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Abstract
Background and Objectives
Cluster headache and migraine have circadian features at multiple levels (cellular, systems, and
behavioral). A thorough understanding of their circadian features informs their pathophysiologies.

Methods
A librarian created search criteria in MEDLINE Ovid, Embase, PsycINFO, Web of Science, and
Cochrane Library. Two physicians independently performed the remainder of the systematic
review/meta-analysis using Preferred Reporting Items for Systematic Review and Meta-Analyses
guidelines. Separate from the systematic review/meta-analysis, we performed a genetic analysis
for genes with a circadian pattern of expression (clock-controlled genes or CCGs) by cross-
referencing genome-wide association studies (GWASs) of headache, a nonhuman primate study
of CCGs in a variety of tissues, and recent reviews of brain areas relevant in headache disorders.
Altogether, this allowed us to catalog circadian features at the behavioral level (circadian timing,
time of day, time of year, and chronotype), systems level (relevant brain areas where CCGs are
active, melatonin and corticosteroid levels), and cellular level (core circadian genes and CCGs).

Results
For the systematic review and meta-analysis, 1,513 studies were found, and 72 met the inclusion
criteria; for the genetic analysis, we found 16GWASs, 1 nonhuman primate study, and 16 imaging
reviews. For cluster headache behavior, meta-analyses showed a circadian pattern of attacks in
70.5% (3,490/4,953) of participants across 16 studies, with a clear circadian peak between 21:00
and 03:00 and circannual peaks in spring and autumn. Chronotype was highly variable across
studies. At the systems level, lower melatonin and higher cortisol levels were reported in cluster
headache participants. At the cellular level, cluster headache was associated with core circadian
genes CLOCK and REV-ERBα, and 5 of the 9 cluster headache susceptibility genes were CCGs.
For migraine behavior, meta-analyses showed a circadian pattern of attacks in 50.1% (2,698/
5,385) of participants across 8 studies, with a clear circadian trough between 23:00 and 07:00 and
a broad circannual peak between April and October. Chronotype was highly variable across
studies. At the systems level, urinarymelatonin levels were lower in participants withmigraine and
even lower during an attack. At the cellular level, migraine was associated with core circadian
genes CK1δ and RORα, and 110 of the 168 migraine susceptibility genes were CCGs.

Discussion
Cluster headache and migraine are highly circadian at multiple levels, reinforcing the impor-
tance of the hypothalamus. This review provides a pathophysiologic foundation for circadian-
targeted research into these disorders.

Trial Registration Information
The study was registered with PROSPERO (registration number CRD42021234238).
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Two primary headache disorders—cluster headache and
migraine—share pathophysiology (hypothalamic and tri-
geminovascular activation)1,2 and treatments (corticoste-
roids, galcanezumab, melatonin, noninvasive vagus nerve
stimulation, sumatriptan, topiramate, and zolmitriptan).3,4

They are also intermittent pain disorders, and the timing of
attacks appears to follow a 24-hour pattern: both cluster
headache and migraine attacks have been proposed to oc-
cur in the late evening or early morning.5,6 Many of these
features—hypothalamic activation, treatment with corti-
costeroids and melatonin, and a 24-hour pattern of
attacks—suggest a role for the circadian clock.

The circadian clock, or our internal 24-hour biological
timer, at its core consists of a handful of proteins
that regulate each other’s expression in a process that takes
approximately 24 hours7 (Figure 1A). This transcriptional-
translational feedback loop, which involves the transcrip-
tion and translation of core clock genes, is present in vir-
tually every cell type. Cell types often synchronize
together such that specific organs and specific brain nuclei
have their own circadian rhythms. These organs and brain
nuclei are ordered hierarchically, and the master biological
clock is the suprachiasmatic nucleus (SCN) in the hypo-
thalamus (Figure 1B). The SCN receives specific inputs,
such as light and exercise, that align the internal clock to the
external world; these specific inputs are called zeitgebers.
The SCN then synchronizes the body’s circadian systems via
hormonal communications and neuronal connections. This
synchronization ultimately leads to circadian regulation of
human physiology such as the daily rhythm of blood pres-
sure and the timing of neurologic and other diseases
(Figure 1C).

Cluster headache has strong links to the circadian system,
ranging from the behavioral (a very predictable timing of
headaches5) to the genetic (variants in the core clock genes
circadian locomotor output cycles kaput [CLOCK] and
CRY1 have been associated with cluster headache8,9) to the
pharmacologic (corticosteroids, melatonin, and lithium are
all effective treatments and are all strong modulators of the
circadian transcriptional-translational feedback loop10).
Thus, a systematic review of the circadian features of cluster
headache, while useful, is perhaps unsurprising. However,
migraine has separate lines of research that suggest it too is
strongly associated with the circadian system. Many of the
most common migraine triggers (bright light, exercise,
skipping meals, and sleep-wake changes like undersleeping
and oversleeping)11 are also well-known zeitgebers.12 In

addition, 2 small studies provide convincing evidence of a
circadian influence on migraine. First, variations in a core
clock gene (casein kinase delta, CK1δ, also known as
CSNK1d) are associated with migraine and a circadian
rhythm disorder (familial advanced sleep phase syn-
drome).13 Second, in a pilot study of chronic migraine,
circadian misalignment (via dim light melatonin onset) is
associated with an increased frequency of attacks while
sleep parameters (via actigraphy) were not.14 This suggests
that the circadian cycle, not sleep, is associated with mi-
graine attack frequency.

There are several aspects of the circadian clock worth
noting when studying headache disorders. First, there are
multiple circadian behaviors and physiologic changes than
can be investigated, ranging from the timing of attacks to
circadian blood pressure changes. We chose to focus on
2—the timing of headache attacks and chronotype—as
these are more directly linked to the master clock and other
neural clocks. Animal studies of SCN ablation and SCN
transplantation have shown dramatic changes in the timing
of activities and sleep.15-17 In contrast, circadian blood
pressure changes could implicate the SCN, the autonomic
system (which is known to be involved in cluster headache
and migraine1,2), and/or changes in non-neurologic clocks
such as the cardiac circadian clock. Second, a specific
analysis of corticosteroids, melatonin, and core clock genes
is important in headache disorders. Corticosteroids (a
daytime signal) and melatonin (a nighttime signal) are
primary circadian-related hormones10 and are also effec-
tive treatments in cluster headache and migraine.3,4,18 As
above, variations in the core clock gene CK1δ are associ-
ated with both advanced sleep-wake phase disorder and
migraine.13 Finally, core clock genes have downstream
effects on gene expression. At least 43% of all protein-
coding genes in mice19 and 82% of all protein-coding genes
in nonhuman primates20 follow a circadian pattern of ex-
pression in 1 or more tissues and are called clock-
controlled genes (CCGs). CCGs may be different in
each organ and brain area, and one of the most compre-
hensive investigations of CCGs is a study of gene expres-
sion in a variety of baboon tissues collected every 2 hours
for 24 hours.20 The baboon is the most closely related
species to humans for which comprehensive tissue data are
available.

Understanding the role of the circadian system in cluster
headache and migraine would expand our understanding of
the hypothalamus and the initiation of attacks. However, few

Glossary
CCG = clock-controlled gene; CLOCK = circadian locomotor output cycles kaput; CK1δ = casein kinase delta; GWAS =
genome-wide association study; ROR = retinoid acid–related orphan receptor; SCN = suprachiasmatic nucleus; SNV = single
nucleotide variation.

Neurology.org/N Neurology | Volume 100, Number 22 | May 30, 2023 e2225

Copyright © 2023 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://neurology.org/n


studies have systematically examined multiple aspects of the
circadian system. In this study, we synthesized the current
circadian features of cluster headache and migraine, focusing

on the timing of attacks, chronotype, corticosteroids, mela-
tonin, core circadian genes, and CCGs.

Methods
Systematic Review

Protocol and Eligibility Criteria
The study was registered with PROSPERO (registration
number CRD42021234238), and we followed Guidelines for
the Preferred Reporting Items for Systematic Review and
Meta-Analyses.21 For details of inclusion and exclusion cri-
teria, see eMethods in eAppendix 1 (links.lww.com/WNL/
C703).

Information Sources and Search
An experienced librarian (author E.S.) developed searches in
5 databases: the main search was conducted in MEDLINE
Ovid on April 16, 2021 (search terms available in eTable 1,
links.lww.com/WNL/C709) and then translated into
Cochrane Library, Embase, PsycINFO, and Web of Science
on April 20, 2021. Search terms focused on cluster headache,
migraine, and circadian terms (for details, see eMethods in
eAppendix 1, links.lww.com/WNL/C703). The librarian-
developed search was not the only source of studies; a small
number of additional studies were found when assessing bias
(see the Risk of Bias Across Studies section).

Study Selection, Data Collection Process, and
Data Items
Screening was performed independently by a senior neurol-
ogy resident (author B.B.) and a headache specialist (author
M.J.B.), first by title and abstract in Rayyan22 and then by full-
length articles. The same 2 physicians then extracted data
elements from each study (for details, see eMethods in
eAppendix 1, links.lww.com/WNL/C703).

Risk of Bias in Individual Studies
Two authors (B.B. and M.J.B.) independently used the NIH
quality assessment tools for case series studies, case-control
studies, and observational cohort and cross-sectional studies23

(Figure 2 and eTable 2, links.lww.com/WNL/C709). To
reduce the risk of bias, we excluded 1 study,e161 which was
given a poor quality rating.

Risk of Bias Across Studies
Several items such as core circadian genes and hormonal
changes could not easily be assessed with funnel plots. In-
stead, we reviewed the literature to find systematic reviews,
narrative reviews, and other articles that had previously
attempted to catalog circadian data in cluster headache and
migraine (see eResults in eAppendix 1, links.lww.com/WNL/
C703). This analysis led to several studies being added to the
systematic review/meta-analysis outside of the librarian’s
established search. The studies that were added this way were
still assessed for bias within studies by a single author (M.J.B.)
using the NIH quality assessment tools.

Figure 1 Circadian Rhythms

(A) The 24-hour circadian transcriptional-translational feedback loop. Full gene
names: CLOCK = circadian locomotor output cycles kaput;NPAS2 = neuronal PAS
domain protein 2; BMAL1 = brain and muscle ARNT like 1; PER = period; CRY =
cryptochrome; REV-ERB = reverse strand of erb; ROR = retinoid acid–related
orphan receptor; CK1 = casein kinase 1; GSK3 = glycogen synthase kinase 3. (B)
The suprachiasmatic nucleus (green) acts as a master clock, coordinating the
clocks of other brain areas and other organs through neuronal connections and
hormones (especially corticosteroids and melatonin). (C) Peak timing of physi-
ologic processes and neurologic diseases and chronotype sleep patterns.
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Summary Measures and Synthesis of Results
Summary measures were (1) proportion of participants
with headache with a circadian pattern of attacks, (2) the

specific time of day of attacks, (3) the specific time of year
of attacks, (4) chronotype data, (5) core clock gene data,
and (6) circadian-related hormones (corticosteroids and

Figure 2 Quality Assessment

NIH quality assessment tools for case series studies (top),
case-control studies (middle), and observational cohort and
cross-sectional studies (bottom). Color codes: green indi-
cates yes, not applicable, good quality rating, and fair quality
rating; yellow indicates unclear or cannot determine; red
indicates no or poor quality rating. One study (Romo-Nava
2010) had headache data that received a poor quality rating
(although this rating is not a reflection of its other data); this
study was excluded from the systematic review and meta-
analysis. Details are available in eTable 2 (links.lww.com/
WNL/C709).
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Figure 3 Flow Diagrams for Each Phase of This Study

GWAS = genome-wide association study; FHM = fa-
milial hemiplegic migraine; ICHD1 = International
Classification of Headache Disorders, first edition
(published in 1988). *Ten studies measured non-
neurologic features in cluster headache or migraine,
specifically the circadian features of the heart rate,
blood pressure, reflexes, epinephrine, sodium, cy-
proheptadine, or tweets about headaches.
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melatonin). Meta-analyses were performed for items 1–3.
Meta-analyses were planned a priori for items 4–6 but were
not performed because the data could not be combined.
Specifically, item 4 used a variety of measures including
the Morningness-Eveningness Questionnaire, reduced
Morningness-Eveningness Questionnaire, Munich Chro-
notype Questionnaire, self-reported chronotype, and self-
reported bedtime. Item 5 examined different genes that
could not be directly compared. Item 6 examined different
samples (such as urine or serum) at different time points.

Genetic Analysis
Detailed methodology is available in eMethods in eAppendix
1 (links.lww.com/WNL/C703). In brief, for susceptibility
genes, we used the most recently available genome-wide
association studies (GWASs) and additional GWASs from
the GWAS catalog (ebi.ac.uk/gwas/) on April 19, 2022. For
brain areas relevant to migraine and cluster headache, we
reviewed recent imaging studies (between 2019 and 2022)
in PubMed (pubmed.ncbi.nlm.nih.gov/) and extracted data
from the large summary tables.

Statistical Measures
For the time of day and time of year, we calculated unimodal
orientation using the Rayleigh test; we compared cluster
headache and migraine using the Watson 2 test. These tests
were calculated using the circular package (version 0.4-95) in R
(version 4.1.3). Rose plots were drawn using ggplot2 (version
3.3.6) in R, and Photoshop (version 22.5.1; Adobe Inc., San
Jose, CA) was used only to change the colors of the rose plots.
For all other calculations, descriptive statistics were used.

Data Availability
All data were obtained, already anonymized, from published
studies. Data not provided in this article may be shared at the
request of any qualified investigator for the purposes of replicating
results.

Results
Circadian regulation of cluster headache and migraine was in-
vestigated with a systematic review/meta-analysis and a genetic
analysis. The flow diagrams for the 2 disorders and 2 method-
ologies are shown in Figure 3. In our systematic review/meta-
analysis, our search terms identified 1,502 records before
deduplication, which ultimately yielded 61 studies (eTable 3,
links.lww.com/WNL/C709). We also added 11 studies13,24-33

via our review of the literature (see eResults in eAppendix 1,
links.lww.com/WNL/C703). Within these 72 studies, we
extracted data for 6 circadian topics: a circadian pattern of at-
tacks, a specific time of day of attacks, a specific time of year of
attacks, chronotype, core clock genes, and circadian-related
hormones (corticosteroids and melatonin).

In our genetic analysis, we cross-referenced 3 sources: (1)
GWASs of cluster headache andmigraine genes, (2) a study of

Figure 4 Meta-analysis of Predictable Timing of Participants
With Cluster Headache for (A) the Presence or Ab-
sence of a Circadian Pattern, (B) the Circadian Pat-
tern of a Participant Hour by Hour, or (C) the
Circannual Pattern of a ParticipantMonth byMonth

Rayleigh test data (in red) are shown for mean, length, and p value. The av-
erage time across all participants (red arrows) was 0.01 hours and 10.61
months or 00:01 on October 19. Both the hour-by-hour andmonth-by-month
data were significantly different between cluster headache and migraine
(Watson 2 test p < 0.01). Of note, a single participant could respond once for A
but multiple times for B or C. Additional analysis, including bar graphs, circa-
dian 4-hour blocks, circannual seasons, individual contributions from each
study, and raw data, is available in eFigures 1 and 2 (links.lww.com/WNL/C704
and links.lww.com/WNL/C705) and eTables 7–9 (links.lww.com/WNL/C709).
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all CCGs in a variety of baboon tissues, and (3) recent review
articles of relevant brain areas for cluster headache and mi-
graine. Source 1 was derived from the GWAS catalog and
included 3 cluster headache and 12 migraine studies (see
eResults in eAppendix 1, links.lww.com/WNL/C703, and
eTable 4, links.lww.com/WNL/C709). Source 2 was a single
study20 and provided all CCGs in each of 64 different tissues
including 14 nonhypothalamic brain areas and 8 hypothalamic
areas (eTable 5). For source 3, we unfortunately could not find
a definitive source, such as a recent systematic review. As an
approximation of relevant brain areas, we performed a PubMed
search for review articles of imaging studies published since
2019 (see eResults in eAppendix 1). We ultimately included 16
studies in our final review (4 cluster headache, 11migraine, and
1 study with both disorders) (eTable 6). Our results for cluster
headache and migraine are presented separately below.

Cluster Headache

Systematic Review and Meta-analysis

Behavioral Level (Circadian Timing, Time of Day, Time of Year, and
Chronotype)

A circadian pattern of attacks was present in 70.5% (3,490/
4,953) of participants with cluster headache across 16 studies

(Figure 4A, eFigure 1, links.lww.com/WNL/C704, and
eTable 7, links.lww.com/WNL/C709). The data were col-
lected primarily (>99%) retrospectively (eTable 3). The
definition of a circadian pattern of attacks, however, was not
provided by most studies. Although most studies did not
comment on longitudinal changes of the circadian pattern of
attacks, 2 studies measured changes over at least 2 headache
cycles (n = 139)34 or at least 5 years (n = 42).35 These studies
noted that a majority (52.5% and 78.4%, respectively) of
patients retained their same pattern but that the rest changed
the time of day of, gained, or lost their circadian pattern of
attacks.

Hour-by-hour timing of cluster headache attacks was available
from 3 retrospective studies,e26,e55,e75 and the data were fairly
consistent across studies (eFigure 2I, links.lww.com/WNL/
C705). There was a clear peak between 21:00 and 03:00, as
these 7 consecutive hours comprised all 7 highest values for the
time of day of attacks (Figure 4B, eFigure 2, A and B, eTable 8,
links.lww.com/WNL/C709). The single most likely hour was
02:00, present in 6.5% (508/8,856) of participants. Four-hour
blocks were available for 6 studiese26,e39,e55,e68,e75,e80: the
4-hour data were similar to the 1-hour data with peaks between
20:00 and 04:00 (eFigure 2, C and D, eTable 8).

Figure 5 Clock-Controlled Genes for Cluster Headache Genes (First Column) and the Specific Tissues in Which They Cycle
(First Row)

Tissues from red (prefrontal cortex) to blue (thalamus) were determined to be relevant in the pathophysiology of cluster headache (tissues colored shades of
purple were not relevant). For the full uncondensed dataset, see eTable 12 (links.lww.com/WNL/C709). Cbl = cerebellum. *The other brain areas category
consists of 3 tissues (habenula, olfactory bulb, and mammillary body) that were not mentioned as relevant in the pathophysiology of cluster headache.
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Month-by-month timing of cluster headache attacks was
available from 5 retrospective studies,e26,e60,e74,e75,e82 and
the data were fairly consistent across studies (eFigure 2J,
links.lww.com/WNL/C705). Three studies reported the
month in which the headache cycle began for participants
with episodic cluster headache31,36,37; the fourth and fifth
studies reported either the months in which the headaches
were most likely to occur (for episodic cluster headache) or
were most likely to have a worsening of attacks (for chronic
cluster headache).38,39 There were clear peaks in spring
(March and April) and autumn (September, October, and
November) (Figure 4C, eFigure 2, E and F, eTable 9, links.
lww.com/WNL/C709), and these 5 months accounted for
53.8% (1,882/3,495) of participants. Seasonal data were
available for 7 studies,e26,e47,e60,e68,e74,e75,e82 and autumn
was the most common season (30.7%, or 1,140/3,709 of
participants) (eFigure 2, G and H).

Chronotype changes for cluster headache are shown in
eTable 10 (links.lww.com/WNL/C709). Chronotype data
were available from 5 studies and did not show a consistent
pattern: in 2 studies, participants with cluster headache had
Morningness-Eveningness scores in the intermediate range
(means 53.2 and 51.4), whereas in 1 study, participants with
episodic cluster headache were more likely to have late
chronotypes than either chronic cluster headache or con-
trols, and in 2 other studies, participants with cluster head-
ache or chronic cluster headache self-reported being early
risers more often than night owls.

Systems Level (Corticosteroids and Melatonin)

Data from 8 studies were available (eTable 10, links.lww.com/
WNL/C709). Corticosteroid blood levels were higher (3
studies) or unchanged (1 study) compared with controls,
whereas nocturnal urinary melatonin was lower (5 studies)
and plasma melatonin was lower (1 study) compared with
controls.

Cellular Level (Core Clock Genes)

Core clock genes include genes involved in the core clock tran-
scriptional-translational feedback loop40 and PERIOD3. Our
search for core clock genes showed a link between cluster
headache and the CLOCK single nucleotide variation (SNV
[formerly SNP]) rs12649507e44 as well as between cluster
headache and lower levels ofREV‐ERBα (also known asNR1D1)
RNA in the lymphoblasts of participants with cluster headache
compared with controlse38 (eTable 10, links.lww.com/WNL/
C709). There was no association between cluster headache and
the CLOCK SNVs rs1801260, rs11932595, or rs12649507.e42,e44

There was also no association between cluster headache and
PERIOD3 variable number tandem repeat polymorphisms.e69

Circadian Genetic Analysis
We extracted gene names from 3 cluster headache GWASs,41-43

although all genes came from 2 GWASs41,42 as the third

Figure 6 Meta-analysis of Predictable Timing of Partici-
pants With Migraine for (A) the Presence or Ab-
sence of a Circadian Pattern, (B) the Circadian
Pattern of Attacks Hour by Hour, or (C) the Cir-
cannual Pattern of Attacks Month by Month

Rayleigh test data (in red) is shown for mean, length, and p value. The av-
erage time across all attacks (red arrows) was 14.13 hours and 7.4months or
14:08 on July 12. Both the hour-by-hour and month-by-month data were
significantly different between cluster headache and migraine (Watson 2
test p < 0.01). Of note, a single participant could respond once for A but
multiple times for B or C. Additional analysis, including bar graphs, circadian
2-hour blocks, individual contributions from each study, and raw data, is
available in eFigures 3 and 4 (links.lww.com/WNL/C706 and links.lww.com/
WNL/C707) and eTables 7–9 (links.lww.com/WNL/C709).
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GWAS43 found no genes that met genome-wide significance.
These genes were cross-referenced with a baboon study of
CCGs in multiple tissues20 (eTable 11, links.lww.com/WNL/
C709).

Systems Level (Relevant Brain Areas Where CCGs Are Active)
UFL1 showed 24-hour cycling in most tissues (15 of 64 tis-
sues), followed by MERTK (6 of 64 tissues). Three of the 9
cluster headache genes showed 24-hour cycling in brain areas

Figure 7 Clock-Controlled Genes for Migraine (First Column) and the Specific Tissues in Which They Cycle (First Row)

Given the numerous genes involved in migraine, here we show a subset, namely all migraine genes that cycle in the thalamus, hypothalamus, brainstem, or
cerebellum (green and blue). For the full uncondensed dataset, including genes that cycle in only cortical and subcortical areas, see eTable 14 (links.lww.com/
WNL/C709). Tissues from red (prefrontal cortex) to blue (thalamus) were determined to be relevant in the pathophysiology of migraine (tissues colored
shades of purple were not relevant). Cbl = cerebellum. *The other brain areas category consists of 3 tissues (habenula, olfactory bulb, andmammillary body)
that were not mentioned as relevant in the pathophysiology of migraine.
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relevant for cluster headache, withUFL1 cycling over 24 hours
in 6 relevant brain areas andMERTK and SATB2 each cycling
in 1 relevant brain area (Figure 5 and eTable 12, links.lww.
com/WNL/C709). The tissues with the most cluster headache
CCGs were the paraventricular nucleus of the hypothalamus
and the aorta, both with the same 2 genes (SATB2 and UFL1).

Cellular Level (CCGs)

CCGs accounted for 55.6% (5/9) of cluster headache genes
(eTable 12, links.lww.com/WNL/C709).

Migraine

Systematic Review and Meta-analysis

Behavioral Level (Circadian Timing, Time of Day, Time of Year, and
Chronotype)

A circadian pattern of attacks was present in 50.1% (2,698/
5,385) of participants with migraine across 8 studies (Figure 6A,
eFigure 3, links.lww.com/WNL/C706, and eTable 7, links.lww.
com/WNL/C709). Like cluster headache, however, the defini-
tion of a circadian pattern of attacks was not provided by most
studies. Unlike cluster headache, some data (15%) were col-
lected prospectively, whereas most (85%) were collected retro-
spectively (eTable 3). No longitudinal changes of the circadian
pattern of attacks were noted in the migraine studies.

Hour-by-hour timing of migraine attacks was available from 4
prospective studies,e20,40,e45,e79 although the peaks in hourly timing
varied across studies (eFigure 4G, links.lww.com/WNL/C707).
Unlike cluster headache, which reported the circadian timing of
participants (i.e., the number of participants having attacks at each
hour), themigraine studies reported the circadian timing of attacks
(i.e., the number of attacks eachhour, regardless of the participant).
There was a clear trough between 23:00 and 07:00, as these 9
consecutive hours comprised all 9 lowest values for the time of day
of attacks (Figure 6B, eFigure 4, A andB, eTable 8, links.lww.com/
WNL/C709). There was a relatively broad peak starting in the late
morning and lasting until the early evening. The single most likely
hour was 11:00, present in 6.3% (1,601/23,349) of attacks. Two-
hour blocks could be calculated for these 4e20,40,e45,e79 and 1 ad-
ditional study.e78 However, the additional study added only 1%
additional data; thus, the 2-hour data were nearly identical to the
1-hour data (eFigure 4, C and D, eTable 8).

Month-by-month timing of migraine attacks was available
from 4 prospective studies,e21,e45,e49,e79 although the peaks in
monthly timing varied across studies (eFigure 4H, links.lww.
com/WNL/C707). Again in contrast to cluster headache, the
migraine studies reported the circadian timing of attacks
(i.e., the number of attacks each month, regardless of the
participant). Across 4 studies, there was a mild broad trough
between November and March and a mild broad peak be-
tween April and October (Figure 6C, eFigure 4, E and F,
eTable 9, links.lww.com/WNL/C709). Of note, 1 study
recorded data over 52 weeks but only reported weekly pat-
terns (specifically less attacks on Sundayse22).

Chronotype data were available from 9 studies (eTable 13,
links.lww.com/WNL/C709), and most showed no difference
in chronotype between participants with migraine and con-
trols (4 studies) or a score in the expected intermediate range
(1 study). However, the remainder showed that participants
with migraine were more likely to have a morning chronotype
(2 studies), have a later bedtime (1 study), or have a bimodal
pattern with more morning and evening types than controls
(1 study).

Systems Level (Corticosteroids and Melatonin)

Data from 14 studies were available (eTable 13, links.lww.com/
WNL/C709). CSF cortisol was lower in participants with
migraine than controls (1 study), morning salivary cortisol was
higher (1 study), and blood cortisol was either no different (1
study) or higher (1 study). Nocturnal urinary melatonin was
lower in participants with migraine than controls in 2 studies
but no different in 1 study. Nocturnal urinary 6-sulfatox-
ymelatonin was lower in participants with migraine than con-
trols (1 study), and of interest, nocturnal urinary melatonin (1
study) and nocturnal urinary 6-sulfatoxymelatonin (1 study)
were both lower in participants with migraine with an acute
headache than in participants with migraine without an acute
headache. Dim light melatonin onset was not different between
participants with migraine and controls (1 study), although
later dim light melatonin onset was associated with an in-
creased frequency of monthly migraine days. Blood melatonin
showed no consistent pattern, with 3 studies showing no dif-
ference in nocturnal serum melatonin (but one with a phase
delay in the melatonin peak) and a fourth study showing more
marked suppression in participants with migraine than
controls.

Cellular Level (Core Clock Genes)

There was a positive association between migraine and 2 al-
leles of the CK1δ genee30 (eTable 13, links.lww.com/WNL/
C709). There was a positive association between migraine
and the retinoid acid–related orphan receptor α (RORα) SNV
rs4774388 and no association with the RORα SNV
rs11639084.e43 There was a positive association between
migraine and the CLOCK SNV rs10462028 only when fi-
nancial stress and migraine were combined.e24

Circadian Genetic Analysis
We extracted gene names from 13 GWASs and the 3 estab-
lished familial hemiplegic migraine genes from the ICHD3
(CACNA1A, ATP1A2, and SCN1A).44 Similar to our cluster
headache analysis, these migraine genes were cross-referenced
with a study of CCGs in baboons.20

Systems Level (Relevant Brain Areas Where CCGs Are Active)

A total of 73 of the 110 migraine CCGs showed 24-hour
cycling in brain areas relevant for migraine (Figure 7 and
eTable 14, links.lww.com/WNL/C709), with UFL1 cycling
in 6 relevant brain areas and 4 genes cycling over 24 hours in 5
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relevant brain areas (LRP1, MED14, SMG6, and SUGP1).
The tissues with the most migraine CCGs were the thyroid
(31 of 110 genes), prefrontal cortex (27 of 110 genes), and
stomach fundus (22 of 110 genes).

Cellular Level (CCGs)

CCGs accounted for 65.5% (110/168) of the migraine genes
(eTable 14, links.lww.com/WNL/C709). AMBRA1 showed
24-hour cycling in most tissues (18 of 64 tissues), followed by
SMG6 and UFL1 (at 16 and 15 tissues, respectively).

Discussion
We report on circadian features of cluster headache and mi-
graine at the behavioral level (circadian timing, time of day,
time of year, and chronotype), systems level (brain areas
where CCGs are active, melatonin and corticosteroid levels),
and cellular level (core circadian genes and CCGs).

At the behavioral level, 7 in 10 patients with cluster headache
have a circadian pattern of attacks across nearly 5,000 par-
ticipants, with 2 AM as the most common time of day and
October as the most common time of year. This suggests a
robust circadian and circannual pattern but one that is highly
variable between individuals: a minority of participants
lacked a circadian pattern of attacks entirely, and many
participants did not have attacks at 2 AM in October. Chro-
notype data were inconsistent across studies. At the systems
level, 2 cluster headache CCGs (SATB2 and UFL1) both
cycle in the paraventricular nucleus of the hypothalamus, an
area of particular relevance in cluster headache because of its
role in the autonomic system.1,3 A third CCG, MERTK,
cycles in the cerebellum, a brain region that has circadian
cycles dependent on corticosteroids.45 The cerebellum is
relevant in cluster headache not only because of the role of
corticosteroids but also due to its role with the first-line
preventive medication verapamil. Verapamil shifts the tim-
ing of cluster headache attacks by approximately 1 hour46; in
addition, verapamil responders show changes in cerebellar
gray matter concentration compared with nonresponders,47

and verapamil is known to cause core circadian gene changes
in animal models including in the cerebellum.48 Hormonally,
participants with cluster headache show lower melatonin
levels and higher cortisol levels. At the cellular level in cluster
headache, there were positive associations between cluster
headache and the core circadian genes CLOCKe44 and REV‐
ERBα.e38 In addition, 5 of the 9 cluster headache genes identified in
GWASs were CCGs.

Although we did not perform a meta-analysis of hormone
levels, our melatonin data are in line with a previous meta-
analysis49 that found (1) lower serum melatonin during a
cluster headache cycle but not outside of a cluster headache
cycle and (2) lower urine 6-sulfatoxymelatonin levels both
during and outside of a cluster headache cycle compared with
controls.

At the behavioral level in migraine, half (50.1%) of participants
with migraine had a circadian pattern of attacks across more
than 5,000 participants. Although this percentage is not as high
as cluster headache, it is notable in a disorder for which timing is
not considered a prominent feature. A particular time of day
was not investigated as it was in cluster headache; instead,
looking at the timing of attacks across participants, there is a
clear nadir in the early morning and a clear peak in the late
morning and early afternoon. A particular time of year was also
not investigated as it was in cluster headache; again looking at
the timing of attacks across participants, there was only a weak
yearly pattern. Chronotype data were highly variable across
studies. At the systems level, 27 CCGs cycled in the prefrontal
cortex, whereas many also cycled in various basal ganglia and
hypothalamic tissues. Of note, after our analysis was performed
a fourth hemiplegic migraine gene, proline-rich transmembrane
protein 2, was proposede160; this gene cycles in 4 brain areas (the
habenula, mammillary body, paraventricular nucleus, and SCN).
Unlike cluster headache, many of the migraine CCGs cycled in 2
or more brain tissues, suggesting a more distributed circadian
network in migraine. This more distributed network is not sur-
prising given the multiple brain areas activated in migraine
ranging from the hypothalamus, thalamus, and brainstem to the
visual cortex and pain neuromatrix.2 Hormonally, urinary mel-
atonin levels appear to be lower in patients with migraine and
even lower during an acute attack. At the cellular level, therewere
positive associations between migraine and the core circadian
genes CK1δe30 and RORαe43 and a less clear association with
CLOCKe24 as it was only positively associated with migraine
when combined with financial stress. One hundred ten of the
168 migraine genes identified in GWASs were CCGs. Our time
of day data and time of year data are in line with a recent meta-
analysis finding the peak time for a migraine generally in the
morning and no clear circannual peak.50

These data suggest that both headache disorders are highly
circadian at multiple levels, especially cluster headache. The
inherent circadian nature of these disorders reinforces the
importance of the hypothalamus (where the SCN is located)
and its role in both cluster headache1 and migraine.2 The
inherent circadian nature also raises the question about the
genetics of triggers. For example, sleep changes (under-
sleeping and oversleeping) are known triggers for migraine
and are known zeitgebers. There is genetic overlap between
several sleep traits and migraine.51 Moreover, insomnia is a
risk factor for the development of migraine,52,53 raising the
question whether the circadian features of insomnia genes54

are also relevant in migraine.

These data also raise the question of using circadian-based
treatments as therapies for headache disorders. Circadian-
based treatments include both chronotherapy (treatment
based on the circadian rhythm such as taking medications at
certain times of day) and treatments that cause circadian al-
terations. Of note, multiple cluster headache and migraine
treatments are already known to alter core clock genes in
animal models.40
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Our study has several limitations. The circadian pattern of attack
for both cluster headache andmigrainemay be inaccurate because
a definition of circadian pattern was not provided by most studies.
Separately, the time of day data for migraine is likely inaccurate in
3 respects. First, participants are presumably reporting the pain
onset, and the pain phase is not the first phase of the attack.2 True
migraine attack onset is likely the beginning of the premonitory
phase, which is more difficult for participants to discern. Second,
migraine attacks often have a gradual escalation of pain intensity,
which may not awaken the participant. Thus, there is likely an
artificially decreased reporting of nocturnal onset and an increased
reporting of wake-up onset. Third, there was considerable vari-
ability in hourly (and monthly) peaks across a small number of
studies, and future studies are needed to reconcile this variability.
In contrast tomigraine, the time of day for cluster headachewould
not be expected to have these limitations given the lack of a clear
premonitory phase, the rapid onset of the attacks,55 the extreme
severity of the pain,56 which would very likely waken participants
from sleep, and the consistency of the hourly (and monthly) data
across studies. As another limitation, we combined data from
several study types (prospective headache diaries, retrospective
questionnaires, and emergency department data); the data were
primarily retrospective for cluster headache and primarily pro-
spective formigraine. Also, in ourmeta-analyses, we lacked certain
information that might influence the circadian cycle, for example,
medications likemelatonin, circadian rhythm issues like night shift
workers, and comorbid disorders like bipolar disease. We also did
not have sufficient information to examine subgroups, for exam-
ple, chronic vs episodic, male vs female, or young vs old. There
were also too few studies at different latitudes to evaluate the effect
of latitude on circadian and especially circannual patterns; 1 group
examined patients near the Arctic Circle,e20-e22 and it is unclear
whether these data should be considered outliers. Finally, 11
studies were added via other means as our search term did not
include them, although we should note that the addition of these
studies: (1) did not substantially change our meta-analysis results,
and (2) were incorporated from multiple previous reviews, so we
suspect that the combination of our search term and prior reviews
constitutes most of the published literature.
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8. FourierC,RanC,SjöstrandC,WaldenlindE, SteinbergA,BelinAC.Themolecular clock gene
cryptochrome1 (CRY1) and its role in cluster headache.Cephalalgia. 2021;41(13):1374-1381.

9. Fourier C, Ran C, Zinnegger M, et al. A genetic CLOCK variant associated with
cluster headache causing increased mRNA levels. Cephalalgia. 2018;38(3):496-502.

10. Burish MJ, Chen Z, Yoo SH. Cluster headache is in part a disorder of the circadian
system. JAMA Neurol. 2018;75(7):783-784.

11. Gross EC, Lisicki M, Fischer D, Sándor PS, Schoenen J. The metabolic face of
migraine: from pathophysiology to treatment. Nat Rev Neurol. 2019;15(11):627-643.

12. Golombek DA, Rosenstein RE. Physiology of circadian entrainment. Physiol Rev.
2010;90(3):1063-1102.

13. Brennan KC, Bates EA, Shapiro RE, et al. Casein kinase iδ mutations in familial
migraine and advanced sleep phase. Sci Transl Med. 2013;5(183):183ra56, 1-11.

14. Ong JC, Taylor HL, Park M, et al. Can circadian dysregulation exacerbate migraines?
Headache. 2018;58(7):1040-1051.

15. Ralph MR, Foster RG, Davis FC, Menaker M. Transplanted suprachiasmatic nucleus
determines circadian period. Science. 1990;247(4945):975-978.

16. Moore RY, Eichler VB. Loss of a circadian adrenal corticosterone rhythm following
suprachiasmatic lesions in the rat. Brain Res. 1972;42(1):201-206.

17. Stephan FK, Zucker I. Circadian rhythms in drinking behavior and locomotor activity of rats
are eliminated by hypothalamic lesions. Proc Natl Acad Sci USA. 1972;69(6):1583-1586.

18. Long R, Zhu Y, Zhou S. Therapeutic role of melatonin in migraine prophylaxis: a
systematic review. Medicine (Baltimore). 2019;98(3):e14099.

19. Zhang R, Lahens NF, Ballance HI, Hughes ME, Hogenesch JB. A circadian gene
expression atlas in mammals: implications for biology and medicine. Proc Natl Acad
Sci USA. 2014;111(45):16219-16224.

20. Mure LS, Le HD, Benegiamo G, et al. Diurnal transcriptome atlas of a primate across
major neural and peripheral tissues. Science. 2018;359(6381):eaao0318.

21. Moher D, Liberati A, Tetzlaff J, Altman DG; PRISMA Group. Preferred reporting
items for systematic reviews and meta-analyses: the PRISMA statement. Ann Intern
Med. 2009;151(4):264-269, W64.

22. Ouzzani M, Hammady H, Fedorowicz Z, Elmagarmid A. Rayyan: a web and mobile
app for systematic reviews. Syst Rev. 2016;5(1):210.

23. National Heart Lung and Blood Institute. Study Quality Assessment Tools [online]. Accessed
December 23, 2021. nhlbi.nih.gov/health-topics/study-quality-assessment-tools.

24. Winner P, Rothner AD, Putnam DG, Asgharnejad M. Demographic and migraine
characteristics of adolescents with migraine: Glaxo Wellcome clinical trials’ database.
Headache. 2003;43(5):451-457.

25. Steinberg A, Fourier C, Ran C, Waldenlind E, Sjöstrand C, Belin AC. Cluster head-
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