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Abstract

Objectives: The purpose of this study was to examine the associations between emergency department (ED) visits for
conjunctivitis and ambient air pollution levels in urban regions across the province of Ontario, Canada. Material and
Methods: Information from the National Ambulatory Care Reporting System was used to create time-series records, for
the period of April 2004 to December 2011, on emergency department visits of patients suffering from conjunctivitis.
A total of 77 439 emergency department visits for conjunctivitis were analyzed. A time-stratified case-crossover design was
applied, completed with meta-analysis in order to pool inter-city results. Odds ratio (OR) for an emergency department
visit was calculated in different population strata per one-unit increase (one interquartile range — IQR increase in a pol-
lutant’s daily level) while controlling for the impacts of temperature and relative humidity. Results: Statistically significant
positive results were observed in the female population sample, for nitrogen dioxide (NO,) exposure lagged 5-8 days,
with the highest result for the 7-day lag (OR = 1.035, 95% CI: 1.018-1.052) and for fine particulate matter with a median
aerodynamic diameter of less than 2.5 um (PM, ), for lags 6 and 7 days, with the highest result for lag 7 (OR = 1.017,
95% CI: 1.003-1.031). In the male population sample, statistically significant positive results were observed for NO, at
lag 5 days (OR = 1.024, 95% CI: 1.004-1.045) and for ozone (O,), at lags 0-3 and 7 days, with the highest result for lag 0
(OR = 1.038, 95% CI: 1.012-1.056). Also for males, statistically significant results were observed in the case of PM,
exposure lagged by 5 days (OR = 1.003, 95% CI: 1.000-1.038) and sulfur dioxide (SO,) exposure lagged by 1 and 2 days
(OR = 1.016, 95% CI: 1.000-1.031 and OR = 1.018, 95% CI: 1.002-1.033). Conclusions: The findings of this study suggest
that there are associations between levels of air pollution and ED visits for conjunctivitis, with different temporal trends
and strength of association by age, sex, and season.
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INTRODUCTION

Vehicles, factories, and power plants are among the major
sources producing the daily air pollution that affects human
health. Numerous studies have confirmed that the ambi-
ent air pollution is a risk factor for respiratory conditions,
such as asthma [1-12]. Studies also have linked ambient
air pollution to non-respiratory conditions, such as cardio-
vascular disease [12,13], appendicitis [14], headaches and
migraines [15], skin conditions [16-20], eye discomfort
and conjunctivitis [17,21-23]. While air pollution is linked
to eye discomforts, conjunctivitis in particular, in several
studies of cellular microbiology and tissue pathology, and
in individual-level reports [24-36], the population burden
of these disorders is not well characterized. The majority
of the direct costs, as well as the treatment of conjunctivi-
tis, are managed by patients and families through self-care
with use of the over-the-counter products [37,3§].

In this paper, correlations between exposure to ambi-
ent air pollution and emergency department (ED) visits
for conjunctivitis are investigated. Acute ocular expo-
sures to high concentrations of air pollutants are well
known to cause pain, redness, burning, and watering of
the eyes [39]. An estimated 15-40% of the population in
developed countries are affected by conjunctivitis [40,41].
Inflammatory eye disorders are increasingly linked to cost,
quality of life, unnecessary antibiotic use, and lost school/
work productivity [37,42-45]. In addition, conjunctivitis is
among the most common reasons for emergency depart-
ment (ED) visits, particularly for children [46,47].

The conjunctiva is the eye’s protective barrier to the en-
vironment, comprised of membranes that enfold the ex-
ternal portion of the sclera (white portion of the eye) and
the inner eyelid [40]. The laymen’s term for conjunctivitis
is “pink eye,” due to the pink or red appearance from in-
flamed and edematous blood vessels and tissues when in-
fected, irritated, or injured. Conjunctivitis, which is often
categorized as either allergic or infectious, encompasses
a cluster of clinically nonspecific signs and symptoms that
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include blurred vision, sensitivity to light, pain, foreign
body sensations, itching, burning, discharges, and inability
to tolerate contact lenses [40]. The conjunctiva is continu-
ously bathed in a tear film, which acts as both a lubricant
for eye movement and a protective barrier to dilute and
remove harmful environmental impurities.

Higher levels of ambient air pollution have been corre-
lated with adverse effects on the tear film, ocular mucosa,
ocular surface, and eyelid margins [30,36,39,48-50]. Sev-
eral population studies have examined the associations
between air pollution levels and ED visits for eye diseas-
es [17,21,23,24]. To our knowledge, no multi-city studies
have investigated this link for cities in North America.
Filling this gap in the epidemiologic literature is impor-
tant; multi-city studies are known to give more reliable
results, less liable to biases in comparison to studies con-
cerned with individual urban centers [51].

There is strong motivation for setting multi-city studies in
Ontario, Canada. Most of the population of Ontario in-
habits the territory along a heavily trafficked and industri-
alized international border with the United States. Pollut-
ing activities and population health in the border regions
in both countries are intricately linked, as the gaseous pol-
lutants are known to travel long distances [23] and cause
cross-border impacts.

The results reported in this paper were obtained using
a case-crossover (CC) technique augmented by meta-anal-
ysis. The CC routine investigates correlations between in-
termittent events (exposure to ambient air pollution) and
public health outcomes (variations in the frequency of ED
visits for conjunctivitis). The investigation embraced nine
cities across Ontario, Canada. One of the goals of the
study was to confirm findings of past per-city investiga-
tions dealing with air pollution and conjunctivitis [17].

We tested the hypothesis that higher levels of ambient
air pollution increased the risk of ED visits for conjunc-
tivitis. The test consists of correlating the daily number
of ED visits for conjunctivitis (International Classification
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of Diseases (tenth revision) — ICD-10 codes H10), which
stands for the outcome variable, with the daily levels of
ambient air pollutants — nitrogen dioxide, ozone, fine par-
ticulate matter — which represent the exposure variables.
In similar research, weather variables are routinely con-
trolled for as confounding; we controlled the contribu-
tions of the most important confounders of the health
outcomes: temperature and humidity.

MATERIAL AND METHODS

Health data

The data pertaining to ED visits were retrieved from
the National Ambulatory Care Reporting System (NA-
CRS). The NACRS contains information collected at
the time of healthcare service from participating hospi-
tals, and includes information on day and night surger-
ies, on services provided in outpatient clinics, and the ED
data for all hospital and community-based ambulatory
care [52]. The cases of conjunctivitis in the ED reporting
are distinctly coded (with symbol H10 (ICD-10)); that en-
abled creating the daily counts of the visits. Data were as-
sembled from hospitals in 9 cities in Ontario, Canada: Al-
goma, Halton, Hamilton, London, Ottawa, Peel, Toronto,
Windsor, and York. The study time period is April 2004 -
December 2011, almost 7 years.

Environmental data

Air pollution data were obtained from Environment
Canada’s National Air Pollution Surveillance Pro-
gram (NAPS) [53]. The locally observed daily level of
a pollutant was defined as the daily average of its hourly
readings at a NAPS station. A patient’s daily exposure to
a pollutant was defined by the average of the pollutant’s
daily levels at the NAPS stations situated within 35-km
perimeter from the patient’s residence (identified by pa-
tient’s postal code). The ambient pollution’s measure-
ments were completed for ozone (O,), nitrogen diox-
ide (NO,), fine particulate matter (PM) with a median

aerodynamic diameter of less than 2.5 um (PM, ), and
sulfur dioxide (SO,).

Weather variables included temperature (in degree
Celsius) and relative humidity (in percentage points).
The daily values of weather parameters were calculated
by averaging the hourly data and next averaging across
the Environment Canada stations situated within 100 km
distance from patient’s postal code.

Statistics

This study was executed in 2 stages of analysis. In the 1st
stage, the case-crossover (CC) design was applied [54].
The CC design, introduced to epidemiology in 1991,
and now commonly used in the air pollution studies, has
the advantage of neutralizing the confounders of health
outcomes as the individual’s health characteristics and of
reducing the effects of slowly varying covariates (e.g., sea-
sonal effects) [54-56]. The CC method has aspects of
the case control analysis: it applies controls. A patient’s
exposure on the day of his/her visit to ED is compared
to the patient’s exposure on pre-defined other days, when
it is anticipated he/she was not seeking professional help
at ED. In this study, the control days were selected in
the month of patient’s visit to the ED and they matched
the day-of-week parameter of the visit (thus, each case
was presented with 3 or 4 controls).

The p-values less than 0.05 were considered statistically
significant. The results of CC analysis were reported as
odds ratios (OR) and their 95% confidence intervals (CI).
The odds ratios were calculated separately for each pol-
lutant in each city, using the Cox proportional hazard re-
gression (PROC PHREG) procedure in SAS Visual Ana-
lytics (Enterprise Guide, version 4.2). The modeling was
performed feeding into the models the pollution variables
and meteorological factors lagged by the same number of
days, from 0 to 8 days.

At the 2nd stage of analysis, the per-city estimates were
combined, by performing meta-analysis of the estimates
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and their standard errors, in order to characterize the over-
all effect relevant to all cities. Applying fixed-effects mod-
eling (assuming that the individual estimates reflect action
of the same underlying factor), the pooled estimators and
their standard errors were calculated. The computational
tasks were executed using the R language facility [57].

It is to be noted that fixed-effect analysis allows for a more
precise estimate of the associations between exposure and
public health outcomes — by pooling the results across
multiple studies [58].

RESULTS

Figure 1 shows the numbers (counts) of ED visits for
conjunctivitis (N = 77 439) stratified by sex and by age
from 0 to 98 years. The patients 98 years old and older
are included in the 98-year category. In Table 1, there
appears the season category; this category is defined
as cold weather months (October-March) or warm
weather months (April-September). The table shows
the number of the ED visits — stratified by sex, season,
city, and ICD-10 code - that occurred in the period of
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Fig. 1. Frequency, differentiated by sex, of emergency
department (ED) visits for conjunctivitis vs. age of respondents

April 2004 - December 2011. It can be seen that majority
of the visits have assigned diagnostic “unspecified conjunc-
tivitis” (ICD-10 code H10.9). The number of visits is high-
er in the warm season (58%) than in the cold season and
higher for females (52%) than for males. Table 2 shows
the characteristics of relative humidity and temperature of
all involved cities. Table 3 shows the descriptive air pollu-
tion statistics, by city.

Table 1. Emergency department visits by sex, season, city and type of conjunctivitis

Emergency department visits

Variable (N =77439)
[n (%))

Sex

female 40 408 (52)

male 37031 (48)
Season

cold (October-March) 327765 (42)

warm (April-September) 44 674 (58)
City/Region

Algoma 8755 (11)

Halton 4726 (6)

Hamilton 10 050 (13)

London 6173 (8)
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Table 1. Emergency department visits by sex, season, city and type of conjunctivitis — cont.
Emergency department visits
Variable (N =77439)
[n (%)

City/Region - cont.

Ottawa 8129 (10)

Peel 8166 (11)

Toronto 21 566 (28)

Windsor 3264 (4)

York 6610 (9)
Type of conjunctivitis (ICD-10 code)

mucopurulent (H10.0) 2018 (3)

acute atopic (H10.1) 7281 (9)

other acute (H10.2) 724 (1)

acute, unspecified (H10.3) 4463 (6)

chronic (H10.4) 61(<1)

blepharoconjuntivitis (H10.5) 401 (1)

other (H10.8) 6867 (9)

unspecified (H10.9) 55624 (72)
ICD-10 - International Classification of Diseases (tenth revision).
Table 2. Characteristics of relative humidity and temperature by cities

Relative humidity Temperature
City [%] [°C]
min.— max M IQR min.—-max M IQR

Algoma 29.0-100.0 75.1 14.7 -26.2-26.4 6.2 16.4
Halton 35.7-95.5 70.5 15.9 -17.9-31.0 9.7 16.1
Hamilton 36.2-100.0 76.2 15.7 -19.8-30.0 9.0 16.8
London 33.2-98.9 735 14.5 -19.7-30.6 9.1 16.9
Ottawa 26.7-100.0 7.2 18.4 -26.6-29.6 7.9 17.7
Peel 27.6-99.8 70.2 16.1 -20.3-31.7 9.7 16.9
Toronto 24.6-99.7 72.5 16.8 -19.3-315 10.1 16.2
Windsor 32.4-974 69.5 16.3 -19.5-30.4 11.0 17.3
York 30.1-100.0 70.1 16.5 -20.0-32.0 9.1 16.9

min. — minimal value; max — maximal value; M — mean; IQR - interquartile range.
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Table 3. Descriptive air pollution statistics by cities

NO2 O3 PM2_5 502
City/Region [ppb] [ppb] [mgxm™] [ppb]
min-max M IQR min-max M IQR min-max M IQR min-max M IQR
Algoma 0.0-24.0 51 40 2.0-80.0 285  14.0 0.0-29.0 5.3 4.3 0.0-17.0 1.1 2.0
Halton 1.0-51.2 129 77 2.0-67.7 258 14.0 0.5-34.2 7.7 5.8 0.0-14.0 2.3 2.0
Hamilton 1.7-63.0 139 95 1.5-70.0 263 135 0.0-64.2 9.8 7.6 0.0-35.5 4.1 4.1
London 0.0-51.0 109 7.0 1.0-66.0 263 14.0 0.0-66.3 9.5 7.2 0.0-15.0 1.7 1.0
Ottawa 1.0-47.0 8.7 7.0 1.0-66.5 241 13.0 0.0-67.7 7.0 6.3 0.0-13.0 0.8 1.0
Peel 2.0-54.0 132 95 1.0-69.5 250 135 0.0-64.9 8.5 6.8 0.0-12.0 14 15
Toronto 4.5-62.1 185 94 1.5-60.7 225 134 0.0-66.8 9.3 7.4 0.0-13.7 1.8 1.8
Windsor 2.4-555 156 8.1 1.0-68.5 25.7 161 0.8-33.6 9.5 7.4 0.0-24.3 43 4.5
York 0.0-47.0 82 7.0 3.0-71.0 292 140 0.0-27.0 6.7 6.0 0.0-8.0 1.2 2.0
NO, - nitrogen dioxide; O, - ozone; SO, - sulfur dioxide; PM, ; - particulate matter with a median acrodynamic diameter of less than 2.5 um.
Other abbreviations as in Table 2.
Air pollutant  Lag Male [OR (95% ()] Air pollutant  Lag Female [OR (95% CI)]
NO, 0 — 1 0983 (0.961-1.004) NO, 0 — 0973 (0.956-0.991)
1 —_—— 0.997 (0.976-1.018) 1 —_— 0.983 (0.966-1.001)
2 e 1,000 (0.979-1.021) 2 —_— 0992 (0.975— 1009)
3 —_— 0998 (0.978-1.019) 3 — 1.004 (0.987-1.021)
4 —_ 1012 (0.991-1.033) 4 — 1.016(0.999-1.034)
5 — 1024 (1.004-1.045) 5 — 1019(1.002— 1036)
6 — 1017 (0.996-1.037) 6 — 1,020 (1.003-1.037)
7 1016 (0.995-1.036) 7 ———  1035(1018-1.052)
8 — 1011(0.991-1.032) 8 —_— 1027 (1.010- 1044)
0, 0 — s 1038(1.012-1.063) 0, 0 R 1,000 (0.978-1.022)
1 ——— 1025 (1.000-1.051) 1 —_— 0992 (0.970-1.015)
2 — s 1.031(1.006-1056) 2 _ 1,002 (0.980— 1024)
3 — & 1031(1.005-1.056) 3 — e 1,002 (0.980-1.024)
4 o 1014 (0.989-1.040) 4 — 1013 (0.991- 1035)
5 B — 1,004 (0.978-1.029) 5 RN P 1.011(0.989-1.033)
6 — 1.015 (0.990-1.040) 6 —_— 1,003 (0.981-1.029)
7 s 1.030 (1.005-1.055) 7 —_— 1.007 (0.985— 1029)
8 —_ 1,019 (0.994-1.044) 8 — . 1,006 (0.984-1.028)
PM, 0 4 1014 (0.996-1.032) PM, 0 — 0992 (0.978-1.007)
1 — 1015 (0.997-1.033) 1 —— 099 (0.982— 1010)
2 —_— 1017 (0.999-1.035) 2 — 0994 (0.980—1.008)
3 B T 1.013 (0.996-1.031) 3 — - 0997 (0.983-1.012)
4 - 1017 (0.999-1.034) 4 -4 1010 (099~ 1024)
5 — 1020 (1.003-1.038) 5 — 1,006 (0.992-1.020)
6 S 1012 (0.994-1.029) 6 S 1,014 (1.000-1.028)
7 R 1017 (0.999-1.034) 7 —_— 1017 (1.003— 1031)
8 — 1,005 (0.988-1.023) 8 = 1,008 (0.994-1.022)
0, 0 S 1.011(0.995-1.026) 0, 0 — 0992 (0.978-1.007)
1 - 1016 (1.000-1.031) 1 — 0989 (0.975— 1004)
2 — 1.018(1.002-1.033) 2 — 1.001(0987-1.016)
3 —=— 1010 0.994-1.026) 3 — 1,000 (0.985-1.014)
4 — = 1,008 (0.992—1.024) 4 —t— 1.006 (0.992— 1021)
5 S 1.009 (0.994-1.025) 5 — 1.001(0.987-1.016)
6 —_— 1.001(0.986-1.017) 6 — 1,005 (0.991-1.020)
7 —_— 1,000 (0.985-1.016) 7 — e 1,006 (0.991— 1020)
8 — 0998 (0.982-1.013) 8 — 1.004 (0.989-1.019)
T T T T
094 1 107 095 1 106
OR

OR - odds ratio; CI - confidence intervals. Other abbreviations as in Table 3.

Fig. 2. All-season fixed-effect exposure and emergency department (ED) visit estimates — pooling among 9 cities in Ontario
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lags
1.006 (1.000-1.014) 1,4-6 {4} 1.014 (1.005-1.022) 0-7 {5}
51{5}
6-71{7}
0-8 {3}
6-7{7}

PM,

OR (95% CI)
1.020 (1.003-1.038)
1.017 (1.003-1.031)
1.043 (1.021-1.063)
1.018 (1.004-1.032)

lags
1-2 {2}
8 {8}

S0,

OR (95% CI)

1039 (1.018-1.038)

lags
2-6 {5}
1.038 (1.012-1.063) 0-3,7{0} 1.018 (1.002-1.033)
0-8 {0}
0 {0}
0-3 {0}

OR (95% CI)
1.015 (1.002-1.027)
1073 (1.043-1.103)
1.016 (1.000-1.033)
1038 (1.004-1.071)

lags
6-8 {7}

5{5}

1.035 (1.018-1.052) 0,5-8 {7}

2-8 {4}
4-8{7}
6-8 {7}
7-8{7}

NO,

OR (95% CI)
1042 (1.013-1.072)
1024 (1.004-1.045)
1055 (1.030-1.080)
1035 (1.018-1.051)
1042 (1.013-1.072)
1039 (1.009-1.069)

24 488,32%)
52951, 68%)

Strata

17 years (N

18 years (N
Warm season (April-September)

male
female
male
female

<
=

Table 4. Increase in odds ratios associated with exposure to an air pollutant for different population strata
OR and their 95% CI estimated for one interquartile range. Lags with positive results are listed and the largest OR (95% CI) with the corresponding lag {m} is shown.

Abbreviations as in Figure 2 and Table 3.

Respondents (total)

Age

The results of pooling the fixed-effect estimates (time-
independent population-average pollution effects on con-
junctivitis) throughout the 9 cities are presented in Fig-
ure 2, separately for males (left panel) and females (right
panel). The ORs and their 95% CI were calculated taking
the interquartile range (IQR = 75-25th percentiles) for
the unit increase in a pollutant’s level. Table 4 gives a sum-
mary of the positive results: the delays between increases
in exposure and the most significant increases in the num-
bers of ED visits (per unitary increase in the exposure);
the risks are estimated in diverse population strata.

DISCUSSION

Investigation of the impact of exposure to ambient air
pollution on the frequency of ED visits for conjunctivitis
reveals many significant associations between recent (dur-
ing the preceding week) exposure events and variations in
the frequency of the visits. Similar multi-city studies have
been conducted in Taiwan, where the air pollution con-
centrations are much higher [21]. Single-site studies have
been completed in Edmonton, Alberta, Canada, and in
Paris, France [17,23].

This study, besides providing corroborating evidence with
previously published studies, adds to the current science
in several important ways: this is one of the largest multi-
city studies in North America concerning air pollution
and ED visits for conjunctivitis, it investigates the latency,
up to 8 days, in exposure effects, and it stratifies results
by gender and age. All 4 pollutants were found respon-
sible for increases in counts of ED visits for conjunctivi-
tis in the male population, while episodes of higher NO,
or PM,  were correlated with increases in the ED counts
when investigating the conjunctivitis cases in the female
population.

There are apparent differences in health outcomes in male
vs. female population and in younger vs. older population.
The most evident factors differentiating health outcomes
in different populations are dissimilar exposures (possibly

[JOMEH 2016;29(3)
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due to unalike ways of active life) and different physiolog-
ical sensibilities to the pollution factors affecting health
(and many possible cofactors, as ultraviolet (UV) radia-
tion, weather events, and allergens).

Different sensibilities may cause distinctly differentiated
delays in pollution health effects. For example, the nega-
tive significant results detected in the female stratum could
be the result of harvest phenomena which may be caused
by greater exposure-to-effect latency in the female popula-
tion, which, in turn, may be a result of specific skin self-care
patterns in the female population. Also, exposure — health
effect associations are stronger in the group of younger per-
sons (17 or younger, especially in the cases of exposure to O,
and PM, ,,
all exposure lags). This suggests that children and young

where significant positive results were found for

adults are more vulnerable to conjunctivitis infections.

The Edmonton study found statistically significant O, im-
pacts only in the female population [17]; this study finds
the impacts in the male stratum only. The differences be-
tween studies in gender-specific outcomes may have dif-
ferent origins: the former study used version 9 of the ICD
codes, and included only results of unspecified conjuncti-
vitis, while this study deals with broader range of the con-
junctivitis cases: those flagged by diagnosis code “10.”
Also, the applied statistical methods are different. How-
ever, the gender-specific different outcomes may require
an additional study.

The Taiwan multi-city study [21], which applies the ran-
dom-effects approach to the meta-analysis rather than
the fixed-effects tactic, corroborates the thesis that high
levels of air pollutants (NO,, SO,, O, and PM, ) increase
the chances of an ED visit, in the immediate post-expo-
sure period, for the patients suffering from nonspecific
conjunctivitis. However, the study tested the cumulative
exposure, accumulated in the period of up to 5 days pre-
ceding the ED visit.

The Taiwan study [21] findings about an immediate impact
of O,agree with the corresponding results obtained in our

[JOMEH 2016;29(3)

study, however, their method could not find the strong-
ly delayed (7 days) effects in the female population of
the NO, and PM, ; exposures. By analyzing genders sepa-
rately, we can see that, in the female population, the odds
of ED visit for conjunctivitis immediately after exposure
to NO, are small and that the odds were increasing with
time. This scenario results, arguably, from a developing
infection rather than from an accumulating exposure.
The Paris study (30 883 patients) [23] reported that levels
of NO, were correlated with conjunctivitis and ophthal-
mological ED visits occurring 2 days after exposure. They
took into account additional weather parameter, the wind
strength, which appears to strongly influence the develop-
ment of eye infections. Nevertheless, the overall conclu-
sions are well related to the findings of our study.
Conjunctivitis is a common childhood condition [43,46,47]
causing frequent ED visits of young patients; in our data,
the frequency peaks at age 1, for both genders. The inci-
dence then steadily decreases until the mid-teen years. From
the mid-teens through older adulthood, more females vis-
ited the ED for conjunctivitis than males. A 2nd peak, and
plateau, is seen in both genders from early adulthood until
middle-age, with a subsequent steady decrease in the ED
numbers after the age of 47 for males and 54 for females.
It is plausible that both biological and social gender differ-
ences cause different trends in the 2 sexes. For example,
the age where female visits outnumber male visits coin-
cides with puberty, a trend mirrored in allergy and asthma
prevalence [59,60]. Further research is needed to clarify
how gender-related biological mechanisms or gendered
social norms condition human organism’s responses to
the ambient pollutants. Personal aspects as hygienic hab-
its [61], wearing of eye cosmetics, caretaking roles — in-
creased exposure to infections from children — and time
spent outdoors vs. staying home, are considered important
factors in conjunctivitis morbidity.

The striking difference between genders: quite de-
layed (7 days) effect of exposure to NO, in the female
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population vs. immediate reaction to the exposure among
males, may be explained by the feminine tendency to treat
most of eye irritations at home with over-the-counter and
self-care methods [37,38]. It is plausible that the low level
of irritation, if any, on the day of exposure is most amena-
ble to self-care interventions, while sub-clinically increas-
ing the risk for later infection or allergic irritation [44]. It
is noteworthy that when taking into account both genders,
the strongest effects of an exposure to nitrogen dioxide oc-
curred 5-7 days after exposure; this timeframe coincides
with the typical incubation period for viral (5-12 days) and
bacterial (1-7 days) conjunctivitis [40].

There is progressing understanding of the mechanisms by
which air pollution impacts eye health. Several advancing,
mechanistic theories are supported by preliminary empirical
data from a number of studies [25-36,40]. Allergic inflam-
mation of the respiratory tract (evidenced by allergic asthma
attacks) and eyes are highly correlated with air pollution
levels [62,63]. The pollution increases oxidative stress, thus
impeding the antioxidant defenses of the eye and inducing
a cycle of inflammation and irritation, which strengthens al-
lergen response, leading to clinical allergic conjunctivitis [64].
Higher levels of ambient air pollution may increase
the sensitivity to other common allergens [65,66]. In ad-
dition, particulate matter may transport infectious agents
from the environment directly into the eye [67]. Tempo-
ral associations between air pollutants and disruptions in
homeostasis of the eye’s tear film, ocular mucosa, ocular
surface, and eyelid margins were reported in many pub-
lications [30,36,39,48-50,68-70]. Arguably, patients with
chronic tear film instability are more susceptible to bacte-
rial infections; it is unclear if the acute impact from air
pollution also increases this risk [71,72]. Further stud-
ies are required to better understand the linkages be-
tween conjunctivitis and air pollution, and to determine
the long term effects of air pollutants on the eye, which
are largely unknown [23]. Because of the substantial un-
derlying social costs associated with the occurrences of

conjunctivitis [37,38], a cost-benefit analysis may be of
the essence in future studies.

The findings from this study must be interpreted in light
of the limitations that are commonplace in the popula-
tion based investigations of the air pollution that inten-
sify health services utilization. First, there is a risk of an
ecological fallacy in pollutant exposure data: the central-
ized air monitor data represent the average population
exposure to pollution, and not personal exposure. Thus,
individual variability in exposure introduces measurement
error. However, this common exposure misclassification
has been shown to underestimate the risk, so our results
are likely conservative estimates of the true effect [73].
Currently, the cost and availability of personal exposure
monitoring for multi-city studies does not present a fea-
sible alternative. In addition, each lag (0-8 for each pollut-
ant) requires a separate statistical test on the same data,
increasing the risk for spurious results (type I error). Still,
pooling data using the meta-analysis and meta-regression
technique serves to limit this potential statistical error [58].
Finally, this study demonstrates correlation, not causa-
tion, between air pollutants and ED visit for conjunctivitis.
It is likely that our study underestimated the effect of air
pollution on conjunctivitis. In the studies in Edmonton, Tai-
wan, and Paris much stronger exposure impacts have been
seen. The higher results are arguably the large-city effect;
the multi-city fixed effects are less visible among smaller,
widely distributed towns. Also social differences, as self-care
habits vs. accessibility of professional help, may play impor-
tant role. Since most interventions for conjunctivitis involve
self-care and products purchased over-the-counter [37,3§],
the relationships reported in this study can be expected to rep-
resent more extreme cases of conjunctivitis which cause ED
utilization. Also, individuals are exposed to a multi-pollutant
environment, with many compounds that are not measured
by current air monitoring stations; the individual pollutants
measured in this study may also serve as a proxy for unmea-
sured pollutants, or a multi-pollutant mixture.
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CONCLUSIONS

Conjunctivitis is a common population health burden with
costs that include reduced quality of life, unnecessary anti-
biotic use, and lost school/work productivity impacts. This
study supports the thesis that there is an association be-
tween ambient air pollution and the incidence of conjunc-
tivitis across Ontario, Canada. Impacts of an exposure and
the timing of health effects vary between sexes and ages.
High-precision study is needed to determine the most im-
portant biological and social modifiers of the exposure-to-
health effects path, wherein the pathogenesis, prevalence,
and severity of allergic and infectious conjunctivitis are
researched.
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