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Abstract
Objective
To test the hypotheses that insufficient duration, high fragmentation, and poor sleep quality are
temporally associated with migraine onset on the day immediately following the sleep period
(day 0) and the following day (day 1).

Methods
In this prospective cohort study of 98 adults with episodic migraine, participants completed
twice-daily electronic diaries on sleep, headaches, and other health habits, and wore wrist
actigraphs for 6 weeks.We estimated the incidence of migraine following nights with short sleep
duration, high fragmentation, or low quality compared to nights with adequate sleep with
conditional logistic regression models stratified by participant and adjusted for caffeine intake,
alcohol intake, physical activity, stress, and day of week.

Results
Participants were a mean age of 35.1 ± 12.1 years. We collected 4,406 days of data, with 870
headaches reported. Sleep duration ≤6.5 hours and poor sleep quality were not associated with
migraine on day 0 or day 1. Diary-reported low efficiency was associated with 39% higher odds
of headache on day 1 (odds ratio [OR] 1.39, 95% confidence interval [CI] 1.06–1.81).
Actigraphic-assessed high fragmentation was associated with lower odds of migraine on day
0 (wake after sleep onset >53 minutes, OR 0.64, 95% CI 0.48–0.86; efficiency ≤88%, OR 0.74,
95% CI 0.56–0.99).

Conclusion
Short sleep duration and low sleep quality were not temporally associated with migraine. Sleep
fragmentation, defined by low sleep efficiency, was associated with higher odds of migraine on
day 1. Further research is needed to understand the clinical and neurobiologic implications of
sleep fragmentation and risk of migraine.

MORE ONLINE

CME Course
NPub.org/cmelist

From the Program in Sleep Medicine Epidemiology, Division of Sleep and Circadian Disorders, Department of Medicine (S.M.B., M.R., E.R.K., S.R.), Brigham and Women’s Hospital;
Harvard Medical School (S.M.B., C.B., R.B., S.R., M.A.M.); Department of Epidemiology (W.L., E.M., M.A.M.), Harvard T.H. Chan School of Public Health; Cardiovascular Epidemiology
Research Unit (W.L., E.M., M.A.M.), Harvard Catalyst (J.F., S.H., T.M., C.S.), and Department of Anesthesiology (R.B.), Beth Israel Deaconess Medical Center, Boston; and Department of
Medicine (C.B.), Mount Auburn Hospital, Cambridge, MA.

Go to Neurology.org/N for full disclosures. Funding information and disclosures deemed relevant by the authors, if any, are provided at the end of the article.

Copyright © 2019 American Academy of Neurology e489

Copyright © 2019 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

http://dx.doi.org/10.1212/WNL.0000000000008740
mailto:sbertisch@bwh.harvard.edu
http://NPub.org/cmelist
https://n.neurology.org/lookup/doi/10.1212/WNL.0000000000008740


Migraine affects about 12% of adults and is the second leading
cause of disability worldwide.1,2 Migraine is characterized by
paroxysms of severe headaches associated with sensory, au-
tonomic, and cognitive perturbations. Ninety-five percent of
patients with migraine attribute their headaches to at least one
migraine trigger,3 with sleep disturbance as one of the most
common triggers, reported by nearly half of patients with
migraine.3–6 Recent neurophysiologic research suggests that
migraine may bemediated by the same neurotransmitters that
control the states of sleep and wake,7–9 supporting a plausible
mechanism of the association. However, few studies have
prospectively examined the precise temporal relationships
between nightly sleep and subsequent daily risk of migraine.

Most of the prior studies investigating sleep as a trigger of
migraine evaluated cross-sectional associations between sleep
disturbance and migraine and relied on retrospective reports
of sleep.4,5,10–12 A few studies prospectively collected data on
sleep in adults with chronic migraine in the naturalistic
setting,13–15 though only one examined the temporal associ-
ation between nightly sleep and headache onset.16 Other
short-term laboratory-based studies used overnight poly-
somnographic assessments to examine nightly sleep and mi-
graine onset in small samples.17–19 However, there is a gap in
knowledge about the independent role of sleep characteristics
as a temporal precedent of migraine in the naturalistic setting.

Therefore, we conducted a prospective cohort study of patients
with episodic migraine who provided detailed daily information
on sleep, headaches, and behavioral and psychological charac-
teristics every morning and evening, and wore actigraphs for
objective assessment of sleep for 6 weeks. We used a repeated-
measures analysis to test the hypotheses that insufficient du-
ration, high fragmentation, and self-rated poor sleep quality are
associated with migraine onset on the day immediately fol-
lowing the sleep period (day 0) and the following day (day 1).

Methods
Study setting
Between March 2016 and August 2017, we recruited partic-
ipants frommultiple sources. The majority were patients of the
headache, neurology, and primary care practices at Beth Israel
Deaconess Medical Center (BIDMC) who were identified (1)
by a physician diagnosis of migraine in the hospital online
medical record; (2) by use of a research repository at BIDMC
of patients with migraine who had previously participated in or
expressed interest in future migraine research; and (3) by direct
referrals from neurologists and primary care providers at
BIDMC. We initially contacted these patients by phone or

letter. In addition, we posted paper flyers advertising the study
around the BIDMC campus and surrounding areas, and posted
an electronic advertisement on a Brigham and Women’s
Hospital (BWH)/Massachusetts General Hospital research
repository for patients with migraine who have expressed in-
terest in receiving information about research studies
(figure 1).

Interested individuals initially underwent phone screening to
see if they met preliminary criteria for inclusion, followed by
a 1-week diary run-in. For patients in the BIDMC system,
online medical records were reviewed for information to con-
firm a diagnosis of migraine. These individuals were scheduled
for a screening visit based on the discretion of the study phy-
sician. All potential participants were then interviewed by 1 of 2
physicians, who were trained in internal medicine and had
experience in diagnosing migraine. An in-depth migraine and
treatment history was obtained and in-depth health history
reviewed, and only those patients who met criteria for migraine
with or without aura based on International Classification of
Headache Disorders criteria were enrolled.

Following enrollment, participants completed baseline ques-
tionnaires on demographics, medical history, and habits. They
completed twice-daily web-based electronic diaries and wrist
actigraphy for 6 weeks, for which they received verbal and
written instructions at the baseline visit. Study data were
collected using REDCap (Research Electronic Data Capture)
20 hosted at BIDMC. All visits were conducted at BIDMC.
The BIDMC Committee on Clinical Investigations approved
the study. All participants provided written informed consent.

Study population
Participants with episodic migraine were enrolled if they were
≥18 years of age, reported history of migraine for at least 3
years and at least 2 migraine headaches per month during the
last 3 months, met the criteria for International Classification
of Headache Disorders for migraine with or without aura21–23

based on physician diagnosis, were able to communicate in
English, and gave informed consent. Exclusion criteria in-
cluded ≥15 headache days per month for the previous 3
months, chronic pain condition, current opioid use, high risk
of obstructive sleep apnea24 or known untreated obstructive
sleep apnea, pregnancy, uncontrolled medical problems that
precluded participation, and failure to complete 4 days out of
7 days of run-in diaries. Among 126 individuals interested in
participation, 101 met inclusion criteria and agreed to par-
ticipate. Three withdrew with <21 days of data, resulting in
a study population of 98 participants who completed the
study and provided 4,406 days of data. We estimated that our

Glossary
BIDMC = Beth Israel Deaconess Medical Center; BWH = Brigham and Women’s Hospital; CI = confidence interval; OR =
odds ratio; WASO = wake after sleep onset.
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final sample size would provide 80% power to detect an in-
cidence rate ratio of 1.50 between the exposed and unexposed
periods, using a 2-sided test, though this estimation did not
account for within-person variability.

Sleep assessments
Every morning participants completed the Consensus Sleep
Diary.25 It includes questions on sleep timings, quality (very
poor, poor, fair, good, very good), awakenings, andmedications.
Participants wore an actigraph (Actiwatch Spectrum; Philips
Respironics,Murrysville, PA) on their nondominant wrist for 24
hours a day for 42 consecutive days.26 Actigraphs collected data
on movement and environmental light in 30-second intervals,
and indicated any off-wrist time. Trained research coordinators
provided instructions on use. Upon return, data were trans-
mitted to the BWH Sleep Reading Center for scoring.26,27

A trained technician blinded to information on headache status
scored actigraphy data using a standardized protocol. The
technician manually identified the start and stop of the rest
period using a hierarchical approach.28 Once the rest interval
was designated, sleep/wake status for each 30-second epoch
was determined using the Actiware 6.0 algorithm,29 which
weights the activity counts in relationship to activity levels in the
surrounding 2-minute periods, using a wake threshold activity
count of 40. Sleep onset was defined as 5 minutes of immobile
time and sleep offset as the last epoch in the rest interval.30

From these data, we calculated total sleep time, wake after sleep
onset (WASO, minutes awake after sleep onset), and sleep
efficiency (proportion of total sleep duration/duration of rest
period). We defined cutpoints for duration as ≤6.5 hours, >6.5
hours to <8.5 hours, and ≥8.5 hours, consistent with clinical
guidelines.31 This also approximated to the 25th and 75th
percentiles of the distribution in our sample. Cutpoints for
WASO correspond to the 75th percentile of their distribution
and were categorized as highWASO, >12minutes on diary and
>53 minutes on actigraphy; cutpoints for sleep efficiency cor-
respond to the 25th percentile of their distribution and we
categorized low efficiency as ≤90% on diary and ≤88% on
actigraphy. Low sleep quality was categorized as poor or very
poor.

Migraines
Each morning and evening, participants reported presence of
headache, time of onset, and whether the headache was on-
going. When the participant reported headache resolution, he
or she provided additional information about time of reso-
lution, duration, pain intensity, use of headache medications,
and associated symptoms (e.g., photophobia), as well as if
their headache was “similar to their usual migraines” (yes/
no).When headache onset was reported within 1 calendar day
of a prior headache’s resolution, it was considered a relapse.
Two headaches were excluded due to their reported short
duration (1 and 10 minutes, respectively).

Figure 1 Diagram of recruitment and enrollment

BIDMC = Beth Israel Deaconess Medical Center; BWH = Brigham andWomen’s Hospital; ICD = International Classification of Diseases; MGH =Massachusetts
General Hospital.
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Covariates and sample characteristics
Each morning, participants reported the number of alcoholic
servings they drank the previous day. Premenopausal women
reported their menstrual cycle day. Each evening, patients
reported the number of caffeinated beverages consumed and
minutes of moderate (e.g., fast walking, average bicycling) and
vigorous (e.g., fast bicycling, running) physical activity that day.
Every evening, participants rated their current level of
stress—“How stressed do you feel?”—using a visual analog
scale (0, not at all, to 100, as much as possible). In addition, we
collected information on sociodemographics, medical history,
medication use, sleep,32,33 and migraine-related quality of life34

at the baseline visit.

Statistical analysis
In this prospective cohort study, we estimated incidence of
migraine following nights with short sleep duration, high
fragmentation, or low quality (exposed) compared to nights
with adequate sleep (unexposed) using fixed-effects repeated-
measures analyses.35 The fixed-effects repeated-measures
analyses effectively eliminates confounding by risk factors
that are constant within individuals over the observation period
but often differ between participants, such as age and other
long-term risk factors for migraine. To minimize the potential
for reverse causality, the calendar day following migraine res-
olutionwas not included in analyses. The start of at-risk periods
was defined as the day following headache termination. We
excluded headaches reported as starting during nighttime sleep
(n = 110).

Given limited missing data, we employed complete-case
analyses. We constructed conditional logistic regression
models stratifying by participant to estimate odds ratios
(ORs) and 95% confidence intervals (CIs) for the association
between sleep duration, fragmentation, and quality and
headache onset on the day immediately following the main
sleep period (day 0) and on the following day (day 1). While
the fixed-effects repeated-measures analysis eliminates con-
founding by fixed or slowly-varying characteristics (e.g., sex,
age, other chronic risk factors), there can be confounding by
time-varying characteristics that are related to sleep and
headache. Therefore, our analyses adjusted for daily servings
of alcohol and caffeine intake (categorical), self-reported
physical activity (continuous), stress (continuous), and day of
week. In secondary analyses, we further adjusted for men-
strual cycle day and nightly use of a sedative/hypnotic, sep-
arately. Since previous research suggests that the association
between sleep and headache may be related to cumulative
sleep insufficiency over several days,16 we also examined the
odds of headache following 2 consecutive nights of sleeping
≤6.5 hours. To test the robustness of our results, we con-
ducted sensitivity analyses excluding headaches classified as
unlikely to be migraine (n = 18). In secondary post hoc
analyses, we explored potential effect modification by mi-
graine with aura status. Two-sided p values of <0.05 were
considered statistically significant. Analyses were performed
using SAS 9.4 (SAS Institute Inc., Cary, NC).

Data availability
Deidentified data not published within this article will be
made available by request from any qualified investigator. To
gain access, data requestors will need to sign a data access and
use agreement. Data will be shared via secured portal.

Results
Participant characteristics
Tables 1 and 2 list the characteristics of the 98 participants
who completed the study. At baseline, over 2-thirds (68.4%)
of the sample attributed too little sleep as a trigger to their
migraines. Twenty-six percent of participants used daily mi-
graine prophylactic medication. On average, baseline assess-
ments indicated low levels of sleep disturbance, depressive
symptoms, or perceived stress.

During the 6-week study, participants reported a total of 870
headaches with an average of 8.4 headaches per participant
(range 1–20). During this period, average diary-reported
total sleep time was 7.7 hours per night, with low levels of
reported sleep disturbance as indicated by low WASO (11.9
± 18.0 minutes) and high sleep efficiency (94.2, interquartile
range 90.2%–96.8%). The average sleep duration estimated
by actigraphy was 7.3 hours (SD 1.2), with higher sleep
fragmentation as indicated by an average WASO of 44.8
minutes.

Day immediately following the sleep period
(day 0)
We did not observe any associations between diary-based
sleep characteristics and headache on day 0 (figure 2A). There
was a 36% lower odds of headache following a night of
actigraphy-based high WASO (OR 0.64, 95% CI 0.48–0.86)
and low sleep efficiency (OR 0.74, 95% CI 0.56–0.99) (figure
2B). We did not observe any associations between
actigraphic-estimated shorter or longer sleep duration and
headache on day 0.

Following day (day 1)
Diary-based low sleep efficiency was associated with 39%
higher odds of headache on day 1 (OR 1.39, 95% CI
1.07–1.81). No other statistically significant associations were
observed (figure 3A). However, we observed higher odds of
headache on day 1 following a night of actigraphic-assessed
low sleep efficiency (OR 1.17, 95% CI 0.88–1.55), with CIs
that overlapped 1.0 (figure 3B).

Our results were not substantively altered when we further
adjusted for menstrual cycle day or nightly sedative/hypnotic
use, or excluded headaches classified as unlikely to be mi-
graine, or when we used cutpoints for sleep duration based on
each individual’s distributions. Two consecutive nights of
sleep duration ≤6.5 hours as assessed by diary or actigraphy
were also not significantly associated with headache (diary
OR 1.14, 95% CI 0.85–1.51; actigraphy OR 0.97, 95% CI
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0.71–1.32). In secondary post hoc exploratory analyses, for
which we had limited power, we observed higher odds of
headache on day 1 following a night of self-reported low sleep
efficiency (OR 1.87, 95% CI 1.31–2.68) and poor/very poor
sleep quality (OR 1.79, 95% CI 1.14–2.82) only among par-
ticipants reporting a history of migraine without aura at
baseline.

Discussion
In this prospective cohort study of 98 adults with episodic
migraine, we did not observe associations between nightly
diary-reported short sleep duration, high sleep fragmenta-
tion, or low sleep quality. However, nightly lower sleep ef-
ficiency was associated with subsequent headache onset in
patients with episodic migraine not on the day immediately
following sleep (day 0), but on day 1 (the following day).
Specifically, nightly diary-assessed low sleep efficiency was
associated with 39% higher odds of headache on day 1 (the
following day), even after accounting for daily caffeine, al-
cohol, physical activity, and stress. Similarly, nightly
actigraphic-assessed low sleep efficiency had an apparent
16% higher odds of headache onset on day 1. We also ob-
served that nightly actigraphy-assessed high fragmentation
was associated with a 64%–74% lower odds of migraine on
the day immediately following sleep (day 0). These data
provide preliminary evidence that nightly low sleep effi-
ciency temporally precedes headache onset in patients with
episodic migraine on day 1 (but not day 0), but that nightly
high actigraphy-assessed fragmentation may relate to lower
odds of headache onset on day 0.

Table 1 Baseline characteristics among 98 participants
with episodic migraine followed for 6 weeksa

Female
(n = 86)

Male
(n = 12)

Total
(n = 98)

Age, y 35.0 ± 11.6 35.8 ± 15.6 35.1 ± 12.1

Race

White 70 (81.4) 11 (91.7) 81 (82.7)

Black 4 (4.7) 0 (0.0) 4 (4.1)

Asian 4 (4.7) 0 (0.0) 4 (4.1)

Multiple races/other 8 (9.3) 1 (8.3) 9 (9.2)

Ethnicity

Hispanic or Latino 10 (11.6) 0 (0.0) 10 (10.2)

Not Hispanic or Latino 71 (82.6) 12 (100.0) 83 (84.7)

Unknown 5 (5.8) 0 (0.0) 5 (5.1)

Age when headaches
started, y

16.0 ± 7.7 18.4 ± 11.9 16.3 ± 8.3

Migraine with aura 28 (32.6) 4 (33.2) 32 (32.7)

Headache Impact
Test–6
score (range 36–78)

61.4 ± 6.0 57.9 ± 7.5 61.0 ± 6.2

Self-reported migraine
triggers

Sleeping too little 58 (67.4) 9 (75.0) 67 (68.4)

Sleeping too much 20 (23.3) 6 (50.0) 26 (26.5)

Premenopausal 68 (79.1) — 68 (69.4)

Daily medications

Migraine prophylaxisb 25 (29.1) 1 (8.3) 26 (26.5)

Estrogen contraception
or replacement

27 (31.4) 0 (0.0) 27 (27.6)

Current smoker 2 (2.3) 0 (0.0) 2 (2.0)

Caffeinated beverages
per day

0 17 (19.8) 3 (25.0) 20 (20.4)

1–2 59 (68.6) 6 (50.0) 65 (66.3)

3–4 9 (10.5) 3 (25.0) 12 (12.2)

Servings of alcohol
per week

0 27 (31.4) 4 (33.3) 31 (31.6)

1–3 41 (47.7) 5 (41.7) 46 (46.9)

4–7 15 (17.4) 1 (8.3) 16 (16.3)

8 or more 2 (2.3) 2 (16.6) 4 (4.1)

Moderate or vigorous
exercise, times/wk

0 2 (2.3) 1 (8.3) 3 (3.1)

1–2 24 (27.9) 2 (16.7) 26 (26.5)

Table 1 Baseline characteristics among 98 participants
with episodic migraine followed for 6 weeksa

(continued)

Female
(n = 86)

Male
(n = 12)

Total
(n = 98)

3–4 34 (39.5) 7 (58.3) 41 (41.8)

5+ 23 (26.7) 2 (16.7) 25 (25.5)

Perceived Stress Scale
total score
(range 0–40)

14.8 ± 6.5 14.4 ± 6.2 14.7 ± 6.4

CESD-20 depressive
symptoms score
(range 0–60)

9.9 ± 7.8 9.6 ± 8.3 9.9 ± 7.8

Pittsburgh Sleep
Quality Index
(range 0–21)

4.7 ± 3.2 4.3 ± 1.7 4.7 ± 3.0

Abbreviation: CESD = Center for Epidemiologic Studies Depression Scale.
Values are mean ± SD or frequency (%).
a Some participants had no data on smoking status (n = 2), prodromal
symptoms (n = 2), caffeinated beverages per day (n = 1), alcohol per week (n
= 1), exercise per week (n = 3), or Headache Impact Test (n = 1).
b Migraine prophylaxis medications include topiramate, metoprolol, pro-
pranolol, amitriptyline, and venlaxfaxine.37
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Unexpectedly, we did not observe a temporal relationship be-
tween nightly sleep duration of ≤6.5 hours and odds of head-
ache. To our knowledge, only 2 previous studies reported the
temporal relationship between nightly self-reported sleep

duration and headaches in adults with migraine in the natu-
ralistic setting. Park et al.15 prospectively studied 62 adults with
episodic migraine for 3 months. Headaches occurred on 55.1%
of days with reported sleep deprivation, but was not more likely
to be reported on migraine vs nonmigraine headache days. In
another sample of 55 adults including 33 with chronic migraine
and 22 with chronic tension-type headache, Houle et al.16

observed that 2 consecutive nights of insufficient sleep (<4
hours each night) was predictive of a headache, while 2 nights
of adequate sleep (;8 hours) was protective, after accounting
for daily stress. Though our data suggest that ≤6.5 hours of
sleep a night does not influence migraine onset, it is plausible
that more severe sleep deprivation, such as 2 nights of sleep <4
hours, may affect migraine onset. We could not address this
hypothesis in this sample due to the infrequency of severe sleep
restriction across multiple nights. Future work in larger pop-
ulations is needed to investigate which potential thresholds of
cumulative nights of sleep of <4 hours may place patients with
episodic migraine at higher risk of headache, as these periods
may represent critical windows for intervention as well as po-
tentially elucidate shared underlying neurobiologic processes.

Our study is among the first to examine the relationship be-
tween nightly sleep fragmentation and headache on day 1 (the
following day), and represents the largest study collecting ob-
jective sleep data in adults with episodic migraine to date. While
our findings generally support patient attribution of sleep dis-
turbance as a trigger of migraine,3–5 our results indicate that
nightly sleep fragmentation precedes headache onset not on the
day immediately after the sleep period (day 0), but on the
following day (day 1). Thus, it is plausible that fragmented sleep
may represent changes in hypothalamic control or homeostasis
that may portend higher risk of migraine more than 24 hours
prior to headache onset. Another potential explanation may be
that low sleep fragmentation, as assessed by actigraphy, may be
an early marker of headache onset. These findings support the
need for future research investigating distinct signatures of sleep
that precede headache onset by a few days.

Most of the prior literature17,18 examining the role of nightly
sleep fragmentation (vs duration or quality) and migraine
evaluated EEG measures of sleep fragmentation during 1- to
4-night stays in a laboratory and presence of migraine on the
following day (day 0), with results showing no associations
between sleep fragmentation and headache. Similarly, one
study examining nightly actigraphic-assessed sleep in 18 chil-
dren with migraine for 2 weeks reported no association be-
tween sleep fragmentation and headache on day 0.13 This is in
contrast to our findings that suggest an association between
actigraphic-assessed higher sleep fragmentation, defined as
WASO >53 minutes and efficiency ≤88%, and lower risk of
headache onset on day 0. These differences may reflect
measurements of sleep (polysomnography vs actigraphy), in-
laboratory vs habitual assessments of sleep, or differences in
study samples (adults vs children). Nonetheless, these findings
may be consistent with emerging data indicating that decreased
cortical activation during sleep may indicate a higher risk of

Figure 2 Odds of headache, day immediately following the
sleep period (day 0)

(A) Diary. (B) Actigraphy. WASO = wake after sleep onset.

Table 2 Daily characteristics among 98 participants with
episodicmigraine during the 6-week observation
period (n = 4,406 days)

Diary median
(Q1, Q3)

Actigraphy
median (Q1, Q3)

Total sleep time, h 7.7 (7.0, 8.5) 7.2 (6.5, 8.0)

Wake after sleep onset, min 6.2 (2.8, 11.9) 42.0 (33.4, 52.8)

Sleep efficiency, % 94.2 (90.2, 96.8) 90.0 (87.9, 91.8)

Sleep quality 3.5 ± 0.8 —

Caffeine, servings/day 1.2 (0.9, 1.6) —

Alcohol, servings/day 0.3 (0.1, 0.9) —

Stress, visual analog scale
(0–100)

32.1 (22.6, 45.4) —

Moderate–vigorous physical
activity, min/d

19.1 (5.3, 37.6) —
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migraine on the day immediately following the sleep
period.18,36 These data also highlight the importance of utiliz-
ing prospective and objective assessments of nightly sleep in
the naturalistic setting as part of future investigations seeking to
elucidate patterns of habitual sleep characteristics and headache
risk among patients with migraine.

To our knowledge, this study represents the first prospective
cohort study to evaluate the temporal relationships between
various dimensions of nightly subjectively and objectively
assessed sleep in adults with episodic migraine in the natu-
ralistic setting studied over a prolonged period. Participants in
this prospective cohort completed morning and evening
electronic daily diaries and wore wrist actigraphs for at least 6
weeks, which are thought to represent information about
habitual sleep patterns and are distinct from information
collected from diaries.26,27 Prospective and objectively col-
lected data minimize recall bias, which is a risk when data
collection occurs after headache onset, while the fixed-effects
repeated-measures analysis accounts for many individual
characteristics that remain stable or vary slowly over time
(e.g., demographics, chronic health conditions, habitual
health behaviors, daily medications). In addition, we used
a standardized protocol for actigraphy scoring, with all scoring
performed by a single-blinded technician. We also had high
rates of adherence to diary completion.

Our study has some limitations. Headache timings and sleep
assessments are potentially prone to misclassification. Though
polysomnography is the gold standard for assessing sleep, its
costs and burden preclude its widespread use in longer-term
epidemiologic and clinical studies. We could not assess sleep
architecture, but we used actigraphy, which represents a vali-
dated approach to noninvasive objective sleep assessments. It
should be noted that previous research indicates that actigraphy
tends to overestimate polysomnographic WASO by about 5
minutes for WASO <30 minutes and underestimate poly-
somnographic WASO for WASO ≥30 minutes.29 To minimize
the influence of the systematic measurement error, we had
participants wear the same device throughout the observation
period and we used fixed-effects repeated-measures analyses to
compare each individual to himself or herself. Thus the abso-
lute cutoffs for actigraphy may differ from polysomnographic
measures of WASO, but our results should be internally valid
with respect to actigraphically assessed WASO. We were not
able to capture information on other daily exposures that may
relate to sleep andmigraine onset, and some of our instruments
(e.g., stress assessment) might not have fully captured daily
fluctuations. This is another potential explanation for our day
0 findings. Finally, our sample had low levels of sleep distur-
bance, so our results may not be generalizable to patient
populations with more disrupted sleep, such as patients with
chronic insomnia comorbid with migraine.

Our findings provide new data showing that while nightly
short sleep duration does not appear to trigger migraine,
variability in sleep fragmentation temporally precedes mi-
graine onset. Future studies are needed to evaluate the role of
sleep fragmentation as a potential target for reducing risk of
migraine attacks as well as a potential marker for more fre-
quent headaches in patients with episodic migraine.
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