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Key messages

What is the key question?
 ► Does exposure to ambient pollutants 
result in acute changes in lung function 
among asthmatic and non-asthmatic 
schoolchildren, and is this modified by airway 
hyperresponsiveness?

What is the bottom line?
 ► Short-term fluctuations in oxides of nitrogen 
are associated with lung function changes in a 
dose–response manner, and these effects are 
modified by airway responsiveness, asthma 
status and location.

Why read on?
 ► This is the first sub-Saharan study of a panel of 
schoolchildren, selected from communities with 
relatively high levels of pollution and compared 
with children without such exposures, which 
not only provides evidence of pollutant-related 
changes in acute lung function, but that these 
effects are modified by important factors and 
are present in those without persistent asthma.

AbsTrACT
background acute pollutant-related lung function 
changes among children varies across pollutants and lag 
periods. We examined whether short-term air pollutant 
fluctuations were related to daily lung function among a 
panel of children and whether these effects are modified 
by airway hyperresponsiveness, location and asthma 
severity.
Methods students from randomly selected grade 
4 classrooms at seven primary schools in Durban, 
participated, together with asthmatic children from 
grades 3–6 (n=423). The schools were from high 
pollutant exposed communities (south) and compared 
with schools from communities with lower levels of 
pollution (north), with similar socioeconomic profiles. 
interviews, spirometry and methacholine challenge 
testing were conducted. Bihourly lung function 
measurements were performed over a 3-week period 
in four phases. During all schooldays, students blew 
into their personal digital monitors every 1.5–2 hours. 
nitrogen dioxide (nO2), nitrogen oxide (nO), sulphur 
dioxide and particulate matter (<10 μm diameter) (PM10) 
were measured at each school. generalised estimating 
equations assessed lag effects, using single-pollutant 
(single or distributed lags) models.
results FeV1 declines ranged from 13 to 18 ml per unit 
increase in iQr for nO and 14–23 ml for nO2. among 
the 5-day average models, a 20 ml and 30 ml greater 
drop in FeV1 per iQr for nO2 and nO, respectively, 
among those with airway hyperresponsiveness compared 
with those without. effects were seen among those with 
normal airways.
Conclusions This first panel study in sub-saharan 
africa, showed significant declines in lung function, in 
response to nO and nO2 with effects modified by airway 
hyperresponsiveness or persistent asthma.

InTroduCTIon
Evidence for the association of ambient air pollut-
ants with adverse respiratory health among chil-
dren is convincing1 and includes linkages between 
asthma incidence and prevalence, emergency room 
visits and school absences with exposure to partic-
ulate matter (PM), ozone (O3), oxides of nitrogen 
(NOx) and sulphur dioxide (SO2).

2 3 These findings 
are particularly evident among vulnerable subpopu-
lations, including asthmatic children, but the effects 
are less emphatic among children without asthma. 
While panel studies of asthmatic children have 
associated acute symptoms with fluctuations in air 
pollution levels, more objective tests of airway func-
tion, particularly within samples that include both 

asthmatic and non-asthmatic children, have yielded 
variable results.4 5

Panel studies offer advantages over cross-sec-
tional studies through the repeated measures 
design, allowing participants to serve as their own 
controls. In addition, panel studies with repeated 
measures over short time frames provide an oppor-
tunity of investigating lagged effects of exposure. 
Lung function measures may be a more sensitive 
indicator of pollutant-related impacts on respira-
tory health, than reported symptoms, medication 
usage or emergency department visits.6–8

Asthmatic children are the population of choice in 
panel studies, as a vulnerable subpopulation within 
whom effects are most pronounced, sometimes at 
levels below international standards.9 The review 
by Li et al identified the wide range of findings 
for declines in peak expiratory flow (PEF) across 
the different studies for the various pollutants and 
across different lags of exposure.4 In a meta-anal-
ysis of 22 studies, effects varied across particle size, 
ranging from −12 mL/min per µg/m3 increase in 
PM10 to −63 mL/min per µg/m3 increase in PM2.5.

10 
In a 2010 meta-analysis of 34 panel studies, a 10 µg/
m3 increase in PM10 was associated with a 82 mL/
min decrease of PEF.5 Findings for NO2 vary: the 
earlier meta-analysis showed 180 mL/min decline 
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Environmental exposure

Figure 1 Map of the city of Durban, showing the location of the 
participating schools, additional monitoring sites and selected point 
sources (modified from Mentz et al20).

in PEF per µg/m3 increase in NO2, while the subsequent report 
found no NO2 related effect. Other panel studies have reported 
effects with NO2 of 28 mL/min in PEF for a 10 µg/m3 increase in 
pollutant.11 Responses to SO2 varied across studies and generally 
estimates with wide CIs, including the null effect.4 7 9 10

Studies using population-based samples that include asthmatics 
and non-asthmatics fail to exhibit strong exposure–response 
relationships.1 9 Population-based studies typically define 
asthma cases using reported physician diagnoses.10 Comparison 
of effects between those with and without disease in studies 
without objective measures may be biased, particularly within 
populations in which healthcare access is restricted. There have 
been limited studies which have employed tests of airway hyper-
responsiveness (AHR). The latter provides a more sensitive 
marker of airway compromise and therefore likely to explain 
more precisely exposure–outcome relationships.

This paper examines whether short-term fluctuations in air 
pollutant concentrations are related to changes in daily lung 
function parameters among a panel of 423 children in Durban, 
South Africa, and whether these effects are modified by AHR, 
location and asthmatic status.

METhods
background of study area
Durban is Africa’s busiest port and the primary route for 
imported crude oil and exported refined petroleum and petro-
chemical products. The south of the city is highly industrialised 
with elevated levels of SO2, NOx, PM, carbon monoxide (CO), 
hydrogen sulphide (H2S) and other pollutants.12

selection of communities and schools
Four communities in the industrialised south and three commu-
nities in north Durban were selected on the basis of contrasts in 
emission sources and expected pollutant levels, but with similar 
socioeconomic profiles. The south communities are located in 
residential areas in close proximity to industrial emissions, while 
this is not the case for the north communities. In our sample, 
approximately 20% of participants had incomes below the 
‘upper-bound poverty line’ of US$76 per person per month13 
A primary school in each of the seven communities was selected 
(figure 1) based on their proximity to sources of pollutant expo-
sure, geographical location and numbers of children bussed 
in from outside communities. Only schools where bussing of 
students from surrounding communities was minimal (<15%) 
were eligible to ensure that exposure measurements at the 
schools were reasonably representative of residential exposures 
of the study sample. One school was randomly chosen from each 
community. None was selected on the basis of the health status 
of children at the school.14

student recruitment
In each school, one or two fourth grade classes were randomly 
selected. To ensure statistical power to investigate the relation-
ship between persistent asthma and exposure, additional pupils 
with known or probable persistent asthma were identified from 
grades 3–6 using a previously validated screening instrument.15 
‘Known asthma’ was based on the report of having been diag-
nosed as such by a doctor, while ‘probable persistent asthma’ was 
based on positive responses to daytime symptoms of persistent 
wheezing, persistent coughing, chest tightness or shortness of 
breath more than two times per week (during and outside exer-
cise), sleep disturbances due to wheezing, coughing, chest tight-
ness or shortness of breath more than twice per month or daily 

use of doctor prescribed medication (National Asthma Educa-
tion and Prevention Program (NAEPP)16 and online supplemen-
tary material 1). A total of 423 students participated in the study. 
Of the 366 children from the randomly selected classrooms, 
342 (93.2%) participated, with 87.1% (n=81) of the known or 
probable persistent asthmatics participating. Written informed 
consent for the voluntary participation of the children was 
obtained from their parents or guardians.

student and caregiver interviews
Validated questionnaires14 15 were interviewer administered 
at school to the participating children, and at home to their 
caregivers, in their preferred language (English, Afrikaans and 
isiZulu, the latter two being local South African languages). The 
caregiver responses on child respiratory symptoms were used to 
determine moderate to severe persistent, mild persistent, mild 
intermittent or no asthma, using the approach described above 
in the screening process.16

Allergy status assessment
Skin-prick testing for allergic sensitisation was performed on 
each participant. Antigens tested included mixed cockroach, 
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Environmental exposure

mixed dust mite, mould mix (Aspergillus, Cladosporium and 
Penicillium), cat, dog, mouse, rat and mixed grasses, plus hista-
mine as a positive control and saline as a negative control. Atopy 
positivity was defined as a positive skin prick test to any of the 
eight common allergens tested.

Collection of pulmonary function data
The AirWatch (iMetrikus, Carlsbad, California, USA) monitor 
was used to monitor the fluctuations in PEF and FEV1. Chil-
dren completed the AirWatch-based pulmonary testing over a 
3-week period in each of four data collection phases, timed to 
best capture seasonal variation, within the constraints of school 
holidays and school activities (phase 1: 1–18 June; phase 2: 
23 August–10 September; phase 3: 25 October–12 November 
and phase 4: 7–21 February) while in class, four times per day. 
These manoeuvres were done following intensive training and 
performed under supervision by the research team. The assess-
ments were done simultaneously in all classrooms in all schools. 
Participants were retrained at the beginning of each of the four 
3-week data collection phases. For each participant, a possible 
240 lung function data points were available (four times per day, 
five schooldays per week, 3 weeks per cycle over four phases), 
with a total of 101 520.

Formal spirometry was conducted by experienced respira-
tory technicians according to American Thoracic Society (ATS) 
guidelines.17 For these technician-derived measurements, partic-
ipants were advised to abstain from bronchodilators in the 
24 hours preceding testing. Children with baseline obstructive 
patterns were repeat tested after bronchodilator administration. 
An abbreviated methacholine challenge testing (MCT) protocol 
was used for those without obstructive patterns.18 Results of 
the MCT were classified based on PC20 (dose of methacholine 
causing a 20% fall in baseline FEV1) as follows: marked AHR: 
PC20 ≤4 mg/mL; probable AHR: 4≤PC20≤8 mg/mL; possible 
AHR: 8<PC20≤16 mg/mL; none: PC20>16 mg/mL. The higher 
of the baseline values and the post-bronchodilator (if adminis-
tered to that particular child either during standard spirometry 
and/or methacholine challenge testing) values were taken as the 
child’s ‘personal best’.

The technician-derived baseline spirometry measures were 
used to screen for spurious results from the in-class manoeu-
vres. Only those manoeuvres with FEV1 within 30–120% of that 
child's personal best were considered valid. The highest PEF and 
FEV1 from the valid manoeuvres from each session were anal-
ysed. Only the findings of the FEV1 are presented here.

Air quality monitoring
Air quality instrumentation deployed at each school provided 
continuous measurements of CO, SO2 NO2, NO and daily 
samples of PM10 during the four 3-week sessions of lung func-
tion monitoring. The Durban municipality also monitored 
various pollutants at additional sites, mostly in south Durban19 
(figure 1). Multiple imputation (MI) was used to address 
pollutant data missingness. MI was performed for each pollutant 
and site independently. A Markov Chain Monte Carlo (MCMC) 
method with multiple chain option was used to permit the deter-
mination of hourly averages. A data set containing numerous 
possible predictor variables was constructed. It included mete-
orological variables, for example, barometric pressure, daily 
rain fall, relative humidity, temperature, vertical temperature 
difference (delta T), wind direction by sector (eight total) and 
wind speed, as well as pollutant variables at all available sites 
for the same type of pollutant being imputed, for example, SO2 

was imputed using observations at the seven school sites as well 
as observations at eight other sites. The predictor variable data 
set was augmented by defining leading and lagging variables 
(±1 day). After optimising and evaluating performance, m=5 
daily average values were generated for each pollutant and site 
for use in the health model.20

Most of usable exposure (PM10, SO2, NO, NO2) had an 
overall capture rate for valid 24 hours observations between 
80% and 83,4% of the study period, and missing data were 
largely attributable to holidays, equipment failures, etc. 
Although missing data was not larger than 25%, the clus-
tering pattern of the missing data was high, with some sites 
having less than 70% of captured data. Thus MI was deemed 
appropriate.

statistical analysis
All pollutant measures were averaged over 24 hours. Daily aver-
ages were computed from the complete data set of actual and 
imputed pollutant data. These daily averages were included in 
the regression models, assessing lung function (peak flow and 
FEV1) measures obtained from the AirWatch monitors. We 
assumed a linear relationship between exposure and outcome. 
The lung function data was collected at four sessions per day, 
and all four measures were used as the daily repeated measures 
of outcome.

To adjust for the repeated samples design, generalised esti-
mating equations (GEE) were used to assess the pollution-lung 
function associations. This approach was driven by our interest 
in robust estimates of fixed effects of exposures. The model 
accounted for both clustering of repeated measures within 
children, and clustering of children within schools/geographic 
locations.

Simulation studies on the behaviour of the GEEs are asymp-
totic in the number of clusters (m) (in our case, children), with 
m=200 probably large enough for approximately symmetric 
data. In addition, these studies show that the total number of 
observations ≥20*m, for asymptotics of the mixed models, 
(multilevel models) work well and will test hypothesis with 80% 
power or more. In our case, we have m=423 clusters (or partic-
ipating children) and a total number of observations of 74 260. 
Based on previous studies with similar designs, we assumed a 
mean FEV1 of 1.8 (L) for children living in low PM10 exposure 
areas from previous studies. Thus, based on previous studies of 
similar longitudinal characteristics, with sample sizes of 300 chil-
dren, producing pollutant-related effect estimates in lung func-
tion from 0.02 to 0.33, our sample size of 423 children had 
adequate power to demonstrate the exposure–outcome relation-
ships of interest.21–24

Single exposure, single-lag effects (1–5 days), as well as 
5-day averages and unconstrained distributed lags (DLM) were 
modelled. Covariates used in regression models included child’s 
age, gender, race/ethnicity, school, previous history of respira-
tory disease, atopy status, primary caregiver’s education level 
and smoking history, annual household income and phase. The 
regression models are explained further in the online supple-
mentary material. Despite the narrow age range of the selected 
sample mean age (10 years (SD=0.5)), the distribution of gender 
(58% girls, 42% boys) and overall low socioeconomic status 
of the chosen communities, inclusion of these variables were 
necessary for matters of sampling design issues. With respect to 
other measures such as rainfall, temperature and humidity, they 
are directly and indirectly (through MI procedures) considered 
in the exposure measures, thus including them in the outcome 
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Environmental exposure

Table 1 Sample characteristics (n=423)

Variable name n statistic

Demographics

Age, mean (SD) 423 10.5 (0.9)

Gender (%)

  Female 238 57.2

Race (%)

  African 159 44.2

  Coloured* 82 22.8

  Indian 99 27.5

  White 20 5.6

Caregiver education (%)

  Less than high school 129 39

  High school graduate 144 43.5

  More than high school 56 16.9

Refused 2

Total annual household income (%)

  <US$1500 57 28.2

  US$1501–4500 54 26.8

  US$4501–8000 43 21.3

  US$8001 and above 48 23.7

Child’s health outcomes

Asthma severity (%)

  Moderate to severe 27 7.2

  Mild persistent 46 12.3

  Mild Intermittent 74 19.7

  None 228 60.8

Airway hyperresponsiveness (%)

  Marked 29 9.6

  Probable 21 7

  Possible 31 10.3

  None 221 73.2

Technician derived FEV1 (mean (SD)) 369 1.74 (0.39)

Airwatch obtained FEV1 (Mean (SD)) 423 1.6 (0.5)

Airwatch obtained peak expiratory flow (mean (SD)) 423 275.2 (69.7)

Atopy,% yes 136 38.7

Caregiver smokes, % 105 28.5

Mean number of smokers in household (mean (SD)) 344 0.9 (1.0)

Households with one or more smokers (%) 242 27.2

*‘Coloured’ people were defined as those of mixed ethnicity, based on the old 
racial classification system in South Africa. Although no longer a legal definition, 
‘race’ or ethnicity still substantially predicts socioeconomic status in the country.

models created multicollinearity issues. In our sensitivity anal-
ysis, some of the models that included these variables did not 
converge.

Both single and multiple pollutant models were assessed. 
Owing to concerns over multicollinearity among pollutants, 
single pollutant models are presented here.

The general model we considered for this analysis can be written 
as:

FEV1=β0 + β1 Conc+β2 COV1+ …+ βn COVn-2

where Conc took the form of each individual lag from 1 to 5 
or 5-day average.

The model was modified to test for effect modification of AHR 
(marked or probable (AHR+) vs possible or none (AHR−)), 
asthma severity (persistent vs not persistent (ie, either mild inter-
mittent or no asthma)) and location of child’s school (north vs 
south), through the inclusion of an interaction term.

Analyses were performed using Statistical Analyses Software 
(SAS) V.8.1. 

rEsulTs
The mean age of the participating children was 10.5 (SD=0.9). A 
little over half of participants were females, with the majority of 
children being of African origin. Using the NAEPP categorisation, 
19.5% had persistent asthma and 38.7% were atopic (table 1).

Of the total sample of 423 students in the sample, participa-
tion rates varied across the seven schools. The expected number 
of observations for the total sample was 101 520 (423×4 times 
per day×15 days of observation×four seasons), and of these, we 
achieved a 73.1% success rate (74 260 observations). Generally, 
the major reason for the loss to follow-up was absence of pupils 
from school during the assessments. Of the data we collected 
(74 260), the missing pattern was 10% or less across different 
covariates.

Pollutant concentrations showed strong contrasts between 
northern and southern communities (online supplementary 
material 1). SO2 concentrations in the south were over four-
fold, significantly higher (p<0.001) than levels in the north 
(mean (south)=8.7 ppb vs mean (north)=1.9 ppb). NOx levels 
in the south were also significantly higher (p<0.001), reflecting 
traffic sources. Maximum 24 hours PM10 concentrations at 
the northern school sites approached or exceeded 150 µg/m3. 
Pollutant concentrations varied across the different data collec-
tion phases : NO2 and NO had the highest levels in the colder 
months (data collection phases 1 and 2) (approximately 20–25 
ppb (NO2) and a peak of 140 ppb for NO)) and the lowest levels 
in phases 3 and 4 ((16–17 ppb (NO2) and NO below 20 ppb). 
PM10and SO2 showed similar trends across the data collection 
phases (figure 2). Mean levels over the study period did not 
exceed WHO benchmarks.25

Increased levels of NO and NO2 were associated with statis-
tically significant decrements in FEV1 for all examined lags 
(figure 3A, online supplementary table S2), ranging from 13 mL 
(95% CI −23 to −3 mL) to 18 mL (95% CI −28 to −7 mL)) 
decrease per interquartile increase in NO2 and 14–23 mL/min 
for NO, with p values ranging from <0.002 to 0.011 for NO2 
and <0.001 for NO. Patterns across the four lag structures of 
the two pollutants in the pulmonary function outcomes are very 
similar, with the 5-day average lag showing greater point esti-
mates of decrements, but wider CIs, than the single-day lags.

When assessing for effect modification by AHR, the patterns 
of the estimates for AHR+ and AHR− are similar for both 
NO and NO2. Among those with AHR+, greater point esti-
mates of decrements with wider CIs, were seen, compared with 

AHR− (figure 4A, online supplementary material 1). These 
wider CIs reflect the small sample size of schoolchildren with 
AHR+ (n=50). For those with AHR−, pollutant-related decre-
ments were consistent across most lags, with estimates ranging 
from 19 mL (95% CI −34 to -5; p<0.01) to 12 mL (95% CI −24 
to -1; p=0.04). Among the 5-day average models, there was a 
50 mL drop in FEV1 per increase in IQR of NO2 among those 
with AHR+ compared with to 30 mL among those without, and 
90 mL versus 60 mL drop per IQR increase for NO among those 
with and without, respectively. This pattern was replicated for 
the other lags.
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Environmental exposure

Figure 2 Variation in IQR)1 for (A) particulate matter (PM10), (B) 
sulphur dioxide (SO2), (C) nitrogen oxide (NO) and (D) nitrogen dioxide 
(NO2) across the different days for each of the four phases2 of the 
study. 1IQR: PM10: 29.4 μg/m3; SO2: 7.0 ppb; NO2: 8.19 ppb; NO: 29.7 
ppb. 2 Phase (phase 1—June; phase 2—August/September; phase 3—
October/November and phase 4—February).

Figure 3 Change in FEV1 and its 95% CI associated with one IQR1 
increase in ambient levels of nitrogen dioxide (NO2)

2 and nitrogen oxide 
(NO)2 from (A) single pollutant covariate-adjusted linear regression3 
models and (B) distributed lag covariate-adjusted linear regression3 
among all participating children (n=423). 1IQR:NO2: 8.19 ppb; NO: 29.7 
ppb. 2Pollution levels used in regression models combine measured and 
imputed values. 3Covariates in each model: age, height, gender, race, 
school, caregiver smokes, caregiver’s education, household income, 
phase, ashma severity, interactions between asthma severity and 
exposure. *5 day average: average of lag1–lag5.

Generally, greater point estimates of decrements of lung func-
tion was associated with NO and NO2 among persistent asth-
matics, compared with those without persistent asthma (figure 4B, 
online supplementary table S2). The north and south locations 
were also examined as effect modifiers. For both NO2 and NO, 
point estimates for each of the four lagged models were lower in 
the south than in the north (figure 4C, online supplementary table 
S2). All eight models were statistically significant in the south (p 

values ranging from 0.002 to 0.004 for NO2 and 0.003 to 0.012 
for NO), compared with four in the north.

Results for associations between other air pollutants (PM10, 
SO2, CO and O3) and lung function showed either no or few 
statistically significant relationships (online supplementary 
figures S1–S3).

The results from the DLM (figure 3B) were similar to the 
single exposure-single lag in terms of direction of effect, with a 
smaller exposure effect and less consistency of statistical signifi-
cance. In the DLM, estimates for NO2 and NO, ranged from 1 to 
13 mL and 7 to 26 mL declines in FEV1, respectively, compared 
with the larger estimates from single-lag model reported above.

dIsCussIon
Our findings showed a consistent pattern of acute lung function 
decrements with increasing exposure with NOx in this panel of 
schoolchildren. There was evidence to support a modification 
of this effect among those with AHR, persistent asthma and 
geographical location. Effects were present among those chil-
dren without persistent asthma or AHR and varied across lags.
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Figure 4 Change in FEV1 and its 95% CI associated with one IQR1 
increase ambient levels of nitrogen dioxide (NO2)

2 and nitrogen oxide 
(NO)2 from single pollutant linear regression3 models for (A) those with 
and without airway hyperresponsiveness; (B) those with and without 
persistent asthma and (C) those in the South and the North. 1IQR:NO2: 
8.19 ppb; NO: 29.7 ppb. 2Pollution levels used in regression models 
combine measured and imputed values. 3Covariates in each model: age, 
height, gender, race, school, caregiver smokes, caregiver’s education, 
household income, phase, ashma severity, interactions between asthma 
severity and exposure. *5 day average: average of lag1–lag5.

Our sample and design allowed for the investigation of 
several pollutants, varied exposure lags and both FEV1 and PEF 
outcomes. Despite the substantial power of our study (over 100 
000 data points of interest), we were not able to show consistent 
associations with pollutants other than NOx. This consistency 
and size of effect among all the participants in the panel is in 
keeping with findings from other studies.

Across several studies, NO2-related effects on cross-sectional 
assessments of FEV1 varied from −3 mL through to −49 mL 
per 10 µg/m3 increase in NO2, with a pooled estimate of −8 mL 

per 10 µg/m3 increase in pollutant.26 The latter meta-analysis 
reported a drop of 14 mL among non-asthmatic children. While 
cross-sectional lung function measures may be a sensitive indi-
cator among asthmatic children, this approach may be less so 
among non-asthmatics. The use of short-term measures, such 
as daily measures of lung function, compared against average 
pollutant exposure within the same timeframe may provide 
better insight into the pollutant–outcome relationship. Repeated 
measures within a panel study has several strengths. Apart from 
providing the opportunity to observe simultaneous time-series 
patterns in exposure and lung function measures, the short-term 
measures permit analysis of lagged effects of pollutant exposure, 
which is not possible in cross-sectional studies. With each partic-
ipant serving as their own control, confounding of non-time 
varying factors are not influential in the assessment of the rela-
tionship between exposure and outcome. Notwithstanding this, 
we included non-time varying factors in the model, to poten-
tially address study design issues.

In our panel, among those with persistent asthma, the reduc-
tion in FEV1 was almost 40 mL per IQR increase of NO2 and 
a statistically significant 70 mL per IQR increase for NO over 
the 5-day average exposure. Panel studies of asthmatic school-
children have reported changes in per cent predicted FEV1 
ranging from 0.24 through to 1.41 over a 24-hours lag.27 28 In 
a meta-analysis of panel studies investigating the association 
between NO2 and PEF, the pooled estimate showed no decline 
in lung function,5 although statistically significant declines were 
reported in other studies.29–31 In a child panel study in Sala-
manca, Brazil, in which spirometric assessments were conducted 
in each of four seasons, no declines were observed for NOx but 
were seen for other pollutants.32

We previously reported a prevalence of 16.2% of marked or 
probable AHR and a further 10.6% with possible AHR in this 
sample.14 Reports of panel studies employing AHR as a measure 
are limited—we identified a single study which described greater 
ozone-related PEF declines in a panel of children among those 
with AHR compared with those without.33 Our findings showed 
a clear modification of the pollutant-related effect among those 
children with marked or probable AHR. Although the absolute 
difference in FEV1 across the AHR strata was small (ranging 
from about 20–30 mL), this finding provides objective evidence 
that children with airways dysfunction are at greater risk for 
short-term pollutant exposure. A more surprising finding was 
that those children with possible or no AHR also showed a 
statistically significant pollutant-related effect across most lags. 
Our data clearly suggests that it is not only children with pre-ex-
isting disease that are affected by ambient pollution. However, 
whether these small decrements are likely the result of repeated 
airways insult during childhood and could translate into perma-
nent airway damage in later life, provide interesting research 
questions for this population.

The modification by geographical location within the city 
was interesting, with pollutant-related effects being consistently 
greater in the south compared with the north, after adjusting 
for demographics and asthma severity. Our findings suggest that 
geographical location serves as a proxy for other unmeasured 
covariates. Similarly, our models including atopic status provided 
no clarity on this finding. One possible suggestion, based on our 
previous studies of this panel, may be a gene–pollutant interac-
tion. We had previously reported that children in this sample, 
with the GSTP1 AG+GG genotype showed an increased risk for 
adverse outcomes with certain pollutants.34 The frequency of the 
GSTP1 AA genotype varied across geographical location (39.1% 
in the south and 31.9% in the north). Although geographical 
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differences have been described in other panel studies, these did 
not adjust for pollutant exposure at these locations.35 36 Our 
adjustment for likely covariates strongly suggests that other 
unmeasured factors, including possibly chemical variation of 
particulates, may explain these findings.

The pollutant-related mechanisms in inducing the lung func-
tion response is not well understood, and despite evidence for 
an acute outcome, there are inconsistencies in reported studies 
about the lag effect. We investigated several lags and a 5-day 
exposure average. For NOx, there were consistent effects in 
the expected direction across all lags and the 5-day average 
exposure. This consistency was absent for the other pollutants. 
Previous studies have reported 1-dayto 2-day lags among asth-
matics,28 while others have observed no lag effects for NOx.

7 9 
Other studies have reported effects for other pollutants such as 
ozone24 37 and particulate matter.24 28 These study-related incon-
sistencies in lagged effects are evident among both asthmatics and 
non-asthmatics and may therefore not be directly an airway-irri-
tant effect. Reactive oxidative responses to NOxn in the airways 
have been postulated to as the mechanism of airway reaction.38 
These may cause airway damage over a period of time, leading 
to a more acute response following exposure. The challenge in 
population-based studies, unlike in controlled laboratory studies, 
is adjusting for the cumulative effect or prior day/s exposures 
on the airways. These are likely to have an effect in priming 
the airways for subsequent pollutant exposure but are not easily 
adjusted for sample selection, study design or statistical analysis. 
However, our NOx-related responses in lung function, and its 
consistency with other studies provides further evidence that 
this pollutant is of particular concern within the broad suite of 
criteria pollutants, especially for acute outcomes.

The absence of a consistent pollutant-related effect with expo-
sure to PM10, SO2 and O3 is contrary to the literature.24 28 39 This 
may be explained either by exposure misclassification or because 
of our sample being a mixed asthma/non-asthma panel. Although 
we endeavoured to ensure that pupils lived in close proximity to 
the school, this was not always the case. In such events, it is 
likely that the school-based monitor did not adequately describe 
exposure for that particular child. Most of the previous studies 
which have reported effects have been on panels which included 
asthmatic children only.

The exposure contrasts, mix of pollutants and the large size 
of the panel recruited for the study, allowed for the analyses 
of effect modifications and pollutant interactions necessary to 
examine susceptible populations. The exposure assessments used 
in this study was based on data from monitoring stations located 
at each of the schools and regionally from the monitoring sites 
of the city’s Air Quality Monitoring Network. Although there 
was missing data for certain time points, the availability of the 
extensive pollutant data set allowed us to develop models for 
data imputation. Although this imputation approach is likely to 
have added uncertainty to the exposure misclassification that 
may have occurred in our data, this was likely to have been at 
random. Our exposure measures were further compromised 
through the use of fixed monitors at schools, which did not 
account for at home exposures.

Although the levels of pollution in our study was below that 
of WHO guidelines,25 it was generally in the higher ranges of 
those reported in the literature from North American or Euro-
pean studies, with PM10 as much as twofold higher than that 
reported for Detroit (26 µg/m3)3 and NOx four fold higher as 
reported from Sweden (17.3 µg/m3).40 Our levels are comparable 
with studies from other developing countries such as Thailand 
and Korea.41 42

A limitation in our study was the conduct of repeated lung 
function measures ‘en masse’—all the children in the panel at all 
of the seven schools performed these assessments at more or less 
the same time, four times per schoolday, under the supervision 
of one field monitor in each class. Although pupils underwent 
training prior to each cycle, their correct technique cannot be 
guaranteed. Because of this, we used the technician performed 
spirometry data as the basis for determining the validity of 
bihourly measures. Those readings that were outside the 
30%–120% range of the technician-derived FEV1 were rejected. 
Despite this, we still retained over 100 000 lung function data 
points, which provided us with sufficient power to explore the 
health–pollutant relationship.

Because individuals are simultaneously exposed to many air 
pollutants, there is a need to consider the multipollutant expo-
sure phenomenon. The presence of multicollinearity prevents 
the use of standard statistical methods. In addition, the potential 
for interaction between pollutants, the common measurement 
errors, the number of pollutants to include in models and the 
potential nonlinear relationship between exposure and health, 
make the multipollutant analysis almost impossible to conduct 
without biased point estimates, with large and unstable SE esti-
mates and variance inflation.43 44

Single-exposure distributed lag models have been used to char-
acterise the lag structure of exposure effects. These models assume 
that the coefficients corresponding to exposures at different lags 
follow a given known functional relationship and that a finite and 
known number of lags are included in a particular model. The 
single pollutant DLM can be extended to multipollutant scenarios 
with the same ‘multicollinearity’ caveat.45 The single-exposure 
single-lag model was the most efficient approach, given the limita-
tions of the DLM, and because of our interest in the effect modi-
fication analyses. Nevertheless, we also modelled our data using 
the single-exposure DLMs as a ‘validation’ technique of the point 
estimates from the single-exposure single-lag models. Results from 
these two models were compared and showed some degree of 
consistency of point estimates and CIs.

These results are not surprising given the statistical assump-
tions of both models. On one hand, the single exposure single-lag 
models assume that all the effect of the exposure is concentrated 
in that particular lag; on the other, the distributed-lag models 
assume that there is known functional relationship among lags 
and that all the exposure effects are concentrated in the first five 
24 hours daily averages.

To address clustering within child and child within location, we 
chose to use the GEE modelling, with the patterned compound 
symmetry structure. GEE estimates of model parameters are valid 
even if the covariance is mis-specified (because they depend on 
the first moment, eg, mean). Our approach to this was to use the 
empirical estimates with robust estimates of the SE.

In conclusion, our panel study of 423 schoolchildren showed 
statistically significant decline in lung function measured across 
a schoolday, in response to exposure to NOx, with effects signifi-
cantly modified by AHR, persistent asthma and location. This 
effect was particularly consistent for NO and NO2 and less so 
for the other pollutants. Our study provides evidence of short-
term adverse responses in lung function following exposure to 
these pollutants at modestly high levels of exposure. Our find-
ings indicate that current standards recommended by the WHO, 
particularly for NOx, are not protective of children with asthma. 
Further control of these exposures and improved regulation is 
necessary. The inconsistency in findings for the other pollutants 
suggest the need for further research. At a clinical management 
level, guardians of asthmatic children need to be aware of the 
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increased risk of symptoms on high pollution days and subse-
quent days and days in which changing weather patterns may 
result in inversion layers.
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