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1 Executive Summary 

 

There is convincing evidence from scientific literature on the short-term effects of particulate 

matter, especially fine particles (PM2.5), involving mortality and hospitalizations for cardiovascular 

and respiratory causes. In addition, long-term exposure to air pollution has been related to 

mortality, incidence of cardiovascular diseases and lung cancer. On October 2013, air pollution in 

general, and particulate matter in particular, have been classified as carcinogenic to humans by 

the International Agency for Research on Cancer (IARC). Among the most carcinogenic compounds 

of particulate matter, polycyclic aromatic hydrocarbons (PAH), specifically benzo[a]pyrene (BaP), 

have been identified. However, the possible role of such PM compounds in triggering acute 

outcomes and causing morbidity and premature mortality from cardiorespiratory causes is still 

unknown. 

 

The objectives of the EXPAH project were to estimate population exposure to PM2.5, total PAHs, 

and BaP, and to investigate their short-term and long-term association with morbidity and 

mortality in Rome, Italy. In addition, the project aimed to provide, following a Health Impact 

Assessment approach, the estimate of the number of premature deaths for non-accidental causes 

attributable to long-term PM2.5 exposure in the resident population. 

 

Different study populations were specifically selected for each outcome. To study the short-term 

effects of air pollution on mortality, we selected all subjects deceased in Rome between June 2011 

and May 2012 and residing in the city at the time of death. To evaluate short-term effects of air 

pollution on morbidity we selected all subjects admitted to hospital for acute and non-scheduled 

hospitalizations in Rome between June 2011 and May 2012 and residing in the city at the time of 

admission. Finally, to study the long-term effects of air pollution exposure on mortality, incidence 

of acute coronary event, stroke, and lung cancer we used the Rome Longitudinal Study, a cohort 

study based on the 2001 census an including about two million subjects, selecting subjects aged 40 

years or more at Jan 2008 and following them till Dec 2012.  

 

For short term effects, individual exposures to PAHs, BaP and PM2.5 were assigned at residential 

addresses using the results of the dispersion models with a 1 km spatial resolution (EXPAH action 

4.5). In addition, as alternative PM2.5 exposure, we considered daily average PM2.5 concentrations  
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measured in Rome by the Lazio Region Environmental Protection Agency (ARPA-Lazio) monitoring 

network. As alternative PAH and BaP exposure definition, we considered the concentrations 

modeled with monthly adjustment of the predictions (as better explained in reports of actions 

4.5). For long-term outcomes, individual annual mean exposure was assigned through the 

coordinates of residential addresses at inclusion using dispersion models results of pollutants with 

a 1 km spatial resolution. For the health impact assessment we estimated the annual average 

exposure to air pollution of the 2011 Census population of Rome at baseline and at different 

scenarios.  

 

We found evidence of an association of all the exposures with short-term natural and respiratory 

mortality, both at delayed and prolonged latencies, whereas the effects on cardiovascular 

mortality were somewhat weaker. Elderly and subjects dying on colder months were vulnerable to 

the effects of PAH, while there were no differences according to gender and place of death (at 

home versus in-hospital). Conversely, we found little to no evidence of an association of any of the 

exposures with cardio-respiratory emergency hospitalizations.  

 

We found evidence of an association between long-term exposure to all considered pollutants and 

non-accidental and cardiovascular mortality. We estimated a 4% increased risk of non-accidental 

mortality and a 7% increased risk of cardiovascular mortality per increases of 5 µg/m3 in annual 

mean PM2.5 (HR=1.04, 95%CI: 1.01-1.07 and HR=1.07, 95%CI: 1.03-1.12, respectively). We found 

strong evidence of association between long-term exposure to PAHs, BaP, and PM2.5 and incidence 

of stroke and lung cancer. 

 

We found a high impact of long-term exposure to PM2.5 on non-accidental mortality: 1,184 deaths 

among men and 1,351 deaths among women were attributable to PM2.5 exposure each year, using 

the base case model. Based on the model results available for two 2020 emission scenarios 

(described in Actions 7.1 and 7.2), we found that for the scenario at 2020 with current legislation 

plus additional measures, the number of non-accidental deaths attributable to PM2.5 exposure 

would be much lower than those in the base case model, i.e. 676 deaths in  men and 749 deaths in  

women. 
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2 Evaluation of short term effect of PAH and other pollutants on natural 

and cause specific mortality (Action 6.1 Report) 

 

 

2.1 Introduction 

 

There is convincing evidence from scientific literature on the short-term effects of particulate 

matter, especially fine particles (PM2.5), on mortality for cardiovascular and respiratory causes.1,2 

On October 2013, air pollution in general, and particulate matter in particular, have been classified 

as carcinogenic to humans by the International Agency for Research on Cancer (IARC).8 Among the 

most carcinogenic compounds of particulate matter, polycyclic aromatic hydrocarbons (PAH), 

specifically benzo[a]pyrene (BaP), have been identified and investigated. However, the possible 

role of such PM compounds in triggering acute outcomes, especially mortality from 

cardiorespiratory causes, is still unknown. 

 

The objective of the EXPAH project was to estimate population exposure to PM2.5, total PAHs, and 

BaP, and to investigate their long-term and short-term association with mortality and morbidity in 

Rome, Italy. The present report displays the results on the association between short-term 

exposure to PM2.5, total PAHs, and BaP, and cause-specific mortality. 

 

 

2.2 Methods 

 

Study population and outcome definition 

In this study we selected all subjects deceased in Rome between June 2011 and May 2012 and 

residing in the city at the time of death. We retrieved information on age, gender, season of death 

(classified as “cold season”, October to March, and “warm season”, April to September), place of 

death (home, hospital, other or missing), and underlying cause. The underlying cause of death 

(coded according to the International Classification of Diseases revision 9, ICD-9) for deceased 

subjects was obtained from the regional health information system. We considered 4 main groups 

of death causes: natural (ICD-9: 1-799), cardiac (ICD-9: 390-429), cerebrovascular (ICD-9: 430-438), 

and respiratory causes (ICD-9: 460-519). 
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Exposure assessment  

Individual exposure to PAHs, BaP and PM2.5 was assigned at residential address using dispersion 

models with a 1 km spatial resolution. Daily PAHs concentrations have been estimated by model 

including 4 PAHs congeners: Benzo[a]Pyrene(B[a]P), Benzo[b]fluoranthene (B[b]f), 

Benzo[k]fluoranthene (B[k]f) and Indeno Pyrene (IP). They are considered in the list of most 

carcinogenic PAHs compounds (eg. Agency for Toxic Substances and Disease Registry (ATSDR)). 

The sum of these congeners will be identified as PAHs hereafter. Details on development of 

dispersion models and results are presented in reports of actions 4 (EXPAH, 2013). These 

exposures will be referred to as “case-base” in the report. In addition, as alternative PM2.5 

exposure, we considered daily average PM2.5 concentrations over Rome, as measured by the Lazio 

Region Environmental Protection Agency (ARPA-Lazio) monitoring network (“ARPA” PM2.5 

throughout the text). Finally, as alternative PAH and BaP exposures we considered the corrected 

modeled concentrations, as better explained in reports of actions 4 (“corrected” PAH and BaP 

throughout the text) (EXPAH, 2013), derived by the application to the case-base modeled results 

of observed/modeled PAHs monthly correction factors to overcome overestimations of observed 

PAHs concentrations. These exposures will be referred to as “assimilated” in the report 

 

Additional variables 

Other time-varying variables were collected in order to adjust for potential confounding in the 

epidemiological analysis. They include: air temperature; holidays (a two-level variable assuming 

value “1” on Christmas and Easter, their surrounding periods, and isolated holidays; “0” on other 

days); summer population decrease (a three-level variable assuming value “2” in the 2-week 

period around the 15th of August; value “1” from the 16th of July to 31st of August, with the 

exception of the aforementioned period; value “0” all other days); influenza epidemics (a two-

level variable assuming value “0” on normal days, value “1” on days with particularly high 

influenza episodes, as identified using the Italian influenza surveillance system). 

 

Statistical analyses 

The analyses were carried out using a case-crossover approach with “time-stratified” design for 

the selection of control days. More specifically, for each deceased subject (case), control days 

were defined as the same days of the week within the same month and year of death. In this way, 
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long-term as well as seasonal time trends and day-of-the-week effects were controlled for. The 

statistical analysis was performed with multivariate conditional logistic regression models, also 

adjusting for air temperature, holidays, summer population decrease, and influenza epidemics. 

The effect of temperature was controlled for by modeling high and low temperatures separately. 

High temperatures were adjusted for by calculating the average of current and previous day 

temperature (lag 0-1) and by fitting a penalized spline on the lagged variable only for days with lag 

0-1 temperature above the median value. Similarly, low temperatures were adjusted for by fitting 

a penalized spline on lag 1-6 air temperature only for days below the median value. The other 

confounders, including holidays, summer population decrease, and influenza epidemics, were 

adjusted for with indicator variables. 

 

Once the adjustment model was defined, the pollutant was added to the regression model. The 

lag structure of the association between PM2.5/PAH/BaP concentrations and cause-specific 

mortality was inspected by choosing three cumulative lag structures a priori defined to represent 

immediate, delayed or prolonged effects: lags 0-1, lags 2-5 and lags 0-5, respectively. Finally, for 

each exposure/outcome combination, one of these three alternatives was chosen as the 

“reference lag” for the following analyses. 

 

Effect modification by age, gender, season of death, and place of death, was evaluated by adding 

interaction terms between each of these effect modifier, in turn, and the exposure of analysis. 

Statistical tests were performed to evaluate whether effect estimates were different across strata 

of each effect modifier. Finally, concentration-response shapes were explored by fitting the 

exposure variable as a natural spline with 3 knots equally spaced over the range of exposure 

concentrations.   

 

All the results are expressed as percent increases of mortality, and 95% CI, relative to increments 

in each exposure equal to its interquartile range, calculated on the distribution of differences 

between case-day exposure and control-days exposures: 1.61 ng/m3 and 0.65 ng/m3 for case-base 

and assimilated PAH, respectively; 0.47 ng/m3 and 0.17 ng/m3 for case-base and assimilated BaP, 

respectively; 13.08 μg/m3 and 14.00 μg/m3 for case-base and ARPA PM2.5, respectively. These 

increments have been chosen in order to represent the same amount of daily variability across 

pollutants, so to allow a better inter-pollutant comparison of results. 
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2.3 Results  

 

Tables 1a and 1b show the distributions of exposures to PAHs, BaP, and PM2.5 across the studied 

population. Table 1a reports the exposures at residential address, while Table 1b reports the 

distributions of the differences in exposures between case-days and control-days. The IQRs of the 

latter are used as metrics for the epidemiological evaluations.  

 

Table 1a. Descriptive statistics of environmental variables over Rome - 01/06/2011 to 31/05/2012.  

Values based on the residences of subjects deceased from natural causes (N.= 22,172) 

PAH and BaP concentrations are expressed as ng/m3; PM2.5 concentrations as µg/m3 

Variables Mean SD 
Percentiles 

min 5th 25th 50th 75th 95th max IQR2 

PAH (ng/m3) 
          

Case-base 5.47 6.23 0.02 0.25 0.48 3.13 8.57 18.06 37.50 8.08 

Assimilated 2.38 2.56 0.01 0.18 0.33 1.31 3.87 7.67 14.70 3.55 

BaP (ng/m3) 
          

Case-base 1.62 1.90 0.00 0.05 0.11 0.90 2.59 5.47 11.28 2.48 

Assimilated 0.59 0.64 0.00 0.03 0.07 0.33 0.96 1.91 3.94 0.89 

PM2.5 (µg/m3) 
          

Case-base 20.65 11.29 1.49 7.28 12.38 17.85 26.64 43.57 68.24 14.26 

ARPA stations1 20.32 10.77 3.00 7.00 12.50 18.00 26.00 43.00 60.00 13.50 

Air temperature 15.50 7.30 -1.00 3.10 10.27 14.90 22.15 26.40 29.95 11.88 
1
 Computed as daily average over entire Rome (no spatial variability) 

2
 InrerQuartile Range, computed as the difference between the 75th and the 25th percentile 
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Table 1b. Descriptive statistics of environmental variables over Rome - 01/06/2011 to 31/05/2012.  

Values based on the residences of subjects deceased from natural causes (N.= 22,172), and 

calculated as the difference between case-day exposure and control-days exposures. 

PAH and BaP concentrations are expressed as ng/m3; PM2.5 concentrations as µg/m3 

Variables Mean SD 
Percentiles 

min 5th 25th 50th 75th 95th max IQR2 

PAH (ng/m3) 
          

Case-base -0.01 4.24 -26.54 -7.30 -0.81 0.00 0.81 7.13 25.93 1.61 

Assimilated -0.01 1.86 -11.25 -3.29 -0.33 0.00 0.32 3.19 11.88 0.65 

BaP (ng/m3) 
          

Case-base 0.00 1.28 -7.96 -2.20 -0.23 0.00 0.23 2.15 7.78 0.47 

Assimilated 0.00 0.47 -3.03 -0.83 -0.08 0.00 0.08 0.80 3.19 0.17 

PM2.5 (µg/m3) 
          

Case-base 0.08 12.55 -58.56 -20.60 -6.41 0.11 6.67 20.71 57.79 13.08 

ARPA stations1 0.13 12.82 -52.00 -21.00 -7.00 0.00 7.00 21.00 52.00 14.00 

Air temperature 0.03 4.12 -11.65 -6.90 -2.75 0.00 2.82 6.88 11.65 5.57 
1
 Computed as daily average over entire Rome (no spatial variability) 

2
 InrerQuartile Range, computed as the difference between the 75th and the 25th percentile 

 

 

Correlation coefficients between pairs of exposures are reported in Table 2. High correlations (> 

0.90) are detected between different estimates of the same pollutant, and between total PAH and 

BaP. Correlations between PAH (BaP) and PM2.5 are lower but still very high, in the range of 0.60-

0.70. For this reason, no two-pollutant analysis (analyses with two pollutants in the same 

regression model) were performed. 
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Table 2. Pearson correlations between daily averages of environmental variables: 01/06/2011 to 

31/05/2012. Values based on the residences of subjects deceased from natural causes (N.= 

22,172) 

Variables 
PAH 
c-b 

PAH 
assimil. 

  
BaP 
c-b 

BaP 
assimil. 

  
PM2.5 

c-b 
PM2.5 
ARPA 

  
Temp. 
Airport 

            
PAH Case-base 1.00 

         

PAH Assimilated 0.95 1.00 
        

            
BaP Case-base 1.00 0.95 

 
1.00 

      

BaP Assimilated 0.92 1.00 
 

0.92 1.00 
     

            
PM2.5 Case-base 0.74 0.75 

 
0.74 0.74 

 
1.00 

   

PM2.5 ARPA stations 0.64 0.64 
 

0.64 0.63 
 

0.95 1.00 
  

            
Temperature Airport monitor -0.70 -0.71 

 
-0.71 -0.72 

 
-0.48 -0.37 

 
1.00 

                        

 

Table 3 reports descriptive statistics of the deceased subjects. There were a total of 22,172 deaths 

from natural causes, 37% of which were for cardiovascular causes, and 7% for respiratory causes. 

Most of the deceased subjects were in the age classes 75-84 years (33%) and 85+ years (40%). 

Most of the people died in the colder months (55%), and in hospital (61%). 
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Table 3. Population deceased in Rome and resident in the city - 01/06/2011 to 31/05/2012 

Variables No. % 

Total population, deceased from natural causes 22,172 100.0 

Causes of death (ICD-9 code) 
  

Cardiovasculardisease (ICD: 390-459) 8,204 37.0 

Cardiacdisease (ICD: 390-429) 6,265 28.3 

Cerebrovasculardisease (ICD: 430-438) 1,628 7.3 

Respiratorydiseases (ICD: 460-519) 1,508 6.8 

Age (years) 
  

          0 - 34 164 0.7 

          35-64 2,445 11.0 

          65-74 3,525 15.9 

          75-84 7,256 32.7 

          85+ 8,782 39.6 

Gender 
  

          Men 10,489 47.3 

Women 11,683 52.7 

Season of death 
  

Cold (October-March) 12,104 54.6 

Warm (April-September) 10,068 45.4 

Place of death 
  

          Home 7,556 34.1 

          In hospital 13,468 60.7 

Other or missing 1,148 5.2 

 

Tables 4a, b and c display the main results of the study, concerning the associations between 

short-term exposures to PAH (Table 4a), BaP (Table 4b), and PM2.5 (Table 4c), with cause-specific 

mortality, by lag. Strong and statistically significant associations are found for PAH and BaP with 

natural mortality, especially at delayed (2-5) and prolonged (0-5) lags, with associations very 

similar between PAH and BaP. Higher associations, but non-significant due to lack of power, are 

detected for the two exposures with respiratory mortality. No clear association is found with 

cardiovascular mortality. There is no difference in effect estimates between the two methods used 

for exposure assessment (Tables 4a and 4b). 

Non-significant associations between PM2.5 and mortality are found, with some evidence of an 

effect on cerebrovascular and respiratory mortality, and no associations with cardiac mortality.
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Table 4a. Effect of PAH on mortality, by cause, lag and model used for exposure assessment. Results expressed as % increases of risk (% IR) for IQR 

increases of the pollutant, calculated on the difference between cases and controls. PAH concentrations are expressed as ng/m3 

Variables 
Natural   Cardiac   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

PAH, case-base (IQR=1.61) 
               

lag 0-1 0.12 -1.25 1.52 
 

-1.21 -3.68 1.32 
 

-1.24 -6.03 3.80 
 

4.06 -1.52 9.95 

lag 2-5 2.39 0.45 4.37 
 

1.82 -1.51 5.27 
 

-0.24 -6.88 6.88 
 

2.99 -4.39 10.94 

lag 0-5 2.39 0.06 4.77 
 

0.76 -3.29 4.99 
 

-1.34 -9.12 7.11 
 

6.50 -2.60 16.44 

PAH, assimilated (IQR=0.65) 
               

lag 0-1 -0.02 -1.23 1.21 
 

-1.08 -3.25 1.15 
 

-1.10 -5.38 3.37 
 

3.12 -1.67 8.14 

lag 2-5 2.03 0.47 3.60 
 

1.58 -1.09 4.32 
 

-0.45 -5.77 5.18 
 

2.76 -3.22 9.10 

lag 0-5 1.98 0.10 3.90   0.91 -2.37 4.31   -1.26 -7.58 5.48   5.30 -2.11 13.28 

In bold, results statistically significant at 95% level (95% CI not overlapping 0) 
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Table 4b. Effect of BaP on mortality, by cause, lag and model used for exposure assessment. Results expressed as % increases of risk (% IR) for IQR 

increases of the pollutant, calculated on the difference between cases and controls. BaP concentrations are expressed as ng/m3 

Variables 
Natural   Cardiac   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

BaP, case-base (IQR=0.47) 
               

lag 0-1 0.07 -1.26 1.42 
 

-1.20 -3.59 1.24 
 

-1.38 -6.02 3.48 
 

3.85 -1.54 9.53 

lag 2-5 2.38 0.50 4.29 
 

1.88 -1.35 5.22 
 

-0.08 -6.52 6.81 
 

2.80 -4.36 10.51 

lag 0-5 2.36 0.09 4.68 
 

0.85 -3.11 4.97 
 

-1.34 -8.94 6.89 
 

6.23 -2.65 15.91 

BaP, assimilated (IQR=0.17) 
               

lag 0-1 -0.09 -1.33 1.15 
 

-1.10 -3.31 1.16 
 

-1.27 -5.62 3.27 
 

2.88 -1.93 7.93 

lag 2-5 1.91 0.36 3.48 
 

1.69 -1.00 4.46 
 

-0.53 -5.81 5.06 
 

2.65 -3.31 8.97 

lag 0-5 1.83 -0.06 3.75   0.96 -2.32 4.36   -1.45 -7.76 5.29   5.00 -2.41 12.97 

In bold, results statistically significant at 95% level (95% CI not overlapping 0) 
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Table 4c. Effect of PM2.5 on mortality, by cause, lag and model/source used for exposure assessment. Results expressed as % increases of risk (% 

IR) for IQR increases of the pollutant, calculated on the difference between cases and controls. PM2.5 concentrations are expressed as ug/m3 

Variables 
Natural   Cardiac   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

PM2.5, case-base (IQR=13.08) 
               

lag 0-1 0.92 -2.60 4.56 
 

-1.89 -8.04 4.67 
 

-1.12 -13.18 12.63 
 

13.29 -1.55 30.37 

lag 2-5 0.49 -3.33 4.46 
 

-0.54 -7.12 6.51 
 

4.96 -8.72 20.70 
 

7.57 -8.10 25.91 

lag 0-5 1.02 -3.60 5.87 
 

-1.59 -9.50 7.00 
 

4.45 -11.76 23.64 
 

14.36 -5.25 38.02 

PM2.5, ARPA monitors (IQR=14.00) 
               

lag 0-1 1.75 -2.00 5.65 
 

-0.77 -7.26 6.18 
 

1.64 -11.72 17.01 
 

15.29 -0.51 33.59 

lag 2-5 0.47 -3.53 4.65 
 

-0.10 -7.33 7.70 
 

6.14 -8.42 23.01 
 

6.64 -9.53 25.70 

lag 0-5 1.52 -3.41 6.71   -0.84 -9.49 8.63   7.04 -10.78 28.41   14.98 -5.79 40.33 

In bold, results statistically significant at 95% level (95% CI not overlapping 0) 
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On the basis of previous results, lag 2-5 has been chosen as the reference lag for the association 

between PAH and cause-specific analysis. Since PAH and BaP displayed identical results, and PM2.5 

had no statistically significant association with cause-specific mortality, further analyses on effect 

modification and concentration-response were carried on for PAH only. 

Table 5 report the results of effect modification analysis, showing highest effects of PAH (case-

base, lag 2-5) on natural mortality in the elderly and in subjects died during the colder months, 

with no apparent difference according to gender or place of death. 

 

Table 5. Effects of PAH (lag 2-5, case-base) on natural mortality, by individual characteristics. 

Results expressed as % increases of risk (% IR) for IQR=1.61 ng/m3 increases of the pollutant 

Variables 
Effects per 1.61 ng/m3 

% IR 95% CI P int 

Overall 2.39 0.45 4.37 - 

Age 
    

0-64 3.39 -0.93 7.89 - 

65-84 1.16 -1.24 3.62 0.345 

85+ 3.55 0.98 6.19 0.946 

Gender 
    

Males 2.14 -0.28 4.63 - 

Females 2.62 0.27 5.02 0.741 

Season of death 
    

Cold (October-March) 3.04 1.05 5.07 - 

Warm (April-September) -16.50 -26.48 -5.16 0.001 

Place of death 
    

Home 2.17 -0.53 4.93 - 

In hospital 2.71 0.46 5.00 0.722 

Other or missing -0.04 -6.58 6.96 0.542 

In bold, results statistically significant at 95% level (95% CI not overlapping 0) 
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Figure 1 displays the concentration-response relationships between cause-specific mortality and 

PAH (case-base, lag 2-5) exposure. A linear relationship with natural and respiratory mortality is 

apparent, whereas no clear trend of association emerges with cardiac and cerebrovascular causes 

of death. 

Figure 1. Concentration-response curves of PAH (lag 2-5, case-base) and cause-specific mortality. 

PAH concentrations are expressed as ng/m3 
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2.4 Conclusions 

 

We found evidence of an association of all the exposures with natural and respiratory mortality, 

especially at delayed and prolonged latencies, whereas the effects on cardiovascular mortality 

were somewhat weaker. Despite the short time-series, and the limited power for the statistical 

analyses, the associations between PAH/BaP and natural mortality were statistically significant, 

with a clear evidence of a linear relationship, and no evidence of lack of effect at low 

concentrations. Elderly and subjects dying on colder months were vulnerable to the effects of 

PAH, while there were no differences according to gender and place of death. 

 

This is one of the few studies investigating the short-term association between PAH and mortality. 

More studies are therefore needed to replicate these findings, possibly in other settings and using 

longer time-series. 
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3 Evaluation of short term effect of PAH and other pollutants on 

emergency hospital admissions 

(Action 6.2 Report) 

 

3.1 Introduction 

 

There is convincing evidence from scientific literature on the short-term effects of particulate 

matter, especially fine particles (PM2.5), on mortality and hospitalizations for cardiovascular and 

respiratory causes.1,2 Also long-term exposure to air pollution has been related to mortality,3,4 

incidence of cardiovascular diseases,5,6 and cancer incidence. 7 On October 2013, air pollution in 

general, and specifically particles pollution, have been classified as carcinogenic to humans by the 

International Agency for Research on Cancer (IARC).8 Among the most carcinogenic compounds of 

particulate matter, polycyclic aromatic hydrocarbons (PAH), specifically benzo[a]pyrene (BaP), 

have been identified and investigated. However, the possible role of such PM compounds in 

triggering acute outcomes, especially mortality or hospital admissions from cardiorespiratory 

causes, is still unknown. 

 

The objective of the EXPAH project was to estimate population exposure to PM2.5, total PAHs, and 

BaP, and to investigate their long-term and short-term association with mortality and morbidity in 

Rome, Italy. 

 

The present report displays the results on the association between short-term exposure to PM2.5, 

total PAHs, and BaP, and disease-specific emergency hospital admissions. 

 

 

3.2 Methods 

 

Study population and outcome definition 

In this study we selected all subjects hospitalized in Rome between June 2011 and May 2012 and 

residing in the city at the moment of admission. Only ordinary, acute and non-scheduled 

admissions were considered. For each hospitalized subject, we retrieved information on age, 
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gender, season of hospitalization (classified as “cold season”, October to March, and “warm 

season”, April to September), and primary diagnosis at discharge. The diagnoses (coded according 

to the International Classification of Diseases revision 9, ICD-9) were obtained from the regional 

health information system. We considered 7 main groups of diagnoses: cardiovascular diseases 

(ICD-9: 390-459), ischemic heart diseases (ICD-9: 410-414), heart failure (ICD-9: 428), 

cerebrovascular diseases (ICD-9: 430-438), respiratory diseases (ICD-9: 460-519), chronic 

obstructive pulmonary disease (ICD-9: 490-492, 494, 496), and asthma (ICD-9: 493). 

 

Exposure assessment 

Individual exposure to PAHs, BaP and PM2.5 was assigned at residential address using the same 

methods described in section 2.2.  

 

Additional variables 

Other time-varying variables were collected for adjusting for potential confounding in the 

epidemiological analysis. They include: air temperature; holidays (a four-level variable assuming 

value “3” on Christmas and Easter; “2” in the surrounding periods of Christmas and Easter; “1” on 

isolated holidays; “0” on other days); summer population decrease (a three-level variable 

assuming value “2” in the 2-week period around the 15th of August; value “1” from the 16th of 

July to 31st of August, with the exception of the aforementioned period; value “0” all other days); 

influenza epidemics (a two-level variable assuming value “0” on normal days, value “1” on days 

with particularly high influenza episodes, as identified using the Italian influenza surveillance 

system). 

 

Statistical analyses 

The analyses were carried out using a case-crossover approach with “time-stratified” design for 

the selection of control days. More specifically, for each hospital admission day (case), control 

days were defined as the same days of the week within the same month and year of death. In this 

way, long-term as well as seasonal time trends and day-of-the-week effects were controlled for. 

The statistical analysis was performed with multivariate conditional logistic regression models, 

also adjusting for air temperature, holidays, summer population decrease, and influenza 

epidemics. 
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The effect of temperature was controlled for by modeling high and low temperatures separately. 

High temperatures were adjusted for by calculating the average of current and previous day 

temperature (lag 0-1) and by fitting a penalized spline on the lagged variable only for days with lag 

0-1 temperature above the median value. Similarly, low temperatures were adjusted for by fitting 

a penalized spline on lag 1-6 air temperature only for days below the median value. The other 

confounders, including holidays, summer population decrease and influenza epidemics, were 

adjusted for with indicator variables. 

 

Once the adjustment model was defined, the pollutant was added to the regression model. The 

lag structure of the association between PM2.5/PAH/BaP concentrations and disease-specific 

hospitalization was inspected by choosing three cumulative lag structures a priori defined to 

represent immediate, delayed or prolonged effects: lags 0-1, lags 2-5 and lags 0-5, respectively. 

Finally, for each exposure/outcome combination, one of these three alternatives was chosen as 

the “reference lag” for the following analyses. 

 

Effect modification by age, gender and season was evaluated by adding interaction terms between 

each of these effect modifier, in turn, and the exposure of analysis. Statistical tests were 

performed to evaluate whether effect estimates were different across strata of each effect 

modifier. Finally, concentration-response shapes were explored by fitting the exposure variable as 

a natural spline with 3 knots equally spaced over the range of exposure concentrations.   

 

All the results are expressed as percent increases of mortality, and 95% CI, relative to increments 

in each exposure equal to its interquartile range, calculated on the distribution of differences 

between case-day exposure and control-days exposures: 1.56 ng/m3 and 0.64 ng/m3 for case-base 

and assimilated PAH, respectively; 0.45 ng/m3 and 0.16 ng/m3 for case-base and assimilated BaP, 

respectively; 13.23 μg/m3 and 14.00 μg/m3 for case-base and ARPA PM2.5, respectively. These 

increments have been chosen in order to represent the same amount of daily variability across 

pollutants, so to allow a better inter-pollutant comparison of results. 

 

3.3 Results  

Tables 1a and 1b show the distributions of exposures to PAHs, BaP, and PM2.5 across the studied 

population. Table 1a reports the exposures at residential address, while Table 1b reports the 
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distributions of the differences in exposures between case-days and control-days. The IQRs of the 

latter are used as metrics for the epidemiological evaluations.  

 

 

Table 1a. Descriptive statistics of environmental variables over Rome - 01/06/2011 to 31/05/2012.  

Values based on the residences of subjects hospitalized for cardiorespiratory diseases (N.= 39,682) 

PAH and BaP concentrations are expressed as ng/m3; PM2.5 concentrations as µg/m3 

Variables Mean SD 
Percentiles 

min 5th 25th 50th 75th 95th max IQR2 

PAH (ng/m3) 
          

Case-base 5.35 6.14 0.02 0.25 0.50 3.08 8.26 17.89 37.50 7.76 

Assimilated 2.32 2.51 0.01 0.17 0.33 1.27 3.69 7.57 13.08 3.35 

BaP (ng/m3) 
          

Case-base 1.59 1.87 0.00 0.05 0.11 0.88 2.49 5.40 11.28 2.38 

Assimilated 0.57 0.63 0.00 0.03 0.07 0.32 0.91 1.90 3.52 0.84 

PM2.5 (µg/m3) 
          

Case-base 20.52 11.36 1.49 7.18 12.26 17.58 26.29 43.49 69.56 14.03 

ARPA stations1 20.24 10.84 3.00 7.00 12.50 18.00 26.00 43.00 60.00 13.50 

Air temperature 15.45 7.13 -1.00 3.35 10.35 14.95 21.73 26.35 29.95 11.38 
1
 Computed as daily average over entire Rome (no spatial variability) 

2
 InrerQuartile Range, computed as the difference between the 75th and the 25th percentile 
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Table 1b. Descriptive statistics of environmental variables over Rome - 01/06/2011 to 31/05/2012.  

Values based on the residences of subjects hospitalized for cardiorespiratory diseases (N.= 

39,682), and calculated as the difference between case-day exposure and control-days exposures. 

PAH and BaP concentrations are expressed as ng/m3; PM2.5 concentrations as µg/m3 

Variables Mean SD 
Percentiles 

min 5th 25th 50th 75th 95th max IQR2 

PAH (ng/m3) 
          

Case-base 0.02 4.26 -26.25 -7.31 -0.76 0.00 0.80 7.40 26.54 1.56 

Assimilated 0.01 1.85 -11.88 -3.26 -0.32 0.00 0.32 3.28 10.43 0.64 

BaP (ng/m3) 
          

Case-base 0.00 1.29 -7.88 -2.21 -0.22 0.00 0.23 2.23 7.96 0.45 

Assimilated 0.00 0.47 -3.19 -0.82 -0.08 0.00 0.08 0.82 2.82 0.16 

PM2.5 (µg/m3) 
          

Case-base 0.09 12.68 -58.71 -20.63 -6.53 0.02 6.70 21.10 58.70 13.23 

ARPA stations1 0.08 12.92 -52.00 -20.50 -7.00 0.00 7.00 21.50 52.00 14.00 

Air temperature 0.00 4.08 -11.65 -6.75 -2.75 0.00 2.75 6.75 11.65 5.50 
1
 Computed as daily average over entire Rome (no spatial variability) 

2
 InrerQuartile Range, computed as the difference between the 75th and the 25th percentile 

 

 

Correlation coefficients between pairs of exposures are reported in Table 2. High correlations (> 

0.90) are detected between different estimates of the same pollutant, and between total PAH and 

BaP. Correlations between PAH (BaP) and PM2.5 are lower but still very high, in the range of 0.60-

0.70. For this reason, no two-pollutant analysis (analyses with two pollutants in the same 

regression model) were performed. 
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Table 2. Pearson correlations between daily averages of environmental variables: 01/06/2011 to 

31/05/2012. Values based on the residences of subjects hospitalized for cardiorespiratory diseases 

(N.= 39,682) 

Variables 
PAH 
c-b 

PAH 
assimil. 

  
BaP 
c-b 

BaP 
assimil. 

  
PM2.5 

c-b 
PM2.5 
ARPA 

  
Temp. 
Airport 

            
PAH Case-base 1.00 

         

PAH Assimilated 0.95 1.00 
        

            
BaP Case-base 1.00 0.95 

 
1.00 

      

BaP Assimilated 0.93 1.00 
 

0.92 1.00 
     

            
PM2.5 Case-base 0.74 0.74 

 
0.74 0.74 

 
1.00 

   

PM2.5 ARPA stations 0.64 0.64 
 

0.64 0.63 
 

0.95 1.00 
  

            
Temperature 

Airport 
monitor 

-0.69 -0.70 
 

-0.70 -0.70 
 

-0.46 -0.36 
 

1.00 

                        

 

Table 3 reports descriptive statistics of the hospitalized subjects. There were a total of 39,682 

emergency hospitalizations for cardio-respiratory diseases, 69% of which were for cardiovascular 

causes, and 31% for respiratory causes. Most of the hospitalized subjects were older than 65 years 

of age (53%), and men (54%). Most of the people were admitted to a hospital in the colder 

seasons (55%). 

Tables 4a, b, and c display the main results of the study, concerning the associations between 

short-term exposures to PAH (Table 4a), BaP (Table 4b), and PM2.5 (Table 4c), with disease-specific 

hospitalizations, by lag. Hospital admissions for COPD or asthma were not included in this analysis 

as separate categories due to the very small counts of events, preventing the possibility of 

detecting any meaningful association. In general, no association was found between either PAH or 

BaP with cardio-respiratory hospital admissions, with positive but small and non-significant 

associations only at lag 0-1 for total cardiovascular and total respiratory admissions (Tables 4a and 

4b).  Non-significant associations between PM2.5 and hospitalizations were found, with some 

suggestion of an immediate effect on cardiovascular morbidity and a prolonged effect on 

respiratory morbidity (Table 4c). 
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Table 3. Emergency hospital admissions for cardio-respiratory diseases occurred in Rome among 

subjects resident in the city - 01/06/2011 to 31/05/2012 

Variables No. % 

Total number of hospitalizations for cardio-respiratory disease 39,682 100.0 

Primarydiagnosis (ICD-9 code) 
  

Cardiovasculardisease (ICD: 390-459) 27,287 68.8 

Ischemicheartdisease (ICD: 410-414) 6,774 17.1 

Heartfailure (ICD: 428) 5,235 13.2 

Cerebrovasculardisease (ICD: 430-438) 6,430 16.2 

Respiratorydiseases (ICD: 460-519) 12,395 31.2 

          COPD (ICD: 490-492, 494, 496) 816 2.1 

Asthma (ICD: 493) 286 0.7 

Age (years) 
  

          0 - 34 2,738 6.9 

          35-64 7,238 18.2 

          65-74 8,557 21.6 

          75-84 13,341 33.6 

          85+ 7,808 19.7 

Gender 
  

          Men 21,529 54.3 

Women 18,153 45.7 

Season of hospital admission 
  

Cold (October-March) 21,674 54.6 

Warm (April-September) 18,008 45.4 
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Table 4a. Effect of PAH on hospital admissions, by disease, lag and model used for exposure assessment. Results expressed as % increases of risk 

(% IR) for IQR increases of the pollutant, calculated on the difference between cases and controls. PAH concentrations are expressed as ng/m3 

Variables 
Cardiovascular   Ischemicheartdisease   Heartfailure   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

PAH, case-base (IQR=1.56) 
              

lag 0-1 0.30 -0.91 1.53 
 

-0.49 -2.93 2.00 
 

0.79 -1.90 3.56 
 

1.26 -1.15 3.72 
 

0.67 -1.03 2.40 

lag 2-5 -0.35 -2.05 1.38 
 

-1.80 -5.13 1.64 
 

1.21 -2.67 5.25 
 

-0.35 -3.27 2.66 
 

-0.87 -3.22 1.54 

lag 0-5 -0.05 -2.08 2.03 
 

-2.19 -6.16 1.94 
 

1.93 -2.71 6.79 
 

1.79 -2.28 6.03 
 

-0.20 -3.04 2.72 

PAH, assimilated (IQR=0.64)               

lag 0-1 0.21 -0.88 1.31 
 

-0.58 -2.76 1.65 
 

0.80 -1.62 3.27 
 

1.48 -0.69 3.70 
 

0.85 -0.71 2.44 

lag 2-5 0.39 -1.00 1.80 
 

-0.03 -2.79 2.81 
 

0.34 -2.79 3.57 
 

1.23 -1.28 3.80 
 

-1.04 -2.97 0.93 

lag 0-5 0.55 -1.13 2.25   -0.48 -3.81 2.96   0.99 -2.79 4.90   2.60 -0.61 5.92   -0.36 -2.71 2.05 
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Table 4b. Effect of BaP on hospital admissions, by disease, lag and model used for exposure assessment. Results expressed as % increases of risk 

(% IR) for IQR increases of the pollutant, calculated on the difference between cases and controls. BaP concentrations are expressed as ng/m3 

Variables 
Cardiovascular   Ischemicheartdisease   Heartfailure   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

BaP, case-base (IQR=0.45) 
                  

lag 0-1 0.28 -0.88 1.45 
 

-0.50 -2.82 1.89 
 

0.71 -1.87 3.35 
 

1.21 -1.09 3.56 
 

0.63 -1.00 2.29 

lag 2-5 -0.35 -1.98 1.31 
 

-1.68 -4.87 1.62 
 

1.13 -2.60 4.99 
 

-0.44 -3.22 2.41 
 

-0.85 -3.11 1.45 

lag 0-5 -0.07 -2.04 1.93 
 

-2.11 -5.95 1.88 
 

1.79 -2.68 6.48 
 

1.64 -2.28 5.72 
 

-0.23 -2.97 2.59 

BaP, assimilated (IQR=0.16)                   

lag 0-1 0.17 -0.89 1.24 
 

-0.61 -2.72 1.55 
 

0.69 -1.65 3.08 
 

1.54 -0.57 3.69 
 

0.84 -0.68 2.39 

lag 2-5 0.44 -0.88 1.78 
 

0.29 -2.34 3.00 
 

0.15 -2.81 3.20 
 

1.29 -1.07 3.71 
 

-1.10 -2.93 0.77 

lag 0-5 0.57 -1.04 2.21   -0.18 -3.38 3.13   0.70 -2.91 4.43   2.27 -0.64 5.26   -0.48 -2.73 1.83 
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Table 4c. Effect of PM2.5 on hospital admissions, by disease, lag and model/source used for exposure assessment. Results expressed as % increases 

of risk (% IR) for IQR increases of the pollutant, calculated on the difference between cases and controls. PM2.5 concentrations are expressed as 

µg/m3 

Variables 
Cardiovascular   Ischemicheartdisease   Heartfailure   Cerebrovascular   Respiratory 

% IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI   % IR 95% CI 

PM2.5, case-base (IQR=13.23) 
                

lag 0-1 2.48 -0.79 5.86 
 

1.92 -4.52 8.79 
 

2.59 -4.72 10.46 
 

5.92 -0.59 12.86 
 

-0.04 -4.57 4.71 

lag 2-5 -0.11 -3.64 3.54 
 

-1.31 -8.23 6.14 
 

-2.01 -9.69 6.32 
 

2.49 -4.40 9.88 
 

1.85 -3.18 7.14 

lag 0-5 1.33 -2.93 5.78 
 

-0.13 -8.46 8.96 
 

-0.45 -9.67 9.72 
 

5.69 -2.75 14.87 
 

1.76 -4.25 8.16 

PM2.5, ARPA monitors (IQR=14.00)                  

lag 0-1 2.00 -1.44 5.57 
 

1.98 -4.78 9.22 
 

1.56 -6.11 9.85 
 

5.44 -1.38 12.72 
 

-0.05 -4.80 4.93 

lag 2-5 0.34 -3.32 4.13 
 

-0.30 -7.52 7.48 
 

-1.10 -9.04 7.52 
 

2.29 -4.87 9.99 
 

2.86 -2.37 8.37 

lag 0-5 1.43 -3.04 6.11   0.74 -8.05 10.37   -0.35 -9.98 10.31   5.47 -3.46 15.23   2.79 -3.56 9.56 
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On the basis of previous results, it was difficult to identify a “reference” lag for the association 

between PAH and disease-specific hospitalizations. Since the highest estimates for total 

cardiovascular and total respiratory diseases were found at immediate latencies, the lag 0-1 was 

chosen. Consistently with the mortality analysis, further analyses on effect modification and 

concentration-response were carried on for PAH only. 

Table 5 report the results of effect modification analysis, showing highest effects of PAH (case-

base, lag 0-1) on cardio-respiratory hospitalizations in women and in subjects admitted to a 

hospital during the warmer season, with no clear differences across age classes. 

 

Table 5. Effects of PAH (lag 0-1, case-base) on cardio-respiratory hospitalizations, by individual 

characteristics. Results expressed as % increases of risk (% IR) for IQR=1.56 ng/m3 increases of the 

pollutant 

Variables 
Effects per 1.56 ng/m3 

% IR 95% CI P int 

Overall 0.40 -0.59 1.39 - 

Age 
    

0-64 0.04 -1.86 1.98 - 

65-84 0.59 -0.70 1.90 0.634 

85+ 0.30 -1.75 2.39 0.857 

Gender 
    

Males -0.23 -1.52 1.09 - 

Females 1.14 -0.28 2.57 0.154 

Season of hospitalization 
    

Cold (October-March) 0.37 -0.62 1.37 - 

Warm (April-September) 7.84 -5.43 22.96 0.285 

In bold, results statistically significant at 95% level (95% CI not overlapping 0) 

 

Figure 1 displays the concentration-response relationships between disease-specific 

hospitalizations and PAH (case-base, lag 0-1) exposure. No association was found between PAH 

and any of the outcomes, with a suggestion of linear relationship only with COPD admissions. 
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Figure 1. Concentration-response curves of PAH (lag 0-1, case-base) and disease-specific hospitalizations. PAH concentrations are expressed as 

ng/m3 
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3.4 Conclusions 

 

We found little evidence of an association of any of the exposures with cardio-respiratory 

emergency hospitalizations. There was a weak suggestion of immediate association of PM2.5 with 

cardiovascular morbidity, and prolonged effect on respiratory morbidity. No association was found 

for PAH and BaP with any of the studied outcomes, however it is worth to underline that COPD 

admissions increased with PAH levels.  

 

This is one of the few studies investigating the short-term association between PAH and morbidity. 

The present study did not support any relationship, but the limited statistical power prevents any 

conclusion on this regard. More studies are therefore needed to replicate these findings, possibly 

in other settings and using longer time-series. 
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4 Long-term exposure to polycyclic aromatic hydrocarbons (PAH), 

mortality and incidence of lung cancer, acute coronary events and 

stroke in the Rome Longitudinal Study, 2008-2012 - the EXPAH 

(Population Exposure to PAHs) project (Action 6.3 Report) 

 

 

4.1 Introduction 

 

The scientific literature on the detrimental effects of air pollution exposure on the cardiovascular 

system has increased in the last decade.1,2 Most of the available evidence so far is related to short-

term effects,1,2 and to long-term effects on cardiovascular mortality,  especially in  ischemic heart 

disease.3-13 Incidence of cardiovascular diseases as result of chronic exposure has been less 

studied,14-18 and the results are considered less consistent.1 For example,  in the US, Miller and 

colleagues found a relationship between PM2.5 (particulate matter of diameter less than 2.5 

micron)  and incidence of any cardiovascular event (coronary and cerebrovascular), but no 

evidence of association with acute myocardial infarction.14 In Canada increased risk of 

hospitalizations for coronary heart disease with increasing levels of black carbon, but not with NO2 

and PM2.5, were found.15 In England, Atkinson and colleagues found evidence of association 

between long-term exposure to PM10 and NO2 and incidence of heart failure, but not with 

incidence of myocardial infarction, stroke or arrhythmias.16The European Study of Cohorts for Air 

Pollution Effects (ESCAPE) showed an association between increased levels of particulate matter 

and incidence of acute coronary events and stroke.17-18 Because of the available controversial 

evidence, the American Heart Association recently recommended to perform more 

investigations.1 

 

Last October, the International Agency for Research on Cancer (IARC) classified air pollution, and in 

particular fine particles, as carcinogenic to humans.19 Results of several epidemiological studies 

have shown higher risks for lung cancer in association with various measures of air pollution.20-31 

The association between chronic exposure to polycyclic aromatic hydrocarbons and health 

outcomes is less clear.  
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The objective of the EXPAH project was to estimate population exposure to PM2.5 and PAH, and to 

investigate their long-term association with mortality and morbidity in Rome, Italy. 

 

4.2 Methods 

 

The Rome Longitudinal Study 

The Rome Longitudinal Study (RoLS) uses the 2001 Census fixed cohort of Rome defined from the 

municipal register (Cesaroni et al. 2010, Cesaroni et al. 2013). We enrolled all 30+ year old 

inhabitants of Rome on the census reference day (21 October 2001, about 2.5 million inhabitants) 

not living in institutions (prisons, hospitals, or nursing homes), who were resident in Rome since at 

least five years. Data were available on gender, age, place of birth, residential history, and on 

additional variables (marital status, education, and occupation) using record-linkage procedures 

under strict control to protect individual privacy.  

 

The RoLS is part of the National Statistical Program for the years 2011-2014, approved by the 

Italian Data Protection Authority (www.sistan.it/psn). This approval is equivalent to that of 

standard research ethics boards. 

 

The study population 

In this study, we selected residents in Rome on the 1 January 2008, who were aged 40 years or 

more. We conducted a follow-up to determine vital status using the Rome municipal register 

during the period January 2008 - December 2012. We retrieved information on deceased 

individuals and considered subjects as lost to follow-up when they moved out of the city. The 

underlying cause of death (coded according to the International Classification of Diseases revision 

9, ICD-9) for deceased subjects was retrieved from the regional health information system. 

Hospital discharges and death certificates are currently linked to the Rome Longitudinal Study 

through an identifier, 0.06% of subjects has not a unique identifier in hospital discharges, and 

therefore was excluded from the analysis (845 subjects).  

 

 

 

http://www.sistan.it/psn
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Exposure assessment  

Residential exposure to PAHs and PM2.5 was assigned at baseline address using the methods 

described in section 2.2. As for PAHs and B[a]P the assimilated results were used averaged over 

yearly bases.  

 

Outcome definitions 

We analyzed overall non-accidental mortality, mortality for cardiovascular disease (ICD-9:390-459) 

and respiratory disease (ICD-9:460-519), and incident cases of acute coronary events, stroke, and 

lung cancer.  

 

To select cause-specific mortality we used the underline cause of death in death certificates 

(coded as ICD-9). 

 

To select acute coronary events, we used hospitalizations with principal diagnosis of acute 

myocardial infarction (AMI) or other acute and sub-acute forms of ischemic heart disease (ICD-9-

CM codes: 410,411). In addition we selected death certificates with underlying cause of death of 

ischemic heart disease (ICD-9 codes: 410-414) in subjects who have not been admitted to hospital 

for ischemic heart disease in the 28 days before the death, nor for any cause in the two days 

before the death.  

 

To select new stroke cases, we used hospitalizations with principal diagnosis of stroke  (ICD-9-CM: 

431, 433.x1, 434, 436) and death certificates with underlying cause of death of cerebrovascular 

disease (ICD-9 codes: 431-436). We considered subjects who have not been admitted to hospital 

for cerebrovascular disease in the 28 days before the death, nor for any cause in the two days 

before the death.  

 

To select incident cases of lung cancer we mortality data and hospitalizations with principal 

diagnosis of lung cancer (ICD-9 code: 162).  
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In order to exclud prevalent cases, we excluded from the analyses all the subjects who had a 

hospital discharge for the condition under study in the period 1996-2007. For lung cancer, we 

excluded all the subjects who had a hospitalization for malignant tumor or were registered with 

cancer to be exempted from the payment of “ticket”  for cancer. 

 

Statistical analyses 

We used Cox regression to evaluate the association between pollutants and non-accidental 

mortality, cardiovascular mortality, and incidence of lung cancer, adjusting for several individual 

and contextual factors. We expressed the results as Hazard Ratios (HR), with 95% Confidence 

Intervals (CIs), per fixed increments of the pollutants: 1.3 ng/m3 for PAHs, 0.3 ng/m3 for BaP, and 5 

µg/m3 for PM2.5, corresponding to the range between the 95th and 5th percentiles of the 

distributions.  

 

4.3 Results  

 

The study population was composed by 1,013,886 subjects. Table 1 shows the exposure of the 

population to PAHs, BaP, and PM2.5. With reference to the corrected models for PAHs and BaP, 

and the assimilation model for PM2.5, the adults in Rome were exposed to an annual average of 20 

µg/m3 PM2.5, 2.15 ng/m3 PAHs, and 0.53 ng/m3 BaP. The different indices of exposure, at a 

population level, were highly correlated (Table 2). 

 

Table 3 shows the characteristics of the study population. Elderly subjects were more exposed  to 

air pollution than young generations. Air pollution concentrations were higher in high 

socioeconomic groups of the population than in low counter parts.  

 

During the follow-up there were 80,942 deaths for non-accidental causes, 32,460 for 

cardiovascular diseases, and 5,283 for respiratory diseases. There were 20,730 new cases of acute 

coronary events, 12,865 of stroke and 7,585 incident cases of lung cancer. Table 4 shows the 

figures and the crude rates (per 1000). 
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Table 5 shows the association of exposure to pollutants and mortality, expressed per fixed 

increments of the pollutants. For non-accidental causes, there was a 5% higher risk of dying for 

each 1.3 ng/m3 increase in PAHs exposure, there was a 4% higher risk for each 0.3 ng/m3 increase 

in BaP exposure, and there was a 4% higher mortality risk for each 5 µg/m3 increase in PM2.5. For 

cardiovascular causes, there was a 6% higher risk of dying for each 1.3 ng/m3 increase in PAHs 

exposure, a 5% higher risk for each 0.3 ng/m3 increase in BaP exposure, and there was a 7% higher 

mortality risk for each 5 µg/m3 increase in PM2.5. There was no evidence of association between 

PM2.5 exposure and respiratory mortality, although there was some suggestion of an association 

with PAHs and BaP exposure. 

 

Table 6 shows the association between air pollution exposure and incidence of lung cancer, acute 

coronary events, and stroke. There was a 10% higher risk in incidence of lung cancer for each 

increase of 1.3 ng/m3 in PAHs or each 5 µg/m3 increase in PM2.5, and a 9% higher risk for each 

increase of 0.3 ng/m3 in BaP. 

 

There was no evidence of association between exposure to PAHs, BaP, or PM2.5 and incidence of 

acute coronary events. There was evidence of association between exposure to all pollutants and 

incidence of stroke: a 7% higher risk for 1.3 ng/m3 increase in PAHs, a 6% higher risk for 0.3 

increase in BaP, and a 10% higher risk for each 5 µg/m3 increase in PM2.5.  

 

 

4.4 Discussion 

 

We found evidence of an association of all the exposures with non-accidental mortality, 

cardiovascular mortality, and incidence of lung cancer and stroke.  

 

The results on the association between air pollution and mortality or lung cancer incidence are 

comparable with previous studies on the topic.6-15,20 Though lung cancer could definitively be an 

effect of PAH exposure and the estimates we observed here are very important, it should be taken 

into consideration that given the latency of 15 or 20 years between exposure and occurrence of  
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lung cancer, our results could be an effect of exposure during the past decades when the levels of 

PAH could be much higher than those estimated in 2010-2012.   

   

The null results on incidence of coronary events were conflicting with the results from the 

European ESCAPE project,17 but similar to those reported by Aktinson and colleagues.16 The 

association between exposure to fine particles and stroke was already reported in Europe.18 

 

Since there was a high correlation between pollutants, it was not possible to disentangle the effect 

of one pollutant from another. Although we could take into account the effect of several 

confounding factors in analyzing the association between air pollution and health outcomes,  the 

information on smoking habit was not available. This limitation, however, is unlikely to have 

biased our results since no association between air pollution exposure and smoking habit was 

found in Rome.12 

 

4.5 Conclusions  

 

We found strong evidence of an association of all long-term exposures with non-accidental and 

cardiovascular mortality, and incidence of stroke and lung cancer.  
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Table 1. Descriptive statistics of environmental variables in Rome population  
     

    
                

Variables No. Subjects Mean SD 
Percentiles 

IQR 
min 5th 25th 50th 75th 95th max 

            
PAH 1,013,886 2.15 0.39 0.52 1.40 1.91 2.23 2.43 2.70 2.76 0.52 

BaP 1,013,886 0.53 0.10 0.13 0.35 0.47 0.55 0.60 0.67 0.68 0.13 

PM2.5 1,013,886 19.94 1.48 13.37 16.69 19.23 20.32 21.07 21.57 22.84 1.84 
                        

            Models based on measurements taken from 01/06/2011 to 31/05/2012 
 
 

 

Table 2. Correlations between pollutants 

        

  PAHs BaP PM2.5 

PAHs 1.00 
  BaP 1.00 1.00 

 PM2.5 0.84 0.85 1.00 
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Table 3. Description of the study population and exposure 

  N 
PAHs  

(Mean, sd) 
BaP  

(Mean, sd) 
PM2.5  

(Mean, sd) 

Gender 
       Men 449,624 2.14 0.40 0.53 0.10 19.9 1.5 

Women 564,262 2.16 0.39 0.53 0.10 20.0 1.5 

Age classat baseline 
      40-59 498,365 2.12 0.40 0.52 0.10 19.9 1.5 

60-79 410,952 2.16 0.39 0.53 0.10 20.0 1.5 

80-99 104,569 2.24 0.36 0.55 0.09 20.2 1.3 

Civil status 
       Single 126,931 2.23 0.38 0.55 0.09 20.1 1.4 

Married 707,178 2.13 0.40 0.53 0.10 19.9 1.5 

Separated 8,740 2.16 0.39 0.53 0.10 20.0 1.5 

Legallyseparated 36,036 2.16 0.39 0.53 0.10 19.9 1.5 

Divorced 31,933 2.20 0.39 0.54 0.10 20.0 1.4 

Widow 103,068 2.20 0.37 0.54 0.09 20.1 1.4 

Occupation 
       Employed 480,951 2.15 0.39 0.53 0.10 19.9 1.5 

In transition 10,593 2.13 0.39 0.53 0.10 19.9 1.5 

Housewife 222,664 2.13 0.39 0.53 0.10 19.9 1.5 

Unemployed 73,327 2.11 0.41 0.52 0.10 19.8 1.6 

Retired 226,351 2.19 0.38 0.54 0.09 20.0 1.4 

Place of birth 
       Rome 505,147 2.16 0.39 0.53 0.10 20.0 1.5 

Other 508,739 2.14 0.39 0.53 0.10 19.9 1.5 

Level of education 
      High 174,381 2.26 0.36 0.56 0.09 20.2 1.3 

Medium 595,923 2.14 0.39 0.53 0.10 19.9 1.5 

Low 243,582 2.10 0.40 0.52 0.10 19.9 1.6 

Area-basedsocioeconomic position 
     Vey high 208,165 2.30 0.29 0.57 0.07 20.3 1.0 

High 211,505 2.25 0.36 0.55 0.09 20.2 1.4 

Medium 203,596 2.18 0.38 0.54 0.09 20.0 1.5 

Low 200,068 2.03 0.43 0.50 0.11 19.7 1.7 

Verylow 189,783 1.98 0.40 0.49 0.10 19.5 1.6 

Diabetes 
       No 870,673 2.15 0.39 0.53 0.10 19.9 1.5 

Yes 143,213 2.14 0.39 0.53 0.10 19.9 1.5 

Hypertension 
       No 891,332 2.15 0.39 0.53 0.10 19.9 1.5 

Yes 122,554 2.15 0.39 0.53 0.10 20.0 1.5 
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Table 3. Continued 

  N 
PAHs  

(Mean, sd) 
BaP  

(Mean, sd) 
PM2.5 

 (Mean, sd) 

 
 
 
Prevalent cases of cancer 

      No 964,675 2.15 0.39 0.53 0.10 19.9 1.5 

Yes 49,211 2.17 0.38 0.53 0.10 19.9 1.5 

Prevalent cases of acute coronary events 
    No 982,853 2.15 0.39 0.53 0.10 19.9 1.5 

Yes 31,033 2.15 0.39 0.53 0.10 20.0 1.5 

Prevalentcases of stroke 
      No 1,003,086 2.15 0.39 0.53 0.10 19.9 1.5 

Yes 10,800 2.16 0.39 0.53 0.10 20.0 1.5 
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Table 4. Outcomes: number of events occurred from 1st Jan 2008 and 31st Dec 2012 and crude rate (per 
1000) 

  

N Y Crude Rate 95% CI 

Mortality ICD code 
     Non-accidental Mortality 001-799 80,942 4700 17.4 17.2 17.5 

Cardiovascular Mortality 390-459 32,460 4700 7.0 6.9 7.0 

RespiratoryMortality 460-519 5,283 4700 1.1 1.1 1.2 

       Hospitalizations 
      Cardiovascular hospital admission 390-459 99,874 4400 22.5 22.3 22.6 

Respiratory hospital admission 460-519 35,069 4600 7.6 7.5 7.7 

       Incidence of diseases* 
      Incidence of LungCancer 
 

7,585 4700 1.6 1.6 1.7 

Incidence of Acute Coronary Events 
 

20,730 4600 4.5 4.4 4.5 

Incidence of Stroke 
 

12,865 4600 2.8 2.7 2.8 
              

       * For studying incident events we excluded subjects who had the condition from 1st Jan 1996 to 31st Dec 
2007. For lung cancer incidence we excluded 49,211 subjects with a diagnosis of malignant tumor. For 
incidence of acute coronary  31,033  prevalent cases, and for incidence of stroke 10,800 subjects. ICD-codes 
available in the study protocol. 
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Table 5. Association between air pollution exposure and mortality. Rome 2008-2012 
  

  

Crude Hazard 
Ratios 

 

Adjusted Hazard 
Ratios* 

 

Adjusted Hazard 
Ratios**        

  

HR * 95%CI 
 

HR * 95%CI 
 

HR * 95%CI 
       

Non-accidentalMortality (80,941 deaths) 
        

    
PAH 

 
0.95 0.93 0.98 

 
1.03 1.01 1.06 

 
1.05 1.02 1.07        

BaP 

 
0.96 0.94 0.98 

 
1.03 1.01 1.06 

 
1.04 1.02 1.07        

PM2.5 

 
0.99 0.97 1.02 

 
1.03 1.01 1.06 

 
1.04 1.01 1.07        

                    
CardiovascularMortality (32,460 deaths) 

        
    

PAH 

 
0.95 0.92 0.99 

 
1.04 1.00 1.08 

 
1.06 1.02 1.10        

BaP 

 
0.96 0.92 0.99 

 
1.04 1.00 1.08 

 
1.05 1.02 1.09        

PM2.5 

 
1.02 0.98 1.06 

 
1.06 1.02 1.11 

 
1.07 1.03 1.12        

                    
RespiratoryMortality (5,282 deaths) 

         
    

PAH 

 
0.94 0.86 1.04 

 
1.03 0.93 1.14 

 
1.05 0.95 1.16        

BaP 

 
0.95 0.87 1.03 

 
1.03 0.94 1.13 

 
1.04 0.95 1.15        

PM2.5 

 
0.93 0.85 1.03 

 
0.97 0.88 1.07 

 
0.99 0.90 1.09        

                          
       

HR*: adjusted for occupation, education, marital status, area-based SEP, stratified by sex, 
with age as time-scale        

HR**: adjusted for occupation, education, marital status, area-based SEP,  income, diabetes, 
hypertension, stratified by sex, with age as time-scale        

 Fixed increments: 5 ug/m3 for PM2.5; 1.3 ng/m3 for PAHs and 0.3 ng/m3 for BaP 
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Table 6. Association between air pollution exposure and incidence of lung cancer and 
cardiovascular events. Rome 2008-2012 

  

Crude Hazard 
Ratios 

 

Adjusted Hazard 
Ratios* 

 

Adjusted Hazard 
Ratios** 

  

HR * 95%CI 
 

HR * 95%CI 
 

HR * 95%CI 

Incidence of lung cancer (7,585 cases) 
         PAH 

 
1.03 0.95 1.11 

 
1.09 1.01 1.18 

 
1.10 1.01 1.19    

BaP 

 
1.03 0.96 1.10 

 
1.08 1.01 1.17 

 
1.09 1.01 1.18    

PM2.5 
 

1.08 0.99 1.16 
 

1.10 1.01 1.19 
 

1.10 1.02 1.19 
   

                
Incidence of acute coronary event (20,730 cases) 

      PAH 

 
0.88 0.84 0.92 

 
0.98 0.93 1.03 

 
0.99 0.94 1.04      

BaP 

 
0.89 0.85 0.92 

 
0.98 0.94 1.02 

 
0.99 0.94 1.03      

PM2.5 
 

0.92 0.88 0.97 
 

0.98 0.94 1.03 
 

0.99 0.94 1.04 
     

                  
Incidence of stroke (12,865 cases) 

         
  

PAH 

 
0.93 0.88 0.99 

 
1.05 0.99 1.12 

 
1.07 1.00 1.13      

BaP 

 
0.94 0.89 0.99 

 
1.05 0.99 1.11 

 
1.06 1.00 1.12      

PM2.5 

 
1.03 0.97 1.10 

 
1.10 1.03 1.17 

 
1.10 1.04 1.18      

                          
     

HR*: adjusted for occupation, education, marital status, area-based SEP, stratified by sex, with 
age as time-scale      

HR**: adjusted for occupation, education, marital status, area-based SEP,  income, diabetes, 
hypertension, stratified by sex, with age as time-scale      

 Fixed increments: 5 ug/m3 for PM2.5; 1.3 ng/m3 for PAHs and 0.3 ng/m3 for BaP 
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5 Health impact assessment of long-term exposure to air pollutants for 

selected scenarios (Action 7.3 Report) 

 

5.1 Introduction 

Several reports on heath impact of air pollution have been published in the last years. According 

to the recent Global Burden of Disease Study, more than 3 million deaths worldwide are due to 

outdoor air pollution exposure1. The European APHEKOM project assessed the public health 

impact of urban air pollution in 25 European cities2. For Rome, the authors estimated a gain in 12 

months of life for subjects aged more than 30 years if the levels of concentrations of PM2.5 were 

those recommended by the WHO (10 µg/m3 as annual average exposure). 

 

The objective of EXPAH action 7.3 was to evaluate the number of deaths for non-accidental causes 

attributable to long-term exposure to PM2.5 under the different scenarios evaluated for 2020 in 

Action 7.2.   

 

5.2 Methods 

 

The global annual mortality due to anthropogenic concentrations of pollutants has been estimated 

by employing a human health impact function used in other health studies3-5: 

 

Δ Mort = y0 *1−exp(−β Δ X)] Pop         (1) 

    

where Δ Mort is the change in annual mortality due to a given pollutant; y0 is the baseline 

mortality rate (BMR) for a given population; β is the coefficient of the concentration-response 

function (CRF) for the selected pollutant; Δ X is the change in concentration of pollutant X; and 

Pop is the total population with an age of  ≥30 years exposed to the particular pollutant.  

 

BMR data are the sex-specific crude mortality rates for non-accidental mortality (ICD-9 codes 001-

799) from the province of Rome for the population aged 30+ years, available for the years 2006-

2009. 
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The CRF describes the quantitative relationship between an increase of exposure levels and the 

relative frequency of a given effect. In this study we considered the increased risk of mortality for 

non-accidental causes experienced by population exposed to a pollutant. We derived the CRFs of 

the relationship between the change in pollutant concentrations and the risk of non-accidental 

mortality, as found in the long-term study detailed under Action 6.3. The concentration–response 

coefficients may be used to predict the effects of changing in concentration of air pollutants in 

different scenarios. 

 

Since RR=exp (β ΔX), β is obtained as the ln(HR) divided by the fixed increment of the pollutant as 

used in the HR (5 for PM2.5).  

 

As in previous studies, we applied Eq. (1) to the ambient PM2.5 concentrations and subtract a 

threshold level (i.e. 7.5 μg/m3) below which no health effects are assumed3,6. In other word, it is 

assumed that PM2.5 levels below 7.5 μg/m3 have no health consequences.  

 

We used as population data the residents in Rome aged 30+ years, derived by the Census of the 

population residing in Rome, conducted in October 2011 by the National Institute of Statistics. 

 

Mean exposure to outdoor air pollution of the population at different scenarios was calculated by 

gender using the maps of pollutants’ concentrations (1 km resolution) produced within Action 7.2 

(see Silibello et al, 2014 for details). In the frame of EXPAH project two expected future emission 

scenarios, derived by the implementation of the future AQ legislations and the related mitigation 

actions, have to be estimated. The former is the 2020 Current Legislation scenario (2020 CLE). It 

considers the future emission scenario that supposes the application of current legislation on 

PAHs emissions. The latter is the 2020 CLE scenario with the substitution of biomass with natural 

gas for house heating within Rome municipality (2020 AME).  

 

The evaluation of health effects for the above scenarios has been limited to PM2.5 as the causal 

relationship between exposure to this pollutant and health effects are clearly established from the 

literature.  
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5.3 Results 

 

Table 1 shows the average exposure to outdoor PAHs, BaP, and PM2.5 of the population aged 30 

years or more in different conditions: the 2011 base case scenario, the 2020 Current Legislation 

(CLE) scenario and the 2020 Current Legislation with additional measures (AME), already described 

in the report of Action 7.2. 

 
Table 1. Average exposure to outdoor air pollution of population aged 30+ years by 
gender in different scenarios 

 
Base Case CLE AME 

MeanExposure M F M F M F 

PAHs(ng/m3) 1.82 1.85 2.38 2.42 0.61 0.61 

BaP (ng/m3) 0.45 0.46 0.59 0.60 0.18 0.18 

PM2.5 (µg/m3) 18.5 18.6 17.2 17.3 13.7 13.7 
              

 
Both future scenarios at 2020 (ClE and AME) show a decrease in population exposure to PM2.5, 

much more evident in the scenario assuming additional reduction measures. The ClE scenario 

shows an increase of exposure to PAHs and BaP, while the AME scenario shows an important 

decrease in exposure to both PAHs and BaP concentrations. 

 

Table 2 shows the β coefficient used in formula (1) with its 95% confidence intervals. Since we did 

not find gender differences in the association between air pollution and health outcomes in Action 

6.3, we applied the same coefficients for men and women. 

 

Table 2. Concentrations Response Functions with 95% CIs of the association 
between pollutants and  health outcomes 

  β 95%CI 

    Non-accidental mortality and PM2.5 exposure 0.008 0.002 0.014 

    

 

Table 3 shows the results of the application of the formula (1) to the 2,501,958 (46% males) adult 

residents in Rome at 2011 Census, with a baseline mortality rate equal to 1,245 per 100,000 for 

men aged 30+ years, and 1,160 per 100,000 for women aged 30+ years.  
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Table 3 Number of deaths attributable to PM2.5 in 
the base case and the two scenarios 

 
Deaths 

 
Men  Women  

Base Case 

  No. 1,184 1,315 

95% CI (310-1,981) (345-2,199) 

ClE scenario   

No. 1,043 1,159 

95% CI (271-1,752) (303-1,946) 

AME  scenario 

  No. 676 749 

95% CI (175-1,147) (193-1,269) 
      

 
In Rome, the number of deaths per year attributable to PM2.5 exposure is considerable: 1,184 men 

and 1,315 women. It is projected to slightly decrease in the scenario of the current legislation, and 

it is likely to substantially decrease in the scenario with additional measures (i.e. substituting the 

biomass with natural gas for non-industrial combustion). 

 

The 95% confidence intervals provide a measure of the uncertainty of the estimates, given by the 

uncertainty related to the association between air pollution exposure and mortality. 

 

5.4. Conclusions 

 

Our estimates confirm previous results from the literature according to which PM2.5 is the 

pollutant associated with considerable effect on premature mortality. Mitigation processes are 

possible and they would lead to a substantial decrease in premature deaths attributable to air 

pollution. 
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