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Abstract
Rationale Chronic obstructive pulmonary disease (COPD) patients often report aggravated symptoms due
to heat and cold, but few studies have formally evaluated this.
Methodology We followed 30 Boston-based former smokers with COPD for four non-consecutive 30-day
periods over 12 months. Personal and outdoor temperature exposure were measured using portable and
Boston-area outdoor stationary monitors. Participants recorded daily morning lung function measurements
as well as any worsening breathing (breathlessness, chest tightness, wheeze) and bronchitis symptoms
(cough, sputum colour and amount) compared to baseline. Using linear and generalised linear mixed-effects
models, we assessed associations between personal and outdoor temperature exposure (1–3-day moving
averages) and lung function and symptoms, adjusting for humidity, smoking pack-years and demographics.
We also stratified by warm and cold season.
Results Participants were on average 71.1±8.4 years old, with 54.4±30.7 pack-years of smoking. Each 5°C
increase in personal temperature exposure was associated with 1.85 (95% CI 0.99–3.48) higher odds of
worsening breathing symptoms. In the warm season, each 5°C increase in personal and outdoor
temperature exposure was associated with 3.20 (95% CI 1.05–9.72) and 2.22 (95% CI 1.41–3.48) higher
odds of worsening breathing symptoms, respectively. Each 5°C decrease in outdoor temperature was
associated with 1.25 (95% CI 1.04–1.51) higher odds of worsening bronchitis symptoms. There were no
associations between temperature and lung function.
Conclusions Our findings suggest that higher temperature, including outdoor exposure during the warm
season and personal temperature exposure year-round, may worsen dyspnoea, while colder outdoor
temperature may trigger cough and phlegm symptoms among COPD patients.

Background
Chronic obstructive pulmonary disease (COPD) is the third leading cause of death in the world, with
global burden and mortality expected to continue rising in the coming decades [1]. Symptoms of COPD
include chronic cough, production of phlegm (mucus) and dyspnoea [2]. The disease course often involves
a progressive, inexorable functional decline with acute episodes of exacerbation [3].

Increasing attention is being given to the effects of weather exposure in the context of climate change [4].
Extremes of temperature such as heat waves, hot weather and extended periods of cold may negatively
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affect lung function and symptom burden in COPD. In fact, COPD patients often report susceptibility to
temperature and weather changes [5–8]. Both summer heat [5, 6, 8] and winter cold [7, 9, 10] have been
associated with increased COPD hospitalisations and symptom burden. For example, MCCORMACK et al. [6]
found that higher maximal indoor temperature during the warm season in Baltimore was associated with
worsened breathlessness, cough and sputum, and increased rescue inhaler use among COPD patients.
Similarly, MCCORMACK et al. [7] found that colder temperatures in the cold season were associated with
respiratory symptoms and lower lung function.

Few studies have evaluated whether temperature affects individual-level COPD morbidity indictors,
including daily changes in respiratory symptoms and lung function, that may precede healthcare utilisation
for COPD [6, 7]. Most studies have relied on community-level monitors or brief sampling periods to
estimate exposure to temperature, which may not capture personal exposure to temperature, especially
among COPD patients who spend most of their time at home. New methods, using portable monitors that
patients bring along during their indoor and outdoor activities, allow for daily evaluation of personal
exposure to temperature [11]. This study examines how daily personal and outdoor temperature exposure in
the warm (May–September) and cold (October–April) seasons affect daily lung function, breathing and
bronchitis symptoms among community-dwelling COPD patients, using both portable and stationary
monitors in the greater Boston area.

Materials and methods
Study population
The study population included 30 former smokers with COPD who were recruited as part of the Study of
Air Pollution and COPD Exacerbation (SPACE) at the Beth Israel Deaconess Medical Center (Boston,
MA, USA). This study was conducted in accordance with the Declaration of Helsinki and was approved
by the Committee on Clinical Investigations at Beth Israel Deaconess Medical Center (IRB protocol
number: 2015P000336/06). To be eligible, study participants were required to 1) have a home address
within 50 km of the Harvard Supersite air pollution and temperature monitor at Harvard Medical School in
Boston and 2) have a clinical diagnosis of COPD with at least moderate (Global Initiative for Chronic
Obstructive Lung Disease (GOLD) stage 2) airflow obstruction, defined as forced expiratory volume in 1 s
(FEV1)/forced vital capacity (FVC) ratio of <0.70 and FEV1<80% predicted, using the Third National
Health and Nutrition Examination Survey (NHANES III) prediction formulas [12]. Participants with a
history of lung cancer, interstitial lung disease or bronchiectasis were ineligible to participate.

Data collection
Participants entered the study between February 24, 2017, and January 17, 2019. At study entry,
demographic information, height, weight, past medical history, medication history and baseline measures
of lung function were obtained, and participants were instructed on how to use a portable spirometer and
personal air quality monitor (PAM). Participants were then observed for up to four non-consecutive 30-day
periods in four different seasons over 12 months. Participants measured their lung function daily in the
morning before taking any medications, using a portable EasyOne Plus Diagnostic Spirometer (NDD
Medical Technologies, Zurich). This device meets American Thoracic Society guidelines and has built-in
quality assurance and incentive software. At the end of follow-up, the 30 participants had contributed a
total of 3314 observation-days.

Exposure assessment
We measured personal daily exposure to temperature and relative humidity using the portable PAMs, and
outdoor exposure using the temperature and relative humidity monitor on the rooftop of Countway Library,
Harvard Medical School (Boston, MA, USA). The PAMs were developed by Atmospheric Sensors Ltd
(model 520) and were equipped with sensors for temperature and relative humidity. All exposure measures
from the PAMs were calibrated to stationary monitors in the Boston area. During repeated calibration
periods in different seasons, 24-h averages of temperature and relative humidity from a reference PAM
were compared to a state-owned stationary monitor in Boston using linear regression models. Mean
adjusted R [2] was 0.8 for temperature and 0.9 for relative humidity. Daily personal exposure to air
pollutants, including fine particulate matter (particles with a 50% cut-off aerodynamic diameter of 2.5 µm
(PM2.5)), nitrogen dioxide (NO2) and ozone (O3), was also measured by the PAMs, as previously
described [13]. Additional information about the PAM technology, reproducibility of pollutant
measurements and agreement with stationary monitors in diverse settings has been published by other
investigators [14, 15]. Outdoor exposure to pollutants was measured using state-owned stationary monitors
in Boston, as previously described [13]. Finally, we evaluated if associations between temperature and
COPD-related symptoms departed from linearity.
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Statistical analysis
We calculated mean previous-day 24-h exposure to temperature from the PAMs (personal exposure) and
outdoor state-owned stationary monitors in the Boston area (outdoor exposure).

We constructed multilevel linear mixed-effects models to assess associations between 1-, 2- and 3-day
24-hour exposure to personal and outdoor temperature and lung function (FEV1 and FVC) as follows:

Yimt¼ b0þ b1tempimtþ b2cimtþ wiþ vimþ eimt,

where Yimt is any continuous indicator of lung function for participant i at observation month m on day t;
tempimt indicates personal or outdoor temperature exposure average and cimt represents a vector of potential
confounders (personal or outdoor exposure to relative humidity, age, sex, race, height, weight, total
pack-year smoking history, education and season). Season was categorised as winter, spring, summer or
autumn based on the calendar start dates of each observation month. The term wi denotes a
participant-specific random effect and was used to account for intra-individual correlations between
repeated measurements from the same person, vim denotes a participant observation month-specific random
effect that allows daily observations from a single observation month within the same person to be more
highly correlated than observations from a different observation month on the same person. The residuals
eimt are normally distributed errors, assumed to follow an autoregressive (AR(1)) process, modelling the
serial correlation among the daily time series within the same person’s observation month.

For binary symptom outcomes, we constructed similar generalised logistic mixed-effects models using the
PROC GLIMMIX function in SAS (SAS Institute, Cary, NC, USA) with a participant observation
month-specific random effect to assess for associations between exposure to personal and outdoor
temperature and odds of worsening breathing symptoms (breathlessness, chest tightness, wheeze) [16] and
bronchitis symptoms (cough, sputum colour and sputum amount) [17].

To evaluate differential effects of heat and cold, we ran all models using stratum-specific associations for
warm (May–September) and cold (October–April) seasons. This distinction is relevant for the Boston area
and aligns with cold and warm seasons defined in previous research [18]. When assessing the association
between exposure to temperature (personal or outdoor) and morning lung function and symptom
outcomes, in separate models we examined temperature based on previous 1-, 2- and 3-day moving
averages of temperature.

To test if any associations were explained by differences in exposure to pollutants, we performed
sensitivity analyses additionally adjusting all previous-day (1-day moving average) temperature models for
previous-day PM2.5, NO2 and O3 in separate models. For this analysis, we adjusted for individual personal
pollutant exposure when examining personal temperature exposure, and outdoor pollutant exposure when
examining outdoor temperature exposure and associations with lung function and symptoms.

Using generalised additive mixed models with a binomial distribution, we plotted penalised splines to
evaluate the shape of the associations of personal and outdoor temperature exposure with COPD-related
symptoms, including data for all seasons.

All statistical analyses were performed using SAS 9.4 (SAS Institute), and spline plots were produced
using R v3.5.1 (R Foundation for Statistical Computing, Vienna, Austria).

Results
Characteristics of study participants
We collected 3314 observations from 30 participants. Baseline participant characteristics are summarised in
table 1. Participants had an average age of 71.1±8.4 years, were predominantly white (80.0%) and there
were slightly more female participants (53.3%). Most had some level of college education or associate
degree or higher (73.3%) and had on average 54.4±30.7 pack-years of smoking. There was also a near
even distribution of participants across the income categories.

The mean±SD personal temperature exposure was 21.5±2.2°C for all seasons, 20.8±2.1°C for the cold
season (October–April) and 22.3±2.0°C for the warm season (May–September). The mean±SD outdoor
temperature was 12.0±9.6°C for all seasons, 5.6±7.1°C for the cold season and 20.3±5.2°C for the warm
season. Figure 1 shows the mean daily temperature per month as measured by personal and outdoor
community-level monitors.
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TABLE 1 Baseline characteristics of study participants (n=30)

Demographic and clinical characteristics Mean±SD or n (%)

Age (years) 71.1±8.4
Sex
Male 14 (46.7)
Female 16 (53.3)

Race
Black 6 (20.0)
White 24 (80.0)

Income (USD)
<24999 10 (33.3)
25000–49999 10 (33.3)
⩾50 000 9 (30.0)
Did not provide 1 (3.3)

Education
High school or less 8 (26.7)
Some college 13 (43.3)
College degree or higher 9 (30.0)

Height (cm) 165.1±10.2
Weight (kg) 85.3±17.7
Total pack-year history 54.4±30.7
Baseline FEV1 (L) 1.3±0.5
Baseline FEV1 % pred 54.3±14.2
Baseline FVC (L) 2.6±0.8
Baseline FVC % pred 79.9±15.7

FEV1: forced expiratory volume in 1 s; FVC: forced vital capacity.
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Temperature exposure and lung function
Using linear mixed-effects models, we found no associations between 1-, 2- and 3-day moving average
personal and outdoor temperature exposure and morning lung function (FEV1 and FVC) across all seasons,
nor for the cold or warm seasons (supplementary table S1).

Temperature exposure and breathing symptoms
Higher temperature exposure measured by the personal monitor was associated with higher odds of
worsened breathing symptoms (figure 2). For example, in fully adjusted mixed-effects models, each 5°C
higher previous-day personal exposure to temperature was associated with a 1.85 (95% CI 0.99–3.48,
p=0.055) higher odds of worsening breathing symptoms overall. These results were similar for 2-day
(OR 2.23, 95% CI 1.01–4.89, p=0.046) and 3-day (OR 2.26, 95% CI 0.91–5.58, p=0.078) moving
averages of temperature. We also found positive associations between each 5°C higher 1-day moving
average personal temperature exposure and odds of worsening breathing symptoms in the warm season
(OR 3.20, 95% CI 1.05–9.72, p=0.040), with similar results for 2-day (OR 4.61, 95% CI 1.12–18.94,
p=0.034) and 3-day (OR 4.56, 95% CI 0.91–22.81, p=0.065) moving averages of temperature. We found
no associations between personal exposure to temperature and breathing symptoms within the cold season.

Higher outdoor temperature exposure was associated with worsened breathing symptoms in the warm
season (figure 3). Each 5°C higher previous-day outdoor temperature was associated with a 2.22 (95% CI
1.41–3.48, p=0.001) higher odds of worsening breathing symptoms in the warm season. These results were
similar for 2-day (OR 2.50, 95% CI 1.47–4.24, p=0.001) and 3-day (OR 2.53, 95% CI 1.40–4.55,
p=0.002) moving averages of outdoor temperature exposure in the warm season. Outdoor temperature
exposure was not associated with worsening breathing symptoms overall, or in the cold season specifically.

Temperature exposure and bronchitis symptoms
Personal exposure to temperature was not associated with worsening bronchitis symptoms overall, nor for
season-stratified models (figure 4).

Lower outdoor temperature exposure was associated with worsening bronchitis symptoms. In fully adjusted
models, each 5°C lower previous-day outdoor temperature exposure was associated with a 1.25 (95% CI
1.04–1.51, p=0.016) higher odds of worsening bronchitis symptoms, with similar associations for 2-day
(OR 1.30, 95% CI 1.06–1.60, p=0.014) and 3-day (OR 1.42, 95% CI 1.13–1.78, p=0.003) moving
averages. We found no associations between outdoor temperature exposure and bronchitis symptoms in
season-stratified models (figure 5).
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increase). Mixed-model analysis showing odds ratios (ORs) for worsening breathing symptoms per 5°C higher
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Secondary analyses
In secondary analyses, we did not find that any associations between temperature exposure and symptoms
were explained or confounded by personal or outdoor pollutant exposures. In models examining
associations between previous-day personal and outdoor temperature exposure and lung function, breathing
and bronchitis symptoms, additional adjustment for personal or outdoor PM2.5, NO2 or O3 exposure did
not change any of the associations between temperature exposure and these outcomes (supplementary
tables S2–S5).
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Penalised spline plots demonstrated linear-shaped associations between previous-day personal temperature
exposure and breathing symptoms, and between previous-day personal and outdoor temperature exposure
and bronchitis symptoms. However, the association between outdoor temperature exposure and breathing
symptoms showed a non-linear, U-shaped relationship, in which extremes of both warmer and colder
outdoor temperature exposure were associated with higher odds of breathing symptoms (supplementary
figure S1). Splines for cold and warm season followed similar patterns as those for all seasons (data not shown).

Discussion
In this prospective study of people with moderate-to-severe COPD residing in the Boston area, higher personal
and outdoor temperature exposure was associated with worsened breathing symptoms (i.e. breathlessness,
wheeze and tightness of the chest), especially in the warm (May–September) season. By contrast, lower
outdoor temperature exposure was associated with worsening bronchitis symptoms (cough, sputum colour and
sputum amount), regardless of season. We found no associations between temperature exposure and morning
lung function. Associations with temperature were not explained by differences in exposure to air pollutants.

Our findings are consistent with a growing number of studies reporting adverse health effects of indoor
and outdoor heat in the warm season in older patients with COPD [6, 19]. For example, longitudinal
individual-level exposure and symptom assessment data in a Baltimore-based cohort of COPD patients
demonstrated that a 10°F (5.5°C) increase in daily maximum indoor home temperature was associated with
a worsening of symptoms based on average Breathlessness, Cough and Sputum Scale score as well as
increased inhaler use in the warmer months [6]. A New York City-based study [20] on COPD morbidity
using hospitalisation data found that the same-day risk of COPD hospitalisation increased by 7.6% for
every 1°C increase above a threshold temperature of 29.8°C, and that there was a detectable but smaller
association between temperature and respiratory hospitalisation when applying a 1-day lag.

We found that higher personal heat exposure was associated with breathlessness, but not lung function,
regardless of season. This may indicate that worsened breathing symptoms are not a result of a
bronchoconstrictive effect of heat but, rather, a thermoregulatory response in which the metabolic demands
of cooling the body in the setting of fixed airflow limitation results in exertional dyspnoea [8]. Our
findings suggest that heat can result in a greater burden of breathing symptoms in COPD patients, whether
it is due to hot weather or other sources of (indoor) heat. In the cold season, we found associations for
breathlessness with personal heat exposure but not with outdoor temperature exposure, suggesting that
higher temperatures from indoor heating sources during the cold season have an adverse effect on
breathing symptoms. Our findings suggest an opportunity for clinical, housing and policy measures to
prevent exposure to high temperatures among patients with COPD, both during warm and cold seasons.
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Although the results of our primary (linear) models demonstrated that higher outdoor temperature exposure
was associated with worsened breathing symptoms in the warm season only, in secondary analyses we
evaluated non-linear relationships and found that both extremes of outdoor temperature (not only very
warm but also very cold) were associated with a higher odds of worsening breathing symptoms [7].
Interestingly, for personal temperature exposure, we found that only higher temperatures were associated
with greater odds of breathing symptoms in a linear fashion across the range of exposures. A potential
explanation could be that during periods of extremely cold weather, our participants spent most of their
time indoors (reflected in the much narrower range of recorded personal temperatures throughout the year,
averaged over 24-h periods, compared to outdoor temperatures). These results may suggest that even brief
exposure to outdoor cold temperatures may cause dyspnoea in the COPD population who spend most of
their time indoors in a temperature-controlled environment [7]. Our finding that colder outdoor temperature
was associated with bronchitis symptoms is consistent with epidemiological studies finding adverse health
effects of cold weather, such as risk of acute bronchitis and exacerbations of asthma and COPD [7, 21].
One of the few studies to evaluate associations of colder temperature with daily subclinical measures
reported that during the winter season colder outdoor temperatures were associated with increased
respiratory symptoms (measured by the Breathlessness, Sputum and Cough scale), increased rescue inhaler
use and decreased lung function in former smokers with COPD [7]. We found an effect of colder
temperature on bronchitis symptoms (cough, sputum colour and sputum amount), while we found the
opposite for breathing symptoms. This may indicate mucous hypersecretion as a potential mediator of the
response to cold temperature in COPD [22]. Despite evidence that colder temperatures can trigger
bronchoconstriction in COPD [23, 24], we did not find any associations between personal or outdoor cold
temperature exposure and lung function in this study, even within the cold season. The reasons for the lack
of association are unclear. Our findings suggest that COPD patients experience changes in bronchitis
symptoms in association with temperature in the absence of lung function change [16, 25].

Our study has several limitations. Because our study population consists of former smokers with COPD
living in an urban environment, our findings may not be generalisable to current smokers or those living in
other settings. While we collected a large number of repeated measures (up to 120 observation-days per
participant and 3314 observation-days in total), our study only included 30 unique individuals in the Boston
area, which limits the generalisability of our findings to other populations with COPD, such as those with
milder disease or those living in other climates. We also did not account for characteristics of participant’s
homes and behaviours, such as types of insulation used in the home, heating sources or window-opening
behaviour of people living in the home, which may influence participant’s personal exposure to temperature.
Future research may assess how such factors influence personal temperature exposure, and whether there are
health benefits of interventions to reduce exposure to heat and cold in this population.

Our study also has several strengths. Our unique longitudinal study design with daily exposure and health
measures allowed us to evaluate how day-to-day variability in personal and outdoor temperature exposure
relate to daily lung function, breathing symptoms and bronchitis symptoms in an older population with
COPD, while accounting for within-person correlation of measurements, and adjusting for a robust list of
potential individual-level and seasonal confounders. We used lightweight portable exposure monitors,
calibrated to gold standard stationary monitors, to measure exposure at the individual level for a prolonged
period (a total of 4 months) across different seasons. Our findings suggest the value of measuring personal
temperature exposure in this population, because we found that personal temperature exposure was
associated with both breathing and bronchitis symptoms.

Conclusion
Our findings suggest that exposure to higher temperature year-round may worsen breathing symptoms,
especially in the warm season, and exposure to colder temperatures independent of season may trigger
cough and phlegm symptoms among COPD patients, without affecting lung function. These findings
suggest an opportunity to address personal exposure to warmer temperature as a risk factor for aggravated
dyspnoea in the warmer months, and outdoor colder temperatures as a risk factor for increased bronchitis
symptoms in COPD throughout the year.
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