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Abstract

Background—Suicide is a major public health concern, and a barrier to reducing the suicide rate 

is the lack of objective predictors of risk. The present study considers whether quantitative sleep 

electroencephalography (EEG) may be a neurobiological correlate of suicidal ideation.

Methods—Participants included 84 (45 female, mean age=26.6) adults diagnosed with major 

depressive disorder (MDD). The item that measures thoughts of death or suicide on the Quick 

Inventory of Depressive Symptomatology (QIDS) was used to classify 47 participants as low 

suicidal ideation (24 females, mean age=26.1) and 37 as high suicidal ideation (21 females, mean 

age=27.3). Data were obtained from archival samples collected at the University of Michigan 

and University of Texas Southwestern Medical Center between 2004 and 2012. Sleep EEG was 

quantified using power spectral analysis, and focused on alpha, beta, and delta frequencies.

Results—Results indicated that participants with high compared to low suicidal ideation 

experienced 1) increased fast frequency activity, 2) decreased delta activity, and 3) increased 

alpha-delta sleep after adjusting for age, sex, depression, and insomnia symptoms.
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Limitations—Limitations include the exclusion of imminent suicidal intent, a single suicidal 

ideation item, and cross-sectional archival data.

Conclusions—This is one of the first studies to provide preliminary support that 

electrophysiological brain activity during sleep is associated with increased suicidal ideation 

in MDD, and may point toward central nervous system (CNS) hyperarousal during sleep as a 

neurobiological correlate of suicidal ideation.
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1. Introduction

Suicide is a leading cause of death worldwide, with nearly one million incidents per year 

occurring at an alarming rate of one suicide every 40 s (World Health Organization, 2014). 

Despite being identified as a priority condition by the World Health Organization, the 

suicide rate has been rising. Indeed, from 2000 to 2009, the annual suicide rate increased by 

nearly 30% (Center for Disease Control, 2014). The evidence is clear: predictors of suicide 

must be identified to change the trajectory of the global suicide rate. While extant research 

has identified a range of predictors across various domains, the neurobiological correlates 

of suicide risk are not well defined. Among a number of mechanisms, sleep disturbance 

has emerged as an important contributor to the relationship between suicide and psychiatric 

disorders.

There is substantial evidence that subjective sleep disturbance is related to suicidal ideation 

and behavior including death from suicide (Bernert et al., 2015; Bernert and Joiner, 2007; 

Bernert and Nadorff, 2015; McCall et al., 2010; Perlis et al., 2015; Pigeon et al., 2012). 

Sleep electroencephalography (EEG) has been identified as a tool to identify potential 

biomarkers for disorders closely related to suicide such as major depressive disorder 

(Armitage et al., 2006; Benca et al., 1992; Cheng et al., 2015; Goldschmied et al., 2014; 

Steiger and Kimura, 2010). Further, findings from a meta-analysis indicate that sleep EEG 

abnormalities may also represent a transdiagnostic psychophysiological mechanism that 

cuts across disorders (Baglioni et al., 2016). A growing literature indicates that sleep 

EEG abnormalities are related to suicide. Longer sleep onset latency and alterations in 

REM activity have been linked previously to greater suicide risk (Agargun and Cartwright, 

2003; Sabo et al., 1991; Singareddy and Balon, 2001). This research has been extended by 

recent studies that report less non-REM (NREM) stage 4 sleep, lower sleep efficiency, and 

increased awakenings among individuals with suicidal ideation (Ballard et al., 2016; Bernert 

et al., 2016).

The existing studies on sleep EEG abnormalities and suicide have provided critical 

evidence that alterations in sleep macroarchitecture, or global patterns of sleep stages, 

are related to suicide risk. While useful as a generalized summary of sleep, analyses of 

sleep macroarchitecture have been criticized for construing sleep as occurring in discrete 

stages (Armitage, 1995). Indeed, physiological phasic and tonic details are lost when 

a single stage score is assigned to several electrophysiological events that may have 
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occurred during a single scoring period (Armitage et al., 1992). Alternatively, quantitative 

sleep EEG (or sleep microarchitecture) may be a more powerful method of measuring 

sleep as a neurobiological event, as it describes electrophysiological brain activity across 

different EEG frequencies, which could increase specificity in differentiating patients from 

healthy individuals (Armitage and Hoffmann, 2001; Augustinavicius et al., 2014; Benca 

et al., 1992). Measuring sleep microarchitecture could provide further evidence for a 

neurobiological correlate of suicidal ideation, and may help to clarify how sleep disturbance 

is related to suicidal ideation.

Intrusions of fast frequency EEG activity (i.e., alpha and beta activity) during sleep may be 

indicative of central nervous system (CNS) hyperarousal (Nofzinger et al., 2004; Perlis 

et al., 2001a; Riemann et al., 2010), and may be one potential mechanism related to 

suicidal ideation (McCall and Black, 2013). Hyperarousal has been observed in disorders 

associated with suicidal ideation such as MDD, insomnia, PTSD, autism spectrum disorder, 

and chronic pain disorders (Armitage, 1995; Cervena et al., 2014; Germain and Nielsen, 

2003; Kupfer et al., 1989; Mazurek and Petroski, 2015; Merica et al., 1998; Merica and 

Gaillard, 1992; Moldofsky, 2001; Nofzinger, 2005a; Nofzinger et al., 2000; Perlis et al., 

2001b, 1997; Riemann et al., 2010, 2001; Woodward et al., 2000). In MDD in particular, 

both increased whole night alpha and beta activity have been described in patients compared 

to healthy controls (Armitage, 1995; Armitage et al., 1992; Armitage and Hoffmann, 2001). 

Additionally, increased whole night power in the 10- to 28-Hz frequency range (which 

contains alpha and beta activity) has been observed in patients with delusional depression 

compared to controls (Kupfer et al., 1989). Hyperarousal, and particularly whole night 

beta activity, in depression appears to be linked to relative glucose metabolism in the 

ventromedial prefrontal cortex, which is hypothesized to interfere with brain processes 

related to sleep regulation (Nofzinger et al., 2000). This evidence suggests that hyperarousal 

is an important contributor to sleep disturbance in MDD and other disorders related to 

suicidal ideation. However, it remains unclear if intrusions of fast frequency EEG activity 

during sleep are also a neurobiological correlate of suicidal ideation.

Reduced slow frequency EEG activity (e.g., delta activity) may also reflect hyperarousal 

(Germain et al., 2004; Ho et al., 1996). Abnormal delta activity has consistently been 

observed in MDD (Armitage, 1995; Armitage et al., 2000a, 2000b; Cheng et al., 2015; 

Goldschmied et al., 2014; Kupfer et al., 1986; Lotrich and Germain, 2015), as well as 

a range of other disorders including insomnia (Buysse et al., 2008; Dijk, 2010; Merica 

et al., 1998), alcohol dependence (Brower et al., 2011), and schizophrenia (Hoffmann et 

al., 2000). Decreased delta activity may also be further compounded by the presence of 

fast frequency activity during periods of sleep that typically contain slow frequency delta 

activity. Research has begun to describe the presence of “alpha-delta” sleep in patients with 

MDD and chronic fatigue syndrome, which appears to be linked to physical pain symptoms 

and daytime impairment (Hauri and Hawkins, 1973; Jaimchariyatam et al., 2011; Manu et 

al., 1994). A similar phenomenon may occur in individuals with suicidal ideation whereby 

cortical hyperarousal combines with decreased delta activity and results in a higher ratio of 

alpha to delta activity over the night.
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The preceding evidence suggests that hyperarousal is an important contributor to sleep 

disturbance in disorders closely related to suicide such as MDD or insomnia. Although 

there is evidence for this process in other disorders, it remains unclear whether hyperarousal 

during sleep may also be related to suicide. The present study aims to test whether high 

compared to low suicidal ideation is related to differing levels of hyperarousal during 

sleep among participants with MDD, above and beyond insomnia and depression symptom 

severity. Based on previous research in disorders related to suicide, it was hypothesized that 

participants with high compared to low suicidal ideation would experience (1) increased 

alpha and beta activity across the night, (2) decreased delta activity across the night, and (3) 

increased alpha-delta sleep across the night.

2. Methods

2.1. Material and methods

2.1.1. Data sourcing—Data were obtained from archival samples collected at the 

University of Michigan at Ann Arbor and University of Texas Southwestern Medical Center 

at Dallas recorded under standardized protocols examining sleep in depression between 

2004 and 2012 (Armitage et al., 2000a; Cheng et al., 2015; Goldschmied et al., 2015; 

Liscombe et al., 2002). Archival data was used based on its value as a cost-effective method 

of exploring novel research questions while maximizing sample size. All participants in 

the original studies met criteria for MDD based upon the Structured Clinical Interview 

for the Diagnostic and Statistical Manual of Mental Disorders (DSM-IV) and were in a 

current depressive episode (First et al., 2002). All participants were free of psychiatric 

or sleep medications for a minimum of 2 weeks. Subjects were asked to refrain from 

alcohol and drug use prior to the study. Participants maintained regular sleep schedules 

and completed sleep diaries for a minimum of 5 days prior to overnight polysomnography 

(PSG). Exclusionary criteria for the original studies included psychiatric comorbidities, 

such as lifetime histories of substance dependence, bipolar disorder, psychosis, anorexia, 

and bulimia. Individuals reporting acute and imminent suicidal intent were immediately 

referred for clinical intervention and excluded from study participation. Individuals were 

also excluded for current shift-work, or sleep disorders (e.g., obstructive sleep apnea, 

narcolepsy, or bruxism). The research protocols described were approved by the Institutional 

Review Board at the respective institutions. All participants signed an informed consent 

document prior to undergoing study procedures.

2.1.2. Participants—The present study included 84 (45 females, mean age =26.6) 

adults diagnosed with major depressive disorder (MDD). Participants were included in the 

present sample if baseline polysomnography data and the Quick Inventory of Depressive 

Symptomatology (QIDS) were available. All participants had baseline PSG data and thirteen 

individuals excluded because of missing QIDS data.

2.1.3. Instruments—Participants were administered the 16-item self-report QIDS within 

two weeks of polysomnography. The QIDS assessed depressive symptoms, insomnia 

symptoms, and suicidal ideation (Rush et al., 2003). Item 12 (“Thoughts of Death or 

Suicide”) from the QIDS was used to categorize participants into suicidal ideation groups. 
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A single suicide item from self-reported depression rating scales has been shown to be 

related to well-validated measures of suicidal ideation (e.g., Scale for Suicide Ideation) and 

number of suicide attempts (Desseilles et al., 2012). Furthermore, item 12 from the QIDS 

has been previously used to assess suicidal ideation (Gao et al., 2015; Huffman et al., 2016; 

Laje et al., 2007). The group defined as “low suicidal ideation” included participants who 

reported “I do not think of suicide or death” (QIDS score =0) and “I feel that life is empty or 

wonder if it's worth living” (QIDS score =1). The group defined as “high suicidal ideation” 

included participants who reported “I think of suicide or death several times a week for 

several minutes” (QIDS score =2) and “I think of suicide or death several times a day in 

some detail, or I have made specific plans for suicide or have actually tried to take my 

life” (QIDS score =3). This grouping method resulted in 47 participants classified as low 

suicidal ideation (24 females, mean age =26.1) and 37 as high suicidal ideation (21 females, 

mean age =27.3). Depression symptom severity was examined using a summation of the 

QIDS score without the sleep and suicide items (range 0–21). Insomnia symptoms were 

examined using a summation of the insomnia questions from the QIDS (“Falling asleep,” 

“Sleep during the night,” and Waking up too early;” range 0–9).

2.1.4. Polysomnography procedures—Participants spent two consecutive nights in 

the sleep laboratory for PSG recording. The first night served as a screening night to rule 

out any occult sleep disorders, and to allow habituation to a novel sleep environment. 

Baseline sleep parameters were collected on the second night. Participants were allowed 

8 h of sleep opportunity, and sleep was scheduled based on habitual sleep (determined 

via self-report and 7 day sleep diary) on both nights. EEG was recorded from F3 (left 

frontal), F4 (right frontal), C3 (left central), C4 (right central), O1 (left occipital), and O2 

(right occipital) referenced to the earlobes. The electrode montage also included left and 

right electro-oculogram (EOG) leads placed on both the upper and lower canthi; a bipolar, 

chin-cheek electromyography (EMG) lead. Leg leads, chest and abdomen respiration bands, 

and a nasal-oral thermistor were also included on the screening night.

EEG signals from 69 participants were recorded with Vitaport™ III digital amplifiers 

(described in Armitage et al., 2012), and 15 participants were recorded with a GRASS™ 

P511 amplifier-based paperless polygraph (described in Armitage et al., 2002). Data systems 

were cross-validated in three ways. First, a sine wave generator was used for signal 

recording on both data acquisition systems simultaneously, and then subjected to power 

spectral analysis to ensure that spectral profiles were identical. Second, whole night EEG 

data were acquired simultaneously from 10 subjects and analyzed to ensure that spectral 

power values fell within the 95% confidence interval of each system. EEG data were 

quantified at the equivalent sensitivity of 5 (50 μV, 0.5-s calibration) and a gain of 50,000. 

EEG filters were set at 0.3 and 30 Hz to reduce electrical noise. Sleep records were 

visually scored following standard criteria by research personnel trained to 90% agreement 

(Rechtschaffen and Kales, 1968). Sleep epochs that contained artifacts due to breathing, 

movement, or electrode problems were excluded from quantitative analysis. Epochs that 

contained power values three times above or below the interquartile range were excluded.

Power Spectral Analysis (PSA) was performed on EEG signals digitized at 256 Hz. Data 

were processed in 2-s epochs (512 samples every 2-s) with a Hanning window taper in 
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the correct term. The PSA generated power (expressed as μV2) in five frequency bands: 

beta (16.0–32.0 Hz), sigma (12.0–15.9 Hz), alpha (8.0–11.9 Hz), theta (4.0–7.9 Hz), and 

delta (0.5–3.9 Hz). The PSA algorithm was based on a fast Fourier transform (Press et 

al., 1989). EEG frequency bands were averaged in 30 s epochs (M =884.2, SD =122.6) 

and averaged across recording site. Absolute and relative spectral power were calculated 

for each frequency band. Absolute spectral power was the value generated by the PSA 

algorithm. Relative spectral power was calculated as the power in each band divided by 

the sum of power across all bands over the entire night. Absolute power was examined in 

order to characterize each frequency band and relative spectral power was considered to 

look at the influence of individual differences in total EEG power (Krystal et al., 2002; 

Perlis et al., 2001b). Alpha-delta sleep was derived in a similar manner to relative spectral 

power by dividing power in the alpha band by power in the delta band over the entire 

night. This is consistent with other research that examines the ratio of alpha to delta activity 

(Jaimchariyatam et al., 2011; Manu et al., 1994).

2.1.5. Data analysis—Hierarchical linear models with restricted maximum likelihood 

estimation were used to address the aims of the study. This statistical method can 

appropriately account for the relationships between repeated measurements and does not 

have the same missing data restrictions of traditional regression analyses. The fixed part of 

the model included age, an indicator for sex, depression severity, insomnia severity, and an 

indicator variable for suicide group (low suicidal ideation as the reference). The random part 

of the model included crossed random effects with a random intercept for participant and 

sleep epoch (Baayen et al., 2008). The random intercepts were assumed to have a bivariate 

normal distribution with zero means and an unstructured covariance matrix. The outcome 

variable was sleep EEG power in the hypothesized frequencies. P-values were calculated 

using Satterthwaite approximation of degrees of freedom. All statistical models were tested 

in R using the lme4 package (Bates et al., 2015; Kuznetsova et al., 2014; R Development 

Core Team, 2015).

3. Results

3.1. Hyperarousal and suicidal ideation

Hierarchical linear models examined the effect of suicide ideation group on absolute and 

relative EEG power in the alpha and beta frequency bands while also accounting for age, 

sex, depression symptoms, and insomnia symptoms (Table 1 and Fig. 1). Results for the 

alpha frequency indicated that those with high suicidal ideation experienced increased whole 

night absolute alpha activity compared to participants with low suicidal ideation (Table 1 

and Fig. 1). Suicide group was also significantly associated with whole night relative alpha 

power (Table 1). Participants with high suicidal ideation experienced increased whole night 

relative alpha activity compared to participants with low suicidal ideation (Fig. 1). In the 

beta frequency, suicide group was related to absolute beta power at the trend level, and 

suggested that absolute beta power may be greater for participants with high compared to 

low suicidal ideation (Table 1 and Fig. 1). Although a marginally significant effect was 

observed for absolute beta power, no effect was observed for relative beta power (Table 1 

and Fig. 1).
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3.2. Delta activity and suicidal ideation

The effect of suicide ideation group on absolute and relative delta power while also 

accounting for age, sex, depression symptoms, and insomnia symptoms was considered 

next (Table 1 and Fig. 1). No effect was observed between suicidal ideation group and whole 

night absolute delta power. However, results indicated that suicide group was significantly 

related to relative delta power (Table 2). Participants with high suicidal ideation experienced 

decreased whole night relative delta activity compared to participants with low suicidal 

ideation (Fig. 1).

3.3. Alpha-delta sleep and suicide

In order to assess whether alpha-delta sleep is related to suicidal ideation, the association 

between suicide group and the ratio of alpha to delta power while also accounting for age, 

sex, depression symptoms, and insomnia symptoms was also examined (Table 1 and Fig. 1). 

Suicide group was significantly related to alpha-delta sleep (Table 1). Participants with high 

suicidal ideation experienced a higher ratio of alpha to delta sleep across the night compared 

to participants with low suicidal ideation (Fig. 1).

4. Discussion

The present study was an initial step toward identifying neurobiological correlates of 

suicidal ideation in MDD. Results from this study provide preliminary evidence that 

hyperarousal during sleep may be associated with higher suicidal ideation in MDD, even 

after adjusting for factors that may also be related to hyperarousal such as depression or 

insomnia symptoms. Greater alpha activity, as well as a marginally significant increase in 

absolute beta activity, were observed for participants with high compared to low suicidal 

ideation. These results are consistent with previous research in other psychiatric disorders, 

and may point toward CNS hyperarousal during sleep as a neurobiological correlate of 

suicide (Hall et al., 2000; McCall and Black, 2013; Merica et al., 1998; Perlis et al., 2001b, 

1997). The potential role of hyperarousal during sleep as a contributor to suicide risk is also 

supported by recent work that examined sleep EEG macroarchitecture and reported more 

awakenings, greater NREM Stage 1 sleep, and lower sleep efficiency for individuals with 

suicidal ideation (Ballard et al., 2016; Bernert et al., 2016). Although there is substantial 

evidence demonstrating the link between waking cortical and behavioral hyperarousal and 

suicide (Graae et al., 1996; Iosifescu et al., 2008; Perlis et al., 2015; Steyn et al., 2013), 

this is one of the first studies to demonstrate that cortical hyperarousal during sleep may be 

associated with increased suicidal ideation in MDD. Prospective or experimental studies will 

be necessary to confirm that hyperarousal is related to suicidal ideation in MDD, particularly 

given weak evidence for increased beta activity.

These results also lend preliminary support for the hypothesis that suicide risk is associated 

with reduced delta activity beyond the decrease in delta activity typical of depression 

(Armitage, 1995; Armitage et al., 2000a, 2000b; Cheng et al., 2015; Goldschmied et al., 

2014; Kupfer et al., 1986; Lotrich and Germain, 2015). Although no differences were 

observed for absolute whole night delta activity, relative delta activity was reduced in 

participants with high suicidal ideation and MDD, controlling for depression symptoms. 
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When the influence of individual differences in EEG power are accounted for, participants 

with high suicidal ideation experience less delta activity across the night. In healthy sleepers, 

delta activity is associated with reduced activation in brain regions associated with sensory 

and cognitive processing such as the thalamus, anterior cingulate cortex, orbitofrontal cortex, 

and basal ganglia (Braun et al., 1997; Hofle et al., 1997; Nofzinger, 2005a, 2005b). Evidence 

from positron emission tomography studies indicates that increased activity in these regions 

during sleep containing delta activity is associated with depression, and may represent 

dual processes of sleep disturbance that includes both sleep homeostasis dysregulation and 

hyperarousal (Germain et al., 2004; Ho et al., 1996). Preliminary evidence for a similar 

process in suicidal ideation in MDD is highlighted by evidence from the present study that 

a higher ratio of alpha to delta sleep was observed in participants with high compared to 

low suicidal ideation. Although sleep homeostasis dysregulation and hyperarousal have been 

characterized in depression, similar mechanisms may also occur in individuals with high 

suicidal ideation, particularly given that the present study accounted for the influence of 

depression severity. Given the mixed findings in delta activity in the present study, additional 

research will be necessary to precisely define the relationship between sleep homeostasis 

dysregulation and hyperarousal in the context of suicide.

5. Limitations

Several limitations are important to consider. First, this study was limited by the use of 

archival data from studies that excluded individuals with imminent suicidal intent, which 

precludes generalizability to those at acute risk for suicide. Conducting research with 

individuals with a high risk of suicide requires an infrastructure of health care professionals 

to ensure patient safety, and should be a priority for future research. Second, the current 

sample was also limited to MDD without significant comorbidities such as insomnia or 

other forms of psychopathology that have increased risk for suicide (e.g. bipolar disorder 

or borderline personality disorder). Additionally this sample was limited by the low rate 

of participants reporting no suicidal ideation (n =13). Future studies would be enhanced 

by recruiting a sample of participants across a range of disorders that exhibit a broad 

spectrum of suicidality including the absence of suicide risk. Third, a single item was used 

for the assessment of suicidal ideation. While this approach has been utilized in prior studies 

(Desseilles et al., 2012; Gao et al., 2015; Huffman et al., 2016; Laje et al., 2007), future 

studies would benefit by including validated measures of suicide.

6. Conclusions

The current study provides evidence that neurophysiological hyperarousal during sleep 

may be associated with higher suicidal ideation in MDD. This study indicates that 

suicidal ideation is associated with increased fast frequency activity, decreased delta 

activity, and a higher ratio of alpha to delta sleep. These findings may point toward 

sleep as a neurobiological correlate of suicide risk such that cortical hyperarousal is 

associated with increased suicidal ideation. Although more efforts will be necessary to 

understand the clinical implications of increased high frequency activity during sleep, 

psychopharmacological and psychosocial interventions that reduce suicidal thoughts and 
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behavior and target high frequency activity during sleep may be valuable research and 

clinical targets for understanding and preventing suicide.
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Fig. 1. 
Predicted marginal means (standardized) of absolute and relative alpha power, absolute and 

relative beta power, absolute and relative delta power, and alpha-delta ratio for high low 

and high suicidal ideation. Marginal means were derived from hierarchical linear models a 

absolute power; b relative power.
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Table 1

Means and standard deviations of sleep, clinical, and demographic variables by group.

Low suicidal ideation High Suicidal Ideation

(n =47) (n =37)

Mean or n SD or % Mean or n SD or %

Age 26.1 6.1 27.3 8.0

Sex (n = female) 24 51.1% 21 56.8%

QIDSa 11.2 3.7 17.4 4.6

QIDSb 9.8 3.6 13.7 4.3

Insomnia symptomsc 3.4 2.0 4.2 2.4

Total sleep time (min) 434.9 31.7 410.6 35.2

Sleep latency (min) 9.7 8.8 10.4 8.8

Sleep efficiency (%) 93.5% 4.8% 93.7% 5.7%

Awake and movement (%) 3.6% 2.3% 3.2% 1.5%

NREM Stage 1 (%) 4.5% 3.4% 3.7% 2.8%

NREM Stage 2 (%) 53.0% 7.8% 53.1% 6.5%

NREM SWS (%) 14.8% 8.0% 16.2% 7.3%

REM % 24.0% 5.6% 24.2% 4.3%

REM Latency (min) 87.3 36.0 74.9 31.0

QIDS: Quick Inventory of Depressive Symptomatology;

a
Full QIDS composite, range 0–27;

b
QIDS composite with sleep and suicidal items removed, range 0–21;

c
Insomnia symptom questions from the QIDS, range 0–9; REM: rapid eye movement sleep; NREM: non-rapid eye movement sleep; SWS: 

slow-wave sleep.
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