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Abstract 

Background: With the explosion of techniques for recording electrical brain activity, 
our recognition of neurodiversity has expanded significantly. Yet, uncertainty exists 
regarding sex differences in electrical activity during sleep and whether these differ-
ences, if any, are associated with social parameters. We synthesised existing evidence 
applying the PROGRESS-Plus framework, which captures social parameters that may 
influence brain activity and function.

Methods: We searched five databases from inception to December 2024, 
and included English language peer-reviewed research examining sex differences 
in electrical activity during sleep in healthy participants. We performed risk of bias 
assessment following recommended criteria for observational studies. We reported 
results on sex differences by wave frequency (delta, theta, alpha, sigma, beta, 
and gamma) and waveforms (spindle and sawtooth), positioning results across age-
related developmental stages. We created visualizations of results linking study 
quality and consideration of PROGRESS-Plus parameters, which facilitated certainty 
assessment.

Results: Of the 2,783 unique citations identified, 28 studies with a total of 3,374 
participants (47% male, age range 4–5 months to 101 years) were included in data syn-
thesis. Evidence of high certainty reported no sex differences in alpha and delta relative 
power among participants in middle-to-late adulthood. Findings of moderate certainty 
suggest no sex differences in alpha power; and theta, sigma and beta relative power; 
and delta density. There is evidence of moderate certainty suggesting that female 
participants had a steeper delta wave slope and male participants had greater nor-
malized delta power. Evidence that female participants have higher spindle power 
density is of low certainty. All other findings were regarded as very low in certainty. The 
PROGRESS-Plus parameters were rarely integrated into the methodology of studies 
included in this review.

Conclusion: Evidence on the topic of sex differences in sleep wave parameters 
is variable. It is possible that the reported results reflect unmeasured social parameters, 
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instead of biological sex. Future research on sex differences in sleep should be dis-
cussed in relevance to functional or clinical outcomes. Development of uniform testing 
procedures across research settings is timely. PROSPERO: CRD42022327644. Funding: 
Canada Research Chairs (Neurological Disorders and Brain Health, CRC-2021-00074); UK 
Pilot Award for Global Brain Health Leaders (GBHI ALZ UK-23-971123).

Keywords: Electroencephalogram, EEG, Equity, diversity, and inclusion, Method, 
Integrated ethics, Health equity, PROGRESS-Plus (Place of residence, Race/ethnicity, 
Occupation, Gender/Sex, Religion, Education, Socioeconomic status, Social capital; 
other contextual parameters, including age), Sex differences, Social determinants of 
health, Inequity, Neurodiversity, Neurobiology, Neuroimaging, Brain, Sleep stages

Introduction
Sex and gender consideration in neuroscience and health research are widely endorsed 
by major funding organizations, as there is strong evidence to demonstrate that biologi-
cal and social factors contribute to differences in health outcomes and are, therefore, 
relevant for precision medicine and person-centered care [1, 2]. Sex refers to biological 
characteristics, including differences in chromosomes, reproductive organs, and gonadal 
hormones. Gender refers to sociocultural characteristics, reflecting the roles, respon-
sibilities, identity, and behaviors of girls, boys, men, women and people of other gen-
ders [1, 2]. Both sex and gender are interconnected and influenced by environment and 
culture.

Several studies reported on sex differences in the structure and function of the brain, 
during both sleep and wakefulness [4, 5]. Such findings urged scientific journals and reg-
ulatory agencies to require researchers to consider biological sex in their research and 
raised awareness that ignoring sex has ramifications both in terms of rigor and repro-
ducibility of research, potentially leading to costly consequences and unrealized benefit 
[4, 5]. However, sex interacts with several environmental, developmental, and genetic 
factors and  should, therefore, be investigated in the context of other parameters that 
influence brain structure and function [6].

Evidence emerged suggesting that social experiences alter neuronal structure and 
function, and can shape epigenetic influences on central nervous system (CNS) devel-
opment and decline [7, 8]. This discussion raises an important question regarding the 
degree to which the observed group-level differences are attributable to biological sex or 
socio-cultural gender [3], highlighting the need to examine how genetics, environment, 
and behavior influence neuroplasticity processes across the human lifespan.

Electroencephalography (EEG) is a non-invasive neuroimaging technique that allows 
researchers to observe dynamic processes in the brain as they happen. It is used to cap-
ture electrical activity of the brain during both sleep and wakefulness and allows for the 
analysis of frequency waves, absolute and relative spectral powers, asymmetry of spec-
tral powers between the right and left hemisphere, intra- and inter-hemispheric magni-
tude, coherence and phase synchrony, and many other parameters [9]. This technique 
can be applied to a wide range of scientific inquiries, from the study of cognitive pro-
cesses in psychology to the study of neural engineering and rehabilitation [10, 11].

Several studies have reported that sex differences exist in EEG frequency waves, in 
both healthy people and people with a wide range of conditions. For example, a recent 
study of sex differences in resting EEG in healthy young adults found that females had 
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greater overall amplitudes in delta, alpha, and beta activity during the resting state, 
enhanced midline activity in theta, and parietal and midline activity in the alpha and 
beta bands, concluding that these findings indicate significant differences in neuronal 
activity between young adult female and male persons [12]. In the sleeping state, sex dif-
ferences were observed in EEG functional connectivity in healthy people [13]. Synchro-
nization intensities showed differences in all sleep stages: higher in female in non-rapid 
eye movement (NREM) sleep, and higher in male persons in alpha and beta bands in 
rapid eye movement (REM) sleep [13].

Recent research leveraging deep learning to predict a person’s sex using clinical EEG 
data of over 1000 people aged 18 to 88 reported that sex was detectable by neural net-
works with 81% accuracy [14]. Researchers found that the predictive ability was primary 
driven by EEG topographies, rather than waveforms and frequencies, emphasizing the 
need for future research considering age, health status, and state in which EEG data is 
collected (e.g., sleep versus wakefulness) to minimize confounding effects.

In this review, we aimed to synthesize evidence on sex differences in sleep wave 
parameters in healthy persons, utilizing the PROGRESS-Plus framework (i.e., Place of 
residence, Race/ethnicity/culture/language, Occupation, Gender/sex, Religion, Educa-
tion, Socioeconomic status, Social capital, and other characteristics, including age) [15, 
16]. We hypothesized that if we observe consistently reported differences in sleep wave 
parameters between male and female persons during ages that are linked to sex steroid 
hormone differentiation (i.e., adolescence, menopause) but not during adulthood stages 
(regardless of the extent of the PROGRESS-Plus consideration), then the difference is 
more likely driven by biology (i.e., sex), as opposed to social or environmental factors. 
However, if this hypothesis is not supported by the evidence, then social and environ-
mental factors (i.e., PROGRESS-Plus parameters) are more likely driving the observed 
differences. We therefore conducted a systematic review to: (1) identify and critically 
appraise original studies that investigated sex differences in sleep wave parameters in 
healthy participants using EEG; (2) analyze data by sleep wave parameter and age-related 
developmental stages; and (3) interpret evidence through the PROGRESS-Plus lens [16].

Results
Study selection

We identified 3,648 records within the databases searched on November 22, 2021, and 
757 records within the repeated databases searched on December 13, 2024. One addi-
tional record was located manually [17]. After the removal of duplicates, we screened 
2,784 records from the initial searches and 564 records from the repeated searches. We 
identified 63 citations for full text review, 28 of which met inclusion criteria for data syn-
thesis. Reasons for exclusion for the remaining 35 studies were recorded (Supplemen-
tary Material S1) and displayed in the PRISMA flow diagram (Fig. 1). The characteristics 
of the 28 included studies are reported in Tables 1, 2, and Supplementary Material S2.

Study sample characteristics

The 28 studies included in the systematic review involved a total of 3,374 participants 
(47% male participants) [5, 17–43]. The percentage of male participants in each of the 
included studies ranged from 33% [34] to 67% [38]. The age of participants (in years) 
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ranged from 4-5 months [42] to 101 [36, 37]. The smallest sample size was 16 partici-
pants [33] and the largest was 822 participants [31].

Twenty-eight studies reported on sex differences among their participants [5, 17–
43]. One study (4%) included participants solely  in the infancy and toddlerhood stage 
of development (4–5 months of age) [42], six studies (21%) included participants sole-
ley in early, middle, and late childhood and adolescence [5, 20, 22–25]; five studies (18%) 
included participants  solely in emerging and early adulthood [18, 19, 26, 30, 32]; one 
study (4%) examined middle adulthood [35]. No studies investigated sex differences 
solely in the late adulthood developmental stage. Fifteen studies (54%) included partici-
pants spanning age-related developmental stages [17, 21, 27–29, 31, 33, 34, 36–41, 43]. 
Detailed characteristics of the included studies can be found in Table 1.

EEG markers and parameters

Overall characteristics

Twenty-three studies (82%) reported results on sex differences in the parameters of the 
delta wave frequency [5, 17–24, 26–37, 39, 43]. Sex differences in the theta wave fre-
quency were reported in 14 (50%) studies [5, 17, 18, 20, 21, 23, 24, 26, 27, 30–32, 36, 43], 
alpha in 14 (50%) studies [5, 17, 18, 20, 21, 24, 27, 30–32, 35, 36, 41, 43] and sigma in 12 
studies (43%) [5, 17, 20, 21, 24, 26, 30–32, 40, 41, 43]. Ten studies (36%) reported on sex 
differences in beta wave frequency [5, 17, 20, 21, 24, 31, 36, 40, 41, 43] and three studies 

Fig. 1 PRISMA flow diagram showing the process of study selection
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(11%) in gamma [5, 24, 41]. Six studies (21%) reported on spindles [5, 25, 27, 36, 38, 42] 
and one study (4%) on sawtooth [36] waveforms.

We observed considerable between-study variations in the recording techniques, in 
the frequency band definitions and categorization among the included studies, irrespec-
tive of whether the data emerged from EEG as part of polysomnography, or standalone 
EEG. We refer the reader to Table 2 for definitions of the studied parameters.

We observed variations in the reporting of the age of participants. Twenty-two studies 
(79%) reported age of their samples as means and standard deviations (SD) [5, 17–20, 22, 
24, 26, 28, 29, 31–36, 38–43]. Fifteen studies (54%) reported both mean with SD and age 
ranges [5, 17, 26, 29, 31, 33, 34, 36, 38–43], and three studies (11%) [25, 27, 37] reported 
only age range, which in some cases spanned several decades (Table 1, Fig. 2). This vari-
ation required us to use age-related developmental stages to contextualize the evidence 
and preserve all the data in data synthesis (Fig.  2). This allowed us to make compari-
sons of results across similar age groups. The decision to combine specific age-related 
developmental stages was made since few studies had a sample that could be categorized 
under a singular age-related development stage. Studies reported on several sleep wave 
parameters (Fig. 3). 

Sex differences in delta waves

Twenty-three included studies (82%) provided relevant information on sex differences 
in delta frequency waves [5, 17–24, 26–37, 39, 43], across various age-related stages of 
development: five (18%) of these studies included participants  in childhood and adoles-
cence [9, 20, 22–24], five (18%) in emerging and early adulthood [18, 19, 26, 30, 32], and 
one (4%) in middle and late adulthood [35]. Twelve studies (43%) included participants 
spanning across several age-related developmental stages [17, 21, 27–29, 31, 33, 34, 36, 
37, 39, 43].

Early, middle, and late childhood and adolescence: Campbell et al. (2005) reported 
no sex differences in delta amplitude and power density in the 9-year-old cohort; 
however, sex differences were observed in the 12-year-old cohort, where male par-
ticipants expressed higher values in both amplitude and power density compared to 
female participants [24]. In female participants only, of both age cohorts, researchers 
observed weak negative correlations between power density and Tanner stage, which 
was observed in the first recording but not second, which took place 6 months after the 
first[24]. Campbell et al. [23] reported on change in power as participants aged (i.e., 
from age 9–16 (cohort 1) and age 12–18 (cohort 2)) [23]. Researchers found that the 
age of steepest delta power decline differs between the sexes, with decline occurring at 
an earlier age in females [23]. Feinberg et al. [22] reported no sex differences in power 
density for the 9-year-old cohort; in the 12-year-old cohort, male participants had 
greater power density as compared to female [22]. Delta power density did not change 
between ages 9 and 11 for both sexes; however, it declined between ages 12 and 14 
in both sexes, with no sex differences in the rate of decline [22]. Baker et al. [20] found 
no sex differences in delta power and amplitude in their participants aged 11–14 years 
[20]. Markovic et al. [5] in their participants aged 9 to 14 years, reported no sex dif-
ferences in absolute power across brain regions in NREM and REM sleep; however, 



Page 35 of 61Chapman et al. BioMedical Engineering OnLine           (2025) 24:33  

Table 2 Included evidence in SR with EEG waves and measurement units

# Author; method Wave (frequency range) Sleep parameter (unit); 
definitions, where provided

1 Armitage (1995); EEG Delta (0.5– < 4 Hz)
Theta (4– < 8 Hz)
Alpha (8– < 12 Hz)

• Delta, theta, and alpha power 
(µV2); absolute value of the area of 
the half-wave squared by frequency 
category

2 Armitage et al. (2000); EEG Delta (0.5– < 4 Hz) • Delta power (µV2); derived from 
power spectral analysis which gen-
erated a vector of data describing 
power in the delta band
• Delta amplitude (µV2); half-wave 
zero-cross analyses; cumulative 
squared voltage of all points in the 
delta zero-cross bin using period-
amplitude analysis

3 Baker et al. (2012); EEG Delta (0.3– < 4 Hz)
Theta (4– < 8 Hz)
Alpha (8– < 12 Hz)
Sigma (12– < 15 Hz)
Beta 1 (15– < 23 Hz)

• Power (µV2⋅s); derived from power 
spectral analysis
• Amplitude (µV); zero-cross 
measures using period-amplitude 
analysis
Power spectra and period ampli-
tude values
were averaged across NREM sleep 
(Stages 2–4) and REM
sleep separately for the entire night

4 Campbell et al. (2005); EEG Delta (0.3–3 Hz)
3–4 Hz
Theta (4–6 Hz; 6–8 Hz)
Alpha (8–12 Hz)
Sigma (12–15 Hz)
Beta (15–23 Hz; 23–30 Hz)
30–50 Hz
*Frequencies inferred from study 
Table 4 and text in results section

• Power density (µV2⋅sec); power per 
minute of NREM
• Delta amplitude (µV); half-wave 
detection by zero crossing using 
period-amplitude analysis

5 Campbell et al. (2012); EEG Delta (1–4 Hz)
Theta (4–8 Hz)

• Theta and delta power (µV2); 
spectral analysis
• Theta and delta power decline 
(µV2); wave power at each semian-
nual recording plotted against age 
for each male and each female 
person. The delta power decline 
across adolescence was fit with a 
Gompertz equation:

 Power = D − A•e−e−C(age−M)

• Delta amplitude (NR): from the 
upper to lower asymptotes of the 
delta curve

6 Carrier et al. (2001); EEG 0.25–32z bins were collapsed 
into 1–Hz frequency ranges (1 Hz: 
0.25–1.00 Hz, 2 Hz: 1.25–2.00 Hz, 
3 Hz: 2.25–3.00 Hz, etc.)

• Spectral power density (log 
transformed); power densities were 
calculated on the 128 Hz signals for 
consecutive 4-s epochs and 0.25 Hz 
frequency bandwidths by a Fast 
Fourier Transform routine. Awake 
time was excluded based on visual 
scoring in 60-s epochs. Artifact-
laden 4-s epochs were identified 
by automated procedures. Average 
power density was calculated as the 
mean of the artifact-free 4-s sleep 
epochs for each N-REM period. 
For comparison of power spectral 
densities, the 0.25-Hz bins were col-
lapsed into 1-Hz frequency ranges 
(~ 1 Hz: 0.25–1.00 Hz, 2 Hz:1.25–
2.00 Hz, 3 Hz: 2.25–3.00 Hz, etc.)
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Table 2 (continued)

# Author; method Wave (frequency range) Sleep parameter (unit); 
definitions, where provided

7 Carrier et al. (2011); EEG 1–4 Hz
 < 4 Hz
*Focuses on slow wave; inferred 
as Delta

• SW amplitude (µV); difference 
in voltage between negative and 
positive peak of unfiltered signal 
expressed in microvolt
• SW slope (µV/s); slope between 
negative peak and positive peak

8 Dijk et al. (1989); EEG 0.25–15 Hz
*Frequencies bands inferred from 
commonly used categorizations

• Power density, expressed as a 
percentage (females as % of the 
average value in males); spectral 
analysis

9 Dorokhov et al. (2024); EEG Delta (1–4 Hz)
Theta (5–8 Hz)
Alpha (9–12 Hz)
Sigma (13–16 Hz)

• Spectral power density (ln-
transformed); calculated from EEG 
signals recorded at Fz, F4, Cz, Pz, 
and O2, referenced to M1/M2. 
Artifact-free epochs were processed 
using Fast Fourier Transform. 
Analysis focused on the first 16 fre-
quency bands, from 1 to 16 Hz (e.g., 
0.50–1.49 Hz for 1 Hz, 1.50–2.49 Hz 
for 2 Hz, etc.)

10 Feinberg et al. (2006); EEG Delta (0.3–3 Hz)
1–4 Hz

• Delta power density 
(µV2sec/1000); power in 0.3–3 Hz 
divided by minutes of artifact-free 
NREM

11 Fukuda et al. (1999); EEG Delta (0.5–2 Hz, 2–4 Hz) • Delta spectral power; calculated 
by Fast Fourier Transform over 
1024 data points with a cosine bell 
window

12 Hejazi et al. (2024); EEG Delta (0.5–4 Hz):
Low Delta (0.5–2 Hz)
High Delta (02–4 Hz)

• Delta power spectral density 
(µV2/Hz); analyzed from C3-A2 and 
C4-A1 signals (filtered 0.5–30 Hz) 
during NREM using Welch’s peri-
odogram (0.2 Hz and 1 Hz bins, six 
5-s epochs, Hamming window) and 
a Chebyshev Type II filter

13 Kluge et al. (2010); EEG Delta (0.5–4 Hz)
Theta (4.5–8 Hz)
Alpha (8.5–12 Hz)
Sigma (12.5–16 Hz)
Beta (16–20 Hz)

• Delta, theta, alpha, sigma, and 
beta power (µV2); Fast Fourier Trans-
form routine using a rectangular 
window for consecutive, non-over-
lapping 2 s miniepochs

14 Latta et al. (2005); EEG Delta (0.5–4 Hz)
Alpha (8.5–12 Hz)

• Delta and alpha activity (µV2); 
absolute spectral power in the 
0.5–4 Hz and 8.5–12 Hz frequency 
bands, respectively
• Total power (µV2); calculated over 
the frequency range 0.5 to 12.5 Hz
• Relative delta and alpha activity 
(%); percentage of the total power 
for each 30-s epoch

15 Luo et al. (2024); EEG Delta (0.5–4 Hz),
Theta (4–8 Hz),
Alpha (8–13 Hz),
Beta (13–30 Hz),
Spindle (11–16 Hz),
Sawtooth (3–7 Hz)

• Functional connectivity, quantified 
using mutual information (MI); MI 
evaluated both amplitude and 
phase information between EEG 
signals, classified as segments using 
0.5–30 Hz band-pass filtering

16 Ma et al. (2011); EEG via PSG Delta (0.5–4.25 Hz)
Theta (4.25–8 Hz)
Alpha (8–12 Hz)
Sigma (12–15 Hz)
Beta (15–32.5 Hz)
Spindle (11–14 Hz)

• Delta, theta, alpha, sigma, beta, 
spindle spectral power density, 
presented as a ratio (females as % 
difference to males)
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Table 2 (continued)

# Author; method Wave (frequency range) Sleep parameter (unit); 
definitions, where provided

17 Markovic et al. (2020); EEG Delta (1–4.6 Hz)
Theta (4.8–7.8 Hz)
Alpha (8–10.8 Hz)
Sigma (11–16 Hz)
Beta 1 (16.2–20 Hz)
Beta 2 (20.2–24 Hz)
Gamma 1 (24.2–34 Hz)
Gamma 2 (34.2–44 Hz)
Spindle (10–16 Hz):
Slow spindle (10–12 Hz)
Fast spindle (12–16 Hz)

• Absolute power (µV2); calculated 
per epoch using 5-s windows, Han-
ning window, no overlap
• Normalized power (µV2); power at 
each derivation normalized by the 
total power across derivations
• Spindle amplitude (µV); not 
defined
• Spindle density (num/s); not 
defined
• Connectivity, measured with 
coherence; index of brain con-
nectivity during sleep reflecting 
interactions between spatially 
segregated populations of neurons. 
Calculated between all possible 
channel pairs (i.e., 1653 connec-
tions) as (|Pxy (f )|2)/Pxx (f )Pyy (f ), 
where  Pxy(f ) is the cross-spectral 
density and  Pxx(f ) and  Pyy(f ) are the 
auto-spectral density functions of 
the two

18 Mongrain et al. (2005); EEG via 
PSG

Delta (0.75–4 Hz)
Theta (4–8 Hz)
Low Sigma (12–14 Hz)
High Sigma (14–16 Hz)

• Spectral power; Fourier transforms 
performed on 4-s artifact-free 
sections using a cosine window 
tapering

19 Mourtazaev et al. (1995); EEG via 
PSG

Slow Wave (0.5–2 Hz)
*Focuses on slow wave; inferred 
as Delta

• Slow wave power (µV2); manual 
and computer-estimated based 
on the band-pass filter (0.5–2.0 Hz) 
described by Kemp and Lopes da 
Silva

20 Pun et al. (2023); EEG via PSG Spindle (11–16 Hz) • Spindle density (# events per min); 
calculated by counting spindles 
in NREM 2 & 3 separately from 
the central and frontal electrodes, 
then dividing by the time spent 
in each stage. Used computerized 
detection algorithm (11–16 Hz 
band-pass)

21 Ricci et al. (2021); EEG Sigma (11–16 Hz)
Spindle (10–16 Hz)
Fast Spindle (12–16 Hz)

• Sigma power (µV2); computed by 
summing the power density data 
(including lower and upper limits 
of the frequency band), adjusting 
for rejected epochs, averaging for 
C3 and C4
• Spindle density (spindles/min); 
total number of spindles in N2 
sleep and divided by the time in 
minutes of N2 sleep
• Spindle power (µV2); highest 
power S within the spindle
• Fast spindle percent (%); percent 
of fast spindles out of all identified 
spindles
• Percent change in spindle/sigma 
activity: calculated as a percent 
change with the formula [(follow-
up value—baseline value)/baseline 
value]*100. Linear models wee used 
to calculate age-related percent 
change as a function of groups: 
12–14 years, 15–17 years, and 
18–22 years
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Table 2 (continued)

# Author; method Wave (frequency range) Sleep parameter (unit); 
definitions, where provided

22 Ringli et al. (2013); EEG Slow Wave (0.75–4.5 Hz)*
*Focuses on slow wave; inferred 
as Delta

• Power, measured as slow wave 
activity (µV2); calculated as mean 
power in the range of 1–4.5 Hz dur-
ing the first 60 min of NREM sleep 
stages 2 and 3

23 Rosinvil et al. (2021); EEG via PSG Slow Wave (PtP ≥ 75 μV and 
NegA ≥ 40 μV, negative to 
positive deflection ≥ 125 
to ≤ 1,500 ≤ 1,000 ms)
*Focuses on slow wave; inferred 
as Delta

• Slow wave density (number of 
slow waves per minute of NREM 
sleep, N2–N3 combined)
• Slow wave peak-to-peak ampli-
tude (µV); difference in voltage 
between negative and positive 
peak of filtered signal, averaged 
over all-night NREM with N2–N3 
combined
• Slow wave slope (µV/sec); ratio 
between the peak-to-peak ampli-
tude and the delay between the 
two peaks

24 Ujma et al. (2019); EEG via PSG Sigma (11–15.75 Hz)
Alpha (8–10.75 Hz)
Beta (16–25 Hz)
Gamma (25.25-48 Hz)

• Functional connectivity, measured 
as weighted phase-lag index 
(WPLI); calculated between all pos-
sible electrode pairs from the result-
ing time–frequency data and finally 
averaged across all data segments 
and electrode pairs belonging to 
the same cluster, respectively

25 Ujma et al. (2022); EEG Beta (16–30 Hz)
Low Sigma (10–12.5 Hz)
High Sigma (12.5–16 Hz)
(0.01 Hz–4 Hz w 0.01 Hz incre-
ments)

• Amplitude; not defined

26 Ventura et al. (2022); EEG Spindle (~ 11–15 Hz) • Spindle spectral power, median 
(µV2); calculated from power 
spectral density estimates of each 
spindle
• Spindle density (spindles/min); 
number of sleep spindles per 
minute of NREM

27 Yoon et al. (2021); EEG via PSG Delta (0.75–4 Hz)
Theta (4–8 Hz)
Alpha (8–12 Hz)
Sigma (12–14 Hz)
Beta (14–30 Hz)

• Absolute spectral power (µV2, 
ln transformed); calculated the 
spectral band power for each 30-s 
epoch using Fast Fourier Transform 
with a Hanning window (3-s sliding 
window with 50% overlap). Spectral 
power was calculated for the whole 
night of sleep, REM and NREM 
sleep, and each stage of NREM 
including N1, N2 and N3
• Relative spectral power (%); 
calculated for each frequency band 
(delta [0.75–4 Hz], theta [4–8 Hz], 
alpha [8–12 Hz], sigma [12–14 Hz] 
and beta [14–30 Hz]) by dividing 
the power of each band by the 
total EEG power (0.75–30 Hz) at C4 
electrode

28 Yuksel et al. (2021); EEG Delta (0.3–4 Hz)
Theta (> 4–8 Hz)
Alpha (> 8–12 Hz)
Sigma (> 12–15 Hz)
Low Beta (> 15–23 Hz)
High Beta (> 23–30 Hz)

• Relative power (ratios); calcu-
lated for each frequency band as 
a function of the EEG total power 
(1–30 Hz), and then averaged 
across C3 and C4
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when the data were normalised, sex differences were observed, with male participants 
showing greater power in the central/occipital region during both REM and NREM 
sleep, and female in the frontal region during NREM [5]. This group also reported dif-
ferences in the connectivity, expressed as coherence, with female participants having 
greater values in NREM and REM sleep [5]. Ringli et al. [39] observed increased delta 
power from the ages of 10–17 in male participants in the right frontal region; female 
participants had higher power values in the left and right temporal regions [39].

Emerging and early adulthood: Dijk et al. [30] reported that female participants aged 
19–27 years exhibited higher delta power density during REM and NREM sleep as com-
pared to their male counterparts [30]. In the research by Mongrain et al. [26] with par-
ticipants aged  19–34 years, researchers found female participants to have higher spec-
tral power as compared to male participants [26]. Armitage [18] found higher overall 
delta power during NREM stages 2–4 in their female participants aged ~ 20–30 years; 
during REM and all-night sleep (REM + NREM), no difference was observed [18]. In 
a study published five years later with participants aged 22–40, Armitage found no 
sex differences in the amplitude and power of delta sleep [19]. In a study of delta sleep 
during napping state in participants aged 18–23, Dorokhov et  al. found that female 
participants had greater spectral power density as compared to male [32].

Middle and late adulthood: Latta et al. (2005) reported greater absolute delta power 
in female participants compared to male during both NREM and REM sleep, but no 
sex difference in relative delta power. When the data were normalised, sex difference 
for relative delta power was observed, with male participants expressing greater power.

Studies spanning several developmental stages: Mourtazaev et al. [37] reported greater 
delta power in female participants in a sample with ages ranging from 26 to 101; the 

Table 2 (continued)

# Author; method Wave (frequency range) Sleep parameter (unit); 
definitions, where provided

29 Zhang et al. (2021); EEG Spindle (12–15 Hz) • Spindle amplitude (µV); calculated 
the peak-trough amplitude as the 
averaged amplitude difference 
between each sorted amplitude of 
peak and trough
• Spindle density (#spindles/min); 
calculated as the average number 
of spindles per minute of NREM 
artifact-free sleep

Fig. 2 Sex differences in sleep parameters, by brain wave frequencies. Color indicates sex differences in 
sleep marker values: females greater (pink), males greater (blue), no difference (yellow), grey (not reported). 
Superscript indicates parameter(s) investigated in the study: A, amplitude; C1, coherence; C2, mutual 
information; C3, weighted-phase lag index; D’, density; D1, power density; D2, change in power density; 
D3, density peak; P’, power; P1 relative power; P2, change in power; P3, normalized activity. Length of bars 
indicates the age range of participants in each study; a circle indicates that a cohort of a single age was 
included. Please refer to the Results section and Fig. 3 for studies reporting multiple sex difference results

(See figure on next page.)
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Fig. 2 (See legend on previous page.)
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age and sex interaction was not statistically significant [37]. Carrier et al. [27] reported 
greater power spectral density among female participants aged 20–60, as compared to 
male [27]; the results were similar in the study by Ma et al. [31], with a sample aged 
18–64 [31]. Carrier et al. [28] reported greater delta wave amplitude in female partici-
pants. In their analysis of sex differences in density, the researchers found that main 
sex effect was not statistically significant, but observed statistically significant results 

Fig. 3 Sex differences in sleep parameters, by brain wave frequencies. Labels indicates the parameter 
investigated in the studies: A, amplitude; C1, coherence; C2, mutual information; C3, weighted-phase lag 
index; D’, density; D1, power density; D2, change in power density; D3, density peak; P’, power; P1 relative 
power; P2, change in power; P3, normalized activity. Color indicates sex differences in sleep marker values: 
females greater (pink), males greater (blue), no difference (yellow). Length of bars corresponds to number of 
PROGRESS-Plus parameters considered in statistical analysis of the study, shown as a superscript: G, gender/
sex; + , plus (additional parameters, shown in parentheses). Line style corresponds to Quality Assessment of 
the study: Excellent (+ + , thick solid lines), Good (+ , medium dashed lines), Fair (-, thin dotted lines)
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for age group, sex, and derivation interaction [28]. Fukuda et al. [33] reported greater 
spectral power in female as compared to male, in a sample of participants aged 54–72 
[33]. Hejazi et al. [34] found no sex differences in NREM (N1-N3) delta power in their 
participants aged 20–56 years old [34]. Kluge et al. [17] found sex difference in delta 
power in their sample aged 60–70 years old, with females exhibiting higher values [17]. 
Yoon et al. [43] reported greater absolute delta power in female participants compared 
to male, but no sex difference for relative delta power in their sample aged 45–69 [43].

Luo et  al. [36] reported no sex difference in functional connectivity, quantified 
using mutual information, in delta wave frequency in both NREM (N1-N3) and REM 
in their participants aged 25–101 [36]. Rosinvil et al. [29] reported that female showed 
greater slow wave density, amplitude and slope as compared to male participants  in 
a sample aged 20–71; however, after application of age-and sex-adapted criteria, sex 
difference in slow wave density became not statistically significant, while the sex dif-
ferences in the amplitude and slope remained significant [29].

Sex differences in theta waves

Fourteen studies provided results on sex differences in theta waves   across develop-
mental stages [5, 17, 18, 20, 21, 23, 24, 26, 27, 30–32, 36, 43]. Four of these studies 
included participants in childhood and adolescence [5, 20, 23, 24] and four in emerg-
ing and early adulthood [18, 26, 30, 32]. Six studies included participants spanning 
developmental stages [17, 21, 27, 31, 36, 43].

Early, middle, and  late childhood and  adolescence: In their cohort aged 12  years, 
Campbell et al. [24] reported no sex differences in theta power density in NREM sleep 
in the first recording session, however male participants showed greater values in the 
second recording session [24]. In the study by Campbell et al. [23], researchers investi-
gated change in power, reporting that the steepest decline in theta power occurred at an 
earlier age in female participants as compared to male [23]. Markovic et al. [5], in their 
sample of 9–14-year-olds, reported on three parameters: coherence, absolute power, 
and normalised power. Compared to male, female participants had greater coherence 
in NREM and REM sleep, with no sex difference observed in absolute power. When 
power data were normalized, sex differences were observed in certain topographic 
regions [5]. Baker et al. [20] reported no sex differences in their 11–14-year-old par-
ticipants in theta power during NREM and REM sleep [20].

Emerging and early adulthood: Dijk et al. [30] reported that female participants in 
their sample  aged 19–27  years exhibited greater theta power density during REM 
and NREM sleep as compared to male [30]. Dorokhov et al. [32] reported sex differ-
ence in theta spectral power densities, with female participants showing higher power 
densities across all sleep stages during a nap [32]. In a sample of participants aged 
19–34 years, Mongrain et al. [26] found higher power in NREM in female as compared 
to male participants [26]. Armitage [18] reported no sex difference in all-night sleep 
theta power in their participants aged ~ 20 to 30 years [18].
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Studies spanning several developmental stages: Ma et  al. [31] reported female par-
ticipants had higher power spectral density as compared to male, in a sample aged 
18–64 years [31]. Carrier et al. [27] reported higher power spectral density for female 
participants as compared to male in a sample aged 20–60 [27]. Kluge et al. [17] reported 
no sex difference in theta power in their sample aged 60–70[17]. Yoon et al. [43] found 
female participants had greater absolute spectral power using ANOVA; however, sex was 
not significant in multivariate modeling accounting for sex and age [43]. The researchers 
reported greater relative spectral power in female participants during REM sleep, and no 
sex differences in NREM and whole-night sleep [43]. Yuksel et al. [21] reported no sex 
difference in relative power in NREM in both recording nights [21].

Luo et al. [36] in their sample of participants aged 25–101 years observed no sex dif-
ference in theta wave functional connectivity, quantified using mutual information [36].

Sex differences in alpha waves

Fourteen studies investigated sex differences in parameters of alpha wave frequency in 
participants across  age-related developmental stages: three of these studies included 
participants in childhood and adolescence [5, 20, 24], three in emerging and early adult-
hood [18, 30, 32], and one in middle adulthood [35] (Fig. 2). The remaining seven studies 
[17, 21, 27, 31, 36, 40, 43] included participants spanning across age-related develop-
mental stages.

Early, middle, and late childhood and adolescence: Campbell et al. [24] reported higher 
power density for male participants than female in their cohort aged 12 in both recording 
sessions, which were conducted 6 months apart [24]. Baker et al. [20] found no significant 
sex differences in alpha power in NREM and REM in their sample of adolescents aged 
11–14 years [20]. Markovic et al. [5] found no significant differences in absolute alpha 
power in NREM and REM in their sample of 9–14-year-olds, although Markovic et al. 
[5] noted sex differences in normalised power in NREM sleep, with female participants 
showing greater power in the frontal region and male participants in the central/occipital 
regions [5]. These researchers also reported on coherence, with male participants show-
ing greater values in NREM, and no sex difference in REM sleep [5].

Emerging and early adulthood: Dijk et al. [30] found that alpha power densities during 
NREM and REM sleep were higher in female participants, except for the 9- and 10-Hz 
during REM sleep [30], in a sample aged 19–27. Armitage [18] reported no significant dif-
ference in alpha power between the sexes for ~ 20 to 30-year-old participants [18]. Dorok-
hov et al. [32] observed that female participants demonstrated higher spectral power den-
sities, compared to male in their sample aged 18–23 [32].

Middle and late adulthood: Latta et al. [35] found no sex differences in absolute, rela-
tive, and normalised alpha wave activity in their sample aged ~ 57–65 [35].

Studies spanning several developmental stages: Yoon et  al. (2021), in their partici-
pants aged 45–69 years, reported higher absolute alpha power in female as compared 
to male using ANOVA; sex was not significant in the multivariate regression account-
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ing for sex and age. No sex difference was observed in relative alpha power during 
whole night, NREM, and REM sleep [43]. Yuksel et  al. [21] found no sex difference 
in relative power [21]. Kluge et al. [17] found no sex difference in alpha power in par-
ticipants aged 60–70 years [17]. Ma et al. [31], in their sample aged 18–64, observed a 
higher power spectral density in their female participants as compared to male, in the 
frequency band 8–10 Hz and no sex differences for >10–12 Hz [31].

Ujma et  al. [41], in their sample aged  17–69  years, reported that males expressed 
greater alpha wave connectivity, quantified as weighted phase-lag index, in NREM 
than female participants [40]. Luo et al. [36] observed greater functional connectivity, 
quantified using mutual information, in the alpha frequency band in female compared 
to male participants, across all stages of sleep, in participants aged 25–101 years [36].

Sex differences in sigma waves

Twelve studies reported results on sigma wave frequency [5, 17, 20, 21, 24, 26, 30–32, 
40, 41, 43]. Three studies included participants in childhood and adolescence [5, 20, 
24] and three in emerging and early adulthood [26, 30, 32]. The remaining six studies 
included participants across age-related developmental stages [17, 21, 31, 40, 41, 43].

Early, middle, and  late childhood and adolescence: In their cohort of 12-year-olds, 
Campbell et al. [24] reported higher power density values in male participants relative 
to female in the second recording, which occurred six months after the first, during 
which no sex differences were observed [24]. Baker et al. [20] found no sex differences 
in sigma power in their sample of 11–14 year-olds [20]. Markovic et al. [5] observed 
greater absolute sigma power in females during NREM sleep in their cohort of partici-
pants aged 9–14 years; and no sex difference in REM sleep [5]. When the data were 
normalised, researchers observed sex differences during NREM and REM sleep across 
brain regions [5]. The researchers also reported on coherence, with female participants 
expressing greater values in both NREM and REM [5].

Emerging and early adulthood: Dijk et al. [30] found that sigma power densities dur-
ing NREM and REM sleep were higher in females, except for the 12- and 13-Hz during 
NREM sleep [30], in their sample aged  19–27. In the study by Mongrain et  al. [26] 
including participants aged 19–34 years, female participants had greater sigma power 
in NREM [26]. Dorokhov et al. [32] reported that female participants exhibited higher 
sigma spectral power density as compared to males [32].

Studies spanning several developmental stages: Ujma et al. [41] in their sample of 
17–69 year-olds reported greater connectivity in female participants in the frequency 
range 13.5–14.5 Hz, and greater values in male participants for the low sigma range 
[41]. In the study of Ujma et al. [40], researchers reported sex differences in sigma 
amplitude, in their sample aged 17–69 years [40]. Ma et al. [31] studied power spec-
tral density, reporting no sex difference in the 12 to < 14 Hz range, and greater values 
among females in the 14–15 Hz range [31]. Kluge et al. [17] reported no sex difference 
in sigma power in their sample aged 60–70 years [17].
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Yoon et al. [43], in their participants aged 45–69 years, reported higher absolute 
sigma power in female as compared to male participants using ANOVA; sex was not 
significant in the multivariate regression accounting for sex and age [43]. No sex dif-
ference was observed in relative sigma power during whole night, NREM, and REM 
sleep [43]. Yuksel et  al. [21] reported no sex difference in relative sigma power in 
NREM sleep [21].

Sex differences in beta waves

Ten studies explored sex differences in EEG parameters in the beta frequency range 
in samples that include participants from various age-related developmental stages: 
three of these studies included participants in childhood and adolescence [5, 20, 24], 
and the remaining seven studies included participants across developmental stages 
[17, 21, 31, 36, 40, 41, 43].

Early, middle, and  late childhood and  adolescence: Campbell et  al. [24] reported 
higher density values in the first night recording among males in the 12-year-old 
cohort; however, no sex differences were observed in the second recording 6 months 
later [24]. Markovic et al. [5], in their sample of 9–14-year-olds, found that female 
participants exhibited greater absolute power; when the data were normalised, sex 
differences were observed in certain brain regions [5]. The researchers also reported 
on coherence, with female participants showing greater values in NREM and REM 
[5]. Baker et al. [20] found no significant difference in beta power in their cohort of 
11–14-year-old participants [20].

Studies spanning several developmental stages: Ujma et  al. [41] in their sample 
aged  17–69  observed higher connectivity, quantified as weighted phase-lag index, 
in male in NREM and REM, as compared to female participants [41]. Luo et al. [36] 
reported higher functional connectivity, quantified as mutual information, in female 
compared to male participants in a sample ranging from ages 25 to 101 [36]. In the 
study of Ujma et al. [40], researchers reported that sex differences exist in beta ampli-
tude, in their sample aged 17–69 years [40]. Ma et al. [31], in the sample of 18–64 year-
olds, reported that female participants had a greater power spectral density in the 
15–18 Hz range, but no sex difference in beta frequency ranges > 18 Hz [31].

Kluge et  al. [17], in their sample aged  60–70, found that  male participants had 
greater beta power [17]. Yoon et al. [43] reported that male participants had lower 
absolute spectral power in ANOVA, but  that sex was not significant in multivari-
ate analysis accounting for age [43]. Males had greater relative power during whole 
night sleep, but no sex differences were observed in NREM or REM sleep [43]. Yuk-
sel et al. [21] reported no sex differences in relative power [21].

Sex differences in gamma waves

Sex difference in gamma waves in sleep was explored in three studies [5, 24, 41]: two 
studies included participants in childhood and adolescence [5, 24], and one study 
included participants spanning across developmental stages [41].
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Early, middle, and  late childhood and  adolescence: Markovic et  al. [5] reported that 
female participants expressed greater absolute gamma power in comparison to male in 
NREM and REM sleep, in their sample aged 9–14 [5]. When the data were normalised, 
sex differences were observed in specific brain regions [5]. The researchers also reported 
on sex differences in coherence; results indicated that female participants showed greater 
values in NREM and REM as compared to male [5].

Studies spanning several developmental stages: Ujma et al. [41] found that male partici-
pants exhibited greater connectivity for gamma waves in NREM and REM in their sample 
of participants aged 17–69 [41].

Sex differences in transient waveform events

In addition to reporting on sex difference in EEG waves in specific frequency bands, six 
groups of researchers reported on sex difference in transient waveforms events known 
as sleep spindles [5, 25, 27, 36, 38, 42]. One group also  reported on sawtooth waves 
[36], a variant of theta activity, with each wave also containing a notch, making it 
sawtooth-shaped.

Sex difference in spindles were reported in participants in infancy and toddlerhood in 
one study [42], in childhood and adolescence in two studies [5, 25], and in participants 
spanning across developmental stages in three studies [27, 36, 38]. Sex difference in saw-
tooth waveform was reported in participants spanning age-related developmental stages 
in one study [36].

Infancy and toddlerhood: Ventura et al. [42] reported that female participants in their 
sample aged 4–5 months expressed greater spindle spectral power as compared to male 
[42]. No sex differences were observed in spindle density [42].

Early, middle, and  late childhood and  adolescence: Markovic et  al. [5] reported that 
female participants in their cohort aged 9–14  expressed greater spindle amplitude in 
comparison to male [5]. The researchers also found greater spindle density in female 
participants; however, when the analysis was performed in female participants with no 
menarche and age-matched male participants, females still expressed greater density in 
slow spindles; but no sex difference was observed in fast spindles [5]. Zhang et al. [25] 
reported on sex difference in spindle amplitude in their cohorts aged 9 and 12; results 
were reported by brain region [25]. For both cohorts, male participants had greater 
amplitude in the central lead as compared to female; no sex difference was observed in 
the frontal lead [25]. These researchers also reported on the density peak, with results 
showing no sex difference for central or frontal leads [25].

Studies spanning several developmental stages: Carrier et al. [27] reported that female 
participants in their sample aged 20–60 had greater power spectral density and compared 
to male [27]. Luo et al. [36] reported on sex differences in spindle and sawtooth connec-
tivity, quantified by mutual information, in their sample aged 25–101. Female partici-
pants expressed greater spindle connectivity as compared to male, and no sex difference 
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in sawtooth waves [36]. Pun et al. [38] reported no sex difference in spindle density in 
their participants aged 51–80 [38].

PROGRESS-Plus considerations

A detailed description of the characteristics of included studies using the PROGRESS-
Plus framework can be found in Supplementary Material S2, Figs. 4 and 5.

Place of residence of participants

Seven studies reported on participants’ place of residence [20–23, 35, 37, 43]. These 
seven studies included participants from Abbotsford (Australia) [20], Davis [21–23] and 
Chicago (USA) [35], Ansan (Korea) [43], and Leiden (Netherlands) [37].

Although only indirectly linked to participants’ place of residence, the country in 
which research was conducted is important to consider, as participant recruitment often 
occurs locally. Out of the 28 studies, most studies were conducted in high-income coun-
tries. Eleven studies were conducted in the USA [18, 19, 21–25, 27, 31, 34, 35], four in 
Canada [26, 28, 29, 38], and two in Switzerland [5, 39], the Netherlands [30, 37] and 
Germany and Hungary [40, 41], each. One study was conducted in each of the following 
countries: Ireland [42], Australia [20], Germany [17], Korea [43], Japan [33], and Russia 
[32]. Luo et al. [36] used Sleep-EDF Database from the Research Resource for Complex 
Physiologic Signals established under the auspices of the National Institutes of Health, 
but did not specify the country of data origin [36].

Race/Ethnicity/Culture/Language

Five studies reported on race/ethnicity of research participants or their parents [21–23, 
42, 43] and one study reported on language [26]. Yoon et al. [43] noted in the discussion 
that race has influence on morphological features due to genetic factors, which may be 
the reason for the absence of sigma peaks in Koreans [43].

Occupation

Two studies [26, 27] reported on occupation of their participants. The majority of partic-
ipants (> 95%) in the study by Carrier et al. [27] were students, workers, and homemak-
ers [27]. Out of the 24 participants in the study by Mongrain et al. [26], 18 were students 
(without a summer job), three worked at home with their own schedule, two were in 
between jobs, and one participant worked afternoon shifts [26].

Education

Two studies reported on the education level of their participants [32, 38]. In the study by 
Dorokhov et al. [32], participants were university students [32]. In the study by Pun et al. 
[38], the researchers reported years of education of their participants: 18.1 ± 4.3 years for 
males and 17.7 ± 2.7 years for females [38].
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Remaining parameters (gender, religion, social capital, and socioeconomic status)

Gender as a sociocultural construct [1], religion, social capital, and socioeconomic sta-
tus of research participants were not reported in the studies included in this review.

Plus

We observed a variety of statistical approaches and Plus variables considered in the 
study of sex differences in sleep wave parameters (Supplementary Material S3).

Age All 28 studies reported the participants’ age as mean and standard deviation, range, 
or both [5, 17–43]. One study reported on gestational age and post-natal age of their 
research participants [42]. Of these, 18 studies considered age in the analyses of sex dif-
ference [5, 17, 19, 20, 22–25, 27–29, 34, 36, 37, 39–42].

Pubertal stage Seven studies reported on pubertal stages of their research participants 
[5, 20–24, 39], of which six used Tanner stage to measure pubertal development [5, 20, 
22–24, 39] and one used the Pubertal Developmental Scale [21]. Of these, three studies 
considered Tanner stage in the analyses of sex differences [5, 22, 23].

Fig. 4 Number of studies reporting at least one PROGRESS-Plus parameter: P, place of residence (blue, n = 6); 
R, race/ethnicity/culture/language (green, n = 6); O, occupation (yellow, n = 2); G, gender/sex (purple, n = 28); 
E, education (orange, n = 2); plus, additional parameters (red, n = 28). Stacked bars represent proportion 
of participants (%) in each category: place of residence, race/ethnicity, language, work status*, sex, and 
education**. Stacked bars for plus parameters represent number of studies reporting age only (n = 21) or 
both age and pubertal development (n = 7). *Carrier et al. [27] reported that more than 95% of participants in 
their sample were students, workers, or homemakers, but did not provide specific breakdown of work status. 
**Pun et al. [38] reported education in years (mean and standard deviation)

Fig. 5 Number of studies considering additional PROGRESS-Plus parameters in analysis of sex differences: 
age only (n = 15); age and pubertal development (n = 3)
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Risk of bias in studies and certainty of the evidence

We used the NIH tool to rate studies an “excellent” (i.e., low risk of bias), “good” (i.e., 
moderate risk of bias), “fair” (i.e., high risk of bias) rating (Supplementary Material S4). 
The criteria for the six potential sources of bias were rated as “Yes”, “No”, “Cannot deter-
mine”, “Not applicable” or “Not reported”. If an item was rated as “No”, it was regarded 
as a potential risk of bias. The challenge faced by study authors in assessing risk of bias 
using the NIH tool was in designating “Cannot determine” or “Not reported” versus a 
definite rating. For instance, if little information was provided for Item 5 (“Was a sam-
ple size justification, power description, or variance and effect estimates provided?”), the 
authors were left with no clear indicators to distinguish “Cannot determine” (described 
all or some components but not in detail) versus “Not reported” (did not describe). Thus, 
we rated studies that provided at least some information as “Yes” for a conservative eval-
uation. Likewise, Item 11 (“Were the outcome measures [dependent variables] clearly 
defined, valid, reliable, and implemented consistently across all study participants?”) was 
rated “Yes” because the minimal requirement was agreed to be a standardized measure 
of outcome. Thus, we rated three studies as “excellent” [20, 35, 43], 21 studies as “good” 
[5, 17, 19, 21–30, 32, 34, 36, 37, 39–42], and four studies as “fair” [18, 31, 33, 38] (Sup-
plementary Material S4).

Figure  3 positions results based on frequency bands, sleep wave parameter, quality 
assessment, and PROGRESS-Plus variables considered in the analysis of sex difference. 
Using the criteria for certainty assessment outlined in the methods section, sex differ-
ences in alpha and delta relative power [35, 43], reported in two studies of excellent qual-
ity, were assessed as high in certainty. Results suggest moderate certainty that no sex 
differences exist in alpha power [5, 17, 20, 43], in theta [21, 43], sigma [21, 43], and beta 
relative power [21, 43], and in delta density [28, 29]. There is also moderate certainty that 
female participants had greater delta slope [28, 29], and male participants had greater 
normalized delta power [5, 35]. Low certainty evidence points to sex difference in spin-
dle power density, with greater values in female [27, 31] compared to male participants. 
Evidence for all other sleep parameters was assessed as very low in certainty.

Discussion
Summary

In our systematic review, we included 28 studies that assessed sex differences in sleep 
wave parameters across ages and age-related developmental stages. We did not observe 
consistently reported differences in sleep wave parameters between male and female 
persons during ages that are known to be linked to sex steroid hormone differentiation 
(i.e., adolescence, menopause) and, therefore, we cannot conclude that the reported dif-
ferences are driven by biology (i.e., sex). The results, nonetheless, provide an opportunity 
for a unique discussion with both research and clinical implications.

The strongest emerging pattern was that the majority of studies investigating param-
eters of delta, theta, and spindle waveform reported greater values among female par-
ticipants as compared to male, or no sex difference (Fig. 2). The majority of these studies 
included samples that spanned adulthood developmental stages. When it comes to 
sigma, beta, and gamma waves, there were less consistent results on sex differences. 
Despite observed trends, the certainty of evidence for most studied parameters was very 
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low. The varied results regarding sex differences in sleep parameters may suggest that 
physiological and pathophysiological processes in sleep reflect the great variability in a 
person’s environmental and social influences (i.e., PROGRESS-Plus), as opposed to bio-
logical sex, which were rarely considered in data analysis of sex difference. In light of 
this, we conclude that future studies on sex differences in sleep parameters that integrate 
social variables hold great potential to advance our understanding of the brain activity in 
sleep on a lifespan continuum.

Sleep wave parameters

Various sleep waves have been reported to oscillate differently during stages of  sleep 
and levels of wakefulness [44]. The infra-slow oscillations (ISO, < 0.5  Hz), most prom-
inent during non-rapid eye movement (NREM) sleep, have been suggested to express 
the overall neuronal connectivity of the brain. During wakefulness, these ISO are less 
prominent than in sleep, and they have been linked to baseline cortical excitability and 
large-scale network coordination, influencing vigilance and the transition between sleep 
and wakefulness [44, 45]. In our review, we did not observe studies that reported on sex 
differences in ISO, which position these waves as a priority to fill this knowledge gap. 
This is especially relevant because no studies included in this review connected results 
on sex differences in sleep wave parameters to EEG activity during waking state.

Delta waves (i.e., usually ~ 0.5 to 4 Hz frequency band, but defined differently by each 
study author, see Table  2) dominate during deep sleep (N3 sleep, also known as slow 
wave sleep (SWS)) and are essential for restorative and neuroplasticity processes, includ-
ing tissue repair and memory consolidation [46]. In the waking state, occurrence of delta 
waves suggests compromised brain processes, including exhaustion and extreme fatigue 
[44]. Several studies included in this review reported on sex differences in a number of 
delta wave parameters, illustrated in Figs. 2 and 3. The studies to date did not, however, 
link the results concerning sex difference to the restorative and neuroplasticity processes 
in their study samples.

Theta waves (i.e., usually ~ 4 to 7 Hz frequency band, but defined differently by each 
study author, see Table 2) emerge during the transition from wakefulness to sleep, and 
are present during REM sleep [44, 47]. In the waking state, theta activity is associated 
with drowsiness or a meditative state [46]; however, when excessive, can be indicative of 
attentional deficits, frustration, annoyance, and embarrassment [48, 49]. Frontal theta 
waves in the waking state are linked to tasks involving working memory, attention, and 
emotional processing [50]. In sleep, one study included in this review reported on sex 
differences in central and occipital region during the childhood and adolescence, with 
male participants showing greater values [5]. The significance of this finding remains to 
be established.

Alpha waves (i.e., usually ~ 8 to 12 Hz, but defined differently by each study author, see 
Table 2), prominent during relaxed wakefulness, particularly when the eyes are closed 
and the person is in a calm, resting state, have been associated with introspection, relax-
ation, and inhibition of active processing during tasks requiring focused attention [44]. 
These waves start to diminish with sleep onset, giving way to slower EEG rhythms [47]. 
The sex-specific results of studies included in this review were mixed, with some results 
pointing towards greater values for female participants in alpha  power density [27, 
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30–32], and others reporting no differences, primarily in power [5, 17, 18, 20, 43] and 
relative power [21, 35, 43]. Several studies included participants spanning a wide range 
of ages, which could affect precision in analysis and reporting, as dominant influences 
from specific ages in relatively small sample sizes of studies included in the review may 
skew results for the entire range in either direction [27, 31, 36, 41, 43]. Future studies on 
sex differences in alpha activity in sleep are greatly needed.

Sigma waves (i.e., usually ~ 12 to 16 Hz frequency band, but defined differently by each 
study author, see Table 2) play a critical role in memory consolidation and synaptic plas-
ticity [44, 51, 52]. While sigma activity is not typically observed during wakefulness, it 
represents a key marker of sleep depth and stability [44, 51]. Sex differences in sigma 
wave parameters reported in studies included in this review were mixed, with no clear 
direction to discuss the results and their relevance to the waking state (Figs. 2 and 3).

Beta waves (i.e., usually ~ 13 to 30 Hz frequency band, but defined differently by each 
study author, see Table  2), most prominent during wakefulness, particularly during 
active cognitive processing, problem-solving, and decision-making, are generally dis-
tributed over the frontal and central regions of the brain [44]. During sleep, beta activ-
ity decreases significantly but can reappear transiently during periods of arousal or light 
sleep [44] and in REM [53]. Further exploration on sex differences in beta activity in 
sleep is needed, since the results of several studies reported contrasting results regarding 
sex difference in the same parameters, such as power density [24, 30, 43] and power [5, 
17, 20, 43] (Fig. 3).

High-frequency oscillations (HFOs, > 30  Hz) include gamma waves (30–80  Hz), rip-
ples (80–200 Hz), and fast ripples (200–500 Hz) [44]. Gamma waves are reported to be 
associated with higher cognitive functions, including attention, memory encoding, and 
sensory perception, and are present during both wakefulness and REM sleep [44, 47]. 
Ripples and fast ripples are typically associated with epileptic activity but, during wake-
fulness, they may also reflect high-level cognitive processes and rapid information pro-
cessing [44]. Three studies included in this review reported on sex differences in gamma 
waves, but on different parameters [5, 24, 41]. The evidence is insufficient to discuss with 
any degree of certainty and emphasizes the need for further investigations.

Sleep spindles are believed to protect sleep by inhibiting external sensory input, and 
their frequency and distribution are linked to cognitive performance and development 
[47, 51]. Sleep spindles are generated by an interplay between neurons in the thalamic 
reticular nucleus and the relay nuclei and conveyed to the cortex by the pattern of burst 
firing [54]. Reported sex differences in amplitude, density, power, and connectivity of 
sleep spindles [5, 25, 27, 31, 36, 38, 42] could be linked to differences in the structure 
of the thalamus or deafferentation of the cortex, synaptic connectivity among the cell 
types and corticothalamic projections, differences in neural processing, input from 
arousal systems and hormones, among many other influences, that are believed to play 
an important role in maintaining NREM sleep continuity. However, results on sex differ-
ence in fast and slow spindles [5] may suggest differences in activation patterns between 
the two, as fast spindles have been shown to be associated with increased activity in 
sensorimotor areas, the hippocampus, and the mesial frontal cortex, while slow spin-
dles with activation in the superior frontal gyrus [55]. Study of sex difference in sleep 
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spindles are of interest to different disciplines in health research, due to their implica-
tions in learning and memory [56], and in sensory gating [57, 58] during sleep.

Sawtooth waves are produced in the transition to and throughout REM sleep. A recent 
study has reported a large set of regions in the parietal, frontal, and insular cortices 
that have shown increases in 2–4 Hz power during sawtooth activity, associated with a 
strong and widespread increase in high frequencies, suggesting that the waves may be 
involved in cognitive processes during REM sleep [59]. The cortical generators and func-
tional significance of the waves and results on no sex difference in one study included in 
this review [36] need to be replicated before definite conclusions can be drawn. Because 
of the association between REM sleep and dreaming state, it is also possible that that the 
link exists between the intensity of the visual nature of dreaming and the occurrence of 
sawtooth waves. The validity of these hypothesis requires further study.

PROGRESS‑Plus considerations

The EEG data of male and female participants recruited to studies concerning sex dif-
ference synthesized in this review likely reflect participants’ diverse and complex brain 
activity at the time of investigation. This activity reflects, at least partially, aspects of 
social identity and a variety of socio-cognitive processes on a time continuum uniting 
sleep and waking states [60]. We aimed to capture participant characteristics and social 
identities through analysis of PROGRESS-Plus parameters considered in research. We 
observed that only age and pubertal stage were considered in data analyses of sex differ-
ence. The influence of age on sex differences in sleep waves reported in number studies 
included in this review (Table 1), should be viewed from the lens of social parameters, 
which received no consideration in data analysis. It is becoming increasingly clear that 
these parameters have influence on the brain’s structure and function in significant ways 
that must be considered in sleep research [61, 62].

Study strengths & limitations

This is the first comprehensive systematic review aggregating data from published stud-
ies to examine sex differences in different sleep wave parameters. Our subgroup analyses 
and visual data presentation allows for nuanced comparisons across studies. We have 
presented data on the PROGRESS-Plus-related characteristics of study samples, allow-
ing discussion of generalizability and external validity of the existing evidence.

We recognise several limitations. To reduce variability and enhance scientific validity, 
we limited study inclusion to healthy participants; however, among healthy people there 
are natural hormonal fluctuations, such as menstrual cycle or menopause and testoster-
one fluctuations [63–65], that are expected to introduce variability in sleep parameters. 
While several studies included in this review noted the use of contraceptives in their 
female participants [18, 28, 40, 41] and a few shared relevant information about par-
ticipants’ menstrual cycle [17, 19, 26–28, 35], none investigated the role of sex steroid 
hormones in sleep wave parameters. The absence of this consideration is crucial as it can 
disrupt sex-specific findings leading to an over-simplification of the study of biological 
sex differences, which does not allow for discussion concerning sexual dimorphism or 
lack of thereof [6].



Page 53 of 61Chapman et al. BioMedical Engineering OnLine           (2025) 24:33  

Likewise, confounding influences from other variables, including gender, stress, diet, 
physical activity, sleep environment, among others [66–69], may also influence sleep 
parameters and reported results on sex differences, but such variables were not investi-
gated in the studies included in this review. Another factor to consider is age. While age 
was considered in the studies, participant age ranges spanned many years, thus requir-
ing us to use broad developmental categories to analyze results without sacrificing sig-
nificant data points. We emphasise that future studies should investigate sex differences 
in sleep wave parameters with greater precision in age, as sex-specific physiology is age-
dependent. The integration of advanced statistical techniques and machine learning [70, 
71] could lead to a more precise identification of sex-specific sleep wave parameters, 
should they exist,  which is hardly feasible through traditional hypothesis-driven analytic 
methodologies that assume linearity in the relationship between variables.

Additional limitations include heterogeneity and variability in recording methods and 
definitions of wave band frequencies (Table 2) among the studies included in this review. 
Small sample sizes and sex distribution imbalances in some studies (Table 1) may have 
limited the statistical power to detect sex differences.

It is noteworthy that our searchers were limited to studies published in English, lead-
ing to a possible exclusion of evidence published in other languages, and thereby affect-
ing the generalizability of results to the global community. To minimize this bias, we 
searched Embase, which indexes English language publications from Europe and Asia, 
through which we retrieved relevant publications coming from these regions.

To complete our discussion, we follow with recommendations for future research on 
the topic of sex differences in sleep wave parameters. The variability in data recording 
and processing (i.e., manual versus automated), the number of electrodes, and the leads 
from which the data were recorded may have contributed to variation observed in our 
evidence synthesis. Even across studies with the same recording protocol (i.e., PSG with 
EEG or standalone EEG) researchers defined frequency bands differently and performed 
data manipulations in the analyses of wave parameters. While it is understandable 
that different approaches to data processing would be required based on the research 
objective, to report raw/unprocessed data by sex in the future can guide a richer, more 
nuanced understanding of brain activity in sleep powered by advanced signal process-
ing, machine learning, and deep learning techniques. A consensus between researchers 
across health pillars [72] on developing best practices to study sex difference in sleep 
parameters while considering social and environmental factors is of utmost importance 
to avoid oversimplification of sex effects, promote inclusivity in research, and improve 
the generalizability of research results.

Conclusions
Sleep research to date has not been successful in producing consistent results on sex 
differences in sleep wave parameters. We found that high certainty exists in evidence 
reporting no sex difference in alpha and delta relative power [35, 43]. Among the few 
findings of moderate certainty reporting sex differences are those that suggest a greater 
delta slope in female participants [28, 29] and greater normalized delta power in males 
[5, 35]. All other results were of low or very low certainty. It is possible that the reported 
results in the studies included in this review reflect unmeasured social parameters, 
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instead of biological sex. Considering that methodological variability may influence find-
ings of studies included in this review, all efforts should be made to standardize and uni-
form testing procedures across research settings.

Methods
Protocol and registration

We registered the protocol for this systematic review on the prospective register of sys-
tematic reviews (PROSPERO) of the Centre for Reviews and Dissemination (Supple-
mentary Material S5). We followed the reporting guideline of the Preferred Reporting 
Items for Systematic Reviews and Meta-Analyses (PRISMA) to conduct the review (Sup-
plementary Material S6).

Data search and sources

Search strategy

We developed a search strategy (Supplementary Material S7) in collaboration with an 
information specialist (JB) at a large rehabilitation research-teaching hospital. The 
search strategy used a mix of keywords and subject headings (e.g. MeSH, Emtree) com-
bined using the Boolean operators AND and OR, and applied the following four con-
cepts: (A) sex differences, (B) EEGs, (C) electrophysiological markers and (D) sleep. 
Search terms for concept A were sourced from a previous review and used with modifi-
cations [73]. When possible, we applied limits to focus on human studies and to exclude 
conference proceedings. Results were limited to English language publications. No date 
limits were used.

We searched MEDLINE ALL (Ovid), Embase Classic and Embase (Ovid), APA Psy-
cInfo (Ovid), and Scopus from each database’s inception on November 22, 2021. A sup-
plemental search was conducted in Dissertations and These Global (Proquest) to review 
relevant dissertations or theses reference lists. We repeated searches on December 11, 
2024. We exported results from each database into Endnote and were subsequently 
imported into the Systematic Review Accelerator’s Deduplicator for duplicate removal 
before the screening stage. We cross-checked the references list of all included studies.

Eligibility criteria based on the PICOS approach

We defined eligibility criteria for study inclusion a priori, using the PICOS approach:
P (Participants): human participants of all ages who at the time of participation in 

research were considered healthy, defined as a person who is not treated with medica-
tions that cross the blood–brain barrier or diagnosed with any form of illness.
I (Interventions): this element was not applicable as this was a systematic review of 

observational studies.
C (Comparisons): sex differences in reported outcomes.
O (Outcomes): sleep wave parameters as reported by researchers.
S (Study design): observational studies of any study design (i.e., cohort, cross-sec-

tional, case control, case series) focusing on sex differences in sleep wave parameters, as 
presented in study objectives and/or hypothesis.

We excluded non-human studies, conference proceedings, case reports, commentar-
ies, reviews, dissertations, and book chapters.
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Inclusion and exclusion criteria

We included peer-reviewed studies published in English language that reported on sex 
differences in sleep wave parameters, including indices derived from these parameters. 
We excluded studies that focused on a different but concurrent topic in sleep wave (e.g. 
sleep stage distribution, % sleep stage, and wave frequency, duration, incidence, peri-
odicity, etc.) or had reported sex differences in response to intervention [74–78]. We 
considered baseline data or data from untreated arm (i.e., control arm) in intervention 
studies reporting on sex differences in sleep wave parameters in healthy persons. Case 
reports dissertations and studies with no primary data were excluded.

Data collection and analysis

Selection process

Two review authors (CCKL and TM or TTS and TM) conducted the title/abstract 
screening. Six review authors (CCKL, RC, SN, FF, TTS, and TM) performed full text 
review of potentially relevant studies. Studies that did not meet the inclusion criteria 
were excluded. The senior author reviewed the quality of the first and second levels of 
screening.

Two review authors (CCKL and RC) edited the data extraction form used by Mol-
layeva et  al. [79] to include PROGRESS-Plus parameters. Five review authors (CCKL, 
RC, SN, FF, TTS) used the form to extract data from eligible studies. The form included: 
(i) study identifiers (i.e., author names, publication year, setting, country); (ii) study 
characterizations (i.e., research objective(s), sample size, inclusion and exclusion crite-
ria using the PROGRESS-Plus lens, etc.); participant characteristics (i.e., mean age and 
standard deviation, sex, collected/reported PROGRESS-plus characteristics); research 
study characteristics (i.e., study design, studied wave parameters [frequency, power, den-
sity, amplitude, etc.], statistical analysis); and results pertinent to our research objectives. 
When information was unclear, we contacted study authors to elaborate on the results 
and provide further details [32, 43].

Six review authors (CCKL, RC, SN, FF, TTS and TM) checked the accuracy of data 
extraction. We resolved inconsistencies through group discussion.

Synthesis methods

Multiple authors (RC, CCKL, SN, FF, TTS and TM) compiled study characteristics into 
a table to assess similarities between studies across PICOS criteria, which was then 
used in further data synthesis by the team. We categorized data by wave frequency or 
morphology (delta, theta, alpha, sigma, beta, gamma; spindle, sawtooth), investigated 
parameters (amplitude, connectivity, density, power, etc.), and measured units (e.g., Hz, 
µV 2/s , µV 2 , etc.). Due to variability in age ranges of participants across the studies, we 
grouped the age-related developmental stages defined by Lally and Valentine-French 
into fewer categories to facilitate comparison of results [80]. Lally and Valentine-French 
define the developmental stages as: prenatal (before birth); infancy and toddlerhood 
(from birth to age 2); early childhood (ages 2–6); middle and late childhood (age 6 to 
the onset of puberty); adolescence (from the onset of puberty until age 18); emerging 
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adulthood (ages 18–25); early adulthood (ages 25 to 40–45); middle adulthood (ages 
40–45 to 60–65); and late adulthood (65 onward) [80]. For our analysis, we combined 
them into five categories: infancy and toddlerhood (from birth to < age 2), early, middle, 
and late childhood and adolescence (ages 2 to < 18); emerging and early adulthood (ages 
18 to < 45); middle adulthood (ages 45 to < 65); and late adulthood (65 onwards) [80]. We 
conducted subgroup analyses by frequency wave, sleep wave parameter, and study qual-
ity to explore whether results on sex differences varied.

We observed heterogeneity across all PICOS criteria, confirming that the assumptions 
for conducting a classical meta-analysis were not met [74]. Further, variations in EEG 
recording techniques, definitions sleep wave parameters, and differences in the study 
samples and characteristics prevented us from performing data conversions. Therefore, 
we synthesized data descriptively, using approach proposed by Slavin [75], and denoted 
differences between the sexes as follows: higher values in males; higher values in females; 
and for no difference. We used statistical significance of results as reported by study 
authors. We created figures to summarize the results for each study by age (treated as a 
continuous variable) and age-related developmental stage to facilitate more refined com-
parisons and capture any distinct patterns in sex differences across life stages.

Assessment of risk bias in included studies and certainty assessment

We assessed risk of bias in the included studies using the tool developed by the National 
Institutes of Health (NIH) for observational cohort and cross-sectional studies [76]. The 
tool addresses the presence of six potential sources of bias within (1) study participation, 
(2) study attrition (for cohort studies), (3) association bias, (4) outcome measurement 
bias, (5) confounding and statistical analysis and (6) reporting [78]. The senior author 
(TM) conducted a training and calibration session on the quality assessment procedure 
with four review authors (TTS, RC, SN, and FF) on eight included studies, following 
which the three review authors (TTS, SN, and FF) together with the senior author (TM) 
applied the tool to each included study, and recorded supporting information for judge-
ments of risk of bias for each domain. In addition to the crude calculation of the number 
of biases present out of total number of possible, we rated the study quality as follows: 
(i) excellent (“ +  + ”) when all or most of the criteria were fulfilled (i.e. allowing at most 
one ‘cannot determine’ or ‘not reported’); (ii) good (“ + ”) when half of the criteria were 
fulfilled; (iii) fair (“−”) when less than half of the criteria were fulfilled (Supplementary 
Material S4). We did not exclude studies based on the quality assessment, but consid-
ered each study’s quality in the data analysis, reporting, and interpretation.

The GRADE system downgrades the evidence from intervention studies by evaluat-
ing the extent of study limitations, including risk of bias, inconsistency of associations, 
imprecision, indirectness, and publication bias. The certainty of evidence in observa-
tional studies included in this review was completed qualitatively, following study qual-
ity assessment (e.g., excellent, good, and fair) based on the risk of bias assessment across 
six domains. We assessed the certainty of the evidence as high if two or more excel-
lent quality studies coming from different team of investigators were concordant regard-
ing the observed sex differences in a specific sleep parameter of the same wave band 
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or waveform and no discordant results from studies of equal quality were present. We 
assessed certainty of evidence as moderate if two or more studies of good and/or excel-
lent quality were concordant in their results, with a maximum of one discordant result 
in studies of good or excellent quality. We assigned low certainty if at least two fair and/
or good quality studies were concordant in results, with a maximum of one discordant 
result in studies of fair or good quality. In all other situations, we assessed the certainty 
as very low.

Sensitivity analysis

We conducted sensitivity analyses to examine the robustness of findings. We visually 
positioned results on the lifespan continuum, to evaluate the consistency of the results 
among the same age-related developmental stages and reporting EEG parameters, and to 
see results of each study in reference to all other studies. Finally, we conducted subgroup 
analyses based on risk of bias assessment and the type and number of PROGRESS-Plus 
covariates considered in data analyses. This allowed us to evaluate the impact of study 
quality and participants’ characteristics on the consistency of the results.

Publication bias

Due to the limited number of studies reporting on the same EEG parameter, high het-
erogeneity in terms of study design, population, and definition of sleep wave parameters 
and frequency bands (Tables 1, 2), we did not perform evaluation of the publication bias 
using statistical tests [77]. We applied visual inspection to handle data issues and cer-
tainty assessment to provide valuable insights on the state of evidence on the topic [75].

Dealing with missing data

We contacted study authors to verify key study characteristics and obtain missing data. 
We received responses from two authors [32, 43] on the requested information.

Ethical review

We did not seek ethical approval, as this study did not involve primary data collection.
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