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Abstract
Sleep deprivation can acutely reverse depressive symptoms in some patients with major
depression. Because abnormalities in slow wave sleep are one of the most consistent biological
markers of depression, it is plausible that the antidepressant effects of sleep deprivation are due to
the effects on slow wave homeostasis. This study tested the prediction that selectively reducing
slow waves during sleep (slow wave deprivation; SWD), without disrupting total sleep time, will
lead to an acute reduction in depressive symptomatology. As part of a multi-night, cross-over
design study, participants with major depression (non-medicated; n = 17) underwent baseline,
SWD, and recovery sleep sessions, and were recorded with high-density EEG (hdEEG). During
SWD, acoustic stimuli were played to suppress subsequent slow waves, without waking up the
participant. The effects of SWD on depressive symptoms were assessed with both self-rated and
researcher-administered scales. Participants experienced a significant decrease in depressive
symptoms according to both self-rated (p = .007) and researcher-administered (p = .010) scales,
while vigilance was unaffected. The reduction in depressive symptoms correlated with the
overnight dissipation of fronto-central slow wave activity (SWA) on baseline sleep, the rebound in
right frontal all-night SWA on recovery sleep, and the amount of REM sleep on the SWD night. In
addition to highlighting the benefits of hdEEG in detecting regional changes in brain activity,
these findings suggest that SWD may help to better understand the pathophysiology of depression
and may be a useful tool for the neuromodulatory reversal of depressive symptomatology.

© 2011 Elsevier Ltd. All rights reserved.
Corresponding Author: Ruth M. Benca, Department of Psychiatry, University of Wisconsin-Madison, 6001 Research Park Blvd.,
Madison, WI 53719; Phone: (608) 263-6162; Fax: (608) 263-0265; rmbenca@wisc.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
Contributors
Eric Landsness contributed to designing the study, performing the experiments and data analysis, and writing the article.
Michael Goldstein contributed by conducting the experiments and data analysis, and writing the article.
Michael Peterson contributed to the study design, psychiatric evaluations of the participants, and writing the article.
Giulio Tononi contributed to the study design and writing the article.
Ruth Benca contributed by being the principal investigator, designing the study, participating in the data analysis and interpretation,
and writing the article.
Conflict of interest statement
Dr. Peterson has received unrelated research support from Sanofi-Aventis. Dr. Tononi has consulted for Sanofi-Aventis and Takeda,
and he is currently the David P. White Chair in Sleep Medicine at the University of Wisconsin – Madison, endowed by Phillips
Respironics. Dr. Tononi has also received unrelated research support from Phillips Respironics. Dr. Benca has consulted for Merck
and Sanofi-Aventis. The other authors have indicated no financial conflicts of interest.

NIH Public Access
Author Manuscript
J Psychiatr Res. Author manuscript; available in PMC 2012 August 1.

Published in final edited form as:
J Psychiatr Res. 2011 August ; 45(8): 1019–1026. doi:10.1016/j.jpsychires.2011.02.003.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Keywords
Depression; Slow Wave Deprivation; Sleep Deprivation; Slow Wave Sleep; Sleep Homeostasis;
high-density EEG

1. Introduction
Sleep disturbances are an integral part of the diagnostic criteria for major depression
(American Psychiatric Association, 2004; Peterson & Benca, 2006), and sleep may provide
biomarkers for treatment response to antidepressant medication (Steiger & Kimura, 2010).
Since the initial investigation of a therapeutic benefit of sleep deprivation (SD) in depression
(Pflug & Tölle, 1971), many studies have attempted to understand the link between sleep
and depression. SD interventions, including total sleep deprivation (TSD), partial sleep
deprivation and selective REM sleep deprivation (REMD) can acutely reverse depressive
symptoms in approximately 50–60% of patients with major depression (Gillin, 1983; Wu &
Bunney, 1990; Kuhs & Tölle, 1991; Wirz-Justice & Van den Hoofdakker, 1999; Hemmeter
et al., 2010). Decreased REM sleep latency and increased REM density are hallmark
features of depression (Kupfer & Foster, 1972; Benca et al., 1992). Given these features, and
the observation of suppressed REM sleep with antidepressant medication (Riemann et al.,
1990; Jobert et al., 1999), it has been postulated that selectively suppressing REM sleep may
yield an antidepressant response (Vogel et al., 1975).

Slow wave sleep abnormalities, however, are also prominent in depression (Borbély &
Wirz-Justice, 1982; Benca et al., 1992) and likely play a role in the modulation of depressive
symptomatology. For instance, Nissen and colleagues (2001) found that a high delta sleep
ratio (quotient of slow wave activity [SWA] in the first to the second NREM sleep cycle) on
the night prior to SD predicted the antidepressant response. In addition, Duncan et al. (1980)
showed that the participants who responded to SD treatment exhibited a greater rebound of
slow wave sleep and total sleep time upon recovery sleep compared to their baseline.
Finally, Borbély (1987) proposed that sleep in depression is characterized by abnormal slow
wave homeostasis, which may be renormalized by SD therapy.

The current study directly investigated the role of slow wave homeostasis in the
antidepressant action of SD by using a selective slow wave deprivation (SWD) technique.
As the first study to assess the antidepressant effects of SWD in depression, this exploratory
investigation had two primary aims. First, we sought to determine the efficacy of the SWD
technique in suppressing SWA in depressed participants, to measure the overnight change in
depressive symptomatology, and to examine the extent to which these two variables are
correlated. Second, we aimed with this initial investigation, using a simple, randomized
crossover design, to provide the foundation for larger, more controlled, comparison-based,
double-blinded studies to rigorously assess the usefulness of SWD in treating major
depression.

2. Methods
2.1. Participants

17 right-handed individuals (9 female; mean age 23.94 ± 2.31 years, M ± S.E.M.)
participated in the study (approved by the Institutional Review Board of the University of
Wisconsin-Madison). Participants were medication-free for ≥ 6 months prior to enrollment,
diagnosed with Major Depressive Disorder via the Structural Clinical Interview for DSM-IV
Axis 1 disorders (SCID) (First et al., 1995) and initially evaluated with the researcher-
administered 17-item Hamilton Rating Scale for Depression (score: 14.25 ± 1.31, range 7–
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25) (Hamilton, 1960). During the informed consent, participants were informed that the
study aimed to understand brain waves during sleep in depressed individuals compared to
healthy controls, to examine motor learning in depressed individuals, and to track changes in
mood over the course of the study, during which tones may or may not be played during
sleep. Participants were instructed to maintain regular sleep-wake schedules, avoid napping,
and refrain from alcohol, caffeine, and nicotine for the duration of the study. Compliance
was verified by sleep diaries and wrist motor actigraphy (Actiwatch, Mini-Mitter, Bend,
OR).

2.2. Study Design
The current study consisted of 3 overnight sessions in the following order: baseline (BSL),
slow wave deprivation (SWD) intervention, and recovery (RCV) sleep nights. Each sleep
session was recorded in a sound-attenuated room. These recordings were part of a larger,
randomized cross-over design study that involved 2 additional visits to the laboratory, which
minimized possible order effects (9 participants underwent SWD on the 2nd visit overall and
8 underwent SWD on the 4th visit). The BSL night included full clinical polysomnography,
which was reviewed by an American Board of Sleep Medicine-certified physician. The
clinical polysomnography entailed electrooculogram (EOG), submental electromyogram
(EMG), electrocardiogram (ECG), bilateral tibial EMG, and respiratory recordings, as well a
position sensor and pulse oximetry. Participants with sleep disorders (including apnea-
hypopnea index >10 or periodic limb movement-arousal index >10) or a sleep efficiency <
80% were excluded from the study.

2.3. Data Collection and Processing
EEG recordings of sleep were acquired using high-density EEG (256 electrode nets;
Electrical Geodesics, Eugene, OR). Specifications for sampling and filtering of the hd-EEG
signal, as well as for artifact rejection and spectral analysis, have been previously described
(Landsness et al., 2009). To increase the signal-to-noise ratio, hdEEG processing and
analysis were restricted to the 185 channels overlaying the scalp, removing channels around
the cheeks, ears, and neck that are susceptible to artifacts (Goncharova et al., 2003). For
sleep scoring, 6 bipolar mastoid-referenced channels (F3, F4, C3, C4, O1, O2) were
extracted from the high-density montage. Sleep stages and arousals were visually scored by
a registered polysomnographic technologist in 30-second epochs according to standard
criteria (Iber et al., 2007). Evaluations of mood were obtained in the evening before and
after SWD treatment via a modified version of the self-rated Inventory of Depressive
Symptomatology (see Section 2.4 “Modified IDS Scale”) (Rush et al., 1996). We evaluated
a subset (n = 6) of participants with a modified version of the researcher-administered 17-
item Hamilton Rating Scale for Depression (HRSD-13; 4 questions about appetite/weight
and insomnia removed) (Hamilton, 1960; Hernandez et al., 2000; Smith et al., 2009). The
researcher administering the HRSD-13 was blind to the treatment condition and thus
unaware of the expected amelioration of depressive symptoms following SWD. To measure
changes in vigilance for all participants, data from the Psychomotor Vigilance Task (PVT)
(Dinges et al., 1997), VAS for alertness and sleepiness (Folstein & Luria, 1973), and
Stanford Sleepiness Scale (SSS) (Herscovitch & Broughton, 1981) were collected in the
evening and following morning of each overnight visit.

2.4. Modified IDS Scale
Rush and colleagues found that the self-rated 16-item version of the IDS (QIDS-SR16)
yielded strong psychometric properties and correlated well with longer self-rated scales in
assessing change in depressive symptomatology (Rush et al., 2003, 2005). Because the
current study evaluated the overnight change in depressive symptomatology, it was
important to implement a scale that could assess such an acute change in scale ratings. In a
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similar fashion as previous SD studies with the HRSD-13 (Hernandez et al., 2000; Smith et
al., 1999, 2009), we modified the QIDS-SR16 by removing questions about sleep and weight
(Smith et al., 1999) and adding items from the full-length version of the IDS (IDS-SR30)
about irritability, anxiety, response of mood to good events, view of future, and general
capacity for enjoyment. Participants were instructed to rate each item according to how they
felt since the last rating. The modified IDS self-rated scale (mIDS-SR) showed sufficient
internal reliability as measured by Cronbach’s alpha for the two time points (Pre-SWD: α = .
731; Post-SWD: α = .774) and was therefore used as the primary outcome measure.

2.5. SWD Intervention
SWD was performed with a technique similar to previous studies (Dijk & Beersma, 1989;
Ferrara et al., 1999; Aeschbach et al., 2008; Tasali et al., 2008; Landsness et al, 2009).
While the participant was asleep in a sound-attenuated room, the hdEEG recording was
remotely monitored in real-time. Each time a slow wave (0.5–4.5 Hz; > 75 µV) was visually
detected, an auditory tone (500–2000 Hz; 40–110 DB; 1–2 sec.) was delivered through a
loudspeaker placed next to the participant’s bed using LabView (National Instruments,
Austin, TX). The type and incidence of tones played were tailored to each participant to
suppress slow waves without arousing the subject.

For 2 participants, a greater all-night average SWA value was observed in the SWD night
relative to the baseline night (1 due to a technical failure and 1 due to difficulty in inhibiting
slow waves with the tones). These participants, for whom the SWD intervention was not
successful, were excluded from the analysis, and the results from the remaining 15
participants are reported.

2.6. Statistical Analysis
To examine changes in mood and vigilance, we directly compared the evening pre-treatment
(Pre-SWD) and post-treatment (Post-SWD) scores using 2-tailed, paired t-tests, controlling
for possible diurnal variation. For each sleep variable, we conducted a repeated-measures
analysis of variance (ANOVA) with post-hoc paired t-tests (Bonferroni corrected). To assess
the relationship between sleep variables and the decrease in depressive symptoms (via the
mIDS-SR), correlational analyses were performed. In order to minimize the possibility of
spurious findings for the hdEEG data from 185 channels, topographical correlations were
investigated only if 3 contiguous channels showed a significant correlation. All comparisons
and correlations were conducted in Statistica 6.0 software package (StatSoft, Tulsa, OK) and
MATLAB (Mathworks, Nantucket, MA).

3. Results
3.1. Impact of SWD on Sleep Variables

Measures of sleep quality and quantity for the BSL, SWD, and RCV conditions are
summarized in Table 1A. A repeated-measures ANOVA indicated a treatment effect for
sleep stage N3 (% of total sleep time [TST]) and SWA. Post-hoc t-tests revealed a 54% and
37% reduction from BSL to SWD for N3% and SWA, respectively. Other sleep measures,
including N1%, N2%, REM%, REM latency (REML), and spindle power (12–15Hz range)
were not significantly affected. However, there was also a treatment effect for wake after
sleep onset (WASO), arousal index, and sleep efficiency. Post-hoc comparisons showed
significantly greater WASO on BSL compared to both SWD and RCV, suggesting a first-
night effect. The arousal index was significantly higher on SWD compared to both BSL and
RCV, although participants did not report waking up more than usual when questioned
about their sleep the following morning. Sleep efficiency was significantly higher on RCV
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compared to BSL, possibly reflecting a first-night effect on BSL and a sleep rebound on
RCV.

To illustrate the impact of SWD on global SWA across the night compared to the BSL and
RCV conditions, all artifact-free NREM sleep epochs for each condition were divided into
quintiles, and SWA for each quintile is displayed in Figure 1. A 3 (condition) × 5 (quintile)
repeated-measures ANOVA indicated a main effect for condition (F2,28 = 12.45, p = .0001)
and quintile (F4,56 = 22.43, p < .0001), as well as a condition × quintile interaction (F8,112 =
7.19, p < .0001). Post-hoc tests demonstrated that global SWA was lower in the first quintile
on SWD compared to both BSL (p < .0001) and RCV (p < .0001), although global SWA in
the last quintile did not differ among conditions (p = n.s.).

Another measure to evaluate the success of SWD in suppressing SWA involves the
dissipation of global SWA across the night. To capture the robust change in SWA that
occurs from high sleep pressure to low sleep pressure, which has been linked to distinct
changes in neuronal firing patterns that parallel sleep homeostasis (Vyazovskiy et al., 2009),
this study defined SWA dissipation as the SWA of the first quintile minus the SWA of the
last quintile. A 1 × 3 ANOVA indicated a significant difference in SWA dissipation among
the three study conditions (F2,28 = 15.21, p < .0001), whereby SWA dissipation was greater
on both BSL (p = .004) and RCV (p < .0001) compared to SWD (see Figure 1 inset).

3.2. Vigilance Measures
Ruling out confounding effects of alertness or sleepiness that often accompany total sleep
deprivation, we found no significant differences on vigilance measures between Pre- and
Post-SWD, including the PVT, VAS-Alertness, VAS-Sleepiness, and the SSS. See Table
1B.

3.3. Decrease in Depressive Symptoms
After one night of SWD, depressed participants showed a significant reduction in depressive
symptoms on both the self-rated mIDS-SR (10%) and the HRSD-13 (27%). Individual
scores are displayed in Figure 2A and 2C. Ensuring that the subset of participants with
HRSD-13 scores was representative of the total group of participants, we found similar
results for the mIDS-SR in this subset as we found with the entire sample, constituting a
12% reduction in symptoms. When comparing subgroups based on the order of experimental
session (whether participants underwent SWD on their 2nd or 4th night during the study), we
found no significant differences in the evening pre-sleep scores on the mIDS-SR (16.86 ±
0.46 and 16.25 ± 0.63, respectively). Likewise, there was no significant difference in the
overnight decrease of mIDS-SR score (11.03% ± 4.65 and 6.84% ± 2.78, respectively).

3.4. Predictors of Change in Mood
Because hdEEG was recorded and a treatment effect was observed for global SWA,
topographical analyses were conducted to investigate correlations of regional changes in
SWA with the overnight change in depressive symptoms. When examining the dissipation
of SWA across the night (first – last 20% of total artifact-free NREM sleep epochs) on BSL,
the decrease of SWA in a fronto-central cluster of channels (Figure 3A) correlated with the
decrease in mIDS-SR score. The more SWA was dissipated across the night on baseline, the
greater the reduction in depressive symptoms after SWD. As shown in Figure 3C, this
correlation was specific for the low SWA frequency range (1–2 Hz) and was inversely
related to low spindle power (12–13 Hz).

Given that the homeostatic dissipation of SWA on BSL predicted subsequent response to
SWD, we sought to establish whether the homeostatic rebound of SWA on RCV also
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correlated with response. As seen in Figure 3B, greater all-night average SWA on RCV
(relative to BSL) in a right frontal cluster of channels was related to greater decreases in
symptom severity. Again, this correlation was specific to the low SWA frequency range (<
2Hz) and was inversely related to low spindle power (12–13Hz).

Previous literature (Vogel et al., 1975) has suggested a role of REM sleep in the
antidepressant response to sleep deprivation. Therefore, REM sleep variables were also
examined. Despite no significant differences in REM% of total sleep time (Table 1A),
participants with less REM% on SWD showed a greater decrease in mIDS-SR score. See
Figure 2B.

To examine the relative impact of baseline SWA dissipation, SWA rebound, and REM%, a
multiple regression was conducted with the overnight change in mIDS-SR score as the
dependent variable. The results demonstrated that SWA dissipation on BSL [β = 0.30], all-
night SWA rebound (BSL – RCV) [β = −0.23], and REM% on SWD [β = −0.32] had
similar weights in predicting response.

3.5. Pertinent Negative Findings
Ensuring that the treatment effect for arousal index was not related to the decrease in
depressive symptoms, no correlation between the two variables was found (r = 0.262; p > .
05). In addition, baseline severity rating on the mIDS-SR did not predict response to SWD
(Figure 2D), suggesting that the SWD intervention does not preferentially benefit moderate
depression severity (baseline HRSD ≥ 17) compared to more mild levels of depression.
Upon questioning during an exit interview at the end of the study, all but one participant
reported hearing no tones being played during any of the nights. The one participant who
reported hearing tones did not show a greater reduction in depressive symptoms than the
group mean, nor did this participant associate a change in mood specific to the SWD night.

4. Discussion
Extending previous literature on the benefits of SD in major depression, the current
investigation found that the SWD intervention selectively suppressed SWA, while leading to
a small, but significant reduction in depressive symptomatology.

4.1. SWA and Depressive Symptoms
When correlating hdEEG measures of SWA with the overnight change in depressive
symptoms, two specific relationships were revealed that support a direct link between SWA
and change in depressive symptomatology. Extending previous literature (Nissen et al.,
2001), a greater overnight dissipation of SWA on the baseline night in a fronto-central
cluster of channels was predictive of a decrease in depressive symptom ratings. In addition,
the observed relationship between a greater rebound in all-night average SWA upon
recovery sleep (relative to baseline) and the antidepressant response corroborates and
extends previous studies (Duncan et al., 1980; Reynolds et al., 1987; Gillin et al., 1989),
suggesting that the SWA rebound in the right frontal region may be particularly important
for an antidepressant response to SWD. Given that both correlations of SWA with the
antidepressant response were specific to a frequency of < 2 Hz, it is possible that low
frequencies of the SWA range may be of particular importance for the modulation of
depressive symptomatology. Moreover, these findings support the notion that the depressed
individuals with a more normal regulation of slow wave homeostasis are more responsive to
the SWD treatment, which may be an important consideration for future studies that wish to
further investigate the mechanism of SD’s antidepressant action (Borbély, 1987; Wirz-
Justice & Van den Hoofdakker, 1999; Hemmeter et al., 2010).
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Functional brain imaging studies in depression have provided evidence for abnormalities in
frontal brain regions related to depressive symptomatology (Mayberg, 1997). Response to
SD has been positively correlated with baseline, waking hyperactivity in the anterior
cingulate cortex (ACC) (Benedetti & Smeraldi, 2009; Clark et al., 2006) and medial
prefrontal cortex (Wu et al., 1999, 2001). Nofzinger and colleagues (2005) demonstrated
that in addition to ACC hypermetabolism at waking baseline, depressed individuals
experienced higher levels of ACC metabolism during NREM sleep compared to healthy
controls, as well as relatively greater decreases in ACC metabolism from waking to NREM
sleep. Given evidence that the ACC may be involved in slow waves (Murphy et al., 2009),
our findings of a correlation between overnight dissipation in SWA and the response to
SWD may reflect frontal cortex hyperactivity during baseline sleep in these participants.
Other studies have shown that prefrontal abnormalities normalized by SD therapy may be
predictive of response (Wu et al., 2001, 2008; Clark et al., 2006). In this regard, our finding
of a homeostatic rebound in SWA upon recovery sleep that correlated with the SWD
response may also reflect a renormalization of prefrontal abnormalities. Together, the results
of the current investigation emphasize the importance of considering both frontal brain
activity and the nature of slow wave homeostasis in the reduction of depressive
symptomatology.

4.2. Role of REM Sleep
Although REM sleep was not directly manipulated in this experiment, a relationship
between REM (% of total sleep time) and the overnight change in depressive symptoms was
found. Supporting the REMD literature and the REM sleep-suppressing action of many
antidepressant medications (Vogel, 1983), lower amounts of REM sleep (relative to TST)
were correlated with a greater reduction in depressive symptom ratings. Given this
unexpected finding, it is possible that a combined SWD and REMD intervention may be
particularly beneficial for alleviating depressive symptomatology. In agreement with both
the REM sleep-suppressing effects of antidepressant medications and proven benefits of
adjunct pharmacotherapy in TSD studies (Wu & Bunney, 1990; Wirz-Justice & Van den
Hoofdakker, 1999; Giedke & Schwärzler, 2002), concomitant use of REM sleep-suppressing
antidepressant medications, as well as chronotherapy (Wu et al., 2009), could also be
beneficial in potentiating and maintaining the response to SWD.

4.3. Implications for Future Research
In this exploratory investigation, the SWD intervention yielded a 37% suppression in all-
night SWA and led to a 10% overnight reduction in depressive symptoms. It is possible that
the response to SWD may be dose-dependent, whereby either refining the SWD technique to
suppress a greater amount of SWA or implementing multiple nights of SWD could yield a
greater response.

When further examining the SWD technique in depression, however, it will also be
important to evaluate other effects associated with the intervention, such as decrements
memory consolidation (Landsness et al., 2009) or immune regulation (Tasali et al., 2008)
that have been demonstrated when applying SWD in healthy controls. These considerations
will be critical when fully evaluating the usefulness of SWD therapy in depression.

Because the focus of this study was to evaluate the acute effect of SWD on depressive
symptoms, changes in mood following recovery sleep were not assessed. Given previous
findings on depression relapse following recovery sleep after SD (Hemmeter et al., 2010), it
would be important for future studies to evaluate this phenomenon in relation to SWD to
determine both the duration of its antidepressant effect and the usefulness of combined
therapies in prolonging the effect.
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It is possible that the observed antidepressant effects in this study may be in part due to a
placebo or order effect of being in the sleep laboratory. However, we found that the
subgroup of participants who underwent SWD on their 4th overall night of the study did not
have evening pre-sleep depression ratings that were significantly different than the subgroup
who experienced SWD on their 2nd night, nor did they respond more favorably. In addition,
all but one participant did not report hearing tones specific to the SWD night when
questioned during an exit interview. The one subject that did report hearing tones did not
associate the tones to a change in mood, and the change in the subject’s mood was not
significantly different than the mean change in mood for all the subjects. Given these
observations, it is unlikely that the acute reduction in depressive symptoms following SWD
were due to an order or placebo effect.

Due to the difficulty in recruiting non-medicated depressed participants, the average intake
depression ratings tended to be lower than other TSD studies. Despite this, baseline
depression severity did not correlate with subsequent response to SWD. However, it is
possible that low intake levels of depression may have caused a floor effect that contributed
to a relatively small reduction in symptoms (i.e. compared to TSD studies). Interestingly,
these results suggest that the SWD intervention may be beneficial for even mild to moderate
levels of depression.

This study used the self-rated mIDS-SR as the primary outcome measure, while collecting
data from the researcher-administered HRSD in a subset of participants. When comparing
the scales directly, this subset of individuals showed a greater reduction in depressive
symptoms with the HRSD (27% in HRSD vs. 12% in mIDS-SR). However, these results are
from a small number of participants (n = 6) and need to be replicated with a larger sample.
This discrepancy could also be explained by a self-rater bias that is commonly observed in
depression, especially when assessing improvement in symptoms (Koenig et al., 1995),
suggesting that the researcher-administered scale could be more accurate in estimating
antidepressant response. To avoid this subjective bias, an alternative could be to use more
objective measures that correlate to mood when assessing response to SWD, such as
spontaneous waking EEG (Steiger & Kimura, 2010), or auditory evoked potentials (Hegerl
& Juckel, 2001).

Results from this study demonstrate the potential application of hdEEG as a functional brain
imaging technique in psychiatric disorders. Source modeling of hdEEG data has already
linked the ACC, a critical brain structure in major depression, to sleep slow waves (Murphy
et al., 2009). Our findings also suggest localized effects of SWD on SWA in frontal regions.
In conjunction with MRI co-localization of electrode placement, hdEEG offers a versatile,
yet less expensive approach to studying specific brain regions involved in the persistence
and treatment of depressive symptomatology when compared with other brain imaging
techniques, such as fMRI or PET.

4.4. Conclusion
This initial investigation provides further evidence for the known role of slow waves in
depression and suggests that SWD may help acutely reverse depressive symptomatology,
although its effect may be less robust compared to the response demonstrated with total
sleep deprivation treatments. Future studies will benefit from SWD and/or hdEEG as useful
tools in understanding the underlying pathophysiology of depression and the response to
sleep deprivation therapy.
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Figure 1.
Global SWA time course across the night for baseline (BSL), slow wave deprivation
(SWD), and recovery (RCV) nights. Artifact-free NREM epochs for each night were divided
into quintiles. Inset: comparison of SWA dissipation across the entire night for BSL, SWD,
and RCV, expressed as the first quintile (Q1) minus the last quintile (Q5).
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Figure 2.
Impact of slow wave deprivation (SWD) on the (A) modified Inventory of Depressive
Symptomatology, self-rated (mIDS-SR) and (C) Hamilton Rating Scale for Depression
(HRSD-13) scores. (B) The amount of REM sleep obtained during the treatment correlates
with the antidepressant response (displayed with 95% confidence regression bands), but (D)
initial severity of depression does not predict level of response.
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Figure 3.
Topographic correlation of antidepressant response (via mIDS-SR) with (A) dissipation of
SWA across the baseline (BSL) night (high sleep pressure – low sleep pressure, expressed as
a percentage of SWA averaged across the entire night) and (B) all-night SWA rebound on
RCV (relative to BSL). (C–D) Frequency-specific correlations are shown for the central
channel in the cluster (white dot) of each SWA measure.
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