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Introduction

Abstract

Introduction: Air pollution is associated with adverse health outcomes. However,
its impact on emergency health services is less well understood. We investigated the
impact of air pollution on nation-wide emergency department (ED) visits and hospital
admissions to public hospitals in Singapore. Materials and Methods: Anonymised
administrative and clinical data of all ED visits to public hospitals in Singapore from
January 2010 to December 2015 were retrieved and analysed. Primary and secondary
outcomes were defined as ED visits and hospital admissions, respectively. Conditional
Poisson regression was used to model the effect of Pollutant Standards Index (PSI)
on each outcome. Both outcomes were stratified according to subgroups defined a
priori based on age, diagnosis, gender, patient acuity and time of day. Results: There
were 5,791,945 ED visits, of which 1,552,187 resulted in hospital admissions. No
significant association between PSI and total ED visits (Relative risk [RR],1.002;99.2%
confidence interval [CI], 0.995-1.008; P = 0.509) or hospital admissions (RR, 1.005;
99.2% CI, 0.996-1.014; P =0.112) was found. However, for every 30-unit increase in
PSI, significant increases in ED visits (RR, 1.023; 99.2% CI, 1.011-1.036; P = 1.24 x
10-%) and hospital admissions (RR, 1.027; 99.2% CI, 1.010-1.043; P =2.02 x 10-) for
respiratory conditions were found. Conclusion: Increased PSI was not associated with
increase in total ED visits and hospital admissions, but was associated with increased
ED visits and hospital admissions for respiratory conditions in Singapore.
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Air pollution is a growing issue in public health
throughout the world. There is substantial evidence on the
effectair pollution has on cardiovascular and respiratory
morbidity and mortality, especially from nitrogen dioxide
(NO,), ozone (O,), particulate matter (PM) and sulphur
dioxide (SO,)." Globally, air pollution accounts for

>4 million premature deaths annually, largely through
aggravation of heart diseases, lung cancer, respiratory
diseases and stroke.®

In Singapore, annual episodes of trans-boundary
haze blown in from nearby countries in Southeast Asia
pose major health risks as they disrupt the activities
of her citizens and stretch her health services.” Haze
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from neighbouring countries is traced to smoke from
seasonal burning of forests to clear lands for agriculture
purposes.®® The fires produce airborne PM from smoke
emission that is transported by trans-boundary winds,
leading to large-scale haze episodes that enveloped
much of the region.!” The frequency of haze episodes
in Singapore had increased over the last 10 years, with
major episodes occurring in 2009, 2013 and 2015.!-13

Numerous studies have examined the impact of air
pollution on specific disease risks and health outcomes;
however, only a handful of reports have examined the
impact on overall demand and utilisation of health
services. This investigation is important for 2 reasons.
First, it facilitates preparation to meet the sudden surge
in demand for health services during episodes of haze.
Second, it provides valuable data and information that
can help to quantify the economic cost of air pollution,
which is important for downstream design and evaluation
of strategies and/or policies for cost-effectiveness.

Additionally, heterogeneity in associations have
not been fully explained. Cross-country studies and
meta-analyses have revealed variations in strength of
associations between air pollutant levels and emergency
department (ED) visits and hospital admissions across
geographical regions, seasons and lag duration.>''7
These variations have been attributed to differences
in demographics, use of air conditioning, time spent
outdoors and chemical composition of fine PM with
diameter <2.5 pm (PM, ,); all these factors may reflect
differences in sources of air pollution.'®!"” Young children
and the elderly are also more vulnerable to the effects
of air pollution.?*

In Singapore, members of the public are informed
about air quality by the National Environment Agency
(NEA) through the 24-hour Pollutant Standards Index
(PSI), ascale originally developed by the Environmental
Protection Agency in the United States (US).? PSI is
used by several countries including the US and Brunei.
Findings from case-crossover studies have demonstrated
a link between higher PSI readings and increased acute
health events and mortality.>*”’

Despite findings on the adverse effects haze has on
the health of Singaporeans, a comprehensive study of
its impact on health services is lacking. Previously, our
group has demonstrated associations between PSI and
out-of-hospital cardiac arrest, acute ischaemic stroke,
acute myocardial infarction and all-cause mortality.?*”’
In 1997, the haze crisis led to an increase of 30% in
outpatient visits throughout the country,?® with a higher
number of residents reporting mouth, throat and eye
irritations.?” Although a study in Singapore included
PSI as a predictor to forecast ED visits between 2005
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and 2008, the focus was on a single hospital and on
prediction rather than an attempt to quantify the risk air
pollution poses to health.? Identification of vulnerable
subgroups would also facilitate better planning and
management of health resources and services during
episodes of haze.

Singapore is a highly urbanised tropical city-state
who sees slight variations in weather patterns.? Located
near the Equator, her climate is hot and highly humid
with abundant rainfall throughout the year. During
this study, 80% of the health and medical needs of the
population were met by 8 public acute hospitals,*3!
and they received about 1 million ED visits annually.*

In this study, we investigated the impact of air pollution
exposure on ED visits to all public hospitals in Singapore
and hospital admissions through ED. The analysis
was stratified according to clinical and demographic
characteristics to identify vulnerable subgroups. We
also investigated the extent of delayed effects—up to
6 days—of air pollution before ED visit.

Materials and Methods

Anonymised administrative and basic clinical data of
all ED visits to public hospitals between January 2010
and December 2015 were obtained from the Ministry of
Health (MOH), Singapore, and analysed. Data included
age, gender, visit date and time, hospital, diagnosis code,
patient acuity and patient movement after ED visit.

Primary outcome was defined as the daily total number
of ED visits to public hospitals. Transfers to another ED
within 12 hours from the prior visit were considered a
single visit. For these cases, date and time were taken
from the first ED visit and patient acuity, diagnosis and
patient movement were taken from the last ED visit.
Secondary outcome was defined as the daily number
of hospital admissions through ED. Both outcomes
were also examined according to subgroups defined a
priori based on diagnoses, patient acuity, time of day,
age group and gender. Unfortunately, information on
ethnicity was not available.

Diagnoses were grouped into 6 categories according
to the International Classification of Diseases (ICD)
codes:** 1) cardiovascular diseases (ICD-9: 390-429,
439-59,785;1CD-10:100-159,170-199, RO0—R01,R03);
2) cerebrovascular diseases (ICD-9: 320-89,430-8, 781;
ICD-10: G00-G99, 160-9, R25-9); 3) gastrointestinal
diseases (ICD-9: 520-79; ICD-10: K00-K95); 4)
neuropsychiatric diseases (ICD-9: 290-319; ICD-10:
FO00-F99); 5) respiratory diseases (ICD-9: 460-519,
786; ICD-10: J00-J99, R04—-09); and 6) other diseases
(all other ICD-9 and ICD-10 codes).
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Based on definitions provided by MOH, patient
acuity was classified as P1 (patients of resuscitation,
cardiovascular collapse or imminent danger of collapse,
required to be attended to without a moment’s delay),
P2 (patients of non-resuscitation, major emergency
or ill and non-ambulant or having severe symptoms
and trolley-based), P3 (patients of minor emergency
or ambulant with mild or moderate symptoms) or P4
(non-emergency cases that do not require immediate
medical attention).* Time of day was demarcated into
day time (0700—-1859 hours) and night time (1900-0659
hours) as a proxy for physical activity. Additionally,
the daily number of patients who were subsequently
admitted from ED of public hospitals were reviewed and
classified according to the subgroups described above.

The primary exposure of interest was the 24-hour
PSI. PSI readings were derived from measurements of
6 air pollutants: carbon monoxide, NO,, O,, PM, ,, PM
diameter <10 um (PM, ) and SO,. Each pollutant was
rated on a sub-index and translated into a sub-scale
that ranged from 0-500. PSI reading was derived by
taking the maximum score from the 6 sub-indices.*
Measurements of air pollutants were collected by 22
telemetric air quality monitoring stations located in 5
regions across Singapore.

For our study, historical 24-hour PSI data were
retrieved from the haze microsite maintained by NEA
(www.haze.gov.sg). Data on daily rainfall, temperature
and wind speed—measured at >60 weather stations
across Singapore—were retrieved from the weather
microsite of Meteorological Service Singapore (Www.
weather.gov.sg). For the purpose of statistical analysis,
we derived the mean values of daily mean PSI, total
rainfall, temperature and wind speed across all regions
of Singapore.

Statistical analyses were performed in R version
3.5.0% using R package gnm.?’ Conditional Poisson
regression (gnm function and quasi-Poisson family)
was used to model the effect of PSI on each clinical
outcome according to year, month and week day, and to
control for potential confounders such as daily rainfall,
mean daily temperature and mean daily wind speed.
Residual autocorrelation was checked by obtaining
partial autocorrelation function (pacf) over the 6
days prior to the outcome (lags 1-6), and significant
residuals were included as predictors. This modelling
approach took into account seasonality, over-dispersion
and autocorrelation.

To account for multiple tests, Bonferroni correction
was applied to the entire cohort and 5 subgroups
(diagnoses, patient acuity, time of day, age group and
gender) since the categories in each subgroup were

correlated. Further correction for multiple outcomes was
not performed since they were correlated and it would
be too conservative, potentially resulting in an error rate
below the prescribed alpha value.?* A value of P <0.008
(0.05/6) was considered statistically significant. Results
were shown as estimated risk ratio (RR) and 99.2%
confidence interval (CI) for every 30-unit increment in
PSI. This increment was chosen to facilitate comparison
with findings from previous studies of PSI and other
outcomes.?*’ To explore possible non-linear effects, PSI
readings were categorised into good (0-50), moderate
(51-100) and unhealthy (>100) ranges, similar to the
categories in use by NEA.**

Besides the study of same-day exposure, the
possibility of delayed effects were examined through
an analysis of lag effects of PSI for up to 6 days before
the outcomes (lags 1-6). Unconstrained distributed
lag model (DLM) was used to model all lag effects to
account for confounding between lags.* The cumulative
effect of increased PSI over 7 days—which ends on
the day of the outcome (day 6 to day 0)—was derived
from DLM as sum of the coefficients.*® Results were
shown as estimated RR and 95% CI for every 30-unit
increment in PSI.

Since it is plausible air pollution can increase
temperature, there is a likelihood that temperature
may be a mediating factor instead of a confounder. To
account for this, all analyses were repeated without
adjustment for temperature. As effect estimates tend
to be slightly higher for less-adjusted models, it was
likely temperature was a partial mediator. Consequently,
results from both models were presented as graphs but
only results from the less-adjusted model were reported.

Results

Between 2010 and 2015, a total of 5,791,945 ED
visits resulted in 1,552,187 hospital admissions to
public hospitals (Table 1). The environmental data was
reported in an earlier study.?® ED visits increased from
2010 to 2013 but remained relatively stable thereafter
(Fig. 1). No significant increase in ED visits was seen
with every 30-unit increase in PSI (RR, 1.002; 99.2%
CI, 0.995-1.008; P = 0.509) in our study (Fig. 2), or
with moderate (RR, 0.993; 99.2% CI, 0.984-1.003; P =
0.084) or unhealthy (RR, 1.002;99.2% CI,0.977-1.028;
P =0.820) PSI readings (Fig. 3).

Among the subgroups, a significant increase in ED
visits was seen only in those with respiratory diseases
with every 30-unitincrease in PST(RR, 1.023;99.2% CI,
1.011-1.036; P =1.24 x 10°%) (Fig. 2) and after the PSI
dipped into the unhealthy range (RR, 1.082; 99.2% CI,
1.027-1.141; P=6.85 x 10%) (Fig. 3). Except for time
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Table 1. Demographic and Clinical Characteristics of ED Visits (n = 5,791,945) and Hospital Admissions (n = 1,552,187)

81

Variable

ED Visits (%)

Hospital Admissions (%)

Age (years)
<21
21 - 64
>65
Male gender
Patient acuity
P1
P2
P3, P4 and unknown
Time of day (hours)
Day time (0700 — 1859)
Night time (1900 — 0659)
Unknown
Diagnosis
Cardiovascular diseases
Cerebrovascular diseases
Gastrointestinal diseases
Neuropsychiatric diseases
Respiratory diseases

Other diseases

1,704,655 (29.4)
3,117,382 (53.8)
969,908 (16.7)
3,437,964 (59.4)

337,150 (6.5)
2,239,881 (38.7)
3,174,914 (54.8)

2,024,045 (34.9)
3,720,577 (64.2)
47,323 (0.8)

239,055 (4.1)
367,149 (6.3)
497,632 (8.6)
135,661 (2.3)
1,195,297 (20.6)
3,357,151 (58.0)

222,658 (14.3)
720,936 (46.4)
608,593 (39.2)
849,843 (54.8)

309,920 (20.0)
965,656 (62.2)
276,611 (17.8)

516,158 (33.3)
1,020,196 (65.7)
15,833 (1.0)

145,839 (9.4)
112,420 (7.2)
150,089 (9.7)
52,996 (3.4)
262,308 (16.9)
828,535 (53.4)

ED: Emergency department
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Fig. 1. Three-week moving averages of daily PSI, ED visits and hospital admissions. To smooth the data, arithmetic mean values of daily mean PSI,
daily ED visits and daily hospital admissions over the past 21 days were calculated. ED: Emergency department; Hosp adm: Hospital admissions;
PSI: Pollutant Standards Index
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Fig. 2. Association between PSI, ED visits and hospital admissions. Relative risk (RR) is for every 30-unit increase in PSI. For each outcome, results
are shown for analyses after adjusting for all environmental confounders (circles) and excluding temperature (triangles). CI: Confidence interval;
CNS: Central nervous system; CVS: Cardiovascular; dx: Diagnoses; ED: Emergency department; Gastro: Gastrointestinal; Hosp adm: Hospital
admissions; Neuropsy: Neuropsychiatric; PSI: Pollutant Standards Index; Respi: Respiratory; RTW: Rain, temperature and wind; RW: Rain and wind
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Fig. 3. Association between categorical PSI, ED visits and hospital admissions. Only results that have been adjusted for rain and wind are shown.
Relative risks (RR) are for PSI readings in the moderate (51-100) and unhealthy (>100) ranges compared to good (0-50) range. CI: Confidence
interval; CNS: Central nervous system; CVS: Cardiovascular; dx: Diagnoses; ED: Emergency department; Gastro: Gastrointestinal; Hosp adm:
Hospital admissions; Neuropsy: Neuropsychiatric; PSI: Pollutant Standards Index; Respi: Respiratory
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of day and age group, no differential effect was found
after ED visits for respiratory conditions were classified
according to the characteristics of each subgroup. More
respiratory ED visits were seen during the day (RR,
1.039; 99.2% CI, 1.023-1.056; P = 5.12 x 10"), in
patients aged 21-64 years old (RR, 1.042; 99.2% CI,
1.042-1.057; P = 3.33 x 10"'*) and >64 years old (RR,
1.022; 99.2% CI, 1.002—1.044; P = 0.004) (Fig. 4).

No significant effect of PSI was found for total
number of ED visits from lags 1-6. While ED visits
for respiratory conditions were significantly higher on
the same day (RR, 1.023; 95% CI, 1.008-1.038), they
were lower at lag 6 (RR, 0.983; 95% CI, 0.969-0.997).
Overall, ED visits for other diagnoses were significantly
lower when PSI readings were higher on the same
day to 6 days prior (cumulative RR, 0.985; 95% CI,
0.979-0.992) (Fig. 5).

Throughout our study, hospital admissions rose steadily
(Fig. 1). Overall, no significant rise in the total number
of hospital admissions was seen with every 30-unit
increase in PSI (RR, 1.005; 99.2% CI, 0.996-1.014; P
= 0.112) (Fig. 2) or with moderate (RR, 0.991; 99.2%
CI, 0.978-1.004; P = 0.073) or unhealthy (RR, 0.997;
99.2%CI,0.962-1.034, P=0.832) PSI readings (Fig. 3).
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Among the subgroups, only admissions for respiratory
conditions rose significantly with higher PSI readings
(RR, 1.027; 99.2% CI, 1.010-1.043; P = 2.02 x 107)
(Fig. 2). For respiratory illnesses that required hospital
admissions, the effect sizes were very similar across
subgroups (Fig. 4).

Aslightdrop in the total number of hospital admissions
was seen at lag 5 (RR, 0.986; 95% CI, 0.975-0.997).
For respiratory conditions, same-day exposure led
to an increase in admissions (RR, 1.025; 95% CI,
1.007—1.043); the cumulative effect—including 6 days
prior—was also positive (cumulative RR, 1.020; 95%
CI, 1.002-1.038). For other diagnoses, a negative,
cumulative effect of PSI on hospital admissions was
found (cumulative RR, 0.984; 95% CI, 0.973-0.995)
in our study (Fig. 5).

Discussion

In this systematic study of the association between
PSI readings and ED visits and subsequent hospital
admissions throughout Singapore, we did not find a
significant increase in total number of ED visits or
hospital admissions. Instead, a significant increase in ED
visits and hospital admissions attributed to respiratory
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Fig. 4. Association between PSI, respiratory ED visits and hospital admissions by subgroups. Relative risk (RR) is for every 30-unit increase in PSI.
For each outcome, results are shown for analyses after adjusting for all environmental confounders (circles) and excluding temperature (triangles).
CI: Confidence interval; ED: Emergency department; Hosp adm: Hospital admissions; PSI: Pollutant Standards Index; Respi: Respiratory; RTW:

Rain, temperature and wind; RW: Rain and wind
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Fig. 5. Delayed effects of PSI on ED visits and hospital admissions. Relative risks (RR) are for every 30-unit increase in PSI and were derived from
unconstrained distributed lag models that modelled exposure for all lags together. Cumulative effect of PSI exposure on day of outcome and past
6 days is indicated as “cum”. Results from the fully adjusted model (circles) and the model that excluded temperature (triangles) are shown. Only
the total number and selected subgroups are presented. CI: Confidence interval; dx: Diagnosis; ED: Emergency department; Hosp adm: Hospital
admission; PSI: Pollutant Standards Index; Respi: Respiratory; RTW: Rain, temperature and wind; RW: Rain and wind

conditions with increased PSI readings was found.
This finding concurred with results from other reports
that found similar associations for asthma, chronic
obstructive pulmonary disease and pneumonia.?=>!7:40
Every 30-unit increase in PSI was associated with a 2%
increase in ED visits for respiratory conditions. Since
public hospitals attend to about 550 such visits on a
normal day, this finding translates into 11 more cases
a day when the PSI is elevated by 30 units. During a
haze episode, the PSI level can rise from a daily mean
of 33 to >200; this works out to 40—60 more ED visits
for respiratory illnesses each day.

A surprising finding of this study was the higher
number of ED visits by young adults for respiratory
ailments than the elderly or young children, who were
presumed to be more vulnerable to the effects of air
pollutant exposure.>!>4142 Additionally, more ED visits
were seen in young adults during day time, suggesting
that outdoor activity could be related to exacerbations
of respiratory diseases that prompted visits to the ED.
During a haze episode, fine PM in the air can penetrate
deep into the airways leading to inflammation and airway
responsiveness in sensitised individuals.®

In view of this finding, it is hypothesised that when
the PSIreached unhealthy levels, the elderly and young
children comply with the advisory issued by the health
authorities to minimise all outdoor activity and physical
exertion; young adults, on the other hand, who are
sensitised—but not necessarily diagnosed with asthma—
or have mild intermittent asthma, consider themselves
“healthy persons” and therefore do not see the need to
reduce their outdoor activity and physical exertion.®

Itisalso hypothesised that asthmatic adults do not take
enough precautions to avoid outdoor activity. Studies
have shown a mismatch between actual outcomes
and perceptions of patients on asthma control.*
Consequently, their response—in terms of compliance
with medications, follow-up and, in this case, avoidance
of air pollution—may be suboptimal. Further research
on ED visits for specific respiratory diseases would
yield more insight on the matter.

Interestingly, we did not find an increase in
cardiovascular-related ED visits or hospital admissions.
Systematic reviews have found a positive—but modest—
association between PM, ; and cardiovascular ED visits
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and hospital admissions; however, the results could be
influenced by differences in outcome definitions.>* The
effect sizes for congestive heart failure and myocardial
infarction are higher than that for any cardiovascular
disease, which is close to the null.>*

In light of this, the results of this study corroborated
earlier findings from other studies. An increase in
specific, susceptible cardiovascular conditions might
have been diluted by other non-susceptible conditions.
Arecent study also found that PM, ; and PM were risk
factors for non-accidental and cardiovascular mortality
in Singapore, especially in the elderly.*

In our study, the finding of an overall null effect for
cardiovascular-related or elderly ED visits could be
attributed to the fact that the general population required
medical attention for mostly minor and haze-related
ailments; however, the elderly have higher mortality
risk from greater prevalence of comorbidities. For
example, 88% of patients seen at a respiratory clinic
had non-severe asthma.*’ Finally, it is also possible that
PSI is not as sensitive as PM,  in terms of finding an
association with cardiovascular conditions.

A strength of this study was the availability of outcome
data from all public hospitals in Singapore. Since 80%
of tertiary health needs are met by the public health
sector, the data represented the most complete findings
on the burden and impact of air pollutant exposure on
health services.* Accurate measurements of air pollutant
exposure from 22 air quality monitoring stations across
the country were also available. Finally, all-cause and
subgroup-specific outcomes were investigated in this
study that allowed direct comparisons and identification
of vulnerable subgroups.

A limitation of this study was lack of data on
individual behaviour that might affect their level of
air pollutant exposure—such as time spent indoors
and use of air conditioning, air purifiers and/or face
masks—even though Singapore is a small city-state
and her air quality is almost uniform across the
island. Nevertheless, the focus of the study was to
determine the impact of air pollutant exposure from
the perspective of resource planning. Second, the
diagnostic categories for subgroup analyses were
too broad, but this provided an examination of more
characteristics across a wider spectrum that facilitated
a more systematic investigation and identification of
directed hypotheses for future study. Third, even though
data on pre-existing medical conditions was lacking,
existing data still generated useful insights that can
help in formulation of health policies and planning of
health resources. Fourth, there was no data on each
pollutant, and the impact of each on human health can
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be varied. The PSIreflects the most abundant pollutant
found in the atmosphere during a haze episode which
is PM , and much of PM , comprises PM, .*>* The
concentration of PM,  is also consistently low with
little variations in the absence of haze, but increased
significantly during episodes of transboundary haze;*
consequently, the results of this study largely reflected
the effect of PM.

Conclusion

Air pollution exposure did not increase overall
utilisation of health services in Singapore. However,
ED visits to treat respiratory conditions increased
during haze episodes, and hospitals must be prepared
to meet the surge in demand for medical services
and treatment when the country is hit by another
episode of haze. A group of patients that require
further investigation are young adults who visit ED
for respiratory conditions, such as the behaviours
and motivations that prompt them to do so which
contribute to the surge in demand for health services
during periods of heightened air pollution.
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