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Effects of partial sleep deprivation on slow waves during non-
rapid eye movement sleep: a high density EEG investigation
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2Department of Psychology, University of Arizona, Tucson, AZ, USA
SUniversity of Minnesota Medical Scientist Training Program Minneapolis, MN, USA

“Ferkauf Graduate School of Psychology, Yeshiva University, New York, NY, USA

Abstract

Objective—Changes in slow waves during non-rapid eye movement (NREM) sleep in response
to acute total sleep deprivation are well-established measures of sleep homeostasis. This
investigation utilized high-density electroencephalography (hdEEG) to examine topographic
changes in slow waves during repeated partial sleep deprivation.

Methods—Twenty-four participants underwent a 6-day sleep restriction protocol. Spectral and
period-amplitude analyses of sleep hdEEG data were used to examine changes in slow wave
energy, count, amplitude, and slope relative to baseline.

Results—Changes in slow wave energy were dependent on the quantity of NREM sleep utilized
for analysis, with widespread increases during sleep restriction and recovery when comparing data
from the first portion of the sleep period, but restricted to recovery sleep if the entire sleep episode
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was considered. Period-amplitude analysis was less dependent on the quantity of NREM sleep
utilized, and demonstrated topographic changes in the count, amplitude, and distribution of slow
waves, with frontal increases in slow wave amplitude, numbers of high-amplitude waves, and
amplitude/slopes of low amplitude waves resulting from partial sleep deprivation.

Conclusions—Topographic changes in slow waves occur across the course of partial sleep
restriction and recovery.

Significance—These results demonstrate a homeostatic response to partial sleep loss in humans.

Keywords
Sleep deprivation; synaptic plasticity; slow wave; electroencephalogram; sleep homeostasis

1. Introduction

Slow waves are a hallmark of non-rapid eye movement (NREM) sleep in humans. These
waveforms are reflective of depth of sleep (Blake and Gerard, 1937; Neckelmann and Ursin,
1993), and are an integral component of sleep maintenance, quality, and restoration (Dijk,
2009). Slow waves are homeostatically regulated such that their highest activity occurs
during the early portions of sleep, with activity dissipating as the night progresses (Borbely,
1982). Moreover, increases in slow wave activity (SWA\) after acute total sleep deprivation
are a well-characterized physiological indicator of increased sleep pressure (Achermann et
al., 1993; Borbely et al., 1981). These observations have been central to the two-process
model of sleep regulation, which posits sleep is regulated by the interaction between a
circadian process that oscillates with twenty-four hour periodicity and a homeostatic process
that regulates sleep propensity based on the duration of prior wakefulness (Daan et al.,
1984).

Although the homeostatic regulation of slow waves in response to a single night of total
sleep deprivation has been vital to the study of sleep-related processes and functions, the
applicability of homeostatic models in the context of partial sleep restriction occurring over
several days is less clear. Animal models that examine EEG spectral power over the course
of partial sleep restriction and recovery have demonstrated varied findings. Some
investigations have suggested delta power during sleep increases early during the course of
partial sleep loss, then attenuates over the longitudinal course of partial sleep deprivation
(Kim et al., 2007; Kim et al., 2012; Lancel and Kerkhof, 1989). In addition, paradoxical
reductions in NREM delta power relative to baseline during recovery sleep after partial sleep
restriction have been described (Kim et al., 2007). Such data suggest that the homeostatic
response to acute total sleep deprivation may not generalize to chronic partial sleep loss, and
that an allostatic process, rather than (or in addition to) a homeostatic process, may govern
sleep regulation during partial sleep deprivation (Kim et al., 2007; Kim et al., 2012).
However, it is noteworthy that other investigations have demonstrated increased SWA
during sleep across all nights of partial sleep restriction and during recovery sleep,
suggesting preserved sleep homeostasis (Leemburg et al., 2010). Notably, seemingly
divergent findings in the animal literature may be in part explained by methodological
differences among studies regarding the use of total delta energy (i.e. summed delta power)

Clin Neurophysiol. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Plante et al.

Page 3

versus slow wave activity as the measure of sleep homeostatic functioning (Kim et al., 2007;
Leemburg et al., 2010).

An important issue to consider when examining spectral changes during partial sleep
deprivation and recovery are the methods used to compare sleep episodes that are of
different duration. Using SWA can give a skewed perspective when comparing nights with
sizeable differences in total sleep time because the longer the sleep episode, the smaller the
increase in SWA, and vice-versa (Banks et al., 2010). An alternative to SWA is the use of
slow wave energy (SWE), which is the cumulative sum of delta power across each sleep
period. However, cumulative slow wave energy is also dependent on total sleep time, since
increases in the intensity of slow wave energy can be masked by discrepancies in sleep
duration. For example, when examining SWE across repeated restriction to 4-hour sleep
opportunities, some prior investigations have demonstrated SWE remains significantly
below baseline levels during sleep restriction, with varying SWE during recovery that
depends on the duration of recovery sleep time (Banks et al., 2010; Brunner et al., 1990).
Conversely, other investigations have demonstrated no change in SWE across 14 days of 4-
and 6-hour sleep restriction (Van Dongen et al., 2003). To try to balance the limitations of
both SWA and SWE in partial sleep restriction protocols, several investigators have
performed analyses across nights utilizing the first ~4 hours of sleep. Using this approach,
delta power is increased during both sleep restriction and recovery nights of sleep,
suggesting intact homeostatic function during partial sleep deprivation (Akerstedt et al.,
2009; Brunner et al., 1990; Brunner et al., 1993). The divergent findings in spectral power
that are observed during partial sleep restriction using the first portion of the night or all
available sleep data have been more fully described by Akerstedt et al. (2009),
demonstrating significant increases in slow wave energy during sleep deprivation nights
using the former approach, and reductions or no significant differences using the latter.

In addition to the use of slow wave energy versus activity to evaluate sleep homeostatic
function during partial sleep deprivation, there are other factors that may affect findings
across studies. The majority of prior investigations have used a limited number of EEG
derivations (typically 1-2 central channels) for analysis. Slow waves demonstrate a
characteristic topography with increases in frontal channels, and thus studies that utilize
limited EEG derivations may fail to find pertinent topographic changes in spectral power
across partial sleep restriction (Cajochen et al., 1999; Finelli et al., 2000; Tinguely et al.,
2006; Werth et al., 1997). Additionally, alterations in spectral power that occur during sleep
restriction are not limited to the delta band, and extend to frequencies in the theta, alpha, and
even sigma range, suggesting such changes are not specific to slow waves (Akerstedt et al.,
2009). Therefore, the use of period-amplitude analyses may be a more useful technique to
examine changes in the incidence and morphology of detected slow waves during partial
sleep deprivation. In particular, the use of slow wave slope, which is posited to be a more
sensitive marker of sleep pressure, may detect homesostatic alterations in slow waves that
cannot be observed using other methods (Riedner et al., 2007; Vyazovskiy et al., 2007).

This study sought to utilize high-density (hd) EEG to evaluate the topographic effects of
partial sleep deprivation on slow waves using both spectral and period-amplitude analyses.
Based on prior literature, we hypothesized that changes in slow waves would be more
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pronounced in frontal EEG derivations and would be more prominently observed when
examining data from the initial portions of the sleep period. We also hypothesized that
morphologic changes in slow waves (i.e. slope), would prove a more sensitive marker of
sleep homeostasis relative to changes in spectral power.

2. Methods

2.1. Participants

Participants were healthy volunteers recruited as part of a larger parent study that examined
the effects of psychotropic medications on sleep restriction. Inclusion criteria included age
18-35 years, right-handedness, body mass index (BMI) 19-32kg/m?, routine bedtime
between 21:00 and 01:00 hours, and self-reported typical nightly sleep duration 6.5-8.5
hours. Initial evaluation included the Structured Clinical Interview for DSM-IV Axis |
disorders (First et al., 2002), urine drug screen, and urine pregnancy test (for female
participants). Exclusion criteria included current or past psychiatric disorder, current or
recent major medical or neurological illness, pregnancy, caffeine intake >300mg/day,
alcohol intake>3 drinks/day or 8 drinks/week, regular use of nicotine within 6 months of
enrollment, use of central nervous system active medications or illicit drugs, night/evening
shift work, or travel across =3 time zones in the month preceding enrollment. Participants
also did not have clinically relevant sleep-related breathing or movement disorders, verified
by clinical history and screening polysomnogram. Participants were excluded if they had
either subjective or objective excessive daytime sleepiness, defined as Epworth Sleepiness
Scale score =10 and mean sleep latency <8 minutes on screening multiple sleep latency test,
respectively (Johns, 1991; Sullivan and Kushida, 2008). In addition, as part of screening at
baseline, potential participants underwent a single night of sleep restriction (4 hour time in
bed) to assess vulnerability to sleep loss. Participants who did not show evidence of
neurocognitive impairment resulting from sleep restriction on the Digit Symbol Substitution
Test or Digit Span Test (defined as decrease pre- to post-sleep restriction of at least one
scale score point) were excluded from the study (Wechsler, 1997).

The University of Wisconsin-Madison Health Sciences Institutional Review Board approved
this investigation, and all participants provided written informed consent. Participants
received financial compensation for their participation in the study.

2.2. Partial Sleep Deprivation

After completion of screening procedures, which additionally included an accommodation
night using hdEEG, participants were scheduled to undergo a six-night sleep restriction and
recovery protocol. The start of sleep restriction sessions were scheduled so they began
approximately 2 weeks (and no less than 7 days) after completion of eligibility screening.
Data utilized for these analyses were drawn from the placebo arm of the parent study, and
thus participants were free of any psychotropic medications at the time of the study. Prior to
in-laboratory sleep restriction protocols, wrist-worn actigraphy was utilized to monitor
sleep-wake patterns (Actiwatch, Mini-Mitter, Bend, OR). During the sleep deprivation
protocol, participants underwent a baseline (BSL) night in the laboratory, during which
sleep hdEEG was recorded during an 8-hour time in bed opportunity (22:00 to 06:00).

Clin Neurophysiol. Author manuscript; available in PMC 2017 February 01.
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Following BSL, participants underwent 4 consecutive nights of sleep restriction during
which time in bed was restricted to 5 hours (01:00 to 06:00). The use of constant wake time
with delayed bedtime to limit time in bed is consistent with other sleep restriction protocols
(Akerstedt et al., 2009; Banks et al., 2010; Van Dongen et al., 2003). HAEEG sleep
recordings were collected on the second (SR2) and fourth (SR4) night of sleep restriction.
During daytime hours following sleep restriction, participants were administered the
psychomotor vigilance task (PVT) at 06:30, 08:30, 10:30; 12:30 and 14:30, and a modified
multiple sleep latency test (MSLT) with nap opportunities at 08:00, 10:00, 12:00, and 14:00
(Dinges and Powell, 1985; Littner et al., 2005). The MSLT was modified such that
participants were awakened once sleep onset had been confirmed, rather than allowing the
nap opportunity to continue to evaluate for sleep-onset REM periods. On the final night of
the protocol, participants were allowed a night of recovery sleep (RCV) from 22:00 to 06:00
while hdEEG was recorded. Participants were continuously monitored by study staff
throughout the protocol and were not allowed to leave the laboratory unless supervised.

2.3. Sleep EEG

The hdEEG data utilized in this study were collected on four separate nights of sleep
(within-subjects design) as described above (BSL, SR2, SR4, and RCV). Sleep data were
collected using an integrated recording with 256-channel hdEEG (Electrical Geodesics,
Eugene, OR) and parameters for sleep staging (Alice® Sleepware; Philips Respironics,
Murrysville, PA). HJEEG signals were collected with a vertex reference and 500 Hz
sampling rate. A registered sleep technologist staged all sleep recordings according to
standard criteria (Iber et al., 2007) based on 6 EEG channels at approximate 10-20 locations
(F3, F4, C3, C4, 01, and 02) referenced to the mastoids, electrooculogram, and sub-mental
electromyogram.

2.4. EEG Spectral Analysis

HAEEG signals were first-order high-pass (0.1Hz) filtered and band-pass (0.3-50Hz) filtered
in NetStation (Electrical Geodesics, Eugene, OR), then downsampled to 128 Hz, high-pass
filtered (2-way least-squares FIR, 1Hz) and re-referenced to the average scalp voltage
computed in all channels in MATLAB (MathWorks, Natick, MA). Semi-automatic artifact
rejection was applied to remove channels with interrupted contact with the scalp or high-
frequency artifact. Spectral analysis of NREM sleep (all N2 and N3 epochs) from 1 to 30Hz
was performed for each channel in 6-second epochs (Welch’s averaged modified
periodogram with a Hamming window; frequency resolution 0.17Hz), which maintained
temporal congruence between spectral analysis and 30-second staging epochs (Goldstein et
al., 2012; Plante et al., 2012). Slow wave energy (SWE; integrated power 1-4.5Hz totaled
over cumulative 6-second epochs of N2/N3 sleep) was the primary measure of spectral
power utilized in this study, with other bands examined on an exploratory basis.

2.5. Analysis of Slow Wave Parameters

Slow wave detection and characterization was performed using methods similar to those
previously described (Riedner et al., 2007). EEG signals were down-sampled to 128 Hz and
band-passed (0.5-4Hz, stop-band 0.1 and 10 Hz) using a Chebyshev Type Il filter in
MATLAB. Slow waves were defined as negative deflections with 0.25-1.0 second
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consecutive zero crossings detected in artifact-free NREM epochs. Analysis was performed
on negative deflections because of their increased stability and decreased variability relative
to positive deflections. The peak amplitude of each wave between zero crossings was used
to calculate mean amplitude (peak amplitude divided by number of detected waves). Similar
to prior investigations, an amplitude cut-off of 40 pV was used to define high and low-
amplitude waves (Duncan et al., 2012). Slow wave slopes were defined as the amplitude of
the most negative peak divided by the time from the previous zero crossing (first-segment
slope) or the time until the next zero crossing (second-segment slope).

2.6. Statistical Analysis

3. Results

Similar to prior investigations (Akerstedt et al., 2009), all analyses were carried out for the
entire sleep episode, as well as the first 3.7 hours of sleep, which was the minimum sleep
duration among the 96 total recordings. Sleep staging, PVT lapses, and mean sleep onset
during modified MSLT were analyzed using repeated measures analysis of variance
(ANOVA), with the primary comparisons of interest being baseline versus SR2, SR4, and
RCV, respectively. To minimize the likelihood of spurious results from multiple
comparisons, global (average of 173 channels) slow wave energy, count, amplitude, and
slopes were also subject to repeated measures ANOVA. Topographic analysis of these
measures were subsequently investigated for F-ratios corresponding to p<0.05 derived from
global data. Topographic comparisons of slow wave data for SR2, SR4, and RCV compared
to baseline were performed using channel-by-channel paired t-tests. Statistical non-
parametric mapping with suprathreshold cluster testing was utilized to correct for multiple
comparisons of topographic data using a t-value threshold corresponding to alpha=0.05 for
the uncorrected comparisons (Nichols and Holmes, 2002). Missing data for an isolated
channel was interpolated in MATLAB using the average of surrounding channels in order to
maintain maximal degrees of freedom without altering the mean signal of the group.
Statistical analyses were performed using MATLAB and JMP Version 11.0 (SAS Institute
Inc., Cary, NC).

3.1. Participants, Sleep Staging, & Neurobehavioral Measures

Data from twenty-four participants (14 female; 10 male), mean age 23.3+4.0 (range 18-29)
years who completed the sleep restriction protocol were utilized in these analyses.
Actigraphy demonstrated mean time in bed of 7.76+0.66 hours (average bedtime 00:44 and
wake time 08:45) and sleep duration of 6.77+0.73 hours prior to in-laboratory testing. Sleep
staging variables are presented in Table 1. For the full sleep episode, total sleep time (TST),
N1,2,3 time, sleep onset latency (SOL), wake after sleep onset (WASOQ), sleep efficiency
(SE), rapid eye movement (REM) time and REM latency all varied significantly across sleep
restriction and recovery. As anticipated, TST decreased during SR2 and SR4, but increased
during RCV, relative to baseline. N2 time demonstrated a similar pattern to TST. Sleep
efficiency increased on all nights relative to baseline, with corresponding decreases in SOL
and WASO. Additionally, lighter stages of sleep (i.e. N1) decreased during sleep restriction
and recovery nights, with increases in deeper (i.e. N3) sleep in SR4 and RCV relative to
baseline. REM sleep time initially decreased from baseline to SR2, but significantly
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rebounded above baseline during RCV, consistent with prior reports (Newman et al., 2009;
Rechtschaffen et al., 1999). Latency to REM sleep significantly decreased across all
conditions relative to baseline.

When only the first 3.7 hours of sleep were examined, changes across sleep restriction and
recovery were significant for all variables except N2. Patterns of change of traditional sleep
architecture variables were similar to those examined using the entire night of sleep (Table
1).

Mean number of PVT lapses varied across partial sleep restriction (F» 45=3.8; p=0.030),
with increases relative to baseline for SR2 (p=0.023) and SR4 (0.036). Additionally, mean
sleep latency on modified MSLT varied across sleep restriction (F2 46=21.9; p<0.0001), with
significant reductions relative to baseline for SR2 and SR4 days (p<0.0001 for both
comparisons).

3.2. Slow Wave Energy, Amplitude, Count, and Slope

Global SWE (1-4.5Hz; average of 173 channels) varied across partial sleep restriction using
both all NREM data and the first 3.7 hours of sleep (Table 1). Consistent with prior
investigations (Cajochen et al., 1999; Finelli et al., 2000; Tinguely et al., 2006; Werth et al.,
1997), SWE predominantly occurred in frontal regions across all conditions (Figure 1).
Using all night data, SWE (1-4.5Hz) did not demonstrate significant topographic changes
from baseline to SR2 or SR4, but significantly increased broadly across the scalp during
RCV. When analyses were limited to the first 3.7 hours of sleep, SWE increased widely
across the scalp in SR2, SR4, and RCV relative to baseline (Figure 1). Notably, the t-value
maps associated with changes in SWE during RCV did not demonstrate a consistent frontal
predominance.

Results of global period amplitude analyses are presented in Table 2. When all detected slow
waves were examined in aggregate, there were significant effects across conditions during
all NREM and the first 3.7 hours of sleep for mean amplitude and count, but not slopes of
these waveforms. The amplitude of all detected slow waves demonstrated prominent
topographic increases in frontal regions relative to baseline in SR2 and SR4 using all night
data and data from the first 3.7 hours of sleep (Figure 2). Frontal increases in amplitude for
RCYV relative to baseline were significant only when examining the first portion of the sleep
period, however, similar frontal topographies were observed for all night data (Figure 2).

Using all night data, total slow wave count did not differ from baseline for SR2 or SR4, but
widely increased across the scalp during RCV, most prominent in frontal regions (Figure
3A). Aggregate slow wave counts increased relative to baseline during the first 3.7 hours of
sleep across the scalp, with increases that were most prominent in lateral centro-parietal
channels (Figure 3A). The observed changes in aggregate slow wave amplitude and count
supported the further stratification of detected slow waves into high (=40 uV) and low (<40
nV) amplitude waves (Duncan et al., 2012). Significant changes in global counts of high and
low amplitude waves were observed across conditions using waves detected across all
NREM sleep and the first 3.7 hours of sleep (Table 2). Topographically, high amplitude
waves demonstrated increased counts in frontal regions relative to baseline that were
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significant during SR4 and RCV using all night data, as well as SR2, SR4, and RCV using
data from the initial 3.7 hours of sleep (Figure 3B). In parallel, the number of low-amplitude
slow waves decreased most prominently in frontal regions from baseline to SR2 and SR4
using all night data (Figure 3C). During RCV, the counts of low amplitude slow waves
increased across the scalp, but this increase was less pronounced in frontal regions; the
converse topography of high-amplitude waves during recovery (Figure 3C). When only the
first 3.7 hours of sleep were examined, increases in counts of low amplitude slow waves
were observed outside of frontal areas in SR2, SR4, and RCV relative to baseline. These
changes in the distribution of slow wave counts by amplitude, with increases in high
amplitude and reductions in low amplitude waves, that were more prominent in frontal
derivations, are illustrated in Supplementary Figure S1 for visualization purposes.

Although there were no significant global differences in the morphology (amplitude or
slope) of high-amplitude slow waves across conditions, there were significant changes in
these measures observed for low amplitude waves (Table 2). Topographical analyses
demonstrated frontal increases relative to baseline in the amplitude of waves <40 pV for
SR2, SR4, and RCV using data from the entire night as well as the first 3.7 hours of sleep
(Figure 4A). The shift in the amplitude distribution of these waves, that was more prominent
in frontal derivations, is illustrated in Supplementary Figure S2 for visualization purposes.
In addition, increases in both first-and second-segment slopes became increasingly frontally
predominant from baseline to SR2 and SR4 using data from the entire night and the first 3.7
hours of sleep (Figure 4B,C). Frontal increases in slopes of low amplitude waves were
observed during RCV sleep, that were statistically significant using data from the first 3.7
hours of sleep (Figure 4B,C).

3.3. Additional exploratory analyses

Because global (average 173 channels) data that were utilized in ANOVA could
theoretically miss small but pertinent topographic differences across conditions, changes in
high-amplitude slow wave morphology (amplitude, slope) were further examined on an
exploratory basis. However, these analyses demonstrated no significant topographic changes
in these variables across conditions. In addition, differences in slow wave energy, count, and
morphology between SR2 and SR4 were examined on an exploratory basis, with no
significant topographic differences observed for these comparisons.

Also, because changes in spectral energy across sleep restriction and recovery may not be
confined to SWE, we also examined broader changes from 1-30Hz. To determine bands for
which global spectral energy changed significantly relative to baseline, the percentage
change from baseline with 95% confidence interval (Cl) was derived for each 0.17Hz
frequency bin. Similar to prior investigations (Akerstedt et al., 2009), the CI was interpreted
as a significance test for change in spectral energy from baseline (Supplementary Figure
S3). Using all night data, there were significant increases from 1-1.83Hz and 1-2.17Hz and
decreases from 10.83-30Hz and 10.33-30Hz for SR2 and SR4 relative to baseline
respectively. On recovery sleep, all night data demonstrated significant increases from 1-
14.67Hz relative to baseline. When examining global spectral energy during the first 3.7
hours of sleep, there were significant increases relative to baseline observed from 1-11.5
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Hz, 1-11.33Hz and 1-11.67 Hz for SR2, SR4, and RCV respectively (Supplementary Figure
S3). Given these results, we subsequently examined topographic changes in spectral power
from 1-2Hz and broad frequency range (1-14.67Hz). Topographic data were very similar to
those reported for SWE (1-4.5Hz), with an additional statistically significant left frontal
cluster of increased 1-2Hz energy in SR4 relative to baseline using all night data
(Supplementary Figure S4).

4. Discussion

Our results demonstrate that slow wave energy, amplitude, count, and slope change across
the course of partial sleep deprivation and recovery, reflecting a homeostatic response
during repeated partial sleep loss in humans. Our findings are congruent with prior
observations that changes in spectral power across sleep restriction are dependent on the
sample of NREM sleep utilized (i.e. the first portion of the night versus the entire sleep
period) and that alterations in spectral power during chronic partial sleep loss extend well
beyond the delta band (Akerstedt et al., 2009).

Importantly, several dynamic changes in the count, amplitude, and slope of slow waves
during partial sleep deprivation were observed that varied depending on brain topography
and were less dependent on the quantity of NREM sleep examined relative to spectral data.
First, there was a frontal increase in aggregate slow wave amplitude, resulting from a
relative increase in the number of high amplitude slow waves and concurrent reduction in
the count of low amplitude slow waves. It is noteworthy that the number of high-amplitude
slow waves in frontal brain regions increased across sleep restriction, such that statistically
significant changes were observed by SR4 using all night data, despite significantly less
total sleep time. The size and slopes of high-amplitude slow waves remained unchanged
during sleep restriction, suggesting that there may be a ceiling effect on the morphology of
high-amplitude waves, which is compensated for by an increase in their count rather than
morphology. Because increases in counts of high amplitude waves have been similarly
observed in total sleep deprivation paradigms (Bersagliere and Achermann, 2010), our
results are consistent with a homeostatic response to partial sleep deprivation.

In addition to changes observed in high-amplitude waves, there were also prominent
topographic changes in the amplitude and slope of low amplitude waves observed across
sleep restriction and recovery, such that they had higher (on average) amplitudes and steeper
slopes during sleep restriction and recovery, again more prominently observed in frontal
brain regions. Notably, changes in the amplitude and slope of low amplitude slow waves
were observed in SR2 and SR4, regardless of the quantity of NREM sleep analyzed,
suggesting these measures may be particularly sensitive to homeostatic changes that are
occurring during partial sleep deprivation (Riedner et al., 2007; Vyazovskiy et al., 2007).

Our methods, which utilize scalp-level EEG recordings, are not able to directly measure
changes at the neuronal level that are responsible for the alterations in slow waves we
observed during sleep restriction and recovery. However, recent experimental data supports
the hypothesis that slow waves are related to synaptic strength (Huber et al., 2004; Huber et
al., 2006; Huber et al., 2007; Riedner et al., 2007; Tononi and Cirelli, 2006; Tononi and
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Cirelli, 2014; Vyazovskiy et al., 2007; Vyazovskiy et al., 2008). This model posits that
plastic processes that occur during waking result in increases in synaptic efficacy, with
subsequent down-selection during sleep that is reflected in homeostatic changes in slow
waves. In this context, our results would be consistent with cumulative changes in slow
waves across sleep restriction that result from repeated inadequate synaptic downscaling
from progressive sleep curtailment. Notably, recent investigations have demonstrated that
high cognitive workload induced by a visual task, when combined with chronic sleep
restriction, resulted in changes in slow wave energy that were restricted to occipital
derivations (Goel et al., 2014). Thus, further work that evaluates how specific cognitive
tasks during sleep restriction induce local changes in the amplitude and slopes of slow
waves may be a fruitful avenue of future research.

There are other limitations to this study that merit discussion. First, we did not assess genetic
polymorphisms that have been linked to differential neurobehavioral and EEG responses to
sleep restriction in our study participants (Goel et al., 2009; Goel et al., 2010; Goel et al.,
2011). However, all participants did demonstrate some degree of neurobehavioral
impairment from a night of sleep restriction during the screening process, decreasing the
likelihood that participants had a genotype that would impart resistance to the effects of
sleep curtailment. Second, we were not able to assess changes in waking EEG, such as
increases in theta waves/activity, which have been demonstrated to reflect homeostatic
processes in other sleep restriction paradigms (Ehlen et al., 2013; Leemburg et al., 2010)
Third, partial sleep deprivation studies are inherently more variable in design relative to total
sleep deprivation protocols because of variations in the amount of nightly sleep restriction
and the chronicity of sleep curtailment investigated. Our findings may have varied had we
limited participants to a different quantity of time in bed (e.g. 4 instead of 5 hours), extended
the paradigm over a greater number of consecutive days, or allowed repeated nights for
recovery sleep. Thus, methodological differences between other sleep restriction protocols
must be considered when comparing our findings to other investigations.

Despite these limitations, the results of our study that utilized high-density EEG during
sleep, as well as both spectral and period-amplitude analyses to characterize slow waves,
extends the previous literature on the homeostatic response in humans during partial sleep
deprivation. Specifically, we found topographic alterations in slow wave count and
morphology that vary by the amplitude of the waveform. These changes occurred across the
course of sleep restriction and recovery, suggesting sleep homeostasis was maintained
during chronic sleep restriction. Future research that combines spectral and period-amplitude
analysis to examine local use-dependent changes in slow waves during sleep restriction are
likely to provide further insights into the processes that underlie homeostatic sleep
regulation in humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

e ltis not clear whether homeostatic regulation of slow waves occurs over
repeated nights of partial sleep restriction.

» High-density EEG sleep recordings demonstrate dynamic changes during partial
sleep deprivation and recovery that vary depending on cortical topography.

e These results confirm a homeostatic response to partial sleep loss in humans.
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Figure 1.
Topographic slow wave energy (SWE; 1-4.5Hz) during NREM sleep for the full sleep

episode (left columns) and the first 3.7 hours of sleep (right column). Values displayed x10%.
Lower row displays t-values for channel-by-channel paired t-tests for sleep restriction and
recovery conditions versus baseline (BSL). Note plotted t-value ranges differ for each
displayed comparison for visualization purposes. SR2/4=Second and fourth night of sleep
restriction; RCV=recovery night. White dots denote significant channels after statistical non-
parametric mapping with suprathreshold cluster test.
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Slow Wave Amplitude - First 3.7 hours

BSL SR2 SR4 RCV
VEURURU

Comparison u’ g n % u 2
vs. BSL o v

Topographic amplitude (uV) of all detected slow waves during NREM sleep for the full
sleep episode (left column) and the first 3.7 hours of sleep (right column). Lower row
displays t-values for channel-by-channel paired t-tests for sleep restriction and recovery
conditions versus baseline (BSL). Note plotted t-value ranges differ for each displayed
comparison for visualization purposes. SR2/4=Second and fourth night of sleep restriction;
RCV=recovery night. White dots denote significant channels after statistical non-parametric

mapping with suprathreshold cluster test.
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Slow Wave Count - First 3.7 hours
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Topographic slow wave count for A) all detected slow waves, B) high amplitude (=40 pV)
and C) low amplitude (<40 pV) slow waves detected during NREM sleep for the full sleep
episode (left column) and the first 3.7 hours of sleep (right column). Lower rows display t-
values for channel-by-channel paired t-tests for sleep restriction and recovery conditions
versus baseline (BSL). Note plotted t-value ranges differ for each displayed comparison for
visualization purposes. SR2/4=Second and fourth night of sleep restriction; RCV=recovery
night. White dots denote significant channels after statistical non-parametric mapping with

suprathreshold cluster test.
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Topographic A) mean amplitude (uV) B) 15t segment slope (uV/sample), and C) 2nd
segment slope (LV/sample) for low amplitude (<40 pV) slow waves detected during NREM
sleep for the full sleep episode (left column) and the first 3.7 hours of sleep (right column).
Lower rows display t-values for channel-by-channel paired t-tests for sleep restriction and
recovery conditions versus baseline (BSL). Note plotted t-value ranges differ for each
displayed comparison for visualization purposes. SR2/4=Second and fourth night of sleep
restriction; RCV=recovery night. White dots denote significant channels after statistical non-
parametric mapping with suprathreshold cluster test.
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