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Ambient Particulate Matter and Paramedic
Assessments of Acute Diabetic, Cardiovascular,
and Respiratory Conditions
Fay H. Johnston,a Farhad Salimi,a,b Grant J. Williamson,c Sarah B. Henderson,d,e Jiayun Yao,e
Martine Dennekamp,f,g Karen Smith,f,h Michael J. Abramson,f and Geoffrey G. Morganb,i
Background: Ambulance data provide a useful source of populationbased and spatiotemporally resolved information for assessing health
impacts of air pollution in nonhospital settings. We used the clinical
records of paramedics to quantify associations between particulate
matter (PM2.5) and diabetic, cardiovascular, and respiratory conditions commonly managed by those responding to calls for emergency
ambulance services.
Methods: We evaluated 394,217 paramedic assessments from three
states in Southeastern Australia (population 13.2 million) and daily
PM2.5 concentrations modeled at 5 km resolution from 2009 to 2014.
We used a time-stratified, case-crossover analysis adjusted for daily
meteorology to estimate the odds ratios (ORs) and 95% confidence
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intervals (CIs) for each clinical outcome per 10 µg/m3 increase in
daily PM2.5 at lags from 0 to 2 days.
Results: Increased PM2.5 was associated with increased odds of paramedic assessments of hypoglycemia (OR = 1.07; 95% CI = 1.02,
1.12, lag 0), arrhythmia (OR = 1.05; 95% CI = 1.02, 1.09, lag 0),
heart failure (OR = 1.07; 95% CI = 1.02, 1.12, lag 1), faint (OR =
1.09; 95% CI = 1.04–1.13, lag 0), asthma (OR = 1.06; 95% CI = 1.01,
1.11, lag 1), chronic obstructive pulmonary disease (OR = 1.07; 95%
CI = 1.01, 1.13, lag 1), and croup (OR = 1.09; 95% CI = 1.02, 1.17).
We did not identify associations with cerebrovascular outcomes.
Conclusions: Ambulance data enable the evaluation of important
clinical syndromes that are often initially managed in nonhospital
settings. Daily PM2.5 was associated with hypoglycemia, faint, and
croup in addition to the respiratory and cardiovascular outcomes that
are better established.
Keywords: Air pollution; Ambulance dispatches; Cardiovascular;
Croup; Diabetes; Faint; Hypoglycemia; Respiratory
(Epidemiology 2019;30: 11–19)

E

xposure to ambient particulate matter (PM) is associated
with acute and chronic adverse health outcomes, mediated
through pathophysiologic processes including the promotion
of inflammation, coagulation, and oxidative stress.1,2 While
impacts on the cardiovascular and respiratory systems have
been well characterized, associations with many other health
conditions are also emerging, including neurologic, immunologic, and perinatal outcomes.3–5 In particular, associations
between outdoor air pollution and metabolic outcomes have
also been recently reported.4,6 For example, short-term exposure to ambient PM has been associated with increased blood
glucose concentrations,7 hospital admissions for diabetic
problems, and admissions for all reasons in people with diabetes.3,8,9 Further, long-term PM exposure has been associated
with increased incidence of diabetes.6
Much of the evidence about the population-level health
impacts of PM comes from studies of administrative health data,
such as hospital emergency room visits, admissions records,
and registered deaths. Air quality estimates for these studies are
typically referenced to the usual place of residence. Ambulance
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records are a source of population-level health information that
has been less extensively evaluated with respect to air pollution. They can provide information about common clinical syndromes that are less often managed in hospital settings, such
as hypoglycemia (low blood glucose) or fainting (brief loss of
consciousness that can have many clinical causes). However,
the range of clinical information suitable for evaluation is more
limited compared with that available from datasets on hospital admissions or emergency room visits. Unlike other sources
of administrative data, ambulance records can also provide the
precise geolocation of the health event, rather than place of
usual residence, and timing of the call to emergency services.
This information is especially helpful for short-term air quality
studies because atmospheric pollution can exhibit considerable
spatial and temporal variation.10
Ambulance data are typically categorized at two
points in time. The first occurs at the time of the initial call
to emergency services, when a dispatch category is assigned
to indicate the general problem and degree of urgency. The
second occurs when an assessment is made by the attending
paramedic following a clinical evaluation, including history,
examination and, in some cases, investigations such as blood
or urine testing. Dispatch categories are assigned according to
standardized over-the-phone protocols,11 so the cases included
in each category can have considerable clinical heterogeneity
and diagnostic uncertainty.12 In comparison, paramedics follow standardized in-person protocols for identifying and managing a range of important medical conditions, which makes
their patient records more clinically informative.13 Paramedic
assessments have been understudied in the environmental
health literature compared with dispatch data, which are more
readily available. Paramedic assessments of cardiac arrest
have been associated with ambient air quality,14 but studies
on assessments for other conditions are limited.15 Here, we
aimed to assess the association between PM2.5 (PM less than
2.5 μm in aerodynamic diameter) and primary paramedic
assessments of selected diabetic, cardiovascular, and respiratory conditions. We hypothesized that by examining data collected in ambulance settings, we would identify new plausible
clinical manifestations of reduced air quality.

METHODS
Study Population
The study included 394,217 ambulance dispatches
with paramedic records in the Southeastern Australian States
of Victoria, New South Wales (NSW), and Tasmania for the
period 2009–2014 (Figure 1). The 2012 combined population
of this areas was 13.2 million people, approximately half of
the total Australian population. Of the 7.3 million people in
NSW, more than half are in the greater Sydney area.16 Similarly, Victoria has a population of 5.6 million, most of which
is in the greater Melbourne area. In contrast, Tasmania has a
smaller, more dispersed population of 512,000.16
12 | www.epidem.com

FIGURE 1. Map of Australia illustrating the states of New
South Wales, Victoria, and Tasmania. More than half the population of Australia reside in these three states, the majority in,
or close to, the major cities of Sydney and Melbourne.

Outcome Data
A standard clinical information system was used by all
jurisdictions participating in this study. Data are entered directly
by paramedics at the scene of the incident or after patient handover at hospital. We selected primary paramedic assessments
of hyperglycemia and hypoglycemia for the diabetes-related
outcomes. Cardiovascular outcomes included arrhythmia,
heart failure, faint, acute coronary syndrome, angina, stroke,
and transient ischemic attack. Heart failure was a combined
category that included assessments of both cardiac failure
and acute pulmonary edema. Respiratory outcomes included
asthma, chronic obstructive pulmonary disease (COPD),
lower respiratory infections, and croup, a common upper airway infection in young children. Lower respiratory infections
were a combined category that included assessments of chest
infection and pneumonia. Later introduction of the electronic
information system in NSW meant that only 18 months of
paramedic assessment data were available in this state (eFigure 1; http://links.lww.com/EDE/B415). The ambulance dispatch date, time, and location were recorded for all cases. We
excluded elective (nonurgent) dispatches, which mainly comprised patient transfers for prearranged appointments.

Exposure Data
Gridded daily average exposure estimates for PM2.5
were produced at a resolution of 5 × 5 km by adapting the general approach of Yao and Henderson10 to the Australian study
region using an empirical Random Forest model and more
environmental covariates.17 The model domain included the
Southeastern states and territories of Australia (Victoria, NSW,
Tasmania, and the Australian Capital Territory) from October
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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2009 to April 2015. Model inputs were remotely sensed aerosol
optical depth and fire radiative power from the Moderate Resolution Imaging Spectroradiometer instruments. Aerosol optical
depth is a measure of aerosol in the entire atmospheric column that correlates with on-ground particulate concentrations,
while fire radiative power measures the intensity of landscape
fire points and is proportional to their aerosol emissions.18 We
obtained daily PM2.5 data from state Environmental Protection
Agencies for the nearest available surface monitor, and the
atmospheric venting index was interpolated from nearest available weather station.19 In addition, we included the C-Haines
index of atmospheric stability, a driver of air pollution dispersion,20 and ozone data from the Aura satellite. Gridded daily
average temperature and relative humidity were provided by
the Australian Bureau of Meteorology in each state.19
The PM2.5 model was constructed to tolerate missing
data. For example, if satellite or monitor data were missing for
given day and location, a simpler form of the model was run
using the available variables.17 A leave-one-out cross-validation of the model produced a Pearson correlation coefficient
of 0.82 with the observed ground-based measurements and
a root mean square error (RMSE) of 5.7 µg·m−3. Additionally, we cross-validated the model by leaving out individual
monitoring stations and predicting those points using remaining stations to assess the spatial stability of the model, which
resulted in a mean Pearson correlation coefficient 0.82 mean
RMSE of 4.13 µg·m−3.

Statistical Analysis
A time-stratified case-crossover design21 was used to
estimate the association between exposure to PM2.5 and the
paramedic assessments. Our design controlled for day of the
week, monthly, seasonal, and long-term trends. The daily
average of modeled PM2.5 on the day of the dispatch and at the
location of the dispatch (case exposure) was compared with
PM2.5 estimates at the same 5 × 5 km grid cell for all other
occurrences of the same weekday in the same calendar month
and year (control exposures). Control exposure data thus
contrast temporal rather than spatial variations in air quality.
Because each case is their own control, it accounts for individual factors that do not vary meaningfully within 1 month,
such as age, sex, socioeconomic position, residential location,
and smoking status. The following conditional logistic model
was used to estimate the association between PM2.5 and the
paramedic assessment as an odds ratio (equation 1):
Paramedicassessment|UID ~ PM 2.5 + s(Tt , 2)
+ s(Tlag(t ,1− 3) , 2)+ s( RH t , 2) + s( RH lag(t , 1− 3) , 2),
where the paramedic assessment is 1 for the case day and 0 for
control days, conditioned on the unique identifier of the study
subject; PM2.5 is the daily concentration at the dispatch incident location of each subject; s (T, 2) is a natural cubic spline
of the average temperature with two degrees of freedom (df)
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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and the lag (1–3) is the average for the previous 3 days; and
RH is the average relative humidity with the same degrees of
freedom and lag structure.
We ran models for the combined dataset and separately
for each state. Individual models were run for PM2.5 concentrations on the same day (lag 0), the previous day (lag 1), and 2
days (lag 2) before the health outcome to assess temporal relationships. The combined dataset was used to evaluate differences by sex and age group (0–15, 16–50, 51–65, and above
65 years old). The significance of the statistical difference
between effect estimates within subgroups (e.g., males versus
females) was tested using meta-regression.22,23 All analyses
were performed in R statistical software.24 The research was
approved by the Health and Medical Research Ethics Committee of the University of Tasmania (Reference H0013521).

RESULTS
Air quality was generally good over the study period,
with a mean (standard deviation) daily PM2.5 concentration
of 8.4 (4.1) µg/m3, though there were some highly exposed
days (Table 1). Lower respiratory infections (N = 67,952) and
acute coronary syndrome (N = 66,231) were the most common paramedic assessments recorded (Table 1).

Paramedic Assessments and PM2.5

In the analysis of diabetic outcomes, we found that
increased PM2.5 was associated with paramedic assessments
of hypoglycemia. In the combined analysis, there was an
approximate 7% increase in the odds of this outcome for each
10 µg/m3 increase in PM2.5 (odds ratio [OR] = 1.07; 95%
confidence interval [CI] = 1.02, 1.12, lag 0) (Figure 2). We
also observed positive associations in each individual state
(Table 2). In contrast, there was no association with hyperglycemia in the combined analysis, but results from the state of
Tasmania alone showed a strong association (Table 2).
In the analyses of cardiovascular conditions, paramedic
assessments of arrhythmia, heart failure, and faint were all
associated with increased PM2.5. For each 10 µg/m3 increase
in same-day PM2.5, the odds of assessments for faint increased
by approximately 9% (OR = 1.09; 95% CI = 1.04, 1.13, lag 0)
and the odds of arrhythmia increased by 5% (OR = 1.05; 95%
CI = 1.02, 1.09, lag 0). In contrast, associations with heart
failure increased with increasing lags and were greatest at the
maximum lag of 2 days (OR = 1.07; 95% CI = 1.02, 1.12,
lag 2). Associations with acute coronary syndrome (OR =
1.02; 95% CI = 0.99, 1.05, lag 0) and angina (OR = 1.04; 95%
CI = 0.99, 1.09, lag 0) were imprecisely elevated (Table 2;
Figure 2). We did not find any associations with assessments
stroke or transient ischemic attack.
In the analyses of respiratory conditions, paramedic
assessments of asthma, COPD, and croup were associated
with elevated PM2.5 (Figure 2). The magnitude of the association was greatest for croup, for which the odds were increased
by 8%–9% per 10 µg/m3 increase in PM2.5 at lags of 0 and
www.epidem.com | 13
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TABLE 1. Total Number, Mean, Standard Deviation, Quartiles, and Range of Daily Average PM2.5, Relative Humidity,
Temperature, and Health Outcomes for Study Participants, South Eastern Australia 2009–2014

Environmental exposures
 Daily average PM2.5 (µg/m3)
 Daily average relative humidity (%)
 Daily average temperature (°C)
Diabetes-related outcomes
 Hypoglycemia
 Hyperglycemia
Cardiovascular outcomes
 Arrhythmia
 Heart failure
 Faint
 Acute coronary syndrome
 Angina
 Stroke
 Transient ischemic attack
Respiratory outcomes
 Asthma
 Chronic obstructive pulmonary disease
 Lower respiratory infections
 Croup

N

Mean

Standard
Deviation

Min

First
Quartile

Median

Third
Quartile

Max

394,217
394,217
394,217

8.4
67.6
14.8

4.1
15.1
5.1

0.3
8.0
−4.0

5.5
57.5
10.9

7.9
68
14.2

10.8
78.5
18.4

141.3
103
35.5

24,795
10,332

17.7
7.8

4.7
2.8

5
1

14.8
6

17
8

20
10

34
18

48,387
21,381
29,612
66,231
26,612
25,651
15,793

31.8
13.5
24.0
59.6
14.1
19.6
10.3

6.4
4.6
6.0
10.6
4.2
4.5
3.3

18
4
8
24
5
6
1

27
10
20
52
11
16
8

32
13
23
59
14
20
10

36
17
28
66
17
23
13

54
27
56
93
30
35
21

25,746
18,851
67,952
12,874

20.0
13.4
41.7
9.8

5.7
4.2
13.0
5.2

7
4
16
0

16
10
32
6

20
13
39.5
9

24
16
50
13

37
27
86
25

1 days (OR = 1.09; 95% CI = 1.02%, 1.17%, lag 1; Table 2;
Figure 2). For the other respiratory outcomes, there was some
heterogeneity in the results from individual states, especially
for the overlapping clinical conditions of asthma, COPD, and
lower respiratory infections.

Differences by Age and Sex
Most outcomes were more frequent in older age groups,
apart from the childhood disease of croup, and the number
of cases was similar between sexes (Supplemental digital
information eTable1; http://links.lww.com/EDE/B415). The
pattern of association with PM2.5 was similar for males and
females, with the exception of acute coronary syndrome. The
same-day odds of this outcome was increased by 5% per 10
µg/m3 increase in PM2.5 (OR = 1.05; 95% CI = 1.01, 1.09, lag
0) for males, while no association was observed in females
(OR = 0.99; 95% CI = 0.94, 1.03, lag 0). This difference
was confirmed by meta-regression comparing results by sex
(P = 0.03). The pattern of associations by age groups generally reflected the expected population distribution of each outcome with most associations observed in people aged over 65
years (Supplemental digital information eTable 2; http://links.
lww.com/EDE/B415).

DISCUSSION
We have identified associations between paramedic
assessments and daily ambient PM2.5 for a wide range of outcomes. While many of these outcomes have been previously
14 | www.epidem.com

associated with air pollution, our finding of clear associations
with hypoglycemia and faint appears to be novel and the association with croup has not been widely reported.

Diabetic Outcomes
When evaluating diabetic outcomes in association with
air pollution, it can be difficult to disentangle direct effects
from indirect associations. Poor air quality directly affects
diabetic control, but also affects many of the chronic conditions that are more common in people with diabetes, such as
heart disease.3 Tasmania was the only state in which an association with paramedic assessments of hyperglycemia was
observed. One explanation for this regional difference could
be the higher prevalence of self-reported diabetes in Tasmania compared with the national average (9.9% vs. 4.7%)25,26
and the higher rate of diabetes mortality in Tasmania compared with all of Australia (24.7 vs. 15.6 deaths per 100 000
population).26 Another reason for the discrepancy between
states could be differences in paramedic coding conventions
for determining the primary assessment when more than one
condition is present. For example, a person with diabetes who
develops a respiratory infection might have raised blood glucose levels in addition to respiratory symptoms, and the primary paramedic assessment could reflect either condition.
The association between hypoglycemia and PM2.5 was
more consistent in our study. This is, to the best of our knowledge, the first time that a potential association between air pollution and low blood glucose has been reported. While the precise
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 2. Odds ratio and 95% confidence intervals for paramedic assessments per 10-µg/m3 increase in PM2.5, for sameday associations (lag 0) and at lags of 1 and 2 days.

relationship between air pollution and glucose homeostasis is
unknown, it has been hypothetically linked with an inflammatory response in the context of insulin resistance.27 Further, positive associations between PM and elevated blood glucose have
been observed in people with and without impaired glucose
metabolism.27 While the association we observed with hypoglycemia could be a chance finding, the effect was consistent at
different lags in all three states. A speculative mechanism might
be that increased air pollution leads to decreased glycemic control, such that some individuals increase use of insulin or other
medications, which can lead to increased risk of hypoglycemia.
However, we could not find any empirical evidence for this
association. Previous studies have shown that cases of hypoglycemia attended by ambulance services are often successfully
treated at the scene and not transported to hospital,28,29 which
might explain why hypoglycemia has not been identified in air
quality studies of diabetic outcomes based on ER or hospital
admissions datasets. We were unable to explore this observation
further because we did not have information about the use of
insulin or other medications.

Cardiovascular Outcomes
The pattern of observed associations between PM2.5
and paramedic assessments of cardiovascular conditions was
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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partially consistent with the wider evidence.30 This includes
the positive associations observed for arrhythmia, heart failure, and acute coronary syndrome in males. In contrast, we
did not observe associations with assessments of angina,
stroke, or transient ischemic attack, all of which were
expected based on the available evidence.31 Although ambulance dispatches for cardiac arrest have been associated with
ambient PM in a handful of studies from the United States,
Italy, Japan, and Australia,12,32–34 we were not able to evaluate this outcome because arrest data were not consistently
recorded.
There is very little research evaluating the association
between air quality and fainting. The only other study we
identified also observed associations between ambient PM2.5
and assessment of fainting by an emergency responder.15
Fainting can be symptomatic of different medical problems,
and the assessment is only made by paramedics after possible
alternative causes have been excluded. These typically include
seizures, serious cardiac arrhythmias, or low blood glucose,
which are excluded by history, examination, electrocardiogram, and blood glucose testing. Fainting can have a number
of precipitants including dehydration, prolonged standing,
instability of the autonomic nervous system, a neuronal reflex,
or transient abnormalities of cardiac rhythm.35 An association with air pollution could be plausible, given that cardiac
arrhythmias and alterations in heart rate variability have been
associated both with air pollution and with clinical syndromes
of fainting.2,36

Respiratory Outcomes
The literature on air pollution and respiratory outcomes has demonstrated that short-term exposure to PM2.5 is
associated with exacerbations of respiratory illnesses including asthma, COPD, and infections. Increasing PM2.5 is associated with measurable increases in respiratory symptoms,
emergency presentations, hospital admissions, and mortality.1,37 However, studies of ambulance dispatches are more
limited. In Fukuoka, Japan, a 10-µg/m3 increase in PM2.5
was associated with ambulance dispatches that were later
verified as respiratory diagnoses (odds ratio = 1.03; 95%
CI = 1.01, 1.05).33 A study of dispatch codes in Italy found
positive associations between increased PM and dispatches
for all nontraumatic causes, but not the dispatch categories
most associated with respiratory and cardiovascular causes.38
A previous study in Sydney, Australia, found a clear association between increased PM2.5 (10 µg/m3) and ambulances dispatched for breathing problems (relative risk (RR) = 1.03; 95%
CI = 1.02, 1.04), while noting that this could reflect many
possible clinical conditions.12
Our findings of associations between air quality and
both asthma and COPD are consistent with the wider literature, even though a limited number of studies have analyzed
ambulance data. The lagged associations we observed are
consistent with the mechanisms of airway inflammation.
www.epidem.com | 15
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TABLE 2. Associations Between Paramedic Assessments and 10 µg/m−3 Increase in PM2.5 for Same Day (Lag 0) and Lags of 1
and 2 Days
Paramedic Assessment
Diabetes-related outcomes
 Hypoglycemia

 Hyperglycemia

Cardiovascular outcomes
 Arrhythmia

 Heart failure

 Faint

 Acute coronary syndrome

 Angina

 Stroke

 Transient ischemic attack

Respiratory outcomes
 Asthma

 Chronic obstructive pulmonary disease

 Lower respiratory infections

 Croup

Lag

All States Combined
OR (95% CI)

Tasmania
OR (95% CI)

Victoria
OR (95% CI)

New South Wales
OR (95% CI)

0
1
2
0
1
2

1.07 (1.02, 1.12)
1.06 (1.02, 1.11)
1.03 (0.98, 1.08)
0.96 (0.90, 1.03)
1.03 (0.97, 1.11)
1.04 (0.97, 1.11)

1.20 (1.00, 1.44)
1.04 (0.87, 1.25)
1.04 (0.87, 1.24)
1.19 (0.95, 1.50)
1.35 (1.11, 1.66)
1.27 (1.04, 1.56)

1.03 (0.98, 1.09)
1.05 (1.00, 1.11)
1.02 (0.97, 1.08)
0.93 (0.86, 1.01)
1.00 (0.92, 1.08)
1.00 (0.92, 1.08)

1.22 (1.07, 1.38)
1.12 (0.99, 1.27)
1.06 (0.94, 1.20)
0.94 (0.74, 1.18)
0.92 (0.73, 1.16)
1.02 (0.83, 1.26)

0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2
0
1
2

1.05 (1.02, 1.09)
1.02 (0.99, 1.06)
1.02 (0.98, 1.05)
1.01 (0.97, 1.07)
1.05 (1.00, 1.10)
1.07 (1.02, 1.12)
1.09 (1.04, 1.13)
1.04 (0.99, 1.08)
1.00 (0.96, 1.04)
1.02 (0.99, 1.05)
1.00 (0.97, 1.03)
1.02 (0.99, 1.05)
1.04 (0.99, 1.09)
1.04 (0.99, 1.09)
1.00 (0.95, 1.04)
1.02 (0.97, 1.07)
1.00 (0.95, 1.04)
1.00 (0.95, 1.04)
0.99 (0.94, 1.05)
0.96 (0.90, 1.02)
0.99 (0.93, 1.04)

1.04 (0.93, 1.17)
1.02 (0.92, 1.14)
1.06 (0.95, 1.18)
1.04 (0.88, 1.23)
1.04 (0.87, 1.24)
1.11 (0.94, 1.32)
1.11 (0.97, 1.27)
1.08 (0.94, 1.24)
1.03 (0.90, 1.18)
1.05 (0.94, 1.17)
1.02 (0.92, 1.13)
1.04 (0.94, 1.16)
1.03 (0.92, 1.16)
1.05 (0.94, 1.17)
1.06 (0.95, 1.18)
1.05 (0.90, 1.22)
1.02 (0.88, 1.18)
0.96 (0.83, 1.11)
0.88 (0.71, 1.08)
0.99 (0.81, 1.22)
0.99 (0.81, 1.21)

1.07 (1.03, 1.10)
1.03 (0.99, 1.07)
1.02 (0.99, 1.06)
1.01 (0.95, 1.07)
1.04 (0.99, 1.10)
1.06 (1.01, 1.12)
1.10 (1.05, 1.15)
1.03 (0.98, 1.08)
0.98 (0.94, 1.03)
1.03 (0.99, 1.06)
1.01 (0.98, 1.04)
1.04 (1.00, 1.07)
1.04 (0.98, 1.09)
1.04 (0.99, 1.10)
0.99 (0.93, 1.04)
1.00 (0.95, 1.06)
0.98 (0.93, 1.03)
0.98 (0.93, 1.03)
1.02 (0.96, 1.08)
0.96 (0.90, 1.03)
0.98 (0.92, 1.05)

0.99 (0.87, 1.12)
1.00 (0.88, 1.14)
0.97 (0.85, 1.10)
1.00 (0.85, 1.18)
1.09 (0.92, 1.28)
1.01 (0.86, 1.18)
1.06 (0.95, 1.18)
1.08 (0.97, 1.20)
1.03 (0.93, 1.14)
0.99 (0.93, 1.05)
0.98 (0.92, 1.04)
0.96 (0.90, 1.02)
0.95 (0.79, 1.14)
0.93 (0.78, 1.11)
0.91 (0.76, 1.10)
1.11 (0.97, 1.25)
1.08 (0.95, 1.22)
1.13 (1.00, 1.27)
0.87 (0.70, 1.08)
0.95 (0.77, 1.18)
1.08 (0.88, 1.32)

0
1
2
0
1
2
0
1
2
0
1
2

1.01 (0.96, 1.05)
1.06 (1.01, 1.11)
1.05 (1.01, 1.10)
1.02 (0.97, 1.08)
1.07 (1.01, 1.13)
1.03 (0.98, 1.08)
1.01 (0.98, 1.04)
1.02 (0.99, 1.05)
1.02 (0.99, 1.05)
1.08 (1.02, 1.15)
1.09 (1.02, 1.17)
1.05 (0.98, 1.11)

0.96 (0.80, 1.15)
1.13 (0.95, 1.35)
1.25 (1.05, 1.48)
0.95 (0.78, 1.15)
0.91 (0.75, 1.10)
0.95 (0.79, 1.15)
1.08 (0.99, 1.18)
1.18 (1.08, 1.29)
1.15 (1.05, 1.26)
1.09 (0.84, 1.41)
1.19 (0.91, 1.55)
1.09 (0.83, 1.41)

0.98 (0.93, 1.03)
1.05 (1.00, 1.11)
1.06 (1.00, 1.11)
1.03 (0.97, 1.10)
1.10 (1.04, 1.17)
1.04 (0.98, 1.11)
1.01 (0.98, 1.04)
1.01 (0.98, 1.04)
0.99 (0.96, 1.03)
1.09 (1.02, 1.16)
1.09 (1.02, 1.17)
1.05 (0.98, 1.12)

1.17 (1.05, 1.29)
1.09 (0.99, 1.20)
0.99 (0.89, 1.09)
1.05 (0.88, 1.24)
1.01 (0.84, 1.20)
1.01 (0.85, 1.19)
0.98 (0.88, 1.10)
0.99 (0.89, 1.10)
1.09 (0.98, 1.20)
1.08 (0.87, 1.35)
1.11 (0.89, 1.37)
1.07 (0.88, 1.31)

Croup is a viral infection that typically affects pre-schoolaged children and causes inflammation and swelling of the
larynx and larger airways to produce a characteristic cough
and stridor.39 It has been less extensively studied than asthma
and COPD as an outcome related to air pollution. Our finding of an association was consistent with the results of two
16 | www.epidem.com

early studies from Germany.40,41 More recent cohort studies
of long-term exposure to air pollution and croup have not
found associations.42 This suggests that short-term exposure
to air pollution is more important as a risk factor for acute
exacerbations of croup, rather than long-term exposure contributing to underlying incidence of the infection.
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Epidemiology • Volume 30, Number 1, January 2019

Strengths and Limitations
Most previous studies of ambulance callouts and air
quality have relied on dispatch data, which have limited
clinical value because their purpose is to assess urgency and
enable allocation of appropriate resources. They are solely
based on telephone interviews with the patient, a caregiver, or
bystander, who rarely have medical training. However, these
data do provide information about ambulance workloads and
some dispatch categories have been shown to be sensitive to
air quality.43,44 One strength of our study was the use of paramedic assessments, which are conducted according to standard
protocols involving clinical history, physical examination, and
diagnostic tests. They are much more likely than dispatch data
to accurately reflect the clinical problem. Another strength is
that ambulance data provide the opportunity to evaluate clinical syndromes such as croup, faint, and hypoglycemia, which
are more commonly managed in community than in hospital
settings.29,39,45 Further, the data are population based, enabling
large, geographically dispersed populations to be included.
Relative humidity exhibits temperature-dependent daily
and seasonal variation. By including daily temperature and
seasonal adjustment in our models, we addressed the potential
limitations of using a relative, rather than an absolute measure
of atmospheric moisture such as dew point.46 Geospatially
resolved PM2.5 estimates that integrate surface air quality
measurements with remote sensing measurements reduce the
likelihood of exposure misclassification when compared with
studies that derive exposures by averaging data from fixed-site
monitoring stations.47 Our approach of integrating data from
multiple sources enabled us to generate exposure surfaces
across wide geographic areas, including those places that do
not have routine air quality monitoring.10 Another strength
was our ability to link air quality data with the timing and
location of the clinical event, information that is not readily
available from administrative hospital and mortality datasets.
Limitations of this study include the potential for both
exposure and outcome misclassification. Air pollution can
have considerable spatial variation within a 5 × 5 km area,
which cannot be captured in our exposure model. Further,
when the paramedic attendance occurred in the early morning, a large proportion of the estimated same-day exposure
(but not the lagged exposures) followed the health outcome.
These limitations are common to population-based studies of
acute health outcomes associated with short-term air pollution exposures when individual exposure measurements are
not possible.48
Exposure misclassification also occurs when the case
has a lengthy hospital admission. Such individuals will not
be at the same location on control days that follow the case
day. However, in situations where individual events do not
affect the distribution of future exposure in the overall study
population, selecting postevent control windows is acceptable.49 Indeed, postevent control days are essential to minimize the risk of bias by long-term trends and seasonal changes
© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.
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in air quality.50 Both spatial and temporal exposure misclassification introduce nondifferential measurement error, which
would bias any true association toward the null.
Like other administrative health datasets, records of
paramedic assessments rely on documentation of a clinical judgement made by a trained professional based on the
patient history, physical examination, and results of diagnostic
tests. There is relatively high potential for outcome misclassification, although this varies by outcome. Ambulances carry
blood glucose analyzers and electrocardiograms, meaning
that paramedics can diagnostically test for hypoglycemia and
hyperglycemia, arrhythmia, and acute coronary syndrome.13
Uncertainty is greater for outcomes that rely on clinical identification based on symptoms. For example, COPD and asthma
can be especially difficult to distinguish by paramedics and
doctors who do not have access to pulmonary function testing.51,52 Inconsistencies can also arise when patients have
coexisting conditions, but one must be recorded as the primary assessment.
More than 80% of patients in the Tasmanian data were
transferred to hospital for most outcomes we evaluated (Supplemental digital information eTable 3; http://links.lww.com/
EDE/B415), with the exceptions of hypoglycemia and faint.
While we did not have access to linked data, other studies have
demonstrated agreement between the paramedic assessment
and hospital medical assessments for particular conditions
ranging from 45% to 70% for stroke up to 100% for acute anaphylaxis.53–55 In Australia, where all paramedics hold degree
qualifications, a study of outcomes following acute myocardial infarction found that 75% of paramedic assessments of
myocardial infarction were later verified in hospital.56 Given
the more limited access to specialist clinicians and diagnostic
testing in ambulances compared with hospitals, it is probable
that paramedic assessments have greater misclassification
than hospital admission diagnoses. This means more noise in
the outcome data and likely bias of the results toward the null.
This could be a factor contributing to our null result for cerebrovascular outcomes, when the weight of existing evidence
supports an association between short-term fluctuations in air
quality and cerebrovascular outcomes such as stroke.31
Our main results include 13 primary health end points
at three different lags (Figure 1) to characterize the temporal
patterns of any observed associations, for a total of 39 models.
We expect that 5% of these models (N = 2) would be statistically significant by chance alone (type 1 error). By presenting
the same models for each individual state (Table 2) in addition to the combined analysis, the expected number of models
affected by type 1 error increases (N = 8). However, the information gained by the ability to compare results from three different ambulance services in different geographical settings
remains useful. Where we see a consistent pattern of associations across the three states, our confidence in the primary
association is strengthened. Such consistency was particularly
notable for the outcomes of hypoglycemia and asthma.
www.epidem.com | 17
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People who use ambulance services for transport to
hospital are typically older and of lower socioeconomic status than those who use alternative means of transport to hospital.57 These characteristics are also well-recognized risk
factors for increased susceptibility to the adverse impacts of
air pollution.1,58,59 Therefore, the effect estimates we report
may be higher than if the sample had been completely representative of the population. While this does not affect the
internal validity of the study, it limits the generalizability
of our results. For example, our results are not generalizable to people who do not seek health care at all for their
symptoms, who use other primary health facilities for similar problems or who chose use other means of transport to
hospital.

CONCLUSIONS
Our findings generally fit with the known associations
of air pollution with metabolic, cardiovascular respiratory systems adding coherence to evidence derived from other sources
of administrative health data such as hospital admissions or
mortality. We have further identified some health problems
that been less conclusively associated with changes in air
quality. These included hypoglycemia, fainting, and croup,
which are all relatively common health problems in the community. The association with hypoglycemia was unexpected
and warrants further investigation.
REFERENCES
1. Pope CA III, Dockery DW. Health effects of fine particulate air pollution:
lines that connect. J Air Waste Manag Assoc. 2006;56:709–742.
2. Franklin BA, Brook R, Arden Pope C III. Air pollution and cardiovascular
disease. Curr Probl Cardiol. 2015;40:207–238.
3. Zanobetti A, Dominici F, Wang Y, Schwartz JD. A national case-crossover
analysis of the short-term effect of PM2.5 on hospitalizations and mortality in subjects with diabetes and neurological disorders. Environ Health.
2014;13:38.
4. Thiering E, Heinrich J. Epidemiology of air pollution and diabetes.
Trends Endocrinol Metab. 2015;26:384–394.
5. Fleischer NL, Merialdi M, van Donkelaar A, et al. Outdoor air pollution,
preterm birth, and low birth weight: analysis of the world health organization global survey on maternal and perinatal health. Environ Health
Perspect. 2014;122:425–430.
6. Rao X, Montresor-Lopez J, Puett R, Rajagopalan S, Brook RD. Ambient
air pollution: an emerging risk factor for diabetes mellitus. Curr Diab
Rep. 2015;15:603.
7. Chen L, Zhou Y, Li S, et al. Air pollution and fasting blood glucose: a
longitudinal study in China. Sci Total Environ. 2016;541:750–755.
8. Tamayo T, Rathmann W, Krämer U, Sugiri D, Grabert M, Holl RW. Is
particle pollution in outdoor air associated with metabolic control in type
2 diabetes? PLoS One. 2014;9:e91639.
9. Yitshak Sade M, Kloog I, Liberty IF, Schwartz J, Novack V. The association between air pollution exposure and glucose and lipids levels. J Clin
Endocrinol Metab. 2016;101:2460–2467.
10. Yao J, Henderson SB. An empirical model to estimate daily forest fire
smoke exposure over a large geographic area using air quality, meteorological, and remote sensing data. J Expo Sci Environ Epidemiol.
2014;24:328–335.
11. IAED. International Academies of Emergency Dispatch. Available at:
http://www.emergencydispatch.org/. Accessed 20 February 2018.
12. Salimi F, Henderson SB, Morgan GG, Jalaludin B, H. JF. Ambient particulate matter, landscape fire smoke, and emergency ambulance dispatches
in Sydney, Australia. Environ Int. 2016;99:208–212.

18 | www.epidem.com

13. Ambulance Victoria. Clinical Practice Guidelines. Available at: http://ambulance.vic.gov.au/paramedics/clinical-practice-guidelines/. Accessed 26
May 2017.
14. Teng TH, Williams TA, Bremner A, et al. A systematic review of air
pollution and incidence of out-of-hospital cardiac arrest. J Epidemiol
Community Health. 2014;68:37–43.
15. Youngquist ST, Hood CH, Hales NM, Barton CC, Madsen TE, Pope CA.
Association between EMS calls and fine particulate air pollution in Utah.
Air Qual Atmos Health. 2016;9:887–897.
16. Australian Bureau of Statistics. Australian Demographic Statistics, Sep
2012. Canberra, Australia: ABS; 2013.
17. Williamson G, Yao J, Henderson SB. An empirical PM exposure model
for Southeastern Australia. In: International Smoke Symposium 2; 14-17
November 2016; Long Beach, CA.
18. Wooster MJ, Roberts G, Perry G, Kaufman Y. Retrieval of biomass combustion rates and totals from fire radiative power observations: FRP derivation and calibration relationships between biomass consumption and
fire radiative energy release. J Geophys Res Atmos. 2005;110. D24311,
doi:10.1029/2005JD006318.
19. Bureau of Meteorology. Data Services. Available at: http://reg.bom.gov.
au/reguser/ Accessed 23 June 2017.
20. Mills GA, McCaw WL. Atmospheric Stability Environments and Fire
Weather in Australia: Extending the Haines Index. Centre for Australian
Weather and Climate Research; Melbourne, Australia, 2010.
21. Maclure M. The case-crossover design: a method for studying transient
effects on the risk of acute events. Am J Epidemiol. 1991;133:144–153.
22. Guo Y. Hourly associations between heat and ambulance calls. Environ
Pollut. 2017;220(pt B):1424–1428.
23. Li S, Zhou Y, Williams G, et al. Seasonality and temperature effects on
fasting plasma glucose: a population-based longitudinal study in China.
Diabetes Metab. 2016;42:267–275.
24. R Development Core Team. R: A Language and Environment for
Statistical Computing. Vienna, Austria: R Foundation for Statistical
Computing; 2014.
25. Department of Health and Human Services Tasmania. Report on
the Tasmanian Population Health Survey 2016. Hobart, Australia:
Department of Health and Human Services; 2017:106. Available at:
https://www.dhhs.tas.gov.au/publichealth/epidemiology/tasmanian_population_health_survey_2016. Accessed 16 October 2018.
26. Department of Health and Human Services Tasmania. Health Indicators
Tasmania 2013. Hobart, Australia: Department of Health and Human
Services; 2013:211. Available at: https://www.dhhs.tas.gov.au/__data/
assets/pdf_file/0019/132283/Health_Indicators_Tasmania_2013.pdf.
Accessed 16 October 2018.
27. Sade MY, Kloog I, Liberty IF, Katra I, Novack L, Novack V. Air pollution and serum glucose levels: a population-based study. Medicine.
2015;94:e1093.
28. Khunti K, Fisher H, Paul S, Iqbal M, Davies MJ, Siriwardena AN. Severe
hypoglycaemia requiring emergency medical assistance by ambulance
services in the East Midlands: a retrospective study. Prim Care Diabetes.
2013;7:159–165.
29. Villani M, de Courten B, Zoungas S. Emergency treatment of hypoglycemia: a guideline and evidence review. Diabet Med. 2017;34:1205–1211.
30. Newby DE, Mannucci PM, Tell GS, et al. Expert position paper on air
pollution and cardiovascular disease. Eur Heart J. 2015;36:83b–93b.
31. Shah AS, Lee KK, McAllister DA, et al. Short term exposure to air
pollution and stroke: systematic review and meta-analysis. BMJ.
2015;350:h1295.
32. Tasmin S, Ueda K, Stickley A, et al. Short-term exposure to ambient particulate matter and emergency ambulance dispatch for acute illness in
Japan. Sci Total Environ. 2016;566–567:528–535.
33. Michikawa T, Ueda K, Takeuchi A, et al. Impact of short-term exposure
to fine particulate matter on emergency ambulance dispatches in Japan. J
Epidemiol Community Health. 2015;69:86–91.
34. Michikawa T, Ueda K, Takeuchi A, et al. Coarse particulate matter and
emergency ambulance dispatches in Fukuoka, Japan: a time-stratified
case-crossover study. Environ Health Prev Med. 2015;20:130–136.
35. Kidd SK, Doughty C, Goldhaber SZ. Syncope (fainting). Circulation.
2016;133:e600–e602.

© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Epidemiology • Volume 30, Number 1, January 2019

36. Lazzeri C, La Villa G, Barletta G, Franchi F. 24-hour heart rate variability in patients with vasovagal syncope. Pacing Clin Electrophysiol.
2000;23(4 pt 1):463–468.
37. Atkinson RW, Kang S, Anderson HR, Mills IC, Walton HA.
Epidemiological time series studies of PM2.5 and daily mortality and
hospital admissions: a systematic review and meta-analysis. Thorax.
2014;69:660–665.
38. Zauli Sajani S, Alessandrini E, Marchesi S, Lauriola P. Are day-to-day
variations of airborne particles associated with emergency ambulance
dispatches? Int J Occup Environ Health. 2014;20:71–76.
39. Wright M, Bush A. Assessment and management of viral croup in children. Prescriber 2016;27:32–37.
40. Rebmann H, Huenges R, Wichmann H, et al. Croup and air pollutants: results of a two-year prospective longitudinal study. Zentralbl Hyg
Umweltmed. 1991;192:104–115.
41. Schwartz J, Spix C, Wichmann HE, Malin E. Air pollution and acute respiratory illness in five German communities. Environ Res. 1991;56:1–
14.
42. MacIntyre EA, Gehring U, Mölter A, et al. Air pollution and respiratory infections during early childhood: an analysis of 10 European
birth cohorts within the ESCAPE Project. Environ Health Perspect.
2014;122:107–113.
43. Vencloviene J, Babarskiene RM, Dobozinskas P, Dedele A, Lopatiene
K, Ragaisyte N. The short-term associations of weather and air pollution with emergency ambulance calls for paroxysmal atrial fibrillation.
Environ Sci Pollut Res Int. 2017;24:15031–15043.
44. Elliot AJ, Smith S, Dobney A, Thornes J, Smith GE, Vardoulakis S.
Monitoring the effect of air pollution episodes on health care consultations and ambulance call-outs in England during March/April 2014: a
retrospective observational analysis. Environ Pollut. 2016;214:903–911.
45. Malasana G, Brignole M, Daccarett M, Sherwood R, Hamdan MH. The
prevalence and cost of the faint and fall problem in the state of Utah.
Pacing Clin Electrophysiol. 2011;34:278–283.
46. Davis RE, McGregor GR, Enfield KB. Humidity: a review and primer
on atmospheric moisture and human health. Environ Res. 2016;144(pt
A):106–116.

© 2018 The Author(s). Published by Wolters Kluwer Health, Inc.

Air Pollution and Paramedic Clinical Assessments

47. Seltenrich N. A Satellite-Ground Hybrid Approach: relative risks for exposures to PM2.5 estimated from a combination of data sources. Environ
Health Perspect. 2017;125:A73.
48. Zeger SL, Thomas D, Dominici F, et al. Exposure measurement error in
time-series studies of air pollution: concepts and consequences. Environ
Health Perspect. 2000;108:419–426.
49. Mittleman MA, Mostofsky E. Exchangeability in the case-crossover design. Int J Epidemiol. 2014;43:1645–1655.
50. Janes H, Sheppard L, Lumley T. Case-crossover analyses of air pollution
exposure data: referent selection strategies and their implications for bias.
Epidemiology. 2005;16:717–726.
51. Williams TA, Finn J, Fatovich D, Perkins GD, Summers Q, Jacobs I.
Paramedic differentiation of asthma and COPD in the prehospital setting
is difficult. Prehosp Emerg Care. 2015;19:535–543.
52. Miravitlles M, Andreu I, Romero Y, Sitjar S, Altés A, Anton E. Difficulties
in differential diagnosis of COPD and asthma in primary care. Br J Gen
Pract. 2012;62:e68–e75.
53. Christie A, Costa-Scorse B, Nicholls M, Jones P, Howie G. Accuracy of
working diagnosis by paramedics for patients presenting with dyspnoea.
Emerg Med Australas. 2016;28:525–530.
54. Williams TA, Blacker D, Arendts G, Patrick E, Brink D, Finn J. Accuracy
of stroke identification by paramedics in a metropolitan prehospital setting: a cohort study. AJP. 2017;14. Available at: <https://ajp.paramedics.
org/index.php/ajp/article/view/521>. Accessed: 16 October 2018.
55. Karliński M, Gluszkiewicz M, Członkowska A. The accuracy of prehospital diagnosis of acute cerebrovascular accidents: an observational study.
Arch Med Sci. 2015;11:530–535.
56. Stub D, Smith K, Bernard S, et al. Air versus oxygen in ST-segment elevation myocardial infarction. Circulation. 2015;131:2143–2150.
57. Svenson JE. Patterns of use of emergency medical transport: a population-based study. Am J Emerg Med. 2000;18:130–134.
58. Makri A, Stilianakis NI. Vulnerability to air pollution health effects. Int J
Hyg Environ Health. 2008;211:326–336.
59. Forastiere F, Stafoggia M, Tasco C, et al. Socioeconomic status, particulate air pollution, and daily mortality: differential exposure or differential
susceptibility. Am J Ind Med. 2007;50:208–216.

www.epidem.com | 19

Copyright © 2018 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

