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SUMMARY

Insomnia disorder (ID) has become the second-most common mental disorder. Despite burgeoning
evidence for increased high-frequency electroencephalography (EEG) activity and cortical hyperarousal
in ID, the detailed spectral features of this disorder during wakefulness and different sleep stages remain
unclear. Therefore, we adopted a meta-analytic approach to systematically assess existing evidence on
EEG spectral features in ID. Hedges's g was calculated by 148 effect sizes from 24 studies involving 977
participants. Our results demonstrate that, throughout wakefulness and sleep, patients with ID exhibited
increased beta band power, although such increases sometimes extended into neighboring frequency
bands. Patients with ID also exhibited increased theta and gamma power during wakefulness, as well as
increased alpha and sigma power during rapid eye movement (REM) sleep. In addition, ID was associated
with decreased delta power and increased theta, alpha, and sigma power during NREM sleep. The EEG
measures of absolute and relative power have similar sensitivity in detecting spectral features of ID
during wakefulness and REM sleep; however, relative power appeared to be a more sensitive biomarker
during NREM sleep. Our study is the first statistics-based review to quantify EEG power spectra across
stages of sleep and wakefulness in patients with ID.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

negative impact on daytime cognitive functions such as alertness,
memory, attention, and executive function [3,4]. In addition,

Insomnia disorder (ID) is defined as a persistent difficulty with
initiating and/or maintaining sleep, and/or waking up earlier than
desired [1]. ID has become the second-most common mental dis-
order: approximately one-third of adults in general population
experience at least one symptom of insomnia, with about 10%
meeting the diagnostic criteria for ID [1,2]. Insomnia exerts a
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insomnia is a risk factor for other disorders, including cardiovas-
cular disease [5], dementia [6], and various mental disorders [7].
Given the detrimental effects of insomnia on daytime functioning
and health, studies designed to uncover the pathophysiological
mechanisms underlying ID remain imperative.

The necessity of quantitative EEG measures in ID

Unlike other sleep disorders, clinical diagnoses of ID are
currently based strictly on subjective reporting during clinical
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List of abbreviations

Cl confidence intervals

DSM diagnostic and statistical manual of mental
disorders

EEG electroencephalography

HC healthy control

ICD international classification of diseases

ICSD international classification of sleep disorders

ID insomnia disorder

NM not mentioned

NREM non-rapid eye movement

0| objective insomnia

PSG polysomnography

REM rapid eye movement

SI subjective insomnia

SMI sleep maintenance insomnia

SOl sleep onset insomnia

\W wakefulness

interviews or on responses to self-report questionnaires. Subjective
reports are often inconsistent with objective measures derived
from actigraphy or polysomnography (PSG). This discrepancy has
even led to the proposal of an insomnia subtype with various
amounts of so-called “paradoxical insomnia”, which is character-
ized by experiencing sleep as wakefulness [8]. Therefore, some
researchers have recommended using a combination of subjective
and objective measures in the clinical diagnosis and assessment of
ID [9,10].

Although PSG has been considered as the “gold standard” for the
objective assessment of sleep disorder, it is not considered neces-
sary for a clinical diagnosis of ID, and has been recommended for
research purposes only. Several factors may explain why traditional
PSG measures are not widely accepted as objective indicators of
insomnia. First, variations in sleep macrostructure may reflect large
individual differences among patients with insomnia. Such indi-
vidual differences may be related to genetic influences, stress
reactivity, and personality traits [11,12]. Future studies may wish to
evaluate whether PSG features are more consistent within newly
discovered insomnia subtypes based on these characteristics [13].
Second, sleep staging derived from visual scoring of PSG or elec-
troencephalography (EEG) data provides only a relatively crude
measure of sleep quality. This method classifies sequential epochs
(30 s) into four sleep stages, with a temporal resolution lower than
that of quantitative EEG measures. Third, traditional PSG parame-
ters exhibit lower night-to-night stability than quantitative EEG
measures [14].

Previous research has employed many detailed methods to
quantify differences between patients with ID and controls in EEG
data during wakefulness and sleep [15—17]. The most common
quantitative method employed in sleep studies is spectral analysis,
which decomposes a time series of EEG data into power (squared
amplitude) in frequency bins (uV2/bin) [18]. The power can be
expressed either as absolute or as relative to the summed power in
all bins. When compared with traditional parameters of PSG
macrostructure, spectral analysis provides a more continuous
measure of each frequency bin, which may yield a more sensitive
biomarker for distinguishing between patients with ID and those
with healthy sleep patterns.
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Current studies of EEG power spectra in ID

Over the last few decades, a substantial body of research has
focused on the spectral analysis of sleep microstructure in patients
with insomnia [9,10,19,20]. Some researchers have proposed that
spectral analysis may represent an objective method for examining
the pathophysiological mechanisms underlying insomnia [9,10].
Previous studies have compared EEG spectral features during rest-
state wakefulness, sleep-onset, non-rapid eye movement (NREM)
sleep between patients with insomnia and good sleepers. Most
such studies have reported that ID is associated with significantly
increased EEG activity in high-frequency bands (beta/gamma)
during these periods [21—26], which may reflect cortical hyper-
arousal [19,27]. However, several other studies have yielded con-
tradictory results [28—33]. For example, Wu and colleagues failed
to observe significant differences in waking or NREM spectral po-
wer between the insomnia and healthy control (HC) groups [29].
Therefore, it remains unclear whether chronic insomnia is associ-
ated with consistent increases in the activity of high-frequency
bands, and whether such increases occur specifically in the beta
and/or gamma bands or spread to broader frequency bands.

Some narrative reviews have also summarized the results of EEG
spectral analysis in patients with ID. A 2001 literature review of
seven spectral studies by Perlis and colleagues concluded that beta
EEG activity at/around sleep onset and during NREM sleep is
increased in patients with ID [19]. Other reviews have reported
similar conclusions [9,10,20]. However, these narrative reviews
have some limitations. First, narrative reviews tend to compare the
number of statistically significant and non-significant studies. This
“vote-counting” process may result in misleading conclusions [34].
Second, narrative reviews do not include a quality assessment for
each included study, which is indispensable for literature reviews.
Third, several studies with larger sample sizes have been published
since 2013. Including these studies will provide a more convincing
result.

Meta-analysis has a clear set of rules: to search for relevant
studies, to include and exclude studies from the analysis as
appropriate, and to statistically synthesize data across the included
studies. However, to date, no meta-analytic study has examined the
impact of insomnia on EEG power spectra. Therefore, the present
study aimed to provide an objective and statistics-based assess-
ment of EEG power spectra in patients with ID using meta-analytic
methods.

The present study

As previously mentioned, there are no objective measures to aid
in the clinical diagnosis of ID. In the present study, we adopted a
meta-analytic approach to systematically assess existing evidence
related to the impact of ID on EEG spectral features, which may aid
in the development of more objective measures. We expected to
confirm and better delineate the conclusions regarding enhanced
high-frequency power offered in previous narrative reviews.
Importantly, previous reviews have failed to address methodolog-
ical aspects of EEG spectral features, such as whether absolute or
relative spectra are more appropriate. We therefore compared the
sensitivity of absolute and relative power in detecting spectral
features characterizing ID. Moreover, while resting-state EEG is
now more commonly performed in patients with psychosomatic
disorders [35,36], the extent to which spectral deviations in
insomnia are similar during resting-state wakefulness and sleep
states remains to be determined. We hypothesized that patients
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with ID would exhibit continuously increased EEG activity in a
broad range of high-frequency bands during both wakefulness and
sleep.

Methods
Data sources and search strategy

We conducted this meta-analysis and systematic review in
accordance with the recommendations of the preferred reporting
items for systematic reviews and meta-analyses (PRISMA) guide-
lines (http://prisma-statement.org/) (Supplementary Materials,
Appendix 1). Published articles were identified via searches of
the PubMed, Web of Science, EBSCO, ScienceDirect, PsycInfo, Psy-
cArticle, Wiley, Springer, and Google Scholar databases. We
searched for potentially relevant studies published between
January 1st, 1980, and December 31st, 2019. The combinations of
the following search terms were used in our research: For
insomnia, we used terms including “insomnia”, “sleep disorder”,
“sleep disturbance”, and “poor sleep”; for spectral analysis, we used
terms including “quantitative EEG”, “quantitative electroencepha-
logram”, “qEEG”, “spectral”, and “power”; for EEG activity, we used
terms including “electroencephalography”, “electroencephalo-
gram”, “EEG”, and “PSG”. PubMed, Web of Science, and EBSCO
search engines were first employed using combinations of the
above keywords (Supplementary Materials, appendix 2). In addi-
tion, we manually screened the reference lists of previous reviews
and all retrieved articles to ensure that no relevant studies were
omitted.

Study selection

The inclusion criteria for the studies identified from the litera-
ture search were as follows: 1) published in a peer-reviewed
journal and written in English or Chinese; 2) case—control
design; 3) the sampled population was diagnosed using struc-
tured or semi-structured clinical interview in accordance with in-
ternational classification of diseases (ICD), international
classification of sleep disorders (ICSD), or diagnostic and statistical,
manual of mental disorders (DSM); 4) outcomes included at least
one between-group comparison of the spectral power of six com-
mon frequency bands (delta, theta, alpha, sigma, beta, gamma); 5)
the statistical information reported by the studies would allow for
the calculation of effect size. We contacted corresponding authors
to request further information when reported results were insuf-
ficient for calculating an effect size.

Following the initial inclusion criteria, studies were excluded
from our analysis under the following conditions: 1) focus on co-
morbid medical, psychiatric, or sleep disorders other than
insomnia; 2) focus on children, adolescents, or older adults with
insomnia (age <18 or >65 y); 3) lack of a corresponding control
group; 4) re-analysis of a subset of the original sample of another
included study.

Quality assessment

The quality of the studies included in the current meta-analysis
was assessed by two independent raters (W. Zhao and X. Chen)
using the Joanna Briggs Institute (JBI) critical appraisal checklist for
case control studies [37]. We extended the checklist with an
additional item (item 11) addressing the clear reporting of EEG
acquisition conditions (Supplementary Materials, Appendix 3) [38].
These items can be roughly classified into six categories: sample
selection (items one—three), exposure measurement (items four,
five, and nine), confounding factors (items six and seven), outcome
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assessment (item eight), statistical analysis (item 10), and EEG
acquisition (item 11). Given that we primarily extracted means and
standard deviations from the included studies, items related to
sample selection, exposure measurement, and EEG acquisition
were considered highly valuable. Therefore, the quality criterion for
inclusion was set to at least five “yes” responses in total, consisting
of at least one “yes” response for items one—three, at least two
“yes” responses for items four—eight, and one “yes” response for
item 11. In the case of a discrepancy between the two raters, a
consensus was reached after discussion with another author (X.
Lei). Cohen's Kappa was used to calculate interrater reliability.

Data extraction

Two of the authors (W. Zhao and X. Lei) determined whether the
studies should be included based on the inclusion and exclusion
criteria. The characteristics of the included studies were manually
extracted by the first author (W. Zhao). See Table 1 for detailed
information regarding these studies.

Data related to between-group comparisons of EEG frequency
bands during resting-state wakefulness, NREM, or REM sleep were
extracted and coded for synthesis and analysis. The current meta-
analysis was interested in the six common EEG bands: delta,
theta, alpha, sigma, beta, and gamma [39,40]. Because of the
inconsistent and controversial subdivision in frequency bands
across these included studies, we extracted outcomes simply based
on semantic categories of rhythm name (i.e., delta, theta, alpha,
sigma, beta, gamma). For example, if one study reported a delta
range of 0.5—3.75 Hz, while another study reported a delta range of
0.5—3.5 Hz or 0.1-4 Hz, we synthesized the data even though it
reduced the precision of the range of the frequency band. See
Table 1 for more information related to the specific frequency
ranges for each study.

Data synthesis and analysis

All analyses were conducted using Comprehensive Meta-
Analysis (CMA version 3.0) software (https://www.meta-analysis.
comy/). Effect sizes and 95% confidence intervals (CIs) were calcu-
lated for between-group comparisons of EEG activity in each fre-
quency band during wakefulness or sleep. Effect sizes were
determined based on Hedges's g, which is a measure of standard-
ized mean difference similar to Cohen's d. However, Hedges's g is
associated with lower levels of bias than Cohen's d even at smaller
sample sizes [41]. Hedges's g was calculated as the quotient of the
spectral difference between the mean of the ID group against the
mean of HC group, divided by the pooled weight standard deviation
incorporating Bessel's correction:

_ Mip — Myc

g
sD pooled

where u;p and uyc denote the mean values of the ID and HC groups,
respectively. SD,q0¢ denotes the pooled weighted standard devi-

ation, which was computed as follows:

sp. . [(mp = 1)SDf, + (npc — 1)SDfic
pooled np + Npe — 2

where njp and nyc refer to the numbers of participants in the ID and
HC groups, respectively. SD;p and SDy refer to the standard devi-
ation of the ID and HC groups, respectively. Effect sizes of 0.2, 0.5,
and 0.8 are interpreted as small, medium and large, respectively
[42]. If the included studies lacked the above statistics, Hedges's g
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Table 1

Study characteristics of included studies in the meta-analysis.

Author (y) N and gender  Mean age (y) Insomnia diagnosis Insomnia disorder Insomnia Hypnotic medication  Analyzed EEG EEG frequency bands Measures Targeted
Location (ID/HC) (ID/HC) and its subtypes duration (y) status channel period
Jacobs et al., 12(7F)[14(9F) ID:37.8 +9.1 clinical interview  sleep onset insomnia 11 + 5.9 medication free standard electrode & (0.5—3.75 Hz); relative power W
1993 [57] HC: 369 + 7.4 (DSM 1II-R) placements as 0 (4-7.75 Hz);
USA described 0. (8—12.75 Hz);
by Rechtschaffen B (13—31 Hz)
and Kales (1968)

Regestein et al., 20(15F)/20(12F) ID: 37 + 11 sleep primary insomnia 0.5-32 (Mean NM 01; 02; linked o (8—12 Hz); absolute power W
1993 [52] HC: 31+ 11 questionnaires and 13.6) earlobe electrodes non-o

USA clinical interview

Mericaetal,  20(12F)/19(10F) ID: 30.2 + 10.9 clinical interview  psychophysiological NM ten day drug-free (13  F4-Cz 8 (0.5—-3.75 Hz); absolute power NREM/REM
1998 [58] HC: 253 + 4 & idiopathic no drugs; seven 0 (3.75—6.75 Hz);

Switzerland insomnia moderate doses of o (6.75—12.5 Hz);

benzodiazepine) 6 (12.5-14.75 Hz);
B (14.75—-30 Hz)

Perlis et al., 9(6F)/9(6F) ID: 36.5 + 10.8 Sleep primary insomnia >0.5 medication free within (C3/A2+C4/A1)/2 3 (0.5—2.5 Hz); relative power W/NREM/
2001a & HC: 38.1 + 11.2 questionnaires and 4 wk of laboratory 0 (2.5—7.5Hz); REM
2001b clinical interview study 0. (7.5—12 Hz);

[21,22] 6 (12—14 Hz);

USA B1 (14—20 Hz);

B2 (20—35 Hz);
v (35—45 Hz)

Krystal et al,  30(19F)/20(12F) ID (SI): 56.1 + 11.7  clinical interview  persistent primary SI:112.6 +7.8; NM C3-A2 8 (0.5-3.5 Hz); relative power NREM/REM
2002 [45] ID (OI): 54.3 + 9.9 insomnia (subjective 0I:16.3 + 14.4 6 (4—8 Hz);

USA HC: 53.5+ 104 insomnia & objective 0. (8.5—12 Hz);

insomnia) o (12.5-16 Hz);
B (16.5—30 Hz);
v (30.5—60 Hz)

Bastien et al,  15(7F)/16(7F) ID: 634 +5.4 clinical interview  insomnia suffers 246 +£194 3 mo washout period C3-A2 3 (0—3.9 Hz); absolute power NREM
2003 [28] HC: 63.1 + 6.32 (DSM-1V) 0 (3.9—7.02 Hz);

Canada 0. (7.02—11.7 Hz);
6 (11.7-14.04 Hz);
B1(14.04—21.84 Hz);
B2 (21.84—30.03 Hz)

Buysse et al., 48(29F)/25(15F) ID: 30.8 + 7.2 clinical interview  primary insomnia NM medications free bilateral central 9 (0.5—4 Hz); absolute power NREM
2008 [44] HC: 306 + 7.4 (DSM-1V) EEG leads 0 (4—8 Hz);

USA referenced to o (8—12 Hz);

A1+A2 o (12—16 Hz);
B (16—32 Hz);
v (32—50 Hz)

Corsi-Cabrera  10(4F)/10(5F)  ID: 25.9 + 4.3 sleep primary insomnia 0.52 + 0.34 medication free Fpl, F7,F3and Fz B (17—30 Hz); absolute power W/NREM
et al., 2012 HC: 25.6 + 4.6 questionnaires and v (31—45 Hz)
[53] clinical interview

Mexico

Israel et al., 54(30F)/22(19F) ID: 34.6 + 9.7 clinical interview  primary insomnia NM medication free C3 and C4 9 (0.5—4 Hz); relative power NREM
2012 [14] HC: 265 + 7.3 (DSM-1V) referenced to 0 (4—8 Hz);

USA linked mastoids o (8—12 Hz);

(A1-A2) o (12—16 Hz);
B (16—32 Hz)

Spiegelhalder ~ 25(16F)/29(18F) ID: 47.8 + 7.2 clinical interview  primary insomnia 129+ 103 2 wk washout period  C3-A2 81 (0.1-1 Hz); absolute power NREM/REM
et al., 2012 HC: 46.5 + 5.0 (DSM-IV-TR) 82 (1-3.5 Hz);
[24] 0 (3.5—8 Hz);

Germany o (8—12 Hz);

o (12—16 Hz);

B1(16—24 Hz);
B2 (24—32 Hz);
¥ (32—48 Hz)
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Wu et al,, 2013 50(25F)/32(19F) ID: 36.3 = 8.9

[29]
USA

Cervena et al.,
2014 [30]
Switzerland

Chen et al,,
2014 [31]
USA

Ferrietal., 2014
[54]
Italy

Neu et al, 2015
[55]
Belgium

Perrier et al.,
2015 [56]
France

Colombo et al.,
2016 [25]
Netherland

de Zambotti
etal, 2016
[59]

USA

Riedner et al.,
2016 [26]
USA

Kang et al.,
2018 [32]
USA

20(7F)/10(5F)

17(17F)[17(17F)

11(6F)[14(7F)

15(10F)[22(16F)

14(9F)/10(6F)

51(42F)/43(32F)

22F/18F

8(6F)/8(6F)

19(14F)/23(15F)

HC: 32.7 £+ 93

ID (SOI): 34.2 + 10.4
ID (SMI): 41.6 + 9.3
HC: 414 + 13.1

ID: 27.16 + 6.67
HC: 27.56 + 6.83

ID: 58.9 + 134
HC: 50.3 + 15.83

ID: 40.87 + 10.9
HC: 3845 + 14.2

ID: 47 + 17
HC: 46 + 15

ID: 50.0 + 134
HC: 46.1 + 149

ID: 504 + 3.2

HC: 48.5 + 23

ID: 41.5 + 4.7
HC: 41.6 + 4.8

ID: 37.6 + 14.9
HC: 33.5 + 142

clinical interview
(DSM-1V)

clinical interview
(DSM-1V)

clinical interview
(DSM-IV-TR &
ICSD-2)

clinical interview
(DSM-IV-TR)

clinical interview
(DSM-1V)

clinical interview
(DSM-1V)

sleep
questionnaires and
clinical interview
(DSM-V)

clinical interview
(DSM-1V)

clinical interview
(DSM-1V)

sleep
questionnaires and
clinical interview
(DSM-1V)

primary insomnia

primary insomnia
(sleep onset &
maintenance
insomnia)

female

insomniacs

primary insomnia

primary insomnia

primary insomnia

insomnia disorder

menopausal

insomnia

chronic insomnia

primary insomnia

<ly:3
1-5yrs: 18
>5yrs: 29

SOI:10.7 + 6.0
SMI:10.7 + 9.3

NM

NM

NM

>0.5

21.98 + 15.16

NM

88+24

>0.5

medication free

3 wk washout period

medication free

3 wk washout period

3 wk washout period

medication free

2 mo washout period

medication free

medication free for the
duration of the study

medication free

C3/C4-A1+A2

C3-A2

Fp1, Fp2, F7, F8,
F3,F4,Fz, C3,C4,P3,
P4, Pz T3, T4, T5, T6,
01, 02 (re-
referenced to
average)

C3/A2 or C4/A1

FP2-A1;
C4-A1;
02-A1

FP1, FP2, C3, C4, 01,
02, T3, T4
(referenced to
linked mastoid A1l
and A2)

256 channels (183
electrodes, re-
referenced to the
common average)
C4-A2

256 channels (170
electrodes, re-
referenced to the
common average)

C3-A2

3 (0.5—4 Hz);

6 (4—8 Hz);

o (8—12 Hz);

¢ (12—16 Hz);
B1(16—20 Hz);
B2 (20—32 Hz)

8 (1-3.75 Hz);

0 (4—7.75 Hz);

o (8—11.75 Hz);

o (12—14.75 Hz);
1 (15-17.75 Hz);
B2 (18—29.75 Hz);
B3 (30—39.75 Hz)
3 (0.5—4 Hz);

0 (4—8 Hz);

o (8—14 Hz);
B1(14—20 Hz);
B2 (20—35 Hz);

v (35—40 Hz)

8 (0.5—3.75 Hz);

0 (4.0—7.75Hz);

o (8—11.5 Hz);

0 (11.75—14.75Hz);
B (15—32 Hz)

3 (0.8—3.9 Hz);

0 (4—7.4 Hz);

o (7.5—12.4 Hz);
0 (12.5—-17.9 Hz);
B (18—25 Hz)

3 (1.5—4 Hz);

0 (4-7.5 Hz);

o (7.5-12.5 Hz);
o (12.5—-14 Hz);

B (14—30 Hz)
upper-o. (11-12.7Hz);
broad B (16.3—40Hz)

absolute power W/NREM

absolute power W

relative power W

absolute power W
& relative
power

relative power NREM

relative power NREM

relative power W

3 (0.3-< 4 Hz); NREM
0 (4-< 8 Hz);

o (8-< 12 Hz);

o (12-< 15 Hz);
B1 (15-< 23 Hz);
2 (23-< 30 Hz)
d (1-4 Hz);

0 (4—8 Hz);

0. (8—12 Hz);

6 (12—15 Hz);

B (15—25 Hz);

Y (25—40 Hz)
SWA (0.5—-1 Hz);
d (1-4 Hz);

0 (4—8 Hz);

o (8—12 Hz);

6 (12—15 Hz);

B (15—20 Hz)

absolute power

absolute power

W/NREM

relative power NREM

(continued on next page)
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was determined using exact t or p values and the corresponding
sample sizes. Similar to previous studies, if the reported outcomes
were significant but no exact p values were provided, one-tailed p
values were assumed to be 0.025. If outcomes were reported as
p < 0.05/0.01, two-tailed p values were assumed to be 0.05/0.01. If
reported results were not significant but no statistical values were
provided to compute the exact p values, we conservatively assumed
a one-tailed p value of 0.50 [43].

When EEG frequency bands were divided into several sub-
bands, we computed the combined mean values and standard de-
viation. For example, Perlis and colleagues divided the beta band
into beta-1 and beta-2 [22]. In this case, the combined mean was
computed as Xcompined = V2 Xpeta1 + Xpetaz)» and the combined
root mean square of the standard deviation was computed as

period
NREM

Targeted
REM

absolute power W
absolute power W/NREM
absolute power W/NREM/
relative power

Measures

EEG frequency bands
B1 (15—25 Hz);

o (8—12 Hz);

6 (12—15 Hz)
B2 (25—30 Hz);
Y (30—40 Hz)
9 (0.1—-3.5 Hz);
0 (3.5—8 Hz);
o (8—12 Hz);

o (12—16 Hz);
B (16—24 Hz);
Y (24—50 Hz)
o (8—12 Hz)

5 (0.5—4 Hz);

0 (4—8 Hz);

o (8—12 Hz);
B1(12—16 Hz);
B2 (16—20 Hz);
B3 (20—32 Hz);

==2 ==2
SDrms = (SDbetal +5Dbeta2)/2

When reported results were broken down into subgroups (e.g.,
female and male insomnia [44]), or insomnia subtypes (e.g., sub-
jective and objective insomnia [45]), a combined mean value was
calculated as the weighted mean (by sample size) across subgroups,
as follows:

FP1, FP2, F7, F3, Fz, 0 (4—8 Hz);

Analyzed EEG
F4, F8, T3, C3, Cz,
C4, T4, T5, P3, Pz,
P4, T6, 01, 02

channel
C3-A2
C3-A2
C4/A1-A2

X oo dfnnxn +n12X12
combinea —
nyp +nqp

In such cases, the combined standard deviation was also
calculated as

1 mo washout period
prior to and during the

Hypnotic medication
study

status
2 wk medication free

NM
NM

T \/(nn1)5D%+<n121)50%2+;::f,;;<>‘<n>‘<12>2
combined = Ny + Nz + 1

where X1, X;; refer to the mean value of subgroups one and two,
SDq1 and SDq; refer to the standard deviations, and ny; and n;,
refer to the sample sizes [46].

We also performed two moderator analyses. We first used this
analysis to compare the summary effects in two types of EEG power
measures: absolute and relative power. In the current meta-analysis,
the term “overall” represents the inclusion of both absolute and
relative power findings. We then performed another moderator
analysis to evaluate the effect of medication status on EEG power
spectra in studies with hypnotic medication and medication free.

Insomnia

duration (y)
M

NM

NM

NM

Psychophysiological

and its subtypes
Insomnia

insomnia disorder

comorbid-free
primary insomnia

questionnaires and insomnia
clinical interview

(DSM-V)

Model selection

Insomnia diagnosis Insomnia disorder

questionnaires and
clinical interview

(ICD-10)
clinical interviews

(ICSD-2)
clinical interview

sleep
sleep
(DSM-1V)

Most meta-analyses are based on fixed- or random-effects
models. Under the fixed-effects model, the within-study variance
(sampling or estimation error) is the only source of uncertainty, and
all factors that could influence the effect size are the same in all
studies. The random-effects model, however, contains an additional
source of uncertainty: between-studies variance. The selection of a
model should be based on the expectation of whether the studies
share a common effect size [47]. The included studies were incon-
sistent with regard to insomnia subtypes, medication status,
analyzed EEG channel, and subdivision of EEG frequency bands,
rendering it a priori unlikely that all studies share a common (true)
effect size. Therefore, the random-effects model was utilized for the
present meta-analysis.

HC: 41.64 + 15.89
HC:36 +9

Mean age (y)
HC: 22.07 + 2.15
HC: 53.7 + 6.9
ID: 44 + 13.27

(ID/HC)
ID: 40 + 7

15(15F)/15(13F) ID: 22.67 + 2.09
19(13F)/19(13F) ID: 43.8 + 15.1

N and gender
11(9F)/11(5F)

(ID/HC)

Heterogeneity

2019 [62]

2019 [61]
Iran

2018 [60]
South Korea
Germany

[33]

Kay et al, 2019 17(11F)/19(9F)
USA

Author (y)
Location
Kwan et al.,
Frase et al.,
Rezaei et al,,

The heterogeneity in the dispersion of effect sizes across studies
was estimated using Q and I2. Q is computed as the weighted sum of

Note: DSM, diagnostic and statistical manual of mental disorders; HC, healthy control; ICD, international Classification of diseases; ICSD, international classification of sleep disorders; ID, insomnia disorder; NM, not mentioned;

NREM, non-rapid eye movement; OI, objective insomnia; REM, rapid eye movement; S, subjective insomnia; SMI, sleep maintenance insomnia; SOI, sleep onset insomnia; W, wakefulness.

Table 1 (continued )



W. Zhao, E,J.W. Van Someren, C. Li et al.

the squared deviations of each study's effect size from the mean
value. A significant Q-value (p < 0.05) indicates heterogeneity in the
dispersion of effect sizes. I indicates the ratio of true heterogeneity
to total variance in the observed effects, ranging from 0% to 100%. I?
values of 25%, 50%, and 75% reflect low, moderate, and high het-
erogeneity, respectively [48]. Significant heterogeneity alerts that
the combined effect sizes are not robust and stable. In addition, the
effect of model choice can also be assessed via heterogeneity
analysis. The random-effects model is more balanced in study
weights and more appropriate than the fixed-effects model if the
heterogeneity of the included studies' effect sizes is larger than the
low threshold of 25%. If heterogeneity in I is larger than 25%, the
random-effects model is preferred.

Publication bias

As previously noted [49], studies with statistically significant
results are more likely to be published than those whose results are
not statistically significant. Even though a meta-analysis will yield a
mathematically based synthesis of the included studies, if these
studies are a biased sample of all relevant studies, then the mean
effect computed by the meta-analysis will reflect this bias. This
issue is generally known as publication bias. In the current study,
publication bias was evaluated via visual inspection of the funnel
plots, Egger's regression test, and Duval and Tweedie's trim- and
fill-method [50,51]. The funnel plot displays the relationship be-
tween sample size and effect size. In the funnel plot, a symmetrical
distribution of effect sizes clustered around the mean effect size
indicates the absence of publication bias. However, the interpre-
tation of a funnel plot is largely subjective, and the visual impres-
sion can be further confirmed by using Egger's regression test. In
this test, Egger's intercept and a 95% CI should be calculated. In-
tercepts that do not significantly differ from zero (p > 0.05) indicate
the absence of publication bias. Moreover, the evidence of publi-
cation bias observed in the funnel plot can also be confirmed by
Duval and Tweedie's trim- and-fill method. In this method, an
iterative procedure is used to trim and fill the distribution of the
studies' effect sizes from the positive side of the funnel plot. This
procedure yields a numeric estimate of the missing negative effect
sizes and the adjusted effect size to remove this bias. In order to
gauge the likely impact of publication bias on all summary effects,
we assessed such bias for all outcomes (148 effect sizes) and in all
frequency bands during wakefulness, NREM sleep, and REM sleep.

Results

After removing duplicate records and then initially screening
titles and abstracts, 45 full-text articles were selected based on the
inclusion and exclusion criteria. Finally, a total of 24 studies (25
citations) met the full inclusion criteria. Among these studies, 13
investigated EEG power during wakefulness, 17 during NREM sleep,
and five during REM sleep (see Fig. 1).

Characteristics of the included studies

Table 1 shows the characteristics of the included studies. As both
studies by Perlis et al. shared the same original sample [21,22], we
regarded them as one study. However, we included both in our
analysis since they reported power spectra during different states
(i.e., during wakefulness and REM sleep [21] and NREM sleep [22]).
The 24 studies involved recruited a total of 977 participants (645
female, 66.02%), including 532 patients with ID (351 female,
65.98%) and 445 good sleepers (294 female, 66.07%). From these
studies, we retrieved 148 effect sizes at six frequency bands during
wakefulness or sleep. The first study was published in 1993 and the
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latest in 2019, with three studies published before 2000 (12.5%),
four studies published between 2000 and 2010 (16.67%), and 17
studies published after 2011 (70.83%). Of the 24 studies, 12 were
conducted in the USA (50%), two in Switzerland, two in Germany,
and one each in other countries (Mexico, Italy, Belgium, France,
Netherland, South Korea, Iran, and Canada).

In all studies, criteria for insomnia diagnosis (DSM/ICD/ICSD)
were ascertained via structured or semi-structured clinical in-
terviews and/or sleep questionnaires. The most common insomnia
subtype was primary insomnia [14,21,22,24,29,30,32,33,44,
45,52—56]. Other subtypes, subgroups, or labels included the
following: sleep-onset insomnia [57], psychophysiological & idio-
pathic insomnia [58], female insomnia [31], menopausal insomnia
[59], comorbid-free insomnia [60], chronic insomnia [26], insomnia
disorder [25,61], and insomnia sufferers [28]. Eleven studies failed
to report insomnia duration in patient groups [14,31,33,44,54,55,
58—62], and the remaining studies, with one exception [53], re-
ported that patients with ID had experienced insomnia for more
than six months. Hypnotic medication status was not mentioned in
four studies [33,45,52,62]. In the remaining studies, patients were
either medication-free or had undergone a washout period of at
least 10 d prior to the study.

Most of the included studies conducted PSG recording in a sleep
laboratory, although ambulatory PSG was performed at home in
four studies [32,45,56,57]. Ten studies conducted at least two
nights of PSG recording, with the first night serving as an adaption
period to control for the first-night effect [14,21,22,28—30,32,33,
44,58,61]. However, in eight studies, only one night of PSG was
performed [24,26,45,53,55,56,59,62]. Of the 13 studies investi-
gating waking EEG power, eight (61.5%) assessed resting-state EEG
data during eyes-closed conditions [29—31,52,54,57,61,62], three
during wakefulness after sleep onset [21,26,53], one during eyes-
open conditions [60], and one during both eyes-open and eyes-
closed conditions [25]. Fourteen studies (58.33%) used the central
EEG leads referenced to A1/A2 for power spectral analysis
[14,21,22,24,28—30,32,33,44,45,54,59,61,62], and one study failed
to clearly report the electrode montage used [57]. The remaining
studies analyzed a mixed number of EEG leads ranging from one to
256. Studies exhibited considerable variability in how frequency
bands were subdivided. Thirteen studies reported absolute EEG
power [24,26,28—30,44,52,53,58—62], 10 studies reported relative
EEG power [14,21,22,25,31-33,45,55—57], and one study reported
both absolute and relative EEG power [54].

Quality assessment

We used the JBI critical appraisal checklist to evaluate the
quality of the included studies. Table S1 shows the risk-of-bias
assessment for the included studies. Almost all studies were
judged to have a low risk of bias in most domains. Three studies
measured insomnia symptoms (exposure, item 5) in a different way
for cases and controls [26,30,52], while one study failed to clearly
report how the groups differed [58]. All patients reported having an
insomnia duration (exposure period, item 9) for greater than six
months, except in 11 studies where the duration of illness was
unclear. Average interrater agreement (k) was 0.85.

Power spectral analysis during wakefulness

To obtain an overall impression of EEG activity during wake-
fulness, we first performed meta-analyses of the aggregated data
across six frequency bands (i.e., data obtained during resting-
state wakefulness with eyes-open and eye-closed conditions,
and waking epochs after sleep onset). As shown in Table 2, pa-
tients with ID exhibited significant and robust increases in the
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Fig. 1. PRISMA flow chart of the study selection process.

overall theta power only (g = 0.317, p = 0.025) when compared
with HCs. Q-tests revealed the differences between absolute and
relative power were not statistical significant across six bands
(Qs = 0519, p = 0.471; Q9 = 1.985, p = 0.159; Q, = 1131,
p = 0.288; Q; = 0.000, p = 1.000; Qs = 0.143, p = 0.705;
Qy = 3.442, p = 0.064). However, separate analyses for absolute
and relative power revealed significant and robust increases in
absolute theta power (g = 0.495, p = 0.009), relative beta power
(g = 0.420, p = 0.023), and absolute gamma power (g = 0.691,
p = 0.012). Although we also found significant increases in

overall alpha power (g = 0.399, p = 0.004), overall beta power
(g = 0.373, p = 0.007), and absolute alpha power (g = 0.523,
p = 0.021), these measures exhibited moderate and high het-
erogeneity in the dispersion of effect sizes [overall alpha power
(Q = 43.859, p = 0.000, F = 77.199), overall beta power
(Q = 20.308, p = 0.041, ¥ = 45.834), and absolute alpha power
(Q=16.902, p = 0.01, P = 64.501)]. Fig. 2 includes the forest plots
with the respective effect size estimates (g) and 95% Cls for in-
dividual studies, illustrating EEG measures of absolute power,
relative power and overall (Fig. 2, red and grey diamonds).



Table 2

Effect sizes, heterogeneity and publication bias on EEG frequency bands during wakefulness, NREM or REM sleep.

Target period Measures Number of Total number of  Total number of  Hedge's g (95% CI) Heterogeneity (Q)  Heterogeneity (I2)  Egger's Studies Adjusted values (95% CI)
and frequency comparisons  subjects (ID) subjects (HC) test (t) Trimmed
Wake_3 absolute power 5 108 83 —0.142 (—0.426, 0.143) 2.367 0 _ _ _
relative power 3 40 45 —0.525 (—1.530, 0.480) 10.461%* 80.882 _ _ _
overall 8 137 114 —0.170 (—0.444, 0.104) 13.732 49.025 1.554 2 —0.354 (—-0.661, —0.047)
Wake_6 absolute power 5 108 83 0.495 (0.123, 0.866)** 5.937 32.629 _ _ _
relative power 3 40 45 0.095 (—0.320, 0.510) 0.485 0 _ _ _
overall 8 137 114 0.317 (0.040, 0.594)* 8.251 15.165 1.359 1 0.296 (0.025, 0.567)
Wake_o. absolute power 7 139 114 0.523 (0.080, 0.966)* 16.902* 64.501 _ _ _
relative power 4 91 88 0.055 (—0.685, 0.795) 16.086** 81.350 _ _ _
overall 11 219 188 0.399 (0.019, 0.779)* 43,859%** 77.199 2.588* 0 _
Wake_c absolute power 4 97 69 —0.421 (—1.278, 0.436) 18.805%x** 84.047 1.218 1 —0.654 (—1.520, 0.212)
Wake_f absolute power 7 133 108 0.315 (—0.089, 0.720) 13.656* 56.063 _ _ _
relative power 5 100 97 0.420 (0.057, 0.784)* 5.930 32.548 _ _ _
overall 12 222 191 0.373 (0.103, 0.644)** 20.308* 45.834 0.454 0 _
Wake_y absolute power 3 42 42 0.691 (0.149, 1.234)* 3.045 34.319 _ _ _
relative power 2 26 26 —0.024 (-0.550, 0.502) 0.014 0 _ _ _
overall 5 68 68 0.323 (-0.055, 0.701) 7.649 47.703 0.807 1 0.236 (—0.254, 0.726)
NREM_J absolute power 8 206 165 —0.097 (—0.386, 0.192) 13.167 46.835 _ _ _
relative power 6 142 102 —0.388 (—0.656, —0.119)** 5338 6.333 _ _ _
overall 14 348 267 —0.253 (—0.450, —0.056)* 21.812 40.400 0.389 0 _
NREM_60 absolute power 8 206 165 0.051 (—0.306, 0.408) 19.716%* 64.496 _ _ _
relative power 6 143 114 0.441 (0.103, 0.780)* 8.609 41.922 _ _ _
overall 14 349 279 0.256 (0.011, 0.502)* 32.939%* 60.534 1.220 4 0.030 (—0.243, 0.302)
NREM_a absolute power 9 217 176 0.078 (—0.246, 0.402) 19.732* 59.457 _ _ _
relative power 7 157 124 0.542 (0.213, 0.871)** 10.531 43.025 _ _ _
overall 16 374 300 0.307 (0.076, 0.538)** 37.720%* 60.233 1.320 4 0.112 (-0.151, 0.376)
NREM_o absolute power 8 206 165 0.169 (—0.073, 0.411) 9.407 25.584 _ _ _
relative power 6 140 105 0.533 (0.166, 0.900)** 9.363 46.601 _ _ _
overall 14 346 270 0.280 (0.078, 0.481)** 22.413* 41.997 0.622 0 _
NREM_ absolute power 9 206 165 0.477 (0.232, 0.722)*** 11.209 28.627 _ _ _
relative power 7 167 134 0.477 (0.236, 0.719)*** 5.869 0 _ _ _
overall 16 373 299 0.477 (0.305, 0.649)*+** 17.089 12.222 1.813 1 0.451 (0.271, 0.631)
NREM_y absolute power 4 100 71 0.687 (0.121, 1.252)* 9.368* 67.976 _ _ _
relative power 2 39 29 0.360 (—0.354, 1.073) 1.874 46.630 _ _ _
overall 6 139 100 0.561 (0.118, 1.004)* 12.193* 58.992 1.947 2 0.313 (—-0.160, 0.787)
REM_3 absolute power 2 45 48 —0.039 (—0.940, 0.862) 4.815* 79.231 _ _ _
relative power 1 30 20 0.000 (-0.557, 0.557) 0.000 0.000 _ _ _
overall 3 75 68 —0.011 (—0.484, 0.463) 4.818 58.488 4.622 0 _
REM_6 absolute power 2 45 48 —0.387 (—1.799, 1.026) 11.055** 90.955 _ _ _
relative power 1 30 20 0.000 (—0.557, 0.557) 0 0 _ _ _
overall 3 75 68 —0.052 (—-0.570, 0.466) 11.524*x* 82.644 35.823* 0 _
REM_o. absolute power 3 56 59 0.651 (0.121, 1.182)* 3.850 48.049 _ _ _
relative power 1 30 20 0.000 (—0.557, 0.557) 0 0 _ _ _
overall 4 86 79 0.342 (—-0.042, 0.726) 7.067 57.55 1.094 0 _
REM_o absolute power 2 45 48 0.780 (0.177, 1.383)* 2.023 50.565 _ _ _
relative power 1 30 20 0.000 (—0.557, 0.557) 0 0 _ _ _
overall 3 75 68 0.359 (—0.050, 0.768) 6.451* 68.998 1.178 0 _
REM_B absolute power 2 45 48 0.722 (—0.006, 1.449) 2.942 66.012 _ _ _
relative power 2 39 29 0.321 (—-0.458, 1.101) 2.202 54.593 _ _ _
overall 4 84 77 0.535 (0.004, 1.067)* 7.093 57.704 1.035 2 0.195 (-0.352, 0.741)
REM_y absolute power 1 25 29 0.388 (—0.144, 0.920) 0 0 _ _ _
relative power 2 39 29 0.116 (—0.356, 0.589) 0.598 0 _ _ _
overall 3 64 58 0.236 (—0.117, 0.589) 1.158 0 0.330 0 _
*p < 0.05.
**p < 0.01.
**kp < 0.001.
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Fig. 2. Forest plots showing individual studies, each electroencephalography (EEG) power measure, and overall effect size estimates during wakefulness. Below each forest plot, we
presented the heterogeneity and publication bias results. The positions of the squares on the x-axis indicate the effect size for each study; the bars indicate the 95% confidence
intervals of the effect sizes; the red diamonds indicate the significant and robust results favoring insomnia disorder (ID); the grey diamonds indicate non-significant or non-robust
results. HC, healthy control; *p < 0.05, **p < 0.01, ***p < 0.001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

Power spectral analysis during NREM sleep

As shown in Table 2, compared with HCs, patients with ID
exhibited significant decrease in overall delta power (g = —0.253,
p = 0.012) and significant increase in overall beta power (g = 0.477,
p = 0.000). Q-tests revealed the difference between absolute and
relative power were not statistically significant in all bands
(Q5 = 2.079, p = 0.149; Qy = 2.419, p = 0.120; Q,; = 2.627, p = 0.105;
Qg = 0.000, p = 0.999; Qy = 0.495, p = 0.482), except in alpha band
(Qq = 3.875, p = 0.049). Separate analyses for absolute EEG power
revealed that patients with ID exhibited significant and robust in-
crease in absolute beta power (g = 0.477, p = 0.000). Separate ana-
lyses for relative EEG power revealed that patients with ID exhibited
significant decrease in relative delta power (g = —0.388, p = 0.005)
and significant increases in relative theta power (g = 0.44],
p = 0.011), relative alpha power (g = 0.542, p = 0.001), relative sigma
power (g = 0.533, p = 0.004), and relative beta power (g = 0.477,
p = 0.000) than HCs. Although we also found significant increases in
overall theta power (g = 0.256, p = 0.041), overall alpha power
(g = 0.307, p = 0.009), overall sigma power (g = 0.280, p = 0.007),
overall gamma power (g = 0.561, p = 0.013), and absolute gamma
power (g = 0.687, p = 0.017), these measures exhibited moderate and
high heterogeneity in the dispersion of effect sizes [overall theta
power (Q = 32.939, p = 0.002, P = 60.534), overall alpha power
(Q=37.720, p = 0.001, = 60.233), overall sigma power (Q = 22.413,
p = 0.049, > = 41.997), overall gamma power (Q = 12.193, p = 0.032,
P = 58.992), and absolute gamma power (Q = 9.368, p = 0.025,
P = 67.976)]. Fig. 3 includes forest plots with the respective effect
size estimates (g) and 95% Cls for individual studies, reporting EEG
measures of absolute power, relative power and overall (Fig. 3, red,
blue, and grey diamonds).

Power spectral analysis during REM sleep

To our knowledge, only a limited number of studies have
investigated whether EEG power spectra during REM sleep differ
between patients with ID and HCs. When compared with HCs,
patients with ID exhibited significant increases in overall beta

10

power (g = 0.535, p = 0.048) (Table 2). Q-tests revealed that the
differences between absolute and relative power were not statis-
tical significant across six bands (Qs = 0.005, p = 0.943; Qg = 0.249,
p =0.618; Qu = 2.758, p = 0.097; Q; = 3.467, p = 0.063; Qg = 0.542,
p = 0.462; Qy = 0.560, p = 0.454). Separate analyses for absolute
and relative EEG power revealed significant increases in absolute
alpha power (g = 0.651, p = 0.016) and absolute sigma power
(g = 0.780, p = 0.011) only. Heterogeneity analyses (Table 2)
revealed that effect size estimates of absolute alpha, absolute
sigma, and overall beta exhibited no significant heterogeneity.
Fig. 4 includes forest plots with the respective effect size estimates
(g) and 95% CIs for individual studies, showing effect sizes based on
absolute power, relative power, and overall (Fig. 4, red and grey
diamonds).

The medication-related case—control difference in EEG spectral
power during wakefulness and sleep

In the current meta-analysis, four studies failed to report
hypnotic medication status [33,45,52,62], nine studies recruited
insomnia patients with no current sleep medication and/or anti-
depressant use [14,29,31,32,44,53,56,57,59], and the remaining
studies required patients with ID to keep medication free for at
least 10 d prior to EEG recording. Thus, we cannot exclude the
possible effect of hypnotic medication on our findings.

To investigate the effect of medication status on EEG power
spectra, we performed the subgroup analysis in studies with hyp-
notic medication or medication free. We primarily performed the
subgroup analyses across the significant and robust results in EEG
bands during wakefulness, NREM sleep, and REM sleep (see
Table S2). Q-tests revealed the significant effect of medication sta-
tus on beta activity during NREM sleep only (Qp = 8.828, p = 0.003).
However, further separate analyses revealed that both studies with
hypnotic medication (M) and medication free (MF) exhibited sig-
nificant case—control differences in beta power during NREM sleep
(gm = 0.788, p = 0.000; gvr = 0.263, p = 0.016). Although we found
no statistical significant effect of medication status on theta activity
during wakefulness, separate analyses for studies with hypnotic
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Fig. 3. Forest plots showing individual studies, each electroencephalography (EEG) power measure, and overall effect size estimates during non-rapid eye movement (NREM) sleep.
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medication revealed significant case—control differences in waking
theta power (gv = 0.541, p = 0.008), but not for studies with
medication free (gy = 0.160, p = 0.341).

Publication bias analysis

To assess the possible effect of publication bias, we visually
inspected the funnel plots, following which we performed Egger's
regression test, and Duval and Tweedie's trim-and-fill method.
We first assessed publication bias across all retrieved effect sizes.
We then assessed such bias separately for each frequency band
during wakefulness, NREM sleep, and REM sleep. As shown in
Fig. S1, the funnel plot is asymmetrical, suggesting the existence of
publication bias when all effect sizes are combined. Egger's test
confirmed this result (t146 = 2.374, p = 0.019). Duval and Tweedie's
trim-and-fill method revealed that the adjusted value (g = 0.077,
CI: —0.014 to 0.167) for the 27 missing effect sizes to the left of the
mean was lower than the observed value (g = 0.237, CI: 0.153 to
0.320). Although we observed obvious publication bias when all
effect sizes were combined, separate analyses revealed no sig-
nificant evidence of publication bias for each frequency band
during different periods, except for waking alpha (tg = 2.588,
p = 0.029) and REM theta (t; =35.823, p = 0.018) (see Fig. S2 and
Table 2).

Discussion

In the current study, we performed a systematic review and
meta-analysis to assess the differences in EEG spectral power
between patients with ID and HCs during wakefulness, NREM
sleep, and REM sleep. During wakefulness, patients with ID
exhibited significant and robust increases in absolute and overall
theta power, relative beta power, and absolute gamma power.
During NREM sleep, patients with ID exhibited significant and
robust alterations in EEG power across all frequency bands except
for gamma. In these patients, NREM sleep was associated with
decreases in relative and overall delta power, and increases in
absolute and overall beta power, relative power of theta, alpha,

1

sigma and beta bands. During REM sleep, patients with ID
exhibited significant increases in absolute alpha power, absolute
sigma power, and overall beta power. In general, these findings
demonstrate that ID is associated with increases in beta activity
during both wakefulness and sleep, indicating that elevated beta
activity may be a reliable and objective biomarker of cortical hy-
perarousal. Absolute and relative power had similar sensitivity in
distinguishing patients with ID from HCs based on EEG data
during wakefulness and REM sleep. However, during NREM sleep,
group differences were more homogeneous for relative power
than for absolute power. Importantly, our study is the first meta-
analysis to quantify EEG power spectra across wakefulness, NREM
sleep and REM sleep in patients with ID, and the results strongly
support the notion that insomnia manifest as round-the-clock
hyperarousal (i.e., “24-h").

Insomnia-related alterations in waking EEG spectral features

Although existing narrative reviews of EEG in insomnia have
discussed spectral features at/around sleep onset and during sleep
[9,19], few studies have focused on resting-state EEG data obtained
during wakefulness. In the present study, we estimated the overall
effect across six frequency bands and the effect sizes of
case—control differences for absolute and relative power in both
separate and integrated analyses. Our meta-analysis indicated that
given the significant heterogeneity (absolute and overall alpha
power, overall beta power) and obvious publication bias (overall
alpha) in some outcomes, increases in absolute and overall theta
power, relative beta power and absolute gamma power may be the
more sensitive and robust insomnia-related spectral features dur-
ing wakefulness.

Previous studies have reported inconsistent results regarding
alpha activity during wakefulness. While some studies reported
increased alpha activity [30,52,54], others failed to reach the same
conclusion [25,26,31,57,61,62]. Thus, we observed significant and
moderate-to-high heterogeneity in the dispersion of effect sizes for
both absolute and overall alpha power. These mixed results indicate
that alpha power may be a marker of heterogeneity associated with
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ID or depend on unrecognized contextual determinants. In
contrast, stable and robust group differences between patients with
ID and HCs were observed for waking absolute and overall theta
power. Few insomnia studies have focused on waking theta power.
Increased theta power during wakefulness is associated with
sleepiness and decreased cognitive performance [63—65].
Increased theta activity in patients with ID may mark sleepiness
and fatigue due to disturbed nocturnal sleep or the use of hypnotic
medication. Notably, despite their sleepiness, patients with ID do
not fall asleep easily even when napping opportunities are pro-
vided during the day. The difficulty falling asleep that continues
during the day may be related to increases in relative beta and
absolute gamma power, which are considered as indicators of
cortical hyperarousal. According to previous observations [66],
when compared with normal sleepers, the hyperarousal brain
states in patients with ID may associate with weaker suppression of
metabolic activation in large parts of the brain after the beta in-
crease. Previous reviews have noted that increased activity in high-
frequency bands exists at/around sleep onset and during sleep
[19,27]. The current meta-analysis extends this finding to resting-
state wakefulness during the daytime. Some researchers have
proposed that alterations in EEG power during wakefulness and
NREM sleep are associated with one another [29]. Considering the
time-consuming and complex analysis of EEG data during sleep,
waking EEG activity may represent a promising and more feasible
indicator to aid in the clinical diagnosis of ID and in the assessment
of treatment effects.

Our meta-analysis revealed individuals with ID exhibit
increased EEG power in absolute and overall theta power, relative
beta power, and absolute gamma power during resting-state
wakefulness, supporting the co-existence of sleepiness and
cortical hyperarousal during the waking resting-state. These results
may aid in developing more objective and reliable indicators of
hyperarousal for ID.

Altered EEG spectral features across frequency bands during NREM
sleep

Numerous studies have demonstrated that ID is characterized
by increased high—frequency activity, primarily in the beta and/or
gamma range [21-23,44,60]. Although some studies have also
reported abnormal activity in other frequency bands, no studies to
date have evaluated whether such spectral alterations are
consistent across studies. Our meta-analysis revealed that the
more sensitive and robust spectral features of patients with ID
may be a decrease in relative and overall delta power (small-to-
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moderate effects), and significant increases in relative theta, alpha,
sigma and beta power, and increases in absolute and overall beta
power (small-to-large effects) relative to healthy sleeping controls
subjects. No obvious publication bias was found in above out-
comes. Q-tests revealed that the results of studies that assessed
relative alpha power during NREM sleep were more homogenous
than those that assessed absolute alpha power. Moreover, the use
of relative power yielded robust group differences of small-to-
medium effects for the delta, theta, alpha, sigma, and beta
bands, while the use of absolute power yielded a moderate effect
size for the beta band only.

As previously mentioned, increased beta activity during NREM
sleep is considered to reflect cortical hyperarousal. Much less
attention has been paid to frequency bands below beta, for which
we may provide some hypothetical interpretations. First, cortical
hyperarousal may not only be indexed by beta activity, but also by
activity in higher and lower frequency bands. Second, lower delta
activity may indicate decreased hyperpolarization of thalamocort-
ical neurons during NREM sleep in patients with ID. However, we
should consider a possible confounder, as people with insomnia
experience less N3 (dominated by delta activity) [67], decreased
delta activity during NREM sleep may also be related to the ratio of
N3 and N2 during the NREM period analyzed. Future studies may
further elucidate this question when more studies report spectral
features separately for sleep stages of N3 and N2 during NREM
sleep.

In summary, our meta-analysis indicated that individuals with
ID exhibit alterations in almost all frequency bands during NREM
sleep, potentially reflecting extended cortical hyperarousal. Such
changes may co-exist with either decreased thalamocortical hy-
perpolarization during N3 or a shorter duration of N3 relative to N2
during the NREM period.

Increased high—frequency activity during REM sleep

Previous studies investigating EEG spectral features in ID
during sleep focused mostly on NREM sleep. Recent studies have
highlighted the importance of restless REM sleep [68—71]. Indeed,
our meta-analysis included a much smaller number of studies
regarding EEG spectral features during REM sleep that can
distinguish patients with ID from HCs. Our findings indicated that
people with ID exhibit increased absolute alpha and sigma power,
and overall beta power during REM sleep. No obvious heteroge-
neity or publication bias was observed for the above outcomes.
These results suggest that the significant increases in beta band
power observed in patients with ID during wakefulness and NREM
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sleep extend into REM sleep as well as neighboring frequencies.
Since REM sleep is associated with enhanced emotional memory
and regulation [72], altered EEG activity during REM sleep in pa-
tients with ID may be critical to understanding their characteristic
difficulties with overnight regulation of emotional distress and
hyperarousal [70,71,73].

Comparisons of absolute and relative power

To investigate whether absolute and relative spectral power
differ in their sensitivity for distinguishing between patients with
ID and HCs, we performed Q-tests and separate analyses in all in-
dividual frequency bands and in all states of wakefulness and sleep.
For NREM sleep, relative alpha discriminated cases from controls
significantly better than absolute alpha. Except for gamma band,
relative power outperformed absolute power for all other fre-
quency bands during NREM sleep. Mixed results were obtained for
the comparisons of sensitivity in absolute and relative power dur-
ing both wakefulness and REM sleep.

Although absolute power is the most frequently used measure
in insomnia EEG research, relative power controls for individual
differences that result in large variations in absolute power,
including neurophysiological, anatomical, and physical properties
of the brain and surrounding tissues [18]. Consequently, we believe
that these two measures were similar when detecting spectral
features during wakefulness and REM sleep. However, relative
power may be more sensitive and reliable for distinguishing pa-
tients with ID from HCs during NREM sleep. Nonetheless, it remains
to be determined whether this presents an artifact induced by the
dominance of slow—wave activity in a 1/f-distributed spectral
power.

Comparisons of studies with hypnotic medication and medication

free

Previous studies have indicated that benzodiazepine users
exhibited significantly increased sigma activity, and decreased
delta and theta activity over the night than did good sleepers
[28,74,75]. However, our meta-analysis revealed the significant
effect of medication status on theta activity during wakefulness
only. Therefore, we can conclude that the above results yielded in
our meta-analysis are reliable and robust, except for increased
theta activity during wakefulness, which may relate to the use of
hypnotic medication.

Limitations

This meta-analysis has several limitations. First, due to the
inconsistent subdivisions of EEG spectral bands across the
included studies, the analysis was performed simply based on
semantic categories of bands. Although this approach may have
limited precision with respect to the borders of the significant
case—control differences, our results do provide an overall indi-
cation. Moreover, case—control differences seem to involve broad
bands rather than narrow spectral ranges. Future EEG spectral
analyses should divide the frequency bands according to some
common guidelines [40] or, preferably, present results across all
individual frequency bins [25]. Second, only a small number of
studies reported data of EEG power during REM sleep, any infer-
ence based on the results during REM sleep should be cautious.
Third, heterogeneity among patients with ID may have influenced
the reliability of our results. Indeed, previous studies have
demonstrated the existence of different ID subtypes [13], which
may affect EEG spectral characteristics [30,45], along with age,
gender, and time of night [76]. Fourth, whereas we intended to
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assess the influence of EEG electrode montage on case—control
differences in EEG power spectra, nearly three-fifths (14/24) of
the included studies used central electrodes, while the rest used a
variable number of electrodes ranging from one to 256. This made
it difficult to quantify systematic differences. Finally, due to the
limited number of studies, we were unable to perform analysis
within the N2 and N3 stages of NREM sleep, or within specific
sleep cycles.

Conclusion

In conclusion, our meta-analysis demonstrated that patients
with ID exhibit significant and robust increases in beta band power
during wakefulness and sleep that extend to neighboring frequency
bands, suggesting a phenomenon of continuous cortical hyper-
arousal (i.e., “round-the-clock”). In addition, EEG data obtained
during resting-state wakefulness revealed co-existing increases in
theta activity, which have been found to associate with daytime
sleepiness as well as the use of hypnotic medication. Patients with
ID also appear to exhibit significant and robust decreases in delta
power during NREM sleep. Thus, we hypothesize that ID may result
from the abnormal activity of wake-promoting and sleep-
promoting neural structures during daytime and sleep. With
respect to methodology, our results indicate that relative power
may be a more stable and sensitive measure for detecting NREM
EEG deviations in patients with ID. The current meta-analysis is the
first statistics-based review to explore EEG spectral characteristics
in ID. Future studies should employ more measures for reporting
the results of spectral analyses, with a special focus on potential
differences in EEG spectral features among different insomnia
subtypes.

Practice points

1. Insomnia disorder is a “round-the-clock” hyperarousal
disorder indexed by increased beta band power, which
extends to neighboring frequency bands.

2. The simultaneous occurrence of sleeping and waking
EEG activity during daytime and sleep may help to
explain subjective complaints in insomnia.

3. Relative power may be a more stable and sensitive
biomarker for detecting NREM EEG deviations in patients
with insomnia disorder.

Research agenda

1. Future EEG spectral analyses should divide the fre-
quency bands according to some common guidelines or,
preferably, present results across all individual fre-
quency bins.

2. Future studies should evaluate whether EEG spectral
features are more consistent across different insomnia
disorder subtypes, different NREM stages or within
specific sleep cycles.

Conflicts of interest

The authors do not have any conflicts of interest to disclose.



W. Zhao, E.J.W. Van Someren, C. Li et al.

Acknowledgements

This research was supported by grants from National Natural
Science Foundation of China (31971028), Major Project of Medicine
Science and Technology of PLA (AWS17J012) and Innovative
Research Project for Postgraduate Student of Chongging
(CYB20083). EJWVS was supported by the European Commission,

European Research Council

Grants ERC AdG-2014-671084

INSOMNIA and ERC-PoC-957641 INSOMNIA AID.

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.smrv.2021.101457.

References

[1]
[2

[3

[4

[5

[6

[7

[8

(o1

[10]*

[11]

[12]

(13]*

[14]

[15]

[16]

[17]

[18]

(19]*

[20]*

[21]

American Academy of Sleep Medicine. International classification of sleep
disorders. 3rd ed. Darien, IL: American Academy of Sleep Medicine; 2014.
Morin CM, LeBlanc M, Daley M, Gregoire JP, Merette C. Epidemiology of
insomnia: prevalence, self-help treatments, consultations, and determinants
of help-seeking behaviors. Sleep Med 2006;7:123—30.

Wardle-Pinkston S, Slavish DC, Taylor DJ. Insomnia and cognitive perfor-
mance: a systematic review and meta-analysis. Sleep Med Rev 2019;48:
101205.

Zhao W, Gao D, Yue F, Wang Y, Mao D, Chen X, et al. Response inhibition
deficits in insomnia disorder: an event-related potential study with the stop-
signal task. Front Neurol 2018;9:610.

Hsu CY, Chen YT, Chen MH, Huang CC, Chiang CH, Huang PH, et al. The as-
sociation between insomnia and increased future cardiovascular events: a
nationwide population-based study. Psychosom Med 2015;77:743—51.

Shi L, Chen SJ, Ma MY, Bao YP, Han Y, Wang YM, et al. Sleep disturbances
increase the risk of dementia: a systematic review and meta-analysis. Sleep
Med Rev 2018;40:4—16.

Hertenstein E, Feige B, Gmeiner T, Kienzler C, Spiegelhalder K, Johann A, et al.
Insomnia as a predictor of mental disorders: a systematic review and meta-
analysis. Sleep Med Rev 2019;43:96—105.

Te Lindert BH, Blanken TF, van der Meijden WP, Dekker K, Wassing R, van der
Werf YD, et al. Actigraphic multi-night home-recorded sleep estimates reveal
three types of sleep misperception in insomnia disorder and good sleepers.
] Sleep Res 2020;29:e12937.

Krystal AD. Non-REM sleep EEG spectral analysis in insomnia. Psychiatr Ann
2008;38(9).

Marzano C, Ferrara M, Sforza E, De Gennaro L. Quantitative electroenceph-
alogram (EEG) in insomnia: a new window on pathophysiological mecha-
nisms. Curr Pharmaceut Des 2008;14:3446—55.

Drake CL, Friedman NP, Wright Jr KP, Roth T. Sleep reactivity and insomnia:
genetic and environmental influences. Sleep 2011;34:1179—88.

Harvey CJ, Gehrman P, Espie CA. Who is predisposed to insomnia: a review of
familial aggregation, stress-reactivity, personality and coping style. Sleep
Med Rev 2014;18:237—47.

Blanken TF, Benjamins ]S, Borsboom D, Vermunt JK, Paquola C, Ramautar J,
et al. Insomnia disorder subtypes derived from life history and traits of affect
and personality. Lancet Psychiatr 2019;6:151—63.

Israel B, Buysse DJ, Krafty RT, Begley A, Miewald ], Hall M. Short-term stability
of sleep and heart rate variability in good sleepers and patients with
insomnia: for some measures, one night is enough. Sleep 2012;35:1285-91.
Wei Y, Ramautar JR, Colombo MA, Stoffers D, Gémez-Herrero G, Van Der
Meijden WP, et al. I keep a close watch on this heart of mine: increased
interoception in insomnia. Sleep 2016;39:2113—24.

Wei Y, Colombo MA, Ramautar JR, Blanken TF, Van Der Werf YD,
Spiegelhalder K, et al. Sleep stage transition dynamics reveal specific stage 2
vulnerability in insomnia. Sleep 2017;40(9).

Wei Y, Ramautar JR, Colombo MA, Te Lindert BH, Van Someren EJ. EEG mi-
crostates indicate heightened somatic awareness in insomnia: toward
objective assessment of subjective mental content. Front Psychiatr 2018;9:
395.

Kropotov JD. Quantitative EEG, event-related potentials and neurotherapy.
Academic Press; 2010.

Perlis ML, Merica H, Smith MT, Giles DE. Beta EEG activity and insomnia.
Sleep Med Rev 2001;5:365—76.

Feige B, Baglioni C, Spiegelhalder K, Hirscher V, Nissen C, Riemann D. The
microstructure of sleep in primary insomnia: an overview and extension. Int
] Psychophysiol 2013;89:171—-80.

Perlis ML, Kehr EL, Smith MT, Andrews PJ, Orff H, Giles DE. Temporal and
stagewise distribution of high frequency EEG activity in patients with

* The most important references are denoted by an asterisk.

14

[22]

[23]

[24]

[25]

[26]

[27]*

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Sleep Medicine Reviews 59 (2021) 101457

primary and secondary insomnia and in good sleeper controls. ] Sleep Res
2001;10:93—-104.

Perlis ML, Smith MT, Andrews PJ, Orff H, Giles DE. Beta/Gamma EEG activity
in patients with primary and secondary insomnia and good sleeper controls.
Sleep 2001;24:110—7.

Wotynczyk-Gmaj D, Szelenberger W. Waking EEG in primary insomnia. Acta
Neurobiol Exp 2011;71:387—-92.

Spiegelhalder K, Regen W, Feige B, Holz ], Piosczyk H, Baglioni C, et al.
Increased EEG sigma and beta power during NREM sleep in primary
insomnia. Biol Psychol 2012;91:329—33.

Colombo MA, Ramautar JR, Wei Y, Gomez-Herrero G, Stoffers D, Wassing R,
et al. Wake high-density electroencephalographic spatiospectral signatures
of insomnia. Sleep 2016;39:1015—27.

Riedner BA, Goldstein MR, Plante DT, Rumble ME, Ferrarelli F, Tononi G, et al.
Regional patterns of elevated alpha and high-frequency electroencephalo-
graphic activity during nonrapid eye movement sleep in chronic insomnia: a
pilot study. Sleep 2016;39:801—12.

Riemann D, Spiegelhalder K, Feige B, Voderholzer U, Berger M, Perlis M, et al.
The hyperarousal model of insomnia: a review of the concept and its evi-
dence. Sleep Med Rev 2010;14:19—-31.

Bastien CH, LeBlanc M, Carrier J, Morin CM. Sleep EEG power spectra,
insomnia, and chronic use of benzodiazepines. Sleep 2003;26:313—7.

Wu YM, Pietrone R, Cashmere ]D, Begley A, Miewald JM, Germain A, et al.
EEG power during waking and NREM sleep in primary insomnia. J Clin Sleep
Med 2013;9:1031-7.

Cervena K, Espa F, Perogamvros L, Perrig S, Merica H, Ibanez V. Spectral
analysis of the sleep onset period in primary insomnia. Clin Neurophysiol
2014;125:979-87.

Chen MC, Chang C, Glover GH, Gotlib IH. Increased insula coactivation with
salience networks in insomnia. Biol Psychol 2014;97:1-8.

Kang SG, Mariani S, Marvin SA, Ko KP, Redline S, Winkelman JW. Sleep EEG
spectral power is correlated with subjective-objective discrepancy of sleep
onset latency in major depressive disorder. Prog Neuro-Psychopharmacol
Biol Psychiatry 2018;85:122—7.

Kay DB, Karim HT, Hasler BP, James JA, Germain A, Hall MH, et al. Impact of
acute sleep restriction on cerebral glucose metabolism during recovery non-
rapid eye movement sleep among individuals with primary insomnia and
good sleeper controls. Sleep Med 2019;55:81-91.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Chapter 28: vote
counting—a new name for an old problem. Introduction to meta-analysis.
Chichester, UK: John Wiley & Sons; 2009. p. 251-5.

Newson JJ, Thiagarajan TC. EEG frequency bands in psychiatric disorders: a
review of resting state studies. Front Hum Neurosci 2019;12:521.

Wu Y, Zhao W, Chen X, Wan X, Lei X. Aberrant spontaneous brain activity in
obstructive sleep apnea: a review focused on resting-state EEG and resting-
state fMRI. Front Neurol 2020;11:768.

Moola S, Munn Z, Tufanaru C, Aromataris E, Sears K, Sfetcu R, et al. Chapter
7: systematic reviews of etiology and risk. In: Aromataris E, Munn Z, edi-
tors. Joanna Briggs Institute reviewer's manual. The Joanna Briggs Institute;
2017.

Geraedts V], Boon LI, Marinus ], Gouw AA, van Hilten JJ, Stam CJ, et al. Clinical
correlates of quantitative EEG in Parkinson disease: a systematic review.
Neurology 2018;91:871-83.

Berry RB, Albertario CL, Harding SM, Lloyd RM, Plante DT, Quan SF, et al. For
the American Academy of Sleep Medicine. The AASM manual for the
scoring of sleep and associated events: rules, terminology and technical
specifications. Darien, IL: American Academy of Sleep Medicine; 2018.
Version 2.5.

Babiloni C, Barry R], Basar E, Blinowska K], Cichocki A, Drinkenburg WH, et al.
International Federation of Clinical Neurophysiology (IFCN)-EEG research
workgroup: recommendations on frequency and topographic analysis of
resting state EEG rhythms. part 1: applications in clinical research studies.
Clin Neurophysiol 2020;131:285—307.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Chapter 4: effect sizes
based on means. Introduction to meta-analysis. Chichester, UK: John Wiley &
Sons; 2009. p. 21-32.

Cohen ]. Statistical power analysis for the behavioral sciences. Academic
press; 2013.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Chapter 4: meta-analysis
methods based on direction and p-Values. In: Introduction to meta-analysis.
Chichester, UK: John Wiley & Sons; 2009. p. 325—-30.

Buysse DJ, Germain A, Hall ML, Moul DE, Nofzinger EA, Begley A, et al. EEG
spectral analysis in primary insomnia: NREM period effects and sex differ-
ences. Sleep 2008;31:1673—82.

Krystal AD, Edinger JD, Wohlgemuth WK, Marsh GR. NREM sleep EEG fre-
quency spectral correlates of sleep complaints in primary insomnia subtypes.
Sleep 2002;25:626—36.

Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Chapter 23: independent
subgroups within a study. Introduction to meta-analysis. Chichester, UK:
John Wiley & Sons; 2009. p. 217—23.

Borenstein M, Hedges LV, Higgins JP, Rothstein HR. A basic introduction to
fixed-effect and random-effects models for meta-analysis. Res Synth
Methods 2010;1:97—-111.

Higgins JP, Thompson SG, Deeks J], Altman DG. Measuring inconsistency in
meta-analyses. BMJ 2003;327:557—-60.


https://doi.org/10.1016/j.smrv.2021.101457
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref1
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref1
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref2
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref2
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref2
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref2
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref3
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref3
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref3
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref4
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref4
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref4
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref5
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref5
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref5
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref5
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref6
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref6
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref6
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref6
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref7
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref7
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref7
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref7
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref8
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref8
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref8
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref8
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref9
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref9
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref10
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref10
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref10
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref10
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref11
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref11
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref11
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref12
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref12
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref12
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref12
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref13
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref13
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref13
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref13
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref14
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref14
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref14
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref14
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref15
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref15
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref15
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref15
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref15
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref16
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref16
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref16
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref17
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref17
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref17
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref17
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref18
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref18
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref19
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref19
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref19
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref20
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref20
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref20
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref20
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref21
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref21
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref21
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref21
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref21
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref22
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref22
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref22
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref22
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref23
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref23
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref23
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref23
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref24
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref24
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref24
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref24
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref25
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref25
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref25
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref25
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref26
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref26
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref26
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref26
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref26
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref27
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref27
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref27
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref27
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref28
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref28
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref28
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref29
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref29
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref29
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref29
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref30
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref30
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref30
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref30
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref31
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref31
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref31
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref32
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref32
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref32
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref32
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref32
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref33
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref33
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref33
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref33
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref33
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref34
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref35
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref35
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref36
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref36
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref36
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref37
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref37
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref37
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref37
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref38
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref38
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref38
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref38
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref39
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref39
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref39
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref39
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref39
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref40
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref41
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref41
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref41
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref41
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref42
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref42
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref43
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref43
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref43
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref43
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref43
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref44
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref44
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref44
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref44
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref45
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref45
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref45
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref45
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref46
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref46
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref46
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref46
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref46
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref47
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref47
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref47
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref47
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref48
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref48
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref48

W. Zhao, E.J.W. Van Someren, C. Li et al.

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

Dickersin K. Chapter 2: publication bias: recognizing the problem, under-
standing its origins and scope, and preventing harm. Publication bias in
meta-analysis: prevention, assessment and adjustments. Chichester, UK:
John Wiley & Sons; 2005. p. 11-33.

Duval S, Tweedie R. Trim and fill: a simple funnel-plot—based method of
testing and adjusting for publication bias in meta-analysis. Biometrics
2000;56:455—63.

Egger M, Smith GD, Schneider M, Minder C. Bias in meta-analysis detected by
a simple, graphical test. BMJ 1997;315:629—34.

Regestein QR, Dambrosia ], Hallett M, Murawski B, Paine M. Daytime alert-
ness in patients with primary insomnia. Am J Psychiatr 1993;150:1529—34.
Corsi-Cabrera M, Figueredo-Rodriguez P, del Rio-Portilla Y, Sanchez-
Romero ], Galan L, Bosch-Bayard ]. Enhanced frontoparietal synchronized
activation during the wake-sleep transition in patients with primary
insomnia. Sleep 2012;35:501—11.

Ferri R, Cosentino FI, Manconi M, Rundo F, Bruni O, Zucconi M. Increased
electroencephalographic high frequencies during the sleep onset period in
patients with restless legs syndrome. Sleep 2014;37:1375—-81.

Neu D, Mairesse O, Verbanck P, Le Bon O. Slow wave sleep in the chronically
fatigued: power spectra distribution patterns in chronic fatigue syndrome
and primary insomnia. Clin Neurophysiol 2015;126:1926—33.

Perrier J, Clochon P, Bertran F, Couque C, Bulla J, Denise P, et al. Specific EEG
sleep pattern in the prefrontal cortex in primary insomnia. PLoS One
2015;10:e0116864.

Jacobs GD, Benson H, Friedman R. Home-based central nervous system
assessment of a multifactor behavioral intervention for chronic sleep-onset
insomnia. Behav Ther 1993;24:159—74.

Merica H, Blois R, Gaillard JM. Spectral characteristics of sleep EEG in chronic
insomnia. Eur ] Neurosci 1998;10:1826—34.

de Zambotti M, Sugarbaker D, Trinder ], Colrain IM, Baker FC. Acute stress
alters autonomic modulation during sleep in women approaching meno-
pause. Psychoneuroendocrinology 2016;66:1-10.

Kwan Y, Baek C, Chung S, Kim TH, Choi S. Resting-state quantitative EEG
characteristics of insomniac patients with depression. Int ] Psychophysiol
2018;124:26—-32.

Frase L, Selhausen P, Krone L, Tsodor S, Jahn F, Fiege B, et al. Differential ef-
fects of bifrontal tDCS on arousal and sleep duration in insomnia patients and
healthy controls. Brain Stimul 2019;12:674—83.

Rezaei M, Mohammadi H, Khazaie H. Alpha-wave characteristics in psycho-
physiological insomnia. ] Med Signals Sens 2019;9:259—66.

15

[63]

[64

[65]

[66]

[67]*

[68]*

[69]

[70]

[71]*

[72]

[73]*

[74]

[75]

[76]

Sleep Medicine Reviews 59 (2021) 101457

Horvath M, Frantik E, Kopriva K, Meissner ]. EEG theta activity increase
coinciding with performance decrement in a monotonous task. Act Nerv
Super 1976;18:207-10.

Torsvall L, Akerstedt T. Extreme sleepiness: quantification of EOG and spec-
tral EEG parameters. Int ] Neurosci 1988;38:435—41.

Akerstedt T, Gillberg M. Subjective and objective sleepiness in the active
individual. Int ] Neurosci 1990;52:29—37.

Feige B, Spiegelhalder K, Kiemen A, Bosch OG, Tebartz van Elst L, Hennig J,
et al. Distinctive time-lagged resting-state networks revealed by simulta-
neous EEG-fMRI. Neuroimage 2017;145:1-10.

Baglioni C, Regen W, Teghen A, Spiegelhalder K, Fiege B, Nissen C, et al. Sleep
changes in the disorder of insomnia: a meta-analysis of polysomnographic
studies. Sleep Med Rev 2014;18:195—213.

Feige B, Al-Shajlawi A, Nissen C, Voderholzer U, Hornyak M, Spiegelhalder K,
et al. Does REM sleep contribute to subjective wake time in primary
insomnia? A comparison of polysomnographic and subjective sleep in 100
patients. ] Sleep Res 2008;17:180—90.

Riemann D, Spiegelhalder K, Nissen C, Hirscher V, Baglioni C, Feige B. REM
sleep instability-a new pathway for insomnia? Pharmacopsychiatry
2012;45:167—76.

Wassing R, Lakbila-Kamal O, Ramautar JR, Stoffers D, Schalkwijk F, Van
Someren EJW. Restless REM sleep impedes overnight amygdala adaptation.
Curr Biol 2019;29:2351-8.

Van Someren EJW. Brain mechanisms of insomnia: new perspectives on
causes and consequences. Physiol Rev 2020. in press.

Gujar N, McDonald SA, Nishida M, Walker MP. A role for REM sleep in
recalibrating the sensitivity of the human brain to specific emotions. Cerebr
Cortex 2011;21:115-23.

Wassing R, Benjamins ]S, Dekker K, Moens S, Spiegelhalder K, Feige B, et al.
Slow dissolving of emotional distress contributes to hyperarousal. Proc Natl
Acad Sci Unit States Am 2016;113:2538—43.

Poyares D, Guilleminault C, Ohayon MM, Tufik S. Chronic benzodiazepine
usage and withdrawal in insomnia patients. ] Psychiatr Res 2004;38:327—34.
Manconi M, Ferri R, Miano S, Maestri M, Bottasini V, Zucconi M, et al. Sleep
architecture in insomniacs with severe benzodiazepine abuse. Clin Neuro-
physiol 2017;128:875—81.

Svetnik V, Snyder ES, Ma ], Tao P, Lines C, Herring W]J. EEG spectral analysis
of NREM sleep in a large sample of patients with insomnia and good
sleepers: effects of age, sex and part of the night. ] Sleep Res 2017;26:
92-104.


http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref49
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref50
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref50
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref50
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref50
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref50
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref51
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref51
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref51
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref52
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref52
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref52
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref53
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref54
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref54
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref54
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref54
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref55
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref55
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref55
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref55
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref56
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref56
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref56
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref57
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref57
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref57
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref57
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref58
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref58
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref58
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref59
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref59
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref59
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref59
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref60
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref60
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref60
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref60
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref61
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref61
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref61
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref61
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref62
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref62
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref62
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref63
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref63
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref63
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref63
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref63
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref64
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref64
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref64
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref65
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref65
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref65
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref66
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref66
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref66
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref66
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref67
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref67
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref67
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref67
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref68
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref68
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref68
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref68
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref68
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref69
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref69
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref69
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref69
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref70
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref70
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref70
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref70
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref71
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref71
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref72
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref72
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref72
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref72
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref73
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref73
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref73
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref73
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref74
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref74
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref74
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref75
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref75
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref75
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref75
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref76
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref76
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref76
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref76
http://refhub.elsevier.com/S1087-0792(21)00042-3/sref76

	EEG spectral analysis in insomnia disorder: A systematic review and meta-analysis
	Introduction
	The necessity of quantitative EEG measures in ID
	Current studies of EEG power spectra in ID
	The present study

	Methods
	Data sources and search strategy
	Study selection
	Quality assessment
	Data extraction
	Data synthesis and analysis
	Model selection
	Heterogeneity
	Publication bias

	Results
	Characteristics of the included studies
	Quality assessment
	Power spectral analysis during wakefulness
	Power spectral analysis during NREM sleep
	Power spectral analysis during REM sleep
	The medication-related case–control difference in EEG spectral power during wakefulness and sleep
	Publication bias analysis

	Discussion
	Insomnia-related alterations in waking EEG spectral features
	Altered EEG spectral features across frequency bands during NREM sleep
	Increased high–frequency activity during REM sleep
	Comparisons of absolute and relative power
	Comparisons of studies with hypnotic medication and medication free
	Limitations

	Conclusion
	Conflicts of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


