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Abstract

Background—The few previous studies on the onset of paroxysmal atrial fibrillation and
meteorologic conditions have focused on outdoor temperature and hospital admissions, but
hospital admissions are a crude indicator of atrial fibrillation incidence, and studies have found
other weather measures in addition to temperature to be associated with cardiovascular outcomes.

Methods—Two hundred patients with dual chamber implantable cardioverter-defibrillators were
enrolled and followed prospectively from 2006 to 2010 for new onset episodes of atrial
fibrillation. The date and time of arrhythmia episodes documented by the implanted cardioverter-
defibrillators were linked to meteorologic data and examined using a case-crossover analysis. We
evaluated associations with outdoor temperature, apparent temperature, air pressure, and three
measures of humidity (relative humidity, dew point, and absolute humidity).

Results—Of the 200 enrolled patients, 49 patients experienced 328 atrial fibrillation episodes
lasting =30 seconds. Lower temperatures in the prior 48 hours were positively associated with
atrial fibrillation. Lower absolute humidity (ie, drier air) had the strongest and most consistent
association: each 0.5 g/m?3 decrease in the prior 24 hours increased the odds of atrial fibrillation by
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4% (95% confidence interval [CI]: 0%, 7%) and by 5% (95% CI: 2%, 8%) for exposure in the
prior 2 hours. Results were similar for dew point but slightly weaker.

Conclusions—Recent exposure to drier air and lower temperatures were associated with the
onset of atrial fibrillation among patients with known cardiac disease, supporting the hypothesis
that meteorologic conditions trigger acute cardiovascular episodes.

A trial fibrillation is the most common arrhythmia in the US? and is projected to affect up to
16 million people by 2050 due to the aging of the population and improved survival
following myocardial infarction and congestive heart failure.23 Atrial fibrillation is
frequently asymptomatic and the potential adverse consequences (eg, stroke,
thromboembolism, heart failure, sudden cardiac death) often occur before it is
diagnosed.24~7 Given the expected increase in prevalence of atrial fibrillation and the
involvement of atrial fibrillation in a variety of cardiovascular disease processes, prevention
of these episodes may have substantial public health implications, namely a reduction in
atrial fibrillation-related morbidity, mortality, and healthcare costs.2

In both temperate®-12 and warmer Mediterranean and subtropical climates,®® paroxysmal
atrial fibrillation displays a seasonal pattern and peaks in the colder months. This
observation has led to the hypothesis that meteorologic conditions may trigger attacks of
acute atrial fibrillation. Several studies have examined this hypothesis and have found an
association with winter or lower outdoor temperatures®8-11 or no association.10 All of these
studies focused on hospital admissions for atrial fibrillation. Because atrial fibrillation is
often asymptomatic, studies of symptomatic episodes that cause presentation to a hospital
are likely a small percentage of atrial fibrillation events, and the delay between initiation of
atrial fibrillation and hospital presentation is of variable duration and often unknown,
leading to temporal misalignment and underestimation of any true association.13
Furthermore, these studies®811 focused on outdoor temperature, but other meteorologic
factors, such as humidity and air pressure, have been reported to be associated with adverse
cardiovascular outcomes.14-16

We examined the association between meteorologic conditions and paroxysmal atrial
fibrillation in a prospective cohort of patients implanted with dual chamber implantable
cardioverter-defibrillator devices. These devices are capable of recording the date, time, and
real-time electrocardiograms of atrial and ventricular arrhythmias, thereby allowing for a
complete, objective record of all detected arrhythmias. We evaluated six outdoor weather
measures: temperature, apparent temperature, air pressure, relative humidity, dew point, and
absolute humidity. We focused on the 72 hours before atrial fibrillation onset. Studies of
cold stress and incident cardiac events consistently find a 2- to 3-day lag between the time of
exposure and event.’

METHODS

Patient Population

Participants were recruited and enrolled between November 2006 and March 2010 from
patients followed at the Tufts Medical Center Cardiac Arrhythmia Center in Boston, MA.
Patients were eligible for enrollment if they were implanted with a dual (ie, atrial and
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ventricular) chamber implantable cardioverter-defibrillator, ages 18 years or older, regularly
followed-up at Tufts Medical Center, not in permanent atrial fibrillation, did not have a
terminal illness, and were able to give informed consent. This study was originally designed
to examine the relation between air pollution and arrhythmia, so all patients had residential
zip codes within 50 km of the Harvard Supersite air quality monitoring station. The study
protocol and informed consent were approved by the institutional review boards at Tufts
Medical Center and the Harvard School of Public Health.

At the baseline visit, patients completed an interviewer-administered questionnaire on
sociodemographic characteristics, medical history, medication use, and lifestyle, and were
measured for height and weight. Additional information on past and current medical history
was collected by study coordinators from a review of medical records.

Participants were followed every 3 months from study enrollment until June 30, 2010.
Implantable cardioverter-defibrillator data, including the arrhythmia logbook and
electrograms, were downloaded either at clinic visits at Tufts Medical Center or by trans-
telephonic transmission. Arrhythmias documented by the device were reviewed and
interpreted by an electrophysiologist (M.S.L.) and characterized as ventricular, sinus
tachycardia, atrial fibrillation, atrial arrhythmia other than atrial fibrillation, or not an
arrhythmia. In accordance with the American Heart Association, the American College of
Cardiology and the Heart Rhythm Society definition of clinically relevant atrial fibrillation
as episodes lasting =30 seconds,18 we restricted our analyses to atrial fibrillation episodes
lasting at least 30 seconds. To reduce the possibility of over-representation of clustered
events, atrial fibrillation episodes were included in the analysis if at least 1 hour had passed
since the previous atrial fibrillation episode. We excluded episodes that occurred within 6
weeks following device implantation and excluded patients with <90 days of follow-up.

Meteorological and Air Quality Data

Hourly surface observations of outdoor temperature (°C), air pressure (hPa), relative
humidity (%), and dew point (°C) were made at Boston Logan International Airport and
extracted from National Weather Service records. Apparent temperature (°C) and absolute
humidity (g/m3) were calculated from the temperature, relative humidity, and dew
point.19:20 Apparent temperature is a measure of what a given temperature and humidity
combination feels like to the typical person. Air pressure is the force exerted by the weight
of air. Relative humidity is the ratio of the amount of water vapor present in the air relative
to the amount of water vapor needed for saturation at the current temperature, expressed as a
percentage, and is thus a temperature-dependent measure. Unlike relative humidity, dew
point and absolute humidity are measures of the actual moisture content in the air (ie, are not
relative measures). The dew point is the temperature to which air must be cooled to reach
saturation. Absolute humidity expresses water vapor content in the air as a density, usually
as g/m3. Moving averages for the past 2, 24, 48, and 72 hours were calculated if at least 75%
of the hourly measurements were available; otherwise, we considered the exposure missing.
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A previous study examining air pollutants and atrial fibrillation in this cohort found that
exposure to particulate matter <2.5 um in aerodynamic diameter (PM, 5) in the previous 2
hours was associated with atrial fibrillation.21 PM, 5 was measured hourly at a Harvard
Supersite monitor located on the roof of the Countway Library 5 km from Tufts Medical
Center using a Tapered Element Oscillating Microbalance (TEOM, Rupprecht and
Patashnick, East Greenbush, New York).

Statistical Analysis

RESULTS

In a case-crossover design, exposures before the time of the event (case period) are
compared with the distribution of exposures estimated from reference periods using
conditional logistic regression. This matched design allows for each patient to serve as his or
her control.22 The time of event onset was rounded to the nearest hour and linked to the
corresponding hourly weather and PM5 5 value. We selected reference periods (three to four
per case period) using a bidirectional time-stratified approach that matched the case period
on month, day of the week, and hour of the day. In a case-crossover design, the relevant
exposure term is the difference between exposure during the case period and the average
exposure during the reference periods.23 We calculated the daily correlations (Pearson’s r)
and the correlations for the differences in 2-hour-average exposure within matched sets
between the meteorologic variables and PM, 5. Results are reported as the percent increased
odds (odds ratio minus 1 times 100) for a decrease of 1°C in temperature, apparent
temperature, and dew point, 3% in relative humidity, 0.5 g/m3 in absolute humidity, and 2
hPa for air pressure. We chose these increments because at 50% relative humidity, a drop in
temperature from 20°C to 19°C lowers absolute humidity by 0.49 g/m3 and the dew point by
0.92°C. At 20°C and 50% relative humidity, lowering the dew point by 0.92°C while
keeping the temperature constant lowers relative humidity by 3%. The increment for air
pressure was chosen so as to have results similar in magnitude to the other variables. Each
meteorologic variable was analyzed in separate models, and all analyses adjusted for PM; g
in the previous 2 hours as a linear term.

We assessed the shape of the exposure—response relationships using penalized regression
splines and likelihood ratio tests. We then examined whether the results were driven by
patients experiencing many events (=10 vs. <10) and whether the results changed without
adjustment for PM, 5. We examined potential effect modification by demographics (gender,
race, age), clinical history of atrial fibrillation, and environmental factors (air conditioner,
humidifier, and season). Effect modification was assessed using an interaction term between
the exposure and potential modifier. Effect sizes and confidence intervals (CIs) were
obtained from stratified analyses. SAS version 9.2 (SAS Institute; Cary, NC) was used to
construct datasets and to calculate descriptive statistics. R version 2.15.3 (R Foundation for
Statistical Computing; Vienna, Austria) was used for all statistical analysis.

Study Population

Of 1,143 patients screened for participation, 300 were eligible to participate. The most
common reasons for exclusion were for having a single chamber implantable cardioverter-
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defibrillator (n = 502), living >50 km away from the Harvard Supersite air quality
monitoring station (n = 345), and for chronic atrial fibrillation (n = 84). Two hundred
patients were enrolled (66%), of which 176 patients were followed for at least 90 days
(mean follow-up time: 1.9 years) and 49 patients had 328 atrial fibrillations lasting at least
30 seconds. All subjects lived within 55 km of the Logan Airport (median = 26 km).

Patients with confirmed episodes of atrial fibrillation lasting at least 30 seconds were pre-
dominantly white males with an average age of 68 years (total range: 35-88 years; Table 1).
About 50% had a history of atrial fibrillation, and the majority had a history of myocardial
infarction, congestive heart failure, revascularization, or ischemic heart disease. The average
left ventricular ejection fraction among these patients was 31% (total range: 10%-70%).
Most patients received the implantable cardioverter-defibrillator for primary prevention of
sudden cardiac death and were on standard pharmacologic therapies for ischemic and
nonischemic cardiomyopathies (ie, angiotensin-converting enzyme inhibitors or angiotensin
receptor blockers, and beta blockers). Almost all patients had air conditioning in their
homes. Fifteen patients experienced a single episode of atrial fibrillation during follow-up,
13 had two to four, and 21 patients had five or more events during follow-up.

Meteorological Conditions

Boston experienced a wide range of temperature and absolute humidity, from -13.8°C to
29.8°C and 0.6 g/m3 to 20 g/m3 (Table 2). Daily temperature, apparent temperature, dew
point, and absolute humidity are strongly correlated to one another (Pearson r’s > 0.89). The
correlation between other meteorologic variables and PM5 5 is modest to low (Pearson r’s <
0.55). Similarly for the exposure difference within matched sets (Appendix Table), the 2-
hour-average temperature, apparent temperature, dew point, and absolute humidity were
strongly correlated to each other (Pearson r’s = 0.62) and weakly correlated to PM; 5
(Pearson r’s < 0.36).

Meteorology and Atrial Fibrillation

After excluding 23 episodes with missing PM> 5 information, analyses were confined to 47
patients and 305 atrial fibrillation episodes. Lower temperatures increased the odds of atrial
fibrillation and were most strongly associated with exposure 48 hours prior (Figure). The
odds of atrial fibrillation were increased by 3% (95% CI: 0%, 6%) and 3% (95% CI: 0%,
7%) per 1°C decrease in temperature and apparent temperature, respectively. Associations
for air pressure and relative humidity were inconsistent. Both measures of the actual
moisture content in the air—dew point and absolute humidity— were positively associated
with atrial fibrillation. Each 1°C decrease in dew point in the prior 2 hours (lag 0-1 hours)
increased the odds by 3% (95% CI: 1%, 6%). We observed the strongest and most consistent
association for lower absolute humidity; each 0.5 g/m3 decrease in the prior 24 hours
increased the odds by 4% (95% CI: 0%, 7%) and by 5% (95% CI: 2%, 8%) for exposure in
the prior 2 hours. Dew point and absolute humidity also displayed a temporal pattern of
weaker effects with increasing time since the atrial fibrillation event.

We examined the shape of the associations for each meteorologic variable using the
averaging time most strongly related to atrial fibrillation (eg, lag 0-1 hours for absolute
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humidity, lag 24-47 hours for temperature, etc.). Likelihood ratio tests comparing a
penalized spline model to a linear model indicated that a linear fit was adequate for all
exposures. Based on these results, we focused on absolute humidity in the prior 2 hours in
all further analyses.

In analyses comparing 40 patients who had <10 events (n = 140 episodes) to seven patients
who had =10 events (n = 164 episodes) during follow-up, the association with absolute
humidity in the prior 2 hours was identical (5%; 95% CI: 0%, 10%, and 5%; 95% CI: 1%,
9%, respectively). Without adjustment for PM,, 5, the association for absolute humidity in
the prior 2 hours attenuated slightly (3%; 95% CI: 0%, 6%).

Older patients and patients with no history of atrial fibrillation appeared to be more sensitive
to lower absolute humidity (Table 3).

DISCUSSION

Among a cohort of patients with known cardiac disease at high risk for subclinical and
clinical cardiac events, a decrease in absolute humidity of 0.5 g/m3 in the previous 2 hours
increased the odds of atrial fibrillation by 5%. Stated another way, a small drop in absolute
humidity equivalent to lowering relative humidity from 50% to 47% at a constant
temperature of 20°C (68°F) increased the odds of atrial fibrillation by 5%. Dew point and
absolute humidity are both measures of the actual moisture content in the air, so it is not
surprising that we observed a similar pattern of associations for dew point. Lower
temperature and apparent temperature were also positively associated with atrial fibrillation,
particularly in the prior 48 hours.

Previous studies relating meteorologic conditions to atrial fibrillation focused on hospital
admissions, which likely miss atrial fibrillation episodes with mild or no symptoms.
Furthermore, the variable delay time between arrhythmia onset and hospital presentation
will lead to temporal misalignment of the exposure and outcome, which leads to
considerable bias toward observing no association when a true association exists.13 An
advantage of this study is our ability to detect and identify the time of onset of all atrial
fibrillations, including asymptomatic episodes. Earlier studies tended to focus on outdoor
temperature, which may have missed associations with other meteorologic conditions. We
examined several weather measures and found atrial fibrillation to be related to both
temperature and humidity. Previous studies also did not adjust for confounding by air
pollution. Several studies have reported an association between air pollution and atrial
fibrillation onset.21.24.25 |n this study, not adjusting for PM 5 attenuated the association for
absolute humidity.

Consistent with previous studies,>811 we observed a negative association between
temperature and atrial fibrillation. Gluszak et al'® examined atrial fibrillation in relation to
several meteorologic conditions and found no association with temperature, air pressure, or
relative humidity. Studies of supraventricular tachycardia and supraventricular premature
beats have found associations with higher relative humidity and higher air pressure,26:27
which conflicts with our results. Although we observed associations for several weather
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measures, it is unclear whether or not a measure is acting as a marker for another exposure.
Outdoor weather conditions are highly correlated, and the relation between indoor and
outdoor conditions is not straightforward. In Boston, outdoor absolute humidity tracks
closely with indoor absolute humidity, but also tracks with indoor temperature, apparent
temperature, and relative humidity. Similarly, outdoor temperatures correlate strongly with
indoor temperatures, but also with indoor apparent temperature and absolute humidity.
Further complicating the interpretation of these results is the fact that outdoor and indoor
temperatures in Boston correlate weakly in the colder months because of universal home
heating.28 Nguyen et al?? found a nonlinear association between outdoor temperature and
ventricular arrhythmias in a cohort of patients implanted with cardioverter-defibrillators
living in Boston, which they attributed to the poor correlation between outdoor and indoor
temperatures during the winter months. It is possible that the current study did not have
sufficient power to detect a nonlinear association for temperature.

We observed a stronger association between lower absolute humidity and atrial fibrillation
among older patients and patients without a clinical history of atrial fibrillation. The elderly
are especially sensitive to cold, dry air.30:31 They have lower metabolic heat production and
are more prone to develop disorders of thermoregulatory function.32 In general, about 90%
of paroxysmal atrial fibrillations are thought to be triggered by muscular sleeves in the
pulmonary veins.33 As atrial fibrillation progresses, atrial substrates formed through
electrical, contractile, and structural remodeling34:3% play a more important role in onset.33
This may be why we observed a stronger association for absolute humidity among patients
without a history of atrial fibrillation; episodes in these patients may be more likely
triggered by external factors rather than abnormalities in atrial tissue.

The mechanisms for how outdoor ambient meteorologic conditions affect human
physiologic responses remain to be clarified, considering that people in industrialized
countries spend about 90% of their time indoors. The most likely explanation is that outdoor
weather conditions are serving as proxies for indoor temperature and humidity levels.
Exposure to colder temperatures and drier air induces thermoregulation processes3® that
activate both the sympathetic nervous system and the coagulation system.1’ Regardless of
ambient conditions, inspired air is conditioned to 37°C and 100% relative humidity in the
respiratory tract. This process results in substantial heat and water loss in the larger
airways.3’ A s the temperature and/or water content of inspired air decreases, the degree of
airway cooling and drying increases and moves to more central airways.3® Changes in air
temperature trigger a sympathetic reflex that strengthens with lower temperature. Reflex-
mediated vasoconstriction limits heat loss by redistributing blood to the core and causes an
increase in cardiac output that supports higher metabolic production.1” These processes
increase sympathetic drive, peripheral arterial resistance, blood pressure, central blood
volume, and ventricular filling pressure, which could result in increased left atrial distention
and promote the propensity of the atria to fibrillate.11.17

There are several limitations to this study. Using outdoor weather measures as indicators of
exposure suffers from nondifferential misclassification of exposure and attenuates
associations to the null. We adjusted for potential confounders using the case-crossover
design and statistical analysis, but the influence of unknown confounders that vary quickly
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over time (eg, physical exertion, diet, alcohol consumption, mental or emotional stress)
cannot be ruled out. Some of the results presented here may due to chance; we evaluated six
weather measures using four different averaging times. However, the consistent adverse
association of lower temperature and apparent temperature and the stronger association at
shorter lag times for dew point and absolute humidity make it unlikely that these results are
entirely due to chance.

Strengths of this study include the prospective design, which allowed collection of detailed
data on medical, behavioral, and housing characteristics, the complete ascertainment of
outcomes using implantable cardioverter-defibrillator records which likely minimized the
potential for selection bias, and the ability to adjust for air pollution. The extent to which our
results generalize to other patients or to other geographies is unclear. Although we studied a
cohort of high-risk patients, our results were consistent with previous studies on the same
topic that instead focused on hospitalizations (which includes both high risk and
asymptomatic patients), which suggests that our findings may be generalizable to patients
without severe cardiac disease. However, the effect of colder temperatures on cardiac
outcomes is not consistent between study populations. Differences in housing quality,
clothing worn, culture, and time spent outdoors may partly explain this heterogeneity.39:40
Interestingly, absolute humidity was recently reported to be more consistently predictive of
summertime cause-specific mortality than temperature, apparent temperature, or dew point
across cities with different climates,*° so our results for absolute humidity may generalize to
other patient groups and climates.
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Atrial Fibrillations > 30 sec
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FIGURE.

Percent change in the odds of atrial fibrillation associated with lower outdoor temperatures,
air pressure, and humidity as a function of moving and lagged averages in the prior 72
hours. Lower temperature and apparent temperature in the prior 48 hours were positively
associated with atrial fibrillation. Absolute humidity in the prior 2 hours had the strongest
association; fibrillation the odds of atrial increased by 5% (95% confidence interval: 2%,
8%) for each decrease of 0.5 g/m3. Dew point and absolute humidity displayed a temporal
pattern of weaker effects with increasing time since the atrial fibrillation event.
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TABLE 1
Characteristics of 49 Patients with 328 Confirmed Atrial Fibrillation Episodes

Number of Patients®  Number of Episodes = 30 Seconds®

Male 33 (67%) 253 (77%)
Race/ethnicity

White 47 (96%) 310 (95%)

Black 2 (4%) 18 (6%)
History of atrial fibrillation 24 (49%) 204 (62%)
Previous myocardial infarction 28 (62%) 205 (66%)
Previous stroke 5 (10%) 24 (7%)
History of congestive heart failure 31 (63%) 275 (84%)
History of revascularization

Coronary artery bypass grafting 15 (31%) 145 (44%)

Percutaneous coronary intervention 13 (27%) 69 (21%)

Comorbidities

Pulmonary disease 13 (27%) 66 (20%)
Diabetes 13 (27%) 112 (34%)
Hypertension 27 (56%) 197 (62%)
Indications for implant
Primary 31 (63%) 199 (61%)
Secondary (cardiac arrest or sustained ventricular tachycardia) 7 (14%) 29 (9%)
Syncope apparently arrhythmic 11 (23%) 100 (31%)
Structural heart disease
Ischemic 30 (61%) 225 (69%)
Non-ischemic 10 (20%) 35 (11%)
Other 9 (18%) 68 (21%)
History of sleep apnea 7 (16%) 92 (30%)
Obese (body mass index = 30) 15 (31%) 137 (42%)
Medications
Angiotensin-converting enzyme inhibitors or angiotensin receptor blocker 41 (87%) 311 (96%)
Beta blocker 43 (92%) 313 (97%)
Anti-arrhythmic agents 10 (21%) 117 (36%)
Platelet aggregation inhibitors 31 (66%) 153 (47%)
Statin 38 (81%) 264 (82%)
Air conditioning use
Central 15 (33%) 155 (53%)
Window 28 (61%) 121 (41%)
None 3 (7%) 19 (6%)
Use of a humidifier 8 (17%) 85 (29%)

Values are n (%).
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aPercents may not add up to 100 due to rounding. Missing values (patients, events): previous myocardial infarction, n = (4, 16); previous stroke, n
= (1, 1); pulmonary disease, n = (1, 1); history of sleep apnea, n = (4, 24); medications, n = (2, 4); air conditioning use, n = (3, 33); use of a
humidifier, n = (3, 33).
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TABLE 3

Percent Change in the Odds of Atrial Fibrillation for Each 0.5 g/m3 Decrease in Average Absolute Humidity
in the Prior 2 Hours, Stratified by Potential Effect Modifier

Effect Modifier No. of Patients  No. of Arrhythmias % Change 95% Confidence Interval
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1duasnuen Joyiny

Gender

Male 32 238 6% 2%, 9%

Female 15 66 2% -6%, 10%
Race

White 45 287 5% 1%, 8%

Black 2 17 9% —-4%, 23%
Age (years)

<65 17 98 2% -8%, 4%

265 30 206 8% 4%, 12%
History of atrial fibrillation

Yes 24 191 3%  -1%, 7%

No 23 113 9% 3%, 15%
Air conditioning®

Central 9 52 9% 2%, 17%

Window 13 48 14% 4%, 25%

None 2 6 10% -25%, 62%
Use of a humidifier

Yes 8 81 5% -1%, 11%

No 36 192 4% 0%, 9%
Season

Cold (Nov-Mar) 34 121 3% -3%, 10%

Warm (May-Sept) 27 120 10% 5%, 16%

a .
Analyses are restricted to the warm season (May-September).
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