals who have habitually 
short sleep compared to normal sleepers (study I), as well as 
potential improvement of sleep and electrophysiological indi-
ces of sensory memory and attention in short sleepers after one 
week of sleep extension (study II).

RESULTS

Study I: Short Sleepers vs. Controls

Sleep parameters
Data from the sleep diary indicated that TST was significant-

ly shorter in the short sleeper group than normal sleepers (con-
trol group) (5.8 ± 0.5 h vs. 7.8 ± 0.4 h; t = 8.98, P < 0.001). Both 
controls and short sleepers reported their habitual bed time be-
tween 23:30 and 01:30. The latter group reported a significantly 
earlier wake up time than controls: 05:30 ± 0.49 h vs. 07:30 ± 
0.51 h, respectively (P < 0.05). The control group reported sleep 
onset latency 16.2 ± 6.5 min, compared to 13.1 ± 6.3 min for 
short sleepers. This comparison, as well as sleep efficiency be-
tween groups (short sleep = 95.3% ± 1.9% vs. controls = 94.5% 
± 1.8%) was not statistically significant.

The mean nap duration in the control group was 13.8 ± 27.2 
min/day, and it was not significantly different from nap duration 
reported by habitual short sleepers (9.3 ± 17.0 min (P < 0.6).

ERP results
Figure 1 illustrates the ERP difference-waveforms be-

tween controls and short sleepers in both the ignore and attend 
task conditions for MMN, P3a, and P3b amplitudes. For the 
MMN amplitude, there was a significant main effect for group 
(F1,17 = 7.60; P < 0.01) across tasks and electrodes, indicating 
that normal sleepers have higher MMN amplitude than short 
sleepers. The main effect for cortical region differences was 
significant (F8,136 = 2.65; P < 0.001), confirming elevated am-
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Figure 1—Group average ERP - difference waveforms (ERPs to novel sounds minus ERPs to standard tone) obtained from normal sleeping and short 
sleeping individuals in “ignore” and “attend” tasks. The gray bar indicates the latency time window for analyzed mean amplitude of the MMN, P3a, and P3b 
components with significant differences between groups (for details see results). The schematic illustration of the head with positions of frontal (F3, Fz, and 
F4), central (C3, Cz and C4), and parietal (P3, Pz, and P4) electrodes selected for statistical evaluation is on the bottom of the figure.
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over all frontal electrodes (F3, Fz, and F4). The 2-way interac-
tion: task × frontality (F8,72 = 2.57; P < 0.01) confirmed that 
during the passive task, the MMN amplitude was higher over 
frontal electrodes than during the active task when all sleep 
conditions were combined. Finally, there was a 3-way interac-
tion: sleep condition × task × frontality for the MMN ampli-
tude (F2,18 = 6.36; P < 0.008). Post hoc tests revealed that there 
were no differences between sleep conditions for the MMN 
amplitude in the ignore task (–1.07 µV [habitual short sleep] 
vs. – 1.20 µV [extended sleep; P > 0.05]). In contrast, during 
the attend task, the MMN amplitude was significantly increased 
over frontal areas following extended sleep (−1.25 ± 0.5 µV 
across F3, Fz, and F4 [P < 0.05; Figure 3]) but not over central 
as compared to the habitual short sleep schedule.

Observation of the individual subject data for the MMN 
shows that 80% of our short sleepers demonstrated increased 
MMN amplitude after sleep extension with respect to the MMN 
associated with habitual sleep.

The main effect for the P3a amplitude (see Figure 2) was sig-
nificant for task condition (F1,9 = 25.5; P < 0.01), with a lower 
P3a amplitude for the ignore task compared with the attend task 
when sleep conditions were combined across all electrodes. 
The main effect for frontality was significant (F8,72 = 10.4; 
P < 0.001), confirming a higher amplitude of the P3a over fron-
tal and central brain areas compared to parietal when sleep con-
ditions and task conditions were combined. Finally, the 2-way 
interaction: task × frontality (F8,72 = 25.4; P < 0.001) confirmed 
that the amplitude of the P3a was lower at frontal (Fz and F4) 
electrodes in the attend task compared to the ignore task when 
sleep conditions were combined. The mean amplitude of the 
P3a in attend task was not significantly different between sleep 
conditions (P > 0.05).

The mean amplitude of the P3b response (Figure 2) was not 
different between habitual vs. extended sleep at the Fz, Cz, and 
Pz electrodes; however, there was an increase in amplitude fol-
lowing the extended sleep condition (at Pz = 3.0 ± 1.0 µV) with 
respect to habitual sleep (at Pz = 2.1 ± 0.6 µV), but it was not 
significant (P = 0.7).

The latency of the peak amplitude for the P3b response was 
similar between sleep conditions (P > 0.05).

ERPs in extended sleep vs. controls
Figure 4 illustrates that the MMN amplitude in the attend 

task was larger in controls than in short sleepers after extended 
sleep. The t-test confirmed significant differences between con-
trols and extended sleep for the right frontal electrode (at F4), 
while amplitude of the MMN at Fz and F3 electrodes did not 
reach statistical significance. This lack of significance reveals 
that the MMN after sleep extension increased to levels simi-
lar to the control group at Fz and F3 electrodes (P < 0.4 and 
P < 0.06, respectively). In contrast, differences at F4 indicate 
that MMN amplitude did not increase to the level of controls 
following the 1-week sleep extension condition.

Figure 5 illustrates ERP results of a voltage mapping of 
electrophysiological activity associated with ignore and attend 
tasks and highlights differences in brain activity underlying the 
MMN (coded in blue) and P3a (coded in red) between groups. 
The MMN and P3a responses that were measured at 9 elec-
trodes and statistically evaluated for the differences are shown 

Study II: Sleep Extension in Short Sleepers

Diary sleep parameters
The two sleep conditions were separated by one week with 

habitual sleep time in bed monitored by sleep diary. The mean 
nightly sleep duration was 6.0 ± 0.5 h across the 7 nights inter-
vening between study conditions.

Diary data
For the sleep diary data, there was a statistically significant 

difference between short and extended sleep conditions in TST 
(5.4 ± 0.5 h vs. 7.9 ± 0.3 h, respectively; t = −14.27, P < 0.001). 
Sleep latency (13.8 ± 6 min [habitual] vs. 18.0 ± 7 min [extend-
ed]) and sleep efficiency (95.3% ± 1.9% [habitual] vs. 90.2% ± 
2% [extended]) were not significantly different between condi-
tions.

During the habitual short sleep condition, subjects had a 
mean nap duration of 9.3 ± 17.0 min per night, which was not 
significantly different from the mean nap duration during the 
extended sleep condition, 2.6 ± 4.4 min (P < 0.2).

Objective sleep parameters
Table 1 presents the means and standard deviations for sleep 

parameters recorded by the Zeo device in habitual vs. extended 
sleep conditions in short sleepers.

Total sleep time was significantly increased (+1.7 h) during 
one week of extended time in bed as compared to habitual short 
sleep (TIB ≤ 6 h). Latency to persistent sleep and wake time 
during sleep were significantly longer in extended sleep vs. ha-
bitual short sleep. The increase in TST was due mainly to an 
increase in stages 1 and 2 sleep, while REM and SWS were not 
significantly different between conditions.

ERP results
Figure 2 depicts difference-waveforms of ERPs to novel mi-

nus ERPs to standard tones for both task conditions and both 
sleep conditions. There was a significant main effect for fron-
tality (F8,72 = 1.99; P < 0.05) confirming the MMN amplitude 
being lower for frontal electrodes than in central. A 2-way in-
teraction: sleep condition × frontality (F8,72 = 2.31; P < 0.03) 
confirmed that the amplitude of MMN was lower following one 
week of habitual sleep than after one week of extended sleep 

Table 1—Sleep data (means and ± SD) in habitual and extended sleep 
across 7 nights

Habitual 
Short Sleep

Extended 
Sleep P value

TST (h) 5.7 ± 0.5 7.4 ± 0.6 P < 0.002
SE (%) 92.9 ± 4.2 90.3 ± 5 n.s.
LPS (min) 9.6 ± 5.6 19.2 ± 13.0 P < 0.04
Stage 1 and 2 sleep (min) 203.6 ± 35.0 271 ± 37.1 P < 0.003
SWS (min) 48.5 ± 22.0 52.6 ± 20.0 n.s.
REM (min) 90.0 ± 22.0 120.2 ± 34.0 n.s.
WTDS (min) 7.3 ± 7.0 18.8 ± 10.0 P < 0.01

TST, total sleep time; SE, sleep efficiency; LPS, latency to persistent sleep; 
SWS, slow wave sleep; WTDS, wake time during sleep; n.s., P > 0.05.
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trol group. Importantly, sleep extension appeared to improve 
MMN activity, but did not reach the same level of activity seen 
in normal sleepers. The topographic distribution of electrical 
activity underlying the P3b response illustrates a more anterior 
location relative to normal sleepers. These observations are in 
correspondence with the statistical evaluation of the amplitude 
and latency associated with MMN, P3a, and P3b components.

on the topographical maps (Figure 5). In the ignore task, habit-
ual short and extended sleep were associated with lower elec-
trophysiological activity underlying the MMN (Figure 5A) and 
P3a (Figure 5B) as compared to normal sleepers. In the attend 
task, during the habitual short sleep schedule there was mini-
mal activity related to the MMN and reduced activity related to 
P3a as compared to the extended sleep condition and the con-

Figure 2—Group average ERP-difference waveforms obtained from short sleeping subjects after habitual sleep and extended sleep for ignore and attended 
tasks. The gray bar is indicating significant differences between sleep conditions for the MMN component (for details see results).
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ly MMN amplitude increased from −0.1 µV up to −1.25 µV 
across frontal electrodes (F3, Fz, and F4). We did not find a 
significant correlation between increased sleep duration and the 
MMN response. In control subjects the mean amplitude of the 
MMN across frontal electrodes was −2.3 µV in the attend task, 
suggesting that sleep extension did, at least in part, normalize 
neurophysiological deficits in short sleepers in this attentional 
task, although a similar additional increase (~1 µV) would be 
required for complete normalization of the habitual short sleep-
ers. The lack of complete recovery after sleep extension might 
be related to the relatively short period of extension, both in 
terms of number of nights as well as hours per night. Chronic 
short sleepers may require an additional week of sleep exten-
sion for normalization of their neurophysiological impaired 
processes. In fact, while one week of sleep extension in a previ-
ous study did not produce normalization of alertness10 a subse-
quent study providing two weeks of sleep extension (TIB = 10 
h) did provide evidence of normalization of alertness.12 Thus, 
an additional week of sleep extension in the present study may 
have further improved the MMN deficits to a point where im-
pairments were no longer present. Future studies with longer 
duration sleep extension are required to test this possibility.

Based on the results of the ignore task of study II, the lack 
of ERP-differences between extended and habitual short sleep 
suggest a potential adaptation effect to chronic sleep restriction 
of neuronal network as compared to ERPs in normal sleeping 
subjects. Such an interpretation is consistent with a previous 
sleep restriction study, showing that when sleep is reduced 
gradually (as with chronic sleep restriction) adaptive processes 
occur which minimize expected impairments relative to similar 
amounts of sleep loss experienced rapidly.7 However, when the 
attentional system is challenged in an attend task, the deficits 
in frontal regions involved in novelty processing are exposed, 
reflected by a greater reduction of the MMN amplitude in short 
sleepers. This latter result is consistent with numerous sleep de-

DISCUSSION
The main findings of the present study show that habitually 

short sleeping individuals have deficiency in activity of the 
MMN and P3a brain responses over frontal areas as compared 
to normal sleeping subjects. The P3b amplitude increased over 
frontal areas and decreased over parietal with respect to the 
control group. Furthermore, one week of sleep extension was 
enough to partially normalize frontal counterpart of the MMN 
brain response in habitually short sleeping individuals, while 
attention-dependent brain responses (P3a and P3b) did not re-
cover after one week of sleep extension.

This study supports the growing literature demonstrating 
that shortened sleep time negatively affects various aspects 
of cognitive functioning and performance, including reduced 
alertness,6,7 impaired psychomotor performance,8,36 increased 
risk-taking,37 and impaired performance in complex cognitive 
behavioral tasks.38

The present study adds to that literature by demonstrating 
that habitual short sleep is associated with deficits in frontal 
neuronal processing of novelty. Our results show that the MMN 
in the ignore and attend task was significantly reduced in short 
sleepers compared to controls. However, the greatest reduction 
of the MMN amplitude was observed during the attend task 
over frontal electrodes relative to the rest of the brain in the 
short sleep condition as compared to extended sleep. The MMN 
is characterized as an index of pre-attentive sensory memory 
operations in detection of changes in the auditory stream; our 
results suggest that habitual short sleep reduces the efficiency 
of this frontal mechanism, especially with regard to tasks that 
require attention. Extension of time in bed for one week in-
creased total sleep time (from 5.7 h to 7.4 h) and concomitant-

Figure 3—Graph for 3-way interactions (sleep conditions × task × 
frontality) illustrating reduction of the MMN amplitude in “attend” task 
over frontal electrodes after short sleep with respect to extended sleep in 
habitually short sleeping individuals. Note this difference between tasks 
was minimal over central electrodes.

3-Way Interaction (Sleep Conditions × Task × Frontality)
F2,18 = 6.36; P < 0.0081
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found the amplitude of the “P300” response (to novelty and to 
target) increased over parietal areas in sleep deprived subjects 
as compared to controls. They suggested that these amplitude 
enhancements might reflect a compensatory process in specific 
brain areas. A positron emission tomography study by Thomas 
et al.41 provided evidence that 24 hours of sleep deprivation 
produces global decreases in activity across all brain areas, with 
larger reductions in activity of the thalamus, prefrontal, and 
posterior parietal cortices involved in attentional and memory 
functions. Another sleep deprivation (restriction) study demon-
strated a differential regional brain response to continuous (one 
week) sleep restriction by 33% per night.42 In this study, there is 
EEG/ERP evidence of the immediate response (after day one) 
to sleep restriction by reduced activity in frontal regions, while 
parietal regions showed maintenance of function until restric-
tion progressed (after fourth day). More studies are needed to 
investigate this differential brain-regional response to sleep de-
privation and chronic sleep restriction conditions.

In the attend task condition, in addition to a reduction of 
neuronal activity underlying the MMN and P3a responses in 
short sleeping individuals, we found increased amplitude and 
latency prolonged for the P3b response over frontal brain re-
gions in short sleepers compared to controls. In fMRI stud-
ies on normal healthy subjects using a novelty task found that 

privation studies, which show that more complex tasks requir-
ing greater levels of attentional processing are more sensitive to 
the effects of sleep deprivation.38

In a previous sleep deprivation study,39 it was shown that the 
degradation of the pre-attentive processes which is reflected by 
the MMN response may also lead to disruption of the “reflex-
ive shift” of attention to novelty. Our ERP results (illustrated in 
Figure 5) show this difference in brain activity associated with 
an attention switch (P3a response) between controls and short 
sleepers. The sleep extension period did not alter the P3a am-
plitude in either the ignore or the attend task-conditions. There-
fore, our finding suggests that this process is impaired in short 
sleepers and not recovered after one week of sleep extension. 
This result is consistent with the study of Salmi et al.,40 which 
also suggests that the involuntary attention switching system 
(reflected by the P3a) is sensitive to sleep duration reduction, 
and suggests that some types of tasks may require substantially 
longer periods for full recovery. Alternatively, such deficits may 
not fully recover in chronic short sleepers.

A recent study done by Gosselin et al.20 demonstrated the 
effects of total sleep deprivation on novelty detection in an at-
tended sound stream. Their finding suggests a “deactivation” 
of frontal regions associated with total sleep deprivation, as re-
flected by a reduction of the P3a amplitude. The authors also 

Figure 5—Topographic scalp distribution of brain potentials associated with the MMN and P3a in ignore and the MMN, P3a, and P3b in attend tasks. The time 
latencies are corresponding to each ERP component recorded from normal sleeping individuals (n = 9) as compared to short sleeping participants (n = 10) after 
habitual vs. extended sleep. The open circles on the maps indicate the electrodes selected for comparison of the brain responses and statistical evaluation. 
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In conjunction with previous behavioral-ERP studies look-
ing at the relation between function and ERP measures, it is 
important to emphasize that the three cognitive components 
measured in our study (MMN, P3a, and P3b) have been uti-
lized in clinical and basic research intensively and have estab-
lished clinical utility. Moreover, each of these components has 
been operationally related to neurocognitive processes such as 
stimulus change-detection, sensory memory formation, novelty 
detection, orienting attention to new events, target detection, 
memory updates, and decision making.32 Since our study was 
carried out on healthy subjects, it would be logical to compare 
our results to previous literature addressing healthy popula-
tions where it was shown that the inter-individual differences 
or abilities to learn and process information can be measured 
by behavioral performance and ERPs such as the MMN, P3a, 
and P3b. Thus, in a fundamental study of the MMN compo-
nent in regard to development of a memory trace for a complex 
sound, Näätänen and colleagues53 demonstrated differences be-
tween good and poor learners of complex sound discrimination 
and processing. In that study, it was shown that subjects with 
a 93% correct response rate showed amplitude of the MMN of 
−1.4 µV with no further increase, even after intensive train-
ing. In contrast, if a participant had 19% hit rate, there was no 
MMN amplitude elicited to the complex sounds. Further, there 
were some “middle” learners who improved their behavioral 
performance and corresponding MMN amplitude with further 
training from 0.20 µV to −1.12 µV. In a study combining the 
MMN with psychophysical indexes of perceptual accuracy of 
the sound duration, Amenedo and Escera54 demonstrated how 
the brain can detect decreasing or increasing changes in the du-
ration of a tone and predict the accuracy of the behavioral de-
tection of these same changes as indicated by MMN amplitude. 
This combined ERP-behavioral study of distractibility demon-
strated the relation between prolonged reaction time due to load 
of working memory and P3a amplitude attenuation elicited by 
novel sounds in relation to not loaded working memory condi-
tion in healthy subjects.55

In relating these simultaneous behavioral-ERP results and 
our findings, there may be a link that indicates short sleepers 
have less ability to learn new information, and their attention 
capacity as well as their memory related function is likely lim-
ited compared to normal sleeping subjects. However, new stud-
ies need to be conducted to further investigate this link.

The question arises as to whether the short sleepers in the 
current study exemplify trait short sleepers where sleep need 
may be less than that typically seen in the general population 
or rather are state short sleepers where their habitual short sleep 
habits prevent them from obtaining adequate sleep. Although 
the initial evaluation could not clearly differentiate these possi-
bilities, the findings from both studies favor the latter interpre-
tation. For example, the ERP data associated with the habitual 
short sleep condition showed significantly lower MMN, P3a, 
and P3b amplitudes as compared to the ERP data obtained from 
normal sleeping individuals (i.e., control group). Further, the 
extended time in bed significantly increased TST in short sleep-
ers. This finding is in correspondence with previous studies 
demonstrating that as time in bed increases, both TST and alert-
ness increase.10,12 Moreover, our ERP results show that short 
sleepers after extended sleep have enhancement (i.e., towards 

the P3a response appears related to the neural changes in the 
anterior cingulate when incoming stimuli replace the contents 
of working memory. Communication of this representational 
change is transmitted to infero-temporal lobe representation 
maintenance mechanisms.43,44

The P3b response results from memory storage opera-
tions that are initiated in the hippocampal formation with the 
updated output transmitted to parietal cortex.45 Thus, P3a is 
produced when a demanding stimulus commands frontal lobe 
attention; P3b is produced when attention resources are allo-
cated for memory updating in association cortex. It is possible 
that acute total sleep deprivation impacts anterior cingulate 
and hippocampal formation differently from the impact asso-
ciated with chronic sleep restriction. The increased amplitude 
of the P3b at the frontal electrode in the present study might 
be related to a compensatory mechanism for impaired frontal 
attention involved in the memory updating processes and oc-
curs with chronic restriction of sleep but not acute sleep loss. 
Previous neuroimaging (fMRI) investigations have found 
that some verbal learning tasks are associated with a compen-
satory brain response (stronger linear responses) in several 
brain regions, including bilateral temporal, parietal lobes, 
and prefrontal cortex to short duration and more difficult 
tasks.46 These regions are highly significant for attention and 
memory. The prolonged wakefulness produces a decrease in 
metabolic rates in widespread cortical and subcortical areas, 
specifically in the thalamus, hypothalamus, and brainstem re-
ticular formation.41,47 The reduction of the P3b amplitude in 
habitual short sleepers over parietal areas might be explained 
by the reduction of activity in parietal cortex in response to 
the prolonged wakefulness.

In our previous study,22 we found hyperactivation in novelty 
processing in shift work disorder subjects known to experience 
chronic sleep loss. Thus, the increased frontal brain activity un-
derlying late ERP components at a latency of ~250-320 ms in 
auditory processing may be associated with reduced sleep. In 
fact, insomnia patients show an increased N1 ERP component 
to rare (or deviant) auditory stimuli during the sleep initiation 
process48 and upon morning awakening49 as a result of possi-
ble cortical hyperarousal.50 However, an ERP study on P300 
brain response, done by Devoto et al.51 suggested that cortical 
hyperarousal is not a “stable individual characteristic” of in-
somnia, but rather is associated directly with the poor quality 
of patient’s nocturnal sleep of the prior night. Thus, sleep loss 
may differently affect the brain regions involved in attention 
and memory, and importantly, the compensation of the network 
also may contribute to the reduction of the MMN and P3a and 
increasing P3b responses to chronic sleep restriction. Finally, in 
a clinical fMRI study in primary insomnia, the authors demon-
strated the recovery effect of the prefrontal brain region after 6 
weeks of intensive behavioral therapy.52 In our study, we found 
that the neuronal process associated with automatic change de-
tection function may recover after one week of sleep extension, 
whereas attention-dependent neural processes do not normalize 
after this period of time in habitually short sleeping individuals 
and may require longer recovery periods. Further studies are re-
quired to confirm this possibility and to understand more about 
compensatory mechanisms of the neuronal network involved in 
the response to sleep loss and chronic sleep restriction.
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normalization) of the MMN brain response as compared to the 
MMN during habitual short sleep. The implications of our find-
ings contribute to the conclusion that our short sleepers corre-
spond to a “state” rather than “trait” group.
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