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Background: We examined the impact of data source and exposure measurement error for ambient NO2

on risk estimates derived from a case-crossover study of emergency room visits for asthma in Windsor,
Canada between 2002 and 2009.
Methods: Paired personal and fixed-site NO2 data were available from an independent population (47
children and 48 adults) in Windsor between 2005 and 2006. We used linear regression to estimate the
relationship and measurement error variance induced between fixed site and personal measurements of
NO2, and through a series of simulations, evaluated the potential for a Bayesian model to adjust for this
change in scale and measurement error. Finally, we re-analyzed data from the previous case-crossover
study adjusting for the estimated change in slope and measurement error.
Results: Correlations between paired NO2 measurements were weak (R2r0.08) and slopes were far from
unity (0.0029rβr0.30). Adjusting the previous case-crossover analysis suggested a much stronger
association between personal NO2 (per 1 ppb) (Odds Ratio (OR)¼1.276, 95% Credible Interval (CrI): 1.034,
1.569) and emergency room visits for asthma among children relative to the fixed-site estimate
(OR¼1.024, 95% CrI 1.004–1.045).
Conclusions: Our findings suggest that risk estimates based on fixed-site NO2 concentrations may differ
substantially from estimates based on personal exposures if the change in scale and/or measurement
error is large. In practice, one must always keep the scale being used in mind when interpreting risk
estimates and not assume that coefficients for ambient concentrations reflect risks at the personal level.
Crown Copyright & 2015 Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Fixed-site monitors are often used to assign personal exposure
levels in epidemiological studies of the health effects of ambient
air pollution. While fixed-site monitors offer a cost-effective
means of collecting exposure information for large numbers of
study participants, exposure measurement error is a recognized
limitation of this approach (Zeger et al., 2000). In general, the
impact of exposure measurement error variance on risk estimates
depends on several factors, including study design, the measure-
ment error structure (classical or Berkson type error), and the
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extent of the measurement errors (Goldman et al., 2011; Thomas
et al., 1993; Rhomberg et al., 2011; Zeger et al., 2000). In air pol-
lution epidemiology, exposure measurement error often contains
components of both classical and Berkson type error with the
former resulting in bias toward the null and the latter resulting in
little or no bias; however, both types of measurement error reduce
precision (Armstrong, 1998; Sheppard et al., 2012; Zeger et al.,
2000). Here we focus on the classical model, which typically leads
to greater bias. Moreover, if fixed-site monitors systematically over
or underestimate personal exposures, a scaling factor is required
to further adjust model coefficients, since incremental changes in
ambient concentrations translate into changes of a different
magnitude at the personal level (Schwartz et al., 2007). Un-
fortunately, paired personal and fixed-site exposure data are rarely
available in practice. As a result, it is usually not possible to eval-
uate the precise relationship between personal and fixed-site
ticle under the CC BY-NC-ND license
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measurements in a given study, and therefore to adjust risk esti-
mates for any change in scale or measurement error. In this study,
our aim was to apply a Bayesian measurement error adjustment
method that accommodates both a change in scale and measure-
ment error variance to adjust risk estimates from fixed site values
to those from personal exposures. This method was applied using
paired personal and fixed-site data for ambient nitrogen dioxide
(NO2) in Windsor, Canada (Wheeler et al., 2011) along with data
from a previous case-crossover study of ambient NO2 and asthma
emergency room visits in the same location (Lavigne et al., 2012).
We first evaluated the method through simulations, and then
applied our method to re-estimate the effect of NO2 on asthma
emergency room visits in Windsor, Canada. While the original
study estimated the risk of asthma emergency room visits from
fixed site NO2 data, we estimate the effect had personal exposures
been used.
2. Methods

2.1. Paired personal and fixed-site NO2 data

Paired personal and fixed-site NO2 data were available from
participants in a previous panel study conducted in Windsor, Ca-
nada (Wheeler et al., 2011). Fixed-site data were collected at par-
ticipants’ homes (i.e. backyard measures) and from 2 separate
fixed-site monitors operated by the Canadian National Air Pollu-
tion Surveillance (NAPS) program. This analysis focuses primarily
on fixed-site NO2 data collected from NAPS monitors; the average
value of the two monitors in Windsor was used in the analyzes. All
participants lived within approximately 12 km of the NAPS
monitors.

All participants were non-smokers and lived in non-smoking
homes, and were recruited through a school-based questionnaire
distributed to elementary school children (Dales et al., 2009).
Briefly, five consecutive 24-h personal NO2 samples were collected
from 47 asthmatic children (ages 9–12 years) and 48 healthy
adults (children's parents) between 2005 and 2006, along with
paired fixed-site measurements. All personal and backyard NO2

measurements were collected using Ogawa passive sampling
badges (Ogawa and Company). Personal NO2 samplers were lo-
cated in participants’ breathing zones using a backpack that was
carried (or kept nearby) for the duration of monitoring. NO2 data
from NAPS sites were collected using real-time chemilumines-
cence. Co-located Ogawa samplers were previously shown to
correspond well with NAPs monitors in Windsor (Wheeler et al.,
2011).

All adults lived in separate homes and all children lived in se-
parate homes with the exception of two siblings. Age and sex data
were not collected for adults in Windsor; children were pre-
dominantly female (77%). For simplicity, we treated all observa-
tions independently to estimate a single value for the average
exposure measurement error; however, we recognize that there
may be differences in measurement error between individuals. To
verify this approach, we compared between- and within-cluster
standard deviations in personal NO2 exposures, which were ap-
proximately equivalent (�6 ppb), thus supporting our simplified
approach. Relationships between personal and fixed-site NO2 data
were estimated separately for children and adults.

For this study, fixed-site NO2 measurements were treated as
imperfect measures of personal exposure. Sampling error in
monitoring devices was ignored for both personal and fixed-site
monitors as the primary objective was to evaluate the impact of
using “measured” fixed-site data in place of “measured” personal
data recognizing that both of these values may differ from un-
known true values.
2.2. Previous case-crossover study of asthma emergency room visits
and NO2

Lavigne et al. (2012) conducted a case-crossover study of out-
door NO2 and emergency department visits for asthma in Wind-
sor, Ontario, Canada between April 1, 2002 and March 31, 2009.
Briefly, this study included 3738 emergency room visits cap-
tured through the National Ambulatory Care Reporting System in
Canada (http://www.cihi.ca/CIHI-ext-portal/internet/EN/Home/
home/cihi000001). In total, approximately 33% of participants
were 2–14 years of age, 40% were 15–39 years of age, and 27%
were 40 years of age or older. Referent periods (3–4 per case
period) were selected using a time-stratified approach (Janes et al.,
2005) with reference days selected on the same day of the week,
month, and year as the case. Daily mean concentrations of ambient
NO2 were calculated using fixed-site NAPS monitors in Windsor
(the same monitors as above). Odds ratios and 95% confidence
intervals describing the relationship between ambient NO2 and
asthma emergency room visits were estimated using conditional
logistic regression adjusted for temperature, relative humidity, and
daily number of influenza visits. Analyzes were conducted for all
seasons combined and separately by age group for the warm
(April–September) and cold (October–March) months. The stron-
gest association between ambient NO2 and emergency depart-
ment visits was observed in the warm season for children 2–14
years of age (OR¼1.25 per 9 ppb change in NO2, 95% CI: 1.04, 1.50).
The original study was approved by the Health Canada research
ethics board.

2.3. Predicting personal NO2 exposures from fixed-site measures and
covariates

Linear regression was used to predict personal NO2 exposures
from fixed-site measures. Separate models were evaluated for the
warm (April–September) and cold (October–March) months and
for children and adults to evaluate potential differences in the
relationships between personal and fixed-site NO2. Data for am-
bient temperature, relative humidity, and home indoor sources of
NO2 (i.e. presence/absence of natural gas appliances) were avail-
able for all participants from Environment Canada and participant
questionnaires, respectively. These factors were evaluated in
multivariable models describing the relationship between perso-
nal NO2 exposures and fixed-site measures; however, adjusting for
these factors had little impact on the relationship between per-
sonal and fixed-site NO2 measurements. Therefore, these factors
were not included in models used to estimate residual standard
deviations for measurement error correction. Furthermore, as
most studies do not have detailed information on factors such as
gas appliance use, adjustments based on these factors may not be
generally applicable. Linear regression parameters for personal
and fixed-site NO2 were estimated using STATA version 11 (Sta-
taCorp. 2009. College Station, TX: StataCorp LP).

2.4. Change of scale and measurement error correction

We used a modification of the Bayesian conditional in-
dependence model of Richardson and Gilks (1993) to adjust for
measurement error. The model can be described in three stages:
the first stage predicts asthma emergency visits from personal NO2

exposure data via a conditional logistic regression model, assum-
ing no error in NO2. As discussed above, we assumed that the NO2

values were independent both between and within subjects.
While at first it may seem intuitive that NO2 values within subjects
may be dependent, these values are centered at individual-specific
values, and separated by time. Hence it is likely that the values
were uncorrelated within subjects or with correlations low
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enough to be ignored in the model. At the second stage, we predict
personal NO2 from fixed site NO2 data using the paired data from
Windsor via linear regression; thus, we estimate both the slope
and error variance. Using this method, multiply-imputed personal
NO2 values are available to plug into the first stage of the model,
where personal data are in fact not available. By using multiple
rather than single imputation, we account for the fact that the data
are not available, and thus each “true personal value” is imputed
with uncertainty. Since our model is Bayesian, the third stage of
the model inserts prior densities for all unknown parameters in-
cluding parameters from the conditional logistic regression from
the first stage, the linear regression parameters at the second
stage, and the unknown true mean and variance of personal ex-
posure to NO2. Non-informative prior densities were used across
all parameters so that the data inform the final inferences.

In summary, our main model assumes that fixed site NO2 data
vary randomly about unknown personal measurements according
to a normal density with mean and variance derived from the
regression equation estimated from paired data for personal and
fixed-site measures in Windsor. We thus assumed a classical
measurement error model, but with an adjustment for a possible
change in slope in addition to random measurement error about
the true values. This modifies the classical measurement error
model to account for a change in scale, which can be viewed as an
extra source of bias. In effect, if the linear regression slope pre-
dicting personal exposures from fixed-site values is b, then the
ambient coefficient (βA) relating changes in ambient concentra-
tions to a given health outcome is the product of b and βP, where
βP is the coefficient for that health outcome estimated from per-
sonal data. If the coefficient is from a conditional logistic regres-
sion model, then the odds ratio for personal exposure (ORP) is
given by exp(βP)¼ORA

1/b, where ORA is the odds ratio estimated
from fixed-site measurements. This procedure was applied to ad-
just coefficients for the observed slope between personal and
fixed-site NO2 concentrations following an initial adjustment for
measurement error variance as described by our three stage model
above.

2.5. Model evaluation via simulated data

Before applying Bayesian bias adjustment models to real data
from the case-crossover study of ambient NO2 and emergency
room visits for asthma, we first conducted a simulation study to
evaluate the properties of our approach using simulated data with
known “true” NO2 exposures and effect estimates. All simulations
assumed a sample size of 4000 subjects, to closely match the real
Windsor data; NO2 and asthma data were simulated based on the
distribution of NO2 values measured in Windsor and true odds
ratio (OR) values of 1.01, 1.02 and 1.03 per unit change in NO2

(ppb). All simulations assumed the same data structure as the
Table 1
Personal, fixed-site, and backyard NO2 (ppb) data from Windsor, Canada (2005–2006).

Personal NO2 Fixed-site NO

Mean (SD) N IQR Mean (SD)

Adults
Summer 10.5 (8.2) 208 7.7 15.3 (5.6)
Winter 10.6 (10.7) 225 7.6 24.2 (10.2)

Children
Summer 7.3 (4.1) 215 4.9 15.3 (4.6)
Winter 13.0 (7.7) 227 6.4 20.9 (6.2)

IQR, interquartile range; SD, standard deviation.
Windsor asthma study, with four observations per subject: one
time point with an emergency room visit for asthma and three
times without. Asthma positive time points were selected ac-
cording to the odds ratio for asthma and the four simulated “true”
values for NO2 for each subject. The true values were selected from
a normal density, with mean and variance generated from the
personal data gathered in Windsor. Measurement error, including
slope and error variance was then added to the NO2 data using the
linear regression parameters described above. In particular, we
used a root mean square error (RMSE) equal to 6, approximately
centered on the range of values observed, and a slope of 0.1 re-
lating personal to fixed-site NO2 concentrations, close to the value
for children and adults in Windsor during the summer months.
Conditional logistic regression models were run to compare OR
estimates with and without measurement error, and in the pre-
sence of measurement error, with and without Bayesian adjust-
ment for the measurement error. The OR for the effect of NO2 on
emergency room visits for asthma was thus estimated three times
for each simulation: once using the “true” NO2 data without
measurement error, which should return an OR close to the true
value simulated; a second OR using NO2 data with measurement
error but without adjusting for measurement error variance or
slope; and a third applying measurement error correction, in-
cluding slope (or scale) adjustment. Our main interest was to
compare ORs estimated from simulated mis-measured NO2 data to
the known estimate based on simulated “true NO2 data.” Two-
hundred data sets were run for each choice of OR, and the 95%
credible interval coverage and RMSE were calculated across each
set of 200 runs. The 95% credible interval coverage provides the
proportion of time simulated 95% credible intervals included the
true OR.
2.6. Measurement error correction for previous case-crossover study

Following the simulation study above, a similar procedure was
applied using NO2 and asthma data from the previous case-
crossover study in Windsor. This procedure was completed in two
steps: the first analysis simply replicated findings from the original
study using a Bayesian conditional logistic regression model while
the second step adjusted for exposure measurement error via the
Bayesian methods described above. Specifically, our adjustments
focused on the relationship between ambient NO2 and emergency
department visits for asthma among children (2–14 years) during
the summer months as this was the strongest association reported.
All simulations and measurement error correction models were
conducted using WinBUGS (version 1.4.3, MRC Biostatistics Unit,
Cambridge UK).
2 Backyard NO2

N IQR Mean (SD) N IQR

223 6.2 13.9 (14) 219 11
239 12 19.4 (10.6) 228 13

228 5.6 11.8 (7.5) 222 8.6
232 8.8 20.9 (7.8) 228 12



Fig. 1. Scatter plot of personal versus fixed-site NO2 data for children in Windsor
Canada (2005–2006) during the summer.
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3. Results

3.1. Personal and fixed-site NO2 measurements

In total, 875 personal, 921 fixed-site, and 897 backyard NO2

measures were available for Windsor (Table 1). On average, fixed-
site NO2 concentrations were higher than personal NO2 exposures
with the highest values observed during the winter months.
Specifically, on average backyard concentrations were 6.24 ppb
(95% CI: 5.44, 7.04) higher than personal exposures whereas fixed-
site monitors were 8.70 ppb (95% CI: 8.01, 9.40) higher than per-
sonal exposures. Backyard measures offered little advantage over
typical fixed-site monitors as correlations between personal and
both backyard and fixed-site measures were weak for both chil-
dren and adults during the summer and winter months (R2r0.10)
(Table 2); backyard and fixed-site measures were moderately
correlated (R2¼0.35). Moreover, the magnitude of linear regres-
sion slopes describing relationships between personal and back-
yard/fixed-site NO2 data among children and adults were weak
with values ranging from a maximum of 0.33 (95% CI: 0.20, 0.46)
to a minimum of 0.0029 (�0.17, 0.17). A scatter plot of personal
and fixed-site NO2 data for children during the summer months is
shown in Fig. 1.
Table 3
Results from the simulated case-crossover study data.

True OR (per
1 ppb NO2)

Modela 95% credible inter-
val coverage

Average length of 95%
credible interval

1.01 No ME 0.98 0.0074
1.01 ME unadjusted 0 0.00044
1.01 ME adjusted 0.90 0.0070
1.02 No ME 0.97 0.0074
1.02 ME unadjusted 0 0.00048
1.02 ME adjusted 0.83 0.0069
1.03 No ME 0.97 0.0077
1.03 ME unadjusted 0 0.00052
1.03 ME adjusted 0.84 0.0071

ME, measurement error; All results are averaged across 200 simulated data sets;
OR, odds ratio.

a ME adjusted models account for measurement error variance and the slope
relating personal and fixed-site NO2 data.
3.2. Measurement error correction using simulated case-crossover
study data

Table 3 presents the coverage and average interval length of
95% credible intervals across the 200 simulations run within each
scenario. In the case of no measurement error, coverage of the true
value by the 95% credible interval was, as expected, close to the
nominal 95% value, with average lengths in the range of 0.007–
0.008 (that is, intervals that were accurate to within 70.0035 to
70.004, approximately, around the true OR values of 1.01, 1.02,
and 1.03). As expected, when measurement error was added, as-
suming a standard deviation of 6 and a regression slope of 0.1, but
the model was not adjusted for measurement error, the coverage
dropped to zero. When adjusting for measurement error variance
and slope using our Bayesian model, coverage improved to a range
of 83–90%, lower than the nominal value, but quite good con-
sidering the large degree of measurement error, and the zero
coverage prior to adjustment. Further, the credible interval lengths
were near identical (about 70.0035) to those when there was no
measurement error. In other words, our model was able to capture
most of the information lost through measurement error in terms
of reasonable 95% credible interval coverage without increasing
interval lengths.
Table 2
Linear regression slopes relating personal and fixed-site NO2 for children and adults in

Dependent Variable Independent variable Season

Adults
Personal NO2 Fixed-site NO2 Summer (n¼236)

Winter (n¼249)
Backyard NO2 Summer (n¼233)

Winter (n¼242)

Children
Personal NO2 Fixed-site NO2 Summer (n¼187)

Winter (n¼203)
Backyard NO2 Summer (n¼182)

Winter (n¼199)

CI, confidence interval; RMSE, root mean square error (equivalent to the SD around the
3.3. Bias adjustment for the case-crossover study data

Table 4 presents our re-analysis of data originally presented by
Lavigne et al. (2012), focusing on results for children during the
summer months. When no error was assumed, we were able to
replicate the results presented by Lavigne et al. (2012) using our
Bayesian conditional logistic regression model (OR¼1.024, 95% CrI
Windsor, Canada (2005–2006).

Slope 95% CI RMSE R2

0.12 �0.065, 0.31 8.2 0.007
0.30 0.17, 0.43 10.3 0.08
0.15 0.085, 0.22 7.8 0.08
0.33 0.20, 0.46 10.3 0.10

0.072 �0.057, 0.20 4.1 0.007
0.0029 �0.17, 0.17 7.7 0.00
0.12 0.045, 0.20 4.1 0.05
0.14 0.0089, 0.28 7.7 0.02

regression line, or regression error).



Table 4
Measurement error and slope correction for previous case-crossover study of
emergency room visits for asthma among children in Windsor, Canada (2002–
2009).

Measurement error SD Slope ME adjusted ORa 95% CrI

SD¼0 1 1.024 1.004, 1.045
SD¼0 0.5 1.049 1.008, 1.093
SD¼0 0.1 1.271 1.041, 1.568
SD¼5 1 1.030 1.004, 1.057
SD¼5 0.5 1.052 1.008, 1.102
SD¼5 0.1 1.276 1.034, 1.569

CrI, Credible Interval; ME, measurement error; OR, Odds Ratio; SD, Standard
deviation.

a per 1 ppb change in NO2 for emergency room visits for asthma among chil-
dren (2–14 years) in Windsor between 2002 and 2009. All analyzes are adjusted for
temperature, relative humidity, and influenza.
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1.004, 1.045 per 1 ppb change in NO2). Adjusting for various de-
grees of measurement error appreciably modified our estimates.
We provide results for a measurement error standard deviation of
5, but results for other values of the standard deviation were
nearly identical. Assuming a measurement error slope of 0.1 (close
to the value of 0.072 reported in Table 2 for children during the
summer months), the OR describing the relationship between
personal NO2 and emergency department visits for asthma among
children is OR¼1.276 (95% CrI: 1.034, 1.569) per 1 ppb change in
24 h average personal NO2. This striking change in the magnitude
of association arises from the very small linear regression slope
between personal and fixed site NO2. Given that the observed
asthma rate remains the same regardless of how NO2 is measured,
the smaller scale for personal NO2 requires a larger regression
coefficient to predict the same asthma rate. This result is accom-
panied by a correspondingly larger credible interval, reflecting the
change in scale.
4. Discussion

Exposure measurement error is a recognized limitation in air
pollution epidemiology and has been discussed in detail (Goldman
et al., 2011; Sheppard et al., 2012; Zeger et al., 2000). Recent stu-
dies have documented the potential for measurement error to bias
risk estimates toward the null for pollutants with high spatial
variability (Suh and Zanobetti, 2010; Van Roosbroeck et al., 2008)
and previous analyzes of exposure measurement error in time-
series studies of mortality suggest that risk estimates based on
fixed-site ambient air pollution data are smaller than those esti-
mated from personal measures (Schwartz et al., 2007; Zeger et al.,
2000). In this study we examined the potential impact of exposure
measurement error for short-term (24-h) exposure to NO2 on risk
estimates derived from a case-crossover analysis using existing
data from Windsor, Ontario (Lavigne et al., 2012; Wheeler et al.,
2011). In general, extremely weak correlations and slopes were
observed between personal and fixed-site NO2 concentrations
among children and adults in Windsor and previous studies also
report weak correlations (Linaker et al., 2000; Sarnat et al., 2000;
2006; Van Roosbroeck et al., 2008). For asthmatic children speci-
fically, Linaker et al. (2000) reported no correlation (median
Pearson correlation¼�0.02) between personal and fixed-site NO2

measures in Southampton, UK. Relative to our findings in Windsor,
Van Roosbroeck et al. (2008) reported a stronger correlation
(r¼0.35) and a higher slope (0.42) between personal NO2 and
fixed-site concentrations outside children's schools in the Neth-
erlands; this relationship was still weak, however, and Van Roos-
broeck et al. (2008) reported that adjusting for measurement error
arising from the use of fixed-site measures appreciably increased
risk estimates for the relationship between NO2 and respiratory
symptoms in children. In general, the weak correlation between
short-term measures of personal and fixed-site NO2 observed in
Windsor is consistent with existing evidence and suggests that
caution is required when using fixed-site monitors to estimate
short-term variations in personal NO2 exposures.

We are unaware of other studies that have used paired personal
and fixed-site NO2 data to examine the impact of exposure mea-
surement error on risk estimates derived from a case-crossover
analysis. Therefore, we present the first study to estimate the small
slope relating personal and fixed-site measures on NO2 risk esti-
mates in case-crossover studies, and to adjust for this large error.
While in practice this type of adjustment is rarely possible owing
to the absence of paired exposure data, this is an important finding
as it suggests that risk estimates based on fixed-site NO2 con-
centrations may differ substantially from estimates based on per-
sonal exposures when the slope relating these two measures is far
from one. It is important to note, however, that both coefficients
are “correct” in that one estimates asthma risk for ambient NO2

concentrations and one estimates asthma risk for personal NO2

exposure. The difference between the two largely arises from a
scaling factor determined by the slope relating personal exposures
and fixed-site concentrations. For regulators, the coefficient of
interest is likely the coefficient relating ambient concentrations to
health risk as governments cannot regulate personal exposures.
However, our findings highlight the fact that incremental changes
in ambient NO2 concentrations may not translate into similar
changes in personal exposure owing to the weak relationship
between personal exposures and fixed-site NO2 concentrations.

In general, our findings illustrate two important points. First,
for slopes far from unity, adjusting for the slope can be as or more
important than adjusting for measurement error variance. Second,
in the absence of exposure studies relating personal and fixed-site
measurements, the slope remains unknown and adjusting for the
slope becomes an exercise in sensitivity analysis. Ideally, these
analyzes would be based on expert knowledge of the most likely
slope values. In the absence of this knowledge, the OR corre-
sponding to personal exposures cannot be estimated.

While this study has several strengths including the availability
of a large number of paired NO2 measurements, it is important to
recognize several limitations. First, the data used to estimate ex-
posure measurement errors (and slopes) were not collected from
the same population examined in the case-crossover study. As a
result, measurement error estimates and slopes between personal
and fixed-site NO2 concentrations may not be representative of
actual values during the time period examined in the case-cross-
over study. Nevertheless, paired exposure data were collected
from both children and adults in Windsor during years included in
the case-crossover analysis. In particular, paired exposure data
were available from asthmatic children in Windsor, a population
particularly relevant to the previous case-crossover study of
emergency room visits for asthma.

In conclusion, our findings suggest that case-crossover studies
relying on fixed-site NO2 data may underestimate the health risks
of short term NO2 exposures if misinterpreted as the true risk
associated with personal NO2 exposures. This impact is largely
determined by slope values relating personal and fixed-site mea-
surements. Further application of these methods to studies in
other cities may help clarify the relationship between short-term
personal and fixed-site NO2 concentrations and the associated
impact on risk estimates in epidemiological studies.
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