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INSOMNIA

Regional Patterns of Elevated Alpha and High-Frequency 
Electroencephalographic Activity during Nonrapid Eye Movement Sleep in 
Chronic Insomnia: A Pilot Study
Brady A. Riedner, PhD1,*; Michael R. Goldstein, BA1,2,*; David T. Plante, MD1; Meredith E. Rumble, PhD1; Fabio Ferrarelli, MD, PhD1; Giulio Tononi, MD, PhD1; 
Ruth M. Benca, MD, PhD1

1University of Wisconsin School of Medicine and Public Health, Department of Psychiatry, Madison, WI; 2University of Arizona, Department of Psychology, Tucson, AZ; *co-first 
authors

Study Objectives: To examine nonrapid eye movement (NREM) sleep in insomnia using high-density electroencephalography (EEG).
Methods: All-night sleep recordings with 256 channel high-density EEG were analyzed for 8 insomnia subjects (5 females) and 8 sex and age-matched 
controls without sleep complaints. Spectral analyses were conducted using unpaired t-tests and topographical differences between groups were assessed 
using statistical non-parametric mapping. Five minute segments of deep NREM sleep were further analyzed using sLORETA cortical source imaging.
Results: The initial topographic analysis of all-night NREM sleep EEG revealed that insomnia subjects had more high-frequency EEG activity (> 16 Hz) 
compared to good sleeping controls and that the difference between groups was widespread across the scalp. In addition, the analysis also showed that 
there was a more circumscribed difference in theta (4–8 Hz) and alpha (8–12 Hz) power bands between groups. When deep NREM sleep (N3) was examined 
separately, the high-frequency difference between groups diminished, whereas the higher regional alpha activity in insomnia subjects persisted. Source 
imaging analysis demonstrated that sensory and sensorimotor cortical areas consistently exhibited elevated levels of alpha activity during deep NREM sleep 
in insomnia subjects relative to good sleeping controls.
Conclusions: These results suggest that even during the deepest stage of sleep, sensory and sensorimotor areas in insomnia subjects may still be relatively 
active compared to control subjects and to the rest of the sleeping brain.
Keywords: alpha-delta sleep, high-density EEG, local sleep, neuroimaging, source modeling
Citation: Riedner BA, Goldstein MR, Plante DT, Rumble ME, Ferrarelli F, Tononi G, Benca RM. Regional patterns of elevated alpha and high-frequency 
electroencephalographic activity during nonrapid eye movement sleep in chronic insomnia: a pilot study. SLEEP 2016;39(4):801–812.

INTRODUCTION
Insomnia is a prevalent health concern, with approximately 
one-third of the general population experiencing insomnia 
symptoms and nearly 10% meeting criteria for insomnia 
disorder,1,2 characterized by difficulties with sleep initiation, 
maintenance, or nonrestorative sleep, and accompanied by 
significant impairments to daytime functioning.3 Given the 
numerous health problems, decreased quality of life, and detri-
ments to work performance associated with insomnia,4–8 con-
tinued investigation of the pathophysiological mechanisms and 
their implications for treatment is critical.

Hyperarousal, an inappropriate activation of the central and 
peripheral nervous system that interferes with the initiation 
and maintenance of sleep, is thought to be a key component 
of chronic insomnia.9,10 Supporting evidence for the role of 
hyperarousal in insomnia comes from multiple research do-
mains, which have demonstrated heightened sympathetic com-
bined with decreased parasympathetic activity,11,12 endocrine 
changes,13 as well as elevated body and brain metabolism.14–16 
Notably, a large body of insomnia research has focused on 
the increase of high-frequency electroencephalographic ac-
tivity (> 16 Hz) during sleep, especially around sleep onset, 
to support the idea of physiological hyperarousal.17–28 The fun-
damental role of electroencephalography (EEG) analysis is 
even further emphasized by the neurocognitive interpretation 

pii: sp-00096-15� ht tp://dx.doi.org/10.5665/sleep.5632

Significance
Prior work has suggested that people with insomnia have difficulty with hyperarousal. Recent data also demonstrate consistently that the brain does 
not sleep uniformly. This work shows for the first time that even though the brain is showing widespread electroencephalographic signs characteristic of 
deep sleep in insomnia subjects, parts of sensory cortex are also showing rhythms that suggest these brain areas might still be awake, or at least not 
totally asleep, relative to controls. This finding lends support to the notion of local sleep dysregulation in insomnia.

of hyperarousal, which suggests that the increase of high-fre-
quency EEG activity reflects an important perpetuating factor 
in insomnia as a sign of conditioned cortical arousal that is 
accompanied by enhanced sensory and information processing 
along with increased memory formation.29

However, despite the large number of studies that have ana-
lyzed electroencephalographic power in primary insomnia, 
few have explored its topographic distribution. It is now rela-
tively well established that sleep itself is not a global phenom-
enon.30–34 Building on the concept of local sleep, an alternative 
model of insomnia has been proposed that suggests that in-
somnia is characterized by the simultaneous occurrence of 
wake and sleep states in specific brain regions.35 High-density 
EEG (hdEEG) makes it possible to characterize regional pat-
terns of activity during sleep and may therefore provide novel 
insights into the pathophysiologic mechanisms of insomnia.

An additional advantage of hdEEG is the ability to estimate 
cortical sources of EEG activity observed at the scalp level.36 
Although neuroimaging promises to provide valuable infor-
mation on the cortical and subcortical generators contributing 
to insomnia pathophysiology (for an excellent review of the 
neuroimaging studies in insomnia, see Spiegelhalder et al.37), 
many of the techniques utilized (e.g., magnetic resonance im-
aging, spectrography, and positron emission topography) are 
not ideally suited for studying all aspects of this disorder either 
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because the environmental conditions are not conducive to 
recording during sleep or because the sampling resolution for 
imaging is not sufficient to capture the momentary fluctuations 
of sleep state and arousal level. By contrast, with hdEEG, brain 
activity can be recorded with millisecond resolution while al-
lowing subjects to sleep in a much more natural environment 
and still achieve reasonable spatial specificity, mitigating the 
potential for sleep disruption and enabling a unique contribu-
tion to the brain imaging literature on insomnia. Moreover, ad-
vances in hdEEG electrode stability have made high-quality 
EEG data achievable for greater than 10 h, thereby offering the 
considerable advantage of performing longer EEG studies and 
significantly expanding the window for imaging during sleep.

We therefore examined nonrapid eye movement (NREM) 
sleep hdEEG in a group of individuals with chronic insomnia 
complaints and good sleeper controls with the goal of eluci-
dating functional areas in insomnia sleep pathophysiology.

METHODS

Participant Recruitment and Eligibility

Chronic Insomnia
Insomnia participants (n = 8) were recruited through clinic 
referrals from Wisconsin Sleep and the Department of Psy-
chiatry at the University of Wisconsin-Madison as part of a 
pilot study using high-density EEG to investigate localized 
patterns of activity in sleep and wakefulness in insomnia. As 
part of the screening process, potential subjects were evalu-
ated by a physician dually board-certified in Sleep Medicine 
and Psychiatry (RMB) using a semi-structured sleep history 
and the Structured Clinical Interview for DSM-IV disorders 
(SCID).38 Insomnia subjects met research diagnostic criteria 
for insomnia disorder,3 as well as severity and duration cri-
teria of sleep onset latency plus wake after sleep onset ≥ 30 
min, frequency of ≥ 3 nights per week, and duration of symp-
toms ≥ 6 mo.39 Exclusion criteria were (1) current mood dis-
order or other significant neuropsychiatric condition based 
on the SCID; (2) evidence that the insomnia complaints were 
directly related to a medical condition or medication use; (3) 
inability or unwillingness to discontinue hypnotic or other psy-
chotropic medication use for the duration of the study; and (4) 
presence of sleep apnea (apnea-hypopnea index > 10) or sleep 
related movement disorder (periodic limb movement arousal 
index > 10) based on in-laboratory polysomnography (see next 
paragraphs). Potential subjects also needed to be 18–65 years 
of age and right-handed. During the screening interview, in-
somnia participants were evaluated with the 17-item Hamilton 
Rating Scale for Depression (HRSD-17)40 to corroborate the 
exclusion of current major depression. In addition, insomnia 
participants completed various self-report questionnaires, in-
cluding the: Insomnia Severity Index (ISI)41; Pittsburgh Sleep 
Quality Index (PSQI)42; Fatigue Severity Scale (FSS)43; and 
the Epworth Sleepiness Scale (ESS).44 Only subjects with an 
ISI > 11 and a PSQI > 5 were included in the analysis. General 
medical health was evaluated through the in-person screening 
interview and physical examination conducted by one of the 
coauthors (RMB).

Good Sleeper Controls
Age- and sex-matched control participants were drawn from a 
pool of right-handed control subjects selected for being good 
sleepers who either participated in a study on sleep homeo-
stasis in depression (n = 6)45–49 or in a study on the effects of 
meditation (n = 2).50 Control subjects were recruited from the 
general population through publicly posted flyers, newspaper/
web advertisements, and email lists. They were screened for 
the presence of psychiatric disorders in the former case using 
a nonpatient SCID and medical history screen or in the latter 
case with a medical and psychiatric screening interview that 
included several questionnaires including the Quick Inventory 
of Depressive Symptoms51 and the Symptom Checklist-90-Re-
vised52 to exclude current depression and other mental health 
issues. Exclusion criteria for control subject selection were (1) 
any current or past neuropsychiatric condition; (2) use of any 
psychotropic medication or medication that could affect sleep; 
and (3) evidence of insomnia or any other sleep disorder as 
defined previously.

General Protocol
Data were obtained from sleep studies performed at the Wis-
consin Center for Sleep Medicine and Sleep Research. All sub-
jects had an initial phone screening and a thorough in-person 
screening visit to determine eligibility, after which they were 
scheduled for their sleep study in the laboratory. Prior to their 
laboratory study, all subjects were asked to complete at least 
1 w of sleep diaries and refrain from hypnotic agents or drugs 
that would affect sleep for at least 2 w. On the study night, 
participants arrived several hours before their usual bedtime 
and were outfitted with a high-density EEG cap. Subjects then 
participated in various waking recordings that were part of the 
larger study protocols. The studies involved various presleep 
waking recordings including standard eyes open/eyes closed 
conditions (all studies), auditory and visual evoked potentials 
(insomnia study), and/or attention and fear conditioning tasks 
(meditation). After these waking recordings, subjects were al-
lowed to sleep undisturbed in the laboratory within 1 h of their 
usual bedtime. All subjects did waking tasks in the morning 
and some of the insomnia subjects (n = 3) participated in fur-
ther waking recordings throughout the day. Control subjects 
were subsequently scheduled for other sleep nights as part of 
the parent protocol. The first laboratory night served as an ad-
aptation/screening night and these data were used in the present 
analyses. All study procedures were approved by the Institu-
tional Review Board of the University of Wisconsin-Madison.

Sleep Recordings
Participants underwent overnight in-laboratory high-density 
EEG recording sampled at 500 Hz and collected with vertex 
referencing (256 channels; Electrical Geodesics Inc., Eu-
gene, OR). Lights out was within 1 h of the participants most 
consistently reported bedtime. Sleep staging was performed 
by a registered polysomnographic technologist according 
to standard American Academy of Sleep Medicine criteria 
using Alice Sleepware (Philips Respironics, Murrysville, PA) 
based on 30-sec epochs for 6 EEG channels at approximate 
10–20 locations derived from the hdEEG array with bipolar 
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re-referencing (F3/A2, F4/A1, C3/A2, C4/A1, O1/A2, O2/A1), 
electrooculography (EOG), and submental electromyography 
(EMG).53 Sleep disordered breathing was ruled out with con-
current polysomnography (n = 14) or nocturnal oximetry (two 
control subjects).

EEG Spectral Analysis
All EEG signals were collected at 500 Hz and high-pass filtered 
at 0.1 Hz. Prior to spectral analysis, each signal was downsam-
pled to 128 Hz, band-pass filtered (two-way least-squares FIR, 
1–40 Hz) in MATLAB (The MathWorks Inc., Natick, MA), 
re-referenced to the average of the scalp voltage for all 256 
channels, and divided into consecutive 6-sec epochs. Semiau-
tomatic artifact rejection procedures were utilized to remove 
channels and epochs with high-frequency noise or interrupted 
contact with the scalp, as in other recent studies.47,49,50,54 Spe-
cifically, thresholds were automatically calculated for low 
(1–4 Hz) and high (20–30 Hz) frequency ranges at the 99.8th 
and 99.5th percentile, respectively, for each channel. Spectral 
power in these ranges across all 6-sec NREM epochs for each 
channel were plotted and visually inspected. In cases where 
epochs with substantially greater low- or high-frequency 
power did not exceed the automatic threshold, the threshold 
was lowered and all epochs exceeding the threshold were 
removed. Channels with artifact affecting a majority of the 
recording were removed. Additional spectral-based and topo-
graphic procedures were used to remove individual channels 
with distinctly greater power relative to neighboring channels. 
High-density electrode arrays make identifying such channels 
relatively obvious given that volume conduction effects make 
it unlikely that an individual electrode will vary a substantial 
amount from its neighbors unless it is unreliable. Importantly, 
insomnia and control groups did not differ in the portion of 
NREM epochs (77.8 ± 3.3% versus 80.52 ± 4.86%) or channels 
(93.7 ± 1.2% versus 94.5 ± 1.3%) retained following artifact re-
jection. Spectral analysis was performed using all clean 6-sec 
epochs within NREM sleep (Welch averaged modified peri-
odogram with a Hamming window). To increase the signal-to-
noise ratio, scalp analyses were restricted to inside channels 
falling within a plotting radius of 0.57 using the topoplot 
function of the EEGLAB plug-in for MATLAB55 and those 
that were good for at least five of the eight subjects in each 
group, yielding 170 channels overlaying the scalp. Remaining 
bad channels for each subject were interpolated using spline 
interpolation. For topographic analysis, we computed average 
spectral density for six frequency ranges (SWA/delta: 1–4Hz; 
theta: 4–8 Hz; alpha: 8–12 Hz; sigma: 12–15 Hz; beta: 15–25 
Hz; and low gamma: 25–40 Hz) consistent with studies from 
our laboratory and others.56,57 Topographic maps of both abso-
lute average referenced data and subject normalized (z-score 
across channels) were examined.

For comparison, similar spectral analysis (Welch method, 
Hamming window, 6-sec epochs) was also performed on the 
5-minute broad-band filtered segment selected for source mod-
eling (described in the next paragraphs). The same processing 
and thresholds were also applied to waking epochs that oc-
curred during time in bed. Alpha peak frequency and ampli-
tude were determined by using the MATLAB function detrend 

on the spectral data between 4–16 Hz before determining the 
peak amplitude between 6 and 14 Hz.

Source Modeling
Data for source modeling estimates were obtained by visually 
selecting for each subject a continuous 5-min segment that oc-
curred during the relatively deepest part of NREM sleep for 
that subject. Segments were obtained primarily from staged 
N3 sleep during the first sleep cycle; however, if insufficient 
continuous N3 sleep was scored or there was no bout of deep 
sleep during the first sleep cycle, segments with some N2 and/
or during the second cycle were selected with a preference for 
taking the most continuous N3 epochs. For all participants, se-
lected segments were within 3 h of sleep onset and were at least 
1 min away from any noticeable arousal. Choosing relatively 
short duration continuous segments was critical for source 
imaging, making it possible to visually inspect the entire seg-
ment, and mitigating the possibility that arousal or muscle or 
eye movement activity contributed to any observable differ-
ences. Moreover, this data reduction approach ensured that an 
equal duration segment during a similar circadian time was 
compared for all subjects. Distributed source imaging is sig-
nificantly improved by sampling as much of the sphere as pos-
sible,58,59 so each segment was reanalyzed for bad channels by 
visual inspection of both the raw and spectral density data to 
ensure that as many of the 256 available channels could be 
used in the source estimation. Identified bad channels were re-
placed by spline interpolation.

Source imaging was performed using GeoSource 2.0 (Elec-
trical Geodesics Inc., Eugene, OR) on the previously described 
5-min continuous segments of EEG data. As in previous 
studies,36,57,60 a four-shell head model derived from a mag-
netic resonance imaging scan from an individual whose head 
closely approximates the standard Montreal Neurological In-
stitute (MNI) head and a standard set of coregistered electrode 
positions was used for the forward model. The inverse matrix 
was calculated via the minimum norm least-squares method 
with truncated singular value decomposition regularization 
at 10−1 for stabilization, and the standardized Low Resolution 
Brain Electromagnetic Tomography constraint (sLORETA61). 
The source space was limited to 2,447 cortical voxels (7 mm3 
resolution), each assigned to a gyrus based on the MNI prob-
abilistic atlas. Prior to source modeling, the original 0.1 Hz 
high-pass filtered data were broad-band-filtered in Net Station 
using a Kaiser window FIR filter between 1–40 Hz. Then, to 
examine the source of power for a particular frequency range 
of interest, the segments previously described were further 
band-pass filtered to the frequency range of interest in NetSta-
tion before source localization with GeoSource. A cortical es-
timate of power for each source voxel was computed by taking 
the average across the 5-min segment of the three-dimensional 
norm for each source voxel estimate. Alternatively, we also 
source modeled the broad-band filtered segments, computed 
the power spectral estimation in each of the three possible 
source directions for each source voxel, and then took the 
normative value across the dimension before averaging across 
the frequency range of interest, as has been done previously.57 
Both methods yielded qualitatively similar results.
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Statistical Analysis
Between-group differences in demographic and polysomnog-
raphy variables, as well as global EEG power spectra, were 
evaluated with unpaired, two-tailed t-tests. A mixed model 
repeated-measures analysis of variance (ANOVA) was utilized 
for all six bands of interest (between-subjects factor group, 
within-subjects factor stage) to determine whether there was 
an interaction between group and stage that depended on fre-
quency. All spectral density statistics were performed on log-
normalized data. Scalp topography and source images were 
analyzed using statistical nonparametric mapping with supra-
threshold cluster tests to correct for multiple comparisons.62 
The cluster test uses a random shuffling of group assignment in 
all possible combinations (n = 12,870) and a t-value threshold 
(threshold = 2.3) to create a distribution of possible clusters 
sizes (i.e., groups of electrodes or source voxels above the 

chosen threshold). The cluster P value is then determined by 
comparison of the actual cluster size, the number of electrode 
or voxels with a cluster above threshold for the real subject 
groups, against the maximal cluster size distribution. Although 
this test faithfully addresses the problem of multiple com-
parisons across an image, it should also be noted that we did 
not attempt to strictly correct for the issue of multiple testing 
given the exploratory nature of this study. Correlations were 
assessed using Spearman rank correlation. Statistical analyses 
were performed using MATLAB and SPSS. All values are rep-
resented as mean ± standard error of the mean.

RESULTS

Demographic and Sleep Architecture Profile Was Consistent 
with Insomnia Diagnosis
Eight individuals with chronic insomnia and eight sex- and 
age-matched good sleeper control participants were included 
for analysis. Table 1 provides demographic and clinical char-
acteristics for both insomnia and control groups. Insomnia 
participants demonstrated minimal levels of depression ac-
cording to HRSD-17 scores, with positive ratings coming 
primarily from the three sleep items. Within the insomnia 
group, insomnia symptoms were of moderate severity (mean 
ISI 18.5 ± 1.1) with a chronic history (mean duration of 
complaints: 8.8 ± 2.4 years, range: 3–20 y). On the HRSD 
sleep measures, all eight participants reported a score of at 
least 1 on the 0–2 scale for early (onset) and middle (mainte-
nance) sleep complaints and 7 of 8 for late-night sleep com-
plaints. Mean scores across these items were similar (early: 
1.50 ± 0.53; middle: 1.38 ± 0.52; late: 1.50 ± 0.76). Two sub-
jects also endorsed symptoms of a general somatic nature 
(score of 1 on the 0–2 HRSD item scale and one of these 
also was rated as having mild somatic anxiety (score of 1). 
All of the insomnia subjects had previously taken some form 
of a benzodiazepine receptor agonist. Although three of the 
insomnia subjects stopped taking these medications 2 w prior 
to the study, most had not been taking them for over 1 y. One 
subject was taking melatonin until 2 w prior to the study.

The sleep profile of insomnia participants in comparison 
to controls was consistent with previous studies. Compared 
to good sleeping controls, insomnia subjects exhibited sig-
nificantly greater wake after sleep onset (WASO, P = 0.004) 
and lower sleep efficiency (P = 0.005). The proportion 
of total sleep time (TST) spent in stage N1 was higher for 
the insomnia group, although it failed to reach significance 
(P = 0.054). No other between-group significant differences 
were observed (Table 1). Due to technical difficulties during 
the start of two studies (one in each group), statistics for TST, 
wake after sleep onset (WASO), sleep efficiency (SE), sleep 
onset latency (SOL), and rapid eye movement latency (REML) 
were based on seven subjects in each group. Removal of these 
subjects did not substantially alter the age or sex matching 
because both were females of similar age (25 and 33 y old, 
respectively). Data from sleep diaries collected prior to the 
sleep night also suggested that insomnia subjects had more 
WASO, more awakenings, and greater SOL (Table S1, supple-
mental material).

Table 1—Demographics and sleep architecture confirms insomnia 
profile.

 
 

Insomnia
(n = 8)

Good Sleeper
(n = 8)

t-test
P

Sex (m/f) 2/6 2/6
Age (y) 41.5 (4.7) 41.6 (4.8) 0.986
Age (onset) 32.7 (4.5) –
Duration (y) 8.8 (2.4) –
ISI 18.5 (1.1) –
PSQI 13.3 (1) –
FSS 36.6 (3.6) –
ESS 6.3 (1.5) –
HRSD-17 5.9 (0.6) –

Insomnia-Early 1.5 (0.19) –
Insomnia-Middle 1.38 (0.18) –
Insomnia-Late 1.5 (0.27) –
Somatic-Anxiety 0.13 (0.13) –
Somatic-General 0.25 (0.16) –  

TST (min) a 353.5 (14.2) 379.6 (12.2) 0.186
WASO (min) a 79.4 (11.5) 25.7 (9.6) 0.004
AI (events/h) 12.6 (12.6) 9.9 (3.7) 0.543
SE (%) a 79.3 (2.8) 91.6 (2.2) 0.005
SOL (min) a 13.6 (2.6) 9.7 (3.4) 0.388
N1 (%) 12.6 (2) 7.5 (1.3) 0.054
N2 (%) 63.1 (2.4) 61.1 (3.1) 0.617
N3 (%) 9.7 (2.2) 13.7 (3.4) 0.349
REM (%) 14.6 (14.6) 17.8 (1.7) 0.275
REML (min) a 106.5 (11.4) 102.4 (7.3) 0.768

Wake after sleep onset (WASO) is higher and sleep efficiency (SE, 
TST per time in bed [lights off to lights on]) is lower in the insomnia 
group. Mean values (± standard error of the mean). Bold type indicates 
P values < 0.05. Percentage values for sleep stages are expressed per 
TST. Sleep latency is to Stage 1. a Indicates statistics based on seven 
subjects per group (see text). AI, arousal index; ESS, Epworth Sleepiness 
Scale; FSS, Fatigue Severity Scale; HRSD-17; Hamilton Rating Scale for 
Depression; ISI, Insomnia Severity Index; PSQI, Pittsburgh Sleep Quality 
Index; REM, rapid eye movement; REML, REM onset latency; SE, sleep 
efficiency; SOL, sleep onset latency; TST, time in bed.
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Insomnia Subjects Had More Beta/Low Gamma During NREM 
Sleep than Good Sleeping Controls Globally
During NREM sleep, the insomnia group demonstrated sig-
nificantly greater global EEG power (power spectral density 
averaged across all scalp channels) than good sleeping controls 
in a broad range of frequencies (Figure 1A). Interestingly, only 
slow wave (specifically < 5 Hz) and sigma (spindle) frequen-
cies (specifically 11–16 Hz) were not different between groups 
for average power. When examined topographically, the differ-
ence between groups in the higher frequency bands (> 16 Hz) 
was spatially widespread (Figure 1B, beta and low gamma). 
There were 57 significantly different electrodes in one beta 
cluster (P = 0.02) and 19 channels in a cluster that trended 
toward significance (P = 0.06). The low gamma cluster was 
highly significant and widespread, accounting for 101 chan-
nels (P = 0.004). Notably, there were no significant changes 
in normalized topography for any frequency band (data not 
shown) which would suggest that the generators of different 
EEG rhythms do not differ between groups.

Insomnia Subjects Had More Alpha in Sensory, Premotor, and 
Primary Motor Areas during Deep NREM Sleep Locally
The significantly higher power observed for lower frequencies 
(5–11 Hz, Figure 1A) in the insomnia compared to the control 
group during all-night NREM was not widespread across the 
scalp, but was localized to frontotemporal and occipital re-
gions. The cluster in theta included 14 channels (P = 0.027) 
and the alpha band cluster included 28 channels (Figure 1B, 
P = 0.03). There were also smaller clusters with trend-level sig-
nificance in both theta and alpha.

Given that N3 is (1) typically the most remote from wake-
fulness, with minimal contaminating muscle or eye movement 
activity, and (2) arguably the most homogenous sleep stage, 
being composed primarily of slow waves, we decided to spe-
cifically isolate N3 sleep epochs. When only N3 epochs were 
considered, the significant and spatially widespread group dif-
ferences above 16 Hz were eliminated as can be seen in the 
lack of significant between group difference in the average 
spectral density at those frequencies (Figure 2A, black and 
blue lines). However, a significant between-group difference 
in average spectral density remained for the theta\alpha band 
(6.63–11.33 Hz, Figure 2A, gray significance curve). Topo-
graphically, the significant between group difference in alpha 
became more apparent and involved two clusters of electrodes 
(n = 23, P = 0.034; n = 19, P = 0.038) extending from the left 
frontotemporal region bilaterally across the midline to the 
right fronto-temporal region along with another cluster in the 
left occipital region that reached trend level significance (n = 8, 
P = 0.06, Figure 2B, column 1).

We then selected 5-min of the deepest available continuous 
NREM sleep in all subjects (see Methods) and examined the 
spectral profile and the topography of the selected segments. Of 
the 16 5-min segments selected, 12 were scored as entirely N3 
sleep (six insomnia, six controls). Of the four remaining seg-
ments, the two segments from insomnia subjects both included 
over 3.5 min of staged N3 sleep, whereas the segments from the 
two control subjects included less than 1 min of N3. All but two 
of the segments were taken from the first NREM sleep episode.

Figure 1—Whole night nonrapid eye movement (NREM). (A) Spectral 
density. Top graph is spectral power density average over all artifact free 
epochs during NREM sleep for insomnia subjects and controls. Shaded 
area represents standard error of the mean (SEM). Bottom graph 
shows P values. Insomnia subjects (blue line) show significantly more 
power than good sleeping controls (black line) between 5–11 Hz and 
above 16 Hz. Statistics based on logarithmically normalized data. (B) 
Topography. Spectral power density average across indicated frequency 
bands (SWA/delta: 1–4 Hz; theta: 4–8 Hz; alpha: 8–12 Hz; sigma: 12–15 
Hz; beta: 15–25 Hz; and gamma: 25–40 Hz) for insomnia (left column) 
and control (middle column). Black dots are channels. Color bars are 
independently scaled to show similarity of topography between groups 
with maximum and minimum values shown to the right of each topoplot 
(units µV2/Hz). Right column shows individual channel t-maps. White 
dots indicate significance (P < 0.05) based on statistical nonparametric 
mapping cluster test. Gray dots show trend significance (P < 0.08).
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Figure 2A demonstrates the close correspondence between 
the average spectral density of the segments and that of the 
all-night N3 data for both the insomnia (red and blue lines, 
respectively) and the control groups (green and black lines). 
Moreover, the segmented data also showed a significant dif-
ference in EEG spectral density between groups. This differ-
ence was similar to that observed in the all-night N3 data, but 
was slightly more confined to the alpha range (8.5–11.5 Hz, 
Figure 2A, pink significance curve). A similar agreement be-
tween segment and all night N3 data was observed when alpha 
scalp topography was compared between datasets (Figure 2B). 
Resembling the all-night data, there were two clusters of elec-
trodes (n = 30, 45, P = 0.02, 0.013 respectively—note that only 
41 of these are shown in Figure 2B scalp topography) dem-
onstrating significant between-group difference that extended 
bilaterally from left to right through the central portion of the 
scalp. There was an 84% overlap of significant electrodes be-
tween the all-night and segment data.

We next estimated the cortical sources of this circum-
scribed alpha difference between groups using the contin-
uous data segments. Given our a priori interest in alpha from 
the scalp analysis, we filtered the segments in the alpha band 
(8–12 Hz, Kaiser) before source modeling the data. Source 

estimates for each segment were then averaged across sub-
jects and compared between groups. Figure 3 shows the un-
corrected t-values only for those voxels where the average 
source estimate of the alpha data for the insomnia group was 
significantly higher than that of the control group after the 
statistical nonparametric mapping cluster test (462 voxels, 
cluster P < 0.0406). Intriguingly, although varied, many of 
the areas with the most reliably higher alpha in insomnia sub-
jects were sensory areas (including parts of the visual, audi-
tory, and somatosensory cortices) as well as premotor and 
primary motor areas (Table 2). For comparison, we also ex-
amined the source estimation of high-frequency activity (> 
16 Hz) in the segment data even though it was no longer sig-
nificantly different between groups in the spectral analysis 
(data not shown). No significant differences were observed, 
which confirmed that the localized activity deviation was 
confined to the alpha range.

As an exploratory analysis, we also examined artifact-free 
waking epochs that occurred while subjects were in bed. The 
majority of these epochs for both groups were during WASO 
(insomnia mean 86 ± 1.8%, control 72.8 ± 3.1%, not signifi-
cant). Although there is substantially more wake epochs in 
the insomnia group (361 epochs ± 66 versus 69 ± 15) the 

Figure 2—Deep nonrapid eye movement (NREM) (N3 and continuous 5-min segments). (A) Spectral density. Same as Figure 1A except for only N3 
epochs (blue and black lines). In addition, the data from the 5-min continuous segments are also shown for both the insomnia (red) and good sleeping 
controls (green). Bottom graph shows P values. The significant difference between subject groups for each comparison is similar except more confined to 
alpha for the segment data. (B) Alpha topography during sleep. Same as Figure 1B except only alpha band is shown (8–12 Hz). Left column is the average 
across subjects for only N3 epochs. Right column is the average for the continuous 5-min segment. Again, note similarity between the analysis methods 
(columns) and consistent differences between groups (cluster of white dots) regardless of method.
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results were similar when the same minimum number of ep-
ochs were used between groups. Alpha in the Wake during 
time in bed for both groups showed the predominant occipital 
alpha peak as would be expected during relaxed wakefulness 
(Figure S1A, supplemental material, right column). When 
compared to good sleeping controls, the insomnia subjects 
exhibited two temporoparietal areas of higher regional alpha 
activity (n = 17, P = 0.004; n = 12, P = 0.008). In addition, 
insomnia subjects also had more global theta activity than 
good sleeper controls during waking time in bed. No other 
frequency bands showed significant differences between in-
somnia and control groups. In order to determine how this 
waking alpha related to alpha during sleep, we estimated 
the peak alpha frequency (see Methods) in the four channels 
across the midline between Pz and Oz (channels 109, 118, 127, 
and 140) that exhibited the most alpha activity for both groups 
as well as calculated the amplitude of this peak as a measure 
of alpha power. Figure S1B suggests that the alpha frequency 
is more consistent in the insomnia group and the peaks are 
higher amplitude. When examining the correlations of the 
alpha peak amplitude with alpha power during sleep, there 
was a correlation between BA19 (Associate Visual Cortex, 
P = 0.032) one of the significant areas where alpha power 
during sleep was greater than controls but the correlation 
was not significant with BA6 (Premotor/Supplemental Motor 
Area, P = 0.1), another one of these areas. The relationship 
with these areas of alpha activity during sleep appeared to 
have been largely driven by the insomnia group as the waking 
alpha peak correlations were at trend level significance when 
only the insomnia subjects were considered (P = 0.07 and 
P = 0.056). The correlation dropped dramatically when the 

control group was examined independently. No correlation 
existed between alpha peak frequency and any of the areas of 
alpha during wake or sleep.

The persistence of lower frequency activity differences 
between the insomnia and control groups during waking and 
N3, along with the consistency of elevated power above 16 Hz 
when considering all NREM together (composed primarily 
of N2) suggested that there might be a group*stage interac-
tion in terms of EEG power for different frequency ranges. 
However, when evaluating the effects of sleep stage on global 
power, independent mixed ANOVAs run for each frequency 
band (Group: insomnia, control; Stage: wake, N1, N2, N3) sur-
prisingly demonstrated significant main effects of Group and 
Stage for all bands (group F > 4.72 P ≤ 0.047 stage F ≥ 4.43, 
P ≤ 0.039) but no interactions. The power spectral densities for 
all stage comparisons are plotted in Figure 4.

DISCUSSION
In this study, we examined the sleep hdEEG of subjects in 
whom insomnia was diagnosed compared to good sleeping 
controls. We found that insomnia subjects had a global in-
crease in high-frequency EEG activity (> 16 Hz) combined 
with a more circumscribed difference in theta (4–8 Hz) and 
alpha (8–12 Hz) power bands compared to good sleeping con-
trols. When deep NREM sleep (N3) was examined, the high-
frequency difference between groups diminished, whereas the 
higher regional alpha activity in insomnia subjects persisted. 
Furthermore, source imaging analysis demonstrated that sen-
sory and sensorimotor cortical areas consistently exhibited 
elevated levels of alpha activity during deep NREM sleep in 
insomnia subjects relative to good sleeping controls.

Figure 3—Locally increased alpha in sensory and motor areas for insomnia compared to good sleeping control subjects during deep nonrapid eye 
movement (NREM) sleep. Inflated cortical map showing the T-values of the areas that were significantly different (P < 0.05) between insomnia and 
good sleeping control subjects using a statistical nonparametric mapping cluster test. Functional areas that are most significantly different include visual 
(Brodmann areas 18, 19), somatosensory (2, 3, 7, and 40) areas, motor (4) and premotor (6) areas. Auditory and language areas (22, 40) also show 
increases.
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The spectral density profile we observed during NREM—
significantly higher power in the beta/low gamma range and 
less robust difference in the theta/alpha range—was consistent 
with data from previous limited channel studies (see the study 
by Buysse et al.20), especially given the larger proportion of 
females within our matched groups. Higher beta/low gamma 
in the insomnia group was more obvious in sleep stages N1 
and N2 (Figure 4) similar to previously reported findings,19,25 
although we found a less robust difference in sigma across all 
stages in contrast to findings elsewhere.19 The contrasting find-
ings could be related to our small sample size, but it is also 
important to keep in mind that although these spectral find-
ings are easiest to compare to other studies, the average power 
across all channels is a global measure and cannot always 
easily be compared to single-channel analyses.

More directly related to the focus of the current study, the 
whole night topographic analysis indicated that the change in 
beta/low gamma observed during NREM sleep in the global 
spectral analysis was relatively ubiquitous across the scalp, 
potentially affecting many different brain areas in the tran-
sition from wake toward sleep. The absolute and relative to-
pography of slow waves and spindles, the waveforms most 

commonly associated with NREM sleep, were not different. 
Moreover, there were no significant differences in relative 
topography for any frequency band in any of our contrasting 
conditions, thus suggesting that the main sources of sleep re-
lated EEG activity were not different between insomnia and 
control subjects. Overall, these results are thus consistent with 
the idea of cortical arousal during sleep in insomnia. On the 
background of sleep specific waveforms rides high-frequency 
activity typically associated with wakefulness that may dis-
rupt an insomnia patient’s ability to achieve periods of deep 
and restorative slow wave sleep. Nonetheless, the utility of this 
interpretation and whether the heightened high frequency ac-
tivity seen during NREM sleep relative to controls is unique to 
insomnia is still a matter of substantial debate that will require 
further investigation.

Alpha-Delta Sleep Revisited
As NREM sleep deepened, however, the influence of global 
high-frequency EEG power seemed to diminish in our sample. 
Indeed, the most intriguing and novel finding reported here 
is the regionally specific elevation in alpha EEG activity that 
occurred prominently during the deepest NREM sleep in in-
somnia subjects compared to controls. The disappearance of 
alpha activity is well known as the quintessential marker of 
the transition into sleep (stage N1). However, although first 
described over 40 y ago, the reappearance of alpha during 
slow wave sleep, so-called alpha-delta sleep, is still poorly un-
derstood. Alpha-delta sleep has been associated with chronic 
pain (i.e., fibromyalgia), chronic fatigue, and more generally 
with conditions involving nonrestorative sleep, including in-
somnia,23,63,64 and was recently reported to be a harbinger of 
future arousal.65 However, it has also been argued that the pres-
ence of alpha activity is not sufficient to produce nonrestor-
ative sleep.66,67 Here, we describe higher alpha activity in a 
group of insomnia subjects that were neither included nor ex-
cluded from the study for the presence of alpha activity occur-
ring during sleep. When this group was compared to age- and 
sex-matched good sleeping controls for average spectral den-
sity during N3 sleep, they nonetheless exhibited significantly 
more alpha activity. Although strong enough to show up in the 
global average, it was apparent that the between-group differ-
ence observed in alpha power had a specific scalp topography, 
suggesting that not all cortical areas were equally affected. 
The use of hdEEG allowed us to examine the cortical source of 
this between-group discrepancy. Source imaging revealed that 
the areas where alpha activity in insomnia was most reliably 
elevated during deep NREM sleep when compared to good 
sleeping controls were cortical areas that included several sen-
sory domains as well as sensorimotor/motor areas.

Evidence for Local Sleep Dysregulation?
It is tempting to suggest that in insomnia subjects, sensory 
areas that should have been asleep, like the rest of the brain, 
instead showed classic signs of wakefulness.35 Extending this 
interpretation, one might argue that higher frequency activity, 
thought to represent cognitive processing,50,68,69 actually per-
sists into early NREM sleep, whereas only the lower frequency 
oscillations similar to alpha, representing rudimentary sensory 

Table 2—Significant dipoles ranked by average t-value.

t
Functional Area BA BA% Sum Ave

Associative visual 19 41% 131 2.7
Secondary visual 18 31% 66 2.6
Primary motor 4 26% 25 2.5
dlPFC 9,46 19% 59 2.5
Premotor \ SMA 6 60% 258 2.4
Frontal eye fields 8 30% 54 2.4
Angular 39 19% 32 2.4
Somatosensory association 7 27% 92 2.4
Primary gustatory 43 27% 7 2.3
dPCC 31 57% 97 2.3
Primary somatosensory 2,3 27% 28 2.3
Fusiform 37 6% 14 2.3
Insular 13 18% 39 2.3
Pars opercularis 44 9% 5 2.3
vACC 24 70% 84 2.3
dACC 32 10% 11 2.2
Supramarginal 40 2% 7 2.2
Inferior frontal 45 8% 4 2.2
vPCC 23 31% 11 2.2
Superior temporal 22 3% 7 2.2
ACC 33 25% 2 2.2
Retrosplenial 29 7% 2 2.2

ACC, anterior cingulate cortex; ave t, average t-value over significant 
dipoles for those areas; BA, Brodmann area assigned to dipoles; BA%, % 
of significant dipoles relative to the entire BA; dACC, dorsal anterior 
cingulate cortex; dlPFC, dorsal lateral prefrontal cortex; dPCC, dorsal 
posterior cingulate cortex; SMA, supplementary motor area; sum 
t, cumulative t-value over all the significant dipoles; vACC, ventral 
anterior cingulate cortex; vPCC, ventral posterior cingulate cortex.
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perception and/or startle, occur during deep slow wave sleep. 
Although intriguing, such conclusions are premature at this 
point. It is not entirely clear that the alpha activity observed 
during sleep is the same as that which is characteristic of 
relaxed wakefulness. Although our exploratory analysis 
provided some evidence for a relationship between alpha in 
different states, the topography of alpha during NREM sleep, 
with a frontocentral maximum (Figure 2B), is decidedly un-
like the dominant occipital alpha hotspot seen in wakefulness 
(Figure S1). Therefore, it is likely that the main generators as 
well as the functions of the alpha rhythm are different between 

states.67	 Regardless of the exact functional implications of the 
activity these sensory and motor areas were exhibiting during 
sleep in insomnia patients, it was clearly different from that 
observed in good sleeping controls. Whether this means these 
areas were maintaining a connection with the environment, 
lowering the threshold for outside stimuli to lighten sleep, or 
whether it means they were continuing in an activity mode 
that makes sleep ultimately non-restorative, will undoubt-
edly need to be tested. Intriguingly, evidence from both func-
tional magnetic resonance imaging and EEG event-related 
potential studies have suggested that enhanced sensory-motor 

Figure 4—EEG spectral density by stage. Power spectral density and P values categorized by sleep stage. Shaded area represents standard error of the 
mean (SEM). Statistics based on logarithmically normalized data. Wake stage is composed mostly of wake after sleep onset. EEG, electroencephalography.
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processing may persist into sleep due to maintained activation 
and/or diminished inhibitory control in insomnia subjects.70–72 
Our study suggests that this altered sensory motor activity may 
persist even into the deepest stages of NREM sleep and pro-
vides compelling evidence for a recently hypothesized model 
of localized sleep dysregulation in insomnia.35

Study Limitations
Because this was a pilot study with a limited number of sub-
jects, these results may not necessarily be generalizable to all 
patients with chronic insomnia. In addition, the fact that sleep 
EEG data from control subjects was acquired under separate 
protocols meant that differences in the presleep tasks or some 
other unknown differences between studies could have con-
tributed to our findings. Moreover, the studies did not use 
identical questionnaires or assessments, so insomnia and con-
trol subjects could not be directly compared on all relevant 
measures.

Another potential limitation of this study is the role of pain. 
Indeed, given the association of alpha-delta sleep and pain73,74 
and our unanticipated finding of increased local alpha during 
deep sleep, the lack of extensive group profiling on acute and 
chronic pain is unfortunate. However, it is noteworthy that 
none of the patients received a pain disorder diagnosis or was 
being treated for chronic pain. Other potential caveats include 
the lack of actigraphy monitoring in participants to confirm 
sleep history prior to the EEG recordings as well as the single-
night recording design of this pilot study, which did not allow 
controlling for potential first-night effects. Given that prior 
literature suggests that such effects may or may not be mini-
mized with spectral analysis approaches,75,76 future studies 
would benefit from at least 2 nights of recordings. Furthermore, 
while groups were age- and sex-matched in this study, poten-
tial differences in the effects between men and women also 
limit the generalizability of these results.20 Because the small 
sample size here does not allow for appropriate evaluation of 
sex effects, future studies would benefit from incorporating 
this consideration into the study design. Finally, we did not 
have a well enough controlled experimental design to examine 
the time course of waking EEG to determine how presleep 
alpha activity compares to alpha seen during sleep.

Conclusion and Future Directions
Despite these limitations, we believe these results highlight the 
importance of examining local sleep-wake dysregulation in 
specific brain regions using high-density EEG. Only one other 
study appears to have evaluated the topographical distribution 
of high-frequency activity in chronic insomnia during NREM 
sleep and their main focus was on the transition to sleep.77 Fu-
ture studies assessing a larger number of insomnia patients with 
varied clinical symptoms (e.g., sleep onset versus maintenance 
insomnia, paradoxical insomnia, etc.), as well as other medical 
and psychiatric comorbidities, will be required to determine 
whether these local changes in brain activity during sleep 
are specific to certain patient populations or reflect a shared 
neurobiologic finding in insomnia. Moreover, performing ex-
perimental manipulations in healthy individuals (i.e., serial 
nocturnal awakenings)60,65,78 while monitoring the activity of 

these areas during the transitions between wakefulness and 
sleep could help reveal their contribution to the spontaneous 
awakenings occurring in individuals with sleep disturbances 
as well as determine the extent to which these brain areas are 
involved in local wakefulness. A similar approach could also 
be utilized in studies employing pharmacological compounds 
aimed to reduce sleep fragmentation in insomniac patients. Al-
together, these approaches, combined with other neuroimaging 
techniques, will hopefully continue to shed a brighter light on 
the neurobiological basis of insomnia.
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