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Abstract

The Po Valley (Northern Italy) has elevated levels of air-pollution
due to various sources of pollution and adverse weather conditions.
This study evaluates the short-term effects of exposure to particulate
matter with a diameter of 10 microns or less (PM;o) on asthma symp-
toms in school-aged children. An initial cross-sectional survey was
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conducted in the area to estimate asthma prevalence in children. Out
of a total of 250 asthmatic children identified by the study, 69 agreed
to participate in a panel study. The PM;, exposure assessment was
based on a combination of geographic and environmental measure-
ments leading to a focus on three different areas, each characterised
by its own daily PM, level. Participants were monitored daily for res-
piratory symptoms for eight weeks (January-March 2006). We
assessed the relationship between daily PM;, exposure and occurrence
of asthma symptoms with a generalised linear model based on a total
of 3864 person-days of observation. Exposure to PM;, per m? was found
to be particularly associated with cough (OR=1.03, CI 95% 0.99; 1.08)
and phlegm (OR=1.05, CI 95% 1.00; 1.10). In the most polluted area,
exposure to PM;, was also associated with wheezing (OR=1.18, CI 95%
1.02; 1.37).

Introduction

Asthma is a common chronic condition in childhood and results in
onerous costs for families and society (Bahadori et al., 2009). Several
phenotypes and age-related disease manifestations are known (GINA,
2005; van Gent et al., 2007) and increases in bronchial responsiveness
are due to different type of stimuli (Holt et a/., 1999). Scientific evi-
dence suggests an association between traffic air pollution, such as
particulate matter and nitrogen dioxide, and aggravation of asthma.
Air pollutants act individually or in combination with ozone and aller-
gens in the atmosphere, provoking acute asthma attacks (Mortimer et
al., 2008; Anderson et al., 2011).

Effects of particulate matter with a diameter of 10 microns or less
(PM,), generally due to traffic-related pollutants, are known to influ-
ence the occurrence of asthma aggravation, wheezing episodes, risk of
incident asthma and symptoms (Shima et al., 2003; McConnell et al.,
2006, 2010; Jerret et al., 2008). Less evidence is available on acute lung
function changes. Air pollution is a general problem that must be
taken seriously (Faruque et al., 2014; Lary et al., 2014). Many studies
have attempted to characterise the particulate air pollution from
industrial and traffic sources (Contini et al., 2014; Lopez et al., 2011)
by using source apportionment approaches that identify different
sources in the receptor points of sampling (Herrera Murillo et al.,
2013; Gugamsetty et al., 2012; Khodeir et al., 2012). Marchetti et al.
(2014) evaluated children breathing symptoms in relation to industrial
atmospheric pollution based on geographical proxy measures for expo-
sure. Still, knowledge of sources for particulate effect is limited.

In this framework we designed a longitudinal study to investigate
the association between PM;y exposure and respiratory symptoms in
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school-age asthmatic children using daily health data from question-
naires on symptoms and indicators of exposure to air pollution arising
from measures of air quality monitoring and geographic information
on environmental pressure factors of the study area

Materials and Methods

Study population

The study was conducted in the provinces of Rovigo and Ferrara
(Figure 1), located in the Po Valley (Northeast Italy), declared by the
Italian Ministry of the Environment as one of the 15 Italian areas at
high risk for environmental crisis (Martuzzi et al., 2002), because of
extensive industrialisation, intense road traffic, specific orographic
and climatic features. The European Commission Directives define
districts with higher density population and human development and
where policy makers predict significant worsening of air pollution with
a risk of exceeding the air-quality alarm threshold. Italy have imple-
mented these directives with DLgs. 351, 1999 and DM 2/4/2002 No. 60.

The study area includes a major power plant (Porto Tolle) whose fall-
out extends over a wide area. A previous survey was conducted on the
resident school population in 2004 to estimate asthma prevalence and
use of anti-asthma medications (Bechtold et al., 2013). In the screen-
ing phase, 12,523 questionnaires were administered to parents whose
children were attending the first and second years of Italian primary
school (6 and 7 years old) and the third year of middle school (13 years
old). Eligibility criteria were the same as those used in the 1997 study
on Italian Studies on Respiratory Disorders in Childhood and
Environment (SIDRIA) (SIDRIA Collaborative Group, 1997) an exten-
sion of the International Study on Asthma and Allergies in Childhood
(ISAAC). Children’s parents filled the screening questionnaire that
inquired about respiratory problems, asthma symptoms, asthma-relat-
ed risk factors, if asthma had been diagnosed and the use of anti-asth-
ma medications. The number of valid questionnaires received was
10,252 (82% response rate). From the screening phase results, we
defined the eligible participants: children with an asthma diagnosis

from a physician. Of the 250 eligible children aged 6-7 years, 69 parents
agreed to participate in the panel study (Figure 2). We excluded middle
school-age children for suspected habit of early smoking.

Geo-code of residences

Each address reported in the questionnaire was geocoded (coordi-
nate system: UTM32, datum ED50) through record-linkage by street
name and street number to the Regional Database for the Emilia-
Romagna and Veneto Regions. In case of failure in record-linkage
(<5% of the entire dataset), addresses were geocoded using a global
positioning system (GPS) and then converted to the coordinate system.

Environmental and exposure data

Each participant’s exposure to air pollutants was assessed on the
basis of the residential address, using geographical information sys-
tems (GIS) variables as indicated below. The study area was divided
into three distinct areas, defined as: A=urban, B=urban-industrial, and
C=rural (Figure 1), to distinguish between different environmental
risk factors. This also permitted visual inspection of various environ-
mental pressure indicators (Table 1).

Province of Rovigo

Area B

Province of Ferrara

Area C

Figure 1. The study area with administrative boundaries (left)
and subdivided by main environmental-pressure factors (right).

Table 1. Descriptive statistics of environmental indicators and sample characteristics in Ferrara and Rovigo Provinces by geographical

information system-identified areas.

Total area surface (km?) 1839 974 1585
Roads (km)* 193 (10.4%) 37 (3.79%) 67 (4.22%)
Industrial area (km?)° 19.8 (1.07%) 6.78 (0.69%) 3.09 (0.19%)
Total number of urban areas 112 40 46
Inhabitants per km? 206 94 79
Total number of villages 48 13 15
Villages at risk* 48 10

PMy; (ng/m?) (mean+SD) 66+33 49+31 38+21
Number of study subjects 41 19 9

Age (mean) 6.5 6.3 6.4
Females (%) 4.1 31.6 222
Parent education level 1 (%)% 62.5 61.1 66.7
Parent education level 2 (%) 10.0 5.6 11.1

SD, standard deviation. *Total length (and percentage) of roads with a daily, average traffic flow exceeding 10,000 vehicles; °total industrial surface (and percentage); #areas with high-density populations and indus-
trial development at risk of exceeding the air-quality alarm threshold set by the European Commission Directives; Yat least one parent with high school diploma or university degree; “at least one parent with uni-

versity degree.
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The indicators used for this classification were the annual means of
air pollutants (such as PMy, NO; and SO), land use data by the
CORINE Land Cover (httpZ//www.epa.ie/soilandbiodiversity/soils/land/
corine/#.VdHiof_ouig), km of roads with high traffic (HTR) defined as
roads with more than 10,000 vehicles per day (SIDRIA Collaborative
Group, 1997) and population density. Each participant’s residence was
assigned to one area based on his residence. For each participant, the
exposure assessment was based on a combination of geographic and
environmental measurements that incorporates industrial and traffic
sources and on a identification of three areas with different back-
ground levels of air pollution.

The Environmental Protection Agencies of the Veneto Region
(Department of Rovigo) and the Emilia-Romagna Region (Department
of Ferrara) provided assments of PM;, concentrations and other envi-
ronmental data. Pollutant measures, derived from a 17 monitoring sta-
tions (12 fixed and 5 mobile) and any missing data in mobile stations,
were reconstructed with a reliable degree (R2>0.75) of correlation
(Choi et al., 2006). Daily PM; concentration averages were calculated
from January 9th 2006 to March 5t 2006 for each area, and area-specif-
ic daily PM;; exposure levels were assigned to each child. To better
characterise each residence, other geographical (time-invariant) vari-
ables were calculated in the residence’s neighborhood, such as indus-
trial pollution (Mitchell and Popham, 2007; Luo ef al., 2011) and prox-
imity to significant sources of road traffic (Cook et al., 2011; Nuvolone
et al., 2011). Proximity to HTR was recorded within buffers of a 50, 100
and 200 m radius and industrial zones within a radius of two km of the
residence and the size of each industrial area (surface area less than
500 m2, between 500 and 1000 m2). All geographical analyses were
based on GIS (ArcGIS v.9.3, post-elaboration with Stata SE v.12 and R
v.3.1.3).

Health and questionnaire data

Participants were monitored daily for respiratory symptoms over a
period of eight weeks (from January 9™ to March 5% 2006); everyday
parents reported by questionnaire if any of the following symptoms had
occurred: cough, phlegm, stuffed nose, waking up with breathing prob-
lems, shortness of breath, attacks of shortness of breath, wheezing, eye
irritation, sore throat, use of any anti-asthma medication, fever or
headache. The latter symptoms were included as a possible confounder
to adjust for epidemic influenza and to evaluate the possible tendency
towards over-reporting symptoms. Parents were instructed to carry out
Peak Expiratory Flow (PEF) measurements with portable peak flow
meters: once in the morning (between 8 a.m. and 10 a.m.) and once in
the evening before bedtime.

The expression wheezing was defined as the sum of an asthma
attack and episodes of wheezing, while bronchospasm (an abbreviation
of bronchial spasm) meant at least one episode of waking up with
breathing problems, such as shortness of breath or attacks of shortness
of breath. Individual questionnaires also included the following items
that were used in the analysis as deprivation index proxy: passive
smoking (at least one parent smokes at home), daily use of anti-asth-
ma medication, day of the week (i.e. working days and weekend days),
gender and highest level of education of the parents.

Statistical analyses

From the daily questionnaires on asthma symptoms, we defined the
following outcomes: wheezing, stuffed nose, phlegm, PEF, one episode
of bronchospasm, cough and phlegm or cough only. At least one symp-
tom was required. For each outcome we fitted a conditional logistic
model, to answer: i) how likely external variables, such as PM;, (with a
0-3 days lag), temperature, relative humidity, use of daily medication
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and the day of the week would affect the individual by experiencing an
asthmatic symptom.

Then, for the same outcomes (except PEF), we estimated a gener-
alised linear mixed model to understand: ii) how time varying and sub-
ject characteristics are related to the occurrence of an asthmatic symp-
tom. As cofounders, to the covariates specified in conditional logit mod-
els, we added: school level, parental smoking habit, presence of indus-
try, closeness to a highly trafficked road.

For i), a conditional logistic regression equivalent to a log-linear
model, where the main effect of response is represented in terms of the
covariates, was used. We had a stratum on each child, to evaluate asso-
ciation and within subject variability, between asthma symptoms and
time-varying covariates. In detail, we express the probability as:

p. —_F (Bcij)
o Ey=,exp (B'cy) eq. 1

where P; is the probability of subject j and outcome i-th, ¢; the vector
of characteristics. In conditional logit the values of the variables (tem-
perature, PM,y, efc.) vary across the possible outcome, while parame-
ters are common across choices.

To evaluate ii) within and between subject variability, a generalised
linear mixed model (GLMM) modeled individual propensity for asth-
matic symptom occurrence (Yij=1) with exposed time-varying and
invariant covariates:

g Py (=)
logit (P, (x)) = 108 (Z455) = Bo + By + =+ By + by g2

where b; N (0,62 b) represents subject-specific random effects (a sub-
ject with higher bi will have higher disease probability Pij). x;, (i=1, ...,
n subject; j=1, ..., T as time, p=1, ..., P covariates).

Screening phase Panel Enrollment

Total population 12523 Eligible children 250

L
Questionnaires distributed 12073

Parents contacted 133

Y
Questionnaires completed 11066

Parents accepted 69

y
Valid questionnaires 10282

Confirmed children® 69

Figure 2. Identification of the pupil subpopolation in the select-
ed Ferrara/Rovigo geographical area.
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For both models i) and ii), we calculated odds ratio (OR) and confi-
dence interval (CI). The latter model was then fitted on each area, sep-
arately. Odds ratios were used to compare the relative odds of the occur-
rence of an asthmatic symptom given exposure to variables of interest.
It determines whether a particular exposure is a risk factor for a par-
ticular outcome and to compare magnitude of various risk factors for
outcome. If OR=1 exposure does not affect odds of outcome, while
OR>1 indicates that exposure is associated with higher odds of out-
come and OR<1 that exposure is associated with lower odds of out-
come. The prevalence of respiratory symptoms was calculated daily, dis-
persion graphs and correlations investigated relationships between
symptoms, PMy,, temperature, and humidity. All statistical analyses
were carried out using the Stata 12.0 and R 2.15 (R Development Core
Team, 2008).

Results

Descriptive statistics

Table 1 reports the descriptive statistics for each area and for the 69
participants of the panel study. Urban area (area A) presented higher
levels of PM, percentage of high-traffic roads, industrial areas and
population density. A total of 41 subjects (59.5% of the panel) were liv-
ing in urban area A; the mean age of the total panel was 6.4, with 22
female; 63% of children had at least one parent with high-school diplo-
ma, and 9% of them had a parent with a university degree.

Table 2 presents descriptions of child-days for all symptoms. Only
three symptoms were reported as greater than or equal to 10% per
child-day: cough, phlegm and stuffed nose. Waking up with breathing
problems was observed only for 1% in child-day occurrence. At least one
symptom (between waking up with breathing problems, shortness of
breath, breath with wheeze, attacks of shortness of breath) was record-
ed in 31% of days of follow-up.

Regression analyses

We found a significant increase of asthma symptoms in relation to
exposure to PM;: an increase of 10 mg/m?® of PM;, was associated in
children with diagnosed asthma with increases of 6.8% in the occur-
rence of at least one symptom, 5.3% for cough and 10.1% for phlegm.
These associations were larger for children living in most polluted area
and with highest increase in risk factors (18.4% for wheezing). The
ORs for conditional logistic models are shown in Figure 3. An increase
of 10 mg/m® of PMy, was associated with at least one symptom
(OR=1.07: 95% CI 1.02-1.12). Also cough and phlegm show statistically
significant associations with PM;, presence (OR=1.05: 95% CI 1.00-
1.11 and OR=1.10: 95% CI 1.03-1.18 respectively). All symptoms result
were significantly associated with daily use of medication, and no sta-
tistically significant association was found with daily temperature, rel-
ative humidity or day of the week. Except PEF that had an OR lower
than zero and was discarded from further analysis. PM;, and use of
daily medication were associated with symptoms occurrence. The
results of OR for generalised linear mixed models can be seen in Figure
4 that shows OR for overall data being close to the OR obtained in the
conditional logit model. When the analysis was restricted to area A, sig-
nificant associations were seen for: wheezing (OR=1.18: 95% CI 1.02-
1.37), phlegm (OR=1.11: 95% CI 1.02-1.21), episodes of bronchial
spasm (OR=1.18: 95% CI 1.01-1.38) and cough (OR=1.09: 95% CI 1.01-
1.17). The HTR variable showed positive association with phlegm,
cough and phlegm, episodes of bronchospasm and wheezing. Some lev-
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els of industry were associated with cough and episodes of bron-
chospasm, but all symptoms are positively associated with daily med-
ication. For smoking parents, 19% of the total, no association was
found with any of the symptoms analysed. Day of the week was statis-

Wheeze

Stuffed nose

Phlegm

PEF- —a—

One episode of
bronchial spasm

Cough and phlegm

Cough

At least one symptom

0.0 0.4 0.8
Odds ratio

L
¥

Figure 3. Outcomes odds ratios for an increase of 10 pg/m3 in
PM10 exposure (lag 0-3) for the within-subject model with 95%
confidence interval. Odds ratios s reference categories, adjusted
daily by the different variables investigated (temperature, humid-
ity, use of anti-asthma medication, and day of the week). The
dashed line represents an odds ratio equal to 1 corresponding to
no effect. The odds ratios to the right of the dashed line indicate
outcomes that presented significant results.

Table 2. Summary of symptoms during the panel study period.

Wheeze 145 3.88
Cough 594 15.89
Phlegm 438 11.72
Stuffed nose 597 15.97
Wake-up breathing problem 36 0.96
Shortness of breath 89 2.38
Fever 56 1.49
Eye irritation 70 1.87
Sore throat 182 487
Headache 9% 2.51
Cough and phlegm 728 19.48
Episode(s) of bronchial spasm* 161 4.30
At least one symptom* 1153 30.85

*At least once when waking up with breathing problems, shortness of breath, breath with wheeze or
attack of shortness of breath, excluding headache and fever.
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tically significant associated with: phlegm, cough and phlegm, episodes
of bronchospasm and wheezing. School level was associated with:
cough, phlegm, cough and phlegm and at least one symptom.
Comparing OR for the three areas, area A resulted as close to all OR
data but with wider intervals, while area B and C had large intervals
due to lower number of observations, with no significant results for
area C. For area B, only phlegm had a positive association with PM,,
daily use of medication, day of the week and negative association with
highly trafficked roads and school level.

Discussion

In this panel study, we assessed the short-term effects of air pollu-
tion on symptoms of asthmatic children in relation to pre-defined envi-
ronmental indicators. We combined data on asthma symptoms from the
daily questionnaires filled in by the participants’ parents, with indica-
tors of exposure to air pollution, resulting from monitoring stations of
air quality and geographic information on the characteristics of the
area of residence of each subject. We found statistically significant
increases for occurrence of at least one symptom, cough and phlegm.
Our results are consistent with previous studies showing an increase
in asthma symptoms for urban areas, (Yu et al., 2000; Escamilla-Nunez
et al., 2008; Lewis et al., 2013).

The results are comparable with studies with a GIS approach (Jerrett
et al., 2008; McConnell et al., 2010) for wheezing and use of daily med-
ication. Evidence shows that air pollution may aggravate asthma symp-
toms (Anderson et al., 2011), but changes in association strength, for
different environmental context, are unknown. Exposure to pollutants
was determined by a geographic approach. There is a strong correlation
between personal measurements and environmental data (Sarnat et
al., 2006) when employed in association with different health end-
points, such as mortality, hospital discharge, and respiratory symptoms
(Janssen et al., 1998).

The industrial area identification was based on air pollution qualita-
tive analysis. SO, is linked with industrial pollution and therefore we
accounted for areas where pollution-monitoring stations displayed SO,-
normalised values higher than PM;, (data not shown). As for particu-
lates, it is challenging to separate traffic and industrial contributions.
Industrial sources contribute most to PM;y or PM;5 compared to the
ultrafine particulates, while there are no significant differences
between traffic and industrial sites related to the ratio PM,5PMy,
(Contini et al. 2014). For industrial sites, seasonal difference on the
average concentration of PM;s and PM;, is not significant because
industrial environmental pollution is constant in time, while it is sig-
nificantly different for urban sites due to the variation in traffic flow
(Gugamsetty et al., 2012). For PM,,, significant concentrations of trace
metals are detectable, e.g. cadmium, lead, and chromium (Contini ef
al., 2014; Gugamsetty et al., 2012; Khodeir et a/, 2012), but for PM;5
there is an unclear pattern when comparing different sites. We are
aware that a detailed particulate characterisation could improve
results.

The uneven distribution of subjects induced, with regard to fixed-
station air-pollution data, additional environmental and cartographic
analyses. GIS techniques applied for the analysis of dispersion models
or land-use regression (Clougherty et al., 2008) proved to be useful in
creating new indicators. Dividing provinces into three areas based on
distinct environmental indicators enhanced the accuracy by imple-
menting GIS methods. Assessing exposure by residence offers a reli-
able approximation of actual exposure, because it was conducted dur-
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ing winter, when children spend most of their time at home. An official
Italian report on Ferrara (Soggiu et al., 2005), covering the period from
December 15t 2003 to January 315t 2004, indicated that children spend
the greatest part of their time, both at weekends and on school days, at
home. On average, children (aged 6 to 10 years, with negligible differ-
ences for gender) spend more than 15 hours at home during the week
and 18 hours on Sundays.

The home location was characterised by major proximal pressure
factors such as road traffic, industrial sources, and whether the setting
was rural or urban. This approach, based on GIS techniques, presents
the main advantages of being able to assess exposure regardless of
administrative boundaries and relate the geographical proximity to dif-
ferent environmental pressures to health outcomes. Panel studies on
short-term effects of air pollution focus on urban settings, maintaining
administrative boundaries as limits for validity of air-pollution data
from fixed, city-wide monitoring networks (Atkinson et al., 2001;
Faustini et al., 2011). This approach was not well suited to our study,
since we encountered various environmental pressures and land uses
within boundaries of a single administrative area. Our GIS-based com-
bined approach — yielding, as it does, information on land use, environ-
mental-pressure sources, the location of fixed pollution control units
and the geographical location of the subjects’ homes — led to differen-
tiation of children’s exposure. Differences based on risk estimation
between areas, despite limitations of unbalanced area sample size,
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Figure 4. Outcomes odds ratios for an increase of 10 pg/m3 in
PM;, exposure (lag 0-3) for the generalised mixed model by area
with 95% confidence interval. Odds ratios vs reference cate-
gories, adjusted daily by the different variables investigated (sex,
daily use of anti-asthmatic medication, daily temperature and
humidity, day of the week, parents’ educational level, industry,
distance from roads with heavy traffic, passive smoking). The
dashed line in each panel represents an odds ratio equal to 1 cor-
responding to no effect. Odds ratios above the dashed line indi-
cate outcomes that presented significant result. Within each
panel, outcomes are reported for all areas together in the first col-
umn followed to the left by areas A, B and C separately.
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revealed that a GIS-based approach can capture the differential effects
of pollution in a given environmental context. Using GIS, we computed
proximity of environmental pressures, such as heavy traffic and indus-
try, and correlated to investigated outcomes. Geographic buffer size
varies according to the variables investigated, and complies with recent
studies, which quantitatively associate these variables with air pollu-
tion distributions (Choi et al., 2006).

A positive association between concentration of heavy industry and
episodes of bronchospasm emerged. The day of the week variable sug-
gests a greater risk during workdays, when pollution due to both traffic
and industrial activity is higher than during weekends. Our study suf-
fered from potential bias in PEF measurements made by each patient
at home and difficulties in handling PEF instrument and/or in record-
ing measurements (Chowienczyk et al., 1994; Quirce et al., 1995). The
negative association between parents’ education and cough is consis-
tent with data from findings from a study in USA (McEntee et al., 2008)
that found by a geographic approach a negative association between
asthma and low schooling level, defined as less than nine years
(OR=0.59, CI195%: 0.44-0.78). SIDRIA Collaborative Group study (1998)
highlighted the negative association between asthma/respiratory
symptoms and education and socio-economic status. This association
is controversial and available published data are not consistent
(Morgenstern et al., 2007). Possible problems of selection bias are
related to non-respondents in the panel enrollment, and we are aware
that participants are not a random sample from the list of eligible chil-
dren.

Conclusions

We found a significant increase of at least one asthma symptom,
cough and phlegm, with major association for children living in traffic
and industrial polluted areas. We applied GIS to a visual and reasoned
for area clustering and defined three-scaled polluted areas to charac-
terise children exposure. The geographical approach led to a differen-
tiation of population exposure according to environmental indicators.
These results could explain the heterogeneity among subjects.
Aggregation criteria are based on environmental conditions and a dif-
ferential effect in exposure to environmental pollution among was
detected. Even if information about characteristics of the group of non-
responders was unavailable, results showed that relations with depri-
vation indexes are consistent with expected associations. Finally, also
in view of a more consistent and effective decision making, the present
experience supports the use of GIS in environmental epidemiology to
better characterise exposure to air pollutants. This approach can help
researchers to analyse situations with poor environmental measured
data and thus potential misclassification of exposure.
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