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Abstract 44 

 45 

Objectives 46 

 Studies on the effect of temperature on rates of work-related injuries (WRI) have only recently 47 

emerged in the literature, and are constantly evolving in depth and scope. However, less is known 48 

about potential effects of air pollutants. Our objective was to analyze the association between WRI 49 

and specific air pollutants and air temperature in three major Italian cities, and to identify groups of 50 

workers more at risk in Italy.  51 

Design time-stratified case-crossover study 52 

Settings Milan, Turin and Rome, years 2001-2010 53 

Participants A total of 468,816 WRI occurred between 2001-2010 in Milan, Turin and Rome and 54 

were extracted from the Italian national workers’ compensation authority (INAIL) database.  55 

Main outcomes Associations between WRI and temperature, particulate matter ≤ 10 µm (PM10), 56 

nitrogen dioxide (NO2 ), separately in the warm and in the cold season (WS, May-September; CS, 57 

November-February). Effect modification was studied by economic sector, occupational activity 58 

and indoor/outdoor place of work. 59 

Results  60 

Exposure to NO2 (lag 0-8) showed the highest effect on the risk of WRI,with ORs ranging from  61 

1.20 (95% CI: 1.16-1.24) in Milan to 1.30 (95% CI: 1.24-1.37) in Turin in the WS. The effect of 62 

exposure to PM10 was milder. Temperature was associated with risk of WRI only among those 63 

Page 2 of 35

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

3 

 

working in construction (highest association in Rome 1.06; 95% CI: 1.01-1.12), transportation 64 

(highest association in Milan 1.05; 95% CI: 0.96-1.14) and the energy industry (highest association 65 

in Milan 1.57; 95% CI: 1.03-2.38) in the WS in all cities. A weak effect of low temperatures was 66 

observed in the CS only in Rome.  67 

Conclusions  68 

Exposures to NO2 resulted as strongest hazard for work related injuries, mainly in warm months, 69 

while the independent effect of temperature was significant only in specific subgroups of workers. 70 

These results introduce new evidence that if confirmed by other studies should be considered when 71 

planning health and safety prevention programs. 72 

 73 

Keywords: air pollution; temperature; climate change; occupational health; work-related injuries; 74 

case crossover study 75 

 76 

Strenghts and Limitations 77 

• We used a very large dataset that was not derived from self-reported data 78 

• We analysed data from three major Italian cities with different meteorological and pollution 79 

condition 80 

• we estimated the independent effects of temperature and air pollution, controlling one for 81 

the other in the model 82 

• daily injury claims may be underestimated because of under-reporting of workers’ 83 

compensation claims and due to incomplete coverage of the public insurance system lead by 84 

INAIL 85 

• All exposure measures used were daily averages deriving from fixed points of measurement 86 

in the city 87 

Background 88 
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Extreme weather events are becoming more frequent and intense as a result of climate change [1] 89 

and the relationship between extreme temperature and population health has been well  90 

documented.[2] Furthermore, air quality is influenced by a changing climate, which in turn impacts 91 

population health.[3]The association between outdoor temperature and air pollutants with mortality 92 

and morbidity in the general population has stimulated a large body of research, identifying 93 

susceptible subgroups, such as the elderly, people with chronic respiratory and cardiovascular 94 

diseases, and children.[4,5] 95 

However, the consequences of climate and pollutants on work environments and their subsequent 96 

effects on job performance and safety are only recently coming to light.   97 

Numerous factors such as worksite location and weather conditions may affect occupational 98 

exposure to air pollution; and likewise, indoor workplace environments may affect and exacerbate 99 

the adverse health effects of exposure to outdoor air pollutants. This is particularly a concern in 100 

workers with pre-existing health conditions and could theoretically lead to an increase in safety 101 

issues. The association between intense and prolonged occupational exposure to heat and and health 102 

effects on workers is characterized by dehydration and spasms, increased perceived fatigue, reduced 103 

productivity and decreased reaction capacities,[6] exacerbating hazards resulting from sweaty 104 

palms, fogged-up safety glasses, dizziness, and reduced brain function. [7-11] Young, male workers 105 

and those in occupations requiring physical labor, and outdoor workers, are at higher risk of adverse 106 

impact because of their exposure to heat and humid conditions.[12-14] As well, workers exposed to 107 

extreme cold may be at risk of cold stress, increased cardiovascular and respiratory diseases risks, 108 

musculoskeletal and dermatological disorders and injuries related to hypothermia.[7,15] 109 

There is good evidence of the negative effects of short-term exposure to PM10 on respiratory health, 110 

such as aggravated asthma, respiratory symptoms and an increase in hospital admissions.[16] 111 

Nitrogen dioxide (NO2) is a strong respiratory irritant gas originating from high-temperature 112 

combustion; a large study has shown a positive association between daily increases of NO2 and 113 
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natural, cardiovascular, and respiratory mortality.[17] Also, air pollution has been shown to 114 

negatively affect other outcomes such as productivity of agricultural workers.[18]  115 

In addition, levels of exposure to pollutants might also vary according to several factors, such as 116 

SES, educational level, air conditioning use, proximity to roadways, and work environment.[19]  117 

The warm season has been seen to be the strongest effect modifier of the effect of some pollutants 118 

on natural mortality;[20,21] this might be due to the fact that in summer, measured concentrations 119 

of air pollutants are more representative of true exposure because people spend more time outside 120 

and open windows more often.   121 

A recently published review [22] summarized what is known about the heat and cold effects on 122 

work related injuries, and identified categories of workers at risk and evaluated heterogeneity and 123 

sources of bias of the included studies. Authors concluded that most studies had design limitations 124 

with regards to establishing a causal relationship and underlined the need for good quality studies 125 

that provide accurate estimates of relative risk of heat effects on occupational injuries.  126 

The objective of this study is to estimate the short-term effects of summer and winter outdoor 127 

temperatures and air pollution on the risk of work related injuries, and to identify susceptible groups 128 

of workers.  129 

 130 

Methods 131 

Study population 132 

We examined all work injuries that occurred between May and September and between November 133 

and February in the years 2001- 2010 in three major Italian cities: Milan, Turin and Rome. 134 

Data were extracted from the Italian national workers’ compensation authority (INAIL) database, 135 

which covers about 85% of Italian workers. For each injury episode that caused absences of three or 136 

more days, we gathered socio-demographic characteristics, occupation, and job title, and modalities 137 

and causes of the injury. Injuries in subjects younger than 17 years of age were excluded.  138 

Meteorological and air pollution data 139 
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Rome, Milan and Turin are large metropolitan areas with different climatic conditions. Milan and 140 

Turin are located in Northern Italy and have a cold humid subtropical or mild continental climate, 141 

characterized by hot, humid summers with frequent thunderstorms and cold, damp winters often 142 

featuring fog in low-lying areas.  Rome is located in central Italy 20 km from the Tyrrhenian Sea 143 

and has a typical Mediterranean climate with hot, dry summers and mild, wet winters. 144 

Based on previous heat studies conducted in the same cities we chose maximum daily apparent 145 

temperature (MAT) [23,24] for the warm season (May-September), and maximum daily 146 

temperature (TMAX) for the cold season (November-February) as indicators of temperature.[25] 147 

These were  measured at the airport station closest to each city. With regards to air pollutants, we 148 

used the 24-hr mean daily value of nitrogen dioxide (NO2) and of particulate matter with an 149 

aerodynamic diameter of 10 µm (PM10). Data were extracted from the Regional Environmental 150 

Protection Agency (ARPA); we used city-specific daily mean values for all subjects.[26]  151 

 152 

Statistical analysis 153 

The analysis was organized in three steps. Because not much is already known about the 154 

relationship between work related injuries and temperature and air pollution variations, we first 155 

explored the city and season-specific lag structures of each exposure. We used a non-linear 156 

distributed lag model (DLNM),[27] allowing a maximum lag structure of 30 days, with the aim of 157 

selecting the lags showing the strongest association.. As a second step we checked the linearity of 158 

the environmental exposure- injury risk relationship, at the lag defined by the previous step,  159 

through a Poisson generalized additive model, in each city and season, adjusting for long-time and 160 

seasonal trends.  161 

As a third step the effect of environmental exposures on work-injury risk was evaluated using a 162 

time stratified case-crossover design separately for each city.[28] For each “case” (the day a work 163 

injury occurred) three more days were chosen as controls, matched by day of the week, month and 164 

year with the case day, to control for long-term trends, seasonality and day of the week. We 165 
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estimated odds ratios (OR) and 95% confidence intervals (CI) through a conditional logistic 166 

regression model, further adjusted for holidays and influenza epidemics (only in the cold season). 167 

Models were exposure, season, and city specific. Lags and shape of the relationship were those 168 

defined in the previous two steps.  169 

We adjusted one exposure with the others in the model only when their correlation was lower than 170 

0.4.  171 

We tested potential effect modification of the environmental exposure-injury risk relationship by 172 

economic sector (using NACE classification), time spent outdoors or indoors and occupational 173 

activity, including interaction terms.  174 

 175 

Patient and Public Involvement 176 

Patients and or public were not involved in this study 177 

 178 

Results 179 

Study Population 180 

We analyzed a total of 468,807 work-related injuries, more than half of which occurred in the warm 181 

season (Table 1). 182 

 183 

Table 1. Injury distribution by workers’ demographic and job characteristics, 2001-2010. 184 

  Warm Season   Cold Season 

Total : 468,807 262,804  206,003 

Age group, n(%)    

< 30  60,599 (23.1)  48,408 (23.5) 

30 - 50  158,086 (60.2)  121,997 (59.2) 

>50  44,119 (16.8)  35,598 (17.3) 

Gender, n(%)      

Male  165,054 (62.8)  124,671 (60.5) 

Female 97,750 (37.2)  81,332 (39.5) 

 

Economic sector, n(%)     

Transport 31,914 (12.1)  24,257 (11.8) 

Agro-industry 1,242 (0.5)  969 (0.5) 

Page 7 of 35

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

8 

 

Fishery 2 (0.0)  2 (0.0) 

Mineral extraction 179 (0.1)  140 (0.1) 

Electricity gas and water 1,725 (0.7)  1,418 (0.7) 

Construction 23,373 (8.9)  16,208 (7.9) 

Food, textile and wood industry 6,588 (2.5)  5,264 (2.6) 

Electrical, chemical, petrochemical 

and rubber processing industry 8,445 (3.2)  6,511 (3.2) 

Mechanical and metallic industry 10,860 (4.1)  7,413 (3.6) 

Business and food service 44,810 (17.1)  34,690 (16.8) 

Healthcare system 14,719 (5.6)  11,980 (5.8) 

Public services, financial activities  118,947 (45.3)  97,151 (47.2) 

 

Working time spent, n(%)      

Indoor 105,215 (40.0)  87,578 (42.5) 

 Indoor high temperature exposure 7,099 (2.7)  5,669 (2.8) 

Indoor/Outdoor 88,231 (33.6)  65,299 (31.7) 

Outdoor 23,585 (9.0)  16,442 (8.0) 

Missing 38,674 (14.7)   31,015 (15.1) 

 185 

Meteorological and air pollutants data 186 

Warm season  187 

Rome and Milan showed a common median value of MAT of about 28°C, while Turin showed a 188 

median MAT of 26°C. Rome had the higher minimum temperature, (eTable 1, supplementary 189 

material). As for pollution, values were quite similar in the three cities; we observed a moderate 190 

correlation between PM10 and NO2 (ρ≥0.5) in all cities and between MAT and PM10 (ρ=0.4) in 191 

Rome (eTable 2, supplementary material).   192 

 193 

Cold season  194 

Rome was the warmest city with a median TMAX of 13°C, while Turin and Milan were cooler and 195 

had similar median TMAX values of about 8°C. We observed a minimum of -8°C for TMAX in 196 

Turin and of -3°C in Milan, while Rome never went below 5°C of TMAX  (eTable 1, supplementary 197 

materials). As for air pollution we observed similar values of NO2 in the three cities, and higher 198 

values of PM10 in Turin and Milan. (eTable 1, supplementary materials). We observed positive 199 
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correlations between PM10 and NO2 in Turin (ρ=0.5) and Milan (ρ=0.6) (eTable 2, supplementary 200 

material). 201 

Lag structure and shape of the exposure-work injury relationship (step 1 and step2) 202 

Analysis of the lag structure indicated a delayed effect on injury risk of all analysed exposures; 203 

during the warm period the greatest effects were observed within the first week after exposure, 204 

while in the cold period effects could persist up to 20 days. (eFigure 1, eFigure 2, eFigure 3, 205 

supplementary material). A summary, for all exposures, of chosen lags and of the shape of 206 

relationship (linear/non linear) with WRI risk were reported in Figure 1.  207 

In the warm period the work-related injury/temperature relationship was linear in Rome (eFigure 4, 208 

supplementary materials) and non-linear in Turin and Milan. In these two cities we estimated ORs 209 

comparing city-specific MAT levels chosen in order to maximize the contrast. In particular, we 210 

compared the 90th percentile (33°C) versus the 50th (26°C) in Turin and 90th percentile (34°C) 211 

versus the 10th (21°C) in Milan; results for Rome were reported for the interquartile range (32°C 212 

versus 24°C) to facilitate comparisons. As for air pollutants, the PM10/WRI relationship was linear 213 

in Rome and nonlinear in Turin and Milan (eFigure 5, supplementary material), while the NO2/WRI 214 

relationship was linear in Rome and Turin and non-linear in Milan (eFigure 6, supplementary 215 

material).  216 

In the cold months, the WRI/temperature relationship was non-linear in the three cities (eFigure 4, 217 

supplementary material). We estimated ORs comparing city-specific TMAX’s levels, in particular 218 

we compared the 10th percentile (4°C) versus the first percentile (2°C) in Turin, the 25th percentile 219 

(6°C) versus the 5th (4°C) in Milan and the 25th percentile (10°C) versus the 5th (8°C) in Rome. 220 

Air pollutants–WRI relationship was linear in all the three cities for both PM10 and NO2. We 221 

estimated effects comparing the 95th percentile versus the 25th in both climatic periods (eFigure 5, 222 

eFigure 6, supplementary material). 223 

Conditional logistic regression models (step 3) 224 
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In the warm season, the univariate analysis showed a positive association between WRI and MAT, 225 

PM10 and NO2 in all cities. In the cold season, we observed an inverse association between WRI and 226 

TMAX and a positive one between WRI and NO2 in all cities, and between WRI and PM10 only in 227 

Rome. 228 

When adjusting temperature for one pollutant at a time in the warm months, the association with 229 

WRI resulted to be non-significant, while there was a positive significant effect when adjusting for 230 

temperature of both PM10 and NO2 in all cities; in the cold months we observed a significant 231 

association of NO2 with WRI in all cities, and of TMAX and PM10 in Rome. We reported only 232 

adjusted estimates. (Table 2) 233 

 234 

Table 2. Adjusted Odds ratios (ORs) of WRI for temperature and air pollutants levels variations in 235 

Turin, Milan and Rome. Period 2001-2010. 236 

 237 

 238 

Environmental exposures OR (95% CI) 
Comparison 

(percentile) 

WARM SEASON (May-September) a 

Turin   

Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.02 (0.99, 1.06)   90th vs 50th 

PM10 (µg/m3) (Lag* 0-6) c 1.09 (1.05, 1.12) 95th vs 25th 

NO2 (µg/m
3
) (Lag

* 
0-8)

 c
 1.30 (1.24, 1.37) 95th vs 25th 

Milan   

Daily maximum apparent temperature (°C) (Lag
* 

1-7) 
b
 1.01 (0.98, 1.04) 90th vs 10th 

PM10 (µg/m
3
) (Lag

* 
0-7)

 c
 1.13 (1.10, 1.16) 95th vs 25th 

NO2 (µg/m
3
) (Lag

* 
0-8)

 c
 1.20 (1.16, 1.24) 95th vs 25th 

Rome   

Daily maximum apparent temperature (°C) (Lag
* 

1-7) 
b
 1.00 (0.99, 1.02) 75th vs 25th 

PM10 (µg/m
3
) (Lag

* 
0-7)

 c
 1.15 (1.11, 1.18) 95th vs 25th 

NO2 (µg/m
3
) (Lag

* 
0-8)

 c
 1.22 (1.16, 1.28) 95th vs 25th 

COLD SEASON (November – February) d 

Turin   

Daily maximum temperature (°C) (Lag
* 
6-21) 

b
 1.05 (0.93, 1.18) 1th vs 10th 

PM10 (µg/m3) (Lag* 2-12) e 0.98 (0.94, 1.02) 95th vs 25th 

NO2 (µg/m
3
) (Lag

* 
0-4)

 e
 1.11 (1.06, 1.17) 95° vs 25th 

Milan   

Daily maximum temperature (°C) (Lag
* 
6-21)

 b
 0.94 (0.92, 0.96) 5th vs 25th 

PM10 (µg/m
3
) (Lag

* 
0-3)

 e
 1.00 (0.98, 1.03) 95th vs 25th 

NO2 (µg/m3) (Lag* 0-3) e 1.09 (1.06, 1.11) 95th vs 25th 

Page 10 of 35

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

11 

 

Rome   

Daily maximum temperature (°C) (Lag* 0-6) b 1.02 (1.00, 1.04) 5th vs 25th 

PM10 (µg/m
3
) (Lag

* 
5-19)

 e
 1.05 (1.03, 1.08) 95th vs 25th 

NO2 (µg/m
3
) (Lag

* 
1-4)

 e
 1.04 (1.02, 1.06) 95th vs 25th 

a
 Final conditional regression model adjusted by holidays.  

b Adjusted for NO2   
c
 Adjusted for MAT   

d Final conditional regression model adjusted by influenza epidemics and holidays. 
e Adjusted for TMAX 
*  

Lags expressed in days. 

   

 239 

The effect of NO2 240 

Exposure to NO2 showed the highest positive association with the risk of being injured at work in 241 

both seasons and in all cities. In the warm season, an increase of NO2 from the 25th to the 95th 242 

percentile was associated with an increase in work injuries ranging between 1.20 (95% CI: 1.16-243 

1.24) in Milan and 1.30 (95% CI: 1.24-1.37) in Turin; in the cold season the effect of NO2 was 244 

lower, ranging between 1.04  (95% CI: 1.02-1.06) in Rome and 1.11 (95% CI: 1.06-1.17) in Turin. 245 

(Table 2) 246 

The effect of PM10 247 

An increase of PM10 from the 25th to the 95th percentile in the warm season was associated with an 248 

increase in WRI ranging between 1.09 (95% CI: 1.05-1.12), in Turin, and 1.15 (95% CI: 1.11-1.18), 249 

in Rome. During the cold season, we found a significant effect of PM10 only in Rome with a 1.05 250 

(95% CI: 1.03-1.08) increase in WRI. (Table 2) 251 

The effect of temperature 252 

No significant association between temperature and injury risk was observed in the warm season 253 

overall, but for workers in the following economic sectors: transportation (Turin 1.00 - 95% CI: 254 

0.89-1.13; Milan 1.05; 95% CI: 0.96-1.14; Rome 1.04; 95% CI: 1.00-1.09), construction (Turin 255 

1.07 - 95% CI: 0.95-1.21; Milan 1.07; 95% CI: 0.97-1.17; Rome 1.06; 95% CI: 1.01-1.12) and 256 

energy industries (Turin 1.56 - 95% CI: 0.95-2.58; Milan 1.57; 95% CI: 1.03-2.38; Rome 1.00; 257 

95% CI: 0.85-1.18) (Figure 2). However the effect was modest. 258 
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The association between WRI and temperature or air pollutants by occupational activity was 259 

estimated only for those injuries occurred in one of the three economic sectors with a significant 260 

association between temperature and WRI, and only in the warm season (Transportation, 261 

Construction, and Electricity Gas and Water - Figure 2). In order to have enough statistical power 262 

we aggregated into a single category all those occupational activities for which less than 20 injuries 263 

were reported in at least one city. Blacksmith, mechanic, installer, motor worker, road worker, 264 

warehouse worker, attendant and asphalter were the only activities for which we observed a 265 

significant effect of temperature on WRI. The highest effects were observed for road workers 266 

(OR:4.05 - 95% CI:1.20-13.66), warehouse workers (OR:4.45 - 95% CI:1.10-18.02) and attendants 267 

(OR:6.91 - 95% CI:1.42-33.57). (Figure 3) 268 

We also observed a significant effect of MAT on those working outdoors in Milan (OR:1.12 - 95% 269 

CI: 1.02-1.23) and Rome (OR:1.07 - 95% CI: 1.01-1.12), and among those working both outdoors 270 

and indoors only in Rome (OR:1.03 - 95% CI: 1.00-1.06). No effect was observed among those 271 

working only indoors (Figure 4).  272 

In the cold season, a decrease of TMAX from 4°C to 2°C was associated with a weak and not 273 

significant increase in WRI (OR: 1.02; 95% CI: 1.00-1.04) in Rome (Table 2) while in Turin and 274 

Milan no effect was observed. 275 

No effect modifiers of TMAX-WRI in the cold season or of the air-pollutant/WRI relationship in 276 

either season was found. 277 

Discussion 278 

This is the first study conducted in Italy to analyze the independent effects of temperature (hot and 279 

cold) and air pollutants on the risk of work-related injuries. The strongest effects on WRI risk was 280 

due to exposure to NO2 in the warm season, with a WRI risk up to 1.3 times higher when NO2 281 

levels increased from the 25th to 95th percentile of its city-specific distribution.  282 

In general we observed a significant association between exposure to NO2 and WRI in both seasons, 283 

in all job categories, and in all cities; and between PM10 and WRI only in Rome during the warm 284 
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season. Temperature showed a significant effect only in specific occupational activities during the 285 

warm season (April to October). 286 

The relationship between NO2 and the occurrence of work related injuries had a similar shape in the 287 

three cities in both periods (eFigure 6, supplementary material). As expected, NO2 values were lower 288 

in the warm than in the cold season, with median values in the three cities of about 50 µg/m
3 

and 73 289 

µg/m
3 

respectively. Despite this, there was a stronger association between NO2 and WRI in the 290 

warm than in the cold season, possibly due to a “ceiling effect”, given that levels of NO2 in the cold 291 

season are always higher. It is also noticeable that the effect of NO2 remained constant regardless of 292 

economic sector or occupational activity.  293 

PM10 levels showed a similar trend as NO2, with lower levels in the warmer months and higher 294 

levels and a low day by day variability in the cold period. Only in Rome, the southern of the three 295 

cities, PM10 showed lower and more variable levels in the cold period. (eTable 1, supplementary 296 

material); and it is interesting to observe that an increase of PM10 is associated to an increase in WRI 297 

in this season only in Rome. In the warm months the effect of PM10 is consistent in the three cities, 298 

but lower then that of NO2. On days in which PM10 levels reach the 75th percentile of the city 299 

specific distribution the risk of WRI is 10% higher than on  days when PM10 levels are around their 300 

25th percentile. 301 

The similar shape of the pollutant-WRI risk both among cities and among pollutants supports our 302 

study’s  robustness Furthermore, what is known about the short term health effects of exposure to 303 

air pollutants [29-31] made it reasonable to think of potential effects on work-related injuries. Some 304 

previous studies have analyzed health-related outcomes in specific categories of workers, 305 

particularly those exposed to urban stressors, such as street vendors and policemen, and they 306 

showed some effects on cardiovascular diseases, pregnancy outcomes, and respiratory diseases.[32-307 

36,18] One study measured a negative economic impact of exposure to air pollutants in agriculture 308 

workers, finding lower productivity on more polluted days.[18] (Zivin and Neidell, 2012). Finally, a 309 
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recent study [32]  tried to measure the association between occupational exposure to ozone and 310 

respiratory diseases, with no conclusive results.  311 

Mounting experimental evidence suggests that, in addition to the cardiopulmonary system, the brain 312 

may be a target of air pollution. Specific mental and neurological disorders, such as depression and 313 

headache, as well as suicide have all been linked to ambient air pollution.[37,38] Inhaled 314 

concentrated ambient particulate matter may translocate to the brain and produce neuroendocrine 315 

and neuropathological alterations.[39] The lag of these effects was short, two or three days;[40] so 316 

it is reasonable to think that these exposures might explain the association between pollution and 317 

work related injuries.  318 

As for heat, our study showed an increase of injuries only among bricklayers, blacksmiths, 319 

mechanics, installers and asphalters working in  transportation, construction and energy economic 320 

sectors , and in the more generic group of those working outdoor or performing both outdoor and 321 

indoor tasks, but not among those who work only indoors. These results are consistent with 322 

previous studies.[41,42]  323 

It is interesting that the unadjusted OR of MAT on WRI during the warm season ranged from 1.03 324 

in Rome (75° vs 25° percentile, range=8°C) to 1.06 in Turin (90° vs 50° percentile, range=7°C), but 325 

these effects lowered to 1.01 and became not significant when adjusting for air pollution. The 326 

observed confounding of temperature by pollution should be considered when comparing our 327 

results to unadjusted estimates of temperature-WRI associations from other published studies. 328 

Two previous studies conducted in Italy [43] and in Australia [41] found an inverse U-shaped 329 

relationship between high temperatures and WRI in summer, with  maximum risk on warm days but 330 

not on extremely hot days. We observed a similar relationship in Turin and Milan, where maximum 331 

effects were observed at 33°C-34°C, while they remained stable or decreased afterwards. In Rome, 332 

which experiences warmer summer conditions than Milan and Turin, we found a linear relationship 333 

consistent with what was observed in two recent studies conducted in Melbourne and in Quebec. 334 

[42,12] Different population characteristics as well as temperature distributions might influence 335 
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these differences between cities. Furthermore, it has to be considered that the trend in the effects 336 

observed in Milan and Turin might be biased by the lower statistical power in the highest extremes 337 

of the temperature distribution, due to the fewer days observed with those temperature levels. This 338 

is not the case in Rome where temperatures even above 34°C are adequately represented.  339 

Ambient heat might increase metabolic heat that is normally produced in activities requiring 340 

physical exertion; accordingly we have observed an effect of heat in more physically demanding 341 

economic sectors and occupational activities. We categorized workers according to three different 342 

criteria as suggested in a previous study:[12] economic sector, occupational activity and outdoor or 343 

indoor location. This classification allowed us to measure both the risk associated with physical 344 

demands (economic sector and occupational activity) and the gradient of exposure to outdoor heat. 345 

Our results showed higher susceptibility among those working outdoors and no effects on those 346 

working only indoors, confirming that those working outdoors are more susceptible to pollution and 347 

temperatures exposure. However, when analysing single occupational activities, we found that 348 

among the most susceptible there were some (mechanics, warehouse workers and attendants) who 349 

spend more time indoor than outdoor but still require high physical exertion. Strenuous activity, and 350 

use of heavy impermeable personal protective clothing might increase metabolic heat and increase 351 

the risk of injuries. This might suggest that the level of physical strength required by the occupation 352 

might be an important effect modifier to be taken into account for heat-related risk, independent of 353 

work location.[12]  354 

An important strength of this study is that we estimated the independent effects of temperature and 355 

air pollution, controlling one for the other in the model. Also, we used a very large dataset that was 356 

not derived from self-reported data. However, our study presents some limits. The study population 357 

was drawn from the Italian public insurance system database that covers all work-related injuries 358 

due to violent causes that leads to death, permanent disability or temporary total disability lasting at 359 

least three days, and all occupational diseases. It is remarkable to consider that workers covered by 360 

the public insurance system for injuries and occupational diseases make up approximately 80-85% 361 
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of the whole workforce in Italy. However, daily injury claims may be underestimated because of 362 

under-reporting of workers’ compensation claims and due to incomplete coverage of the public 363 

insurance system lead by INAIL. Some occupational activities, such as firefighters and the armed 364 

forces, benefit from a specific welfare system in Italy and are not included in the analyzed dataset. 365 

The distribution of daily injury claims by economic sector varies greatly and the relatively small 366 

numbers in some sectors dictates a cautious interpretation of results for less represented subgroups. 367 

All exposure measures used were daily averages deriving from fixed points of measurement in the 368 

city, implying each worker was attributed the same level of exposure independently of his location 369 

in the city at the moment of injury, thus having a potential bias in exposure due to different 370 

temperatures and pollutants within the city on a given day. However, the error associated with this 371 

generalization in exposure is considered to be low.[44] Finally collinearity among NO2 and PM10 372 

didn’t allow to adjust one pollutant for the other, so that the estimate of pollutant effect might be 373 

confounded by concomitant exposure to the other one. This limit is proper of almost all air pollution 374 

studies. 375 

 376 

Conclusions 377 

Our results suggest that exposure to nitrogen dioxide in the warm months strongly increase the risk 378 

of work related injuries among all categories of workers. These results suggest the need to further 379 

look into this association, to confirm our findings and to better understand the underlying 380 

mechanisms. Our results also show that , after removing the confounding effect of co-exposure to 381 

air pollution, the exposure to high temperature represents a risk  only among workers who have 382 

heavier work loads and among those who spend most of their time outdoors. Finally our results 383 

confirms that in Italy, which is a Mediterranean country with a generally mild climate, ambient 384 

exposures represent a hazard for work related injuries only during the warmer months.  385 
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These results contribute to the increasing knowledge about the association between temperature and 386 

work related injuries, and add new evidence about the potential effects of pollutants that have not 387 

yet been studied in Italy except on very specific subgroups.  388 

Identifying specific subgroups of workers as the most susceptible to these specific exposures is 389 

crucial information for public health organizations in order to properly target prevention plans. 390 

 391 

 392 

 393 

 394 

 395 

 396 

Abbreviations 397 

WRI, work related injuries;  398 

PM10, particulate matter with an aerodynamic diameter of 10 µm or less;   399 

NO2, nitrogen dioxide; 400 

MAT, maximum apparent temperature;  401 

TMAX, maximum temperature;  402 

DLNM, non-linear distributed lag model;  403 

OR, odd ratio;  404 

CI, confidence interval. 405 
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 647 

 648 

 649 

 650 

 651 

 652 

 653 

Figures: 654 

Figure 1. Graphical summary of lags and shapes of exposures/WRI relationship (linear/non linear) by 655 

season and city. 656 

 657 

Figure 2. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase*, by economic sectors, 658 

during warm season (May-September) in Turin, Milan and Rome. 659 

* Turin: 90° vs 50° percentile of MAT 660 

   Milan: 90° vs 10° percentile of MAT 661 

   Rome: 75° vs 25° percentile of MAT 662 

 663 

Figure 3. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase* by occupational 664 

activities, in Transportation, Construction, Electricity gas and water industries, during warm season 665 

(May-September) in Turin, Milan and Rome. 666 

* Turin: 90° vs 50° percentile of MAT 667 

   Milan: 90° vs 10° percentile of MAT 668 

   Rome: 75° vs 25° percentile of MAT 669 

 670 

Figure 4. Odds Ratios of WRI for MAT*, NO2
§
 and PM10

§
 increases by INDOOR/OUTDOOR job 671 

activity during warm season (May-September) in Turin, Milan and Rome. 672 

* Turin: 90° vs 50° percentile of MAT 673 

   Milan: 90° vs 10° percentile of MAT 674 

   Rome: 75° vs 25° percentile of MAT 675 
§ 95° vs 25° percentile of the distribution of the both air pollutants in the three cities 676 

 677 
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eTable 1. Temperature and pollutants distribution in Turin, Milan and Rome by seasonal period, 2001–2010. 

 

Exposure Min 25° pctl 50° pctl 75° pctl Max 

WARM SEASON (May - September) 

Turin 
Daily maximum apparent temperature (°C)  9.0 22.3 26.3 30.1 39.7 

PM10 (μg/m3)  1.0 20.7 28.0 36.5 89.5 

NO2 (μg/m3)  12.7 36.8 47.2 59.6 135.1 

Milan 

Daily maximum apparent temperature (°C)  6.7 23.9 28.3 32.6 44.0 

PM10 (μg/m3)  4.9 22.5 29.6 38.5 87.4 

NO2 (μg/m3)  11.2 33.9 43.4 53.8 128.1 

Rome 

Daily maximum apparent temperature (°C)  12.4 24.4 28.3 32.2 39.7 

PM10 (μg/m3)  7.3 26.3 32.1 39.6 106.0 

NO2 (μg/m3)  11.9 41.9 52.3 62.7 110.1 

COLD SEASON (November – February) 

Turin 

Daily maximum temperature (°C)  -7.6 4.7 7.7 10.9 24.9 

PM10 (μg/m3)  8.0 50.5 75.0 102.0 242.0 

NO2 (μg/m3) 19.9 64.9 79.0 92.9 197.9 

Milan 
Daily maximum temperature (°C)  -3.2 5.3 8.3 11.3 21.6 

PM10 (μg/m3)  9.3 44.3 67.3 93.2 314.6 

NO2 (μg/m3) 29.6 60.2 72.3 87.2 202.1 

Rome 
Daily maximum temperature (°C)  5.5 10.3 12.6 14.5 23.2 

PM10 (μg/m3)  10.7 27.4 39.4 53.9 141.6 

NO2 (μg/m3) 23.9 58.4 68.1 78.2 117.3 
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eTable 2. Pearson correlation coefficients between daily temperature and pollutants in both seasons for the 

three cities. 

 

* p-value < 0,05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TURIN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-6 TMAX lag 6-21 NO2 lag 0-4 PM10 lag 2-12
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.12* 1 NO2 lag 0-4 -0.42* 1
PM10 lag 0-6 -0.01* 0.61* 1 PM10 lag 2-12 -0.20* 0.51* 1

MILAN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 6-21 NO2 lag 0-3 PM10 lag 0-3
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.22* 1 NO2 lag 0-3 -0.36* 1
PM10 lag 0-7 0.28* 0.56* 1 PM10 lag 0-3 -0.29* 0.77* 1

ROME

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 0-6 NO2 lag 1-4 PM10 lag 5-19
MAT lag 1-7 1 TMAX lag 0-6 1
NO2 lag 0-8 -0.08* 1 NO2 lag 1-4 -0.05 1
PM10 lag 0-7 0.40* 0.49* 1 PM10 lag 5-19 -0.01 0.19* 1

WARM SEASON COLD SEASON
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eFigure 1. Lag structure of Relative Risks (RR) of injury for 1 °C increase in temperature in the three cities 

obtained by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 2. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in PM10 in the three cities obtained 

by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 3. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in NO2 in the three cities obtained 

by distributed lag models, warm season (A) and cold season (B) 
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eFigure 4. The injury-temperature relationship in Turin, Milan and Rome in warm season (A) and cold 
season (B), estimated by a Poisson generalized additive models 
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eFigure 5. The injury–PM 10 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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eFigure 6. The injury–NO 2 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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43 Abstract

44 Objectives

45  Studies on the effect of temperature on rates of work-related injuries (WRI) are very recent, and are 

46 evolving in depth and scope. However less is known about potential effects of air pollutants. Our 

47 objective was to analyze the association between WRI and NO2, PM10 and air temperature in three 

48 major Italian cities, and to identify groups of workers more at risk in Italy. 

49 Design time-stratified case-crossover study

50 Settings Milan, Turin, Rome, years 2001-2010

51 Participants A total of 468,816 WRI occurred between 2001-2010 in Milan, Turin and Rome were 

52 extracted from the Italian national workers’ compensation authority (INAIL) database. 

53 Main outcomes Associations between WRI and temperature, PM10, NO2, separately in the warm 

54 and in the cold season (WS, May-September; CS, November-February). Effect modification was 

55 studied by economic sector, occupational activity and indoor/outdoor job activity.

56 Results 

57 Exposure to NO2 (lag 0-8) showed the highest effect on the risk of WRI,with ORs ranging from  

58 1.20 (95% CI: 1.16-1.24) in Milan to 1.30 (95% CI: 1.24-1.37) in Turin in the WS. The effect of 

59 exposure to PM10 was milder  but consistent across all cities:  ORs from 1.09 (95% CI: 1.05-1.12) 

60 in Turin  to 1.15 (95% CI: 1.11-1.18) in Rome. Temperature was associated with risk of WRI only 

61 among those working in construction (highest association in Rome 1.06; 95% CI: 1.01-1.12), 

62 transportation (highest association in Milan 1.05; 95% CI: 0.96-1.14) and the energy industry 
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3

63 (highest association in Milan 1.57; 95% CI: 1.03-2.38) in the WS in all cities. A weak effect of low 

64 temperatures was observed in the CS only in Rome. 

65 Conclusions 

66 Exposures to NO2 resulted as strongest hazard for work related injuries, mainly in warm months, 

67 while the independent effect of temperature was significant only in specific subgroups of workers. 

68 These results could be considered to better plan safety prevention programs.

69 Keywords: air pollution; temperature; climate change; occupational health; work-related injuries; 

70 case crossover study

71

72 Strenghts and Limitations

73  We used a very large dataset that was not derived from self-reported data

74  We analysed data from three major Italian cities with different meteorological and pollution 

75 condition

76  we estimated the independent effects of temperature and air pollution, controlling one for 

77 the other in the model

78  daily injury claims may be underestimated because of under-reporting of workers’ 

79 compensation claims and due to incomplete coverage of the public insurance system lead by 

80 INAIL

81  All exposure measures used were daily averages deriving from fixed points of measurement 

82 in the city

83 Background

84 Extreme weather events are becoming more frequent and intense as a result of climate change [1] 

85 and the relationship between extreme temperature and population health has been well  

86 documented.[2] Furthermore, air quality is influenced by a changing climate, which in turn impacts 

87 population health.[3]The association between outdoor temperature and air pollutants with mortality 

88 and morbidity in the general population has stimulated a large body of research, identifying 
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4

89 susceptible subgroups, such as the elderly, people with chronic respiratory and cardiovascular 

90 diseases, and children.[4,5]

91 However, the consequences of climate and pollutants on work environments and their subsequent 

92 effects on job performance and safety are only recently coming to light.  

93 Numerous factors such as worksite location and weather conditions may affect occupational 

94 exposure to air pollution; and likewise, indoor workplace environments may affect and exacerbate 

95 the adverse health effects of exposure to outdoor air pollutants. This is particularly a concern in 

96 workers with pre-existing health conditions and could theoretically lead to an increase in safety 

97 issues. The association between intense and prolonged occupational exposure to heat and health 

98 effects on workers is characterized by dehydration and spasms, increased perceived fatigue, 

99 exacerbating hazards resulting from sweaty palms, fogged-up safety glasses, dizziness, and reduced 

100 brain function. [7-11], reduced productivity and decreased reaction capacities.[6] Young, male 

101 workers and those in occupations requiring physical labor, and outdoor workers, are at higher risk 

102 of adverse impact because of their exposure to heat and humid conditions, as well as prolonged 

103 exposure to solar radiation and/or other artificial heat sources.[12-15] Furthermore, cultural social 

104 and ethnical characteristics of workers could play a significant role. [16] As well, workers exposed 

105 to extreme cold may be at risk of cold stress, increased cardiovascular and respiratory diseases 

106 risks, musculoskeletal and dermatological disorders, loss of dexterity and injuries related to 

107 hypothermia.[7,17]

108 There is good evidence of the negative effects of short-term exposure to PM10 on respiratory health, 

109 such as aggravated asthma, respiratory symptoms and an increase in hospital admissions.[18] 

110 Nitrogen dioxide (NO2) is a strong respiratory irritant gas originating from high-temperature 

111 combustion; a large study has shown a positive association between daily increases of NO2 and 

112 natural, cardiovascular, and respiratory mortality.[19] Also, air pollution has been shown to 

113 negatively affect other outcomes such as productivity of agricultural workers.[20] 
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114 In addition, levels of exposure to pollutants might also vary according to several factors, such as 

115 SES, educational level, air conditioning use, proximity to roadways, and work environment.[21] 

116 The warm season has been seen to be the strongest effect modifier of the effect of some pollutants 

117 on natural mortality;[22,23] this might be due to the fact that in summer, measured concentrations 

118 of air pollutants are more representative of true exposure because people spend more time outside 

119 and open windows more often.  

120 A recently published review [24] summarized what is known about the heat and cold effects on 

121 work related injuries, and identified categories of workers at risk and evaluated heterogeneity and 

122 sources of bias of the included studies. Authors concluded that most studies had design limitations 

123 with regards to establishing a causal relationship and underlined the need for good quality studies 

124 that provide accurate estimates of relative risk of heat effects on occupational injuries. 

125 The objective of this study is to estimate the short-term effects of summer and winter outdoor 

126 temperatures and air pollution on the risk of work related injuries, and to identify susceptible groups 

127 of workers. 

128

129 Methods

130 Study population

131 We examined all work injuries that occurred between May and September and between November 

132 and February in the years 2001- 2010 in three major Italian cities: Milan, Turin and Rome.

133 Data were extracted from the Italian national workers’ compensation authority (INAIL) database, 

134 which covers about 85% of Italian workers. For each injury episode that caused absences of three or 

135 more days, we gathered socio-demographic characteristics, occupation, and job title, and modalities 

136 and causes of the injury. Injuries in subjects younger than 17 years of age were excluded. 

137 Meteorological and air pollution data

138 Rome, Milan and Turin are large metropolitan areas with different climatic conditions. Milan and 

139 Turin are located in Northern Italy and have a cold humid subtropical or mild continental climate, 
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140 characterized by hot, humid summers with frequent thunderstorms and cold, damp winters often 

141 featuring fog in low-lying areas.  Rome is located in central Italy 20 km from the Tyrrhenian Sea 

142 and has a typical Mediterranean climate with hot, dry summers and mild, wet winters.

143 Based on previous heat studies conducted in the same cities we chose maximum daily apparent 

144 temperature (MAT) [25-27] for the warm season (May-September), [28] and maximum daily 

145 temperature (TMAX) for the cold season (November-February) as indicators of temperature.[29] 

146 These were  measured at the airport station closest to each city. With regards to air pollutants, we 

147 used the 24-hr mean daily value of nitrogen dioxide (NO2) and of particulate matter with an 

148 aerodynamic diameter of 10 μm (PM10). Data were extracted from the Regional Environmental 

149 Protection Agency (ARPA); values were obtained by averaging monitor-specific daily 

150 measurements available from different monitoring stations; we used city-specific daily mean values 

151 for all subjects.[30] 

152

153 Statistical analysis

154 The analysis was organized in three steps. Because not much is already known about the 

155 relationship between work related injuries and temperature and air pollution variations, we first 

156 explored the city and season-specific lag structures of each exposure. We used a non-linear 

157 distributed lag model (DLNM),[31] allowing a maximum lag structure of 30 days, with the aim of 

158 selecting the lags showing the strongest association, using crossbasis centered on the median values 

159 of each exposure distribution using a natural cubic spline with df equals 4. As a second step we 

160 checked the linearity of the environmental exposure-injury risk relationship, at the lag defined by 

161 the previous step,  through a Poisson generalized additive model, in each city and season. In both 

162 steps models were adjusted for long and seasonal trends using a triple interaction between year, 

163 month and day of the week, for holiday days and for influenza epidemics (only in cold season 

164 models). 

165 As a third step the effect of environmental exposures on work-injury risk was evaluated using a 

166 time stratified case-crossover design separately for each city.[32] For each “case” (the day a work 

167 injury occurred) three more days were chosen as controls, matched by day of the week, month and 

168 year with the case day, to control for long-term trends, seasonality and day of the week. We 
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169 estimated odds ratios (OR) and 95% confidence intervals (CI) through a conditional logistic 

170 regression model, further adjusted for holidays and influenza epidemics (only in the cold season). 

171 Models were exposure, season, and city specific. Lags and shape of the relationship were those 

172 defined in the previous two steps. Lagged exposure was computed as the average exposure in the 

173 days identified by the lag.

174 We adjusted one exposure with the others in the model only when their correlation was lower than 

175 0.4. 

176 We tested potential effect modification,  of the environmental exposure-injury risk relationship by 

177 economic sector (using the Statistical Classification of Economic Activities in the European 

178 Community [NACE], Rev. 2 – 2008”), time spent outdoors or indoors (Indoor/Outdoor job activity) 

179 and occupational activity, including an interaction term between each variable and the exposure in 

180 the model. 

181

182 Patient and Public Involvement

183 Patients and or public were not involved in this study

184

185 Results

186 Study Population

187 We analyzed a total of 468,807 work-related injuries, i.e about 52,000 per month independently by 

188 the season (Table 1).
189
190 Table 1. Injury distribution by workers’ demographic and job characteristics, 2001-2010.

 Warm Season  Cold Season
Total : 468,807 262,804 206,003
Age group, n(%)

< 30 60,599 (23.0) 48,408 (23.5)
30 - 50 158,086 (60.2) 121,997 (59.2)

>50 44,119 (16.8) 35,598 (17.3)
Gender, n(%)   

Male 165,054 (62.8) 124,671 (60.5)
Female 97,750 (37.2) 81,332 (39.5)
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Economic sector, n(%)  
Transport 31,914 (12.1) 24,257 (11.8)

Agro-industry 1,242 (0.5) 969 (0.5)
Fishery 2 (0.0) 2 (0.0)

Mineral extraction 179 (0.1) 140 (0.1)
Electricity gas and water 1,725 (0.7) 1,418 (0.7)

Construction 23,373 (8.9) 16,208 (7.9)
Food, textile and wood industry 6,588 (2.5) 5,264 (2.5)

Electrical, chemical, petrochemical 
and rubber processing industry 8,445 (3.2) 6,511 (3.2)

Mechanical and metallic industry 10,860 (4.1) 7,413 (3.6)
Business and food service 44,810 (17.0) 34,690 (16.8)

Healthcare system 14,719 (5.6) 11,980 (5.8)
Public services, financial activities 118,947 (45.3) 97,151 (47.2)

Indoor/Outdoor job activity, n(%)   
Indoor 105,215 (40.0) 87,578 (42.5)

 Indoor high temperature exposure 7,099 (2.7) 5,669 (2.8)
Indoor/Outdoor 88,231 (33.6) 65,299 (31.7)

Outdoor 23,585 (9.0) 16,442 (8.0)
Missing 38,674 (14.7)  31,015 (15.0)

191

192 Meteorological and air pollutants data

193 Warm season 

194 Rome and Milan showed a common median value of MAT of about 28°C, while Turin showed a 

195 median MAT of 26°C. Rome had the higher minimum value for MAT, (eTable 1, supplementary 

196 material). As for pollution, values were quite similar in the three cities; we observed a moderate 

197 correlation between PM10 and NO2 (ρ≥0.5) in all cities and between MAT and PM10 (ρ=0.4) in 

198 Rome (eTable 2, supplementary material).  

199 Cold season 

200 Rome was the warmest city with a median TMAX of 13°C, while Turin and Milan were cooler and 

201 had similar median TMAX values of about 8°C. We observed a minimum of -8°C for TMAX in 

202 Turin and of -3°C in Milan, while Rome never went below 5°C of TMAX  (eTable 1, supplementary 

203 materials). As for air pollution we observed similar values of NO2 in the three cities, and higher 

204 values of PM10 in Turin and Milan. (eTable 1, supplementary materials). We observed positive 
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205 correlations between PM10 and NO2 in Turin (ρ=0.5) and Milan (ρ=0.6) (eTable 2, supplementary 

206 material).

207 Lag structure and shape of the exposure-work injury relationship (step 1 and step2)

208 Analysis of the lag structure indicated a delayed effect on injury risk of all analysed exposures; 

209 during the warm period the greatest effects were observed within the first week after exposure, 

210 while in the cold period effects could persist up to 20 days. (eFigure 1, eFigure 2, eFigure 3, 

211 supplementary material). A summary, for all exposures, of chosen lags and of the shape of 

212 relationship (linear/non linear) with WRI risk were reported in Figure 1. 

213 In the warm period the work-related injury/temperature relationship was linear in Rome (eFigure 4, 

214 supplementary materials) and non-linear in Turin and Milan. In these two cities we estimated ORs 

215 comparing city-specific MAT levels chosen in order to maximize the contrast. These points were 

216 identified by observing the injury-temperature relationship in eFigure4. In particular, we compared 

217 the 90th percentile (33°C) versus the 50th (26°C) in Turin and 90th percentile (34°C) versus the 

218 10th (21°C) in Milan; results for Rome were reported for the interquartile range (32°C versus 

219 24°C). As for air pollutants, the PM10/WRI relationship was linear in Rome and nonlinear in Turin 

220 and Milan (eFigure 5, supplementary material), while the NO2/WRI relationship was linear in Rome 

221 and Turin and non-linear in Milan (eFigure 6, supplementary material). 

222 In the cold months, the WRI/temperature relationship was non-linear in the three cities (eFigure 4, 

223 supplementary material). As for the warm period we estimated ORs comparing city-specific 

224 TMAX’s levels in order to maximize the effect in each city; in particular we compared the 10th 

225 percentile (4°C) versus the first percentile (2°C) in Turin, the 25th percentile (6°C) versus the 5th 

226 (4°C) in Milan and the 25th percentile (10°C) versus the 5th (8°C) in Rome. Air pollutants–WRI 

227 relationship was linear in all the three cities for both PM10 and NO2. In both climatic periods we 

228 estimated effects comparing the 95th percentile versus the 25th when the relationship was non 

229 linear and for one unit increase when it was linear. Results were always reported for the 95th 

230 percentile versus the 25th (eFigure 5, eFigure 6, supplementary material).
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231 Conditional logistic regression models (step 3)

232 In the warm season, the univariate analysis showed a positive association between WRI and MAT, 

233 PM10 and NO2 in all cities. In the cold season, we observed an inverse association between WRI and 

234 TMAX and a positive one between WRI and NO2 in all cities, and between WRI and PM10 only in 

235 Rome.

236 When adjusting temperature for one pollutant at a time in the warm months, the association with 

237 WRI resulted to be non-significant, while there was a positive significant effect when adjusting for 

238 temperature of both PM10 and NO2 in all cities; in the cold months we observed a significant 

239 association of NO2 with WRI in all cities, and of TMAX and PM10 in Rome. We reported only 

240 adjusted estimates. (Table 2)
241
242 Table 2. Adjusted Odds ratios (ORs) of WRI for temperature and air pollutants levels variations in 
243 Turin, Milan and Rome. Period 2001-2010.
244
245

Environmental exposures OR (95% CI) Comparison
(percentile)

WARM SEASON (May-September) a

Turin

Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.02 (0.99, 1.06)   90th vs 50th
PM10 (μg/m3) (Lag* 0-6) c 1.09 (1.05, 1.12) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.30 (1.24, 1.37) 95th vs 25th
Milan
Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.01 (0.98, 1.04) 90th vs 10th

PM10 (μg/m3) (Lag* 0-7) c 1.13 (1.10, 1.16) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.20 (1.16, 1.24) 95th vs 25th
Rome
Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.00 (0.99, 1.02) 75th vs 25th
PM10 (μg/m3) (Lag* 0-7) c 1.15 (1.11, 1.18) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.22 (1.16, 1.28) 95th vs 25th

COLD SEASON (November – February) d

Turin

Daily maximum temperature (°C) (Lag* 6-21) b 1.05 (0.93, 1.18) 1th vs 10th

PM10 (μg/m3) (Lag* 2-12) e 0.98 (0.94, 1.02) 95th vs 25th

NO2 (μg/m3) (Lag* 0-4) e 1.11 (1.06, 1.17) 95° vs 25th
Milan
Daily maximum temperature (°C) (Lag* 6-21) b 0.94 (0.92, 0.96) 5th vs 25th
PM10 (μg/m3) (Lag* 0-3) e 1.00 (0.98, 1.03) 95th vs 25th
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NO2 (μg/m3) (Lag* 0-3) e 1.09 (1.06, 1.11) 95th vs 25th

Rome

Daily maximum temperature (°C) (Lag* 0-6) b 1.02 (1.00, 1.04) 5th vs 25th
PM10 (μg/m3) (Lag* 5-19) e 1.05 (1.03, 1.08) 95th vs 25th

NO2 (μg/m3) (Lag* 1-4) e 1.04 (1.02, 1.06) 95th vs 25th
a Final conditional regression model adjusted by holidays.
b Adjusted for NO2
c Adjusted for MAT
d Final conditional regression model adjusted by influenza epidemics and holidays.
e Adjusted for TMAX
*  Lags expressed in days.

246

247 The effect of NO2

248 Exposure to NO2 showed the highest positive association with the risk of being injured at work in 

249 both seasons and in all cities. In the warm season, an increase of NO2 from the 25th to the 95th 

250 percentile was associated with an increase in work injuries ranging between 1.20 (95% CI: 1.16-

251 1.24) in Milan and 1.30 (95% CI: 1.24-1.37) in Turin; in the cold season the effect of NO2 was 

252 lower, ranging between 1.04  (95% CI: 1.02-1.06) in Rome and 1.11 (95% CI: 1.06-1.17) in Turin. 

253 (Table 2) No effect modifiers of the NO2/WRI relationship in either season were found.

254

255 The effect of PM10

256 An increase of PM10 from the 25th to the 95th percentile in the warm season was associated with an 

257 increase in WRI ranging between 1.09 (95% CI: 1.05-1.12), in Turin, and 1.15 (95% CI: 1.11-1.18), 

258 in Rome. During the cold season, we found a significant effect of PM10 only in Rome with a 1.05 

259 (95% CI: 1.03-1.08) increase in WRI. (Table 2) No effect modifiers of the PM10/WRI relationship 

260 in either season were found.

261 The effect of temperature

262 No significant association between temperature and injury risk was observed in the warm season 

263 overall, but for workers in the following economic sectors: transportation (Turin 1.00 - 95% CI: 

264 0.89-1.13; Milan 1.05; 95% CI: 0.96-1.14; Rome 1.04; 95% CI: 1.00-1.09), construction (Turin 

265 1.07 - 95% CI: 0.95-1.21; Milan 1.07; 95% CI: 0.97-1.17; Rome 1.06; 95% CI: 1.01-1.12) and 
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266 energy industries (Turin 1.56 - 95% CI: 0.95-2.58; Milan 1.57; 95% CI: 1.03-2.38; Rome 1.00; 

267 95% CI: 0.85-1.18) (Figure 2). However the effect was modest.

268 The association between WRI and temperature or air pollutants by occupational activity was 

269 estimated only for those injuries occurred in one of the three economic sectors with a significant 

270 association between temperature and WRI, and only in the warm season (Transportation, 

271 Construction, and Electricity Gas and Water - Figure 2). In order to have enough statistical power 

272 we aggregated into a single category all those occupational activities for which less than 20 injuries 

273 were reported in at least one city. Blacksmith, mechanic, installer, motor worker, road worker, 

274 warehouse worker, attendant and asphalter were the only activities for which we observed a 

275 significant effect of temperature on WRI. The highest effects were observed for road workers 

276 (OR:4.05 - 95% CI:1.20-13.66), warehouse workers (OR:4.45 - 95% CI:1.10-18.02) and attendants 

277 (OR:6.91 - 95% CI:1.42-33.57). (Figure 3)

278 We also observed a significant effect of MAT on those working outdoors in Milan (OR:1.12 - 95% 

279 CI: 1.02-1.23) and Rome (OR:1.07 - 95% CI: 1.01-1.12), and among those working both outdoors 

280 and indoors only in Rome (OR:1.03 - 95% CI: 1.00-1.06). No effect was observed among those 

281 working only indoors (Figure 4). 

282 In the cold season, a decrease of TMAX from 4°C to 2°C was associated with a weak and not 

283 significant increase in WRI (OR: 1.02; 95% CI: 1.00-1.04) in Rome (Table 2) while in Turin and 

284 Milan no effect was observed. No effect modifiers of TMAX-WRI in the cold season were found.  

285 Discussion

286 This is the first study conducted in Italy to analyze the independent effects of temperature (hot and 

287 cold) and air pollutants on the risk of work-related injuries. The strongest effects on WRI risk was 

288 due to exposure to NO2 in the warm season, with a WRI risk up to 1.3 times higher when NO2 

289 levels increased from the 25th to 95th percentile of its city-specific distribution. 

290 In general we observed a significant association between exposure to NO2 and WRI in both seasons, 

291 in all job categories, and in all cities; and between PM10 and WRI only in Rome during the cold 
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292 season. Temperature showed a significant effect only in specific occupational activities during the 

293 warm season (May to September).

294 The relationship between NO2 and the occurrence of work related injuries had a similar shape in the 

295 three cities in both periods (eFigure 6, supplementary material). As expected, NO2 values were lower 

296 in the warm than in the cold season, with median values in the three cities of about 50 μg/m3 and 73 

297 μg/m3 respectively (eTable 1). Despite this, there was a stronger association between NO2 and WRI 

298 in the warm than in the cold season, possibly due to a “ceiling effect”, given that levels of NO2 in 

299 the cold season are always higher. It is also noticeable that the effect of NO2 remained constant 

300 regardless of economic sector or occupational activity. Although an established causal association 

301 between NO2 exposure and occupational injuries risk has not been provided by epidemiological 

302 published analyses in our knowledge, our results could suggest a mechanism of action through a 

303 decreased level of attention and lower capacity of reaction to unexpected dangerous situations at 

304 work. Furthermore, the ascertained evidences of an association between NO2 exposure (with a role 

305 of high temperature as modifying effects) and cardiovascular and respiratory health effects, [33] 

306 could allow to suppose a risk of injuries at work as secondary effect of this correlation.

307 PM10 levels showed a similar trend as NO2, with lower levels in the warmer months and higher 

308 levels and a low day by day variability in the cold period. Only in Rome, the southern of the three 

309 cities, PM10 showed lower and more variable levels in the cold period. (eTable 1, supplementary 

310 material); and it is interesting to observe that an increase of PM10 is associated to an increase in WRI 

311 in this season only in Rome. In the warm months the effect of PM10 is consistent in the three cities, 

312 but lower then that of NO2. On days in which PM10 levels reach the 95th percentile of the city 

313 specific distribution the risk of WRI is 10% higher than on  days when PM10 levels are around their 

314 25th percentile.

315 The similar shape of the pollutant-WRI risk both among cities and among pollutants supports our 

316 study’s  robustness Furthermore, what is known about the short term health effects of exposure to 

317 air pollutants [33-35] made it reasonable to think of potential effects on work-related injuries. Some 
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318 previous studies have analyzed health-related outcomes in specific categories of workers, 

319 particularly those exposed to urban stressors, such as street vendors and policemen, and they 

320 showed some effects on cardiovascular diseases, pregnancy outcomes, and respiratory diseases.[36-

321 40,20] One study measured a negative economic impact of exposure to air pollutants in agriculture 

322 workers, finding lower productivity on more polluted days.[20] Finally, a recent study [36]  tried to 

323 measure the association between occupational exposure to ozone and respiratory diseases, with no 

324 conclusive results. 

325 Mounting experimental evidence suggests that, in addition to the cardiopulmonary system, the brain 

326 may be a target of air pollution. Specific mental and neurological disorders, such as depression and 

327 headache, as well as suicide have all been linked to ambient air pollution.[41,42] Inhaled 

328 concentrated ambient particulate matter may translocate to the brain and produce neuroendocrine 

329 and neuropathological alterations.[43] The lag of these effects was short, two or three days;[44] so 

330 it is reasonable to think that these exposures might explain the association between pollution and 

331 work related injuries. 

332 As for heat, our study showed an increase of injuries only among bricklayers, blacksmiths, 

333 mechanics, installers and asphalters working in  transportation, construction and energy economic 

334 sectors , and in the more generic group of those working outdoor or performing both outdoor and 

335 indoor tasks, but not among those who work only indoors. These results are consistent with 

336 previous studies.[45,46, 28] 

337 It is interesting that the unadjusted OR of MAT on WRI during the warm season ranged from 1.03 

338 in Rome (75° vs 25° percentile, range=8°C) to 1.06 in Turin (90° vs 50° percentile, range=7°C), but 

339 these effects lowered to 1.01 and became not significant when adjusting for air pollution. The 

340 observed confounding of temperature by pollution should be considered when comparing our 

341 results to unadjusted estimates of temperature-WRI associations from other published studies.

342 Two previous studies conducted in Italy [47] and in Australia [45] found an inverse U-shaped 

343 relationship between high temperatures and WRI in summer, with  maximum risk on warm days but 
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344 not on extremely hot days. The relationship observed in Turin and Milan (eFigure4) also suggest a 

345 similar trend, even if quite weak. Also, the values of MAT in correspondence of which the highest 

346 rates of injuries were observed were 33°C-34°C, while they remained stable or decreased 

347 afterwards. In Rome, which experiences warmer summer conditions than Milan and Turin, we 

348 found a linear relationship consistent with what was observed in two recent studies conducted in 

349 Melbourne and in Quebec. [46,12] Different population characteristics as well as temperature 

350 distributions might influence these differences between cities. Furthermore, it has to be considered 

351 that the trend in the effects observed in Milan and Turin might be biased by the lower statistical 

352 power in the highest extremes of the temperature distribution, due to the fewer days observed with 

353 those temperature levels. This is not the case in Rome where temperatures even above 34°C are 

354 adequately represented. 

355 Ambient heat might increase metabolic heat that is normally produced in activities requiring 

356 physical exertion; accordingly we have observed an effect of heat in more physically demanding 

357 economic sectors and occupational activities. We categorized workers according to three different 

358 criteria as suggested in a previous study:[12] economic sector, occupational activity and outdoor or 

359 indoor location. This classification allowed us to measure both the risk associated with physical 

360 demands (economic sector and occupational activity) and the gradient of exposure to outdoor heat. 

361 Our results showed higher susceptibility among those working outdoors and no effects on those 

362 working only indoors, confirming that those working outdoors are more susceptible to pollution and 

363 temperatures exposure. However, when analysing single occupational activities, we found that 

364 among the most susceptible there were some (mechanics, warehouse workers and attendants) who 

365 spend more time indoor than outdoor but still require high physical exertion. Strenuous activity, and 

366 use of heavy impermeable personal protective clothing might increase metabolic heat and increase 

367 the risk of injuries. This might suggest that the level of physical strength required by the occupation 

368 might be an important effect modifier to be taken into account for heat-related risk, independent of 

369 work location.[12] 
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370 Our study also examine the effect of temperature and air pollutants in the cold season. As for 

371 pollution, the effect is lower than in summer, probably because the exposure level is constantly 

372 higher; this explain the low and not significant relative risks in the cold season. As for temperature, 

373 we did not observe an effect of cold. A previous study conducted in Tuscany, in the center of Italy, 

374 found significant cold effects on outdoor occupational injuries especially among agricoltures and in 

375 drivers of vehicles other than cars [48].

376 An important strength of this study is that we estimated the independent effects of temperature and 

377 air pollution, controlling one for the other in the model. Also, we used a very large dataset that was 

378 not derived from self-reported data. However, our study presents some limits. The study population 

379 was drawn from the Italian public insurance system database that covers all work-related injuries 

380 due to violent causes that leads to death, permanent disability or temporary total disability lasting at 

381 least three days, and all occupational diseases. It is remarkable to consider that workers covered by 

382 the public insurance system for injuries and occupational diseases make up approximately 80-85% 

383 of the whole workforce in Italy. However, daily injury claims may be underestimated because of 

384 under-reporting of workers’ compensation claims and due to incomplete coverage of the public 

385 insurance system lead by INAIL. Some occupational activities, such as firefighters and the armed 

386 forces, benefit from a specific welfare system in Italy and are not included in the analyzed dataset. 

387 The distribution of daily injury claims by economic sector varies greatly and the relatively small 

388 numbers in some sectors dictates a cautious interpretation of results for less represented subgroups.

389 All exposure measures used were daily averages deriving from fixed points of measurement in the 

390 city, implying each worker was attributed the same level of exposure independently of his location 

391 in the city at the moment of injury, thus having a potential bias in exposure due to different 

392 temperatures and pollutants within the city on a given day. However, the error associated with this 

393 generalization in exposure is considered to be low.[49] Finally collinearity among NO2 and PM10 

394 didn’t allow to adjust one pollutant for the other, so that the estimate of pollutant effect might be 
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395 confounded by concomitant exposure to the other one. This limit is proper of almost all air pollution 

396 studies.

397

398 Conclusions

399 Our results suggest that exposure to nitrogen dioxide in the warm months strongly increase the risk 

400 of work related injuries among all categories of workers. Nitrogen dioxide also showed a significant 

401 effect in the cold season, but of lower intensity. These results suggest the need to further look into 

402 this association, to confirm our findings and to better understand the underlying mechanisms. Our 

403 results also show that , after removing the confounding effect of co-exposure to air pollution, the 

404 exposure to high temperature represents a risk  only among workers who have heavier work loads 

405 and among those who spend most of their time outdoors. Finally our results confirms that in Italy, 

406 which is a Mediterranean country with a generally mild climate, ambient exposures represent a 

407 hazard for work related injuries only during the warmer months. 

408 These results contribute to the increasing knowledge about the association between temperature and 

409 work related injuries, and add new evidence about the potential effects of pollutants that have not 

410 yet been studied in Italy except on very specific subgroups. 

411 Identifying specific subgroups of workers as the most susceptible to these specific exposures is 

412 crucial information for public health organizations in order to properly target prevention plans.

413

414

415 Abbreviations

416 WRI, work related injuries; 

417 PM10, particulate matter with an aerodynamic diameter of 10 μm or less;  

418 NO2, nitrogen dioxide;

419 MAT, maximum apparent temperature; 

420 TMAX, maximum temperature; 

421 DLNM, non-linear distributed lag model; 

422 OR, odd ratio; 
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423 CI, confidence interval.
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691 Figure 1. Graphical summary of lags and shapes of exposures/WRI relationship (linear/non linear) by 
692 season and city.
693

694 Figure 2. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase*, by economic sectors, 
695 during warm season (May-September) in Turin, Milan and Rome.
696 * Turin: 90° vs 50° percentile of MAT
697    Milan: 90° vs 10° percentile of MAT
698    Rome: 75° vs 25° percentile of MAT
699

700 Figure 3. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase* by occupational 
701 activities, in Transportation, Construction, Electricity gas and water industries, during warm season 
702 (May-September) in Turin, Milan and Rome.
703 * Turin: 90° vs 50° percentile of MAT
704    Milan: 90° vs 10° percentile of MAT
705    Rome: 75° vs 25° percentile of MAT
706

707 Figure 4. Odds Ratios of WRI for MAT*, NO2
§ and PM10

§ increases by "Indoor/Outdoor  job activity"  
708 during warm season (May-September) in Turin, Milan and Rome.
709 * Turin: 90° vs 50° percentile of MAT
710    Milan: 90° vs 10° percentile of MAT
711    Rome: 75° vs 25° percentile of MAT
712 § 95° vs 25° percentile of the distribution of the both air pollutants in the three cities

713

714
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eTable 1. Temperature and pollutants distribution in Turin, Milan and Rome by seasonal period, 2001–2010. 

 

Exposure Min 25° pctl 50° pctl 75° pctl Max 

WARM SEASON (May - September) 

Turin 
Daily maximum apparent temperature (°C)  9.0 22.3 26.3 30.1 39.7 

PM10 (μg/m3)  1.0 20.7 28.0 36.5 89.5 

NO2 (μg/m3)  12.7 36.8 47.2 59.6 135.1 

Milan 

Daily maximum apparent temperature (°C)  6.7 23.9 28.3 32.6 44.0 

PM10 (μg/m3)  4.9 22.5 29.6 38.5 87.4 

NO2 (μg/m3)  11.2 33.9 43.4 53.8 128.1 

Rome 

Daily maximum apparent temperature (°C)  12.4 24.4 28.3 32.2 39.7 

PM10 (μg/m3)  7.3 26.3 32.1 39.6 106.0 

NO2 (μg/m3)  11.9 41.9 52.3 62.7 110.1 

COLD SEASON (November – February) 

Turin 

Daily maximum temperature (°C)  -7.6 4.7 7.7 10.9 24.9 

PM10 (μg/m3)  8.0 50.5 75.0 102.0 242.0 

NO2 (μg/m3) 19.9 64.9 79.0 92.9 197.9 

Milan 
Daily maximum temperature (°C)  -3.2 5.3 8.3 11.3 21.6 

PM10 (μg/m3)  9.3 44.3 67.3 93.2 314.6 

NO2 (μg/m3) 29.6 60.2 72.3 87.2 202.1 

Rome 
Daily maximum temperature (°C)  5.5 10.3 12.6 14.5 23.2 

PM10 (μg/m3)  10.7 27.4 39.4 53.9 141.6 

NO2 (μg/m3) 23.9 58.4 68.1 78.2 117.3 
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eTable 2. Pearson correlation coefficients between daily temperature and pollutants in both seasons for the 

three cities. 

 

* p-value < 0,05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TURIN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-6 TMAX lag 6-21 NO2 lag 0-4 PM10 lag 2-12
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.12* 1 NO2 lag 0-4 -0.42* 1
PM10 lag 0-6 -0.01* 0.61* 1 PM10 lag 2-12 -0.20* 0.51* 1

MILAN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 6-21 NO2 lag 0-3 PM10 lag 0-3
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.22* 1 NO2 lag 0-3 -0.36* 1
PM10 lag 0-7 0.28* 0.56* 1 PM10 lag 0-3 -0.29* 0.77* 1

ROME

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 0-6 NO2 lag 1-4 PM10 lag 5-19
MAT lag 1-7 1 TMAX lag 0-6 1
NO2 lag 0-8 -0.08* 1 NO2 lag 1-4 -0.05 1
PM10 lag 0-7 0.40* 0.49* 1 PM10 lag 5-19 -0.01 0.19* 1

WARM SEASON COLD SEASON
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eFigure 1. Lag structure of Relative Risks (RR) of injury for 1 °C increase in temperature in the three cities 

obtained by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 2. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in PM10 in the three cities obtained 

by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 3. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in NO2 in the three cities obtained 

by distributed lag models, warm season (A) and cold season (B) 
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eFigure 4. The injury-temperature relationship in Turin, Milan and Rome in warm season (A) and cold 
season (B), estimated by a Poisson generalized additive models 
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eFigure 5. The injury–PM 10 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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eFigure 6. The injury–NO 2 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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43 Abstract

44 Objectives

45  Studies on the effect of temperature on rates of work-related injuries (WRI) are very recent, and are 

46 evolving in depth and scope. However less is known about potential effects of air pollutants. Our 

47 objective was to analyze the association between WRI and NO2, PM10 and air temperature in three 

48 major Italian cities, and to identify groups of workers more at risk in Italy. 

49 Design time-stratified case-crossover study

50 Settings Milan, Turin, Rome, years 2001-2010

51 Participants A total of 468,816 WRI occurred between 2001-2010 in Milan, Turin and Rome were 

52 extracted from the Italian national workers’ compensation authority (INAIL) database. 

53 Main outcomes Associations between WRI and temperature, PM10, NO2, separately in the warm and 

54 in the cold season (WS, May-September; CS, November-February). Effect modification was studied 

55 by economic sector, occupational activity and indoor/outdoor job activity.

56 Results 

57 Exposure to NO2 (lag 0-8) showed the highest effect on the risk of WRI,with ORs ranging from  1.20 

58 (95% CI: 1.16-1.24) in Milan to 1.30 (95% CI: 1.24-1.37) in Turin in the WS. The effect of exposure 

59 to PM10 was milder  but consistent across all cities:  ORs from 1.09 (95% CI: 1.05-1.12) in Turin  to 

60 1.15 (95% CI: 1.11-1.18) in Rome. Temperature was associated with risk of WRI only among those 

61 working in construction (highest association in Rome 1.06; 95% CI: 1.01-1.12), transportation 

62 (highest association in Milan 1.05; 95% CI: 0.96-1.14) and the energy industry (highest association 
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63 in Milan 1.57; 95% CI: 1.03-2.38) in the WS in all cities. A weak effect of low temperatures was 

64 observed in the CS only in Rome. 

65 Conclusions 

66 Exposures to NO2 resulted as strongest hazard for work related injuries, mainly in warm months, 

67 while the independent effect of temperature was significant only in specific subgroups of workers. 

68 These results could be considered to better plan safety prevention programs.

69

70 Keywords: air pollution; temperature; climate change; occupational health; work-related injuries; 

71 case crossover study

72

73 Strenghts and Limitations

74  We used a very large dataset that was not derived from self-reported data

75  We analysed data from three major Italian cities with different meteorological and pollution 

76 condition

77  we estimated the independent effects of temperature and air pollution, controlling one for 

78 the other in the model

79  daily injury claims may be underestimated because of under-reporting of workers’ 

80 compensation claims and due to incomplete coverage of the public insurance system lead by 

81 INAIL

82  All exposure measures used were daily averages deriving from fixed points of measurement 

83 in the city

84 Background

85 Extreme weather events are becoming more frequent and intense as a result of climate change [1] and 

86 the relationship between extreme temperature and population health has been well  documented.[2] 

87 Furthermore, air quality is influenced by a changing climate, which in turn impacts population 

88 health.[3]The association between outdoor temperature and air pollutants with mortality and 
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4

89 morbidity in the general population has stimulated a large body of research, identifying susceptible 

90 subgroups, such as the elderly, people with chronic respiratory and cardiovascular diseases, and 

91 children.[4,5]

92 However, the consequences of climate and pollutants on work environments and their subsequent 

93 effects on job performance and safety are only recently coming to light.  

94 Numerous factors such as worksite location and weather conditions may affect occupational 

95 exposure to air pollution; and likewise, indoor workplace environments may affect and exacerbate 

96 the adverse health effects of exposure to outdoor air pollutants. This is particularly a concern in 

97 workers with pre-existing health conditions and could theoretically lead to an increase in safety 

98 issues. The association between intense and prolonged occupational exposure to heat and health 

99 effects on workers is characterized by dehydration and spasms, increased perceived fatigue, 

100 exacerbating hazards resulting from sweaty palms, fogged-up safety glasses, dizziness, and reduced 

101 brain function, reduced productivity and decreased reaction capacities.[6-11] Young, male workers 

102 and those in occupations requiring physical labor, and outdoor workers, are at higher risk of adverse 

103 impact because of their exposure to heat and humid conditions, as well as prolonged exposure to 

104 solar radiation and/or other artificial heat sources.[12-15] Furthermore, cultural social and ethnical 

105 characteristics of workers could play a significant role. [16] As well, workers exposed to extreme 

106 cold may be at risk of cold stress, increased cardiovascular and respiratory diseases risks, 

107 musculoskeletal and dermatological disorders, loss of dexterity and injuries related to 

108 hypothermia.[7,17]

109 There is good evidence of the negative effects of short-term exposure to PM10 on respiratory health, 

110 such as aggravated asthma, respiratory symptoms and an increase in hospital admissions.[18] 

111 Nitrogen dioxide (NO2) is a strong respiratory irritant gas originating from high-temperature 

112 combustion; a large study has shown a positive association between daily increases of NO2 and 

113 natural, cardiovascular, and respiratory mortality.[19] Also, air pollution has been shown to 

114 negatively affect other outcomes such as productivity of agricultural workers.[20] To the best of our 

Page 4 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

5

115 knowledge, there is a lack of study on the association between air pollution and occupational injuries. 

116 Only recently, acute neuropsychological effects have been studied on humans by Sunyer et al.,2017 

117 [21] showing an acute effect of air pollution on fluctuations in attention in children that probably 

118 arises through the same mechanism as the long-term association.  A recent review [22] on this topic 

119 stated there is consistent evidence from animal studies showing impairments for short term memory 

120 due to air pollution exposure these deteriorations could be involved also as potential explanation of 

121 work-related injuries. Another potential mechanism of action that could be involved occurs through 

122 acute cardiovascular events triggered by air pollution [23] and leading to a decreased level of attention 

123 and lower capacity of reaction to unexpected dangerous situations at work as an acute secondary 

124 effect of this correlation.

125 In addition, levels of exposure to pollutants might also vary according to several factors, such as SES, 

126 educational level, air conditioning use, proximity to roadways, and work environment.[24] 

127 The warm season has been seen to be the strongest effect modifier of the effect of some pollutants on 

128 natural mortality;[25,26] this might be due to the fact that in summer, measured concentrations of air 

129 pollutants are more representative of true exposure because people spend more time outside and open 

130 windows more often.  

131 A recently published review [27] summarized what is known about the heat and cold effects on work 

132 related injuries, and identified categories of workers at risk and evaluated heterogeneity and sources 

133 of bias of the included studies. Authors concluded that most studies had design limitations with 

134 regards to establishing a causal relationship and underlined the need for good quality studies that 

135 provide accurate estimates of relative risk of heat effects on occupational injuries. 

136 The objective of this study is to estimate the short-term effects of summer and winter outdoor 

137 temperatures and air pollution on the risk of work related injuries, and to identify susceptible groups 

138 of workers. 

139

140 Methods
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141 Study population

142 We examined all work injuries that occurred between May and September and between November 

143 and February in the years 2001- 2010 in three major Italian cities: Milan, Turin and Rome.

144 Data were extracted from the Italian national workers’ compensation authority (INAIL) database, 

145 which covers about 85% of Italian workers. For each injury episode that caused absences of three or 

146 more days, we gathered socio-demographic characteristics, occupation, and job title, and modalities 

147 and causes of the injury. Injuries in subjects younger than 17 years of age were excluded. 

148 Meteorological and air pollution data

149 Rome, Milan and Turin are large metropolitan areas with different climatic conditions. Milan and 

150 Turin are located in Northern Italy and have a cold humid subtropical or mild continental climate, 

151 characterized by hot, humid summers with frequent thunderstorms and cold, damp winters often 

152 featuring fog in low-lying areas.  Rome is located in central Italy 20 km from the Tyrrhenian Sea and 

153 has a typical Mediterranean climate with hot, dry summers and mild, wet winters.

154 Based on previous heat studies conducted in the same cities we chose maximum daily apparent 

155 temperature (MAT) [28-30] for the warm season (May-September), [31] and maximum daily 

156 temperature (TMAX) for the cold season (November-February) as indicators of temperature.[32] The 

157 choice of using two different indicators in the two seasons was driven by statistical reasons; we 

158 choose, among the more common indicators used, the one with the best AIC values.

159 These were  measured at the airport station closest to each city. With regards to air pollutants, we 

160 used the 24-hr mean daily value of nitrogen dioxide (NO2) and of particulate matter with an 

161 aerodynamic diameter of 10 μm (PM10). Data were extracted from the Regional Environmental 

162 Protection Agency (ARPA); values were obtained by averaging monitor-specific daily measurements 

163 available from different monitoring stations; we used city-specific daily mean values for all 

164 subjects.[33] 

165

166 Statistical analysis
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167 The analysis was organized in three steps. Because not much is already known about the relationship 

168 between work related injuries and temperature and air pollution variations, we first explored the city 

169 and season-specific lag structures of each exposure. We used a non-linear distributed lag model 

170 (DLNM),[34] allowing a maximum lag structure of 30 days, with the aim of selecting the lags 

171 showing the strongest association, using crossbasis centered on the median values of each exposure 

172 distribution using a natural cubic spline with df equals 4. As a second step we checked the linearity 

173 of the environmental exposure-injury risk relationship, at the lag defined by the previous step,  

174 through a Poisson generalized additive model, in each city and season. In both steps models were 

175 adjusted for long and seasonal trends using a triple interaction between year, month and day of the 

176 week, for holiday days and for influenza epidemics (only in cold season models). 

177 As a third step the effect of environmental exposures on work-injury risk was evaluated using a time 

178 stratified case-crossover design separately for each city.[35] For each “case” (the day a work injury 

179 occurred) three more days were chosen as controls, matched by day of the week, month and year with 

180 the case day, to control for long-term trends, seasonality and day of the week. We estimated odds 

181 ratios (OR) and 95% confidence intervals (CI) through a conditional logistic regression model, further 

182 adjusted for holidays and influenza epidemics (only in the cold season). Models were exposure, 

183 season, and city specific. Lags and shape of the relationship were those defined in the previous two 

184 steps. Lagged exposure was computed as the average exposure in the days identified by the lag.

185 We adjusted one exposure with the others in the model only when their correlation was lower than 

186 0.4. 

187 We tested potential effect modification,  of the environmental exposure-injury risk relationship by 

188 economic sector (using the Statistical Classification of Economic Activities in the European 

189 Community [NACE], Rev. 2 – 2008”), time spent outdoors or indoors (Indoor/Outdoor job activity) 

190 and occupational activity, including an interaction term between each variable and the exposure in 

191 the model. 
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192

193 Patient and Public Involvement

194 Patients and or public were not involved in this study

195

196 Results

197 Study Population

198 We analyzed a total of 468,807 work-related injuries, i.e about 52,000 per month independently by 

199 the season (Table 1).
200
201 Table 1. Injury distribution by workers’ demographic and job characteristics, 2001-2010.

 Warm Season  Cold Season
Total : 468,807 262,804 206,003
Age group, n(%)

< 30 60,599 (23.0) 48,408 (23.5)
30 - 50 158,086 (60.2) 121,997 (59.2)

>50 44,119 (16.8) 35,598 (17.3)
Gender, n(%)   

Male 165,054 (62.8) 124,671 (60.5)
Female 97,750 (37.2) 81,332 (39.5)

Economic sector, n(%)  
Transport 31,914 (12.1) 24,257 (11.8)

Agro-industry 1,242 (0.5) 969 (0.5)
Fishery 2 (0.0) 2 (0.0)

Mineral extraction 179 (0.1) 140 (0.1)
Electricity gas and water 1,725 (0.7) 1,418 (0.7)

Construction 23,373 (8.9) 16,208 (7.9)
Food, textile and wood industry 6,588 (2.5) 5,264 (2.5)

Electrical, chemical, petrochemical 
and rubber processing industry 8,445 (3.2) 6,511 (3.2)

Mechanical and metallic industry 10,860 (4.1) 7,413 (3.6)
Business and food service 44,810 (17.0) 34,690 (16.8)

Healthcare system 14,719 (5.6) 11,980 (5.8)
Public services, financial activities 118,947 (45.3) 97,151 (47.2)

Indoor/Outdoor job activity, n(%)   
Indoor 105,215 (40.0) 87,578 (42.5)

 Indoor high temperature exposure 7,099 (2.7) 5,669 (2.8)
Indoor/Outdoor 88,231 (33.6) 65,299 (31.7)

Outdoor 23,585 (9.0) 16,442 (8.0)
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Missing 38,674 (14.7)  31,015 (15.0)
202

203 Meteorological and air pollutants data

204 Warm season 

205 Rome and Milan showed a common median value of MAT of about 28°C, while Turin showed a 

206 median MAT of 26°C. Rome had the higher minimum value for MAT, (eTable 1, supplementary 

207 material). As for pollution, values were quite similar in the three cities; we observed a moderate 

208 correlation between PM10 and NO2 (ρ≥0.5) in all cities and between MAT and PM10 (ρ=0.4) in Rome 

209 (eTable 2, supplementary material).  

210 Cold season 

211 Rome was the warmest city with a median TMAX of 13°C, while Turin and Milan were cooler and 

212 had similar median TMAX values of about 8°C. We observed a minimum of -8°C for TMAX in Turin 

213 and of -3°C in Milan, while Rome never went below 5°C of TMAX  (eTable 1, supplementary 

214 materials). As for air pollution we observed similar values of NO2 in the three cities, and higher values 

215 of PM10 in Turin and Milan. (eTable 1, supplementary materials). We observed positive correlations 

216 between PM10 and NO2 in Turin (ρ=0.5) and Milan (ρ=0.6) (eTable 2, supplementary material).

217 Lag structure and shape of the exposure-work injury relationship (step 1 and step2)

218 Analysis of the lag structure indicated a delayed effect on injury risk of all analysed exposures; during 

219 the warm period the greatest effects were observed within the first week after exposure, while in the 

220 cold period effects could persist up to 20 days. (eFigure 1, eFigure 2, eFigure 3, supplementary material). 

221 A summary, for all exposures, of chosen lags and of the shape of relationship (linear/non linear) with 

222 WRI risk were reported in Figure 1. 

223 In the warm period the work-related injury/temperature relationship was linear in Rome (eFigure 4, 

224 supplementary materials) and non-linear in Turin and Milan. In these two cities we estimated ORs 

225 comparing city-specific MAT levels chosen in order to maximize the contrast. These points were 

226 identified by observing the injury-temperature relationship in eFigure4. In particular, we compared 

227 the 90th percentile (33°C) versus the 50th (26°C) in Turin and 90th percentile (34°C) versus the 10th 
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228 (21°C) in Milan; results for Rome were reported for the interquartile range (32°C versus 24°C). As 

229 for air pollutants, the PM10/WRI relationship was linear in Rome and nonlinear in Turin and Milan 

230 (eFigure 5, supplementary material), while the NO2/WRI relationship was linear in Rome and Turin 

231 and non-linear in Milan (eFigure 6, supplementary material). 

232 In the cold months, the WRI/temperature relationship was non-linear in the three cities (eFigure 4, 

233 supplementary material). As for the warm period we estimated ORs comparing city-specific TMAX’s 

234 levels in order to maximize the effect in each city; in particular we compared the 10th percentile (4°C) 

235 versus the first percentile (2°C) in Turin, the 25th percentile (6°C) versus the 5th (4°C) in Milan and 

236 the 25th percentile (10°C) versus the 5th (8°C) in Rome. Air pollutants–WRI relationship was linear 

237 in all the three cities for both PM10 and NO2. In both climatic periods we estimated effects comparing 

238 the 95th percentile versus the 25th when the relationship was non linear and for one unit increase 

239 when it was linear. Results were always reported for the 95th percentile versus the 25th (eFigure 5, 

240 eFigure 6, supplementary material).

241 Conditional logistic regression models (step 3)

242 In the warm season, the univariate analysis showed a positive association between WRI and MAT, 

243 PM10 and NO2 in all cities. In the cold season, we observed an inverse association between WRI and 

244 TMAX and a positive one between WRI and NO2 in all cities, and between WRI and PM10 only in 

245 Rome.

246 When adjusting temperature for one pollutant at a time in the warm months, the association with WRI 

247 resulted to be non-significant, while there was a positive significant effect when adjusting for 

248 temperature of both PM10 and NO2 in all cities; in the cold months we observed a significant 

249 association of NO2 with WRI in all cities, and of TMAX and PM10 in Rome. We reported only 

250 adjusted estimates. (Table 2)
251
252 Table 2. Adjusted Odds ratios (ORs) of WRI for temperature and air pollutants levels variations in 
253 Turin, Milan and Rome. Period 2001-2010.
254
255

Environmental exposures OR (95% CI) Comparison
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(percentile)
WARM SEASON (May-September) a

Turin

Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.02 (0.99, 1.06)   90th vs 50th
PM10 (μg/m3) (Lag* 0-6) c 1.09 (1.05, 1.12) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.30 (1.24, 1.37) 95th vs 25th
Milan
Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.01 (0.98, 1.04) 90th vs 10th

PM10 (μg/m3) (Lag* 0-7) c 1.13 (1.10, 1.16) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.20 (1.16, 1.24) 95th vs 25th
Rome
Daily maximum apparent temperature (°C) (Lag* 1-7) b 1.00 (0.99, 1.02) 75th vs 25th
PM10 (μg/m3) (Lag* 0-7) c 1.15 (1.11, 1.18) 95th vs 25th

NO2 (μg/m3) (Lag* 0-8) c 1.22 (1.16, 1.28) 95th vs 25th

COLD SEASON (November – February) d

Turin

Daily maximum temperature (°C) (Lag* 6-21) b 1.05 (0.93, 1.18) 1th vs 10th

PM10 (μg/m3) (Lag* 2-12) e 0.98 (0.94, 1.02) 95th vs 25th

NO2 (μg/m3) (Lag* 0-4) e 1.11 (1.06, 1.17) 95th vs 25th
Milan
Daily maximum temperature (°C) (Lag* 6-21) b 0.94 (0.92, 0.96) 5th vs 25th
PM10 (μg/m3) (Lag* 0-3) e 1.00 (0.98, 1.03) 95th vs 25th

NO2 (μg/m3) (Lag* 0-3) e 1.09 (1.06, 1.11) 95th vs 25th

Rome

Daily maximum temperature (°C) (Lag* 0-6) b 1.02 (1.00, 1.04) 5th vs 25th
PM10 (μg/m3) (Lag* 5-19) e 1.05 (1.03, 1.08) 95th vs 25th

NO2 (μg/m3) (Lag* 1-4) e 1.04 (1.02, 1.06) 95th vs 25th
a Final conditional regression model adjusted by holidays.
b Adjusted for NO2
c Adjusted for MAT
d Final conditional regression model adjusted by influenza epidemics and holidays.
e Adjusted for TMAX
*  Lags expressed in days.

256

257 The effect of NO2

258 Exposure to NO2 showed the highest positive association with the risk of being injured at work in 

259 both seasons and in all cities. In the warm season, an increase of NO2 from the 25th to the 95th 

260 percentile was associated with an increase in work injuries ranging between 1.20 (95% CI: 1.16-1.24) 

261 in Milan and 1.30 (95% CI: 1.24-1.37) in Turin; in the cold season the effect of NO2 was lower, 
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262 ranging between 1.04  (95% CI: 1.02-1.06) in Rome and 1.11 (95% CI: 1.06-1.17) in Turin. (Table 

263 2) No effect modifiers of the NO2/WRI relationship in either season were found.

264

265 The effect of PM10

266 An increase of PM10 from the 25th to the 95th percentile in the warm season was associated with an 

267 increase in WRI ranging between 1.09 (95% CI: 1.05-1.12), in Turin, and 1.15 (95% CI: 1.11-1.18), 

268 in Rome. During the cold season, we found a significant effect of PM10 only in Rome with a 1.05 

269 (95% CI: 1.03-1.08) increase in WRI. (Table 2) No effect modifiers of the PM10/WRI relationship in 

270 either season were found.

271 The effect of temperature

272 No significant association between temperature and injury risk was observed in the warm season 

273 overall, but for workers in the following economic sectors: transportation (Turin 1.00 - 95% CI: 0.89-

274 1.13; Milan 1.05; 95% CI: 0.96-1.14; Rome 1.04; 95% CI: 1.00-1.09), construction (Turin 1.07 - 95% 

275 CI: 0.95-1.21; Milan 1.07; 95% CI: 0.97-1.17; Rome 1.06; 95% CI: 1.01-1.12) and energy industries 

276 (Turin 1.56 - 95% CI: 0.95-2.58; Milan 1.57; 95% CI: 1.03-2.38; Rome 1.00; 95% CI: 0.85-1.18) 

277 (Figure 2). However the effect was modest.

278 The association between WRI and temperature or air pollutants by occupational activity was 

279 estimated only for those injuries occurred in one of the three economic sectors with a significant 

280 association between temperature and WRI, and only in the warm season (Transportation, 

281 Construction, and Electricity Gas and Water - Figure 2). In order to have enough statistical power we 

282 aggregated into a single category all those occupational activities for which less than 20 injuries were 

283 reported in at least one city. Blacksmith, mechanic, installer, motor worker, road worker, warehouse 

284 worker, attendant and asphalter were the only activities for which we observed a significant effect of 

285 temperature on WRI. The highest effects were observed for road workers (OR:4.05 - 95% CI:1.20-

286 13.66), warehouse workers (OR:4.45 - 95% CI:1.10-18.02) and attendants (OR:6.91 - 95% CI:1.42-

287 33.57). (Figure 3)
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288 We also observed a significant effect of MAT on those working outdoors in Milan (OR:1.12 - 95% 

289 CI: 1.02-1.23) and Rome (OR:1.07 - 95% CI: 1.01-1.12), and among those working both outdoors 

290 and indoors only in Rome (OR:1.03 - 95% CI: 1.00-1.06). No effect was observed among those 

291 working only indoors (Figure 4). 

292 In the cold season, a decrease of TMAX from 4°C to 2°C was associated with a weak and not 

293 significant increase in WRI (OR: 1.02; 95% CI: 1.00-1.04) in Rome (Table 2) while in Turin and 

294 Milan no effect was observed. No effect modifiers of TMAX-WRI in the cold season were found.  

295 Discussion

296 This is the first study conducted in Italy to analyze the independent effects of temperature (hot and 

297 cold) and air pollutants on the risk of work-related injuries. The strongest effects on WRI risk was 

298 due to exposure to NO2 in the warm season, with a WRI risk up to 1.3 times higher when NO2 levels 

299 increased from the 25th to 95th percentile of its city-specific distribution. 

300 In general we observed a significant association between exposure to NO2 and WRI in both seasons 

301 and in all cities; and between PM10 and WRI only in Rome during the cold season and in all the three 

302 cities during summer. Temperature showed a significant effect only in specific occupational activities 

303 during the warm season (May to September).

304 The relationship between NO2 and the occurrence of work related injuries had a similar shape in the 

305 three cities in both periods (eFigure 6, supplementary material). As expected, NO2 values were lower 

306 in the warm than in the cold season, with median values in the three cities of about 50 μg/m3 and 73 

307 μg/m3 respectively (eTable 1). Despite this, there was a stronger association between NO2 and WRI 

308 in the warm than in the cold season, although levels of NO2 in the cold season are always higher. It 

309 is also noticeable that the effect of NO2 remained constant regardless of economic sector or 

310 occupational activity. 

311 The relationship between PM10 and the occurrence of work related injuries had a non linear shape in 

312 Turin and Milan, while was linear in Rome in the warm season; during winter, instead, the shape was 

313 similar in the three cities (eFigure 5, supplementary material). PM10 levels showed a similar trend as 
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314 NO2, with lower levels in the warmer months and higher levels and a low day by day variability in 

315 the cold period. Only in Rome, the southern of the three cities, PM10 showed lower and more variable 

316 levels in the cold period. (eTable 1, supplementary material); and it is interesting to observe that an 

317 increase of PM10 is associated to an increase in WRI in this season only in Rome. In the warm months 

318 the effect of PM10 is consistent in the three cities, but lower then that of NO2. On days in which PM10 

319 levels reach the 95th percentile of the city specific distribution the risk of WRI is circa 10% higher 

320 than on days when PM10 levels are around their 25th percentile. 

321 The differences observed in the shape of the pollutant-WRI risk among cities could be explained by 

322 the different geographical and climatic characteristics and also by sources of air pollution; for 

323 example in Rome there are additional sources on particulate matters levels, above all Saharan dust 

324 storms [36]. 

325 Mounting experimental evidence suggests in addition to the well-known short-term effects on various 

326 health outcomes [23, 37-38], such as cardiopulmonary system, the brain may be a target of air 

327 pollution. Specific mental and neurological disorders, such as depression and headache, as well as 

328 suicide have all been linked to ambient air pollution.[39,40] Moreover evidence on  acute 

329 neuropsychological effect has been studied only very recently on humans by Sunyer et al.,2017, [21] 

330 showing a short-term association between air pollutants and fluctuations in attention in children. 

331 These effects could probably arise through the same mechanism as the long-term association, since a 

332 recent review [22] showed as potential mechanisms oxidative stress/inflammation, altered levels of 

333 dopamine and/or glutamate and changes in synaptic plasticity/structure based on consistent evidence 

334 from animal studies.  Inhaled concentrated ambient particulate matter is deposited in pulmonary 

335 alveolar regions of lung from which it can pass to the blood circulation and thus impact other organs 

336 and produce neuroendocrine and neuropathological alterations.[41] Another gateway to the brain 

337 involve translocation of pollution across the olfactory epithelium in the nasal cavity. [22] In our study 

338 the lag of PM10 and NO2 effects was short, two or three days;[42] so it is reasonable to think that these 

339 exposures might explain the association between pollution and work related injuries. Some previous 
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340 studies have analyzed health-related outcomes in specific categories of workers, particularly those 

341 exposed to urban stressors, such as street vendors and policemen, and they showed some effects on 

342 cardiovascular diseases, pregnancy outcomes, and respiratory diseases.[43-47,20] One study 

343 measured a negative economic impact of exposure to air pollutants in agriculture workers, finding 

344 lower productivity on more polluted days.[20] Finally, a recent study [43]  tried to measure the 

345 association between occupational exposure to ozone and respiratory diseases, with no conclusive 

346 results. It could be considered that above mentioned mechanisms may differ between seasons; during 

347 the warm season, part of the observed effect of pollutants may be attributable to the synergistic effect 

348 between temperature and air quality as previously suggested in the general population studies [48]. 

349 One mechanism involve the higher frequency of air pollution peaks occurring during stagnation 

350 events common in summer season. Moreover, during the hottest months the activation of 

351 thermoregulatory mechanisms such as the increase in ventilation rate could increase the intake of air 

352 pollutants into the airways.

353 As for heat, our study showed an increase of injuries only among bricklayers, blacksmiths, mechanics, 

354 installers and asphalters working in  transportation, construction and energy economic sectors , and 

355 in the more generic group of those working outdoor or performing both outdoor and indoor tasks, but 

356 not among those who work only indoors. These results are consistent with previous studies.[49,50, 

357 31] 

358 It is interesting that the unadjusted OR of MAT on WRI during the warm season ranged from 1.03 in 

359 Rome (75° vs 25° percentile, range=8°C) to 1.06 in Turin (90° vs 50° percentile, range=7°C), but 

360 these effects lowered to 1.01 and became not significant when adjusting for air pollution. The 

361 observed confounding of temperature by pollution should be considered when comparing our results 

362 to unadjusted estimates of temperature-WRI associations from other published studies.

363 Two previous studies conducted in Italy [51] and in Australia [49] found an inverse U-shaped 

364 relationship between high temperatures and WRI in summer, with  maximum risk on warm days but 

365 not on extremely hot days. The relationship observed in Turin and Milan (eFigure4) also suggest a 
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366 similar trend, even if quite weak. Also, the values of MAT in correspondence of which the highest 

367 rates of injuries were observed were 33°C-34°C, while they remained stable or decreased afterwards. 

368 In Rome, which experiences warmer summer conditions than Milan and Turin, we found a linear 

369 relationship consistent with what was observed in two recent studies conducted in Melbourne and in 

370 Quebec. [50,12] Different population characteristics as well as temperature distributions might 

371 influence these differences between cities. Furthermore, it has to be considered that the trend in the 

372 effects observed in Milan and Turin might be biased by the lower statistical power in the highest 

373 extremes of the temperature distribution, due to the fewer days observed with those temperature 

374 levels. This is not the case in Rome where temperatures even above 34°C are adequately represented. 

375 Ambient heat might increase metabolic heat that is normally produced in activities requiring physical 

376 exertion; accordingly we have observed an effect of heat in more physically demanding economic 

377 sectors and occupational activities. We categorized workers according to three different criteria as 

378 suggested in a previous study:[12] economic sector, occupational activity and outdoor or indoor 

379 location. This classification allowed us to measure both the risk associated with physical demands 

380 (economic sector and occupational activity) and the gradient of exposure to outdoor heat. Our results 

381 showed higher susceptibility among those working outdoors and no effects on those working only 

382 indoors, confirming that those working outdoors are more susceptible to pollution and temperatures 

383 exposure. However, when analysing single occupational activities, we found that among the most 

384 susceptible to heat there were some (mechanics, warehouse workers and attendants) who spend more 

385 time indoor than outdoor but still require high physical exertion. Strenuous activity, and use of heavy 

386 impermeable personal protective clothing might increase metabolic heat and increase the risk of 

387 injuries. This might suggest that the level of physical strength required by the occupation might be 

388 an important effect modifier to be taken into account for heat-related risk, independent of work 

389 location.[12] 

390 Our study also examine the effect of temperature and air pollutants in the cold season. As for 

391 pollution, the effect is lower than in summer;   for temperature, we did not observe an effect of cold. 
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392 A previous study conducted in Tuscany, in the center of Italy, found significant cold effects on 

393 outdoor occupational injuries especially among agricoltures and in drivers of vehicles other than cars 

394 [52].

395 An important strength of this study is that we estimated the independent effects of temperature and 

396 air pollution, controlling one for the other in the model. Also, we used a very large dataset that was 

397 not derived from self-reported data. However, our study presents some limits. The study population 

398 was drawn from the Italian public insurance system database that covers all work-related injuries due 

399 to violent causes that leads to death, permanent disability or temporary total disability lasting at least 

400 three days, and all occupational diseases. It is remarkable to consider that workers covered by the 

401 public insurance system for injuries and occupational diseases make up approximately 80-85% of the 

402 whole workforce in Italy. However, daily injury claims may be underestimated because of under-

403 reporting of workers’ compensation claims and due to incomplete coverage of the public insurance 

404 system lead by INAIL. Some occupational activities, such as firefighters and the armed forces, benefit 

405 from a specific welfare system in Italy and are not included in the analyzed dataset. The distribution 

406 of daily injury claims by economic sector varies greatly and the relatively small numbers in some 

407 sectors dictates a cautious interpretation of results for less represented subgroups.

408 All exposure measures used were daily averages deriving from fixed points of measurement in the 

409 city, implying each worker was attributed the same level of exposure independently of his location in 

410 the city at the moment of injury, thus having a potential bias in exposure due to different temperatures 

411 and pollutants within the city on a given day. However, the error associated with this generalization 

412 in exposure is considered to be low.[53] Finally collinearity among NO2 and PM10 didn’t allow to 

413 adjust one pollutant for the other, so that the estimate of pollutant effect might be confounded by 

414 concomitant exposure to the other one. This limit is proper of almost all air pollution studies.

415

416 Conclusions
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417 Our results show that , after removing the confounding effect of co-exposure to air pollution, the 

418 exposure to high temperature represents a risk  only among workers who have heavier work loads 

419 and among those who spend most of their time outdoors. Our results also suggest that exposure to air 

420 pollution, especially NO2, seems also to increase the risk of work related injuries with a stronger 

421 effect in the warm months. These results suggest the need to further look into this association, to 

422 confirm our findings and to better understand the underlying mechanisms. In conclusion, our results 

423 confirms that in Italy, which is a Mediterranean country with a generally mild climate, ambient 

424 exposures represent a hazard for work related injuries. These results contribute to the increasing 

425 knowledge about the association between temperature and work related injuries, and add new 

426 evidence about the potential effects of pollutants that have not yet been studied in Italy except on very 

427 specific subgroups. 

428 Identifying specific subgroups of workers as the most susceptible to these specific exposures is crucial 

429 information for public health organizations in order to properly target prevention plans.

430

431

432 Abbreviations

433 WRI, work related injuries; 

434 PM10, particulate matter with an aerodynamic diameter of 10 μm or less;  

435 NO2, nitrogen dioxide;

436 MAT, maximum apparent temperature; 

437 TMAX, maximum temperature; 

438 DLNM, non-linear distributed lag model; 

439 OR, odd ratio; 

440 CI, confidence interval.

441

442 Declarations

443 Acknowledgments

Page 18 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

19

444 Authors aknowledge Dr. Simona Vecchi for her suggestions in the final revision of the manuscript; 

445 Giuseppe Campo and Fabio Cosimi (INAIL, Rome) for supporting in the retrieving and interpretation 

446 of injuries data and Julie Sawitzke for her carful editing and English review.

447

448 Funding

449  The study was carried out within “Cambiamenti climatici, inquinamento atmosferico e pollini: 

450 Modello integrato di monitoraggio dell’esposizione ambientale, allerta, sorveglianza rapida sanitaria 

451 e promozione di misure di prevenzione per ridurre l’impatto sulla salute”funded by CCM – Ministero 

452 della Salute.

453

454 Availability of data and materials

455 The data that support the findings of this study are available from Occupational and Environmental 

456 Medicine, Epidemiology and Hygiene Department, Italian Workers’ Compensation Authority 

457 (INAIL), Rome, Italy but restrictions apply to the availability of these data, which were used within 

458 the collaboration for the current study, and so are not publicly available. Data are however available 

459 from the authors upon reasonable request. and with permission of INAIL.

460

461 Authors’ contributions

462 PS conceptualized and designed the study, drafted the manuscript. FA carried out the statistical 

463 analyses, reviewed and revised the manuscript. AM and MB contributed to the draft, critically 

464 reviewed the manuscript. MD critically reviewed the manuscript. PM collaborated to conceptualize 

465 and to desig the study, reviewed and revised the manuscript. All authors read and approved the final 

466 manuscript as submitted.

467

468 Ethics approval and consent to participate 

469 Not applicable

470

Page 19 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

20

471 Consent for publication

472 Not applicable

473

474 Competing interests

475 The authors declare that they have no competing interests to disclose.

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499 References

500 1. IPCC, 2014: Climate Change 2014: Mitigation of Climate Change. Contribution of Working Group 
501 III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change [Edenhofer, 
502 O., R. Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. 
503 Brunner, P. Eickemeier, B. Kriemann, J. Savolainen, S. Schlömer, C. von Stechow, T. Zwickel and 
504 J.C. Minx (eds.)]. Cambridge University Press, Cambridge, United Kingdom and New York, NY, 
505 USA. https://www.ipcc.ch/pdf/assessment-report/ar5/wg3/WGIIIAR5_SPM_TS_Volume.pdf
506

Page 20 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

21

507 2. Arbuthnott K, Hajat S, Heaviside C, et al. Changes in population susceptibility to heat and cold over 
508 time: assessing adaptation to climate change. 
509 Environ Health. 2016;15 Suppl 1:33. doi: 10.1186/s12940-016-0102-7.
510
511 3. Orru H, Ebi KL, Forsberg B. The Interplay of Climate Change and Air Pollution on Health. Current 
512 Environmental Health Reports. 2017;4(4):504-513. doi:10.1007/s40572-017-0168-6.
513
514 4. de' Donato FK, Leone M, Scortichini M, et al. Changes in the Effect of Heat on Mortality in the Last 
515 20 Years in Nine European Cities. Results from the PHASE Project.
516 Int J Environ Res Public Health. 2015;12(12):15567-83. doi: 10.3390/ijerph121215006.
517
518 5. Iñiguez C, Schifano P, Asta F, et al. Temperature in summer and children's hospitalizations in two 
519 Mediterranean cities.
520 Environ Res. 2016;150:236-44. doi: 10.1016/j.envres.2016.06.007. Epub 2016 Jun 16.
521
522 6. Schulte PA, Bhattacharya A, Butler CR, et al. Advancing the framework for considering the effects 
523 of climate change on worker safety and health.
524 J Occup Environ Hyg. 2016;13(11):847-65. doi: 10.1080/15459624.2016.1179388.
525
526 7. NIOSH [2016]. NIOSH criteria for a recommended standard: occupational exposure to heat and hot
527 environments. By Jacklitsch B, Williams WJ, Musolin K, Coca A, Kim J-H, Turner N. Cincinnati,
528 OH: U.S. Department of Health and Human Services, Centers for Disease Control and Prevention,
529 National Institute for Occupational Safety and Health, DHHS (NIOSH) Publication 2016-106. 
530 https://www.cdc.gov/niosh/docs/2016-106/pdfs/2016-106.pdf
531
532 8. Bonauto D, Anderson R, Rauser E, et al. Occupational heat illness in Washington State, 1995-2005. 
533 Am J Ind Med. 2007;50(12):940-50. doi: 10.1002/ajim.20517.
534
535 9. CDC - Centers for Disease Control and Prevention. Heat-related deaths among crop workers-United 
536 States, 1992-2006. 
537 MMWR Morb Mortal Weekly Rep.2008;57(24):649-53. 
538 Available from: www.cdc.gov/ mmwr/preview/mmwrhtml/mm5724a1.htm.
539
540 10. Mirabelli MC, Quandt SA, Crain R, et al. Symptoms of heat illness among Latino farm workers in 
541 North Carolina. 
542 Am J Prev Med. 2010;39(5):468-71. doi: 10.1016/j.amepre.2010.07.008.
543
544 11. Fleischer NL, Tiesman HM, Sumitani J, et al. Public health impact of heat-related illness among 
545 migrant farmworkers. 
546 Am J Prev Med. 2013;44(3):199-206. doi: 10.1016/j.amepre.2012.10.020.
547
548 12. McInnes JA, Akram M, MacFarlane EM, et al. Association between high ambient temperature and 
549 acute work-related injury: a case-crossover analysis using workers' compensation claims data.
550 Scand J Work Environ Health. 2017;43(1):86-94. doi: 10.5271/sjweh.3602. 
551
552 13. Balbus JM, Malina C. Identifying vulnerable subpopulations for climate change health effects in the 
553 United States.
554 J Occup Environ Med. 2009;51(1):33-7. doi: 10.1097/JOM.0b013e318193e12e.
555
556 14. Lundgren K, Kuklane K, Gao C, et al. Effects of heat stress on working populations when facing 
557 climate change.
558 Ind Health. 2013;51(1):3-15.
559
560 15. Milon A, Sottas PE, Bulliard JL, et al. Effective exposure to solar UV in building workers: influence 
561 of local and individual factors. Journal of Exposure Science and Environmental Epidemiology 2007, 
562 17(1), 58.

Page 21 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

22

563
564 16. Yardley J, Sigal RJ, Kenny GP. Heat health planning: The importance of social and community 
565 factors. Global Environmental Change 2011, 21(2), 670-679.
566
567 17. Mäkinen TM, Hassi J. Health problems in cold work.
568 Ind Health. 2009;47(3):207-20.
569
570 18. Faustini A, Stafoggia M, Colais P and EpiAir Collaborative Group. Air pollution and multiple acute 
571 respiratory outcomes.
572 Eur Respir J. 2013;42(2):304-13. doi: 10.1183/09031936.00128712. Epub 2013 Jan 11.
573
574 19. Chiusolo M, Cadum E, Stafoggia M, et al. Short-Term Effects of Nitrogen Dioxide on Mortality and 
575 Susceptibility Factors in 10 Italian Cities: The EpiAir Study.
576 Environ Health Perspect. 2011 Sep;119(9):1233-8. doi: 10.1289/ehp.1002904. Epub 2011 May 17.
577
578 20. Zivin JG, Neidell M. The Impact of Pollution on Worker Productivity.
579 Am Econ Rev. 2012;102(7):3652-3673. doi: 10.1257/aer.102.7.3652.
580
581 21. Sunyer J, Suades-González E, García-Esteban R, et al. Traffic-related Air Pollution and Attention in 
582 Primary School Children: Short-term Association.
583 Epidemiology. 2017 Mar;28(2):181-189. doi: 10.1097/EDE.0000000000000603. 
584
585 22. Allen JL, Klocke C, Morris-Schaffer K, et al. Cognitive Effects of Air Pollution Exposures and 
586 Potential Mechanistic Underpinnings.
587 Curr Environ Health Rep. 2017 Jun;4(2):180-191. doi: 10.1007/s40572-017-0134-3.
588
589 23. Mills IC, Atkinson RW, Kang S. Quantitative systematic review of the associations between short-
590 term exposure to nitrogen dioxide and mortality and hospital admissions.
591 BMJ Open. 2015;5(5):e006946. doi: 10.1136/bmjopen-2014-006946. Review. 
592
593 24. Pinault L, van Donkelaar A, Martin RV. Exposure to fine particulate matter air pollution in Canada. 
594 Health Reports. 2017; 28(3), 9.
595
596 25. Analitis A, Michelozzi P, D'Ippoliti D, et al. Effects of heat waves on mortality: effect modification 
597 and confounding by air pollutants.
598 Epidemiology 2014; 25(1):15-22. DOI: 10.1097/EDE.0b013e31828ac01b.
599
600 26. Stafoggia M, Schwartz J, Forastiere F, et al. Does temperature modify the association between air 
601 pollution and mortality? A multicity case-crossover analysis in Italy. 
602 Am J Epidemiol 2008; 167: 1476–1485.
603
604 27. Bonafede M, Marinaccio A, Asta F, et al. The association between extreme weather conditions and 
605 work-related injuries and diseases. A systematic review of epidemiological studies.
606 Ann Ist Super Sanità. 2016; 52(3): 357-367. doi: 10.4415/ANN_16_03_07.
607
608 28. Michelozzi P, De Sario M, Accetta G, de'Donato F, Kirchmayer U, D'Ovidio M, Perucci CA; 
609 HHWWS Collaborative Group.Temperature and summer mortality: geographical and temporal 
610 variations in four Italian cities. 
611 J Epidemiol Community Health. 2006;60(5):417-23.
612
613 29. Baccini M, Biggeri A, Accetta G, Kosatsky T, Katsouyanni K, Analitis A, et al. Heat effects on 
614 mortality in 15 European cities. 
615 Epidemiology. 2008 Sep;19(5):711-9. doi: 10.1097/EDE.0b013e318176bfcd.
616
617 30. Kalkstein LS, Valimont KM. An evaluation of summer discomfort in the United States using a 
618 relative climatological index. 

Page 22 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

23

619 Bull Am Meteorol Soc 1986;67:842–8.
620
621 31. Riccò, M. Air temperature exposure and agricultural occupational injuries in the Autonomous 
622 Province of Trento (2000–2013, North-Eastern Italy). International journal of occupational medicine 
623 and environmental health 2018, 31(3), 317-331.
624
625 32. Barnett AG; Tong S; Clements ACA. What measure of temperature is the best predictor of 
626 mortality? 
627 Environ. Res. 2010, 110, 604–611.
628
629 33. Berti G, Chiusolo M, Grechi D, et al. Environmental indicators in ten Italian cities (2001-2005): the 
630 air quality data for epidemiological surveillance.
631 Epidemiol Prev. 2009;33(6 Suppl 1):13-26.
632
633 34. Gasparrini A, Armstrong B, Kenward MG. Distributed lag non-linear models.
634 Statist. Med. 2010;29 2224—2234
635
636 35. Maclure M. The case-crossover design: a method for studying transient effects on the risk of acute 
637 events.Am J Epidemiol. 1991;133:144 –153.
638
639 36. Alessandrini ER, Stafoggia M, Faustini A, et al. Saharan dust and the association between particulate 
640 matter and daily hospitalisations in Rome, Italy.
641 Occup Environ Med. 2013;70(6):432-4. doi: 10.1136/oemed-2012-101182. Epub 2013 Mar 15.
642
643 37. Atkinson RW, Mills IC, Walton HA, et al. Fine particle components and health--a systematic review 
644 and meta-analysis of epidemiological time series studies of daily mortality and hospital admissions.
645 J Expo Sci Environ Epidemiol. 2015;25(2):208-14. doi: 10.1038/jes.2014.63. Review.
646
647 38. Li MH, Fan LC, Mao B, et al. Short-term Exposure to Ambient Fine Particulate Matter Increases 
648 Hospitalizations and Mortality in COPD: A Systematic Review and Meta-analysis.
649 Chest. 2016;149(2):447-58. doi: 10.1378/chest.15-0513. Epub 2016 Jan 12.
650
651 39. Vodonos A, Novack V, Zlotnik Y, et al. Ambient air pollution, weather and daily emergency 
652 department visits for headache. 
653 Cephalalgia. 2015;35:1085–1091. doi: 10.1177/0333102415570300.
654
655 40. Szyszkowicz M, Rowe BH, Colman I. Air pollution and daily emergency department visits for 
656 depression.
657 Int J Occup Med Environ Health. 2009;22:355–362.
658
659 41. Sirivelu MP, MohanKumar SM, Wagner JG, et al. Activation of the stress axis and neurochemical 
660 alterations in specific brain areas by concentrated ambient particle exposure with concomitant 
661 allergic airway disease. 
662 Environ Health Perspect. 2006;114:870–874. doi: 10.1289/ehp.8619.
663
664 42. Bakian AV, Huber RS, Coon H, et al. Acute air pollution exposure and risk of suicide completion. 
665 Am J Epidemiol. 2015;181:295–303. doi: 10.1093/aje/kwu341.
666
667
668 43. Adam-Poupart A, Labrèche F, Busque MA, et al. Association between outdoor ozone and 
669 compensated acute respiratory diseases among workers in Quebec (Canada). 
670 Ind Health. 2015;53(2):171-5. doi: 10.2486/indhealth.2014-0136. 
671
672 44. Vimercati L, Gatti MF, Baldassarre A, et al. Occupational Exposure to Urban Air Pollution and 
673 Allergic Diseases.
674 Int J Environ Res Public Health. 2015;12(10):12977-87. doi: 10.3390/ijerph121012977.

Page 23 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://bmjopen.bmj.com/


For peer review only

24

675
676 45. Amegah AK, Jaakkola JJ. Work as a street vendor, associated traffic-related air pollution exposures 
677 and risk of adverse pregnancy outcomes in Accra, Ghana. 
678 Int J Hyg Environ Health. 2014;217(2-3):354-62. doi:10.1016/j.ijheh.2013.07.010.
679
680 46. Toren K, Bergdahl IA, Nilsson T, et al. Occupational exposure to particulate air pollution and 
681 mortality due to ischaemic heart disease and cerebrovascular disease. 
682 Occup Environ Med. 2007;64:515–519. doi: 10.1136/oem.2006.029488.
683
684 47. Palli D, Saieva C, Munnia A, et al. DNA adducts and PM(10) exposure in traffic-exposed workers 
685 and urban residents from the EPIC-Florence City study. 
686 Sci Total Environ. 2008;403(1-3):105-12. doi:10.1016/j.scitotenv.2008.05.041.
687
688 48. Scortichini M, De Sario M, de'Donato FK, et al. Short-Term Effects of Heat on Mortality and Effect 
689 Modification by Air Pollution in 25 Italian Cities.
690 Int J Environ Res Public Health. 2018;15(8). pii: E1771. doi: 10.3390/ijerph15081771.
691
692 49. Xiang J, Bi P, Pisaniello D, et al. Association between high temperature and work-related injuries in 
693 Adelaide, South Australia, 2001–2010. 
694 Occ Environ Med. 2014;71:246–52. doi: 10.1136/oemed-2013-101584.
695
696 50. Adam-Poupart A, Smargiassi A, Busque MA, et al. Effect of summer outdoor temperatures on work-
697 related injuries in Quebec (Canada). 
698 Occup Environ Med. 2015;72(5):338-45. doi:10.1136/oemed-2014-102428. 
699
700 51. Morabito M, Cecchi L, Crisci A, et al. Relationship between work-related accidents and hot weather 
701 conditions in Tuscany (central Italy). 
702 Ind Health. 2006;44. http://dx.doi.org/10.2486/indhealth.44.458.
703
704 52. Morabito M, Iannuccilli M, Crisci A, et al. Air temperature exposure and outdoor occupational 
705 injuries: a significant cold effect in Central Italy. 
706       Occup Environ Med. 2014;71(10):713-6. doi: 10.1136/oemed-2014-102204.
707
708 53. Sheppard L, Burnett RT, Szpiro AA, et al. Confounding and exposure measurement
709 error in air pollution epidemiology. 
710 Air Qual. Atmos. Health. 2012;5(2):203–216. doi: 10.1007/s11869-011-0140-9.
711

712

713

714

715 Figures:

716 Figure 1. Graphical summary of lags and shapes of exposures/WRI relationship (linear/non linear) by 
717 season and city.
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719 Figure 2. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase*, by economic sectors, 
720 during warm season (May-September) in Turin, Milan and Rome.
721 * Turin: 90° vs 50° percentile of MAT
722    Milan: 90° vs 10° percentile of MAT
723    Rome: 75° vs 25° percentile of MAT

Page 24 of 37

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml

BMJ Open

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://bm

jopen.bm
j.com

/
B

M
J O

pen: first published as 10.1136/bm
jopen-2018-023119 on 18 A

ugust 2019. D
ow

nloaded from
 

http://dx.doi.org/10.2486/indhealth.44.458
http://bmjopen.bmj.com/


For peer review only

25

724

725 Figure 3. Odds Ratios of WRI, adjusted for NO2, for MAT (lag1-7) increase* by occupational 
726 activities, in Transportation, Construction, Electricity gas and water industries, during warm season 
727 (May-September) in Turin, Milan and Rome.
728 * Turin: 90° vs 50° percentile of MAT
729    Milan: 90° vs 10° percentile of MAT
730    Rome: 75° vs 25° percentile of MAT
731

732 Figure 4. Odds Ratios of WRI for MAT*, NO2
§ and PM10

§ increases by "Indoor/Outdoor  job activity"  
733 during warm season (May-September) in Turin, Milan and Rome.
734 * Turin: 90° vs 50° percentile of MAT
735    Milan: 90° vs 10° percentile of MAT
736    Rome: 75° vs 25° percentile of MAT
737 § 95° vs 25° percentile of the distribution of the both air pollutants in the three cities

738

739
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eTable 1. Temperature and pollutants distribution in Turin, Milan and Rome by seasonal period, 2001–2010. 

 

Exposure Min 25° pctl 50° pctl 75° pctl Max 

WARM SEASON (May - September) 

Turin 
Daily maximum apparent temperature (°C)  9.0 22.3 26.3 30.1 39.7 

PM10 (μg/m3)  1.0 20.7 28.0 36.5 89.5 

NO2 (μg/m3)  12.7 36.8 47.2 59.6 135.1 

Milan 

Daily maximum apparent temperature (°C)  6.7 23.9 28.3 32.6 44.0 

PM10 (μg/m3)  4.9 22.5 29.6 38.5 87.4 

NO2 (μg/m3)  11.2 33.9 43.4 53.8 128.1 

Rome 

Daily maximum apparent temperature (°C)  12.4 24.4 28.3 32.2 39.7 

PM10 (μg/m3)  7.3 26.3 32.1 39.6 106.0 

NO2 (μg/m3)  11.9 41.9 52.3 62.7 110.1 

COLD SEASON (November – February) 

Turin 

Daily maximum temperature (°C)  -7.6 4.7 7.7 10.9 24.9 

PM10 (μg/m3)  8.0 50.5 75.0 102.0 242.0 

NO2 (μg/m3) 19.9 64.9 79.0 92.9 197.9 

Milan 
Daily maximum temperature (°C)  -3.2 5.3 8.3 11.3 21.6 

PM10 (μg/m3)  9.3 44.3 67.3 93.2 314.6 

NO2 (μg/m3) 29.6 60.2 72.3 87.2 202.1 

Rome 
Daily maximum temperature (°C)  5.5 10.3 12.6 14.5 23.2 

PM10 (μg/m3)  10.7 27.4 39.4 53.9 141.6 

NO2 (μg/m3) 23.9 58.4 68.1 78.2 117.3 
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eTable 2. Pearson correlation coefficients between daily temperature and pollutants in both seasons for the 

three cities. 

 

* p-value < 0,05 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

TURIN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-6 TMAX lag 6-21 NO2 lag 0-4 PM10 lag 2-12
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.12* 1 NO2 lag 0-4 -0.42* 1
PM10 lag 0-6 -0.01* 0.61* 1 PM10 lag 2-12 -0.20* 0.51* 1

MILAN

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 6-21 NO2 lag 0-3 PM10 lag 0-3
MAT lag 1-7 1 TMAX lag 6-21 1
NO2 lag 0-8 -0.22* 1 NO2 lag 0-3 -0.36* 1
PM10 lag 0-7 0.28* 0.56* 1 PM10 lag 0-3 -0.29* 0.77* 1

ROME

MAT lag 1-7 NO2 lag 0-8 PM10 lag 0-7 TMAX lag 0-6 NO2 lag 1-4 PM10 lag 5-19
MAT lag 1-7 1 TMAX lag 0-6 1
NO2 lag 0-8 -0.08* 1 NO2 lag 1-4 -0.05 1
PM10 lag 0-7 0.40* 0.49* 1 PM10 lag 5-19 -0.01 0.19* 1

WARM SEASON COLD SEASON
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eFigure 1. Lag structure of Relative Risks (RR) of injury for 1 °C increase in temperature in the three cities 

obtained by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 2. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in PM10 in the three cities obtained 

by a non-linear distributed lag models, warm season (A) and cold season (B) 
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eFigure 3. Lag structure of Relative Risks (RR) of injury for 1 µg/m3 increase in NO2 in the three cities obtained 

by distributed lag models, warm season (A) and cold season (B) 
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eFigure 4. The injury-temperature relationship in Turin, Milan and Rome in warm season (A) and cold 
season (B), estimated by a Poisson generalized additive models 
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eFigure 5. The injury–PM 10 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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eFigure 6. The injury–NO 2 relationship in Turin, Milan and Rome in warm season (A) and cold season 
(B), estimated by a Poisson generalized additive models 
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