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Circadian Rhythms Tied to Changes in Brain Morphology in
a Densely Sampled Male
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Circadian, infradian, and seasonal changes in steroid hormone secretion have been tied to changes in brain volume in several
mammalian species. However, the relationship between circadian changes in steroid hormone production and rhythmic changes
in brain morphology in humans is largely unknown. Here, we examined the relationship between diurnal fluctuations in steroid
hormones and multiscale brain morphology in a precision imaging study of a male who completed 40 MRI and serological
assessments at 7 A.M. and 8 P.M. over the course of a month, targeting hormone concentrations at their peak and nadir.
Diurnal fluctuations in steroid hormones were tied to pronounced changes in global and regional brain morphology. From morning
to evening, total brain volume, gray matter volume, and cortical thickness decreased, coincident with decreases in steroid hormone
concentrations (testosterone, estradiol, and cortisol). In parallel, cerebrospinal fluid and ventricle size increased from A.M. to P.M.
Global changes were driven by decreases within the occipital and parietal cortices. These findings highlight natural rhythms in brain
morphology that keep time with the diurnal ebb and flow of steroid hormones.
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Significance Statement

Though rhythmic changes in steroid hormone secretion have been tied to changes in brain volume in several mammalian
species, this relationship has not been well-characterized in humans. In this precision neuroimaging study, we found that
global and regional brain morphology and steroid hormone levels exhibit tandem circadian rhythms. These findings provide
high-resolution insight into the anatomical signature of diurnal changes in brain morphology and steroid hormone produc-
tion in a human male and reveal the metronomic regularity of these rhythms over time.

Introduction
Endogenous biological rhythms guide physiological processes
throughout the body in nearly all organisms. Some of the most
pronounced biological rhythms are the time-varying secretion
of steroid hormones. Testosterone, estradiol, and cortisol exhibit
circadian rhythms, with production peaking in the morning and
decreasing throughout the day (Rose et al., 1972; Barberia et al.,
1973; Berg and Wynne-Edwards, 2001; Diver et al., 2003;

Ankarberg-Lindgren and Norjavaara, 2008), yet the influence
of this diurnal ebb and flow of hormone production on the
human brain is remarkably understudied. Several lines of evi-
dence suggest such a link exists. Rhythmic changes in steroid
hormone secretion, often marked by increased levels in breeding
season and reduced levels in winter (Prendergast et al., 2002),
have been tied to changes in brain morphology in animal models.
In voles, brain and hippocampal mass are elevated during the
summer and reduced in winter months (Yaskin, 1984). Mice
exhibit decreased total brain size and hippocampal volume
(Pyter et al., 2005), and hamsters show reduced soma size in
the hippocampus (Workman et al., 2011) in short versus long
photoperiods. Songbirds also exhibit seasonal fluctuations in
brain structure, morphological changes that coincide with
changes in steroid hormone production (DeVoogd and
Nottebohm, 1981; Nottebohm, 1981; Bottjer et al., 1986).
Human MRI studies have begun to characterize the role of circa-
dian rhythms in modulating brain structure and function. There
are reports of diurnal differences in functional connectivity
(Orban et al., 2020; Farahani et al., 2021), cerebral blood flow
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(Elvsåshagen et al., 2019), water diffusivity (Thomas et al., 2018;
Tuura et al., 2021), and brain volume (Trefler et al., 2016; Karch
et al., 2019; Zareba et al., 2023, 2024). However, the association
between circadian changes in hormone production and rhythmic
changes in the brain is unclear.

Over the past decade, the field of neuroimaging has recog-
nized the need to go beyond studying group-level effects, in favor
of study designs that track dynamic brain changes in individuals
over time (Poldrack et al., 2015; Braga and Buckner, 2017;
Gordon et al., 2017; Elliott et al., 2023; Reznik et al., 2023).
This approach, often referred to as “dense sampling,” is particu-
larly well-suited for exploring how the central nervous system
interacts with the endocrine system. Indeed, precision neuroim-
aging studies have begun to advance the study of brain–hormone
relationships by densely scanning individuals with high temporal
resolution over periods of normative hormonal change (Pritschet
et al., 2021; Jacobs, 2023; Pritschet and Jacobs, 2023). For exam-
ple, our group found that rhythmic changes in steroid hormones
across the 24 h diurnal cycle (Grotzinger et al., 2024) and 30 d
menstrual cycle (Fitzgerald et al., 2020; Pritschet et al., 2020;
Mueller et al., 2021) are tied to changes in the brain’s functional
network architecture. Changes in brain morphology are also evi-
dent across these timescales. Subregions of the medial temporal
lobe wax and wane in step with endocrine changes across the
menstrual cycle (Zsido et al., 2023), an effect that is eliminated
by chronic hormone suppression (Taylor et al., 2020). Precision
imaging studies are yielding new insights into steroid hormones
as rapid modulators of brain plasticity, in keeping with 30 years
of evidence from animal models (Taxier et al., 2020). To date, we
lack a comparable understanding of how rhythmic endocrine
changes influence brain morphology across shorter cycles, such
as the diurnal change in hormone production.

To determine the relationship between diurnal hormone
fluctuations and brain morphology, we used a dense sampling
design to collect MRI, serum, saliva, and mood data from a
healthy adult male every 12–24 h for 30 consecutive days.
Time-locked sessions occurred at 7 A.M. and 8 P.M., capturing
the peak and nadir of steroid hormone production. By metro-
nomically collecting MRI and biofluid data, we were able to track
the diurnal ebb and flow of endocrine and neural changes in the
human brain.

Diurnal fluctuations in steroid hormones were tied to pro-
nounced changes in global and regional brain morphology.
From morning to evening, total measures of brain volume, cor-
tical gray matter volume (GMV), and cortical thickness (CT)
decreased significantly, paralleling decreases in testosterone,
estradiol, and cortisol. Cerebrospinal fluid (CSF) volume and
ventricle size showed the opposite pattern, increasing throughout
the day. At the regional level, cortical reductions were most
apparent in visual cortices, including the striate and extrastriate
cortex; subcortical reductions were most evident in the cerebel-
lum, brainstem, and right hippocampus. These findings demon-
strate a natural rhythm to brain morphology, a cadence that
pulses in time with the diurnal ebb and flow of steroid hormones.

Materials and Methods
Participant
The participant was a healthy 26-year-old right-handed Caucasian male
with no history of neuropsychiatric diagnosis, endocrine disorders,
major medical conditions, or prior head trauma. The participant was
not taking any prescription medication nor did he experience any tran-
sitory diseases prior to or for the duration of the study. The participant
gave written informed consent for a study approved by the University of

California, Santa Barbara Human Subjects Committee and was paid for
participation in the study.

Experimental design
The methods for this study are reported in Grotzinger et al. (2024).
Briefly, the participant underwent venipuncture and brain imaging every
12–24 h for 30 consecutive days. At each session, the participant com-
pleted a questionnaire to assess stress, sleep, and mood states, followed
by endocrine sampling at 7 A.M. (morning sessions) and/or at 8 P.M.
(evening sessions). The participant gave a ∼2 ml saliva sample at each
session, followed by a blood sample. On days with morning and evening
sessions, the participant underwent one blood draw per day (Fig. 1A), per
safety guidelines. Morning endocrine samples were collected after at least
8 h of overnight fasting, and evening endocrine samples were collected
following 1.5 h of abstaining from consumption of food or drink (exclud-
ing water). The participant refrained from consuming caffeinated bever-
ages before each morning session.

Behavioral assessments. The following scales (adapted to reflect the
past 12–24 h) were administered at each session as part of the question-
naire: the Perceived Stress Scale (Cohen et al., 1983), Pittsburgh Sleep
Quality Index (PSQI; Buysse et al., 1989), State-Trait Anxiety
Inventory for Adults (Speilberger and Vagg, 1984), Profile of Mood
States (Pollock et al., 1979), and Aggression Questionnaire (Buss and
Perry, 1992). The questionnaire for the evening sessions excluded the
PSQI to avoid redundancy. All mood measures fell within standard ref-
erence ranges (Fig. 1C).

Endocrine procedures. A ∼2 ml saliva sample was obtained via pas-
sive drooling into a wide-mouthed plastic cryovial. The participant
refrained from eating and drinking (besides water) at least 1.5 h before
saliva sample collection, and the morning samples were collected after
fasting overnight. The participant pooled saliva for 5–10 min before
depositing the sample into the cryovial to determine total testosterone
and cortisol concentrations. The sample was stored at −20°C until
assayed. Saliva concentrations were determined via enzyme immunoassay
at Brigham andWomen’s Hospital Research Assay Core. Immediately after
the saliva sample was obtained, a licensed phlebotomist inserted a saline-
lock intravenous line into either the dominant or nondominant hand or
forearm daily to evaluate total testosterone, cortisol, and 17β-estradiol
concentrations. One 10cc ml blood sample was collected in a vacutainer
SST (BD Diagnostic Systems) each session. The sample clotted at room
temperature for ∼60 min until centrifugation (2,100× g for 10 min) and
was then aliquoted into three 2 ml microtubes. Serum samples were stored
at −20°C until assayed. Serum concentrations were determined via
liquid chromatography mass spectrometry at the Brigham and Women’s
Hospital Research Assay Core. Assay sensitivities, dynamic range, and
intra-assay coefficients of variation (respectively) were as follows: estradiol,
1 pg/ml, 1–500 pg/ml, <5% relative standard deviation (RSD); testosterone,
1.0 ng/dl, 1–200 ng/dl, <2% RSD; cortisol, 0.5 ng/ml, 0.5–250 pg/ml, <8%
RSD.Note that estradiolmeasurements were acquired from serum samples,
resulting in 30 timepoints.

MRI acquisition
At each session, the participant underwent a whole-brain structural MRI
and 15 min eyes-open resting-state scan conducted on a Siemens 3 T
Prisma scanner equipped with a 64-channel phased-array head coil.
High-resolution anatomical scans were acquired using a T1-weighted
magnetization-prepared rapid gradient echo (MPRAGE) sequence
(TR, 2,500 ms; TE, 2.31 ms; TI, 934 ms; flip angle, 7°; 0.8 mm thickness),
followed by a gradient echo fieldmap (TR, 758 ms; TE1, 4.92 ms; TE2,
7.38 ms; flip angle, 60°). A T2-weighted turbo spin echo (TSE) scan
was also acquired with an oblique coronal orientation positioned orthog-
onally to the main axis of the hippocampus (TR/TE, 8,100/50 ms; flip
angle, 122°; 0.4 × 0.4 mm2 in-plane resolution; 2 mm slice thickness;
31 interleaved slices with no gap; total acquisition time, 4:21 min).
Resting-state functional MRI scans allowed for indirect assessments of
headmotion (Grotzinger et al., 2024). A quantitative assessment of struc-
tural image quality (i.e., FreeSurfer-derived Euler number; Rosen et al.,
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2018) indicated no significant difference between morning and evening
sessions (p= 0.12).

Whole-brain morphology assessments
Image processing for evaluating GMV, white matter volume (WMV),
and CT was conducted with Advanced Normalization Tools (ANTs, ver-
sion 2.1.0). A subject-specific anatomical template (SST) was created
with multivariate template construction. Subject-specific tissue priors
were created using the OASIS population template priors from ANTs.
Structural images from each session were then registered to this template
and processed with the ANTs CT pipeline (Tustison et al., 2014). This
pipeline consists of N4 bias correction, tissue segmentation, and cortical
thickness estimation. N4 bias correction minimizes field inhomogeneity
effects. Tissue segmentation via Atropos makes tissue segmentation

estimates of white matter, gray matter, deep gray matter, and cerebrospi-
nal fluid by using prior knowledge to guide segmentation. The
Diffeomorphic Registration-based Cortical Thickness (DiReCT) algo-
rithm was used to evaluate CT. CT measures were created based on
diffeomorphic mappings between gray matter–white matter interface
and the estimated gray matter–cerebrospinal fluid interface (Das et al.,
2009). Gray matter measures were created by first normalizing each
gray matter tissue mask to the template. Then, the mask was multiplied
to a Jacobian image computed by affine and nonlinear transforms. Brain
volume and CT summary measures were output automatically for each
scan session. Total brain volume, the sum of all voxels in the brain, is
an estimate of the total intracranial volume. The brain was parcellated
based on the 400-node Schaefer cortical atlas (Schaefer et al., 2018) in
order to compare regions with those impacted at the functional level

Figure 1. Precision imaging study design. A, For 30 consecutive days, a healthy 26-year-old male underwent brain imaging and serological assessment every 12–24 h for a total of 40 sessions.
B, Steroid hormones demonstrated typical diurnal patterns, with testosterone (saliva), estradiol (only assessed with serum), and cortisol (saliva) peaking in the morning and significantly reduced
in the evening. Note that saliva sampling was performed at each session (testosterone, cortisol; n= 40); a blood sample was obtained once per day (estradiol; n= 30), following human subjects
protocol regulations. C, The subject completed mood assessments (e.g., sleep quality, mood, anxiety, stress) at each session. All measures were within the standard range and remained con-
sistent across the study duration. Abbreviations: PSQI, Pittsburgh Sleep Quality Index; STAI, State-Trait Anxiety Inventory; PSS, Perceived Stress Scale. Steroid hormone concentrations by time of
day are reported in Extended Data Table 1-1.
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in the same participant (Grotzinger et al., 2024). This parcellation was
first warped to the SST then applied to volumetric images to assess
regional-level measures of CT and GMV by extracting the first eigenvari-
ate across all voxels within each region. Regional-level metrics were com-
puted by averaging across nodes into 41 broad regions (e.g., Extrastriate
Cortex, Frontal Eye Fields—see Extended Data Table 3-1 for all regions).
Measures of CSF, ventricle size, and subcortical volume were calculated
by running the T1w images through the longitudinal recon-all pipeline
from FreeSurfer (Dale et al., 1999; Reuter et al., 2012) and were seg-
mented into 28 regions-of-interest determined via the aseg parcellation
(Fischl et al., 2002).

Medial temporal lobe subfield assessments
High-resolution medial temporal lobe volumes (CA1, CA2/3, dentate
gyrus, subiculum, perirhinal, entorhinal and parahippocampal cortex)
were measured from a dedicated T2-weighted image of the hippocampi,
coregistered to a T1-weighted MRI using the automatic segmentation of
hippocampal subfields (ASHS) package (Yushkevich et al., 2015) and the
Princeton Young Adult 3T ASHS Atlas (n= 24; mean age, 22.5 years; Aly
and Turk-Browne, 2015). T2w scans and segmentations were first visu-
ally examined using ITK-SNAP (Yushkevich et al., 2006) for quality
assurance and then subjected to manual editing in native space using
ITK-SNAP (v.3.8.0-b; author CMT). Boundaries between perirhinal,
entorhinal, and parahippocampal cortices were established in keeping
with the Olsen–Amaral–Palombo (OAP) segmentation protocol
(Palombo et al., 2013). In instances where automatic segmentation did
not clearly correspond to the underlying neuroanatomy, such as when
a certain label was missing several gray matter voxels, manual retouching
allowed for individual voxels to be added or removed (Extended Data
Fig. 4-3). All results are reported using themanually retouched subregion
volumes to ensure the most faithful representation of the underlying
neuroanatomy. Scans were randomized and segmentation was per-
formed in a random order. Medial temporal lobe subfield volumes
were averaged across hemispheres.

Statistical analyses
All analyses were conducted in R (version 4.3.2). Independent samples
t tests were run to compare global and regional brain structure measures
between morning and evening sessions. t test results were considered
statistically significant if they met Bonferroni’s correction for multiple

comparisons: p < 0.006 (p < 0.05/9 measures) for global morphology
measures; p < 0.007 (p < 0.05/7 regions) for medial temporal subfields;
p < 0.001 (p< 0.05/41 regions) for regional cortical measures; and
p < 0.002 (p < 0.05/28 regions) for regional subcortical measures. Effect
size was estimated using Cohen’s d. To evaluate the impact of time of
day (TOD) on GMV and CT in individual nodes, multivariate
regressions were performed and false discovery rate (FDR) corrected.
Additionally, correlation matrices between brain measures and steroid
hormones [testosterone (saliva), estradiol (serum), cortisol (saliva)]
were computed and FDR corrected. Because most steroid hormones
(testosterone, cortisol) did not display a normal distribution (Shapiro–
Wilk test: p< 0.05), nonparametric Spearman’s rank correlations were
computed. To note, session 24 was excluded from analyses due to an
abnormal dip in testosterone after the participant received the
COVID-19 vaccine. In this evening session, total testosterone (saliva)
was 6.54 pg/ml, which was ∼83% lower than the average evening testos-
terone level (M = 37.93 pg/ml).

Results
Evaluations of steroid hormones confirmed the expected peak of
testosterone, estradiol, and cortisol in the morning and nadir in
the evening. Testosterone, estradiol, and cortisol decreased from
morning to evening by ∼61, ∼38, and ∼92%, respectively
(Fig. 1B, Extended Data Table 1-1).

Global brain morphology by time of day and steroid hormone
levels
Changes in brain morphology were evident by TOD. Total brain
volume (t(29.37) =−6.93; p < 0.001; d=−2.23) and total GMV
(t(35.70) =−7.22; p < 0.001; d=−2.32) peaked in the morning
and dipped in the evening. There was no observable difference
in WMV at a corrected significance threshold (t(34.33) =−2.32;
p=0.026; d=−0.75; Fig. 2A, ExtendedData Table 2-1). In contrast,
global increases were observed in CSF (t(34.00) = 3.53; p=0.001;
d=1.14), lateral ventricles (t(33.27) = 3.72; p<0.001; d=1.97), and
fourth ventricle (t(27.68) = 3.60; p=0.001; d=1.16) volumes from
morning to evening (Fig. 2B, Extended Data Table 2-1). With the

Figure 2. Neuroanatomical changes throughout the day in a densely sampled male. A, Total brain volume and gray matter volume decreased over the course of the day, while white matter
volume did not (at a Bonferroni-corrected threshold). B, Cerebrospinal fluid, lateral ventricle, and fourth ventricle volume all increased from morning to evening. Abbreviations: TBV, total brain
volume; GMV, gray matter volume; WMV, white matter volume; CSF, cerebrospinal fluid; ns, not significant; *p< 0.006, **p< 0.001, ***p< 0.0001. Hormone and behavior correlations with
brain morphology measures are reported in Extended Data Table 2-1 and Extended Data Figure 2-1, respectively.

4 • J. Neurosci., September 18, 2024 • 44(38):e0573242024 Murata et al. • Circadian Brain Rhythms

https://doi.org/10.1523/JNEUROSCI.0573-24.2024.t3-1
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.f4-3
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.t1-1
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.t2-1
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.t2-1
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.t2-1
https://doi.org/10.1523/JNEUROSCI.0573-24.2024.f2-1


exception of WMV, Cohen’s d values indicated a large effect of
TOD on these global brain morphology measures. These
relationships paralleled diurnal changes in steroid hormone con-
centrations. Steroid hormones demonstrated a positive correla-
tion with total brain volume (testosterone: r= 0.58, p < 0.001;
estradiol: r= 0.70, p < 0.001; cortisol: r= 0.56, p < 0.001) and
global GMV (testosterone: r= 0.67, p < 0.001; estradiol: r = 0.69,
p < 0.001; cortisol: r= 0.61, p < 0.001). Global cortical thickness
demonstrated a comparable decrease from morning to evening,
with the same positive relationship with all three hormones
(Extended Data Table 2-1). With the exception of aggression
and vigor, there were no significant associations between global
brain morphology measures and mood assessments (Extended
Data Fig. 2-1). Though total brain volume (estimated intracranial
volume) demonstrated a diurnal rhythm, it fluctuated by
∼0.17%, which is ∼3–16-fold smaller than GMV, CSF, lateral
ventricle, and cortical thickness changes.

Regional gray matter volume is tied to time of day and steroid
hormone concentrations
To investigate whether changes in morphology were ubiquitous
throughout the brain, a regional approach was taken to pinpoint
areas most sensitive to diurnal rhythms. Pronounced diurnal
decreases in GMV were evident in the parietal and occipital
cortices, including extrastriate and striate, temporal occipital,
and precuneus regions. The effect size was large across regions
(all d <−1.15; p < 0.001; Fig. 3, Extended Data Table 3-1). The
magnitude of these regional reductions was strongly associated
with the diurnal reduction in steroid hormones (Table 1,
Extended Data Table 1-2). Global changes in volume appear to
be driven by these occipital and parietal regions, as the majority
of other regions were largely stable from A.M. to P.M. (Extended
Data Table 3-1). Cortical thickness demonstrated the same
pattern (Extended Data Table 3-2 and Extended Data Table 1-3).

Diurnal subcortical volume reduction is regionally specific
Total right hippocampal volume decreased significantly from
morning to evening (t(36.89) =−5.17; p< 0.001). Similarly, right
and left cerebellum and brainstem volumes were significantly
reduced from morning to evening scans (t(35.59) =−6.41, p<0.001;
t(36.27) =−8.38, p<0.001; and t(34.06) =−3.87, p<0.001, respectively).
The effect size was large across these regions (all d <−1.24), and
they demonstrated positive correlations with steroid hormones
(Fig. 4A, Extended Data Table 4-1). When assessing subfield vol-
umes of the hippocampal body, we observed no changes by TOD.
All seven subfield volumes remained stable throughout the day
(Bonferroni’s corrected p > 0.007), and there were no significant
relationships between subfield volumes and steroid hormones
(Fig. 4B, Extended Data Table 4-2).

Discussion
Herewe investigated the impact of circadian rhythms on global and
regional brain morphology in a densely sampled male. Total brain
volume, GMV, and CT decreased from morning to evening, while
CSF and ventricle size increased. These changes were not uniform
across the cortical mantle, rather driven by A.M. to P.M. decreases
in GMV and CT in occipital and parietal cortices. These results
build on a growing literature demonstrating the robust influence
of biological rhythms on human brain morphology.

The direction and magnitude of the observed changes in
global brain morphology are consistent with existingMRI studies
of TOD. Previous reports suggest a decrease in GMV (∼2% of
ICV; Trefler et al., 2016) and ∼1% decrease in both GMV and
cortex volume (Karch et al., 2019) over the course of a day in
healthy populations. Here, we observed a ∼0.62% decrease in
GMV on average from morning to evening.

The most prominent changes in brain morphology were evi-
dent in parietal and occipital cortices, which showed decreases in

Figure 3. Regional neuroanatomical changes between morning and evening sessions. A, Multivariate regression demonstrates a mostly negative relationship between time of day and gray
matter volume (FDR at q< 0.05; nonsignificant test statistics were set to zero for interpretability). B, Gray matter volume in the striate cortex and temporal occipital regions are heightened in the
morning and reduced in the evening. Abbreviations: GMV, gray matter volume. For additional regions, see Extended Data Table 3-1 and for regional cortical thickness changes, see Extended Data
Table 3-2.
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both GMV and CT from morning to night. These changes
were strongly correlated with steroid hormone levels, including
testosterone, estradiol, and cortisol. Our results are in keeping
with a recent study exploring the effect of diurnal rhythms on
brain structure, where GMV and CT in the primary visual
cortex were tied to diurnal variation in mood and cognition
(Zareba et al., 2023). The volumetric changes in posterior cortices
are mirrored by changes in brain function. In a parallel analysis,
our group examined changes in functional connectivity from
A.M. to P.M. in the same densely sampled male. Connectivity
in visual networks were particularly sensitive to TOD. Nodes
belonging to central and peripheral visual networks demon-
strated some of the strongest associations with diurnal variation
in testosterone, estradiol, and cortisol (Grotzinger et al., 2024),
paralleling the changes in GMV and CT we see here.
Hormonal regulation of visual cortex has been demonstrated in
rodent studies. For example, ovarian hormone exposure led to
altered cortical neuron number in the primary visual cortex
(Nuñez et al., 2002), while androgen exposure prevented cell
death in the visual cortex (Nuñez et al., 2000). One human
study demonstrated TOD effects on GMV outside of the parietal
and occipital cortices. The authors scanned individuals once
between 10 A.M. and 12 P.M. and again between 2 P.M. and
4 P.M. and reported changes in the frontal and temporal
lobe (Trefler et al., 2016). This design was outside of the
window aligned with the peak and trough of diurnal steroid
hormone production, a difference from the present study that
could be driving these regional discrepancies in cortical
GMV findings.

Table 1. Correlations between GMV in select cortical regions and steroid hormones

Correlation

Brain region Testosterone (saliva) Estradiol (serum) Cortisol (saliva)

Extrastriate cortex 0.62*** 0.63** 0.67***
Striate cortex 0.71*** 0.69*** 0.80***
Extrastriate inferior 0.28 0.46* 0.31
Striate calcarine 0.51** 0.71*** 0.65***
Extrastriate superior 0.52** 0.52* 0.51**
Somatomotor 0.23 0.20 0.23
Auditory 0.26 0.17 0.24
Insula 0.34 0.23 0.20
Secondary somatomotor 0.16 0.11 0.11
Central 0.16 0.07 0.20
Temporal occipital 0.65*** 0.63** 0.54**
Parietal occipital 0.43* 0.31 0.36
Superior parietal lobule 5.77 × 10−3 −0.21 −0.30
Post central 0.16 0.01 8.12 × 10−3

Frontal eye fields 0.38 0.22 0.22
Orbitofrontal cortex 0.06 0.11 −0.10
Lateral dorsal PFC 0.34 0.33 0.37
Mid-cingulate 0.02 −0.06 0.09
Inferior parietal lobule 0.34 0.29 0.21
Precuneus 0.31 0.33 0.32
Precentral ventral 0.36 0.46* 0.32
Lateral PFC 0.39* 0.43 0.40*

Several brain regions, including the extrastriate cortex, striate cortex, striate calcarine, and temporal occipital,
were positively correlated with steroid hormone concentrations (testosterone, estradiol, and cortisol). For the full
list of cortical correlation results, see Extended Data Table 1-2. For cortical thickness correlations, see Extended
Data Table 1-3. FDR corrected at q< 0.05. Testosterone, pg/ml; estradiol, pg/ml; cortisol, µg/dl. GMV, gray matter
volume; PFC, prefrontal cortex.
*p< 0.05, **p< 0.01, ***p< 0.001.

Figure 4. Subcortical gray matter volume by time of day. A, Multivariate regression for subcortical regions demonstrated decreasing volume throughout the day. Left, Purple tones indicate
volumetric reduction while aqua tones indicate volumetric expansion from A.M. to P.M. (FDR at q< 0.05; nonsignificant test statistics were set to zero for interpretability). Gray matter volume
was higher in the right cerebellum, brainstem, and right hippocampus in morning compared with evening sessions (see example box plots on the right). For the full list of subcortical results, see
Extended Data Table 4-1. B, Diagram illustrates medial temporal lobe subregion segmentation from the ASHS parcellation. Gray matter volume in CA1, dentate gyrus, and subiculum did not
change throughout the day. This pattern held for all medial temporal lobe subregions (CA2/3, entorhinal cortex, perirhinal cortex, and parahippocampal cortex, p> 0.007 for all, Extended Data
Table 4-2). For a manual segmentation example, see Extended Data Figure 4-3. Abbreviations: GMV, gray matter volume; ns, not significant.
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We also determined the extent to which subcortical struc-
tures change by TOD, noting significant decreases in GMV in
the cerebellum, brainstem, and right hippocampus. Next, we
employed high-resolution imaging and segmentation of the
hippocampal body to assess medial temporal lobe subregions
(including dentate gyrus, CA1, CA2/3, subiculum, parahippocam-
pal cortex, entorhinal cortex, and perirhinal cortex), revealing
stability over time. The discrepancy between whole hippocampal
volume and subfield-level volumes within the hippocampal body
suggest that the head and tail of the hippocampus may be the
loci of diurnal change, though future work needs to be done to
clarify these differences. Existing studies on TOD-related sub-
cortical changes are mixed. Shorter photoperiods have been
associated with smaller total hippocampal volumes (Miller
et al., 2015) and smaller brainstem volumes (Majrashi et al.,
2020). In contrast, Zareba et al. (2024) reported an increase
in GMV in the amygdala and hippocampus from morning to
evening. The present study, which tracks brain and hormone
dynamics at a high temporal resolution, suggests an overall
decrease in cortical and subcortical GMV from morning to
evening—a pattern that mirrors the diurnal decrease in
steroid hormones.

While it is clear that brain morphology exhibits circadian
change, the role of steroid hormones in shaping diurnal changes
in brain volume is not definitive, as results from the present
study are correlational. Restricting correlations of brain mor-
phology with steroid hormones to morning or evening sessions
separately yielded no significant relationships. However, biolog-
ical rhythms over longer timescales establish steroid hormones’
role in shaping brain morphology. Across the ∼28 d menstrual
cycle, endogenous fluctuations in progesterone are associated
with changes in GMV in the CA2/3, parahippocampal, entorhi-
nal, and perirhinal cortex regions (Taylor et al., 2020); disrupting
this hormonal rhythm eliminates these GMV changes. Further,
changes in progesterone are tied to cerebellar changes in
functional brain network organization (Fitzgerald et al., 2020).
Steroid hormone expression in the mammalian cerebellum
(Pang et al., 2013) and hippocampus (Brinton et al., 2008) is
well-established, underscoring the hormonal regulation of
these regions. The present findings are consistent with a
model in which steroid hormones contribute to morphological
changes in these regions at shorter, circadian, timescales.
A number of other basic physiological variables that vary
across the day could also contribute to the observed results,
such as consumption/hydration, alertness, respiratory rate, and
caloric intake.

Brain volume reduction throughout the day may be related
to diurnal regulation of metabolic and synaptic machinery via
the glymphatic system. Through the glymphatic pathway,
metabolic buildup during the day exits by the exchange of CSF
with interstitial fluid. CSF enters the brain, mixes with interstitial
fluid, and is removed from the brain through venous drainage
(Hauglund et al., 2020). This process is mediated by aquaporins,
channels that are a key pathway for water movement. Aquaporin
subtype 4 (AQP4) is a water channel found in astrocytes
that helps maintain water homeostasis in the brain (Badaut
et al., 2002). Aquaporin activity may be under the control
of circadian rhythms and steroid hormones. In mice, localization
of AQP4 to the vasculature, and glymphatic influx, peaked
during the daytime, and knocking out AQP4 abolished these
day–night changes in glymphatic influx (Hablitz et al., 2020).
Aquaporins have also been identified in the paraventricular
nucleus of the hypothalamus (Jung et al., 1994), a structure

that plays an essential role in driving circadian rhythms and
steroid hormone production. Circadian patterns of glymphatic
activity may be driven by steroid hormones, which modulate
aquaporin activity. Testosterone administration increases
AQP4 protein levels in astrocytes (Gu et al., 2003). In contrast,
estradiol or progesterone treatment decreases AQP4 expression
and brain water content (Soltani et al., 2016). A potential mech-
anism for steroid hormone-mediated brain changes could be that
declining steroid hormones throughout the day coincides with
increased AQP4 expression and increased CSF and ventricle
volume. Since CSF and ventricle expansion or swelling may
lead to reductions in brain volume, an aquaporin-mediated
increase in fluid dynamics could explain the observed decline
in brain volume throughout the day.

Why might these diurnal rhythms in the brain exist? For most
species, behavior is heavily organized around a day/night cycle.
Diurnal rhythms are ubiquitous in nature and have broad impli-
cations for animal cognition and behavior. The consequences of
disrupting circadian rhythms are increasingly well-characterized
in animal and human studies (Walker et al., 2020). Major depres-
sive disorder, seasonal affective disorder, and bipolar disorder
have all been tied to disruptions in circadian cycles (Dollish et
al., 2024). Metabolic side effects, such as abnormal glucose
metabolism and lower insulin sensitivity, are well-established
consequences of circadian rhythm disruption (Potter et al.,
2016), as are memory impairments (Smies et al., 2022; Bellfy et
al., 2023). In short, biological rhythms in the brain likely regulate
mood and cognition. In future precision imaging studies, tying
cyclic changes in regional and global brain volume to changes
in behavior warrants investigation.

This precision imaging study mapped neuroanatomical
changes across the circadian cycle in a single male with unprec-
edented temporal resolution. This adds to a new class of brain
imaging studies that are revealing the dynamic nature of the
human brain only identifiable at the individual level, previously
blurred with group-averaged data. A limitation inherent to pre-
cision imaging studies is the inability to generalize findings to a
broader population. However, the diurnal rhythms we observed
are consistent with findings reported in cross-sectional studies.
Future precision imaging studies can expand on this work by
sampling demographically diverse individuals, including those
with disrupted circadian rhythms (e.g., individuals who work a
night shift, flight attendants) and altered hormonal milieus
(e.g., via pharmacological manipulation). Such studies would
aid in disentangling the unique role of steroid hormones from
other variables that may contribute to the rapid structural
changes occurring in the brain diurnally. Such designs place a
high demand on individuals volunteering to undergo frequent
sampling. It should be noted that our participant’s behavioral
assessments of sleep, stress, and anxiety remained unchanged
from the beginning to the end of our study (Fig. 1C), and research-
ers should keep track of such psychological factors when conduct-
ing extensive longitudinal protocols. These findings have
substantial implications for the neuroimaging community: given
the pronounced effects of diurnal rhythms on brain morphology,
MRI experiments should adjust for TOD in all analyses.

Finally, hormonal fluctuations in females are often considered
a source of unwanted variability (Beery and Zucker, 2011;
Shansky, 2019), and this study suggests that steroid hormones
are tied to aspects of brain morphology and function in
males as well. Rhythmic production of steroid hormones should
not be considered noise, but rather a foundational feature
of biology.
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Data Availability
The dataset consists of 40 MRI scans (T1w, T2-hippoocampal,
and resting-state fMRI scans) alongside state-dependent measures
and serum assessments of steroid hormones for each session. These
data are publicly available at openneuro.org/datasets/ds005115.

References
Aly M, Turk-Browne NB (2015) Attention stabilizes representations in the

human hippocampus. Cereb Cortex 26:783–796.
Ankarberg-Lindgren C, Norjavaara E (2008) Twenty-four hours secretion

pattern of serum estradiol in healthy prepubertal and pubertal boys as
determined by a validated ultra-sensitive extraction RIA. BMC Endocr
Disord 8:10.

Badaut J, Lasbennes F, Magistretti PJ, Regli L (2002) Aquaporins in brain: dis-
tribution, physiology, and pathophysiology. J Cereb Blood FlowMetab 22:
367–378.

Barberia JM, Giner J, Cortes-Gallegos V (1973) Diurnal variations of plasma
testosterone in men. Steroids 22:615–626.

Beery AK, Zucker I (2011) Sex bias in neuroscience and biomedical research.
Neurosci Biobehav Rev 35:565–572.

Bellfy L, et al. (2023) The clock gene Per1 may exert diurnal control over
hippocampal memory consolidation. Neuropsychopharmacology 48:
1789–1797.

Berg SJ, Wynne-Edwards KE (2001) Changes in testosterone, cortisol, and
estradiol levels in men becoming fathers. Mayo Clin Proc 76:582–592.

Bottjer SW, Schoonmaker JN, Arnold AP (1986) Auditory and hormonal
stimulation interact to produce neural growth in adult canaries.
J Neurobiol 17:605–612.

Braga RM, Buckner RL (2017) Parallel interdigitated distributed networks
within the individual estimated by intrinsic functional connectivity.
Neuron 95:457–471.e5.

Brinton RD, et al. (2008) Progesterone receptors: form and function in brain.
Front Neuroendocrinol 29:313–339.

Buss AH, Perry M (1992) The Aggression Questionnaire. J Pers Soc Psychol
63:452–459.

Buysse DJ, Reynolds CF, Monk TH, Berman SR, Kupfer DJ (1989) The
Pittsburgh sleep quality index: a new instrument for psychiatric practice
and research. Psychiatry Res 28:193–213.

Cohen S, Kamarck T, Mermelstein R (1983) A global measure of perceived
stress. J Health Soc Behav 24:385–396.

Dale AM, Fischl B, Sereno MI (1999) Cortical surface-based analysis:
I. Segmentation and surface reconstruction. Neuroimage 9:179–194.

Das SR, Avants BB, Grossman M, Gee JC (2009) Registration based cortical
thickness measurement. Neuroimage 45:867–879.

DeVoogd T, Nottebohm F (1981) Gonadal hormones induce dendritic
growth in the adult avian brain. Science 214:202–204.

Diver MJ, Imtiaz KE, Ahmad AM, Vora JP, Fraser WD (2003) Diurnal
rhythms of serum total, free and bioavailable testosterone and of SHBG
in middle-aged men compared with those in young men. Clin
Endocrinol 58:710–717.

Dollish HK, Tsyglakova M, McClung CA (2024) Circadian rhythms and
mood disorders: time to see the light. Neuron 112:25–40.

Elliott ML, Hanford LC, Hamadeh A, Hilbert T, Kober T, Dickerson BC,Mair
RW, Eldaief MC, Buckner RL (2023) Brain morphometry in older adults
with and without dementia using extremely rapid structural scans.
Neuroimage 276:120173.

Elvsåshagen T, et al. (2019) Cerebral blood flow changes after a day of wake,
sleep, and sleep deprivation. Neuroimage 186:497–509.

Farahani F, et al. (2021) Identifying diurnal variability of brain connectivity
patterns using graph theory. Brain Sci 11:111.

Fischl B, et al. (2002) Whole brain segmentation. Neuron 33:341–355.
Fitzgerald M, Pritschet L, Santander T, Grafton ST, Jacobs EG (2020)

Cerebellar network organization across the human menstrual cycle. Sci
Rep 10:20732.

Gordon EM, et al. (2017) Precision functional mapping of individual human
brains. Neuron 95:791–807.e7.

Grotzinger H, Pritschet L, Shapturenka P, Santander T, Murata EM, Jacobs
EG (2024) Diurnal fluctuations in steroid hormones tied to variation in
intrinsic functional connectivity in a densely sampled male. J Neurosci
44:e1856232024.

Gu F, Hata R, Toku K, Yang L, Ma Y-J, Maeda N, Sakanaka M, Tanaka J
(2003) Testosterone up-regulates aquaporin-4 expression in cultured
astrocytes. J Neurosci Res 72:709–715.

Hablitz LM, Plá V, Giannetto M, Vinitsky HS, Stæger FF, Metcalfe T, Nguyen
R, Benrais A, NedergaardM (2020) Circadian control of brain glymphatic
and lymphatic fluid flow. Nat Commun 11:4411.

Hauglund NL, Pavan C, Nedergaard M (2020) Cleaning the sleeping brain –
the potential restorative function of the glymphatic system. Curr Opin
Physiol 15:1–6.

Jacobs EG (2023) Leveraging precision neuroimaging to advance women’s
brain health. Nat Mental Health 1:700–701.

Jung JS, Bhat RV, Preston GM, Guggino WB, Baraban JM, Agre P (1994)
Molecular characterization of an aquaporin cDNA from brain: candidate
osmoreceptor and regulator of water balance. Proc Natl Acad Sci U S A
91:13052–13056.

Karch JD, Filevich E, Wenger E, Lisofsky N, Becker M, Butler O, Mårtensson
J, Lindenberger U, Brandmaier AM, Kühn S (2019) Identifying predictors
of within-person variance in MRI-based brain volume estimates.
Neuroimage 200:575–589.

Majrashi NA, Ahearn TS, Waiter GD (2020) Brainstem volume mediates
seasonal variation in depressive symptoms: a cross sectional study in
the UK Biobank cohort. Sci Rep 10:3592.

Miller MA, Leckie RL, Donofry SD, Gianaros PJ, Erickson KI, Manuck SB,
Roecklein KA (2015) Photoperiod is associated with hippocampal volume
in a large community sample. Hippocampus 25:534–543.

Mueller JM, Pritschet L, Santander T, Taylor CM, Grafton ST, Jacobs EG,
Carlson JM (2021) Dynamic community detection reveals transient reor-
ganization of functional brain networks across a female menstrual cycle.
Netw Neurosci 5:125–144.

Nottebohm F (1981) A brain for All seasons: cyclical anatomical changes in
song control nuclei of the canary brain. Science 214:1368–1370.

Nuñez JL, Jurgens HA, Juraska JM (2000) Androgens reduce cell death in the
developing rat visual cortex. Brain Res Dev Brain Res 125:83–88.

Nuñez JL, Sodhi J, Juraska JM (2002) Ovarian hormones after postnatal day
20 reduce neuron number in the rat primary visual cortex. J Neurobiol 52:
312–321.

Orban C, Kong R, Li J, Chee MWL, Yeo BTT (2020) Time of day is associated
with paradoxical reductions in global signal fluctuation and functional
connectivity. PLoS Biol 18:e3000602.

Palombo DJ, Amaral RSC, Olsen RK, Muller DJ, Todd RM, Anderson AK,
Levine B (2013) KIBRA polymorphism is associated with individual dif-
ferences in hippocampal subregions: evidence from anatomical segmenta-
tion using high-resolution MRI. J Neurosci 33:13088–13093.

Pang Y, Dong J, Thomas P (2013) Characterization, neurosteroid binding and
brain distribution of human membrane progesterone receptors δ and ɛ
(mPRδ and mPRɛ) and mPRδ involvement in neurosteroid inhibition
of apoptosis. Endocrinology 154:283–295.

Poldrack RA, et al. (2015) Long-term neural and physiological phenotyping of
a single human. Nat Commun 6:8885.

Pollock V, Cho DW, Reker D, Volavka J (1979) Profile of mood states: the
factors and their physiological correlates. J Nerv Ment Dis 167:612–614.

Potter GDM, Skene DJ, Arendt J, Cade JE, Grant PJ, Hardie LJ (2016)
Circadian rhythm and sleep disruption: causes, metabolic consequences,
and countermeasures. Endocr Rev 37:584–608.

Prendergast BJ, Nelson RJ, Zucker I (2002) 19—Mammalian seasonal
rhythms: behavior and neuroendocrine substrates. In: Hormones, brain
and behavior (Pfaff DW, Arnold AP, Fahrbach SE, Etgen AM, Rubin
RT, eds), pp 93–156: Academic Press.

Pritschet L, Jacobs E (2023) Precision neuroimaging. In: Reference module in
neuroscience and biobehavioral psychology, Elsevier.

Pritschet L, Santander T, Taylor CM, Layher E, Yu S, Miller MB, Grafton ST,
Jacobs EG (2020) Functional reorganization of brain networks across the
human menstrual cycle. Neuroimage 220:117091.

Pritschet L, Taylor CM, Santander T, Jacobs EG (2021) Applying dense-
sampling methods to reveal dynamic endocrine modulation of the ner-
vous system. Curr Opin Behav Sci 40:72–78.

Pyter LM, Reader BF, Nelson RJ (2005) Short photoperiods impair spatial
learning and Alter hippocampal dendritic morphology in adult male
white-footed mice (Peromyscus leucopus). J Neurosci 25:4521–4526.

Reuter M, Schmansky NJ, Rosas HD, Fischl B (2012)Within-subject template
estimation for unbiased longitudinal image analysis. Neuroimage 61:
1402–1418.

8 • J. Neurosci., September 18, 2024 • 44(38):e0573242024 Murata et al. • Circadian Brain Rhythms



Reznik D, Trampel R, Weiskopf N, Witter MP, Doeller CF (2023) Dissociating
distinct cortical networks associated with subregions of the human medial
temporal lobe using precision neuroimaging. Neuron 111:2756–2772.e7.

Rose RM, Kreuz LE, Holaday JW, Sulak KJ, Johnson CE (1972) Diurnal var-
iation of plasma testosterone and cortisol. J Endocrinol 54:177–178.

Rosen AFG, et al. (2018) Quantitative assessment of structural image quality.
Neuroimage 169:407–418.

Schaefer A, Kong R, Gordon EM, Laumann TO, Zuo X-N, Holmes AJ, Eickhoff
SB, Yeo BTT (2018) Local-global parcellation of the human cerebral cortex
from intrinsic functional connectivity MRI. Cereb Cortex 28:3095–3114.

Shansky RM (2019) Are hormones a “female problem” for animal research?
Science 364:825–826.

Smies CW, Bodinayake KK, Kwapis JL (2022) Time to learn: the role of the
molecular circadian clock in learning and memory. Neurobiol Learn
Mem 193:107651.

Soltani Z, Khaksari M, Shahrokhi N, Mohammadi G, Mofid B, Vaziri A,
Amiresmaili S (2016) Effect of estrogen and/or progesterone administra-
tion on traumatic brain injury-caused brain edema: the changes of
aquaporin-4 and interleukin-6. J Physiol Biochem 72:33–44.

Speilberger CD, Vagg PR (1984) Psychometric properties of the STAI: a reply
to Ramanaiah, Franzen, and Schill. J Pers Assess 48:95–97.

Taxier LR, Gross KS, Frick KM (2020) Oestradiol as a neuromodulator of
learning and memory. Nat Rev Neurosci 21:535–550.

Taylor CM, Pritschet L, Olsen RK, Layher E, Santander T, Grafton ST, Jacobs
EG (2020) Progesterone shapes medial temporal lobe volume across the
human menstrual cycle. Neuroimage 220:117125.

Thomas C, Sadeghi N, Nayak A, Trefler A, Sarlls J, Baker CI, Pierpaoli C
(2018) Impact of time-of-day on diffusivity measures of brain tissue
derived from diffusion tensor imaging. Neuroimage 173:25–34.

Trefler A, Sadeghi N, Thomas AG, Pierpaoli C, Baker CI, Thomas C (2016)
Impact of time-of-day on brain morphometric measures derived from
T1-weighted magnetic resonance imaging. Neuroimage 133:41–52.

Tustison NJ, et al. (2014) Large-scale evaluation of ANTs and FreeSurfer cor-
tical thickness measurements. Neuroimage 99:166–179.

Tuura RO, Volk C, Callaghan F, Jaramillo V, Huber R (2021) Sleep-related
and diurnal effects on brain diffusivity and cerebrospinal fluid flow.
Neuroimage 241:118420.

Walker WH, Walton JC, DeVries AC, Nelson RJ (2020) Circadian rhythm
disruption and mental health. Transl Psychiatry 10:28.

Workman JL, Manny N, Walton JC, Nelson RJ (2011) Short day lengths alter
stress and depressive-like responses, and hippocampal morphology in
Siberian hamsters. Horm Behav 60:520–528.

Yaskin VA (1984) Seasonal changes in brain morphology in small mammals.
Winter Ecology of Small Animals Vol 10, pp 183–191.

Yushkevich PA, Piven J, Hazlett HC, Smith RG, Ho S, Gee JC, Gerig G (2006)
User-guided 3D active contour segmentation of anatomical structures:
significantly improved efficiency and reliability. Neuroimage 31:1116–
1128.

Yushkevich PA, Pluta JB, Wang H, Xie L, Ding S-L, Gertje EC, Mancuso L,
Kliot D, Das SR, Wolk DA (2015) Automated volumetry and regional
thickness analysis of hippocampal subfields and medial temporal cortical
structures in mild cognitive impairment: automatic morphometry of
MTL subfields in MCI. Hum Brain Mapp 36:258–287.

Zareba MR, Fafrowicz M, Marek T, Oginska H, Beldzik E, Domagalik A
(2024) Tracing diurnal differences in brain anatomy with voxel-based
morphometry—associations with sleep characteristics. Chronobiol Int
41:201–212.

Zareba MR, Scislewska P, Fafrowicz M, Marek T, Oginska H, Szatkowska I,
Beldzik E, Domagalik A (2023) The subjective amplitude of the diurnal
rhythm matters – chronobiological insights for neuroimaging studies.
Behav Brain Res 454:114640.

Zsido RG, et al. (2023) Ultra-high-field 7T MRI reveals changes in human
medial temporal lobe volume in female adults during menstrual cycle.
Nat Mental Health 1:761–771.

Murata et al. • Circadian Brain Rhythms J. Neurosci., September 18, 2024 • 44(38):e0573242024 • 9


	 Introduction
	 Materials and Methods
	Outline placeholder
	 Participant
	 Experimental design
	 Behavioral assessments
	 Endocrine procedures

	 MRI acquisition
	 Whole-brain morphology assessments
	 Medial temporal lobe subfield assessments
	 Statistical analyses


	 Results
	 Global brain morphology by time of day and steroid hormone levels
	 Regional gray matter volume is tied to time of day and steroid hormone concentrations
	 Diurnal subcortical volume reduction is regionally specific

	 Discussion
	 Data Availability
	 References

