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ABSTRACT
OBJECTIVE
To assess risks and costs of hospital admission 
associated with short term exposure to fine particulate 
matter with diameter less than 2.5 µm (PM2.5) for 214 
mutually exclusive disease groups.
DESIGN
Time stratified, case crossover analyses with 
conditional logistic regressions adjusted for non-
linear confounding effects of meteorological variables.
SETTING
Medicare inpatient hospital claims in the United 
States, 2000-12 (n=95 277 169).
PARTICIPANTS
All Medicare fee-for-service beneficiaries aged 65 or 
older admitted to hospital.
MAIN OUTCOME MEASURES
Risk of hospital admission, number of admissions, 
days in hospital, inpatient and post-acute care costs, 
and value of statistical life (that is, the economic value 
used to measure the cost of avoiding a death) due to 
the lives lost at discharge for 214 disease groups.
RESULTS
Positive associations between short term exposure 
to PM2.5 and risk of hospital admission were found 
for several prevalent but rarely studied diseases, 
such as septicemia, fluid and electrolyte disorders, 

and acute and unspecified renal failure. Positive 
associations were also found between risk of hospital 
admission and cardiovascular and respiratory 
diseases, Parkinson’s disease, diabetes, phlebitis, 
thrombophlebitis, and thromboembolism, confirming 
previously published results. These associations 
remained consistent when restricted to days with a 
daily PM2.5 concentration below the WHO air quality 
guideline for the 24 hour average exposure to 
PM2.5. For the rarely studied diseases, each 1 µg/m3 
increase in short term PM2.5 was associated with an 
annual increase of 2050 hospital admissions (95% 
confidence interval 1914 to 2187 admissions), 12 216 
days in hospital (11 358 to 13 075), US$31m (£24m, 
€28m; $29m to $34m) in inpatient and post-acute 
care costs, and $2.5bn ($2.0bn to $2.9bn) in value of 
statistical life. For diseases with a previously known 
association, each 1 µg/m3 increase in short term 
exposure to PM2.5 was associated with an annual 
increase of 3642 hospital admissions (3434 to 3851), 
20 098 days in hospital (18 950 to 21 247), $69m 
($65m to $73m) in inpatient and post-acute care 
costs, and $4.1bn ($3.5bn to $4.7bn) in value of 
statistical life.
CONCLUSIONS
New causes and previously identified causes of 
hospital admission associated with short term 
exposure to PM2.5 were found. These associations 
remained even at a daily PM2.5 concentration below 
the WHO 24 hour guideline. Substantial economic 
costs were linked to a small increase in short term 
PM2.5.

Introduction
Particulate matter (PM) is a mixture of solid and liquid 
particles with aerodynamic diameter smaller than 
2.5 µm (PM2.5) and between 2.5 and 10 µm (PM10-2.5), 
respectively known as fine and coarse particles. PM2.5 
particles are smaller than PM10-2.5 particles but have 
a larger surface area to volume ratio. Thus PM2.5 can 
carry more toxic pollutants and pass through the lung 
into the bloodstream.1-3 In 2005, the World Health 
Organization set the air quality guideline for 24 hour 
average exposure to PM2.5 at 25 µg/m3.4 The guideline is 
being reviewed and expected to be published in 2020. 
Scientific evidence supporting update of the guideline 
is subject to an unprecedented level of scrutiny.5

Previous studies have primarily focused on either 
long term or short term exposure to PM2.5.6-16 In the 
Global Burden of Disease Study 2017, long term 
exposure to PM2.5 was assessed extensively and 
considered to be a leading risk of global disease 
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WHAT IS ALREADY KNOWN ON THIS TOPIC
Short term exposure to PM2.5 is associated with increased risk of mortality and 
hospital admissions due to cardiovascular and respiratory diseases, diabetes 
mellitus, neurological diseases, and deep vein thrombosis, among others
Existing evidence for the health effects of short term exposure to PM2.5 was 
driven by hypotheses about specific disease outcomes that might be affected 
by the exposure, which could underestimate the potential effects of exposure to 
PM2.5 if other diseases are not negligible

WHAT THIS STUDY ADDS
Short term exposure to PM2.5 was positively associated with risks of several 
prevalent but rarely studied causes of hospital admissions, such as septicemia, 
fluid and electrolyte disorders, acute and unspecified renal failure, and intestinal 
obstruction without hernia
When the analysis was restricted to days with a daily PM2.5 concentration 
below the WHO air quality guideline for the 24 hour average exposure to PM2.5, 
most newly identified causes of hospital admission and those identified from 
previously published studies remained positively associated with short term 
PM2.5 exposure, suggesting that the guideline needs updating
A small increase in short term PM2.5 was associated with substantial inpatient 
and post-acute care costs and the economic costs due to lives lost at discharge
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burden from lower respiratory infections, ischemic 
heart disease, chronic obstructive pulmonary dis-
ease, lung cancer, and diabetes mellitus.17 Short 
term exposure to PM2.5 is also associated with 
adverse health effects, including cardiovascular and 
respiratory diseases, diabetes, neurological diseases, 
and deep vein thrombosis, among others.9-16 However, 
a comprehensive analysis investigating associations 
between short term exposure to PM2.5 and all possible 
diseases is lacking. Such an investigation is needed to 
discover associations between short term exposure to 
PM2.5 and other prevalent but rarely studied diseases, 
and to thoroughly evaluate the corresponding 
healthcare costs. Cost-benefit analyses considering 
only cardiovascular and respiratory diseases could 
underestimate the costs of the impact of PM2.5 on 
health if other diseases are not negligible.

We analyzed 95 277 169 Medicare inpatient claims 
of all fee-for-service beneficiaries in the United States 
during 2000-12. We classified all plausible causes of 
hospital admission into 214 mutually exclusive disease 
groups to estimate the increased risk of admission 
and the corresponding costs associated with 1 µg/
m3 increase in short term exposure to PM2.5 for each 
disease group.

Methods
Medical data
We obtained Medicare inpatient claims from January 
1, 2000 to December 31, 2012 from the Medicare 
Provider Analysis and Review (MEDPAR) file. From 
each claim, we extracted the following details: 

• Admission date 
• Principal discharge ICD-9 (international classifi-

cation of diseases, 9th revision) code
• Number of days in hospital
• Unfavorable discharge destinations (that is, 

death at discharge, discharge to skilled nursing 
facilities, or home healthcare services)

• Diagnosis related group (DRG) price (payment 
due to healthcare providers determined by DRG, 
if there are no deductibles, co-insurance, primary 
payers, or outliers)

• DRG outlier amount (additional amount approved 
because an outlier exceeded the DRG price)

• Pass through amount (established reimbursable 
costs in the current year divided by estimated 
Medicare days multiplied by MEDPAR use day 
count) in US dollars ($). 

The sum of DRG price, DRG outlier, and pass 
through amounts corresponded to the payment 
due to the healthcare provider, made by Medicare, 
beneficiary, and primary payers. We used the zip 
code of residence from the Medicare enrollment 
file to link each beneficiary with daily exposures 
to PM2.5 and covariates. We restricted our analysis 
to urgent or emergent hospital admissions and 
excluded scheduled admissions. These admissions 
totaled 95 277 169 during the 2000-12 study 
period.

We applied the Clinical Classification Software (CCS) 
scheme to more than 15 000 ICD-9 principal diagnosis 
codes at discharge to classify hospital admissions 
into clinically meaningful and mutually exclusive 
disease groups.18 The CCS scheme is a comprehensive 
classification tool for clustering diagnoses into a 
manageable number of categories on the basis of 
disease characteristics and treatment protocol, and is 
widely used to analyze disease specific conditions.19-21 
We excluded diseases that are biologically implausible 
for adults aged 65 or older, including certain con-
ditions originating in the perinatal period, female 
infertility, complications of pregnancy, childbirth, 
and puerperium.19 We included injury and poisoning 
as a negative outcome control owing to the lack of 
biological plausibility of associating these hospital 
admissions with exposure to PM2.5. Use of a negative 
outcome control allows identification of residual 
confounding.22 In total, we analyzed 214 mutually 
exclusive disease groups (that is, 214 outcomes). A 
full list of CCS categories and the corresponding ICD-9 
diagnosis codes can be found on the healthcare cost 
and utilization project website.23

Environmental data
We estimated daily PM2.5 levels at each 1×1 km grid 
cell in the continental US for years 2000-12 using 
a well validated, satellite based, neural network 
model.24 The model was calibrated using daily PM2.5 
concentrations measured at 1928 monitoring sites by 
the US Environmental Protection Agency (US EPA), with 
excellent out-of-sample prediction ability (overall cross 
validated R2 of 0.83, 0.78-0.88 by region and 0.74-0.89 
by year), using previously published methodology.24 25 
We have included predictors for daily PM2.5 used in this 
model in section 1 of the supplementary appendix. We 
used the same approach as Di et al—namely, short term 
exposure to PM2.5 as the average PM2.5 on the same and 
previous days of each hospital admission (lag 0-1).25 
Meteorological variables, including daily air and dew 
point temperatures, were obtained from the National 
Center for Environmental Prediction/National Center 
for Atmospheric Research reanalysis project at each 
32×32 km grid cell in the continental US.26

We assigned short term exposure to PM2.5 (lag 0-1) 
and air and dew point temperatures to each person 
based on their zip code of residence. Specifically, we 
gathered latitude and longitude of centroid of each 
person’s zip code of residence. Using the latitude and 
longitude, we linked the zip code of residence to the 
closest 1×1 km PM2.5 grid cell and the closest 32×32 km 
temperature grid cell. We then assigned the linked grid 
cell PM2.5 exposure and air and dew point temperatures 
to that person.

Statistical analysis
In the main analysis, for each disease group, we 
estimated percentage and absolute increases in 
cause specific risk of hospital admission associated 
with each 1 µg/m3 increase in lag 0-1 PM2.5 using a 
time stratified, case crossover analysis. This well 
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established approach estimates acute health effects 
of exposure and has been widely applied to estimate 
associations between short term exposure to air 
pollution and health outcomes.10 13 16 25 27 28

For each disease group, we created a case crossover 
dataset. We defined a case day as the date of hospital 
admission. For each case day, we identified matched 
control days as days with the same zip code of 
residence (same person), day of the week (before and 
after the case day), month, and year. Self matching by 
the same month and year controlled for confounding 
variables that do not change markedly within a 
month. These variables include age, race, sex, body 
mass index, diet, and other time invariant behavior 
factors, and also zip code level variables, such as 
socioeconomic status, population density, area level 
measure of ethnicity, and access to parks, food, and 
drug stores. Matching by day of the week controlled 
for potential confounding that varies within a week, 
such as weekday/weekend differences in air pollution 
and rates of hospital admissions, with bidirectional 
selection of control days before and after the case day 
to remove potential bias induced by long term time 
trends of PM2.5.29 Matching by month controlled for 
potential confounding by seasonality, and matching 
by year controlled for potential confounding by long 
term time trends.30

For each of the 214 case crossover datasets, we used 
a conditional logistic regression model to estimate 
associations between short term exposure to PM2.5 
(lag 0-1) and risk of hospital admission. The model 
was adjusted for potential non-linear confounding 
effects of air and dew point temperatures during lag 
0-1 by including penalized cubic splines, with at most 
nine degrees of freedom each.31 Methodology and 
computation details are presented in section 2 of the 
supplementary appendix.

Percentage and absolute increases in cause specific 
risk of hospital admission associated with an 
increase in short term exposure to PM2.5
For each of the 214 disease groups, denoted by c, we 
estimated the percentage increase in risk of admission 
to hospital (pc) associated with each 1 μg/m3 increase 
in lag 0-1 PM2.5 (95% confidence interval pc,low to 
pc,high), adjusting for multiple comparisons using the 
Bonferroni correction.19 Corresponding absolute 
increase in risk of hospital admission for each 1 μg/m3 
increase in lag 0-1 PM2.5 was calculated with the same 
method as that used by Di et al.25 Details are provided 
in section 3 of the supplementary appendix.

Increase in number of hospital admissions and days 
in hospital associated with an increase in short term 
exposure to PM2.5
For each of the 214 disease groups (denoted by c) and 
for each 1 μg/m3 increase in lag 0-1 PM2.5, we estimated 
the annual increase in the number of admissions 
to hospital as pcNc (pc,lowNc to pc,highNc), where Nc is 
annual average number of hospital admissions; and 
the number of days in hospital as pcNcLc (pc,lowNcLc to 

pc,highNcLc), where Lc is the average number of days in 
hospital for each admission. Details of calculations 
for increases in numbers of admissions by discharge 
destination are given in section 4 of the supplementary 
appendix.

Increase in healthcare costs and value of statistical 
life associated with an increase in short term 
exposure to PM2.5
We estimated the annual increase in healthcare 
costs (inpatient and post-acute care) associated with 
each 1 μg/m3 increase in lag 0-1 PM2.5 as pcNc(Kc+Pc) 
(pc,lowNc(Kc+Pc) to pc,highNc(Kc+Pc)) in 2017 dollars,32 
where Kc denotes the average inpatient costacross all 
admissions for disease group c and is defined as the sum 
of DRG price, DRG outlier, and pass through amounts 
based on the inpatient claim.33 The variable Pc denotes 
the average post-acute care costacross all admissions for 
disease group c and is defined as the sum of cause specific 
proportion of discharges to skilled nursing facilities 
multiplied by the average cost ($12 871, adjusted 
for inflation from the average cost in 2016)34; cause 
specific proportion of discharges to home healthcare 
services multiplied by the average cost ($3040 adjusted 
for inflation from the average cost in 2016)34; and 
additional outpatient and physician payment during the 
year after discharge, which was assigned to admissions 
of patients with acute myocardial infarction ($14 495, 
adjusted for inflation from 2009 estimates) and 
congestive heart failure ($14 024 adjusted for inflation 
from 2009 estimates) owing to the availability of data 
sources.35 The economic costs of the annual increase of 
deaths at discharge were calculated by multiplying the 
annual increase of deaths at discharge by the value of 
statistical life (V, which is equal to $10.4m 2017 dollars 
(estimated from $7.4m 2006 dollars, as suggested by 
the US EPA).36

Among the disease groups found to be statistically 
significantly associated with short term exposure to 
PM2.5, the annual increases in number of hospital 
admissions, days in hospital, and healthcare costs 
(inpatient and post-acute care) were gathered together 
for the newly identified disease groups and those 
identified from previous studies, separately. Details 
of the calculations are provided in section 5 of the 
supplementary appendix.

To assess the association between short term 
exposure to PM2.5 and cause specific risk of hospital 
admission below the WHO air quality guideline for the 
24 hour PM2.5 values, we conducted a below-guideline 
analysis for each disease group. This analysis used the 
same model specifications as the main analysis but 
was restricted to days with daily PM2.5 concentration of 
25 μg/m3 or less.

Sensitivity analyses
We assessed the robustness of the results in the main 
analysis by conducting sensitivity analyses with 
respect to the definition of the lags in the exposure for 
air and dew point temperatures (from lag 0-1 to lag 
0-6). Single lag models were fitted with the exposure 
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Other disorders of stomach and duodenum
Chronic ulcer of skin

Essential hypertension
Heart valve disorders

Calculus of urinary tract
Occlusion or stenosis of precerebral arteries

Acute bronchitis
Cancer of colon

Schizophrenia and other psychotic disorders
Other liver diseases

Residual codes; unclassified
Other connective tissue disease

Conduction disorders
Osteoarthritis

Abdominal pain
Pleurisy; pneumothorax; pulmonary collapse

Conditions associated with dizziness or vertigo
Abdominal hernia

Non-infectious gastroenteritis
Pathological fracture

Gastritis and duodenitis
Other lower respiratory disease

Cancer of bronchus; lung
Esophageal disorders
Epilepsy; convulsions

Mood disorders
Pancreatic disorders (not diabetes)

Peripheral and visceral atherosclerosis
Other nervous system disorders

Pulmonary heart disease
Other gastrointestinal disorders

Phlebitis; thrombophlebitis and thromboembolism
Other circulatory disease

Intestinal infection
Spondylosis; intervertebral disc disorders; other back problems

Secondary malignancies
Rehabilitation care; fitting of prostheses; and adjustment of devices

Deficiency and other anemia
Delirium, dementia, and amnestic and other cognitive disorders

Hypertension with complications and secondary hypertension
Biliary tract disease

Transient cerebral ischemia
Diabetes mellitus with complications

Aspiration pneumonitis; food/vomitus
Diverticulosis and diverticulitis

Skin and subcutaneous tissue infections
Syncope

Intestinal obstruction without hernia
Respiratory failure; insufficiency; arrest

Acute and unspecified renal failure
Gastrointestinal hemorrhage

Non-specific chest pain
Fluid and electrolyte disorders

Urinary tract infections
Acute cerebrovascular disease

Coronary atherosclerosis and other heart disease
Acute myocardial infarction

Chronic obstructive pulmonary disease and bronchiectasis
Septicemia

Cardiac dysrhythmias
Pneumonia

Congestive heart failure; non-hypertensive
Negative outcome control: injury and poisoning

Asthma

No of deaths at discharge
No of discharges to skilled nursing facilities
No of discharges to home healthcare services
No of other discharge types

Fig 1 | Descriptive statistics for the top 30% prevalent disease groups during 2000-12 among Medicare fee-for-service beneficiaries in the United 
States. Total number of hospital admissions, according to discharge destination (deaths at discharge, discharges to skilled nursing facilities, 
discharges to home healthcare services, and other discharge destinations). Figure S1 in the supplementary online contents provides descriptive 
statistics for each of the 214 disease groups
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of daily PM2.5 concentrations on lag 0, 1, and 2. In 
addition, confidence intervals corrected for false 
discovery rate were reported, with critical significance 
level at P<0.05.37

Some related disease groups might share a similar 
PM2.5 pathogenic effect. To reduce the potential overlap 
of disease groups and diagnostic misclassifications, 
we categorized hospital admissions into 122 broader 
disease categories.38 Details of these groups are 
provided in section 6 of the supplementary appendix. 
For each broader disease group, we carried out the 
entire statistical analysis again, including main 

analysis, below-guideline analysis, and sensitivity 
analyses, and estimated the percentage and absolute 
increases in risk of hospital admission associated with 
each 1 µg/m3 increase in lag 0-1 PM2.5.

Patient and public involvement
We analyzed all Medicare inpatient claims during 
2000-12 through de-identified data files available for 
public use. No patients were involved in implementing 
the study design. We will craft press releases that 
will adequately disseminate the research findings 
to the relevant patient groups, such as the American 
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Pleurisy; pneumothorax; pulmonary collapse

Other connective tissue disease

Other liver diseases

Other nervous system disorders

Phlebitis; thrombophlebitis and thromboembolism*

Other circulatory disease

Intestinal infection*

Syncope*

Intestinal obstruction without hernia*

Respiratory failure; insufficiency; arrest

Gastrointestinal hemorrhage

Skin and subcutaneous tissue infections*

Coronary atherosclerosis and other heart disease

Deficiency and other anemia

Aspiration pneumonitis; food/vomitus

Diabetes mellitus with complications

Cardiac dysrhythmias

Acute myocardial infarction

Acute and unspecified renal failure*

Chronic obstructive pulmonary disease and bronchiectasis

Urinary tract infections*

Septicemia*

Fluid and electrolyte disorders*

Pneumonia

-0.04 (-0.23 to 0.15)

-0.03 (-0.06 to -0.01)

-0.03 (-0.06 to 0.00)

 0.02 (0.00 to 0.04)
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 0.10 (0.02 to 0.17)

 0.11 (0.03 to 0.19)

 0.11 (0.03 to 0.20)

 0.13 (0.06 to 0.20)

 0.14 (0.02 to 0.25)

 0.18 (0.13 to 0.24)

 0.19 (0.12 to 0.26)

 0.19 (0.12 to 0.26)

 0.26 (0.13 to 0.38)

 0.29 (0.17 to 0.40)

 0.32 (0.23 to 0.41)

 0.36 (0.24 to 0.48)

 0.39 (0.28 to 0.49)

 0.41 (0.29 to 0.54)

 0.43 (0.34 to 0.53)

 0.63 (0.48 to 0.78)

 0.68 (0.52 to 0.84)

Absolute increase in risk of admission to hospital per 10 million
person days associated with each 1 µg/m3 increase in lag 0-1 PM2.5

Non-infectious gastroenteritis*

Congestive heart failure; non-hypertensive

Fig 2 | Main analysis showing absolute increases in risk of hospital admission, ordered from highest to lowest, associated with each 1 μg/m3 
increase in lag 0-1 PM2.5. The main analysis was conducted in the case crossover study setting with lag 0-1 PM2.5 as the exposure, adjusted for 
penalized splines of lag 0-1 air and dew point temperatures for each disease group. The Bonferroni correction was used to adjust 95% confidence 
intervals for disease groups associated with lag 0-1 PM2.5 and negative outcome control (injury and poisoning). CCS=Clinical Classification Software 
code. *Indicates newly identified disease groups. Figure S2 in the supplementary online contents provides results for each of the 214 disease 
groups
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Association of Retired Persons. We will also share the 
findings with a larger audience, including members of 
the public, patients, and health professionals through 
the Harvard T H Chan School of Public Health website 
and other Harvard publications, networks, and social 
media.

Results
The most prevalent (top 30%) causes of hospital 
admissions were injury and poisoning, congestive 
heart failure, pneumonia, cardiac dysrhythmias, and 

septicemia (fig 1). Figure S1 (https://nsaph.shinyapps.
io/cause_specific_viz/) shows descriptive statistics for 
each of the 214 disease groups.

We found that several prevalent but rarely studied 
disease groups were associated with short term 
exposure to PM2.5, including septicemia (CCS code 
2), fluid and electrolyte disorders (CCS code 55), 
acute and unspecified renal failure (CCS code 157), 
urinary tract infections (CCS code 159), and skin and 
subcutaneous tissue infections (CCS code 197) (fig 2 
and fig 3).Further, we confirmed positive associations, 
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Fig 3 | Main analysis showing relative percentage increases in risk of hospital admission associated with each 1 μg/m3 increase in lag 0-1 PM2.5. 
Disease groups are ranked from highest to lowest absolute increase in risk of hospital admission. The main analysis was conducted in the case 
crossover study setting with lag 0-1 PM2.5 as the exposure, adjusted for penalized splines of lag 0-1 air and dew point temperatures for each disease 
group. The Bonferroni correction was used to adjust 95% confidence intervals for disease groups associated with lag 0-1 PM2.5 and negative outcome 
control (injury and poisoning). CCS=Clinical Classification Software code. *Indicates newly identified disease groups. Figure S2 in the supplementary 
online contents provides results for each of the 214 disease groups
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consistent with previous studies, between short 
term exposure to PM2.5 and several disease groups, 
including non-hypertensive congestive heart failure 
(CCS code 108); pneumonia (CCS code 122); chronic 
obstructive pulmonary disease and bronchiectasis 
(CCS code 127); acute myocardial infarction (CCS 
code 100); cardiac dysrhythmias (CCS code 106); 
coronary atherosclerosis and other heart disease 
(CCS code 101); respiratory failures, insufficiency, 
or arrest (CCS code 131); Parkinson’s disease (CCS 
code 79); diabetes mellitus with complications 
(CCS code 50); and phlebitis, thrombophlebitis, and 
thromboembolism (CCS code 118). For each 1 µg/m3  
increase in lag 0-1 PM2.5, the absolute increase in 
risk of hospital admissions for these disease groups 

ranged from 0.02 to 0.68 per 10 million people at risk 
per day (fig 2), and the relative percentage increase in 
risk of these hospital admissions ranged from 0.05% 
to 0.40% (fig 3). By comparison, absolute and relative 
percentage increases in risk of admissions due to 
injury and poisoning, the negative outcome control, 
were −0.04% (95% confidence interval −0.23% to 
0.15%; fig 2) and −0.01% (−0.03% to 0.02%; fig 
3) per 10 million people at risk per day, which were 
not significant. We found negative associations for 
influenza (CCS code 123) and aortic, peripheral, and 
visceral artery aneurysms (CCS code 115). Figure S2 
shows the percentage and absolute increases in risk 
of hospital admission for each of the 214 disease 
groups.
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Fig 4 | Annual increase in hospital admissions associated with each 1 μg/m3 increase in lag 0-1 PM2.5, according to discharge destination (deaths at 
discharge, discharges to skilled nursing facilities, discharges to home healthcare services, and other discharge destinations). Disease groups are 
ranked from highest to lowest absolute increase in risk of hospital admission. Error bars show 95% confidence intervals for estimates of hospital 
admissions. *Indicates newly identified disease groups. Results are from the main analysis using the full dataset
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For the rarely studied disease groups that were 
significantly associated with short term exposure to 
PM2.5, we found that each 1 µg/m3 increase in lag 0-1 
PM2.5 was associated with an average annual increase 
during the study of 2050 hospital admissions (95% 
confidence interval 1914 to 2187), including 237 
deaths at discharge (193 to 281), 570 discharges 
to skilled nursing facilities (532 to 608), and 297 
discharges to home healthcare services (277 to 317; 
fig 4); 12 216 days in hospital (11 358 to 13 075; fig 
5); $31m ($29m to $34m) in inpatient and post-acute 
care costs (fig 6); and $2.5bn ($2.0bn to $2.9bn) in the 
value of statistical life due to the lives lost at discharge. 
For the disease groups that were previously identified 
and confirmed to be significantly associated with short 
term exposure to PM2.5, we found that each 1 µg/m3  

increase in lag 0-1 PM2.5 was associated with an 
average annual increase in 2000-12of 3642 hospital 
admissions (3434 to 3851), including 397 deaths 
at discharge (340 to 453), 711 discharges to skilled 
nursing facilities (671 to 751), and 538 discharges to 
home healthcare services (508 to 568; fig 4); 20 098 
days in hospital (18 950 to 21 247; fig 5); $69m ($65m 
to $73m) in inpatient and post-acute care costs (fig 
6); and $4.1bn ($3.5bn to $4.7bn) in the value of 
statistical life due to the lives lost at discharge.

When restricting the analysis to days with daily 
PM2.5 concentrations of 25 μg/m3 or less(that is, the 
below-guideline analysis), absolute and relative 
percentage increases in risk of hospital admission 
remained consistent with the main analysis for most 
disease groups (fig 7 and fig 8). Figure S2 shows the 
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Fig 5 | Annual increase in days in hospital associated with each 1 μg/m3 increase in lag 0-1 PM2.5. Disease groups are ranked from highest to lowest 
absolute increase in risk of hospital admission. Error bars show 95% confidence intervals for estimates of annual increase in days in hospital. 
*Indicates newly identified disease groups. Results are from the main analysis using the full dataset
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percentage and absolute increases in risk of hospital 
admission for each of the 214 disease groups from the 
below-guideline analysis.

In the sensitivity analyses, the estimates of relative 
percentage and absolute increases in risk of hospital 
admission remained robust after adjusting for lag 0-6 
of air and dew point temperatures. Results from single 
lag models and confidence intervals corrected for false 
discovery rate are also presented in figure S2. Results of 
122 broader disease groups are presented in figure S3.

Discussion
Comprehensive scientific evidence on health effects 
and healthcare costs must inform how to set the 
National Ambient Air Quality Standards in the US 
and, globally, WHO air quality guidelines.5 39 Our 

study linked more than 95 million Medicare inpatient 
claims with estimated daily exposure to PM2.5 in the 
US over 13 years. We carried out a comprehensive 
analysis to estimate absolute and relative risks of 
hospital admission and the corresponding costs 
associated with short term exposure to PM2.5 for 
the 214 mutually exclusive disease groups. Air 
pollution and healthcare resources are distributed 
unevenly across the world. Nevertheless, this study 
could provide information for assessing the cost 
effectiveness of air pollution interventions in other 
high income countries, such as the United Kingdom, 
Canada, Germany, Australia, Japan, Sweden, Nether-
lands, and others, where the burdens of disease, 
population demographics, and healthcare use are 
similar to those of the US.17 40
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Fig 6 | Annual increase in healthcare costs (inpatient and post-acute care) associated with each 1 μg/m3 increase in lag 0-1 PM2.5. Disease groups 
are ranked from highest to lowest absolute increase in risk of hospital admission. Error bars show 95% confidence intervals for estimates of annual 
increase in healthcare costs. *Indicates newly identified disease groups. Results are from the main analysis using the full dataset
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Principal findings
We found that short term exposure to PM2.5 was 
associated with several newly identified causes of 
hospital admissions, and several previously identified 
causes. These associations remained consistent 
at a daily PM2.5 concentration below the WHO 24 
hour guideline, suggesting that the guideline needs 
reviewing and updating. In contrast, there was 
no evidence of an association between short term 
exposure to PM2.5 and the negative outcome control 
(injury and poisoning), consistent with results from 

Dominici et al.9 Although unmeasured confounders of 
short term exposure to PM2.5 and the negative control 
might not be completely identical to those of exposure 
and other disease outcomes, the use of a negative 
control provides reassurance that our results are not 
substantially biased from residual confounding.

The health effects and economic costs associated 
with each 1 µg/m3 increase in short term exposure 
to PM2.5 were substantial and could merit particular 
attention in the evaluation of an environmental policy. 
During the study, each unit increase in lag 0-1 PM2.5 was 
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Fig 7 | Below-guideline analysis showingabsolute increases in risk of hospital admission associated with each 1 μg/m3 increase in lag 0-1 PM2.5. 
Disease groups are ranked from highest to lowest absolute increase in risk of hospital admission. The below-guideline analysis used the same model 
specification as the main analysis and was restricted to days with daily PM2.5 concentrations ≤25 μg/m3 (WHO air quality guideline value for daily 
PM2.5). The Bonferroni correction was used to adjust 95% confidence intervals for disease groups associated with lag 0-1 PM2.5 and negative outcome 
control (injury and poisoning). CCS=Clinical Classification Software code. *Indicates newly identified disease groups. Figure S2 in the supplementary 
online contents provides results for each of the 214 disease groups
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associated with an annual increase of 5692 hospital 
admissions, 32 314 days in hospital, and 634 deaths 
at discharge. It was also associated with $100m annual 
inpatient and post-acute care costs (0.1% of the total 
Medicare fee-for-service spending of 2012) and $6.6bn 
in the value of statistical life due to the lives lost at 
discharge.34 An increase in the rising phase of lag 0-1 
PM2.5 of more than 1 µg/m3 was especially common 
between 2000 and 2012, occurring on more than 122 
days in each year within each zip code. On the other 
hand, a 1 µg/m3 reduction in PM2.5 is considered small 

and achievable. For example, Russell et al41 and Jaffe 
and Reidmiller42 showed that a regional reduction of  
1 µg/m3 in PM2.5 was achievable by shutting down three 
coal fired power plants in Pittsburgh, Pennsylvania, or 
by closing a single power plant in Boardman, Oregon.

Comparison with other studies
We confirmed previously published results suggesting 
positive associations between cardiovascular and 
respiratory diseases and short term exposure to PM2.5, 
including those by Bell et al,12 Dominici et al,9 Kloog 
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Fig 8 | Below-guideline analysis showing relative percentage increases in risk of hospital admission associated with each 1 μg/m3 increase in lag 
0-1 PM2.5. Disease groups are ranked from highest to lowest absolute increase in risk of hospital admission. The below-guideline analysis used the 
same model specification as the main analysis and was restricted to days with daily PM2.5 concentrations ≤25 μg/m3 (WHO air quality guideline value 
for daily PM2.5). The Bonferroni correction was used to adjust 95% confidence intervals for disease groups associated with lag 0-1 PM2.5 and negative 
outcome control (injury and poisoning). CCS=Clinical Classification Software code. *Indicates newly identified disease groups. Figure S2 in the 
supplementary online contents provides results for each of the 214 disease groups
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et al,15 and Zanobetti et al.11 We also found positive 
associations of PM2.5 exposure with Parkinson’s 
disease and diabetes mellitus with complications, 
which is consistent with findings by Kloog et al14 and 
Zanobetti et al.11 16 We identified multiple prevalent 
but rarely studied causes of hospital admissions that 
had significant associations with short term exposure 
to PM2.5. Our understanding, however, of the varied 
disordered physiological processes induced by PM2.5 
for the newly identified disease groups is incomplete. 
Thus the associations and the corresponding hospital 
admissions and costs should be interpreted cautiously. 
This lack of supporting evidence requires further 
epidemiological studies and investigations into 
possible underlying mechanisms.

A number of explanations are possible for the negative 
associations between influenza and aneurysms and an 
increase in short term exposure to PM2.5. Short term 
exposure to PM2.5 might increase risk of mortality and 
admission to hospital for other diseases, thus reducing 
the number of subjects at risk for admission due to 
influenza or aneurysms25; influenza or aneurysms 
might trigger hospital admission due to diseases that 
are positively associated with short term PM2.5, making 
themselves less likely to be the principal discharge 
diagnosis owing to the coexisting conditions.

Strengths and limitations
Our comprehensive analysis of all disease groups has 
advantages. Firstly, it avoided selective presentation 
of only positive findings. Secondly, it allowed us to 
identify new causes of hospital admission that have 
never been studied. Thirdly, it confirmed the causes of 
admissions previously detected, thus demonstrating 
consistency of the study findings. Fourthly, the negative 
outcome control made it possible to evaluate residual 
confounding for estimated associations. Finally, the 
implementation of the Bonferroni correction mini-
mized the chance of falsely identifying significant 
associations.

This study also has some limitations. Firstly, data 
sources were restricted. Thus we could not fully 
capture costs after discharge associated with short 
term exposure to PM2.5, such as drug costs, readmission 
costs, and outpatient costs, among others. Secondly, 
the Bonferroni correction for the 214 comparisons 
performed might have been overly conservative. To 
reduce the chance of missing true associations for 
some of the disease groups, we used results from the 
sensitivity analyses corrected for the false discovery 
rate. With these corrected results, we further identified 
stroke and asthma that were significantly associated 
with exposure to PM2.5. Thirdly, some unmeasured 
time variant factors might have confounded this study. 
For example, smoking, alcohol consumption, physical 
activity, and drug use could trigger hospital admission 
and could also vary with air pollution levels, which is 
a concern. Fourthly, the generalizability of results is 
limited by the characteristics of Medicare population 
and the study period 2000-12. This restriction meant 
that we were unable to study whether the associations 

were consistent in younger populations or in recent 
years. Fifthly, the diagnostic coding of some diseases 
may not be accurate, and some were probably classified 
into miscellaneous disease groups, such as “other 
diseases”. Finally, the assessment of exposure was 
subject to measurement error because zip codes (rather 
than home addresses) were the best geographical unit 
we could use to match PM2.5 with each beneficiary. A 
recent methodological study suggests that adjusting for 
measurement error results in larger effect estimates.43

Conclusions
Comprehensive analyses provide timely evidence for 
the revision of WHO air quality guidelines, which is 
soon to be completed. This study discovered several 
new causes of hospital admissions associated with 
short term exposure to PM2.5 and confirmed several 
already known associations, even at daily PM2.5 
concentrations below the current WHO guideline. 
Economic analysis suggests that even a small increase 
in short term exposure to PM2.5 is associated with 
substantial economic effect.
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