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The importance 
of including both sexes 
in preclinical sleep studies 
and analyses
Grant S. Mannino 1,2, Tabitha R. F. Green 1, Sean M. Murphy 3, Kevin D. Donohue 4,5, 
Mark R. Opp 1 & Rachel K. Rowe 1*

A significant effort in biomedical sciences has been made to examine relationships between sex 
and the mechanisms underlying various disease states and behaviors, including sleep. Here, we 
investigated biological sex differences in sleep using male and female C57BL/6J mice (n = 267). 
Physiological parameters were recorded for 48-h using non-invasive piezoelectric cages to determine 
total sleep, non-rapid eye movement (NREM) sleep, rapid eye movement (REM)-like sleep, and 
wakefulness (WAKE). We fit hierarchical generalized linear mixed models with nonlinear time effects 
and found substantial sex differences in sleep. Female mice slept less overall, with less NREM sleep 
compared to males. Females also exhibited more REM-like sleep and WAKE and had shorter NREM 
sleep bout lengths. We also conducted a simulation exercise where we simulated a hypothetical 
treatment that altered the sleep of female mice, but not male mice. In models that included an 
appropriate sex by treatment interaction, a female-specific treatment response was accurately 
estimated when sample sizes were equal but was not detected when sample sizes were unequal, 
and females were underrepresented. Failure to include both sexes in experimental designs or 
appropriately account for sex during analysis could lead to inaccurate translational recommendations 
in pre-clinical sleep studies.
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All living organisms have developed physiology to promote apt circadian responses to the Earth’s perpetual rota-
tion around its  axis1. Of these circadian processes, sleep is the most familiar, closely governing daily function and 
maintaining a state of homeostasis essential in preventing, managing, and ameliorating adverse health events. 
Thus, sleep and circadian biology have been intensively studied and applied to multiple sub-disciplines of clinical 
and preclinical neuroscience research. In fact, insufficient sleep has been closely linked to neurodegenerative 
diseases, hypertension, obesity, type-2 diabetes, cardiovascular disease, and multiple autoimmune  disorders2–7. 
Such adverse effects of insufficient sleep have been largely responsible for popularizing sleep as an experimental 
outcome measure in preclinical research. The pace of sleep-related research continues to increase, and the number 
of peer-reviewed, scientific sleep journals has more than tripled since  20058. Despite the recognition of sleep as a 
major domain of heath, inadequate sleep continues to plague human societies, warranting continued investiga-
tion into cellular and subcellular effects of altered sleep under normal physiological and pathological conditions.

Although the physiological importance of sleep is well-documented, and a body of evidence exists that 
indicates sex hormones affect sleep–wake  behavior9, females have been historically underrepresented in clinical 
sleep  research10–12. Over the past decade, a significant effort in biomedical sciences has been made to examine 
relationships between sex and the mechanisms underlying various disease states and  behaviors13. As a result, 
multiple reviews have highlighted the limited clinical data on differential sleep architecture between  sexes14–16. 
Appropriately, greater efforts have also been made to include both male and female animals (e.g., rodents) in pre-
clinical sleep  research13. Unsurprisingly, animal models have proven essential to gaining further insight into the 
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direct effects of reproductive hormones on sleep behavior, as well as the neuropathology of sleep–wake disorders. 
Nevertheless, when sleep is used as a physiological outcome measure in research, few studies have disaggregated 
sleep data based on sex or compared sleep between sexes. This failure to account for potential innate biological 
sex differences in sleep when analyzing data and interpreting results could cause sexually dimorphic effects to 
confound results and lead to flawed inferences.

Sleep–wake designation in laboratory rodents typically includes three vigilance states: wakefulness (WAKE), 
non-rapid eye movement (NREM) sleep, and rapid-eye-movement (REM) sleep. Although laboratory rodents 
are nocturnal, they are polyphasic sleepers with most sleep occurring during the light period and a smaller por-
tion of total sleep occurring during the dark (active) period. Laboratory rodents also have much shorter sleep 
bouts and NREM-REM cycles than those of humans. Of the various commercially available rodent strains, the 
inbred C57BL/6 mouse strain is undoubtedly the most widely used in biomedical  research17. Therefore, much 
of what is known about sleep outcomes following experimental manipulations has been reported from studies 
using this mouse strain. However, as discussed in a recent review, surprisingly few studies have been conducted 
that aimed to identify sex differences in the sleep of C57BL/6  mice18.

Herein, using a large sample size of both male and female mice (nTotal = 267), we investigated biological dif-
ferences in sleep between sexes to further our understanding of C57BL/6 mouse sleep architecture. We applied 
hierarchical statistical models with nonlinear time effects to 48-h of continuously recorded data collected under 
standard physiological conditions using a non-invasive piezoelectric system. Our results solidify that significant 
biological sex differences exist in the sleep of C57BL/6 mice and reinforce the efforts of the National Institutes 
of Health (NIH) to include sex as a biological variable in preclinical research.

Materials and methods
Rigor
All animal studies were approved by the Institutional Animal Care and Use Committee (IACUC) at the Uni-
versity of Colorado Boulder (protocol 2819) and conducted in accordance to the National Institutes of Health 
(NIH) guidelines for the care and use of laboratory animals. Studies are reported following the Animal Research: 
Reporting In Vivo Experiments (ARRIVE)  guidelines19. In consideration of sex as a relevant biological variable, 
both male and female mice were used. Determination of sleep–wake behavior based on physiological parameters 
was done by investigators blind to the sex of the mice.

Animals
Adult (10–20 weeks-old) male and female C57BL/6J mice from 17 total sex-specific cohorts were used (males 
n = 140; females n = 127). This sample size ensured ≥ 0.80 power to detect a 5% difference between sexes in 
percentage NREM and REM sleep and percentage WAKE (Supplementary Information S1, Fig. S1.1) All mice 
were bred in-house from breeder pairs obtained from Jackson Laboratories (Bar Harbor, ME). Mice were group-
housed until the initiation of the study protocol. Female mice were naturally cycling, and estrous stage was not 
controlled for as a variable. For all studies, mice were singly housed and maintained on a 12-h light:dark cycle 
(200 lx, cool white, fluorescent light) at an ambient temperature of 24 ± 2 °C. All mice were acclimated to non-
invasive piezoelectric sleep cages for a minimum of 5 days prior to initiation of data collection. Mice were fed a 
normal diet of standard rodent chow, and food and water were available ab libitum. Following the collection of 
non-invasive sleep data, all mice in this study were transitioned to other studies in the laboratory, where they 
were manipulated, and additional data were collected. This allowed for all mice to be used in a minimum of two 
studies, thereby reducing the number of animals used in research.

Experimental protocol and recording parameters
To determine total sleep, physiological parameters were collected using a non-invasive piezoelectric cage system 
(Signal Solutions, Lexington, KY, USA), which classifies sleep–wake behavior, as previously  described20–22. Briefly, 
each cage has an open bottom that allows the mouse to be placed directly on a Polyvinylidine Difluoride sensor 
on the cage floor. These sensors are coupled to an input differential amplifier to record pressure signals resulting 
from interactions with the cage floor. Pressure variations from regular breathing movements during stillness 
characterize sleep [about a 3 Hz, regular amplitude  signal23], whereas signals from awake mice are of higher 
amplitude and display irregular spiking associated with volitional movements. In this study, the piezoelectric 
signals were analyzed over ten-second windows (epochs) at a two-second interval. Data collected from the sleep 
cages were binned at each hour using a rolling average of the percentage of recording time spent in each vigilance 
 state24. Data were also binned by length of individual bout to calculate the hourly mean bout length (duration in 
seconds). To be considered a bout, a minimum of two consecutive epochs had to be scored as sleep (or wake). 
Total minutes slept within each experimental period (e.g., day 1) was also calculated.

In addition to sleep and wake behaviors, this study applied a classifier to detected sleep to discriminate 
between REM sleep and NREM sleep. A random forest decision tree classifier was developed to classify NREM 
and REM sleep based on piezo signal features related to irregularities in breathing patterns that are characteristic 
of changes in autonomic control during REM sleep. Specifically, cage-floor pressure signal from the animal’s 
thorax motion- due to respiration- becomes more irregular in REM-like sleep and exhibits speed changes and 
low-level amplitude variations over short time intervals, which are not typically observed during NREM sleep. 
The classification algorithm is a part of Sleep Stats Data Explorer Version 4 and was applied in this study. The 
non-invasive piezoelectric data acquisition system, PiezoSleep with Sleep Stats software programs have been used 
to accurately determine REM and NREM in both the  mouse25 and the  rat26, and further validation in the mouse 
is presented in Supplementary Information S2 (Figs. S2.1 and S2.2, Tables S2.1 and S2.2). This 3-state algorithm 
using the piezo system recordings to determine WAKE, NREM, and REM sleep has been validated against data 
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collected from mice that were simultaneously recorded using EEG/EMG human-scored vigilance state classifica-
tion on 4-s intervals. Automated piezoelectric scoring has been shown to distinguish WAKE, NREM, and REM 
sleep with over 90% specificity for all three states. Sensitivities of each state are 90%, 81%, and 66% for WAKE, 
NREM, and REM,  respectively25. Notably, a prominent source of error in the piezo signal is in the discrimination 
of light NREM sleep– characterized by irregular breathing and moderate delta EEG power– from REM sleep due 
to inherent similarities in respiration. Accordingly, the majority of undetected NREM epochs are incorrectly 
assigned to REM, thereby causing REM sleep to be slightly overestimated.

Statistical analyses
To investigate differences between sexes within and between days for each vigilance state (total sleep, NREM, 
REM-like, and WAKE), we fit hierarchical generalized linear mixed models with nonlinear time  effects27,28. We 
fit all statistical models in the frequentist framework using the package ‘glmmTMB’ in the R statistical computing 
 environment29,30. Because outcome measures of interest were either percentages (e.g., percent recording time) or 
overdispersed counts (e.g., bout lengths and total minutes slept), we specified Beta or negative-binomial error 
distributions, respectively, in the  models31,32. Total sleep time, NREM sleep time, REM-like sleep time, WAKE 
time, and sleep bout lengths were sequential time-series data with cyclical light–dark period trends within which 
observations close to each other in time are expected to be more similar than observations further apart in time 
[i.e., temporal dependency among observations)33–35]. Additionally, the mouse sleep–wake cycle is expected to 
have temporally varying nonlinear interactions with predictor variables and temporally varying nonlinear effects 
on outcome  measures35–37. Therefore, we included three-knot and five-knot basis splines for all sleep time and 
sleep architecture models, respectively, to accommodate both the expected similarity among observations within 
a period and the nonlinear effects of  time35,38,39. Splines are commonly used to model nonlinear effects of continu-
ous predictors by placing knots that identify points in the data range where intervals differ, and polynomials are 
used to fit the data between consecutive  knots40. To determine the appropriate number of spline knots for each 
sleep time and sleep bout length model, we fit models with two to seven spline knots, conducted model selection 
using Akaike’s Information Criterion corrected for small sample size  (AICc), and produced estimates from the 
top-ranked, most parsimonious model that best described the data for each  outcome41,42.

For sleep time and bout lengths, we subdivided the data by vigilance state (total sleep, REM-like sleep, NREM 
sleep, and WAKE) and fit sleep state-specific models with a three-way interaction among the categorical vari-
ables sex and day, and the continuous variable ZT (time) with a basis  spline35–37. For percent of time spent in 
a vigilance state, we also subdivided the data by vigilance state and fit state-specific models, but we included a 
two-way interaction between sex and time point, disregarding ZT (i.e., total minutes slept were derived by sum-
ming across all ZT within each day). Because the data were sourced from animals in 17 different cohorts, we 
included random intercepts in all models for individual animals that were nested within their respective cohort; 
this hierarchical structure accounted for both the dependency of repeated observations for the same individual 
across time as well as the inherent clustering of animals within cohorts and potential variation among those 
 cohorts27,43. We based statistical inferences on a combination of coefficient estimates (β), differences between 
estimated conditional means (∆) and associated 95% confidence intervals, and p-values following Tukey’s adjust-
ments for multiple  comparisons44, whereas biological inferences were based on standardized effect sizes (d)45, 
all of which we obtained using the R packages ‘emmeans’ and ‘ggeffects’35,46. Effect sizes were classified as small 
(d = 0.10–0.20), medium (d = 0.21–0.80). and large (d > 0.8)47.

Simulation exercise
Simulation is an invaluable tool for evaluating the effectiveness of study designs, experimental methods, and sta-
tistical analysis approaches. Simulation is also particularly useful for testing assumptions and quantifying the bias 
that may result from those characteristics of  studies48. We conducted a simulation exercise for two reasons: first, 
to test the validity of our findings from the empirical data, and second, to evaluate the potential consequences 
of ignoring a true sex difference in a treatment versus control study based on a ‘mixed sex’ sample of  mice48. 
For this simulation exercise, the treatment represents a hypothetical pharmacological compound that has a sex-
specific effect on sleep. The hypothetical treatment significantly increases sleep in female mice, but not male mice.

Simulations were based on pseudo-randomly generated data for total minutes slept over a 24-h period. 
To generate simulated data, we used the known probability distribution of total minutes slept that was gener-
ated from our empirical data presented in this study. Specifically, we simulated pseudo-random data from the 
negative-binomial distribution (the observed distribution of total minutes slept), using the ‘rnegbin()’ function 
in the R package  MASS49. For the simulations, two study designs were used. In one, male and female mice were 
given a hypothetical compound that had a sex-specific treatment effect in which only female sleep was altered. 
This simulated study design included 200 total mice with equal numbers for each sex (n = 100 females and 100 
males). These group sizes were subdivided equally into control (n = 50 females and 50 males) and hypothetical 
treatment (n = 50 females and 50 males) groups. We specified the following true means ( ̄x ) and variances (σ2) 
for the distributions of each group to simulate data from: 1) Female Control: x̄ = 615 min, σ2 = 3137; 2) Female 
Treatment: x̄ = 645 min, σ2 = 3419; 3) Male Control: x̄ = 665 min, σ2 = 3613; and 4) Male Treatment: x̄ = 670 min, 
σ2 = 3663 (Supplementary Information S3, Fig. S3.1). Those distributions reflected a true biological difference in 
sleep between female and male controls, such that females exhibited significantly less sleep than males (similar 
to our empirical data); a true difference between the female control and female treatment groups, such that the 
female treatment group slept significantly more than the female control group (i.e., a female-specific treatment 
effect following the administration of a hypothetical treatment); and no differences between the male control 
and male treatment groups or the female treatment and male treatment groups.



4

Vol:.(1234567890)

Scientific Reports |        (2024) 14:23622  | https://doi.org/10.1038/s41598-024-70996-1

www.nature.com/scientificreports/

In the second simulated study design, we conducted a similar but separate exercise that reflected a pre-clinical 
sleep research study that had unequal sample sizes with fewer female mice than male mice (i.e., uneven sample 
sizes; Supplementary Information S3, Fig. S3.2). In this simulation, male and female mice were given a hypo-
thetical compound that had a sex-specific treatment effect in which only sleep of female mice was altered. This 
simulated study design included 200 total mice with unequal sample sizes for each sex (n = 50 females and 150 
males). These group sizes were subdivided equally into control (n = 25 females and 75 males) and hypothetical 
compound (n = 25 females and 75 males) groups.

In both study designs, we investigated if a treatment effect was found when sleep data were disaggregated 
by sex, and when sleep data were combined in ‘mixed sex’ groups. For both the equal and unequal sample size 
scenarios, we fit two generalized linear models with negative-binomial error distributions to the simulated data 
using the R package glmmTMB; one model included a sex × treatment fixed effects interaction that appropriately 
accounted for the observed sex difference in sleep (used to represent sex differences in sleep for the control group 
in the simulations), and the female-specific treatment effect on total minutes slept. The other model only included 
a treatment fixed effect and disregarded both the baseline sex difference and the female-specific treatment effect 
(i.e., a conventional ‘mixed sex’ analysis that combined sexes together for inference). We evaluated the results 
from each model by calculating point estimate relative bias and 95% confidence interval coverage of the true 
(simulated) means specified above, using the R package  SimDesign48,50.

Results
Sleep–wake behavior was similar between day 1 and day 2
Sleep–wake behavior for all outcome measures was similar between recording day 1 and day 2. No statistically sig-
nificant differences existed between days, for either sex, for any outcome measure assessed in this study (Table 1).

Sex differences in hourly sleep–wake behavior
Hourly percent sleep was assessed, and female mice exhibited significantly less total sleep, determined with the 
two-state discriminator, than did males during the first five hours of the light period (ZT 0–4; p = 0.0001–0.03; 
Fig. 1A) and the last nine hours of the dark period (ZT 15–23; p = 0.0001–0.02). Total hourly percent sleep was 
similar between sexes within each day from ZT = 5 to ZT = 14 (p = 0.05–0.93), i.e., during the latter half of the 
light period and the beginning of the dark period. Standardized effect sizes for supported differences in total 
hourly percent sleep between sexes were small (d ≤ 0.11).

NREM hourly percent sleep did not differ between days for either sex (βSex × Day =  − 0.01, p = 0.95; Fig. 1C). 
Within each day, females exhibited significantly less hourly percent NREM sleep than males across the entire 
light (ZT 0–11; p = 0.0001–0.04; Fig. 1B) and dark (ZT 12–23; p = 0.0001–0.02; Fig. 1B) periods. Standardized 
effect sizes for supported differences in NREM hourly percent sleep between sexes were small at all ZTs (d ≤ 0.10).

Female mice exhibited significantly more REM-like hourly percent sleep than male mice across the entire 
light period (ZT 0–11; p = 0.0001–0.02; Fig. 1C). In contrast, REM-like hourly percent sleep was similar between 
sexes during the entire dark period within each day (ZT 12–23; p = 0.07–0.97; Fig. 1C). Standardized effect sizes 
for supported differences in REM-like hourly percent sleep between sexes were small at all ZTs (d ≤ 0.01).

Female mice exhibited significantly more hourly percent WAKE than male mice during the first five hours 
of the light period (ZT 0–4; p = 0.0003–0.04; Fig. 1D) and the last ten hours of the dark period (ZT 14–23; 
p = 0.0001–0.04). Hourly percent WAKE was similar between sexes within each day from ZT 5 to ZT 13 
(p = 0.05–0.99). Standardized effect sizes for supported differences in hourly percent WAKE between sexes were 
small at all ZT (d ≤ 0.10).

Table 1.  Similarities in sleep–wake behavior between day 1 and day 2. No statistically significant (p < 0.05) 
differences existed between day 1 and day 2, for either sex, for any outcome measures assessed in this study. 
a Coefficient estimate for the sex × day interaction from the fitted model. b Probability of obtaining results at 
least as extreme as the results observed if the null hypothesis is correct. c Corresponding figure to which the 
coefficient estimate applies.

Outcome measure βSex × Day
a P-valueb Figurec

Total sleep (%)  − 0.02 0.87 1A

NREM sleep (%)  − 0.01 0.95 1B

REM sleep (%)  − 0.09 0.18 1C

WAKE (%) 0.03 0.82 1D

Total sleep (min)  − 0.01 0.22 3A

NREM sleep (min) 0.004 0.77 3B

REM sleep (min) 0.04 0.07 3C

WAKE (min) 0.0006 0.94 3D

Total sleep bout length (sec)  − 0.04 0.59 5A

NREM sleep bout length (sec) 0.10 0.16 5B

REM sleep bout length (sec) 0.003 0.95 5C

WAKE bout length (sec) 0.03 0.85 5D
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We also assessed variation in the hourly sleep percentages among cohorts used in this study (Fig. 2). Each 
model accounted for variation among cohorts via random intercepts. Variation in total sleep time, NREM sleep, 
and WAKE among cohorts was nominal and not statistically significant. Variation in REM-like sleep among 
cohorts was nominal and not statistically significant, except for cohort 8 that exhibited a positive effect (i.e., 
cohort 8 exhibited more hourly percent REM-like sleep; Fig. 2C).

Sex differences in daily sleep–wake behavior
Data were also binned over 24-h periods to investigate minutes of total sleep, determined with the two-state algo-
rithm, and minutes spent in each vigilance state, determined from the novel three-state algorithm. Female mice 
exhibited less daily total sleep (p < 0.0001; Fig. 3A) and less daily NREM sleep time (p < 0.0001; Fig. 3B) than male 
mice, although the standardized effect sizes were small (d ≤ 0.06). Female mice exhibited more daily REM-like 
sleep time than male mice (p = 0.01–0.04; Fig. 3C), and the standardized effect sizes were large (d = 1.72–2.23). 
Within each day, female mice exhibited significantly more minutes of WAKE than did male mice (p < 0.0001; 
Fig. 3D), although the standardized effect sizes were small (d = 0.07).

We also assessed variation in the daily sleep–wake behavior among cohorts used in this study (Fig. 4). Each 
model accounted for variation among cohorts via random intercepts. Variation in daily total sleep time, NREM 
sleep time, and WAKE time was nominal and not statistically significant. Similar to hourly percent sleep, the 

Fig. 1.  Percent of time spent in vigilance states differed between sexes during both the light and dark periods 
across all sleep types. Statistically significant sex differences (p < 0.05) existed for percent of time spent in (A) 
Total sleep, (B) NREM sleep, (C) REM-like sleep, and (D) WAKE. Results shown are predicted conditional 
effects point estimates and 95% confidence intervals estimated by hierarchical models with Beta error 
distributions; background points denote the observed data values.
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variation in daily REM-like sleep among cohorts, was nominal and not statistically significant, except for cohort 
8 that exhibited a positive effect (i.e., cohort 8 exhibited more REM-like sleep over a 24-h period; Fig. 4C).

Sex differences in sleep architecture
We assessed the mean bout lengths of total sleep, determined with the two-state algorithm, and of each vigilance 
state, determined from the novel three-state algorithm. For total sleep, female mice exhibited significantly shorter 
bout lengths than male mice across the entire light period (ZT 0–11; p = 0.0001–0.01; Fig. 5A), and between ZT 
17 and ZT 22 during the dark period (p = 0.0001–0.007). In contrast, bout lengths for total sleep were similar 
between sexes from ZT 12 to ZT 16 within each day (p = 0.18–0.79; Fig. 5A). Standardized effect sizes for sup-
ported differences in total bout lengths between sexes were small at all ZTs (d ≤ 0.01).

Female mice had shorter NREM sleep bout lengths than male mice during the light period (ZT 0–11; 
p < 0.0001; Fig. 5B) and during most of the dark period (ZT 12–22; p < 0.0001), except at ZT = 23 (p = 0.89). 
Standardized effect sizes for sex differences in NREM sleep bout lengths were small at all time points (d ≤ 0.02).

REM-like sleep bout lengths were similar between sexes across the entire light period (ZT 0–11; ZT 0–11; 
p = 0.05–0.89; Fig. 5C) and during the last seven hours of the dark period (ZT 17–23; p = 0.07–0.87). In contrast, 
female mice exhibited significantly longer REM-like sleep bouts during the first five hours of the dark period 
(ZT 12–17; p = 0.0002–0.02; Fig. 5C). Standardized effect sizes for sex differences in REM-like sleep bout lengths 
were small to medium (d = 0.15–0.28).

Fig. 2.  Percent of time spent in vigilance states nominally varied among cohorts across all sleep types. 
Estimated cohort-specific random intercepts for percent of time spent in (A) Total sleep, (B) NREM sleep, (C) 
REM-like sleep, and (D) WAKE. Results shown are point estimates and 95% confidence intervals estimated by 
hierarchical models with Beta error distributions and random intercepts for individual animals nested within 
cohorts; blue values denote positive effects, whereas red values denote negative effects.
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WAKE bout lengths were similar between sexes during the light period (ZT 0–11; p = 0.05–0.96; Fig. 5D) 
but differed between sexes during the dark period (ZT 12–23; p = 0.0001–0.03), except at ZT = 16 and ZT = 22 
(p = 0.11–0.85). Female mice exhibited longer WAKE bouts during the dark period. Standardized effect sizes for 
sex differences in WAKE bout length were small at all time points analyzed (d ≤ 0.01).

Variation in total bout lengths among cohorts, which the model accounted for via random intercepts, was 
nominal and not statistically significant, except for cohort 4 that exhibited a strong positive effect (Fig. 6A). 
Variation in NREM bout lengths (Fig. 6B), REM-like bout lengths (Fig. 6C), and WAKE bout lengths (Fig. 6D) 
was nominal and not statistically significant.

Simulation exercise
In the equal sample sizes scenario, the statistical model that included a sex × treatment interaction accurately 
estimated differences in the simulated sleep time between sexes (p = 0.0001) and the true female-specific treat-
ment response (p = 0.03; Fig. 7A). All sex × treatment-specific 95% confidence intervals estimated by that model 
included the true means, and marginal mean point estimates were nominally biased relative to the true means 
(bias = 3.39%). In contrast, the statistical model that only included a treatment fixed effect (i.e., a ‘mixed sex’ 
analysis) failed to detect the true effects (p = 0.23; Fig. 7B). Only the treatment-specific 95% confidence interval 
estimated by that model included a true mean, the female-specific treatment mean, whereas all other true means 

Fig. 3.  Minutes of sleep and wake differed between sexes during both the light and dark periods across all 
vigilance states. Statistically significant sex differences (p < 0.05) existed for minutes spent in (A) total sleep, (B) 
NREM, (C) REM, and (D) WAKE. Results shown are predicted conditional effects point estimates and 95% 
confidence intervals estimated by hierarchical models with negative-binomial error distributions; background 
points denote the observed data values.
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were not covered by the confidence intervals. The average bias between the marginal mean point estimates from 
this model and the true means was 25.00% and 12.50% for the control and treatment groups, respectively.

In the unequal sample size scenario, although the statistical model that included a sex × treatment interaction 
accurately estimated the true means, the greater uncertainty induced by the smaller female sample size resulted in 
the model not detecting the true significant baseline difference in total minutes slept or the true female-specific 
treatment response (p ≥ 0.27; Fig. 8A). All sex × treatment-specific 95% confidence intervals estimated by that 
model included the true means, and marginal mean point estimates were nominally biased relative to the true 
means (bias = 2.61%); however, 95% confidence intervals for the female-specific estimates were too wide to detect 
a statistically significant difference. The model that only included a treatment fixed effect (i.e., a ‘mixed sex’ analy-
sis) failed to detect the true effects (p = 0.46; Fig. 8B). Because of the greater uncertainty induced by the smaller 
female sample size, confidence intervals were wider, and the treatment-specific 95% confidence interval estimated 
by that model included two of the four true means. The average bias between the marginal mean point estimates 
from this model and the true means was 28.00% and 15.50% for the control and treatment groups, respectively.

Discussion
During the last 20 years, the importance of sleep to public health has become increasingly  recognized51–54. Recent 
reviews have highlighted the bidirectional relationship between sleep and disease, where insufficient/disrupted 
sleep is both a risk factor and an outcome of various  conditions7,51,55,56. As new pre-clinical models are developed, 

Fig. 4.  REM-like sleep nominally varied among cohorts. Estimated cohort-specific random intercepts for 
minutes spent in (A) Total sleep, (B) NREM, (C) REM, and (D) WAKE. Results shown are point estimates 
and 95% confidence intervals estimated by hierarchical models with negative-binomial error distributions and 
random intercepts for individual animals nested within cohorts; blue values denote positive effects, whereas red 
values denote negative effects.
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determination of sleep–wake behavior and analysis of sleep architecture presents challenges for research from 
multi-disciplinary backgrounds.

In the current study, we found notable sex differences in the sleep–wake behavior and sleep architecture 
of C57BL/6J mice. Female mice slept less overall, specifically during the dark period, with less NREM sleep 
compared to males. Females also exhibited more total REM-like sleep and more WAKE compared to males. Sex 
differences have been reported in baseline sleep and the homeostatic regulation of sleep in C57BL/6J  mice57. 
Similar to our current findings, other studies also demonstrated that female mice have more wakefulness and 
less NREM sleep, specifically during the dark period, compared to  males58. However, previous reports on sex 
differences in sleep of mice generally contain data from relatively few animals without specific information with 
respect to whether analyses included assessment of underlying statistical assumptions. Nevertheless, it has been 
postulated that females exhibit less NREM sleep than males as a result of a lower physiological need for sleep 
under baseline  conditions57. This hypothesis is supported by results that indicate shorter NREM sleep time in 
female mice is not compensated for by higher delta power (a marker of homeostatic sleep drive) during NREM 
sleep, as NREM delta density is similar between males and females under baseline  conditions57.

We also found that female mice had shorter NREM sleep bouts during the light and dark periods, and longer 
WAKE bouts during the dark period compared to male mice. These data agree with previous studies for WAKE 
bout duration, although in those studies no sex differences in NREM sleep bouts were  apparent57,58. One potential 
explanation for sex differences in NREM sleep bout duration and the previously reported  findings57,58 could be 
differences in sample sizes and data collection methods. Notably, our sample sizes (males n = 140; females n = 127) 

Fig. 5.  Bout lengths differed between sexes during both the light and dark periods across all vigilance states. 
Statistically significant sex differences (p < 0.05) existed for (A) Total sleep, (B) NREM, (C) REM, and (D) 
WAKE bout lengths. Results shown are predicted conditional effects point estimates and 95% confidence 
intervals estimated by hierarchical models with negative-binomial error distributions; background points denote 
the observed data values.
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were 8–10 times greater than those of previous studies, which increased statistical power to detect and accurately 
characterize true effects, whereas previous studies were likely severely underpowered with high Type II error 
rates (Supplementary Information S1, Fig. S1.1). The non-invasive piezoelectric recording system- employed 
herein- allows data collection from a large number of animals in a relatively short period of time because there is 
no need for invasive EEG/EMG electrode implantation and surgical recovery, which necessarily restricts sample 
sizes. Thus, a strength of our study, and the non-invasive piezoelectric system, is that the physiological parameters 
to determine sleep were collected from a very large sample of individuals in the absence of invasive surgical 
procedures. Based on findings from our study, and reports from  others58, sex differences in the amount of time 
spent sleeping, and the duration of bout lengths are greatest during the dark period (i.e., active phase). The dark 
period is when most behaviors, such as eating and reproducing, typically occur; thus, additional wakefulness and 
shorter sleep bout lengths in females during this active phase may have a selective advantage for the  species58.

The hypothesis that sex differences in the distribution of sleep–wake behavior may be adaptive is supported 
by observations in Drosophila, a model routinely used to study the molecular and circuit basis of sleep regulation, 
wherein almost all lines of female flies (9000 mutant lines tested) sleep less than  males59. Specifically, female flies 
sleep less than males after mating, likely to meet demands of feeding and  oviposition60,61. Among mammals, 
female black tufted ear marmosets with young sleep significantly less (are awake more than three times as often) 
than females without  young62. Although these observations further support the idea that sexual dimorphisms in 
sleep could reflect selective advantages for the species, little research has been conducted to test this hypothesis 
and, as such, this idea remains somewhat speculative.

Fig. 6.  Total sleep bout lengths nominally varied among cohorts. Estimated cohort-specific random intercepts 
for (A) Total, (B) REM, (C) Non-REM, and (D) WAKE sleep bout lengths. Results shown are point estimates 
and 95% confidence intervals estimated by hierarchical models with negative-binomial error distributions and 
random intercepts for individual animals nested within cohorts; blue values denote positive effects, whereas red 
values denote negative effects.
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Fig. 7.  Simulation demonstrates that mixed sex studies with equal sample sizes may fail to detect true treatment 
effects. (A) Disaggregating by sex and modeling a sex × treatment interaction on simulated sleep data from a 
hypothetical control versus treatment study accurately estimates the true sex differences and female-specific 
treatment effect. (B) In contrast, conducting a ‘mixed sex’ analysis in which only a treatment effect on the 
same simulated sleep data is modeled results in a failure to detect a true sex-specific treatment effect. Results 
presented as estimated marginal mean point estimates (circles) and their 95% confidence intervals (bars) 
from generalized linear models with negative-binomial error distributions; true means of the simulated data 
are depicted by the red squares; background triangles represent the simulated data points for n = 200 total 
hypothetical individuals to which the models were fitted.

Fig. 8.  Simulation demonstrates that unequal sample sizes in mixed sex studies may fail to detect true sex and 
treatment effects. (A) Disaggregating by sex and modeling a sex × treatment interaction on simulated sleep data 
from a hypothetical control versus treatment study where there were unequal sample sizes accurately estimates 
the true means but failed to detect the true treatment effect. (B) Conducting a ‘mixed sex’ analysis in which 
only a treatment effect on the same simulated sleep data is modeled results in a failure to detect a true treatment 
effect. Results presented as estimated marginal mean point estimates (circles) and their 95% confidence intervals 
(bars) from generalized linear models with negative-binomial error distributions; true means of the simulated 
data are depicted by the red squares; background triangles represent the simulated data points for n = 150 
(females n = 50; males n = 100) hypothetical individuals to which the models were fitted.
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Potential mechanisms driving sexual dimorphisms in sleep include the role of sex hormones on sleep archi-
tecture. Evidence exists that a gonadectomy, when performed in male and female C57BL/6 mice, substantially 
reduces or eliminates sex differences in sleep  architecture58, supporting the hypothesis that gonadal function 
may drive sex differences in sleep. Importantly, in female mice, hormone replacement returns sleep to baseline 
levels in gonadectomized mice indicating female sex hormones contribute to sleep  quantity57. Physiological 
levels of estradiol alone, or in conjunction with progesterone, modulate sleep architecture of ovariectomized 
female  rats63. Similarly, sex differences in human sleep phenotypes  exist18. Gonadal hormones are hypothesized 
to mediate sex differences in women, where periods of hormonal fluctuations are associated with an increased 
prevalence of EEG-measured sleep  disturbances18. In humans, both sleep duration and quality fluctuate with 
the menstrual cycle with lower sleep quality reported during the nadir of estradiol and progesterone  levels64,65. 
Changes in sleep architecture have also been reported during pregnancy and  menopause64, additional periods 
of hormonal fluctuations in women.

Major concerns about the replicability of pre-clinical and clinical biomedical research have led funding 
agencies and journal editors to heighten the transparency of the data collection process. In the current study, 
mice were individually housed in piezoelectric sleep cages and data were collected across 17 cohorts (~ 16 mice 
per cohort), with each cohort subjected to sleep monitoring within a different two-day period, to achieve the 
final sample size of 267 mice. An additional strength of our study is that we explicitly assessed all sleep outcome 
measures among cohorts, found variation to be generally minimal across them, but directly accounted for all 
among-cohort variation in our hierarchical statistical models. This lack of variability across cohorts highlights 
the consistency of the methods used in our laboratory and demonstrates that results from the current study are 
replicable and reproducible.

We also sought to address replicability issues associated with sample adequacy (i.e., appropriateness of sample 
size and composition)66. Sample size reporting is often poor in biomedical  research66 and, in mixed-sex stud-
ies, sex-specific sample sizes are often not reported. Previous rodent studies that investigated sex-dependent 
dimorphisms in sleep outcomes had sample sizes that were substantially smaller than those reported herein. 
Based on the observed distribution of total minutes slept from our study, we simulated data that reflected a true 
sex effect and a hypothetically true female-specific treatment effect. Our simulation exercise showed that when 
sample sizes were equal: (1) true sex differences and treatment effects were accurately estimated by an appropri-
ately specified model if data were disaggregated by sex, but (2) a female-specific treatment effect was lost if data 
were not disaggregated by sex. However, for unequal sample sizes, where females were underrepresented, we 
found that: (1) when data were disaggregated by sex, both the sex differences and the treatment effect were not 
accurately estimated by an appropriately specified model because of wider confidence intervals caused by the 
increased uncertainty due to the smaller sample size of females, and (2) female-specific treatment effects were 
not detected when data were aggregated between sexes. These results highlight the importance of disaggregating 
sleep data by sex and fitting correctly specified statistical models if a sex-specific effect of a disease/intervention/
treatment is possible. These data also emphasize the need for a balanced study design with large sample sizes 
that are approximately equal between sexes.

Although non-invasive recording techniques have several advantages for sleep research, there are limitations. 
The piezoelectric non-invasive approach of sleep recording was previously reported using a 2-state decision tree 
algorithm to discriminate between total sleep (NREM and REM) and wake states with 95% agreement compared 
to human-scored EEG  recordings23,67,68. In contrast, we employed a 3-state decision tree algorithm designed to 
detect all three rodent vigilance states (Sleep Stats Version 4; Signal Solutions, Lexington, KY, USA). This 3-state 
decision tree algorithm was successfully validated in  mice25 and  rats26, and further validation in mice is presented 
in Supplementary Information S2. For total sleep (combining NREM and REM) and wake, agreement with 
EEG/EMG was in the 90% range for both precision and recall for our data obtained using Sleep Stats Version 4. 
However, when comparing the occurrence of REM on 2-second intervals with the EEG/EMG scored results, the 
REM-like classification drops to a 50% agreement in large part because the non-invasive piezo system measures 
behaviors, such as activity and breathing (thorax motion), that are correlated with the brain state but cannot 
directly measure the brain state (see Supplementary Information S2, Table S2.2). To distinguish REM-like sleep, 
the algorithm detects characteristic increases in respiration rate and variability in signal amplitude that do not 
typically occur during NREM sleep. While the REM brain state does increase the likelihood of these irregulari-
ties during sleep, there is not a strong correlation to the onset and offset times of the event. In other words, the 
piezo system relies on the measurement of subtle physical manifestations correlating to the REM state but cannot 
directly measure REM sleep as it does not measure brain activity. For this reason, the authors have chosen to 
report REM data as ‘REM-like’ sleep.

As a result, agreement between piezo-scored REM and EEG-scored REM is best when looking at sleep per-
centages over larger time intervals.

Classification of REM-like sleep by non-EEG/EMG assessment methods can be difficult as increased auto-
nomic activity increases variability in parameters used to define sleep states. For example, determination of 
REM-like sleep using video-based methods is much less accurate than for NREM sleep or wakefulness (WAKE)69. 
Nevertheless, and although there are limitations to the piezo system, this approach has utility for studies that 
may be difficult to do using conventional time- and labor-intensive EEG/EMG recording, which are also fraught 
with inaccuracies (e.g., agreement between human scorers on EEG/EMG was ~ 84%; Supplementary Information 
S2). For example, surgical implantation of EEG/EMG recording electrodes into the sample size of mice required 
to achieve 80% power for detecting a 5% difference in NREM sleep between groups (n = 240 individuals), and 
then analyzing data using standard methods, would require an incredible investment of time, resources, and 
effort. Moreover, EEG electrode implantation causes  inflammation70, which can confound the results of studies 
investigating pathological-induced sleep changes, further highlighting the importance of non-invasive options for 
measuring sleep in the rodent. The non-invasive system used in our study is a reliable alternative to invasive EEG 



13

Vol.:(0123456789)

Scientific Reports |        (2024) 14:23622  | https://doi.org/10.1038/s41598-024-70996-1

www.nature.com/scientificreports/

recordings and allows for data to be collected from large samples through experimental procedures that minimize 
or eliminate pain or distress in rodents. Importantly, our reported results for NREM sleep, REM-like sleep, and 
WAKE for male mice are similar to published results from other studies that used EEG to determine sleep in 
male C57BL/6  mice71–75. A direct comparison of parameters determined from sleep studies of male C57BL/6 
mice during baseline conditions is provided in the Supplementary Information S2 (Supplementary Table S2.1).

An additional consideration is that, in order to minimize handling and non-specific stress responses, we did 
not track the estrous cycles of female mice. As previously mentioned, clinical research has shown that female 
sleep architecture changes with fluctuating levels of endogenous estradiol and progesterone, and in response to 
hormonal treatments (e.g., oral contraceptives, hormone replacement)63,76. Similarly, rodent studies have shown 
that sleep architecture in females changes as a function of their hormonal milieu. In the absence of estrous cycle 
monitoring, we cannot determine the extent to which dimorphic sex effects on sleep architecture in the current 
study are hormone-driven, and future studies are warranted to investigate the role of sex hormones on sleep 
regulation.

In conclusion, we observed profound biological sex differences in sleep with female mice exhibiting more 
wakefulness (WAKE) and less NREM sleep with shorter NREM bout lengths. Here, we also outline research 
implications for this underlying biological sex difference and recommend how data should be interpreted. 
Although there are sex differences in the sleep of  humans77, far less is understood about sex differences in the 
sleep of rodents, a common model used in biomedical research. Despite the critical role sleep has in various 
health outcomes, few studies account for underlying sex effects in analyses of rodent sleep. As sleep increas-
ingly becomes a focus of biomedical sciences, it is particularly important to avoid reporting confounded findings. 
We recommend that sleep studies using male and female mice consider underlying biological sex differences 
in sleep outcomes when analyzing data and interpreting results. Through simulations, we demonstrated the 
importance of disaggregating data in statistical analyses to determine if sex-specific effects exist. We also show 
that it may be critical to balance study designs with equal representation and adequately large sample sizes of both 
sexes. We further demonstrate the feasibility of using a non-invasive method as a reliable alternative to invasive 
EEG recordings in the mouse. Finally, additional research is needed to elucidate the cellular and molecular 
mechanisms underlying the observed biological sex differences reported in this study.

Data availability
Data are publicly available in the Dryad Digital Repository: https:// doi. org/ 10. 5061/ dryad. 76hdr 7t39
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