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Abstract

Objective: Migraine is a common recurrent headache disorder affecting 14% American adults.
Although weather and air pollution are ofte reported by patients with migraine as precipitating
factors, previous studies have had mixed results.

Methods: We prospectively collected migraine headache onset using electronic questionnaires
from 98 adults in the Greater Boston area with episodic migraine (2016-2017). Each participant
was followed for an average of 45 days for a total of 4406 days of observation. Temperature,
relative humidity, and barometric pressure data were obtained from local weather station. Daily
average fine particulate matter, daily maximum 1-hour sulfur dioxide, daily maximum 1-hour
nitrogen dioxide, daily maximum 8-hour o0zone, and daily maximum 8-hour carbon monoxide
from local air pollution monitors. We conducted a repeated measures analysis using fixed effects
logistic regression models. In the models we adjusted for day of week, a natural cubic spline term
of day of the year with 4 degrees of freedom, and a participant identifier. We additionally adjusted
for linear terms of temperature and relative humidity in the air pollution analyses. We also applied
logistic regression models with generalized estimating equation (GEE) with autoregressive
correlation structure in the sensitivity analysis.

Results: The mean age was 35 years and 88% were women. Mean temperature was 56.9°F,
relative humidity 67.3%, and fine particulate matter 7.3 ug/m3. Higher relative humidity was
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associated with higher odds of migraine headache, but the association was only observed in warm
season (April-September). Higher daily of maximum 8-hour ozone and daily maximum 8-hour
carbon monoxide appeared to be associated with higher odds of migraine headache onset in cold
season (October-March). Although the associations for O3 and relative humidity were attenuated
and no longer statistically significant in the overall GEE analysis, the differing associations by
season remained.

Conclusions: We found that higher relative humidity was associated with higher odds of
migraine headache onset in the warm season, and traffic-related gaseous pollutants may be
associated with higher odds of migraine headache onset in the cold season.
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1. Introduction

Migraine is a recurrent headache disorder characterized by symptoms such as headache,
nausea, vomiting, photophobia, and phonophobia (International Headache Society 2018).
According to the Global Burden of Disease Study 2016, in 2016, the global age-standardized
prevalence was 14.4%; 1.04 billion individuals were estimated to have migraine, and
migraine attributed to an estimation of 45.1 million years of life lived with disability (GBD
2016 Headache Collaborators 2018). In the U.S., migraine and severe headaches affect
approximately about 1 in every 7 adults (Burch et al. 2015) and are associated with high
societal cost: the annual societal costs were estimated at about $2,649 U.S. dollars (2013)
per person per year for patients with episodic migraine, and about $8,243 U.S. dollars
(2013) per person per year for those with chronic migraine (Messali et al. 2016).

Weather is perceived by patients with migraine as a common trigger of migraine headache
(Andress-Rothrock et al. 2010; Pellegrino et al. 2018; Peroutka 2014), however, findings
from epidemiologic studies remain inconclusive. Studies from several decades ago
compared headache frequencies among participants during or after different weather
conditions and have had mixed results (Cull 1981; Gomersall and Stuart 1973; Osterman et
al. 1981; Schulman et al. 1980; Wilkinson and Woodrow 1979). Findings from more recent
studies suggest that there may be a subgroup of patients with migraine who are susceptible
to weather (Hoffmann et al. 2011; Hoffmann et al. 2015; Prince et al. 2004; Yang et al.
2015), with two of these studies reporting associations between lower temperature and
higher number of migraine headaches among the “weather sensitive” participants (Hoffmann
et al. 2011; Yang et al. 2015). Some larger scale epidemiologic studies obtained data from
emergency department visits and have found generally positive associations between daily
average temperature and number of visits for migraine headache (Mukamal et al. 2009;
Vodonos et al. 2015; Yilmaz et al. 2015), but not all (Villeneuve et al. 2006). Findings for
relative humidity or barometric pressure are also inconsistent (Mukamal et al. 2009;
Villeneuve et al. 2006; Yilmaz et al. 2015). In a recent prospective diary-based study, a ridge
of high pressure was associated with headache attacks but not with migraine (Zebenholzer et
al. 2011). Last, few studies have quantitatively examined the magnitude of these associations
(Mukamal et al. 2009; Vodonos et al. 2015).
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Ambient air pollution is another potential risk factor for headache onset among patients with
migraine. The majority of past studies have found associations between higher levels of
ambient air pollution and more frequent emergency department visits or clinic visits due to
migraine headache (Chen et al. 2015; Chiu et al. 2015; Chiu and Yang 2015; Dales et al.
2009; Lee et al. 2018; Szyszkowicz 2008; Szyszkowicz and Porada 2012; Szyszkowicz et al.
2009), but not all (Mukamal et al. 2009). For example, in a very large study of daily
hospitalization records for headache in 7 Chilean urban centers, Dales et a/. found that
higher levels of fine particulate matter (PM> 5), nitrogen dioxide (NO>), sulfur dioxide
(SOy), ozone (O3), and carbon monoxide (CO) were associated with higher number of
hospitalization for migraine headache (Dales et al. 2009).

Most of the previous studies were conducted outside of the U.S. (Chen et al. 2015; Chiu and
Yang 2015; Dales et al. 2009; Hoffmann et al. 2011; Hoffmann et al. 2015; Lee et al. 2018;
Szyszkowicz 2008; Szyszkowicz and Porada 2012; Szyszkowicz et al. 2009; Villeneuve et
al. 2006; Vodonos et al. 2015; Yang et al. 2015; Yilmaz et al. 2015; Zebenholzer et al. 2011).
However, weather conditions and air pollution levels may be influenced by regional climate
and/or pollution sources. Moreover, data from emergency department visits records may be
affected by factors that may influence patients’ decision to visit the emergency department,
such as migraine headache severity, duration, and health care access. We therefore
conducted a prospective diary-based cohort study to examine the associations of
temperature, relative humidity, barometric pressure, and ambient air pollutants with migraine
headache onset among 98 patients with episodic migraine in the Greater Boston area,
Massachusetts, U.S..

Methods

2.1 Study sample

The study period was from March 2016 to October 2017. We identified potential participants
by accessing the patient and research repositories at Beth Israel Deaconess Medical Center
and the clinical research registries at the Massachusetts General Hospital and the Brigham
and Women’s Hospital; posting flyers in public areas and in the neurology and primary care
clinics at Beth Israel Deaconess Medical Center; and physician’s referral. We recruited
participants who were 18 years and older, able to communicate in English, had reported
history of migraine for at least 3 years, and had reported at least 2 headache days per month.
No potential participants were excluded based on criteria of current episode of major
depressive disorder as assessed during the clinical interview by a study physician. At the
time of enrollment, we excluded potential participants who: 1) reported chronic pain or
chronic opioid use; 2) were at high risk for obstructive sleep apnea, assessed by the Berlin
questionnaire or with untreated moderate or severe sleep apnea; 3) were pregnant; 4) failed
to complete diaries for 4 of 7 days during a run-in period; or 5) reported 15 or more
headache days per month during the past 3 months. A total of 131 participants completed the
screening and 101 met the inclusion criteria and were enrolled in the cohort study. Of these
101 enrolled participants, three participants were excluded from the analysis because they
contributed fewer than 21 days of diary data. In the end, we included data from 98

Environ Int. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lietal.

Page 4

participants in the analysis. Each participant was followed for an average of 45 days for a
total of 4406 days of observation.

At baseline, each participant first completed a baseline questionnaire that collected data on
demographics, medication use, lifestyle factors, and measures of psychological factors.
Participants were also asked to identify their perceived headache triggers, such as sleep,
weather, and caffeinated beverage intake. Participants then completed an online diary each
morning and evening for the subsequent 6 weeks. The electronic data were collected by the
Research Data Capture (REDCap) tools hosted by Beth Israel Deaconess Medical Center
(Harris et al. 2009). All participants provided written informed consent and the study
protocol was approved by the Committee on Clinical Investigations at Beth Israel Deaconess
Medical Center.

2.2 Migraine headaches

Participants completed both morning and evening diaries to report the presence of migraine
headache since their prior diary completion. If a migraine headache was reported,
participants were then asked to record the time of headache, whether the headache was
ongoing, or whether the headache resolved. If the participants reported that the headache
was resolved, additional questions were asked regarding the intensity, duration, use of
migraine medication, associated symptoms, and similarities to their usual migraine
headaches. A study physician reviewed the reported headaches after the study completion.

We considered headache onset reported within one calendar day of a prior headache’s
resolution as a relapse. For a migraine headache that lasted for multiple days, the day of
migraine headache onset was defined as the event day, whereas the days with continuing
migraine headache and the day on which the migraine headache ended were considered as
time with a prevalent headache and therefore the participants were not at risk of having a
new headache begin during this time. The follow-up period for each participant was up to 2
months.

2.3 Weather and air pollution

We calculated daily averages of ambient temperature, relative humidity, and barometric
pressure from hourly measures that were obtained from the Boston Logan Airport Weather
Station. The data are publicly accessible at: https://www.ncdc.noaa.gov/cdo-web/
datasets/LCD/stations/WBAN:14739/detail (Accessed on August 31, 2018). We obtained
daily measures of air pollutants from U.S. Environment Protection Agency’s Air Quality
System: daily mean fine particulate matter (PM5 5) was measured from Roxbury (Site ID:
250250042), North End (Site 1D: 250250043), and Von Hillern (Site ID: 250250044) sites;
daily maximum 1-hour SO, was measured from Kenmore (Site ID: 250250002) and
Roxbury sites; daily maximum 1-hour NO, was measured from Kenmore, Roxbury, and Von
Hillern sites; daily maximum 8-hour O3 was measured from Roxbury site; and daily
maximum 8-hour CO was measured from Roxbury and Von Hillern sites. Data can be
downloaded at: https://www.epa.gov/outdoor-air-quality-data/download-daily-data
(Accessed on August 31, 2018).
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2.4 Statistical methods

We calculated the 1-, 2-, and 3-day moving averages of the daily levels of weather
conditions and air pollution levels. The 1-day moving average was defined as the daily
average values of each exposure variable on the day of migraine headache onset. We
evaluated the goodness-of-fit for non-linear models where weather conditions were modeled
as natural cubic spline terms (anova() function), and did not find statistically significant
deviation from linearity (all 7>0.6). Therefore we modeled weather conditions as linear
terms in the analyses.

We used fixed effects logistic regression model and examined the associations for each
moving average of weather conditions and air pollutants separately, adjusting for day of
week, a participant identifier, and seasonality by using a natural cubic spline function of day
of the year (range: 1 to 366) with 4 degrees of freedom (ns() function in R). For analyses of
air pollutants, we additionally adjusted for corresponding moving averages of temperature
and relative humidity. This was because weather conditions may affect both measured levels
of air pollutants and the risk of having migraine headache. Therefore, we considered weather
as a potential upstream common cause of both air pollution and migraine headache.

For sensitivity analyses: 1) we applied logistic regression models with generalized
estimating equation (GEE) and specified the autoregressive correlation structure to account
for the potential correlations between nearby migraine headache onsets within each study
participant; 2) we excluded the 2 calendar days after a migraine headache ended; 3) we used
a two-exposure model by including both temperature and relative humidity in the same
model; 4) we used a two-exposure model by including both NO, and O3 in the same model;
5) we examined the associations for air pollutants by additionally adjusting for PM> 5 in the
models; 6) we examined the associations for air pollutants without adjusting for temperature
and relative humidity in the models; and 7) we examined whether the associations differ
between warm season (April to September) and cold season (October to March) or differ
between participants who reported weather change as a potential trigger of their migraine
headache and those who did not by using interaction terms. Since we found positive
associations between relative humidity and migraine headache onset, we conducted a post-
hoc analysis and examined the associations for daily average precipitation.

Parameter estimates from the temperature analyses were scaled to a 10°F (5.6°C) increment.
We also scaled the results for relative humidity (26.5%), barometric pressure (0.3 inHg),
PM, 5 (3.6 pg/m3), NO,, (11.7 ppb), SO, (0.6 ppb), O3 (14 ppb), and CO (150 ppb); these
scale factors were selected to approximate the interquartile range of the daily measures. We
then reported scaled odds ratios (ORs) and 95% confidence intervals (Cls). A two-tailed
FP<0.05 was used to determine the statistical significance when applicable. Main analyses
were performed using the g/m() function in R-3.5.3 (R Core Team 2019), and analyses with
GEE were performed using the geeg/m() function in the R package “geepack” (Hgjsgaard et
al. 2005). Plots were generated using STATA 13.0 (StataCorp, College Station, TX).
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3. Results

We enrolled 98 patients and collected data on a total of 4406 days, including 870 episodes of
migraine headache. On average, participants reported 9 migraine headaches (range: 1 to 22).
The mean age was 35 (standard deviation: 12) and 86 (88%) were women. 81 (83%)
participants were white and 68 (79%) of the 86 female participants were premenopausal
(Table 1). Characteristics of temperature, relative humidity, barometric pressure, and air
pollutants are listed in Table 2. The daily mean temperature during the study period was
56.9°F (13.8°C) (standard deviation: 16.0°F (8.9°C)), and the mean PM, 5 levels during the
period was 7.3 pg/m? (standard deviation: 3.2 ug/m3). Figure 1 shows the levels of daily
average temperature, relative humidity, and PM, 5 during the study period.

Higher relative humidity was associated with higher odds of migraine headache onset
(Figure 2A). For example, a 26.5% increase in the 3-day moving average of relative
humidity was associated with a 28% (95% confidence interval: 1.07, 1.53) higher odds of
having a migraine headache onset. The associations of temperature or barometric pressure
with migraine headache onset were generally null (Figure 2A). Furthermore, relative
humidity and migraine headache onset appeared to be positive associated only in the warm
season (Figure 2B).

The associations between ambient air pollutants and migraine headache onset were also
generally null, except for O3: a 14 ppb higher 1-day moving average of daily maximum 8-
hour O3 was associated with higher odds of migraine headache onset (odds ratio=1.17, 95%
confidence interval: 1.002, 1.36) (Figure 3A). For longer moving averages of Os, the
associations appeared to be positive but the 95% confidence intervals crossed the null. The
positive associations were also observed in cold seasons. Additionally, although the
associations for NO, and CO and were generally null in the main analyses, higher 2- and 3-
day moving averages of daily maximum 1-hour NO, and 1- and 2-day moving averages of
daily maximum 8-hour CO were associated with higher odds of migraine headache onset in
cold season (Figure 3B).

Using logistic regression models with GEE and autoregressive correlation structure led to
attenuated results that were no longer statistically significant for relative humidity and Os.
However, the observed differing associations by season remained (Figure 4). Adjusting for
temperature and relative humidity in the same model, adjusting for NO, and O3 in the same
model, and adjusting for PM, 5 in the models for other pollutants did not alter our results
substantially.

Excluding the two calendar days after a migraine headache ended led to attenuated
associations for relative humidity and NO, (Supplemental Figure S1). Leaving temperature
and relative humidity out of the models for air pollution led to attenuated results for O3
(Supplemental Figure S2). However, since we believe that weather conditions are likely
confounders for the association between air pollution and migraine, the observed attenuated
results without adjusting for temperature and relative humidity could be confounded. We did
not find differing associations between participants who believed weather change is a trigger
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of their migraine headache and those did not (Supplemental Figure S3). And daily average
precipitation was not associated with migraine headache onset (Supplemental Figure S4).

4. Discussion

In this prospective study of 98 migraine patients with 4406 days of data, we found that
higher relative humidity and higher O3 were associated with higher odds of migraine
headache onset. The associations for relative humidity were apparent during the warm
season. And there appeared to be weak positive associations of higher daily maximum 1-
hour NO,, daily maximum 8-hour O3, and daily maximum 8-hour CO with higher odds of
migraine headache onset in the cold season. Although the associations for Oz and relative
humidity were attenuated and no longer statistically significant in the overall GEE analysis,
the differing associations by season remained. The current study is among the first studies in
the U.S. that prospectively collected migraine headache data using daily electronic diaries to
investigate and quantify these associations.

A large number of studies have been conducted to identify triggering factors of migraine,
however, the majority relied on participants’ self-reported perception regarding potential
triggers of migraine headaches (Pellegrino et al. 2018; Peroutka 2014). Several
epidemiological studies objectively measured weather data and prospective collected
migraine headache events by headache diary (Cull 1981; Gomersall and Stuart 1973;
Hoffmann et al. 2011; Hoffmann et al. 2015; Osterman et al. 1981; Prince et al. 2004;
Schulman et al. 1980; Yang et al. 2015; Zebenholzer et al. 2011): while earlier studies were
limited by analytic methods (Cull 1981; Gomersall and Stuart 1973; Osterman et al. 1981;
Schulman et al. 1980), studies in the past two decades generally agreed that a subgroup of
patients with migraine are “weather sensitive” (Hoffmann et al. 2011; Hoffmann et al. 2015;
Prince et al. 2004; Yang et al. 2015), usually by investigating the associations within each
individual (Hoffmann et al. 2011; Hoffmann et al. 2015; Prince et al. 2004). To some extent,
our findings for the temperature and relative humidity agreed with two of these previous
studies that lower relative humidity were associated with lower risk of migraine headache
attack (Hoffmann et al. 2011; Yang et al. 2015). However, the two previous studies did not
conduct season-specific analyses and were conducted outside of the U.S. (Hoffmann et al.
2011; Yang et al. 2015).

The observed generally null associations for barometric pressure with migraine headache
onset also agreed with the majority of previous studies (Gomersall and Stuart 1973;
Hoffmann et al. 2011; Mukamal et al. 2009; Osterman et al. 1981; Schulman et al. 1980;
Villeneuve et al. 2006; Wilkinson and Woodrow 1979; Yilmaz et al. 2015). One earlier study
found a smaller number of migraine attacks in days with lower barometric pressure (Cull
1981), one recent study found inconsistent directions of the association among 4 of the 13
identified “weather sensitive” participants by using an individual-wise approach (Hoffmann
et al. 2015), and in a prospective diary-based study, Zebenholzer et a/. found an association
between a ridge of high pressure and headache attacks but not with migraine (Zebenholzer et
al. 2011). Overall, the association between barometric pressure and migraine headache was
not well-supported by the previous studies.
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In a large-scale study conducted in Israel, Yilmaz et a/. found that higher daily relative
humidity was associated with a lower number of visits to the emergency department among
3491 patients (Yilmaz et al. 2015), whereas two other large case-crossover studies in the
U.S. and Canada found generally null associations (Mukamal et al. 2009; Villeneuve et al.
2006). Higher daily temperature has also been associated with higher number of emergency
department visits in previous larger-scale studies (Mukamal et al. 2009; Vodonos et al. 2015;
Yilmaz et al. 2015). In the current study, we found associations of higher daily relative
humidity with higher odds of migraine onset. One possible explanation for the discrepancy
between the current study and these previous studies is that diary and emergency department
visits records are likely measures of migraine headaches with different characteristics. For
example, patients may only visit emergency departments for more severe or long-lasting
headaches, or if they lack access to routine healthcare or medications. Moreover, it is usually
difficult to verify whether there were headaches in days that the patients did not visit the
hospitals or clinics.

A number of recent studies examined the associations between ambient air pollutants and
number of visits to emergency departments or clinics and have found generally positive
associations (Chen et al. 2015; Chiu and Yang 2015; Dales et al. 2009; Lee et al. 2018;
Szyszkowicz 2008; Szyszkowicz and Porada 2012; Szyszkowicz et al. 2009; Vodonos et al.
2015). However, we found generally null association for air pollutants with migraine
headache onset in the current study, consistent with a previous large-scale study in our
region (Mukamal et al. 2009). Moreover, we found some weak evidence that suggested
positive associations of NO,, O3, and CO with migraine headache onset in cold season,
which is to some extent consistent with a few previous studies (Chiu and Yang 2015; Dales
et al. 2009; Szyszkowicz 2008; Vodonos et al. 2015). Since NO,, O3, and CO are related to
traffic emissions, our finding may indicate potential associations between traffic-related
pollutants and migraine headache onset. The current study was conducted in a region where
the air pollution level is in compliance with the current U.S. National Ambient Air Quality
Standards. Moreover, the air pollution levels in the current study are generally lower than
previous studies except NO5 and O3 (Chen et al. 2015; Chiu et al. 2015; Dales et al. 2009;
Szyszkowicz 2008; Szyszkowicz et al. 2009; Vodonos et al. 2015).

In the GEE analysis, the observed associations for O3 and relative humidity were attenuated
and no longer statistically significant, however, we still observed differing associations by
season. While it is possible that the attenuation was due to better control for the correlation
structure in the data in the GEE model, another possible reason for the discrepancy could be
better control of confounding in the fixed effects model. Furthermore, it is important to note
that the GEE analysis estimates “population-averaged effect” while the fixed effects model
estimates “subject-specific effect”, which more directly addresses the hypothesis in this
study.

Our study has a few limitations. First, the current study enrolled only 98 patients with
episodic migraine. The air pollution levels in the study regions was generally low and there
were relatively small variations in exposure levels during the follow-up for each participant.
Second, the study participants were predominantly women with European ancestry, which
may limit the generalizability of our findings to other study samples. Third, weather
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conditions were measured at one fixed station and air pollution levels were measured at
several local fixed stations, which may induce non-differential measurement errors that may
have attenuated the statistical power.

There are also strengths. First, we used fixed effect models that accounted for participants’
time-invariant conditions during the relatively short follow-up period, such as age, sex, and
socioeconomic position. We conducted sensitivity analyses using logistic regression models
with GEE and specified autoregressive correlation structure to account for potential
correlations between headache onsets that were close to each other. Second, we conducted
several sensitivity analyses to demonstrate the robustness of our findings. Third, the weather
conditions and air pollution levels were measured by National Oceanic and Atmospheric
Administration (NOAA) and U.S. Environmental Protection Agency (EPA), independent of
ascertainment of migraine headache onset. It is also unlikely that the participants recorded
their migraine headache onset based on the weather conditions or air pollution levels.

5. Conclusions

Our findings suggest an association between higher relative humidity and onset of migraine
headache, especially in the warm season; and higher levels of ambient O3 may be associated
with higher risk of having migraine, particularly in cold season. Weak positive associations
were also found for other traffic-related air pollutants in cold season. Although the
associations for O3 and relative humidity were not observed in the overall GEE analysis, the
differing associations by season remained. Future larger-scale studies with headache diaries
and longer follow-up time are warranted to confirm or refute our findings.
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Abbreviation:

CO carbon monoxide
NO, nitrogen dioxide

O3 ozone

PMj 5 fine particulate matter
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Highlights:

. Migraine is a common recurrent headache disorder affecting 14% American
adults

. Weather and air pollution are often reported as precipitating factors by
patients

. We prospectively collected migraine headache data using daily electronic
diaries

. Relative humidity is associated with migraine headache onset in warm season

. Traffic-related pollutants are associated with migraine headache onset in cold
season
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Figure 1.
Characteristics of temperature, relative humidity, and fine particulate matter (PM5 5) in the

Greater Boston area, Massachusetts, March, 2016-October, 2017.
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Figure 2.
Associations of weather with migraine headaches overall (A) and by season (B) among

participants with migraine in the Greater Boston area, Massachusetts, 2016—-2017. Models
were adjusted for day of week, a natural cubic spline function of day of year, and a
participant identifier.
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Figure 3.
Associations of ambient air pollutants with migraine headaches overall (A) and by season

(B) among participants with migraine in the Greater Boston area, Massachusetts, 2016—
2017. Models were adjusted for day of week, a natural cubic spline function of day of year, a
participant identifier, temperature, and relative humidity.
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Associations of weather and ambient air pollutants with migraine headaches overall (A and
B) and by season (C and D) among participants with migraine in the Greater Boston area,
Massachusetts, 2016—2017. We used logistic regression models with generalized estimating
equation (GEE), and specified autoregressive correlation structure. Models were adjusted for
day of week and a natural cubic spline function of day of year. Models for air pollution (B
and D) were additionally adjusted for temperature and relative humidity.
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Characteristics of the Included 98 Participants With Migraine in the Greater Boston Area, Massachusetts,

2016-2017.
N(%) or Mean (SD)

Age, years 35(12)

Women 86 (88%)
Race, White 81 (83%)
Ethnicity, Not Hispanic or Latino 83 (86%)
Post-menopausal? 11 (13%)
Pre—menopausala 68 (79%)
Current smoker 2 (2%)

Former smoker 13 (14%)
Report weather triggers migraine 48 (49%)

Abbreviation: SD, standard deviation.

aAmong 86 women.
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