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Abstract
Background: Chronic obstructive pulmonary disease (COPD) is the third-leading cause of death worldwide with
continuous rise. Limited studies indicate that COPD was associated with major storms and related power outages
(PO). However, significant gaps remain in understanding what PO’s role is on the pathway of major storms-COPD.
This study aimed to examine how PO mediates the major storms-COPD associations.
Methods: In this time-series study, we extracted all hospital admissions with COPD as the principal diagnosis in
New York, 2001–2013. Using distributed lag nonlinear models, the hospitalization rate during major storms and PO
was compared to non-major storms and non-PO periods to determine the risk ratios (RRs) for COPD at each of 0–6
lag days respectively after controlling for time-varying confounders and concentration of fine particulate matter
(PM2.5). We then used Granger mediation analysis for time series to assess the mediation effect of PO on the major
storms-COPD associations.
Results: The RRs of COPD hospitalization following major storms, which mainly included flooding, thunder,
hurricane, snow, ice, and wind, were 1.23 to 1.49 across lag 0–6 days. The risk was strongest at lag3 and lasted
significantly for 4 days. Compared with non-outage periods, the PO period was associated with 1.23 to 1.61 higher
risk of COPD admissions across lag 0–6 days. The risk lasted significantly for 2 days and was strongest at lag2. Snow,
hurricane and wind were the top three contributors of PO among the major storms. PO mediated as much as 49.6
to 65.0% of the major storms-COPD associations.
Conclusions: Both major storms and PO were associated with increased hospital admission of COPD. PO mediated
almost half of the major storms-COPD hospitalization associations. Preparation of surrogate electric system before
major storms is essential to reduce major storms-COPD hospitalization.
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Background
Chronic obstructive pulmonary disease (COPD) is a progressive, incurable chronic lung disease and affects about
328 million people worldwide [1]. COPD exacerbation is
an important cause of morbidity, impairment of health
status, and mortality [2]. In the U.S., approximately 6.3%
of adults had COPD, which affected 12–24 million
Americans, resulting in about 120,000 deaths a year [3].
COPD is now the third-leading cause of death [4].
Deaths from chronic lung diseases increased by 50%
from 1980 to 2010 in the US [5]. In addition, COPD is a
typical medical condition which is sensitive to the environmental stressors, such as major storms, and symptoms
of COPD are exacerbated during and after major storms
and hospital admission of COPD increase accordingly
[6–9]. However, potential pathways between major
storms and increased COPD admission are unclear.
Extreme weather is projected to increase as a result of
climate change, which is a growing global concern [9].
Major storms which mainly included flooding, thunder,
hurricane, snow, ice, and wind were the most common
extreme weather events and brought costly economic
and health impacts worldwide [3, 4]. It was estimated
that hurricanes, heat waves/droughts, tornadoes, and
flooding were respectively associated with $392, $78,
$46, and $30 billion losses in the U.S. from 2004 to 2013
[9]. Health impacts associated with these major storms
included death, injury, adverse effects on mental health,
and exacerbation of selected underlying medical
conditions.
Because of their significant impact on critical infrastructure, major storms are considered one of the main
causes of wide-area electrical disturbances worldwide
and cause the majority of power outages (PO) [10]. Previous environmental health studies suggested that PO
was associated with increased all-cause mortality and
hospital admission of respiratory disease, especially
COPD in the affected population [11–14]. A recent
study found that PO was associated with a significantly
elevated rate of COPD hospitalization, as well as greater
costs and number of comorbidities of COPD [15].
Based on previous evidence, we anticipated that PO
served as a mediator on the pathways between major
storms and increased hospital admission of COPD (Supplementary Fig. 1). Estimating the potential mediation
effect of PO would help policy makers and clinical practitioners to prepare surrogate electricity before major
storms and allocate resources during weather events and
prevent increased hospital admission of COPD accordingly. There are still several knowledge gaps to be addressed for the relationship among major storms, PO
and COPD hospitalization. First, only a limited number
of previous studies assessed the major storms-COPD
and PO-COPD associations. Second, the distribution of
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major storms-induced PO was unavailable. Finally, the
potential mediation effect of PO on the association between major storms and COPD has not been previously
assessed. To fill these gaps, we conducted a time-series
study in New York State to evaluate the direct and indirect effect of major storms on COPD and assess the mediation effect of PO on the major storms-COPD
associations.

Methods
Study population and design

This study covered the entire population of New York
State. All hospital admission records with a principal
diagnosis of COPD between 2001 and 2013 were included. We focused on COPD because it was sensitive
to environmental stressors and PO and the associations
were biologically plausible. COPD patients are more sensitive than the general population to major storms [16].
Meanwhile, COPD patients usually rely on long-term
oxygen therapy, and disconnection of oxygen support as
a result of PO may exacerbate COPD symptom [15].
We used a time-series study to estimate the impact of
major storms and PO on COPD, respectively. The impact was estimated by comparing the hospital admission
of COPD during the event period to the non-event periods. With the time-series analysis, we were able to control important time-varying confounders and capture the
cumulative health effect of major storms and PO on
COPD, respectively [17, 18].
Outcomes and data sources

We retrieved the hospital admission data of COPD between 1/1/2001–12/31/2013 from the New York Statewide Planning and Research Cooperative System
(SPARCS). SPARCS is an on-going, legislatively mandated database covering 95% of hospitals across New
York State [19, 20]. We retained records with a principal
diagnosis of COPD (ICD-9 code: 491, 492, and 496) in
the current study. We geocoded each selected
hospitalization record based on the residential address
reported to the SPARCS and assigned it to one of the
1742 operating divisions across the state, as defined by
the Department of Public Service (DPS, http://www.dps.
ny.gov/) according to the geographic coverage of different electricity providers. For each PO operating division,
we obtained the total number of customers, the date,
duration and cause of the PO that occurred, as well as
the number of customers affected by the PO.
Major storms and other environmental variables, including daily temperature and humidity at the division
level, were obtained from the Integrated Surface Database of the U.S. National Oceanic and Atmospheric Administration (NOAA, https://www.ncdc.noaa.gov/isd).
We retrieved the daily ambient concentration of fine
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particulate matter (PM2.5) in each division from the
Community Multiscale Air Quality Modeling System
from the U.S. Environmental Protection Agency (https://
www.epa.gov/cmaq) [21]. We linked all these datasets
using a unique ID number for each DPS.
Exposures and mediator

We defined major storms as the exposure. To access an
adequate sample size to assess the association between
major storms and hospital admission of COPD, we included and combined extreme weather events of flooding,
thunderstorm, hurricane, snow, ice, and wind as the major
storms. Scholars previously noted public health consequences of meteorological events like, blizzards, hurricanes, flooding, and thunderstorms [3, 4]. These types of
events were also included in the list of events the NOAA’s
National Weather Service used to develop its Storm
Events Database (https://www.ncdc.noaa.gov/
stormevents/pd01016005curr.pdf) [22].
PO was the mediator of interest in this study. We divided the number of customers affected by PO over the
total number of customers to calculate the coverage of
PO for each day in each division. We pooled all nonzero coverages across days and divisions to identify the
50th percentile. For the time-series analysis assessing the
associations between PO and COPD in each division, we
defined days with a coverage exceeding the 50th percentile as the exposure days, otherwise as control days.
Statistical analysis

We first assessed the major storms-COPD and POCOPD associations by fitting two Poisson models to estimate the excess increase of COPD admission due to
major storms and PO in each electric power operation
division, respectively. Specifically, we used the distributed lag nonlinear models with quasi-Poisson distribution in the time-series analysis [17, 18]. For each
division, we regressed the daily number of cases against
the indicator of exposure/control days, meanwhile
adjusting for time-varying confounders including day of
the week, holidays, the long-term trend and seasonality
and weather confounders including temperature and humidity. We also controlled for the ambient concentration of PM2.5, the most important air pollutant in the
model [23, 24]. The model used in this research was.
Log ðcountsÞ ¼ intercept þ cb ðpredictor Þ þ ns ðtimeÞ
þ holiday þ DOW
þ ns ðweather confoundersÞ
þ ns ðPM2:5Þ
Counts was the daily hospital admissions of COPD, assuming a quasi-Poisson distribution; cb (predictor) was
the cross-basis for the space and the lag dimension of

Page 3 of 9

major storms or PO; ns (time) was a natural spline fit to
the days of the year; holiday and DOW were dummy
variables representing whether a given day was a holiday
and day of week, respectively; ns (weather confounders)
was short for two natural spline fits to temperature and
humidity, all with 3 degrees of freedom (df); ns (PM2.5)
referred to a natural spline fit to the daily ambient concentration of particulate matter, 2.5 with 3 df. We estimated the effect (risk ratios, RRs) of major storms and
PO on COPD within the first week (lag 0–6 days) following the events in each operating division, respectively.
Longer lag time was not considered because we focused
on assessing the acute or immediate effect of major
storms and PO on the exacerbation of COPD symptoms
based on biological mechanisms and prior literature. In
addition, our data showed that the effects of both major
storms and PO on COPD hospitalization peaked on lag
day 2–3 and vanished after lag 6 day. We then pooled
the estimates from each division using meta-analysis to
generate the overall associations of major storms and
PO, respectively, with COPD.
We then calculated the frequencies of PO according to
different causes. We paid attention to the proportions of
major storms among the all above-ground causes of PO.
We also analyzed the most frequent contributors for PO
among the major storms by calculating the frequencies
of specific major storms induced PO.
We further performed single level Granger mediation
analysis for time series to assess the causal mediation effect of PO on the association between major storms and
COPD [25]. We performed granger mediation analysis
for time series using the “gma” package in R [25]. The
direct effect and indirect effect between major storms
and COPD hospital admission were calculated in each
division to estimate the percentage mediated by PO as
the percentage mediated by PO = indirect effect / (direct
effect + indirect effect). We then pooled these estimators
across all the operating divisions using the meta-analysis
to generate the overall mediation effect of PO on the
major storms-COPD associations. We conducted metaanalyses using “rma” function of “metafor” package in R
[26]. We completed geocoding using the Street and Address Maintenance Program in ArcGIS 10.3.1 [27] and
accomplished all the analyses using R 3.4.1.
This study was approved by the Institutional Review
Board at the University at Albany, State University of
New York (approval number 17X189).

Results
The relationships among major storms (exposure), PO
(mediator) and COPD hospital admission (outcome) are
illustrated in Supplemental Fig. 1. We first presented the
associations of major storms-COPD (Fig. 1), PO-COPD
(Fig. 2) and major storms-PO (Figs. 3 and 4) in the
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Fig. 1 Associations (adjusted risk ratios, RRs) † between major storms with hospital admission due to chronic obstructive pulmonary disease, NY,
2001–2013. † Adjust for the cross-basis for the exposure period [cb (period)], splines with 5 df per year [ns (time)], splines with 3 df of
temperature [ns (temp)] and dew point [ns (dewp)], indicators for holidays and day of the week, and ambient concentration of PM2.5

following results, respectively. Then, by considering all
these associations, mediation analysis was conducted,
and the results are presented in Table 1.
As shown in Fig. 1, the RRs of COPD administration
following major storms ranged from 1.23 to 1.49. The
significant effect of major storms on COPD lasted for 4
days. The risk was strongest at lag3 (RR = 1.49, 95% CI:
1.11–2.00), followed by lag2 (RR = 1.47, 95% CI: 1.14–
1.90), lag4 (RR = 1.44, 95% CI: 1.04–1.98), lag1 (RR =

1.35, 95% CI: 1.11–1.63) and lag0 (RR = 1.23, 95% CI:
1.10–1.37).
The associations between PO and hospital admission
of COPD were presented in Fig. 2. We observed a significantly increased hospital admission of COPD in the
first 3 days after PO (RRs ranged from 1.23 to 1.61). The
RRs of COPD was the strongest on lag2 day after PO
(RRs = 1.61, 95% CI: 1.05–2.48), followed by lag1 (RRs =
1.46, 95% CI: 1.05–2.01) and lag0 (RRs = 1.23, 95% CI:
1.03–1.48).

Fig. 2 Associations (adjusted risk ratios, RRs) † between power outage with hospital admission due to chronic obstructive pulmonary disease, NY,
2001–2013. † Adjust for the cross-basis for the exposure period [cb (period)], splines with 5 df per year [ns (time)], splines with 3 df of
temperature [ns (temp)] and dew point [ns (dewp)], indicators for holidays and day of the week, and ambient concentration of PM2.5
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Fig. 3 Above ground causes of total power outage and the proportion of major storms among the causes, NY, 2001–2013

As shown in Fig. 3, major storms were important
causes of PO, responsible for 33.69% of the all aboveground causes of PO events. Among the major storms,
snowstorm contributed the most of PO with a percentage of 30.15%, followed by hurricane (29.78%), wind
(15.44%), thunder (9.93%), others (8.82%), ice (3.68%),
and flooding (2.21%), respectively (Fig. 4).

The direct effect, indirect effect and estimated percent
mediated by PO of the associations between major
storms and COPD hospitalization was shown in Table 1.
We found stronger indirect effects (from 0.13 on lag2
day to 0.21 on lag0 day) of major storms on COPD than
direct effects (from 0.13 on lag2 day to 0.39 on lag0
day), consistently from lag0 to lag6. Thus, we found

Fig. 4 Compositions of major storms as the causes of power outage, NY, 2001–2013
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Table 1 Mediation effect of power outage on the associations between major storms and chronic obstructive pulmonary disease,
NY, 2001–2013
Lags

Direct effect a

Indirect effect b

Estimated percent mediated by PO
(%, 95CI)

0

0.21 (0.13,0.29)

0.39 (0.27,0.50)

65.0 (48.7,79.3)

1

0.15 (0.08,0.23)

0.19 (0.13,0.25)

55.4 (36.7,76.2)

2

0.13 (0.05,0.21)

0.13 (0.08,0.17)

49.6 (28.5,76.5)

3

0.15 (0.07,0.22)

0.17 (0.11,0.23)

53.4 (31.9,77.0)

4

0.16 (0.08,0.23)

0.21 (0.14,0.28)

57.7 (37.9,78.2)

5

0.17 (0.09,0.25)

0.29 (0.19,0.39)

62.7 (42.1,81.6)

6

0.15 (0.06,0.24)

0.21 (0.13,0.28)

57.8 (36.1,81.4)

a

Direct effect: ADE, Average Direct Effects;
b
Indirect effect: ACME, Average Causal Mediation Effects

significant mediation effect of PO on the major stormsCOPD associations on lag0–6 days (percent mediated by
PO ranged from 49.6% on lag2 day to 65% on lag0 day,
P < 0.001).

Discussion
Major storms and COPD

We found that major storms were associated with 1.23
to 1.49 higher hospital admission of COPD from the
lag0 to lag4 day after the major storms. The effects of
major storms on COPD increased from lag0 continuously to lag3 and lasted to lag4. Among the major
storms, snow, hurricane, wind and thunderstorms were
the top causes of PO in New York State.
Similar to our findings, previous studies also indicated
that COPD patients were vulnerable to the major storms
[6–9]. For COPD patients with impaired lung function
whose mobility is limited by fatigue or the use of supplemental oxygen tanks, even a small flood could be a debilitating event. Worsening COPD problems were
reported as the aftermath of Hurricane Katrina which
was a very large and powerful Category 3 storm that hit
the Gulf Coast region in 2005 [6]. The other deadliest
storm, hurricane Sandy, which particularly impacted
New Jersey and the greater New York City area in 2012,
was associated with 1.28–1.45 higher emergency department admission of COPD in varied primary payer classes [28]. In addition, highly windy day and
thunderstorms were also potential triggers of COPD
symptoms. Thunderstorms are known to trigger asthma
symptoms, implying the possibility to flare COPD symptoms [29]. Such effects are stronger when storms arrive
during springtime’s high-pollen periods. The pollen
grains get sucked into storm clouds and become saturated with water. They then break into smaller grains
that are carried by wind at the ground level and easily
inhaled into the lungs. In addition, other environmental
factors, such as extremes of temperature, both heat and

cold, were associated with increased respiratory morbidity and mortality in COPD [30, 31]. Previous studies suggested that 18 °C (64 °F) might be a threshold below
which colder temperatures adversely impact respiratory
health for COPD patients [32, 33]. During winter storms
(snow and ice), the temperature is much lower than this
threshold, especially when heater and air conditioning
systems are cannot function during major stormsinduced PO. It was also indicated that each degree
temperature above the threshold of the temperaturehealth effect curve (29 °C–36 °C) was associated with a
2.7–3.1% increase in same-day hospitalizations due to
respiratory disease, including COPD [34].

PO and COPD

We found that PO was associated with 1.23 to 1.61
higher hospital admission of COPD from lag0 to lag2
day after the event. The association between PO and
COPD was the strongest at lag2 day, followed by lag1
and lag0 day.
Our results were similar to the previous studies which
indicated that storms-related PO were associated with
increased rates of hospitalization (incidence rate ratio
ranged from 2.41 to 8.17 for different COPD phenotypes
comparing blackout days and normal days) [14]. A prior
study found that the 2003 Northeast Blackout was associated with the most striking increases of respiratory
hospital admissions among COPD patients [14]. A recent study determined the impact of PO on COPD exacerbations and found that PO was associated with 3–39%
increase of COPD hospitalization (RR ranged from 1.03
to 1.39) [15]. This study found that the risk of PO on
COPD was strongest at lag0 and lag1 days, which was
similar to our results. COPD patients, who were reliant
on electrically powered medical equipment like ventilators and oxygen were considered to be especially vulnerable to the PO [13, 35, 36].
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Mediation effect of PO

We found that about 1/3 PO were induced by major
storms and approximately half of the associations between major storms and hospital admission of COPD
could be explained by the pathway of PO. The indirect
effect of major storms was stronger than the direct effect
on COPD. No previous studies assessed the mediation
effect of PO on the major storms-COPD hospital admission associations. Thus, comparison to prior research
may be impossible.
There are several potential mechanisms through which
PO mediates the association between major storms and
hospital admission of COPD. First, individuals with
COPD may be dependent on at-home oxygen concentrators which require electricity to work. If power is
knocked out by a storm, that could aggravate symptoms
of COPD, with hospital admissions of COPD increasing
accordingly. Second, COPD symptoms may be exacerbated because of inhaling dust and debris in the air during and after the storms. Among individuals with
COPD, outdoor air pollutants, i.e., particulate matter,
were associated with loss of lung function, increased respiratory symptoms, and mortality [37]. When storms
are accompanied by PO, indoor and outdoor air quality
further deteriorates from the use of backup electric generators, many of which burn diesel fuel to make electricity. Diesel Burning creates air pollutants, like
particulate matter and nitrogen oxides, which make air
quality worse after major storms. The nitrogen oxides
that generators emit combine with other compounds in
the presence of sunlight and generate ozone, which is a
potent trigger for COPD attacks [37]. These irritants all
trigger symptom flare-ups and increase the hospital admission of COPD. Third, electricity is essential to multiple systems, and a failure in the electrical grid brings
cascading effects on water and sewage treatment, transportation, and especially health care systems [36, 38].
Many medical offices in hard hit areas closed after hurricane Katrina, leaving residents without access to prescribed essential medications for chronic breathing
problems [33]. Surveys showed that COPD patients were
one of the groups that were particularly affected by Hurricane Katrina [6]. Treatment interruptions and lack of
access to medication for COPD patients could exacerbate respiratory symptoms both during and after the extreme event [35]. Fourth, the deteriorating residence
environment as a consequence of major storms can get
worse during PO which may induce COPD exacerbation.
For example, bacteria and virus infection, which is the
leading cause of overall COPD exacerbation, increases
after major storms because mold begins to bloom on
wet walls and floors [39]. PO makes this problem more
serious because electricity dependent air conditioning
systems and dehumidifiers stop working. In addition,
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during major storms-associated PO, COPD patients may
not only be exposed to more allergens, but may also be
required to endure extreme hot or cold temperatures
which themselves have considerable effects on COPD
[40]. A meta-analysis found that the hospitalization of
COPD was 5% higher for every 5 °C increase in daily mean
temperature. Previous study of a big data analysis suggested that cold weather increased viral infection and air
pollution and was also a significant risk factor for COPD
exacerbation [41].
Implications for practice

These findings emphasize the public health importance
of maintaining electric power during and after major
storms, and in preparing electrical systems to withstand
extreme wind, temperature, and precipitation associated
health events. They offer important guidance for practitioners of emergency public health and those who serve
COPD patients in designing and implementing practices
and allocating resources to prepare for major stormsinduced PO events, and by extension, to reduce COPD
admissions. In addition, at the household level, families
with COPD patients are strongly encouraged to prepare
surrogate electricity (e.g., generators and/or back-up battery power for medical equipment) or plan suitable temporary residence and transportation mode before major
storms and PO event.
Strength and limitations

We are the first to assess the mediation effect of PO on
the association between major storms and hospital admission of COPD. Both exposures and outcomes were
extracted from existing objective data and reporting bias
was minimized. We captured a large group of COPD patients from a legislatively mandated database covering
95% of hospitals across New York State during more
than 10 years. We accessed multiple environmental information from different sources and integrated them in
the assessment.
Although our study provides new insights, several limitations should be considered when interpreting our results. First, we only included hospital admissions (no
outpatient visits or emergency department visits) of
COPD, which merely captured the tip of iceberg. However, as exacerbation of COPD symptoms is generally severe and requires immediate medical care and treatment
through hospital admission, our study population including COPD hospitalization may be appropriate in
capturing the most severe group. Second, air pollution
during major storms and PO may be confounders in the
storms/PO-COPD associations [42]. Nevertheless, we
have minimized the confounding effect by controlling
for ambient concentration of PM2.5 at the county level
in the statistical analysis. Third, the models we used to
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estimate the overall effect of major storms and PO on
COPD may not be confirmed by typical model diagnostics. We obtained the overall effect of major storms and
PO on COPD by developing a model for each of the specific divisions where the major storms and PO occurred
and then pooling the results from these different divisions through meta-analysis. We followed the standard
method widely used in previous studies with similar design [15, 43, 44]. Fourth, we only examined the acute or
immediate effect (RRs) within the first week (lag 0–6
days) following the events. However, we observed that
the effects of both major storms and PO on COPD
hospitalization vanished after lag 6 day. In addition, we
focused on assessing the immediate effect of major
storms and PO on the exacerbation of COPD symptoms
by including hospital admissions of COPD which represent the most severe conditions and need immediate
medical care. Longer lag time may be considered in future studies. Fifth, we did not conduct sensitivity analysis
by parameters in defining our model, including knots
and degree of freedom. However, the logknots function
that we used is a standard methodology procedure and
the most used function to determine the location of
knots in the lag space [45]. Meanwhile, we used df = 3 in
our analysis and conducted extensive sensitivity analysis
in the same database previously and found very similar
effect estimates [15]. Finally, this is an observational and
ecological study in nature, residual confounding in individual level may exist and temporal consequence cannot
be determined. Future studies in individual level with
better study design are needed to confirm our findings.

Conclusions
Both major storms and PO were associated with increased hospital admission of COPD. Major storms were
one of the most common causes of PO. PO mediated almost half of the associations between major storms and
COPD hospital admission. Preparation of surrogate electric system before major storms are essentially important
to alleviate increase of hospital admission due to COPD.
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