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ABSTRACT

Background: The pathogenesis of appendicitis is unclear.
We evaluated whether exposure to air pollution was asso-
ciated with an increased incidence of appendicitis.

Methods: We identified 5191 adults who had been admit-
ted to hospital with appendicitis between Apr. 1, 1999, and
Dec. 31, 2006. The air pollutants studied were ozone, nitro-
gen dioxide, sulfur dioxide, carbon monoxide, and sus-
pended particulate matter of less than 10 u and less than
2.5 u in diameter. We estimated the odds of appendicitis
relative to short-term increases in concentrations of select-
ed pollutants, alone and in combination, after controlling
for temperature and relative humidity as well as the effects
of age, sex and season.

Results: An increase in the interquartile range of the 5-
day average of ozone was associated with appendicitis
(odds ratio [OR] 1.14, 95% confidence interval [CI] 1.03-
1.25). In summer (July-August), the effects were most
pronounced for ozone (OR 1.32, 95% CI 1.10-1.57), sulfur
dioxide (OR 1.30, 95% CI 1.03-1.63), nitrogen dioxide (OR
1.76, 95% Cl 1.20-2.58), carbon monoxide (OR 1.35, 95%
Cl 1.01-1.80) and particulate matter less than 10 u in
diameter (OR 1.20, 95% Cl 1.05-1.38). We observed a
significant effect of the air pollutants in the summer
months among men but not among women (e.g., OR for
increase in the 5-day average of nitrogen dioxide 2.05,
95% Cl 1.21-3.47, among men and 1.48, 95% Cl 0.85-
2.59, among women). The double-pollutant model of
exposure to ozone and nitrogen dioxide in the summer
months was associated with attenuation of the effects of
ozone (OR 1.22, 95% Cl 1.01-1.48) and nitrogen dioxide
(OR 1.48, 95% Cl 0.97-2.24).

Interpretation: Our findings suggest that some cases of
appendicitis may be triggered by short-term exposure to
air pollution. If these findings are confirmed, measures
to improve air quality may help to decrease rates of
appendicitis.

ppendicitis was introduced into the medical vernacu-

lar in 1886." Since then, the prevailing theory of its

pathogenesis implicated an obstruction of the appen-
diceal orifice by a fecalith or lymphoid hyperplasia.” How-
ever, this notion does not completely account for variations in
incidence observed by age,** sex,** ethnic background,* fam-
ily history,” temporal-spatial clustering® and seasonality,**
nor does it completely explain the trends in incidence of
appendicitis in developed and developing nations.*”®

The incidence of appendicitis increased dramatically in
industrialized nations in the 19th century and in the early part
of the 20th century.! Without explanation, it decreased in the
middle and latter part of the 20th century.’ The decrease co-
incided with legislation to improve air quality. For example,
after the United States Clean Air Act was passed in 1970, the
incidence of appendicitis decreased by 14.6% from 1970 to
1984.% Likewise, a 36% drop in incidence was reported in the
United Kingdom between 1975 and 1994 after legislation
was passed in 1956 and 1968 to improve air quality and in the
1970s to control industrial sources of air pollution. Further-
more, appendicitis is less common in developing nations;
however, as these countries become more industrialized, the
incidence of appendicitis has been increasing.’

Air pollution is known to be a risk factor for multiple con-
ditions, to exacerbate disease states and to increase all-cause
mortality." It has a direct effect on pulmonary diseases such
as asthma' and on nonpulmonary diseases including myo-
cardial infarction, stroke and cancer.'" Inflammation in-
duced by exposure to air pollution contributes to some ad-
verse health effects.'*"” Similar to the effects of air pollution,
a proinflammatory response has been associated with
appendicitis.'®
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We conducted a case—crossover study involving a popula-
tion-based cohort of patients admitted to hospital with appen-
dicitis to determine whether short-term increases in concen-
trations of selected air pollutants were associated with
hospital admission because of appendicitis.

Methods

Study design

We used a case—crossover study design. This design is an adap-
tation of the case—control study, with cases serving as their own
controls.” For each case of appendicitis, we compared an expo-
sure metric for the case event (the date of admission to hos-
pital) with the same metric derived for the time-stratified
matched control events (when no admission occurred). These
metrics of exposures were: same-day exposure, exposure
lagged by 1 day, and 3-day, 5-day and 7-day average before
event. We chose these exposure metrics using a time-stratified
design to avoid time trend biases.”> Also, we matched control
events to case events by day of week to control for ‘‘day of
week’’ effects.” By design, our selection of these short-term
referent intervals controlled for seasonal patterns in disease
occurrence. Because we were making within-individual
comparisons, there was no confounding by time-independent
risk factors (e.g., smoking).

Study population
The Calgary Health Region is a fully integrated and publicly
funded health care system in Canada’s province of Alberta
that serves over 1 million residents of Calgary. We identified
a cohort of patients aged 18 years or older living in Calgary
who were admitted to hospital between Apr. 1, 1999, and
Dec. 31, 2006, using data from the Quality, Safety and Health
Information administrative hospital discharge database. We
defined an incident case of appendicitis as one that had a dis-
charge diagnosis of appendicitis based on the International
Classification of Diseases, 9th or 10th revision (ICD-9 code
540.9, 540.0 or 540.1, or ICD-10 code K35.0, K35.1 or
K35.9). We excluded cases with codes indicating unspecified
or other appendicitis (e.g., chronic or recurrent), to minimize
misclassification of appendectomies of a normal appendix
and other causes of appendiceal disease. For each patient
identified, we collected information on age at diagnosis (18—
34, 35-64 or > 64 years), sex and date of hospital admission.
The study was approved by the Conjoint Health Research
Ethics Board of the University of Calgary.

Validation of study population

We selected a subset of patients to validate the administrative
definition of appendicitis. We used the discharge database to
identify 1389 patients with ICD-9 codes 540.9, 540.0 or
540.1 between 1999 and 2002. We compared the administra-
tive definition of appendicitis with the surgical pathology
reports for these patients. We considered the administrative
definition to be valid if at least 80% of the patients were
shown to have appendicitis in the pathology report. Of the
1389 patients, 1177 (84.7%) were accurately identified as
having appendicitis according to the pathology report. The

accuracy rate was greater among men (87.7%) than among
women (81.3%). The pathology report for the remaining
patients indicated a normal appendix, chronic or recurrent
appendicitis, or some other cause (e.g., cancer).

Measurement of exposure to air pollution
Environment Canada’s National Air Pollution Surveillance
Network monitors more than 152 stations in 55 cities across
Canada, including 3 dedicated sites in Calgary. The air pollu-
tants monitored at these stations include ozone, nitrogen diox-
ide, sulfur dioxide, carbon monoxide, and suspended particles
with aerodynamic diameters of less than 10 | and less than
2.5 1. Automated fixed-site continuous-monitoring stations
collect hourly mean concentrations that are used to calculate
daily mean and maximum values."

For each case of appendicitis, the daily maximum for
ozone and the daily means for the other pollutants were deter-
mined. We obtained data for daily mean temperature and rela-
tive humidity from Environment Canada. The frequency dis-
tribution of the daily mean concentrations of the pollutants
and the weather parameters, stratified by season, during the
study period are presented in Appendix 1 (available at www
.cmaj.ca/cgi/content/full/cmaj.082068/DC2). The correlations
between these variables are provided in Appendix 2 (avail-
able at www.cmaj.ca/cgi/content/full/cmaj.082068/DC2) .

Statistical analysis

We explored the association between appendicitis and air pol-
lution using single-pollutant models. We stratified our analy-
ses by age, sex and season. We defined the seasons as fol-
lows: spring, March-May; summer, June—August; autumn,
September—November; and winter, December—February. We
used the 1-day lag and the 3-, 5- and 7-day averages before
hospital admission to account for delays in onset of appen-
dicitis and presentation to hospital. We also chose the 3-, 5-
and 7-day averages to evaluate the cumulative effects of pol-
lution concentrations that persisted for several days. For the
summer months, we explored the combined effects of air pol-
lutants using double-pollutant models to control for correlated
exposures of co-pollutants. In addition, we explored differen-
tial effects of age and sex in the summer months.

We calculated odds ratios (ORs) with 95% confidence
intervals (CIs) to evaluate the association between appendicitis
and an increase in the interquartile range of the daily maxi-
mum of ozone and the daily mean concentrations of the other
pollutants during the different time intervals. We adjusted
odds ratios for temperature and relative humidity. We calcu-
lated the interquartile ranges on the basis of the daily mean
concentrations of the pollutants reported in Appendix 1 (avail-
able at www.cmaj.ca/cgi/content/full/cmaj.082068/DC?2).

Results

We identified 5191 adult patients admitted to hospital with
appendicitis during the study period. Most were aged between
18 and 35 years (46.3%), were men (53.2%) and were admit-
ted on a weekday (71.5%). Most of the hospital admissions
occurred between April and September (52.5%).
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summer months. For example, the risk estimate for the 5-day
average of nitrogen dioxide increased from 1.11 (95% CI
1.00-1.24) in all seasons to 1.76 (95% CI 1.20-2.58) in sum-
mer (Table 1).

When we analyzed the data by age and sex, we found that
the effect of ozone was significant among patients aged 35—
64 years (OR for 5-day average 1.21, 95% CI 1.05-1.39; for
7-day average 1.17, 95% CI 1.01-1.37) and among men (OR
for 5-day average 1.19, 95% CI 1.04-1.36; for 7-day average
1.22,95% CI 1.06-1.41). In addition, the effects were signifi-
cant for particulate matter less than 2.5 |1 among patients aged
18-34 years (OR for 5-day average 1.07, 95% CI 1.01-1.14;

Associations between ambient air pollutants and appen-
dicitis, stratified by season, are shown in Table 1. Increases in
the interquartile range of the daily maximum for ozone and
the daily mean concentration for the other pollutants on the
same day as the case event or the day before hospital admis-
sion were not associated with an increased risk of appendici-
tis. When we analyzed the increases in interquartile ranges of
the 5- and 7-day averages, exposures to ozone and sulfur
dioxide were significantly associated with appendicitis (e.g.,
OR for 7-day average 1.15, 95% CI 1.04—1.28, for ozone and
1.13, 95% CI 1.02-1.25, for sulfur dioxide). The magnitude
of effect of each air pollutant increased markedly during the

Table 1: Risk of appendicitis associated with increases in the interquartile range of pollutants during various referrant time
intervals, by season*

Season; OR (95% ClI)§

All seasons Spring Summer Autumn Winter

Pollutantt Time intervalt n=5191 n=1301 n=1369 n=1391 n=1130
Ozone Same day 1.05(0.98-1.13)  1.15(0.96-1.38) 0.95 (0.83-1.09) 1.08 (0.93-1.25) 1.11 (0.94-1.30)
1-day lag 1.06 (0.99-1.13)  0.90 (0.78-1.05)  1.10(0.97-1.24)  1.13(1.01-1.28)  1.07 (0.93-1.22)

Sulfur dioxide

3-day average
5-day average
7-day average
Same day

1-day lag

3-day average
5-day average
7-day average

1.10 (1.01-1.20)
1.14 (1.03-1.25)
1.15 (1.04-1.28)
1.05 (0.99-1.11)
1.00 (0.94-1.06)
1.06 (0.98-1.15)
1.10 (1.00-1.20)
1.13 (1.02-1.25)

0.96 (0.77-1.20)
1.05 (0.83-1.32)
1.07 (0.84-1.37)
1.06 (0.93-1.20)
0.99 (0.86-1.13)
1.10 (0.92-1.32)
1.19 (0.95-1.47)
1.20 (0.94-1.54)

1.14 (0.96-1.34)
1.32 (1.10-1.57)
1.33(1.10-1.61)
1.14 (0.99-1.32)
1.15 (1.00-1.33)
1.30 (1.07-1.59)
1.30 (1.03-1.63)
1.36 (1.05-1.75)

1.13 (0.95-1.33)
1.09 (0.91-1.30)
1.08 (0.90-1.30)
1.05 (0.96-1.15)
0.99 (0.90-1.10)
1.06 (0.93-1.21)
1.08 (0.93-1.27)
1.11 (0.92-1.34)

1.15 (0.95-1.40)
1.09 (0.87-1.36)
1.08 (0.96-1.20)
1.00 (0.91-1.11)
0.95 (0.86-1.05)
0.96 (0.84-1.10)
1.01 (0.86-1.18)
1.03 (0.87-1.23)

Nitrogen Same day 1.02 (0.96-1.09)  1.03 (0.90-1.18) 1.09 (0.87-1.36) 1.02 (0.90-1.15) 1.01 (0.91-1.13)
dioxide 1-day lag 0.98 (0.92-10.5)  0.95(0.83-1.09)  1.16 (0.93-1.45)  0.97 (0.86-1.10)  0.96 (0.86-1.08)
3-day average  1.04 (0.95-1.14)  0.97 (0.81-1.17)  1.33(0.96-1.84)  1.07 (0.91-1.26)  1.01 (0.87-1.18)
5-day average  1.11(1.00-1.24)  1.06 (0.85-1.32)  1.76 (1.20-2.58)  1.07 (0.88-1.30)  1.08 (0.91-1.30)
7-day average  1.12(0.99-1.13)  1.04 (0.81-1.35)  1.87 (1.21-2.90)  1.08 (0.88-1.34)  1.08 (0.87-1.33)
Carbon Same day 1.00 (0.97-1.04)  1.06 (0.95-1.20)  1.02 (0.86-1.22)  0.97 (0.92-1.04)  1.01 (0.97-1.06)
monoxide 1-day lag 0.99 (0.96-1.03)  1.02(0.91-1.14)  1.08(0.91-1.28)  0.98 (0.91-1.04)  0.99 (0.94-1.04)
3-day average  1.01(0.96-1.07)  1.05(0.90-1.23)  1.12(0.88-1.44)  1.00 (0.92-1.10)  1.00 (0.93-1.08)
5-day average  1.06 (1.00-1.13)  1.13(0.94-1.35)  1.35(1.01-1.80)  1.01(0.91-1.13)  1.07 (0.98-1.16)
7-day average  1.05(0.99-1.13)  1.11(0.88-1.41)  1.35(0.98-1.87)  1.12(0.92-1.37)  1.05 (0.95-1.15)
Particulate Same day 1.01(0.98-1.04)  1.04(0.95-1.12)  1.01(0.96-1.06)  1.02(0.96-1.08) 1.0 (0.93-1.07)
matter <251 q_day lag 1.01(0.98-1.04)  0.99 (0.92-1.07)  1.02 (0.98-1.07)  0.98 (0.92-1.05)  1.01(0.94-1.07)
I @ ETmeier 3-day average  1.02(0.99-1.06)  1.03(0.93-1.13)  1.04 (0.98-1.10)  1.00 (0.93-1.08)  1.02 (0.93-1.11)
5-day average  1.04 (1.00-1.08)  0.99 (0.89-1.11)  1.06 (1.00-1.13)  1.02(0.94-1.11)  1.07 (0.97-1.19)
7-day average  1.04 (1.00-1.09)  0.98 (0.86-1.11)  1.06 (0.99-1.13)  1.04 (0.95-1.21)  1.08 (0.96-1.21)
Particulate Same day 1.04 (1.00-1.09)  1.05(0.95-1.15)  1.09 (0.98-1.20)  1.02 (0.94-1.11)  1.02 (0.95-1.10)
matter <10 1_day lag 1.02 (0.97-1.06)  0.97 (0.89-1.06)  1.05(0.96-1.16)  0.98 (0.90-1.07)  1.05 (0.97-1.13)
in diameter

3-day average
5-day average
7-day average

1.05 (0.99-1.11)
1.07 (1.00-1.13)
1.06 (0.99-1.14)

0.99 (0.88-1.12)
0.95 (0.82-1.10)
0.90 (0.76-1.06)

1.15 (1.01-1.30)
1.20 (1.05-1.38)
1.20 (1.03-1.39)

1.02 (0.92-1.13)
1.05 (0.94-1.18)
1.07 (0.95-1.21)

1.05 (0.94-1.17)
1.06 (0.94-1.20)
1.05 (0.92-1.20)

Note: CI = confidence interval, OR = odds ratio.
*We defined spring as March—-May, summer as June-August, autumn as September-November and winter as December-February.
1The daily maximum was determined for ozone; the daily means were determined for the other pollutants.
$For each case of appendicitis, we compared the patient’s exposure on the date of the case event (the date of admission to hospital because of appendicitis) with
his or her exposure during time intervals that were close to the date of the case event. The 1-day lag, and the 3-, 5- and 7-day averages represent the periods

before hospital admission.

§0dds ratios are adjusted for temperature and relative humidity.
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for 7-day average 1.08, 95% CI 1.01-1.16) and for sulfur
dioxide among men (OR for 5-day average 1.15, 95% CI
1.01-1.30) (see Appendix 3, available at www.cmaj.ca/cgi
/content/full/cmaj.082068/DC?2).

When we restricted the analysis to data for the summer
months, we observed pronounced differential effects across age
and sex groups for all 6 pollutants (Table 2). Men, but not
women, were consistently at increased risk of appendicitis dur-
ing the summer. For example, an increase in the interquartile
range of the 5-day average of nitrogen dioxide was signifi-
cantly associated with appendicitis among men (OR 2.05, 95%
CI 1.21-3.47) but not among women (OR 1.48, 95% CI 0.85—

2.59). Younger individuals (age 18-34 years) were more likely
than older individuals to have appendicitis on days of higher
concentrations of ozone (e.g., OR for 5-day average 1.39, 95%
CI 1.06-1.81) and particulate matter less than 10 p (e.g., OR
for 5-day average 1.29, 95% CI 1.05-1.59). The opposite was
true for exposure to nitrogen dioxide, with the risk of appen-
dicitis increasing with age (OR for 5-day average 2.07, 95% CI
1.17-3.63, among patients 35-64 years; and 3.79, 95% CI
1.03-14.01, among patients > 64 years) (Table 2).

In the double-pollutant models based on 5-day averages in
the summer months, we found that exposure to ozone and
nitrogen dioxide remained significantly associated with

Table 2: Risk of appendicitis associated with increases in the interquartile range of pollutants in summer during various referrant
time intervals, by age and sex*

Age group, yr; OR (95% CI)§ Sex; OR (95% CI)§

18-34 35-64 > 64 Female Male
Pollutantt Time intervalt n=618 n =630 n=121 n =638 n=731
Ozone Same day 1.04 (0.85-1.27) 0.87 (0.71-1.07) 0.93 (0.58-1.50) 0.89 (0.73-1.09) 1.00 (0.83-1.21)
1-day lag 1.11 (0.93-1.33) 1.11 (0.93-1.33) 0.94 (0.62-1.43) 1.08 (0.90-1.29) 1.11 (0.94-1.31)

Sulfur dioxide

3-day average
5-day average
7-day average
Same day

1-day lag

3-day average
5-day average
7-day average

1.20 (0.94-1.53)
1.39 (1.06-1.81)
1.50 (1.13-2.01)
0.99 (0.79-1.23)
1.09 (0.88-1.34)
1.14 (0.84-1.53)
1.03 (0.73-1.46)
1.16 (0.80-1.70)

1.09 (0.86-1.40)
1.29 (0.99-1.68)
1.26 (0.94-1.67)
1.37 (1.10-1.70)
1.11 (0.90-1.38)
1.40 (1.04-1.90)
1.47 (1.04-2.07)
1.44 (0.98-2.12)

1.04 (0.60-1.82)
1.10 (0.62-1.96)
0.94 (0.49-1.80)
0.96 (0.59-1.57)
1.85 (1.14-2.99)
1.77 (0.93-3.40)
2.03 (0.98-4.23)
2.08 (0.92-4.68)

1.11 (0.87-1.41)
1.19 (0.92-1.55)
1.13 (0.86-1.50)
1.03 (0.83-1.27)
1.20 (0.98-1.47)
1.15 (0.87-1.53)
1.01 (0.73-1.40)
1.12 (0.78-1.60)

1.16 (0.93-1.46)
1.43 (1.12-1.82)
1.53 (1.17-2.00)
1.26 (1.03-1.54)
1.11 (0.91-1.36)
1.48 (1.11-1.96)
1.68 (1.21-2.34)
1.67 (1.16-2.40)

Nitrogen Same day 1.03 (0.74-1.44)  1.04(0.75-1.44)  1.68(0.81-3.51)  1.13(0.81-1.57)  1.06 (0.79-1.43)
dioxide 1-day lag 1.15(0.83-1.61)  0.97 (0.70-1.33)  3.35(1.53-7.34)  1.13(0.81-1.55)  1.20 (0.89-1.62)
3-day average 1.07 (0.66-1.74)  1.25(0.78-2.01)  4.75(1.61-14.02)  1.28 (0.80-2.05)  1.38 (0.89-2.15)
5-day average 1.28 (0.72-2.26)  2.07 (1.17-3.63)  3.79 (1.03-14.01)  1.48 (0.85-2.59)  2.05 (1.21-3.47)
7-day average 1.60 (0.83-3.06)  1.84(0.96-3.52)  4.37 (0.98-19.50)  1.38 (0.73-2.64)  2.41 (1.32-4.39)
Carbon Same day 1.14 (0.89-1.47)  0.92(0.70-1.19)  0.94 (0.52-1.71)  1.06 (0.82-1.38)  0.99 (0.78-1.25)
monoxide 1-day lag 1.18 (0.91-1.52)  0.94(0.73-1.22)  1.37(0.76-2.44)  0.93 (0.72-1.20)  1.22 (0.97-1.55)
3-day average 1.20 (0.82-1.73)  0.99 (0.69-1.43)  1.48 (0.66-3.34)  0.96 (0.67-1.38)  1.28 (0.92-1.80)
5-day average 1.37 (0.89-2.11)  1.26 (0.82-1.92)  1.74 (0.67-4.50)  1.06 (0.69-1.60)  1.68 (1.13-2.50)
7-day average 1.52 (0.93-2.46)  1.18(0.74-1.90)  1.52(0.53-4.33)  0.98 (0.61-1.57)  1.79 (1.15-2.79)
Particulate Same day 1.04 (0.98-1.11)  0.96 (0.89-1.04) 1.00 (0.80-1.26) 1.01 (0.94-1.08) 1.01 (0.94-1.08)
matter <2.51  1.day lag 1.07 (1.00-1.15)  0.98 (0.91-1.06)  0.98 (0.84-1.15)  1.01 (0.94-1.09)  1.03 (0.97-1.10)
TGS 3-day average  1.10(1.01-1.19)  0.99 (0.91-1.09)  0.99 (0.80-1.22)  1.03 (0.95-1.12)  1.05 (0.97-1.14)
5-day average 1.13(1.02-1.24)  1.01(0.92-1.11)  1.03(0.84-1.27)  1.03 (0.94-1.14)  1.09 (1.00-1.19)
7-day average 1.12(1.01-1.25)  1.00(0.90-1.12)  1.04(0.83-1.31)  1.02 (0.92-1.13)  1.09 (0.99-1.20)
Particulate Same day 1.11 (0.96-1.29)  1.00 (0.86-1.17) 1.47 (1.01-2.14) 1.08 (0.93-1.25) 1.10 (0.95-1.26)
matter <101 1_day lag 1.14(0.98-1.32)  0.97 (0.84-1.12)  1.05(0.76-1.46)  1.02 (0.88-1.18)  1.08 (0.95-1.24)
in diameter

3-day average
5-day average
7-day average

1.23 (1.02-1.48)
1.29 (1.05-1.59)
1.33 (1.07-1.66)

1.04 (0.86-1.25)
1.10 (0.90-1.34)
1.06 (0.85-1.31)

1.29 (0.84-1.99)
1.30 (0.82-2.06)
1.33 (0.81-2.20)

1.04 (0.86-1.25)
1.04 (0.85-1.27)
1.01 (0.81-1.26)

1.25 (1.05-1.49)
1.36 (1.13-1.64)
1.39 (1.14-1.70)

Note: Cl = confidence interval, OR = odds ratio.
*Summer = June-August.
tThe daily maximum was determined for ozone; the daily means were determined for the other pollutants.
$For each case of appendicitis, we compared the patient’s exposure on the date of the case event (the date of admission to hospital because of appendicitis) with
his or her exposure during time intervals that were close to the date of the case event. The 1-day lag, and the 3-, 5- and 7-day averages represent the periods

before hospital admission.
§0dds ratios are adjusted for temperature and relative humidity.
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appendicitis for most combined models (Figure 1). The com-
bined model of ozone and nitrogen dioxide attenuated the
effects of ozone (OR 1.22, 95% CI 1.01-1.48) and nitrogen
dioxide (OR 1.48, 95% CI1 0.97-2.24).

Interpretation

We found that the incidence of appendicitis was significantly
associated with short-term exposure to air pollution. The
effect of air pollution was greatest in the summer months,
when individuals were most likely to be outside and expo-
sure estimates from fixed-site monitors better reflected an
individual’s exposure. In the double-pollutant models, we
found that exposure to ozone and nitrogen dioxide was the
primary risk factor in the summer. Our findings are robust
because the study was population-based, was well powered
and used a validated case definition. Also, we controlled for
potential confounders through the use of a case—crossover
study design, adjusted for meteorologic effects and selected
referent time intervals using a time-stratified approach. If our
findings are substantiated, this novel association may in part
explain the trends in the incidence of appendicitis in industri-
alized nations.

Prior studies reported nonsignificant associations between
air pollution and appendicitis.** However, the findings of
those studies should be interpreted cautiously. The authors
used a broad definition of appendicitis. For example, they
included ICD-9 code 542 (“other appendicitis including
chronic”), which would include false cases of appendicitis
and thus make it more difficult to identify an association. In
addition, they did not measure a cumulative average of expo-
sure to air pollution.

We found that the association between air pollution and
appendicitis was greatest during the summer months. This
finding is consistent with results from prior studies that
reported higher incidence of appendicitis in the summer.** Air
pollution has also been shown to have a seasonal health effect
(e.g., on stroke)."? The significant associations that we
observed in the summer were likely due to increased expo-
sure to air pollutants from spending more time outdoors and
leaving windows open.”

In the summer months, ozone and nitrogen dioxide re-
mained significantly associated with appendicitis in most of
the double-pollutant models. However, the combined effects
of nitrogen dioxide and ozone led to attenuation of effect esti-
mates and loss of significance for nitrogen dioxide. This was
likely secondary to collinearity between the measurements of
the 2 pollutants (Appendix 2), because nitrogen oxide from
traffic scavenges ozone.” Nitrogen dioxide primarily arises
from the combustion of fossil fuel in automobiles and is an
important source of air pollution in urban settings.” In contrast,
ozone is a regional pollutant that typically forms when photo-
chemical reactions occur at ground level with air pollution.’
During the summer, young adults were more likely than older
individuals to have appendicitis after exposure to ozone,
whereas older adults were more likely than young adults to
have appendicitis after exposure to nitrogen dioxide. Differen-
tial susceptibility or sources of exposure to ozone and nitrogen
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dioxide by age may explain these findings; however, future
studies are required to explore these age-specific effects.

For unexplained reasons men are more likely than women
to have appendicitis.** In our study, we found that increases in
air pollution concentrations were strongly associated with

Decreased : Increased
Odds ratio <€— risk of ! risk of —>»
Model (95% Cl) appendicitis | appendicitis
SO,  1.14(0.89-1.48) e
NO, 1.60 (1.04-2.44) —o—
SO, 1.22 (0.95-1.56) —
co 1.23 (0.91-1.68) N
SO, 1.19 (0.93-1.51) e
Ozone  1.27 (1.05-1.52) i—o—
SO,  1.25(0.98-1.58) Lo
PM,,  1.04(0.98-1.12) o
SO,  1.22(0.95-1.57) e
PM,,  1.16 (1.01-1.34) o-
NO, 1.76 (1.03-3.01) ————
co 1.00 (0.67-1.50) ——
NO,  1.48(0.97-2.24) e
Ozone 1.22(1.01-1.48) —o—
NO,  1.67(1.09-2.57) | —e—
PM,,  1.02(0.95-1.10) &
NO, 1.45 (0.90-2.32) e
PM,,  1.13(0.96-1.32) +o-
co 1.21 (0.90-1.63) e
Ozone  1.27 (1.06-1.53) i—o—
co 1.24 (0.87-1.79) e
PM,.  1.03(0.95-1.12) o
co 1.16 (0.81-1.67) e
PM,,  1.15(0.98-1.37) Fo—
Ozone  1.28 (1.06-1.56) —e—
PM,,  1.02(0.95-1.10) o
Ozone  1.18 (0.94-1.49) -
PM,,  1.12(0.95-1.32) o
PM,.  0.96 (0.86-1.07) -+
PM,,  1.29 (1.02-1.64) —o—
T
05 1 5
Odds ratio (95% Cl)

Figure 1: Double-pollutant model, showing associations be-
tween appendicitis and increases in the interquartile range of
the 5-day average of pairs of air pollutants in summer (June—
August). Odds ratios are adjusted for temperature and relative
humidity; values above 1.0 indicate an increased risk of appen-
dicitis. Note: SO, = sulfur dioxide, NO, = nitrogen dioxide, CO =
carbon monoxide, PM,, or PM,; = suspended particulate matter
of less than 10 p or less than 2.5 u in diameter.
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appendicitis among men, but not among women. Men may be
more susceptible to the effects of outdoor air pollution
because they are more likely to be employed in outdoor occu-
pations (e.g., roadwork). However, misclassification of
appendicitis may also explain why the estimates were only
significant among men. In the subset of patients we selected
to validate the administrative definition of appendicitis, the
accuracy of ICD-9 coding was higher among men (87.7%)
than among women (81.3%).

The mechanisms by which air pollution may increase the
risk of appendicitis are unknown. A pro-inflammatory
response occurs with appendicitis that includes expression of
cytokines such as tumour necrosis factor.” In one study,
inhalation of diesel exhaust by healthy volunteers was found
to lead to increased levels of tumour necrosis factor.” Expo-
sure to ozone has been shown to activate tumour necrosis fac-
tor in animals and human cell lines.'*" Animals fed diesel
particles experienced oxidative damage in colonic mucosa.”
Therefore, exposure to air pollutants, either through inhala-
tion or ingestion, may induce inflammatory responses that are
also evident in appendicitis. Alternatively, exposure to diesel
exhaust has been shown to increase susceptibility to bacter-
ial® and viral® pulmonary infections through impairment of
microbial defence.” If air pollution similarly affects gastroin-
testinal immunity, exposure to pollutants may increase the
risk of bacterial invasion resulting in appendicitis.

Limitations

Our study has several limitations. First, we determined levels
of exposure to air pollution on the basis of regional estimates
from fixed-site monitoring stations, which cannot account for
variability at the patient level.

Second, more than 15% of the cases in the administrative
discharge database were misclassified as incident appendici-
tis. In addition, dates of hospital admission may have differed
from dates of disease onset, because nearly 20% of patients
with appendicitis delay presentation to hospital.”’ Conse-
quently, nondifferential misclassification may have led to
nonsignificant estimates, particularly in association with
exposure periods of the same day and 1-day lag.

Third, we did not evaluate the effects of air pollution on
appendicitis among pediatric patients. This population is
important, because children have a higher incidence of appen-
dicitis and spend more time outdoors in the summer com-
pared with adults.

Fourth, the effect size of the risk estimates were modest, and
residual confounding may have introduced bias into our esti-
mates. Data on potential confounders such as smoking and occu-
pational exposures were lacking. However, because each patient
essentially served as his or her own control, these factors would
not be a source of bias. In contrast, unknown time-dependent risk
factors of appendicitis may have not been controlled.

Finally, air-pollution studies are limited by multiple compar-
isons. Associations between air pollution and health outcomes
are often explored with multiple pollutants using several lagged
exposures. Frequently, analyses are stratified to investigate fac-
tors that may modify effects of air pollution. Thus, the proba-
bility of observing statistically significant findings by chance is

increased. However, Villeneuve and colleagues,” in a study in
Edmonton, Alberta, demonstrated an association between an
increase in the interquartile range of the 5-day average of nitro-
gen dioxide and ozone in warm months and increased visits to
the emergency department because of asthma attacks. These
findings were similar to those observed in our study. In con-
trast, despite examining 6 pollutants, stratifying by sex and sea-
son, and exploring 3 lag periods, Szyszkowicz® observed no
association between air pollution and anxiety in 23 178 visits to
the emergency department in Edmonton. Thus, the association
between air pollution and appendicitis may not have been
entirely spurious. Nonetheless, future studies are necessary to
replicate the findings in different populations.

Conclusion

Our findings indicate that some cases of appendicitis may be
triggered by short-term exposure to air pollution. If these
findings are confirmed, measures to improve air quality may
decrease the rate of appendicitis.
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