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ABSTRACT
Introduction:  Traffic-related air and noise pollution are important public health issues. The aim 
of this study was to estimate their effects on allergic/respiratory outcomes in adult and elderly 
subjects.
Materials and methods:  Six hundred and forty-five subjects living in Pisa (Tuscany, Italy) were 
investigated through a questionnaire on allergic/respiratory symptoms and diseases. Traffic-related 
air pollution and noise exposures were assessed at residential address by questionnaire, modelled 
annual mean NO2 concentrations (1 km and 200  m resolution), and noise level over a 24-h period 
(Lden). Exposure effects were assessed through logistic regression models stratified by age group 
(18–64  years, ≥65  years), and adjusted for sex, educational level, occupational exposure, and 
smoking habits.
Results:  63.6% of the subjects reported traffic exposure near home. Mean exposure levels were: 
28.24 (±3.26 SD) and 27.23 (±3.16 SD) µg/m3 for NO2 at 200 m and 1 km of resolution, respectively; 
57.79 dB(A) (±6.12 SD) for Lden. Exposure to vehicular traffic (by questionnaire) and to high noise 
levels [Lden ≥ 60 dB(A)] were significantly associated with higher odds of allergic rhinitis (OR 2.01, 
95%CI 1.09–3.70, and OR 1.99, 95%CI 1.18–3.36, respectively) and borderline with rhino-conjunctivitis 
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(OR 2.20, 95%CI 0.95–5.10, and OR 1.76, 95%CI 0.91–3.42, respectively) only in the elderly. No 
significant result emerged for NO2.
Conclusions:  Our findings highlighted the need to better assess the effect of traffic-related 
exposure in the elderly, considering the increasing trend in the future global population’s ageing.

HIGHLIGHTS
•	 Global population is ageing.
•	 Allergic diseases are globally widespread even on adult population.
•	 The susceptibility due to ageing may increase the impact of air pollution on the elderly.
•	 Traffic-related air and noise pollution affects allergic status of the elderly.

Introduction

Vehicular traffic is the main source of ambient air pol-
lution and environmental noise. Both are important 
public health issues [1], even though the negative 
impacts on human health of noise pollution are less 
known and likely underestimated [2]. Consistent asso-
ciations of air pollution with respiratory and cardiovas-
cular diseases have been reported, whereas noise 
pollution has been mainly associated with psycho-
physics disorders, as well as well-being [1–3].

Rapid urbanization, industrialization, and demand 
for mobility have increased the population exposed to 
air pollution and urban noise [2,4]. The World Health 
Organization (WHO) recently published guidelines to 
provide recommendations for protecting human health 
from environmental noise [1] and from air pollution 
[5]. Despite this, about 20% of the European Union 
(EU) population is exposed to harmful traffic noise lev-
els and up to 96% to levels of fine particulate matter 
above the 2021 WHO guidelines [2,6].

The number of elderly people and life expectancy is 
increasing, with a consequent increase in the incidence 
of many illnesses, including allergic diseases [7]. Recent 
evidence showed that asthma prevalence is increasing 
in the elderly population [8,9]. On the other hand, 
information on allergy prevalence in the elderly popu-
lation is scanty [10].

Elderly people are particularly vulnerable and sus-
ceptible to the detrimental effects of air pollution due 
to pre-existing diseases, changes in lung structure and 
function determined by physiological ageing, exposure 
to smoking, past occupational and environmental 
exposure history, possibly affecting the cardiovascular 
and respiratory systems [9,11]. The few epidemiologi-
cal studies carried out on the long-term effects of air 
pollution in the elderly showed higher risks of Chronic 
Obstructive Pulmonary Disease (COPD), lung function 
decline [12,13], cough [14], and elevated pulmonary 
inflammation [15].

Studies on the association between noise pollution, 
as a marker of traffic, and respiratory troubles in the 
elderly population are even fewer [16]. Indeed, the few 
studies conducted on the adult population have 

provided contrasting results: on one side, no signifi-
cant association was found in a study investigating the 
role of traffic noise on asthma morbidity in three 
European cohorts [16]; on the other side, more recent 
studies found associations between noise and the inci-
dence of asthma and COPD [17,18], or prevalence of 
respiratory symptoms and asthma [19].

New epidemiological research on allergy in the elderly 
is largely needed: diagnosis, assessment, and management 
of allergy are influenced by age-specific confounding fac-
tors that need to be taken into account [20].

In this framework, the ‘Big data in Environmental 
and occupational EPidemiology’ (BEEP) and the ‘Use of 
BIG data for the evaluation of the acute and chronic 
health Effects of air Pollution in the Italian population’ 
(BIGEPI) Italian projects, co-funded by the National 
Institute for Insurance against Accidents at Work (INAIL), 
were designed. Their purpose was to investigate the 
health effects of air pollution, meteorological and noise 
parameters on the Italian general population through 
the integration of national data, including land use, sat-
ellite, modelled meteorological fields and atmospheric 
composition variables, mortality, hospitalizations, mor-
bidity, work injuries and commuting accidents [21–24].

As an added value, BEEP and BIGEPI projects have 
also provided the unique opportunity to evaluate the 
long-term air pollution and noise effects on a general 
population sample participating in an analytical epide-
miological survey, by linking air pollutant and noise 
levels estimated at the residential address to the indi-
vidual respiratory/allergic health data, taking also into 
account other risk factors.

The aim of this study was to estimate the associa-
tions of air and noise pollution with allergic/respiratory 
symptoms and diseases in adults living in Pisa, Tuscany, 
Italy, especially focusing on the elderly.

Materials and methods

Study population

Between 1985 and 2011, the Pulmonary Environmental 
Epidemiology Unit of the Institute of Clinical Physiology 
of the Italian National Research Council (IFC-CNR) 
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performed three epidemiological surveys on a general 
population sample living in the urban/suburban area 
of Pisa/Cascina [25,26]. The surveys aimed at assessing 
the health effects of outdoor air pollution, focusing on 
respiratory and allergic conditions. The sample was 
selected using a multistage stratified family-cluster 
design. Detailed information on population character-
istics and methods is available elsewhere [25,26].

In this paper, we focused on the subjects aged 
≥18 years, living in the urban area of Pisa (n = 645), 
who participated in the third survey (PI3), performed 
in 2009–2011.

Information on respiratory symptoms/diseases, comor-
bidities, environmental exposure, and risk factors was 
collected through a standardized interviewer-administered 
questionnaire, developed within the PI3 survey [24,26].

The PI3 study protocol, patient information sheet, 
and consent form were approved by the Pisa University 
Hospital Ethics Committee (Prot. no. 23887, 16 April 
2008). Each subject provided a signed consent form 
before her/his participation.

Environmental exposure

Traffic exposure was assessed with two different 
approaches: (a) information about exposure to vehicu-
lar traffic reported by questionnaire; (b) environmental 
modelling for either nitrogen dioxide (NO2) or 
noise levels.

Traffic-related exposure by questionnaire
Information about vehicular traffic exposure was 
obtained through questionnaire using the following 
question: ‘How often do cars pass in the proximity of 
your house?’ (answer’s options: ‘constantly’, ‘frequently’, 
‘seldom’ or ‘never’). A dichotomous variable was 
derived: presence of exposure (‘Yes’), if the subject 
reported ‘constantly’ or ‘frequently’; absence of expo-
sure (‘No’), if the subject reported ‘seldom’ or ‘never’.

NO2 exposure
The annual average NO2 concentrations for the period 
2013–2015 were estimated for each individual at the 
residential level through an integrated approach cou-
pling a chemical transport model (CTM) with machine 
learning techniques; the estimations of NO2 exposure 
were provided at two spatial resolutions (1 km and 
200 m) [21,27,28]. The entire process is described else-
where [27,28].

Briefly, an air quality modelling system (AQMS) based 
on the CTM Flexible Air quality Regional Model (FARM) 
was used to simulate the daily NO2 concentration fields 
at a spatial resolution of 5 km for the period 2013–2015 

over the entire national territory. AQMS included mod-
ules aimed at producing meteorological fields and 
related turbulence parameters, processing data from 
emission inventories, the dispersion and chemical trans-
formations of pollutants, and accounting for the contri-
bution to pollution levels from the surrounding areas. 
The concentrations produced by FARM, together with 
other spatial-temporal data, such as population, land 
use, surface greenness, and road networks, were used 
as predictors in a Machine Learning Random Forest 
(MLRF) algorithm to downscale daily concentrations at 
higher resolution (1 km) over the national territory and 
urban scale (200 m) [27,28].

The model performance was assessed by using a 
10-fold cross-validation procedure comparing pre-
dicted values with actual measurements not included 
in the training phase: cross-validated R2 were 0.60 for 
NO2 at 1 km and 0.62 for NO2 at 200 m resolution, indi-
cating good predictive properties of the model in 
places with a lack of observations [27,28].

The daily series of exposure levels estimated for 
NO2 concentrations were linked to the subjects’ resi-
dential addresses, according to their spatial locations: 
then, the mean annual average exposure level was cal-
culated for the year 2013, being the closest year to the 
epidemiological survey period.

Noise level exposure
A map of traffic noise for the Municipality of Pisa was 
developed to estimate the exposure of inhabitants. It is 
an update of the previous traffic noise map calculated 
for the year 2008 [29–31], since many areas had under-
gone relevant changes in terms of both traffic and 
morphological conditions related to the installation of 
noise barriers, round abouts, and new settlements.

To assess the influence of these changes, a specific 
campaign of noise (through sound level meters) and 
traffic (traditional count of light, heavy vehicles, and 
motorcycles) measurements was carried out in Pisa, 
combined with an innovative method to estimate traf-
fic volumes. This method utilized data gathered 
through Google API (Application Programming 
Interface) as input for noise emission models [32]. In 
this approach, travel times of road links were acquired 
through Google API and appropriate delay functions 
of links were used to estimate traffic volumes [32].

The findings of the measuring campaigns, as well as 
the traffic data collected in the period 2012–2018, 
allowed the update of the traffic flows of the entire 
municipal road network.

The NMPB 2008 calculation model [33], which con-
siders two different categories of vehicles (light and 
heavy), was used to update the noise map of the 
Municipality of Pisa, based on the new traffic volumes. 
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To estimate the noise levels, the acoustic model 
required: the geographic characterization of the study 
area (through the description of the digital ground 
model and its acoustic characteristics), the definition 
of the receivers (including building heights) and any 
obstacles to sound propagation, the acoustic emission 
of sound sources, the implemented average speed and 
traffic volume of each road link [33,34]. The calibration 
of the model was performed using noise levels mea-
sured during the experimental campaign.

The sound levels were estimated at the participants 
address, applying the VBEB method [35], to calculate 
the maximum and average exposure levels according 
to the 2002/49/EC Directive [36]. The VBEB method 
allows assigning exposure levels to inhabitants, simu-
lating a crown of receivers around building façades.

The annual mean of daily noise levels [Lden: indica-
tor of noise level based on energy equivalent noise 
level over a 24-h period with a penalty of 10 dB(A) for 
night noise and a penalty of 5 dB(A) for evening noise, 
determined over all the days of a year] was linked to 
the residential addresses of the subjects according to 
their spatial locations.

Noise levels were expressed using A decibel [dB(A)] 
as unit of measurement, i.e. an indicator of the relative 
loudness of sounds in air as perceived by human ears.

Health outcomes by questionnaire

The following respiratory/allergic outcomes were derived 
from the standardized questionnaire:

i.	 asthma symptoms/diagnosis: if the subjects 
reported asthma confirmed by a physician, or 
attacks of shortness of breath with wheezing or 
whistling in the last 12 months, apart from com-
mon colds, or asthma attacks in the last  
12 months, apart from common colds;

ii.	 allergic rhinitis symptoms/diagnosis: if the sub-
jects reported nasal allergies, including hay 
fever, or problems with sneezing or a runny or 
blocked nose in the last 12 months, apart from 
common colds or flu;

iii.	 rhino-conjunctivitis symptoms: if subjects 
reported problems with sneezing or a runny 
or blocked nose with itchy or watery eyes in 
the last 12 months, apart from common colds 
or flu.

Potential confounders

Information on the following variables was collected 
from the standardized questionnaire: sex, age 

(categorized as 18–64 and ≥65 years), education level 
(0–8 years of education, 9–13 years, >13 years), smoking 
habits (non-smokers, if the subjects had never smoked 
for at least one year; ex-smokers, if the subjects had 
smoked before the survey, but did not smoke at the 
moment of the survey; smokers, if the subjects cur-
rently smoked at least one cigarette daily), and occu-
pational exposure (subjects exposed to fumes, gases, 
dusts or chemicals in the working environment during 
their lifetime; subjects never exposed at work).

Statistical analyses

Statistical analyses were stratified by age group, to 
evaluate the relationship between traffic exposure and 
health outcomes in adults (18–64 years) and in the 
elderly (≥65 years), separately. For each outcome, the 
prevalence was assessed as the ratio (%) of the num-
ber of cases to the total population at the time of the 
PI3 survey.

The characteristics of the study sample were sum-
marized as mean and standard deviation (SD), mini-
mum and maximum for continuous variables, and 
percentage (%) for categorical variables. Comparisons 
among groups were performed through analysis of 
variance for continuous variables and chi-square test 
for categorical variables.

The pollutant concentrations and noise levels were 
summarized through the mean and SD, minimum, and 
maximum; correlations between NO2 and Lden were 
assessed using Spearman’s correlation coefficients.

To estimate the relationship between traffic-related 
exposure and the odds of respiratory/allergic symp-
toms/diagnosis, multivariable logistic regression mod-
els stratified by age group were run, adjusting for sex, 
educational level, smoking habits, and occupational 
exposure.

Traffic-related exposure was assessed as follows:

a.	 exposure to vehicular traffic from the question-
naire (yes, no);

b.	 exposure to 1 μg/m3 increase in the annual 
mean concentration of NO2 at a spatial resolu-
tion of 200 m and 1 km;

c.	 exposure to average noise level over a 24-h 
period [Lden < 60 dB(A), and Lden ≥ 60 dB(A)]; 
the cut-off of 60 dB(A) was considered as it corre-
sponds to the 2nd tertile, so identifying the higher 
population exposure level and corresponding to 
the cut-off level used by Cai et  al. [16].

The results were expressed as odds ratio (OR) and 
95% confidence interval (CI). The significance level was 
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set at p < 0.05, while p-values between 0.05 and 0.1 
were considered as borderline significant.

The statistical analyses were carried out using the 
SPSS (Statistical Package for Social Science) software 
version 26 (IBM Corp, Armonk, NY, USA).

Results

The study sample consisted of 645 subjects (18–
64 years: 57.7%; ≥65 years: 42.3%), with a mean age of 
58 years (±18 years): of them, 53.8% were female, 52.9% 
had a low educational level (0–8 years), 53% were cur-
rent or ex-smokers and 42.8% reported exposure to 
fumes/gases/dusts at work. Further, 63.6% reported 
vehicular traffic exposure at residential level. Compared 
to adults, the elderly subjects had a significantly lower 
educational level (0–8 years of education: 78.4 vs. 
34.1%) and were less frequently current smokers (8.1 
vs. 23.7%) (Table 1).

The mean exposure levels of the overall population 
were: 28.24 (±3.26 SD) and 27.23 (±3.16 SD) µg/m3 for 
NO2 at 200 m and 1 km of resolution, respectively, and 

57.79 dB(A) (±6.12 SD) for noise level. Elderly subjects 
were significantly more exposed to traffic assessed by 
questionnaire (72.2 vs. 57.3%), NO2 concentration at 
200 m of resolution (28.66 ± 3.37 vs. 27.93 ± 3.15 µg/m3), 
and noise levels (58.72 ± 5.72 vs. 57.10 ± 6.32 dB(A); 
≥60 dB(A): 45.4 vs. 36.0%) (Table 1).

Overall, the prevalence rates of health outcomes 
were: 5.9, 17.9, and 36.7% for asthma, rhino-conjunctivitis, 
and allergic rhinitis symptoms/diagnosis, respectively. 
No significant difference emerged for respiratory symp-
toms/diseases prevalence between the age groups 
(Figure 1).

The air pollutant-noise correlation matrix showed a 
moderate positive correlation between NO2 at 1 km 
and at 200 m resolution (0.449) and a low positive cor-
relation between NO2 at 200 m resolution and noise 
level (0.261). No significant correlation was found 
between NO2 at 1 km and noise level (Table 2).

Traffic exposure assessed by questionnaire and 
model-derived measures of air and noise pollution 
were compared: subjects reporting exposure to vehic-
ular traffic by questionnaire resulted significantly 

Table 1. D escriptive characteristics and traffic-related exposure of the total population sample and by age group (%).
Age group

Descriptive characteristics Total sample (n = 645) 18–64 years (n = 372; 57.7%) ≥65 years (n = 273; 42.3%) p-Value

Sex (%)
  Male 46.2 47.3 44.7 0.509
 F emale 53.8 52.7 55.3
Age (years)
  Mean ± SD 58.06 ± 18.32 45.51 ± 13.28 75.17 ± 6.70 <0.001
  Min–max 18–103 18–64 65–103
Education level (%)
  0–8 years 52.9 34.1 78.4 <0.001
  9–13 years 31.5 40.9 18.7
  >13 years 15.7 25.0 2.9
Smoking habits (%)
 S moker 17.1 23.7 8.1 <0.001
 E x-smoker 36.0 33.1 39.9
 N on-smoker 47.0 43.3 52.0
Occupational exposure (%)
 E xposed 42.8 42.7 42.9 0.977
 N ot exposed 57.2 57.3 57.1
Traffic-related exposure
  Traffic exposure—Q (%)
  E  xposed 63.6 57.3 72.2 <0.001
  N  ot exposed 36.4 42.7 27.8
  Air pollution
  NO  2 (200 m resolution) (µg/m3)
      Mean ± SD 28.24 ± 3.26 27.93 ± 3.15 28.66 ± 3.37 0.005
      Min–max 17.49–38.90 17.49–37.05 18.32–38.90
  NO  2 (1 km resolution) (µg/m3)
      Mean ± SD 27.23 ± 3.16 27.21 ± 3.21 27.25 ± 3.09 0.855
      Min–max 10.79–36.32 10.79–36.32 11.94–36.32
 N oise pollution
  L  den [dB(A)]
      Mean ± SD 57.79 ± 6.12 57.10 ± 6.32 58.72 ± 5.72 0.001
      Min–max 33.50–71.30 33.50–69.60 43.30–71.30
  N  oise exposure (%)
   L   den ≥60 dB(A) 40.0 36.0 45.4 0.016
   L   den <60 dB(A) 60.0 64.0 54.6

SD: standard deviation; Q: through questionnaire; NO2: nitrogen dioxide; Lden: day-evening-night noise level as described in the text; dB(A): A-weighted 
decibels, an expression of the relative loudness of sounds in air as perceived by human ears.
In bold the statistically significant values (p-value ≤ 0.050).
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exposed to higher levels of NO2 and noise, except for 
NO2 at 1 km resolution (Table 3).

The probabilities of having asthma/allergic symp-
toms/diagnosis in adult (18–64 years) subjects and the 
elderly (≥65 years) exposed to traffic are reported in 
Tables 4a and 4b.

No significant associations emerged in adult sub-
jects (Table 4a). Conversely, elderly subjects reporting 
vehicular traffic exposure and being exposed to high 
noise levels [Lden ≥ 60 dB(A)] showed significantly 
higher odds of allergic rhinitis symptoms/diagnosis 
(OR 2.01, 95% CI 1.09–3.70, and OR 1.99, 95% CI 1.18–
3.36, respectively), as well as, at a borderline signifi-
cance level, higher odds of rhino-conjunctivitis 
symptoms/diagnosis (OR 2.20, 95% CI 0.95–5.10, and 
OR 1.76, 95% CI 0.91–3.42, respectively) than the 
elderly not exposed to traffic. No significant effect for 
modelled NO2 exposure was found (Table 4b).

Discussion

We found that ≥65 years subjects showed higher odds 
of allergic rhinitis and rhino-conjunctivitis symptoms/
diagnosis if exposed to vehicular traffic (reported by 
questionnaire) and to high Lden noise levels [≥60 dB(A)]. 
No significant association was found in adults (18–
64 years) or with NO2 exposure.

Being the prevalence of allergic diseases particularly 
elevated among subjects under 18 years of age, most 
studies on this topic were conducted in this age group. 
Indeed, the period between prenatal to childhood was 
acknowledged as critical time window during which 
exposure to air pollution can significantly impact the 

Figure 1.  Prevalence of asthma and allergic conditions in the total population sample and by age group (%).

Table 2. C orrelation matrix between annual mean concentra-
tions of NO2 (at 200 m and 1 km spatial resolution) and noise 
pollution (Lden).

NO2 (200 m) 
(µg/m3)

NO2 (1 km)  
(µg/m3) Lden [dB(A)]

NO2 (200 m) (µg/m3) 1 0.449 0.261
NO2 (1 km) (µg/m3) 0.449 1 −0.033
Lden [dB(A)] 0.261 −0.033 1

NO2: nitrogen dioxide; Lden: day-evening-night noise level as described in 
the text; dB(A): A-weighted decibels, an expression of the relative loud-
ness of sounds in air as perceived by human ears.
In bold the statistically significant correlations (p-value ≤ 0.050).

Table 3. C omparisons between traffic exposure assessed by 
questionnaire and objective measures of air and noise 
pollution.

Traffic exposure—Q

Exposed Not exposed p-Value

NO2 (200 m) (µg/m3) 
(mean ± SD)

28.52 ± 3.29 27.75 ± 3.16 0.004

NO2 (1 km) (µg/m3) 
(mean ± SD)

27.31 ± 2.81 27.08 ± 3.68 0.369

Lden [dB(A)] 
(mean ± SD)

59.23 ± 6.02 55.07 ± 6.06 <0.001

Noise exposure (%)
  ≥60 dB(A) 52.2 18.7 <0.001
  <60 dB(A) 47.8 81.3

SD: standard deviation; Q: through questionnaire; NO2: nitrogen dioxide; 
Lden: day-evening-night noise level as described in the text; dB(A): 
A-weighted decibels, an expression of the relative loudness of sounds in 
air as perceived by human ears.
In bold the statistically significant values (p-value ≤ 0.050).
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later development of allergies and asthma [37–39]. 
However, these conditions often persist into older age 
and can even begin in the elderly [20,40,41]. The vul-
nerability and susceptibility associated with ageing 
may lead to a higher impact of air pollution exposure 
on respiratory health in elderly subjects [9,11].

Ageing is associated with a decline in immune 
defences and respiratory function, an increase in 
comorbidities, and in a predisposition to respiratory 
infections, which may trigger allergies or asthma exac-
erbation, as well as asthma later onset [9,11,20,40,41].

The elderly tend to spend more time at home and 
to be more exposed to traffic near their residence. 
Furthermore, with respect to the elderly, younger sub-
jects of working age may be less exposed to traffic 
pollution close to their residence due to different 
time-activity patterns. Indeed, in our sample, the 
elderly reported a significantly larger exposure to traf-
fic and were more exposed to high levels of noise (i.e. 
Lden) than adult people (Table 1). Also, in our previous 
paper, we found that people spend the largest part of 
their daily lives indoors, especially at home, with the 
highest percentages in ≥65 years subjects (75% in win-
ter and 66% in summer), with respect to 15–64 years 
subjects (65% in winter and 59% in summer) [42].

Traffic-related exposure by questionnaire

We have found significant associations between traffic 
exposure reported by questionnaire and allergic 

rhinitis and rhino-conjunctivitis symptoms/diagnosis in 
the elderly.

These results are in line with those of our previous 
studies performed in Pisa, based on different proxy of 
traffic exposure such as: living near a major road 
(<100 m) and odds of atopy in females (OR 1.83, 95% 
CI 1.11–3.00) [43]; a 10% increase in grey spaces cov-
erage near home and odds of allergic rhinitis (OR 1.10, 
95% CI 1.04–1.17) and asthma/allergic rhinitis (OR 1.06, 
95% CI 1.00–1.12) [44]; living in urban area vs. subur-
ban area and odds of allergic rhinitis (OR 1.19, 95% CI 
1.05–1.35) [26].

Another Italian study on adult subjects showed 
associations between asthma prevalence and self- 
reported high-traffic intensity (OR 1.46, 95% CI 1.05–
2.03) and between rhinitis and different traffic-related 
indicators (self-reported high-traffic intensity, OR 1.30, 
95% CI 1.05–1.62; living at a distance of 50–100 m 
from a main road, OR 1.26, 95% CI 1.03–1.54) [45]. A 
US study on adult subjects found a relationship 
between residence near main roads and both current 
allergies (OR 1.35, 95% CI 1.07–1.35) and current 
asthma (OR 1.51, 95% CI 1.14–2.00) [46]. In a Swedish 
study on adult subjects, associations between 
self-reported traffic exposure and both allergic asthma 
and allergic rhinitis were found (OR 1.32, 95% CI 1.05–
1.66, and OR 1.13, 95% CI 1.01–1.26, respectively) [47].

With regard to asthma symptoms, international 
studies highlighted that living near busy roads was a 
risk factor for asthmatic symptoms in adults [48, 49] 

Table 4a.  Associations (OR and 95% CI) between traffic-related exposure and asthma/allergic symptoms/diseases in subjects aged 
18–64 years (n = 372).

Traffic exposure—Q Lden ≥60 dB(A) NO2 (200 m) (µg/m3)* NO2 (1 km) (µg/m3)*

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Outcome
  Asthma symptoms/diagnosis 0.71 (0.29–1.79) 0.91 (0.35–2.37) 1.09 (0.95–1.25) 0.98 (0.86–1.13)
  Allergic rhinitis symptoms/diagnosis 1.11 (0.72–1.72) 1.25 (0.80–1.94) 0.98 (0.92–1.05) 1.06 (0.99–1.13)
  Rhino-conjunctivitis symptoms/diagnosis 0.98 (0.56–1.69) 0.82 (0.47–1.44) 0.97 (0.89–1.06) 1.05 (0.96–1.14)

OR: odds ratio; CI: confidence interval; Q: through questionnaire; Lden: day-evening-night noise level as described in the text; dB(A): A-weighted decibels, 
an expression of the relative loudness of sounds in air as perceived by human ears; NO2: nitrogen dioxide.
Logistic regression models adjusted for: sex, educational level, occupational exposure, and smoking habits.
*Per 1 µg/m3 increases.

Table 4b.  Associations (OR and 95% CI) between traffic-related exposure and asthma/allergic symptoms/diseases in subjects aged 
≥65 years (n = 273).

Traffic exposure—Q Lden ≥60 dB(A) NO2 (200 m) (µg/m3)* NO2 (1 km) (µg/m3)*

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Outcome
  Asthma symptoms/diagnosis 2.43 (0.64–9.22) 0.78 (0.28–2.14) 0.92 (0.79–1.07) 0.90 (0.78–1.04)
  Allergic rhinitis symptoms/diagnosis 2.01 (1.09–3.70) 1.99 (1.18–3.36) 0.99 (0.92–1.07) 0.97 (0.89–1.06)
  Rhino-conjunctivitis symptoms/diagnosis 2.20 (0.95–5.10) 1.76 (0.91–3.42) 1.00 (0.91–1.10) 0.98 (0.88–1.09)

OR: odds ratio; CI: confidence interval; Q: through questionnaire; Lden: day-evening-night noise level as described in the text; dB(A): A-weighted decibels, 
an expression of the relative loudness of sounds in air as perceived by human ears; NO2: nitrogen dioxide.
Logistic regression models adjusted for: sex, educational level, occupational exposure, smoking habits.
In bold: statistically significant values (p-value ≤ 0.050); in bold italic: borderline value (0.050 < p-value < 0.100).
*Per 1 µg/m3 increases.
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and elderly [50]; others didn’t find significant associa-
tions [46,51].

Conversely, we didn’t find significant associations 
with asthma symptoms/diagnosis, even if a likely rela-
tion emerged with traffic exposure assessed by ques-
tionnaire (OR 2.43). The absence of statistically 
significant results might be due to the small number 
of elderly subjects reporting asthma symptoms/diag-
nosis. Indeed, asthma is generally under-recognized 
and undertreated in older adults [40]. Alternatively, 
this result might depend on asthma subtypes (allergic 
and non-allergic). In fact, in Swedish adults, significant 
associations were found only for allergic asthma and 
allergic rhinitis, and not for non-allergic asthma and 
non-allergic rhinitis. Thus, traffic exposure might be 
related to allergic diseases, but not to asthma or rhini-
tis triggered by non-allergic factors in adults [47].

Air pollution can induce or aggravate symptoms of 
allergic conjunctivitis. A recent review showed a rela-
tionship between air pollution exposure and an 
increase in outpatient visits due to allergic conjunctivi-
tis in subjects living in urban areas, as well as an 
increase in the prevalence of the disease [52]. Other 
authors suggested that rhino-conjunctival tissue is 
very sensitive to irritant stimuli during ongoing allergic 
inflammation and that susceptibility toward allergens 
might be increased in areas with increased levels of air 
pollutants [53].

Noise level exposure

Significant associations between allergic and rhinocon-
junctivitis’ outcomes and traffic exposure were found 
using model-derived measures of traffic noise. There is 
literature evidence on the relationship between higher 
noise levels and psychophysics disorders, such as stress 
reactions, sleep disorders, cognitive impairment, but 
also endocrine imbalance, premature death, and car-
diovascular diseases [2,54]. Road traffic noise, like air 
pollutants, may trigger defensive body responses 
inducing alterations in the immune system, systemic 
inflammation, and increasing oxidative stress, poten-
tially resulting in respiratory exacerbations [55].

Despite this plausibility, only few studies investi-
gated the role of traffic noise on respiratory health 
yielding inconsistent results. In three adult European 
cohorts, there was no association between traffic noise 
exposure and asthma prevalence in adults [16]. On the 
contrary, a study on 7000 Swiss adults showed associ-
ations among noise levels and asthma exacerbation 
[19]. Similar results were found in an Iranian adult 
sample highlighting the role of noise level during the 
daytime as a risk factor for asthma symptoms, but not 

for asthma diagnosis [56]. More recently, a novel find-
ing of an association between road traffic noise and 
adult-asthma incidence was presented [17]. With 
regard to allergic diseases, a Korean study on about 
2000 students found a relationship between the inci-
dence of allergic diseases (asthma or allergic rhinitis or 
atopic dermatitis) and higher levels of night-time noise 
level [57].

Thus, we found new insights on the possible role of 
traffic noise on allergic symptoms/diseases in the 
elderly living in a city characterized by a mean daily 
road noise level (Lden: 58 dB(A)) somewhat above the 
high noise threshold defined in the EU Directive 
(55 dB(A)) and the WHO guidelines (53 dB(A)) [1,36].

NO2 modelled exposure

It is well known that NO2 is an airway irritant gas and 
it may change the allergens’ conformation or stability, 
thus increasing their allergenic potential [4,12,58]. In 
epidemiological studies, NO2 is widely used as a 
marker of vehicular traffic and associations with wheez-
ing, shortness of breath, and current atopic asthma 
have been found in middle-aged adults [59,60]. Data 
from three adult European cohorts showed that NO2 
(per 10 μg/m3 increase) was associated with lifetime 
asthma prevalence (OR 1.02, 95% CI 1.01–1.03). This 
effect was slightly larger in those aged ≥50 years [16]. 
A recent Irish study on adult subjects (>50 years) found 
that a 1 ppb increase (about 2 μg/m3) in local NO2 was 
associated with a 0.15–0.25 percentage point increase 
in the probability of suffering from self-reported 
asthma [61]. A Chinese study on 40279 adults from 
eight cities found that a 10 μg/m3 increase of NO2 was 
related to having asthma with an OR of 1.24 (95% CI 
1.09–1.42) and to having allergic rhinitis with an OR of 
1.17 (95% CI 1.06–1.31) [62]. Another Italian study con-
cerning adult subjects showed associations between 
NO2 increase (10 μg/m3) and rhinitis (OR 1.07, 95% CI 
1.04–1.10) and asthma (OR 1.07, 95% CI 1.03–1.12) 
[24]. Other studies found no significant associations for 
NO2 [51] or less consistent associations when com-
pared with effects due to self-reported traffic exposure 
[47,63].

Our sample lived in an urban area characterized by 
NO2 level (27–28 μg/m3) below the current EU ambient 
air quality standards (40 μg/m3), but above the new 
WHO recommendations (10 μg/m3); nevertheless, we 
showed no association between the investigated 
health outcomes and NO2 exposure. A possible expla-
nation might be an insufficient spatial contrast in 
exposure (interquartile range: 5 μg/m3 for NO2 at 200 m 
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and 2 μg/m3 for NO2 at 1 km) that didn’t permit the 
detection of any health adverse effect.

Strengths and limitations

Strengths of our study include its novelty in the con-
comitant investigation of the relationship of different 
proxies of traffic exposure (reported by questionnaire, 
Lden levels, and NO2 concentration) with respiratory/
allergic health in the elderly. In addition, our study 
points out the usefulness of using proxies obtained 
through different methods for better estimating the 
health effects of individual urban traffic exposure, in 
terms of chemical and physical air pollution. We used 
pollution data with high spatial resolution, estimated 
using advanced statistical methodologies (determinis-
tic and machine learning methods), to assess exposure 
at the individual level, overcoming the problems 
related to spatial coverage and interpolation that occur 
when using only data from monitoring stations. In our 
study, noise exposure represented an added value that 
proved to be a good proxy of residential traffic pollu-
tion exposure, indirectly related to allergic outcomes. 
The noise measure is likely to be more related to 
elderly health status than that of NO2 at 200 m or 1 km 
resolution, as it was estimated at building level (at the 
most exposed façade). Actually, the estimation of traf-
fic noise seems to better reflect the exposure reported 
by questionnaire (Table 3).

The use of the questionnaire to collect information 
on respiratory symptoms/diseases might be a limita-
tion, as based on individual memory and potentially 
influenced by personal perception of the health status 
and actual traffic exposure. Nevertheless, the standard-
ized questionnaire is one of the best investigative 
tools in respiratory epidemiology [64].

Moreover, the information reported by elderly sub-
jects may be more accurate than those reported by 
the adults, as the former spend more time at home 
and pay more attention to the frequency of cars’ pas-
sage near home.

A study limitation concerns the use of air pollution 
data after (2013) the period of health data collection 
(2009–2011). At the same time, it has been hypothe-
sized from previous studies that spatial contrasts in 
average pollutant exposure levels across areas (residen-
tial addresses) remain approximately constant over the 
years, regardless of the direction of the changes in 
average pollutant concentration. Therefore, it may be 
assumed that spatial changes in pollutant concentra-
tions turn out to be more relevant for chronic expo-
sure than temporal changes: the most exposed subjects 
remain most exposed even despite a decrease in 

pollutant concentrations over time [65]. Indeed, for the 
Pisa area, it has been demonstrated by Fasola et  al. 
[22]. This assumption about the spatial stability of air 
pollution contrasts permitted the application of recently 
developed models for long-term exposure in previously 
enrolled cohorts, as made in other international studies 
[65]. On the other side, hopefully, new technologies 
providing finer temporal and spatial estimates of air 
pollutant exposure will allow to overcome gaps due to 
the temporal inconsistency in similar studies.

The low sample size of subjects living in an urban 
area, together with the low spatial variability in the 
NO2 exposure levels, was an important limitation, pos-
sibly leading to less accurate estimations. Despite this 
issue, we provided new information about allergic dis-
eases for one of the most vulnerable population cate-
gories, the elderly.

Another limitation is the lack of information on 
individual exposure linked to daily commuting, the 
indoor microenvironment, the diet, and any other fac-
tor that could potentially contribute to defining the 
‘total human exposure’, together with the genetic pre-
disposition to allergic diseases. Future studies could 
benefit from integrating various sources of exposure 
to provide a thorough overview of the effects of air 
pollution on the elderly health.

As the world population continues to age, the 
health consequences of traffic exposure, particularly 
on allergic diseases in the elderly, will become a major 
medical, social, and economic problem, with important 
consequences on the quality of life.

Conclusions

In conclusion, we showed higher odds of allergic rhini-
tis and rhino-conjunctivitis in the elderly with chronic 
exposure to traffic-related air pollution and high 
noise levels.

These findings highlight the need to better assess 
the effect of air pollution in the elderly population and 
to increase awareness on allergic and asthmatic dis-
eases within this age group. This is particularly crucial 
considering the increasing trend in the future global 
population’s ageing.

Our study demonstrated that the urban population, 
even in a small-medium size town, is exposed to ele-
vated levels of traffic pollution and noise, as already 
highlighted by the European Environment Agency. 
Consequently, intervention measures are imperative to 
mitigate the population’s exposure. These measures 
should concentrate on addressing traffic sources and 
redesigning urban planning, such as changing traffic 
patterns and expanding green areas.
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Moreover, a major effort is requested to define 
common European limits for noise pollution and to 
reconsider current European air quality legislation in 
order to prevent not only premature deaths but also 
the onset and exacerbation of respiratory/allergic 
chronic diseases.
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