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Comparison of the rate of healthcare encounters for influenza
from source-specific PM2.5 before and after tier 3 vehicle
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BACKGROUND: Influenza healthcare encounters in adults associated with specific sources of PM2.5 is an area of active research.
OBJECTIVE: Following 2017 legislation requiring reductions in emissions from light-duty vehicles, we hypothesized a reduced rate
of influenza healthcare encounters would be associated with concentrations of PM2.5 from traffic sources in the early
implementation period of this regulation (2017–2019).
METHODS: We used the Statewide Planning and Research Cooperative System (SPARCS) to study adult patients hospitalized
(N= 5328) or treated in the emergency department (N= 18,247) for influenza in New York State. Using a modified case-crossover
design, we estimated the excess rate (ER) of influenza hospitalizations and emergency department visits associated with
interquartile range increases in source-specific PM2.5 concentrations (e.g., spark-ignition emissions [GAS], biomass burning [BB],
diesel [DIE]) in lag day(s) 0, 0–3 and 0–6. We then evaluated whether ERs differed after Tier 3 implementation (2017–2019)
compared to the period prior to implementation (2014–2016).
RESULTS: Each interquartile range increase in DIE in lag days 0–6 was associated with a 21.3% increased rate of influenza
hospitalization (95% CI: 6.9, 37.6) in the 2014–2016 period, and a 6.3% decreased rate (95% CI: −12.7, 0.5) in the 2017–2019 period.
The GAS/influenza excess rates were larger in the 2017–2019 period than the 2014–2016 period for emergency department visits.
We also observed a larger ER associated with increased BB in the 2017–2019 period compared to the 2014–2016 period.
IMPACT STATEMENT: Wepresent an accountability study on the impact of the early implementation period of the Tier 3 vehicle emission
standards on the association between specific sources of PM2.5 air pollution on influenza healthcare encounters in New York State. We
found that the association between gasoline emissions and influenza healthcare encounters did not lessen in magnitude between periods,
possibly because the emissions standards were not yet fully implemented. The reduction in the rates of influenza healthcare encounters
associated with diesel emissions may be reflective of past policies to reduce the toxicity of diesel emissions. Accountability studies can help
policy makers and environmental scientists better understand the timing of pollution changes and associated health effects.
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INTRODUCTION
Influenza continues to be a concerning cause of adult morbidity
and mortality each year in the United States since it represents the
13th highest cause of death [1]. Although influenza rates were
much lower during COVID-19, influenza remains a relevant
seasonal respiratory infection as influenza rates have returned to
pre-COVID rates after the acute phase of the COVID pandemic [2].
While the association between influenza and increased concen-
trations of PM2.5 has been reported by several groups previously
[3–6], the association between constituent sources of PM2.5 and
influenza is an area of active research. In our prior accountability
study in New York State, we observed an increase in the relative
rate of emergency department visits for influenza associated with
an increased concentration of gasoline and diesel PM2.5 concen-
trations. This potential increase in the toxicity per unit mass in the
setting of fuel regulations and decreasing particulate pollution
highlighted the need for ongoing evaluation of complex health
responses to atmospheric exposures [7].
As described previously [3, 8], a series of energy and vehicle

related regulations were enacted including spanning coal-fired
power plant closures, sulfur reduction in diesel for trucks, and now
the more recent 2017 implementation of the tier 3 vehicle
standards [9]. These Tier 3 standards, will reduce the average
sulfur content of gasoline from 30 parts per million (ppm) to 10
ppm and also when fully phased in, will lead to a 70% reduction in
the per-vehicle particulate matter standard for light to medium
duty vehicle tailpipe emissions [10]. The updated Non-methane
Organic Gases (NMOG) and NOx tailpipe emissions were set at 30
milligrams per mile (mg/mi) for model year 2025. Overall, the Tier
3 standards will match the California’s Super Ultra Low Emission
Vehicle (SULEV) program so that the same cars can be sold in all
50 states in the U.S. [10].
In this study we again examined associations between influenza

hospitalizations and emergency department visits associated with
source-specific PM2.5 concentrations, specifically comparing these
associations before and after Tier 3 vehicle emissions implemen-
tation on January 1, 2017.
While many PM2.5 constituents decreased from 2005 to 2013,

secondary organic carbon (SOC) increased in the 2014–2016
period and has remained at relatively constant concentrations in
the 2017–2019 period across all sites in New York State (NYS) [11].
Therefore, we also examined two forms of organic carbon, primary
organic carbon (POC) and SOC. POC is directly emitted by a source
and is commonly a combustion product while SOC is an
atmospheric oxidation product of volatile organic compounds.
The oxidative potential (ability to generate oxidative stress in the
body) of SOC is greater than POC [12, 13]. The majority of PM2.5 is
a combination of secondary inorganic aerosol (SIA; secondary
nitrate [SN] and secondary sulfate [SS]) and secondary organic
aerosols (SOA; e.g. secondary organic carbon). The fact that SOC
concentrations did not fall in the 2017–2019 period raises the
possibility of a sustained risk of influenza across periods due to
SOC’s ability to disrupt the innate immune response to infection
[14]. In our prior study of the difference in rates of influenza
healthcare encounters associated with source-specific PM2.5 from
2005 to 2016 in adult New York State residents we observed an
increase in the rate of healthcare encounters associated with
influenza associated with interquartile range (IQR) increases in
multiple source specific PM2.5 constituents including diesel, spark-
ignition (gasoline) and biomass burning [7]. While SOC and POC
were not included in this prior study the increased concentration
of SOC and its potential health risk warranted the inclusion of both
SOC and POC in the current study.
In this study, we examined whether the association between

short term increases in ambient source-specific PM2.5 concentra-
tions and influenza healthcare visits differed between the period
prior to Tier 3 implementation (2014–2016) and the initial years of
Tier 3 implementation (2017–2019). We hypothesized that the Tier

3 standards could result in a lower relative rate of hospitalization
or emergency department visits for influenza associated with
increased light-duty vehicle (gasoline), compression-ignition,
heavy-duty diesel vehicle, and SOC PM2.5 concentrations in the
2017–2019 period compared to 2014–2016.

METHODS
Study population
Respiratory infection hospital admissions and emergency department visits
for adult New York residents (age > 18) were obtained from the Statewide
Planning and Research Cooperative System (SPARCS) database. In total,
N= 135,236 hospitalizations and N= 549,528 emergency department
visits of adults living within 15 miles of the Buffalo, Rochester, Albany,
Bronx, Manhattan, or Queens PM2.5 monitoring sites from January 1, 2014,
to December 31, 2019, were retained. These monitoring sites were selected
since they collect the PM2.5 samples for speciation analysis. We included
participants with a primary diagnosis (at time of healthcare encounter) of
influenza (ICD9= 4870, 4871, 48811, 48812, 48881, 48882; ICD10= J09X1,
J09X2, J1000, J1001, J1008, J101, J1100, J1108 and J111. In the analysis, we
paired pollution to the healthcare encounter in the same day (lag 0), prior
4 days (lag day 0–3) and prior 7 days (lag days 0–6). Given the vast majority
(95%) of patients with influenza will become symptomatic within the first
2 days of infection [15], and then present for a healthcare encounter
sometime in the next week (if at all), the 0–6 day lag period (7 days prior to
presentation) may represent the exposure closest to the start of the
influenza infection. While there is variability in when patients present for
care after the start of symptoms, lag day 0 (same day) and lag days 0–3 are
likely representative of exposure several days into influenza infection. For
this reason, we focus our discussion on the associations at the 0–6 lag days
(closest to the start of infection) and less so on the shorter lags. This study
was approved by the Institutional Review Board at the University at Albany,
State University of New York.

Air pollution and meteorology measurements
We obtained PM2.5 compositional data from the U.S. Environmental
Protection Agency (EPA) Chemical Speciation Network (www.epa.gov/aqs).
In all six urban sites (Buffalo, Rochester, Albany, Manhattan, Bronx and
Queens) daily samples were collected and analyzed every third day.
Organic carbon, including primary organic carbon (POC) and secondary
organic carbon (SOC), was measured every third day using thermo-optical
analysis. The PM2.5 sources were identified using EPA positive matrix
factorization (PMF) version 5. Further details on this approach can be found
in our prior source-specific analyses by Squizzato et al. [16]. The seven
PM2.5 sources included in this study included spark-ignition emissions
(GAS), diesel (DIE), biomass burning (BB), road dust (RD), secondary nitrate
(SN), secondary sulfate (SS), and pyrolyzed organic rich (OP). Daily ambient
temperature and relative humidity were obtained from the National
Weather Service.

Statistical analysis
A time-stratified, case-crossover design [17, 18] was used to estimate the
rates of respiratory infection hospital admissions and emergency depart-
ment visits associated with each interquartile range increase in GAS
concentrations on the same day (lag day 0). Assuming a common slope
across sites for influenza hospital admissions for all sites, we fit a
conditional logistic regression model stratified on each respiratory
infection hospital admission matched set (1 case and 3-4 control periods
per subject). This conditional logistic regression model regressed
case–control status (i.e., case= 1, control= 0) against the mean GAS
concentration on case and control days. Since the case-crossover approach
controls for non-time-varying confounders, variables such as comorbid-
ities, socioeconomic factors and seasons are all controlled for, by design.
However, we included natural splines for temperature and relative
humidity (4 degrees of freedom determined using Akaike’s information
criterion) [19], and PM2.5 mass of all other sources (i.e., rPM2.5 (residual
value)= PM2.5 – GAS). This same model was run for the mean GAS
concentrations on lag days 0–3 and 0–6). From each model, we estimated
the rate of hospitalizations or emergency department visits associated with
each interquartile range increase in GAS concentration. Since we examined
3 lag times for GAS, statistical significance was defined as p < 0.017 (0.05/
3), though we focused mainly on the magnitude and direction of the effect
estimates rather than the statistical significance. Next, we examined
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whether the rates of respiratory infection admission associated with each
interquartile range increase in GAS concentrations differed by period
(2014–2016 and 2017–2019), by adding an interaction term (Period * GAS)
to the model. We then re-ran these models for each of the other PM2.5

sources including biomass burning (BB), diesel (DIE), organic-rich
phosphate (OP), road dust (RD), secondary nitrate (SN), secondary sulfate
(SS) as well as SOC and POC concentrations. For each of these models a
rPM2.5 was recalculated and included in the model. For example, the SOC
rPM2.5= PM2.5 – SOC and the RD rPM2.5= PM2.5 – RD. By computing the
residual for all sources, the rate of influenza healthcare encounters
associated with a specific PM2.5 source (e.g. GAS) is thus independent of
other of the PM2.5 mass from other specific sources (e.g. DIE, BB, SN) [20].
Similarly, the effect of SOC is independent of POC (but not the source-
specific PM2.5 such as GAS and BB as these sources can contain SOC). All
analyses were completed using R version 3.0.1 (https://www.r-project.org/).

RESULTS
Patients hospitalized for influenza were older (69 years old [SD of 18])
than patients treated and sent home from the emergency department
(42 years old [SD of 18] (Table 1). The majority of patients hospitalized
or treated in the emergency department were female (58% and 60%
respectively) and sought care during the winter months (66% and
69% respectively). While the majority of hospitalized patients were
White (62%), the majority of patients treated and sent home from the
emergency department were Black (48%).

Pollution data
Using Theil-Sen nonparametric estimator and piecewise linear
regression, our prior study [21] observed reduction in PM2.5 values
across New York State ranging from 5.24% reduction in PM2.5 in
Queens (95% CI: −5.61%, −4.39%) to a reduction of 2.51% in
Albany (95% CI: −3.43%, −1.32%) from 2010 to 2019. When
comparing the 2017–2019 period to the 2014–2016 period in our
current study, the median concentration of GAS (2014–2016:
1.04 µg/m3; 2017–2019: 1.7 µg/m3) and SN (2014–2016: 1.3 µg/m3;
2017–2019: 1.8 µg/m3) showed the largest increases (Table 2). DIE
(2014–2016: 0.49 µg/m3; 2017–2019: 0.54 µg/m3) and POC
(2014–2016: 0.5 µg/m3; 2017–2019: 0.9 µg/m3) had smaller
increases in concentrations between periods. We observed a
decreased concentration of OP (2014–2016: 0.3 µg/m3; 2017–2019:
0.6 µg/m3), RD (2014–2016: 0.14 µg/m3; 2017–2019: 0.08 µg/m3)
and SS (2014–2016: 0.9 µg/m3; 2017–2019: 0.3 µg/m3) in
2017–2019 compared to 2014–2016 and no appreciable change
in BB or SOC.
As hypothesized, the relative rates of hospital admission from

influenza associated with interquartile range increases in DIE were
smaller in the 2017–2019 period than the 2014–2016 period at all
lag times. Specifically, each 0.3 μg/m3 increase in DIE concentra-
tion in the prior 6 days was associated with a 21.3% increased rate
of influenza hospitalization (95% CI: 6.9, 37.6) in the 2014–2016
period, but a protective effect (−6.3% rate; 95% CI: −12.7, 0.5) in
the 2017–2019 period (Table 3, Fig. 1). A similar pattern was
observed for influenza emergency department visits and DIE in
the prior 6 days. Specifically, each 0.4 μg/m3 increase in DIE
concentration was associated with a 24.6% increased rate of
emergency department visits for influenza (95% CI: 14.5, 35.5) in
the 2014–2016 period, and a −1.2% rate (95% CI: −4.9, 2.7) in the
2017–2019 period (Table 4, Fig. 2).
The pattern for the association between GAS concentrations

and influenza emergency department visits was different from
DIE. Each 1.5 μg/m3 increase in GAS concentration was associated
with a larger excess rate of influenza emergency department visits
in the 2017–2019 period (ER= 23.9%; 95% CI: 17.6, 30.6) than in
the 2014–2016 period (ER= 7.7%; 95% CI: 0.1, 15.8) for lag days
0–6, but not for lag day(s) 0 or 0–3 (where no differences were
observed between periods) (Table 4, Fig. 2). The rate of influenza
hospitalizations associated with each IQR increase in GAS
concentration in lag days 0–6 was also larger in the 2017–2019
period (ER= 16.4%; 95% CI: 5.5%, 28.4%) than in the 2014–2016
period (ER= 11.7%; 95% CI: −1.1%, 26.1%).
The pattern of ER of biomass burning source-specific PM was

the inverse of the DIE results, with no association between BB and
influenza hospitalizations in the 2014–2016 period and increased
relative rates in the 2017–2019 period at all lag periods.
Specifically, each 0.4 μg/m3 increase in BB concentration in lag
days 0–6 was associated with a 2.3% increased rate (95% CI: −6.8,
12.3) in the 2014–2016 period, and a 18.7% increased rate of
hospitalizations for influenza (95% CI: 12.2, 25.5) in the 2017–2019
period (Table 3, Fig. 1). The pattern for BB/influenza emergency
department visits was the same as hospitalizations. We observed a
1.2% increase in emergency department visits (95% CI: −3.3, 5.9)
associated with each 0.4 μg/m3 increase in BB in the 2014–2016
period and a 16.8% increase (95% CI: 14.0, 19.7) in the 2017–2019
period (Table 4, Fig. 2).
The rate of influenza healthcare encounters associated with

increased concentrations of SOC and POC were larger in the
2017–2019 compared to 2014–2016. Each 0.4 μg/m3 increase in
POC concentrations in lag days 0–6 was associated with an 11.8%
increase in emergency department visits for influenza (95% CI: 8.0,
15.6) in the 2017–2019 period, but only a 1.5% decrease in
2014–2016 (95% CI: −6.2, 3.3) (Table 4). Each 0.7 μg/m3 increase in
SOC concentration in lag days 0–6 was associated with a 13.4%
increase in emergency department visits for influenza (95% CI: 7.7,
19.3) in the 2017–2019 period and a 1.6% decrease (−6.6, 3.7) in

Table 1. Characteristics of respiratory infectious disease hospital
admissions and emergency department visits (2014–2019), by study
site/city.

Hospitalizations
(N= 20,205)

Emergency
department
visits
(N= 70,855)

Characteristic n % n %

Female 11,764 58 42,722 60

AGE in years: mean (standard
deviation)

69 (18) 42 (18)

≥18–64 7201 36 61,987 87

≥65 13,004 64 8868 13

Race/ethnicity

White 9351 62 20,316 44

Black 4588 30 22,348 48

Native American 53 0 261 1

Asian 5122 6 7420 5

Native Hawaiian 42 0 165 0

Hispanic 3816 19 19,061 27

Year

2014 2445 12 7809 11

2015 2150 11 4918 7

2016 2554 13 8360 12

2017 3015 15 7560 11

2018 5761 29 18,049 25

2019 4280 21 24,159 34

Season

Spring 5978 30 18,398 26

Summer 215 1 626 1

Fall 609 3 2900 4

Winter 13403 66 48,931 69

Length of stay in days
mean ± standard deviation

54.6 ± 7.0 0.2 ± 0.7
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2014–2016. The difference in the rates between periods was
slightly smaller for the hospitalizations for influenza compared to
emergency department visits.
Similar to SOC and POC, the rate of influenza emergency

department visits associated with SN and SS at the 0–6 lag time
were larger in the 2017–2019 period compared to 2014–2016
period. One unique finding was the decreased rate of influenza
hospitalizations associated with a 1.7 μg/m3 increase in SS at the
0–6 lag period (ER −13.7%; 95% CI: −23.9, −2.2). We observed
larger rates of influenza hospitalizations associated with each
0.7 μg/m3 increase in OP concentration in lag days 0–6 in the
2017–2019 period (ER 14.8%; 95% CI: 0.3, 31.4) than the
2014–2016 period (ER of −8.9%; 95% CI: (−17.0, 0.0) at the 0–6
lag days (Table 3). There was no clear pattern of association for
road dust and influenza healthcare encounters.

DISCUSSION
In this study of source-specific PM2.5 concentrations and influenza
hospitalizations and emergency department visits in Rochester,
NY, we estimated and compared the relative rate of influenza
healthcare encounters associated with increased source-specific
PM2.5, SOC, and POC concentrations both before (2014–2016) and
after (2017–2019) Tier 3 vehicle emissions standards were
implemented. As hypothesized, we observed a decrease in the
rate of influenza hospitalizations and emergency department visits
associated with increased DIE concentrations at all lag times in the
2017–2019 period compared to the 2014–2016 period. Unexpect-
edly, in the 2017–2019 period, we observed an increase in the rate
of emergency department visits associated with spark-ignition/
gasoline vehicle emissions (GAS) in the prior one week (lag days
0–6; compared to 2014–2016 period) and no change between
periods at other lag times. A similar increase in the rate of
healthcare encounters for influenza in the 2017–2019 period was
observed for biomass burning, SS, POC, and SOC, but not other
PM2.5 sources. The relative toxicity per unit mass of some of these
PM2.5 sources may have been affected by implementation of the
Tier 3 emissions standards and other prior emissions standards.
The need to examine the health effects of sources of PM2.5 is

supported by our recent study on the effect of total PM2.5 on the
rate of influenza healthcare encounters [22]. Despite reductions in
overall PM2.5 concentrations during the early implementation
period of the Tier 3 standards, the rates of influenza healthcare
encounters associated with IQR increases in PM2.5 concentrations

Ta
bl
e
3.

Ex
ce
ss

ra
te

o
f
ac
u
te

h
o
sp
it
al
iz
at
io
n
s
fo
r
in
fl
u
en

za
as
so
ci
at
ed

w
it
h
ea
ch

in
te
rq
u
ar
ti
le

ra
n
g
e
in
cr
ea
se

in
so
u
rc
e-
sp
ec
ifi
c
PM

2
.5
.

La
g
d
ay

0
0–

3
0–

6

Ti
m
e
p
er
io
d

N
IQ
R
(µ
g
/m

3
)

Ex
ce
ss

ra
te

(9
5%

C
I)

p-
va

lu
e*

N
IQ
R
(µ
g
/m

3
)

Ex
ce
ss

ra
te

(9
5%

C
I)

p-
va

lu
e*

N
IQ
R
(µ
g
/m

3
)

Ex
ce
ss

ra
te

(9
5%

C
I)

p-
va

lu
e*

D
ie
se
l
(D
IE
)

20
14

–
16

18
53

0.
4

11
.6

(3
.1
,2

0.
7)

0.
04

15
13

0.
3

8.
3
(−

2.
8,

20
.7
)

0.
09

17
21

0.
3

21
.3

(6
.9
,3

7.
6)

<
0.
00

1

20
17

–
19

34
75

0.
4

1.
2
(−

3.
5,

6.
1)

30
64

0.
3

−
2.
3
(−

7.
8,

3.
5)

33
35

0.
3

−
6.
3
(−

12
.7
,0

.5
)

B
io
m
as
s
b
u
rn
in
g
(B
B
)

20
14

–
16

18
53

0.
5

−
1.
9
(−

7.
8,

4.
3)

0.
16

15
13

0.
5

−
4.
6
(−

12
.7
,4

.3
)

0.
00

1
17

21
0.
4

2.
3
(−

6.
8,

12
.3
)

0.
00

4

20
17

–
19

34
75

0.
5

3.
0
(−

0.
6,

6.
8)

30
64

0.
5

11
.8

(5
.8
,1

8.
2)

33
35

0.
4

18
.7

(1
2.
2,

25
.5
)

Sp
ar
k-
ig
n
it
io
n
em

is
si
o
n
s
(G
A
S)

20
14

–
16

18
53

2.
2

4.
7
(−

5.
5,

16
.1
)

0.
13

15
13

1.
2

2.
0
(−

6.
6,

11
.4
)

0.
87

17
21

1.
5

11
.7

(−
1.
1,

26
.1
)

0.
54

20
17

–
19

34
75

2.
2

−
4.
0
(−

10
.5
,3

.0
)

30
64

1.
2

1.
2
(−

4.
7,

7.
4)

33
35

1.
5

16
.4

(5
.5
,2

8.
4)

Py
ro
ly
ze
d
o
rg
an

ic
ri
ch

(O
P)

20
14

–
16

18
53

0.
7

3.
4
(−

1.
7,

8.
8)

0.
82

15
13

0.
7

5.
7
(−

1.
3,

13
.1
)

0.
77

17
21

0.
7

−
8.
9
(−

17
.0
,−

0.
0)

0.
01

20
17

–
19

34
75

0.
7

2.
3
(−

5.
2,

10
.4
)

30
64

0.
7

7.
8
(−

3.
8,

20
.7
)

33
35

0.
7

14
.8

(0
.3
,3

1.
4)

R
o
ad

d
u
st

(R
D
)

20
14

–
16

18
53

0.
2

1.
5
(−

2.
2,

5.
2)

0.
6

15
13

0.
1

0.
8
(−

4.
2,

6.
1)

0.
28

17
21

0.
1

1.
5
(−

3.
5,

6.
8)

0.
55

20
17

–
19

34
75

0.
2

0.
1
(−

3.
6,

3.
9)

30
64

0.
1

−
2.
9
(−

7.
6,

2.
0)

33
35

0.
1

−
0.
7
(−

6.
3,

5.
1)

Se
co

n
d
ar
y
n
it
ra
te

(S
N
)

20
14

–
16

18
53

2
2.
5
(−

3.
4,

8.
7)

0.
32

15
13

1.
9

1.
2
(−

7.
0,

10
.1
)

0.
83

17
21

1.
9

4.
1
(−

5.
7,

14
.9
)

0.
51

20
17

–
19

34
75

2
−
0.
9
(−

5.
7,

4.
2)

30
64

1.
9

0.
2
(−

6.
3,

7.
0)

33
35

1.
9

8.
1
(−

0.
6,

17
.5
)

Se
co

n
d
ar
y
su
lfa

te
(S
S)

20
14

–
16

18
53

1.
8

0.
4
(−

5.
8,

7.
0)

0.
18

15
13

1.
3

1.
0
(−

6.
8,

9.
3)

0.
21

17
21

1.
7

−
13

.7
(−

23
.9
,−

2.
2)

0.
36

20
17

–
19

34
75

1.
8

7.
4
(−

0.
6,

16
.1
)

30
64

1.
3

8.
8
(−

0.
4,

18
.9
)

33
35

1.
7

−
6.
2
(−

17
.6
,6

.7
)

PO
C

20
14

–
16

20
75

0.
5

0.
5
(−

5.
1,

6.
5)

0.
69

18
52

0.
3

−
1.
3
(−

7.
3,

5.
0)

0.
26

20
09

0.
3

1.
6
(−

4.
5,

8.
0)

0.
04

20
17

–
19

35
88

0.
5

−
0.
7
(−

4.
9,

3.
6)

31
74

0.
3

2.
6
(−

2.
4,

7.
8)

34
49

0.
3

9.
3
(3
.7
,1

5.
2)

SO
C

20
14

–
16

20
75

1
−
2.
5
(−

9.
9,

5.
5)

0.
23

18
52

0.
7

2.
1
(−

5.
9,

10
.7
)

0.
88

20
09

0.
7

−
1.
2
(−

10
.8
,9

.4
)

0.
11

20
17

–
19

35
88

1
−
7.
5
(−

13
.8
,−

0.
7)

31
74

0.
7

1.
4
(−

6.
0,

9.
4)

34
49

0.
7

8.
6
(−

1.
6,

19
.9
)

* p
-v
al
u
e
fo
r
in
te
ra
ct
io
n
b
et
w
ee

n
p
er
io
d
s
(2
01

4–
20

16
an

d
20

17
–
20

19
).

Fig. 1 Excess rate of hospitalizations for influenza. Excess rate of
hospitalizations for influenza associated with IQR increases in diesel
(DIE), biomass burning (BB) and gasoline (GAS) at multiple lag times.
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were not lower in the 2017–2019 period compared to the
2014–2016 period. As policy makers consider interventions to
address specific sources of air pollution, the health effects of the
remaining PM2.5 (which has a new relative composition) will
require continued assessment.
Since the time of our prior study of source-specific PM2.5 and

influenza [7] that reported increased rates of influenza hospitaliza-
tion and emergency department visits associated with increased
PM2.5, GAS, and DIE, the global COVID-19 pandemic redirected
some of the environmental science community to focus environ-
mental research on COVID-19 infection [23]. The uniqueness of the
SARS-CoV-2 infection and its changing pandemic dynamics
limited the applicability of the air pollution/COVID-19 studies to
other seasonal respiratory viruses [24, 25]. Although there have
been several studies estimating influenza/PM2.5 associations
[4, 26], there have been few previous studies estimating
associations between source-specific PM2.5 or PM2.5 constituents
and influenza health care encounters [27]. In the interim from our
prior source-specific study, a recent study in Guangdong Province,
China observed a 2.8% increase in the relative risk of influenza
infection associated with a 10 μg/m3 increase in PM2.5 concentra-
tions in the 8 days prior to symptom onset [6]. Though only
indirectly related to respiratory infection, an accountability study
in Los Angeles, CA observed a decrease in risks of emergency
department visits for asthma associated with increased PM2.5

constituents (organic carbon, sulfate, and nitrate) concentrations
over time (2005–2016) [28]. Not all source-specific PM2.5 findings
in our current study are consistent with these studies.
Our current study employed an improved PMF analysis to better

apportion the aerosol resulting in differences between the effect
estimates in the 2014–2016 period when comparing with our prior
study source-specific/influenza study [7]. In this prior study we
examined the association between increased source-specific PM2.5

(using the prior version of the PMF analysis) and influenza
healthcare encounters in New York State from the same SPARCS
database. Given the volume of data given the inclusion of three
periods from 2005 to 2016 and the inclusion of culture negative
pneumonia, we did not present the period-specific data in that
study (only the total period). While the absolute values are not
directly comparable, the trends in excess rates from 2014 to 2019
are important to compare. For example, the excess rates for GAS/
influenza healthcare encounters decreased from 2005 to 2007 (ERTa
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Fig. 2 Excess rate of emergency department visits for influenza.
Excess rate of emergency department visits for influenza associated
with IQR increases in diesel (DIE), biomass burning (BB) and gasoline
(GAS) at multiple lag times.
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17%; 95% CI: 2.7, 33.3) to 2014–2016 (ER 6.1%; 95% CI: −2.4, 9.8) in
lag days 0–6 (and similar pattern for lag days 0–3) (unpublished
data). In the current study, rather than a trend of smaller excess
rates over time, the excess rates for the GAS/influenza emergency
department visit associations appeared similar (or larger) in the
2017–2019 period (ER= 23.9%; 95% CI: 17.6, 30.6) compared to
the 2014–2016 period (ER 7.7%; 95% CI: 0.1, 15.8) for lag days 0–6.
The observation of a similar (or increased) relative rate for

healthcare encounters for influenza associated with GAS in the
2017–2019 period compared to 2014–2016, despite the early
implementation of the 2017 Tier 3 vehicle standards, is
inconsistent with the hypothesis that Tier 3 vehicle standards
could have reduced the toxicity per unit mass of the GAS
component. Specifically, if the early implementation of the Tier 3
emissions standards decreased the secondary organic carbon
(SOC) component of PM2.5, thereby reducing the oxidative
potential of PM2.5, we would also expect to see a decrease in
the rate of healthcare encounters for influenza associated with
increased PM2.5 and GAS concentrations. The lack of reduction in
the GAS/influenza association may be related to the incomplete
fleet penetration of Tier 3 vehicles. While 36% of the current light
duty vehicle fleet was purchased after 2017, we do not yet have
data on what proportion of those vehicles met the Tier 3 standards
(so the actual Tier 3 market penetration must be roughly 36% or
lower) [29]. There may be other explanations including a change
in the particle size distribution within GAS. The reduction in the
mass of relatively less toxic particles such as secondary sulfate may
have led to a relative increase in the toxicity per unit mass of the
remaining sources. While the proportion of GAS consisting of UFP
increased related in part to the 50% penetrance of gasoline direct
injection in 2016, the change in toxicity related to this change will
require further study.
In our prior study [7], the ERs for the DIE/Influenza emergency

department visits were similar in the 2005-2007 period (ER 5.8%
[95% CI: 2.6%, 9.0%]) compared to the 2014–2016 period (ER of 6.3%
[95% CI 1.3%, 11.6%]) at the 0–6 lag days (unpublished data). In
contrast, we observed a substantial decrease in the ER of the DIE/
Influenza from 2014–2016 to the 2017–2019 period in the current
study. The observed decrease in excess rates of influenza healthcare
encounters associated with each 0.3–0.5 μg/m3 increase in DIE may
be related to changes prior to the implementation of the 2017 Tier 3
vehicle standard. As a result of multiple diesel fuel related policies
targeting the sulfur content of diesel, the concentrations of SO2

(and SS) have decreased [8]. Though NO2 decreased in part due to
selective catalytic reduction (SCR) systems (required in new vehicles
in 2010), the lack of reduction in SN concentrations may be related
to an increase in ammonia that escapes the SCR system [30]. Since
the Tier 3 vehicle emission standard predominantly addressed
gasoline vehicles, it is unclear to what degree the early
implementation of this regulation had the potential to reduce the
toxicity per unit mass of DIE. Though not guaranteed, the toxicity of
both DIE and GAS would be expected to continue to fall, as the
emissions from both diesel and gasoline vehicles come below the
recommended Tier 3 standard.
When considering non-traffic related PM2.5 sources, the increase

in the rate of influenza healthcare encounters associated with BB
concentrations in the 2017–2019 period, compared to the
2014–2016 period, may be related to a change in the
characteristics of wildfire smoke or residential wood-burning
smoke and/or their interaction with other pollutants in the
outdoor atmosphere. While wildfire smoke has been suggested to
comprise up to 25% of PM2.5 in the United States (and up to 50%
in the Western U.S.) [31], the majority of BB comes from residential
wood burning in the Rochester, NY area [32, 33]. The respiratory
health effects of residential biomass burning are particularly
difficult to study given the complexity of the factors that
determine its emission profile including the condition of the fuel
sources, efficiency of burning and ventilation of the indoor space

[34]. It remains unclear which, if any, of these variables have
changed in NYS to explain a change in relative toxicity in BB from
residential wood burning. For wildfire smoke, climate change
driven increases in outdoor temperature and reductions in
humidity, combined with an increase in large diameter solid fuels
(felled trees) due to high winds and draught or flooding is
expected to lead to an increase in frequency, intensity and
duration of wildfires [35]. Since the proportion of PM2.5 comprised
of wildfire/biomass burning increases with further climate change,
the reactive potential and toxicity per unit mass of PM2.5 may also
increase [36, 37]. However, due to lower average temperature in
New York State (NYS) compared to California, where the majority
of the U.S. based literature focuses, we would expect less
atmospheric reactivity, and potentially less toxicity, during studies
similar to our current study in the winter months. Though wildfire
smoke is not currently the dominant biomass source in NYS, the
proportion of BB in NYS from wildfire smoke may increase in the
future due to an expected increase in the frequency of dynamic
weather patterns similar to the lingering low pressure system
which led to significant biomass exposure in NYS from Canadian
wildfires during the summer of 2023 [38]. Similar to the increased
risk of hospitalization from asthma related to wildfire smoke, we
may expect to see an increased risk of influenza associated with
PM2.5 since the proportion of BB in NYS that comes from wildfire
smoke increases [37].
Though the continued penetrance of Tier 3 vehicles into the

New York State vehicle fleet is expected to result in a decrease in
SOC [8], it is possible that the increase in organic carbon from
wildfire activity over time will contribute more SOC to PM2.5 [39],
thereby stabilizing SOC concentrations. The increase in rates of
influenza healthcare encounters associated with increased SOC
concentrations in 2017–2019 compared to 2014–2016 may
indicate an increase in toxicity per unit mass of SOC. This pattern
is the same as the main contributors to SOC, gasoline vehicle
emissions (GAS) at lag days 0–6, and biomass burning. While we
also observed an increased rate of influenza hospitalizations and
emergency department visits with secondary sulfate (SS) (except
for the 0–6 time period for hospitalization), due to the role of SS as
a vector for a heterogeneous collection of condensates, the health
effect of specific secondary sulfates remains uncertain [40]. Since
the majority of PM2.5 is from inorganic and organic secondary
aerosols (i.e. SIA and SOA), the reactivity of each constituent PM2.5

source such as traffic related air pollution (DIE and GAS) and
biomass burning have been found to be more similar to the
higher oxidative potential of SOC than the less reactive POC
[12, 41]. For a viral infection like influenza, PM2.5 constituents with
high oxidate potential (e.g. DIE, GAS and BB) have the potential to
enhance viral entry into cells, impair pathogen recognition,
immune signaling, and immune cell function [14].We will need
to continue to focus future studies on the potential pathophysio-
logic mechanisms of the association between PM2.5 and influenza
healthcare encounters and what collection of sources appear to
be the main drivers of this association.
Inequity in both exposure to PM2.5 and treatment for influenza

exist in the U.S. Our study observed that a higher proportion of
Black and Hispanic patients with influenza were treated and
released from the ED (48% and 27% respectively) compared to
those who were admitted (30% and 19% respectively). Our patient
proportions are not consistent with national data observing the
odds of hospitalization (including intensive care) and death for
influenza are higher in Black, Hispanic, and Asian patients when
compared to white patients [42]. It is also well known that Black
and Hispanic communities suffer a disproportionate burden of
traffic related air pollution [43]. These two facts combine to
increase the risk of a poor outcome from influenza infection in
Black and Hispanic communities when compared to White
communities. In a future analysis, we will need to consider how
the difference in our local healthcare practice patterns and
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geographic distribution of source-specific PM2.5 may affect the
association between PM/influenza in different racial and ethnic
communities.
Although there were several strengths of this study, including a

large sample size and inclusion of the 4 largest cities in New York
State, there are several limitations that should be considered
when making inference. First, there is likely exposure misclassifi-
cation and downward bias resulting from assignment of the same
air pollutant concentrations for everyone within 15 miles of an
individual monitor (e.g., Buffalo), no matter how far they live from
the monitoring station. Second, this study was a wintertime study
given the seasonality of influenza infection, limiting the general-
izability to year-round respiratory infections or bacterial respira-
tory infections. Last, to be consistent with our previous analyses,
we used a case-crossover design and conditional logistic
regression analyses to estimate the rate of influenza hospitaliza-
tions and emergency department visits associated with source-
specific PM2.5, SOC, and POC concentrations in the previous
7 days. However, as described in our previous analysis of
influenza/PM2.5 associations in these same cities, we cannot
assess lag periods longer than 7 days without overlap of case and
control period dates and thus case and control period pollutant
concentrations [22]. Thus, we are limited to assessment of
pollutant concentrations in just the previous 1–7 days. Last, the
study population is only adult residents, and not children, and
only those adults living in urban centers of the state (i.e., within 15
miles). Thus, generalizability of results to children or to adult
residents in rural locations is less certain.

CONCLUSION
While there did not appear to be any clear reduction in influenza
healthcare encounters from gasoline emissions during the early
implementation period of the Tier 3 emissions standards, we did
see a reduction in the rate of healthcare encounters associated
with diesel emissions. It is possible that we are seeing the effect of
prior diesel regulations to lower sulfur content and that the ability
to fully evaluate the health effects of the gasoline emission
regulation may come only later once the Tier 3 vehicle penetration
into the entire New York State vehicle fleet increases. The finding
of a potential increase in the toxicity per unit mass of biomass
burning (including wildfires) is concerning due to the expectation
that this component of PM2.5 is expected to continue to increase
as a proportion of PM2.5 due to climate change. Furthermore,
addressing the burden of both influenza and air pollution on
disproportionately affected communities will be an important
research focus in the future, especially as climate change serves to
worsen air quality and increase the frequency and intensity of
natural disasters. Given the complexity of the atmospheric
chemistry of a changing PM2.5 composition, future studies will
need to evaluate effect modification of the rate of respiratory
infection healthcare encounters associated with PM2.5 by heat
waves and cold waves or implementation of air quality policies.
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The data that support the findings of this study are available from the Statewide
Planning and Research Cooperative System (SPARCS) in New York State, but
restrictions apply to the availability of these data, which were used under an
agreement for the current study, and so are not publicly available. Data can be made
available from SPARCS after an application process https://www.health.ny.gov/
statistics/sparcs/.

REFERENCES
1. CDC. Influenza. 2023. https://www.cdc.gov/nchs/fastats/flu.htm.
2. Chow EJ, Uyeki TM, Chu HY. The effects of the COVID-19 pandemic on com-

munity respiratory virus activity. Nat Rev Microbiol. 2023;21:195–210.

3. Croft DP, Zhang WJ, Lin S, Thurston SW, Hopke PK, Masiol M, et al. The Asso-
ciation between Respiratory Infection and Air Pollution in the Setting of Air
Quality Policy and Economic Change. Ann Am Thorac Soc. 2019;16:321–30.

4. Horne BD, Joy EA, Hofmann MG, Gesteland PH, Cannon JB, Lefler JS, et al. Short-
Term Elevation of Fine Particulate Matter Air Pollution and Acute Lower
Respiratory Infection. Am J Respir Crit Care Med. 2018;198:759–66.

5. EPA. Integrated Science Assessment (ISA) for Particulate Matter. 2019. https://
www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter.

6. Zhang R, Lai KY, Liu W, Liu Y, Ma X, Webster C, et al. Associations between short-
term exposure to ambient air pollution and influenza: an individual-level case-
crossover study in Guangzhou, China. Environ Health Perspect. 2023;131:127009.

7. Croft DP, Zhang W, Lin S, Thurston SW, Hopke PK, van Wijngaarden E, et al.
Associations between Source-Specific Particulate Matter and Respiratory Infec-
tions in New York State Adults. Environ Sci Technol. 2020;54:975–84.

8. Chen Y, Rich DQ, Masiol M, Hopke PK. Changes in ambient air pollutants in New
York State from 2005 to 2019: Effects of policy implementations and economic
and technological changes. Atmos Environ. 2023;311:119996.

9. Hopke PK, Hidy G. Changing emissions results in changed PM2. 5 composition
and health impacts. Atmosphere. 2022;13:193.

10. EPA. Final Rule for Control of Air Pollution from Motor Vehicles: Tier 3 Motor
Vehicle Emission and Fuel Standards. 2023. Available from: https://www.epa.gov/
regulations-emissions-vehicles-and-engines/final-rule-control-air-pollution-
motor-vehicles-tier-3.

11. Lin SXY, Thandra S, Qi Q, Hopke PK, Thurston SW, Croft DP, et al. PM2.5 and its
components and respiratory disease healthcare encounters – unanticipated
increased exposure-response relationships in recent years after environmental
policies. Environ Pollut. 2024;360:124585.

12. Lovett C, Baasiri M, Atwi K, Sowlat MH, Shirmohammadi F, Shihadeh AL, et al.
Comparison of the oxidative potential of primary (POA) and secondary (SOA)
organic aerosols derived from α-pinene and gasoline engine exhaust precursors.
F1000Research. 2018;7:1031.

13. Wang S, Takhar M, Zhao Y, Al Rashdi LNS, Chan AW. Dynamic oxidative potential
of organic aerosol from heated cooking oil. ACS Earth Space Chem.
2021;5:1150–62.

14. Rebuli ME, Brocke SA, Jaspers I. Impact of inhaled pollutants on response to viral
infection in controlled exposures. J Allergy Clin Immunol. 2021;148:1420–9.

15. Lessler J, Reich NG, Brookmeyer R, Perl TM, Nelson KE, Cummings DAT. Incubation
periods of acute respiratory viral infections: a systematic review. Lancet Infect Dis.
2009;9:291–300.

16. Squizzato S, Masiol M, Rich DQ, Hopke PK. A long-term source apportionment of
PM2. 5 in New York State during 2005–2016. Atmos Environ. 2018;192:35–47.

17. Maclure M. The case-crossover design: a method for studying transient effects on
the risk of acute events. Am J Epidemiol. 1991;133:144–53.

18. Levy D, Lumley T, Sheppard L, Kaufman J, Checkoway H. Referent selection in
case-crossover analyses of acute health effects of air pollution. Epidemiology.
2001;12:186–92.

19. Aho K, Derryberry D, Peterson T. Model selection for ecologists: the worldviews of
AIC and BIC. Ecology. 2014;95:631–6.

20. Mostofsky E, Schwartz J, Coull BA, Koutrakis P, Wellenius GA, Suh HH, et al.
Modeling the association between particle constituents of air pollution and
health outcomes. Am J Epidemiol. 2012;176:317–26.

21. Chen Y, Rich DQ, Hopke PK. Changes in source specific PM2.5 from 2010 to 2019
in New York and New Jersey identified by dispersion normalized PMF. Atmos Res.
2024;304:107353.

22. Croft DP, Utell MJ, Liu H, Lin S, Hopke PK, Thurston SW, et al. Change in rate of
healthcare encounters for respiratory infection from air pollution exposure after
improved vehicle emissions standards in New York State. Air Quality Atmos
Health. 2024;17:1267–80.

23. Monoson A, Schott E, Ard K, Kilburg-Basnyat B, Tighe RM, Pannu S, et al. Air
pollution and respiratory infections: the past, present, and future. Toxicological
Sci. 2023;192:3–14.

24. Wu X, Nethery RC, Sabath MB, Braun D, Dominici F. Air pollution and COVID-19
mortality in the United States: Strengths and limitations of an ecological
regression analysis. Sci Adv. 2020;6:eabd4049.

25. Barceló MA, Saez M. Methodological limitations in studies assessing the effects of
environmental and socioeconomic variables on the spread of COVID-19: a sys-
tematic review. Environ Sci Eur. 2021;33:1–18.

26. Pirozzi CS, Jones BE, VanDerslice JA, Zhang Y, Paine IIIR, Dean NC. Short-Term Air
Pollution and Incident Pneumonia. A Case-Crossover Study. Ann Am Thorac Soc.
2018;15:449–59.

27. Krall JR, Mulholland JA, Russell AG, Balachandran S, Winquist A, Tolbert PE, et al.
Associations between Source-Specific Fine Particulate Matter and Emergency
Department Visits for Respiratory Disease in Four U.S. Cities. Environ Health
Perspect. 2017;125:97–103.

D.P. Croft et al.

212

Journal of Exposure Science & Environmental Epidemiology (2025) 35:205 – 213

https://www.health.ny.gov/statistics/sparcs/
https://www.health.ny.gov/statistics/sparcs/
https://www.cdc.gov/nchs/fastats/flu.htm
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
https://www.epa.gov/isa/integrated-science-assessment-isa-particulate-matter
https://www.epa.gov/regulations-emissions-vehicles-and-engines/final-rule-control-air-pollution-motor-vehicles-tier-3
https://www.epa.gov/regulations-emissions-vehicles-and-engines/final-rule-control-air-pollution-motor-vehicles-tier-3
https://www.epa.gov/regulations-emissions-vehicles-and-engines/final-rule-control-air-pollution-motor-vehicles-tier-3


28. Bi J, D’Souza RR, Rich DQ, Hopke PK, Russell AG, Liu Y, et al. Temporal changes in
short-term associations between cardiorespiratory emergency department visits
and PM2. 5 in Los Angeles, 2005 to 2016. Environ Res. 2020;190:109967.

29. Yount CS, Utell MJ, Hopke PK, Thurston SW, Lin S, Ling FS, et al. Triggering of ST-
elevation myocardial infarction by ultrafine particles in New York: Changes fol-
lowing Tier 3 vehicle introduction. Environ Res. 2023;216:114445.

30. Hopke PK, Querol X. Is Improved Vehicular NOx Control Leading to Increased
Urban NH3 Emissions? Environ Sci Technol. 2022;56:11926–7.

31. Burke M, Driscoll A, Heft-Neal S, Xue J, Burney J, Wara M. The changing risk and
burden of wildfire in the United States. Proc Natl Acad Sci.
2021;118:e2011048118.

32. Wang Y, Hopke PK, Rattigan OV, Chalupa DC, Utell MJ. Multiple-year black carbon
measurements and source apportionment using delta-C in Rochester, New York.
J Air Waste Manag Assoc. 2012;62:880–7.

33. Wang YG, Hopke PK, Xia XY, Rattigan OV, Chalupa DC, Utell MJ. Source appor-
tionment of airborne particulate matter using inorganic and organic species as
tracers. Atmos Environ. 2012;55:525–32.

34. Sigsgaard T, Forsberg B, Annesi-Maesano I, Blomberg A, Bølling A, Boman C, et al.
Health impacts of anthropogenic biomass burning in the developed world. Eur
Respiratory J. 2015;46:1577–88.

35. Odwuor A, Yañez C, Chen Y, Hopkins F, Moreno A, Xu X, et al. Evidence for multi-
decadal fuel buildup in a large California wildfire from smoke radiocarbon
measurements. Environ Res Lett. 2023;18:094030.

36. Rice MB, Henderson SB, Lambert AA, Cromar KR, Hall JA, Cascio WE, et al.
Respiratory impacts of wildland fire smoke: future challenges and policy
opportunities. An official American Thoracic Society workshop report. Ann Am
Thorac Soc. 2021;18:921–30.

37. DeFlorio-Barker S, Crooks J, Reyes J, Rappold AG. Cardiopulmonary effects of fine
particulate matter exposure among older adults, during wildfire and non-wildfire
periods, in the United States 2008–2010. Environ health Perspect.
2019;127:037006.

38. Thurston G, Yu W, Luglio D. An Evaluation of the Asthma Impact of the June 2023
New York City Wildfire Air Pollution Episode. Am J Respiratory Crit Care Med.
2023;208:898–900.

39. Requia WJ, Coull BA, Koutrakis P. The impact of wildfires on particulate carbon in
the western USA. Atmos Environ. 2019;213:1–10.

40. Reiss R, Anderson EL, Cross CE, Hidy G, Hoel D, McClellan R, et al. Evidence of
health impacts of sulfate-and nitrate-containing particles in ambient air. Inhala-
tion Toxicol. 2007;19:419–49.

41. Daellenbach KR, Uzu G, Jiang J, Cassagnes L-E, Leni Z, Vlachou A, et al. Sources of
particulate-matter air pollution and its oxidative potential in Europe. Nature.
2020;587:414–9.

42. O’Halloran AC, Holstein R, Cummings C, Kirley PD, Alden NB, Yousey-Hindes K,
et al. Rates of influenza-associated hospitalization, intensive care unit admission,
and in-hospital death by race and ethnicity in the United States from 2009 to
2019. JAMA Netw Open. 2021;4:e2121880.

43. Jbaily A, Zhou X, Liu J, Lee T-H, Kamareddine L, Verguet S, et al. Air pollution
exposure disparities across US population and income groups. Nature.
2022;601:228–33.

AUTHOR CONTRIBUTIONS
The conceptualization of the study was performed by DPC, MJU, SL, SWT, PKH and
DQR. The team that participated in data curation included HL, SL, YC, PKH, DQR, KTM,
CJJ, CY and MRI. The formal analysis was performed by DPC, HL, ST, SL, SWT and DQR.
The methodology for the study was led by DQR, SWT, DPC, SL and PKH. The
supervisors of the project included DQR, PKH and SL. The original draft was
completed by DPC, DQR, PKH and MJU, while all authors contributed to the
subsequent writing, review & editing. The team responsible for acquiring funding
included: DQR, PKH, SL, SWT and MJU.

FUNDING
Funding for this project was provided by New York State Energy Research and
Development Authority (NSYERDA) contracts #156226 and #125993 as well as the
NIH environmental health science center P30 center grant #P30 ES001247. Dr. Croft
was funded by the NIEHS mentored career development grant #K23 ES032459.

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Correspondence and requests for materials should be addressed to Daniel P. Croft.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

1Pulmonary and Critical Care Division, Department of Medicine, University of Rochester Medical Center, Rochester, NY, USA. 2Department of Environmental Medicine,
University of Rochester Medical Center, Rochester, NY, USA. 3Department of Public Health Sciences, University of Rochester Medical Center, Rochester, NY, USA. 4Institute for
a Sustainable Environment, Clarkson University, Potsdam, NY, USA. 5Population Studies and Training Center, Brown University, Providence, RI, USA. 6Department of
Environmental Health Sciences. University at Albany, the State University of New York, Albany, NY, USA. 7Department of Biostatistics and Computational Biology, University
of Rochester Medical Center, Rochester, NY, USA. 8Department of Pediatrics, University of Rochester, Rochester, NY, USA. ✉email: daniel_croft@urmc.rochester.edu

D.P. Croft et al.

213

Journal of Exposure Science & Environmental Epidemiology (2025) 35:205 – 213

http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:daniel_croft@urmc.rochester.edu

	Comparison of the rate of healthcare encounters for influenza from source-specific PM2.5 before and after tier 3 vehicle standards in New York state
	Introduction
	Methods
	Study population
	Air pollution and meteorology measurements
	Statistical analysis

	Results
	Pollution data

	Discussion
	Conclusion
	References
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




