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Introduction
Cirrhosis is an advanced liver disease that develops after many 
years of chronic liver injury. It is caused mainly by infections 
(chronic hepatitis B and C viruses), alcohol misuse, and non-
alcoholic liver disease.1 It is responsible for a huge burden of 

disease, resulting in about 1.27 million deaths and 38.9 million 
disability-adjusted life-years (DALYs) per year worldwide,2,3 
and is associated with high rates of disability, need for caregiv-
ing, and healthcare resource use.4

Although the chronic activation of inflammatory pathways 
plays a substantial role in the development of cirrhosis, the 
association between liver cirrhosis and exposure to air pollu-
tion has never been investigated before. In a cohort from the 
Framingham Heart Study, it was found that proximity to major 
roadways was associated with hepatic steatosis.5 It was also 
hypothesized that air pollution could be involved in the pro-
gression from nonalcoholic fatty liver disease (NAFLD) to non-
alcoholic steatohepatitis (NASH).6 Evidence from experimental 
studies on mice suggests that air pollution could affect the liver 
by stimulating a local inflammatory response, with activation of 
Kupffer cells and production of cytokines,7 by activating endo-
plasmic reticulum stress responses,8 and by promoting collagen 
deposition and progression to fibrosis.9 Other studies showed 
that some metal compounds present in the air pollution, such 
as vanadium, are also capable of inducing oxidative stress, 

What this study adds
Cirrhosis is a chronic disease involving millions of people 
worldwide, with a huge burden of disease and healthcare costs. 
Despite experimental studies supporting a possible association, 
the association between exposure to air pollution and liver cir-
rhosis has never been investigated before. Using Cox PH mod-
els in a large population-based cohort of residents in Rome, we 
found that long-term exposure to a wide range of pollutants 
was significantly associated with cirrhosis incidence. With the 
majority of the world population living in urban settings and 
being exposed to air pollution, these findings could have rele-
vant implications for public health.
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Background: Cirrhosis is an advanced liver disease affecting millions of people worldwide, involving high healthcare costs. 
Despite experimental evidence suggesting a possible role of airborne pollutants in liver diseases, epidemiological studies are lacking. 
We aimed at investigating the association between exposure to air pollutants and incidence of cirrhosis in a large population-based 
cohort in Rome.
Methods: We used an administrative cohort established from the 2001 census. We included all adults of 30 years of age or older 
who were free of cirrhosis, resulting in a study population of over 1.2 million subjects. Follow-up of the subjects ended on 31 
December 2015. We ascertained incident cases of cirrhosis from regional mortality and hospital discharge registries using a vali-
dated algorithm. We assessed exposure of the subjects to PM10, PM coarse, PM2.5, PM2.5 absorbance, NO2, NOx, and PM metal 
components at their residential address using Land Use Regression models. We used Cox regression models, adjusted for relevant 
covariates, to estimate the association between air pollution exposure and cirrhosis incidence.
Results: We observed 10,111 incident cases of cirrhosis, with a crude incidence rate of 67 × 100,000 person-years. Long-term expo-
sure to all pollutants tested was significantly associated with cirrhosis, e.g., PM10 (hazard ratios [HR], 1.05; 95% confidence interval 
[CI], 1.01–1.09, per 10 µg/m3 increments), PM coarse (HR, 1.11; 95% CI, 1.05–1.17, per 10 µg/m3 increments), PM2.5 (HR, 1.08; 95% 
CI, 1.03–1.13, per 5 µg/m3 increments), and NO2 (HR, 1.03; 95% CI, 1.02–1.05, per 10 µg/m3 increments). The associations were 
robust in secondary analyses.
Conclusions: Our findings suggest a possible contribution of air pollution to the development of cirrhosis.
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inflammatory infiltrates, and tissutal alterations suggestive for 
regenerative activity.10,11

Based on this evidence, we hypothesized that long-term expo-
sure to air pollution could lead to the development of cirrhosis 
and that the contribution of the metal compounds of partic-
ulate matter (PM) could be relevant. We then investigated the 
association between major air pollutants, PM components and 
the incidence of cirrhosis in a large population-based cohort in 
Rome, Italy.

Methods

Study design and population

We selected the study population from the Rome Longitudinal 
Study, an administrative cohort of residents in Rome established 
from the 2001 census, whose characteristics have been already 
described.12 Rome is the capital and main metropolitan city in 
Italy: it covers an area of about 1,290 km2, and at 2001 census, 
it had a population of about 2.5 million inhabitants.12

Eligibility criteria for the enrollment into the cohort were 30 
years of age and older, resident in Rome since 5 years or longer, 
not living in institutions (prisons, hospitals, or nursing homes) 
at the date of enrollment (21 October 2001), yielding a cohort 
of 1,265,058 subjects. Using record linkage with the regional 
Hospital Discharge Register, we excluded subjects who had 
any hospitalization for cirrhosis in the previous 5 years before 
enrollment and those with missing information on the personal 
identifying code, on exposure to air pollution, or on any of the 
covariates. The final study population consisted of 1,245,397 
subjects.

Follow-up for vital status (Rome Municipal Register) started 
on 21 October 2001, and ended on 31 December 2015; subjects 
who emigrated outside Rome during the study period were con-
sidered lost to follow-up at the date of emigration.

We obtained data on the covariates from census data, 
although information on residential history was available from 
Rome Municipal Register. Using record linkage procedures, we 
collected information about participants’ hospitalizations from 
the regional Hospital Discharge Register. This register includes 
all discharges from public and private hospitals, coded accord-
ing to the 9th Revision of the International Classification of 
Diseases—Clinical Modification (ICD-9-CM). In the discharge 
abstracts present in the Register, physicians can code one main 
diagnosis and up to five secondary diagnoses. The main diag-
nosis corresponds to the main disease or condition that led to 
the hospitalization or to the one that absorbed most of the eco-
nomic resources during the hospital stay. The secondary diagno-
ses correspond to other relevant diseases. Together with other 
parameters (e.g., length of stay, interventions/procedures, etc.), 
the diagnosis codes are used to calculate the reimbursement 
given to healthcare facilities by the State.

Outcome

We ascertained incident cases of cirrhosis searching for appro-
priate ICD-9-CM codes among the main and secondary diag-
noses of hospitalizations and among the causes of death that 
occurred during the follow-up period. We adopted a modified 
version of the algorithm validated by Nehra et al,13 which 
showed a sensitivity of 98% and a positive predictive value of 
78% in a validation cohort of patients with known cirrhosis. 
We defined as incident cirrhosis cases those subjects who had at 
least one code (main and five secondary diagnoses) for cirrhosis 
(571.2 alcoholic cirrhosis, 571.5 cirrhosis without mention of 
alcohol) or one code for specific hepatic decompensation events 
(456.0-456.1-456.2-456.21 esophageal varices; 572.2 hepatic 
encephalopathy; 572.3 portal hypertension; 572.4 hepatore-
nal syndrome). We did not include the code for spontaneous 

bacterial peritonitis in our algorithm, as this code is missing in 
the Italian version of ICD-9-CM, and the other codes for perito-
nitis are nonspecific. In subjects with multiple records, we con-
sidered the first event as the time of diagnosis.

Covariates

We included known individual-level potential confounders at 
inclusion: age, sex, birthplace (Rome or other places), educa-
tional level (university, high school, junior high school, primary 
school or less), occupational status [highly qualified nonmanual 
workers (i.e., managers, professors, researchers); other nonman-
ual workers; manual workers; other workers (i.e., armed forces, 
retail sales); housewives; unemployed; retired; other condition], 
and marital status (married, single, separated/divorced, wid-
owed). Other individual-level factors also play a role in the devel-
opment of liver cirrhosis, such as income, alcohol consumption, 
and previous hepatitis B virus or hepatitis C virus infections, but 
this kind of individual information was unavailable. However, 
because area-level socioeconomic conditions have been shown 
to be associated with some of these factors independently of 
individual position,14 we adjusted for an area-level indicator 
based on the data from the 2001 census. The index was derived 
from a factor analysis based on educational level, occupation, 
home ownership, family composition, crowding, and immigrant 
status at the census block level (500 inhabitants per block, on 
average). We then classified the socioeconomic position (SEP) 
in five levels (very high, high, intermediate, low, and very low), 
according to quintiles of the distribution.12

Exposure assessment

For exposure assessment, we applied the Land Use Regression 
(LUR) models developed in two European projects: the ESCAPE 
(European Study of Cohorts for Air Pollution Effects) and the 
TRANSPHORM (Transport-related air pollution and health 
impacts—integrated methodologies for assessing particulate 
matter) projects.15–17 The ESCAPE project allowed to measure 
and develop LUR models for major pollutants: particulate 
matter (PM10, coarse PM, PM2.5), nitrogen oxides (NO2 and 
NOx), and absorbance of PM2.5 (a proxy of black carbon). The 
TRANSPHORM project allowed to measure and develop LUR 
models for selected metal components of particulate matter, a 
priori chosen to represent diverse sources of air pollution: cop-
per (Cu), iron (Fe), and zinc (Zn) were chosen for representing 
non-tailpipe emissions; sulfur (S) for long-range transport; sili-
con (Si) for crustal material, nickel (Ni) and vanadium (V) for 
industries and mixed oil burning; and potassium (K) for bio-
mass burning and soil.17

The measurement campaigns were conducted in Rome 
during 2010. Nitrogen oxides were measured using passive 
samplers in 40 sites, and particulate matter, PM2.5 absor-
bance, and metal components were measured using Harvard 
Impactors in 20 sites, chosen to represent the spatial distri-
bution of residential addresses. In each site, concentrations of 
pollutants were measured for 14 days in the cold, intermediate, 
and warm seasons. Measurements at a reference background 
site were used to calculate a temporal correction to obtain an 
annual average concentration at each site.17–19 The average 
2010 annual concentrations were used to develop the LUR 
models using several predictor variables (GIS, land use, traffic, 
etc.). In this study, we chose to use all the LUR models with 
a cross-validated R2 > 0.50: all the major pollutants (PM10, 
coarse PM, PM2.5, the absorbance of PM2.5, NO2, and NOx), 
Cu, Fe, and Zn components of PM2.5, and all the components 
of PM10 except sulfur (S). We attributed exposure to the coor-
dinates in the residential address at the time of enrollment 
under the assumption that the spatial distribution of pollut-
ants did not change over time.
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Main analysis

We assessed the association between air pollution and liver 
cirrhosis using Cox proportional hazard models, with age as 
the time scale and stratifying by sex the baseline hazard rates. 
Subjects were censored at the time of diagnosis, death, emigra-
tion from Rome, or at 31 December 2015, depending on which 
came first. We developed separate models for each main pol-
lutant and metal component and reported both the unadjusted 
association (unadjusted models) and the association adjusted 
for the full set of individual- and area-level covariates (adjusted 
models). We analyzed each main pollutant and metal compo-
nent at a time. We calculated adjusted hazard ratios (HRs) and 
95% confidence intervals (CIs) using time-invariant linear terms 
for the pollutants with the fixed increments used in previous 
studies.20 We also used categorical variables defined by quar-
tile of the distribution and linear terms with interquartile range 
(IQR) increments. We tested for the proportionality assumption 
of the hazards correlating, for each covariate, the corresponding 
set of scaled Schoenfeld residuals with time. Additionally, we 
tested for the model as a whole.

We included interaction terms between exposure to air pollut-
ants and potential effect modifiers: sex, age class (30–49, 50–64, 
65–74, ≥75), educational level, occupational status (in this anal-
ysis, we merged all workers in one category, obtaining a five-
level variable: employed, unemployed, housewife, retired, other 
condition), and area-level SEP. We performed likelihood-ratio 
tests to assess effect modification.

To explore the shape of the association between air pollution 
and cirrhosis, we replaced the linear terms with natural splines, 
with two degrees of freedom in the adjusted models.21 We then 
compared the resulting models and the adjusted models using 
the likelihood-ratio test.

Secondary analyses

In a sensitivity analysis, to adopt a more specific case defini-
tion, we selected as cirrhotic only subjects who had at least 
three records or died for cirrhosis (narrow case definition). In 
fact, in the study by Nehra et al,13 the diagnosis of cirrhosis was 
confirmed in about 96% of subjects with three or more ICD-9 
codes included in the algorithm.

To exclude the presence of a spurious or inflated associa-
tion due to the possibility of a higher risk of hospitalization for 
other diseases linked to air pollution, we tested the association 
using only hospitalizations that had cirrhosis or its complication 
codes as main diagnosis.

Cirrhosis is an end-stage disease occurring after many years 
of persistent liver damage. To evaluate the association in sub-
jects affected by hepatic diseases or conditions that can lead 
to cirrhosis, we created a sub-cohort of the study population 
composed only by subjects who had at least one hospitalization 
for liver diseases or alcohol-related conditions (for the complete 
set of ICD-9 codes, see the eAppendix; http://links.lww.com/EE/
A104). Subjects entered the study at the time of first hospital-
ization for such conditions and were followed until the date of 
first hospitalization for cirrhosis, death, migration from Rome, 
or the end of follow-up.

Furthermore, to assess how robust were the associations to 
potential unmeasured confounding, we estimated the E-value.22 
Briefly, this indicator represents the minimum strength of the 
association that an unmeasured confounder would need to 
have with both the exposure and the outcome to fully explain 
a specific exposure–outcome association, conditional on the 
measured covariates (the larger the E-value, the more consid-
erable unmeasured confounding would be needed to explain an 
association).

We also tested if associations were robust when using sources 
of information different from hospitalizations and death reg-
isters. To do that, we used information on exemptions to 

co-payment for healthcare services linked to medical conditions. 
Because we had data from 2005 onwards, we created a sub-co-
hort of patients, with follow-up starting at 1 January 2010, to 
have at least 5 years of exemptions data to exclude prevalent 
cases. The new case definition included subjects who matched 
the main analysis definition plus those who had an exemption 
code for cirrhosis (008.571.2 alcoholic cirrhosis; 008.571.5 
nonalcoholic cirrhosis; N = 1,229), resulting in 3,694 cases. All 
cases occurring before or on 1 January 2010, according to this 
definition were excluded from the analysis (N = 9,272), thus 
removing 14 years of prevalent cases and allowing a longer 
time of exposure before disease onset. This was in line with the 
hypothesized long induction time.

Furthermore, in order to evaluate the presence of exposure 
misclassification due to residential address changes, we per-
formed a separate analysis on the 2010 sub-cohort restricted to 
the subjects who did not change their residential address during 
the previous 14 years (from 1 January 1996 to 31 December 
2009).

To test for the presence of any spatial dependence within 
the study population, we fitted models with a frailty term for 
neighborhoods. We adopted the definition established by the 
Municipality administration, which divides the municipal terri-
tory into 94 areas, with an average population of about 13,000 
people.

Finally, to assess the independent contribution of each pol-
lutant, we performed two pollutant models. We tested those 
couples of main pollutants and of metal components with the 
relative PM mass, which had Pearson’s correlation coefficients 
<0.7.

Results

Of the 1,265,058 eligible subjects, we excluded 1,332 who had 
missing information on the personal identifying code, 15,930 
with missing exposure to air pollution, five who had missing 
information on the covariates, and 2,394 subjects who were 
not free of the disease at enrollment, yielding a study popula-
tion of 1,245,397 subjects. The overall cohort follow-up period 
accounted for more than 15 million person-years of observa-
tions. We observed 10,111 new cases of cirrhosis, with a crude 
incidence rate of 67 × 100,000 person-years. Table 1 shows the 
characteristics of the study population with person-years of fol-
low-up, the number of new cases of cirrhosis, and crude rates 
with 95% CI.

Compared with non-cirrhotic subjects, those who developed 
cirrhosis were more frequently males (59.5% vs. 45.4%), were 
older (mean age, 63.3 vs. 55.0), and had lower educational 
attainment (primary school or less, 41.0% vs. 24.6%), and 
area-level socioeconomic conditions (very low SEP, 24.3% vs. 
19.2%). They also had dramatically higher mortality rates, as 
only 23.2% was alive at the end of follow-up compared with 
71.1% of non-cirrhotic subjects. The overall mean (SD) expo-
sure to main pollutants was as follows: 36.6 µg/m3 (5.1) for 
PM10, 17.0 µg/m3 (3.3) for PM coarse, 19.6 µg/m3 (1.9) for 
PM2.5, 2.71 × 10−5/m (0.5) for PM2.5 absorbance, 42.8 µg/m3 
(10.2) for NO2, and 85.0 µg/m3 (24.2) for NOx. As expected, 
Pearson’s correlation coefficients between pollutants were high, 
particularly among particulate matters (PM10, PM2.5, and PM 
coarse) and among some PM elemental constituents (eTable 2; 
http://links.lww.com/EE/A104).

Cirrhosis incidence was significantly associated with all main 
pollutants and metal components tested (Table 2). The adjusted 
HRs for main pollutants were as follows: PM10 (HR, 1.05; 95% 
CI, 1.01–1.09], per 10 µg/m3 increments), PM coarse (HR, 1.11; 
95% CI, 1.05–1.17, per 10 µg/m3 increments), PM2.5 (HR, 1.08; 
95% CI, 1.03–1.13, per 5 µg/m3 increments), PM2.5 absorbance 
(HR, 1.09; 95% CI, 1.05–1.13, per 1 × 10−5/m increments), NO2 
(HR, 1.03; 95% CI, 1.02–1.05, per 10 µg/m3 increments), and 
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NOx (HR, 1.04; 95% CI, 1.03–1.06, per 20 µg/m3 increments). 
The use of quartiles of exposure to air pollutants confirmed the 
results, and we found a significant trend for all pollutants and 
components, except PM10 K (eTable 3; http://links.lww.com/EE/
A104). When using IQR increments, we observed stronger asso-
ciations with PM10 nickel (HR, 1.07; 95% CI, 1.05–1.10) and 
NOx (HR, 1.07; 95% CI, 1.05–1.10; eTable 4; http://links.lww.
com/EE/A104).

We did not find evidence of effect modification except by age 
class (for PM coarse, PM2.5, PM2.5 absorbance, NO2, NOx, and 
PM10 Ni) and area-level SEP (for PM2.5). The associations were 
generally stronger among older people (≥75 and 65–74 years) 
and among subjects with a very high or very low area-level SEP 
(eTable 5; http://links.lww.com/EE/A104 and eTable 6; http://
links.lww.com/EE/A104).

The shape of the association was usually linear, although 
we observed some evidence of deviation from linearity for PM 
coarse, PM2.5 absorbance, and NO2 (likelihood ratio test; P < 
0.05), with steeper curves at lower concentrations followed by a 
final plateau (eFigure 1; http://links.lww.com/EE/A104).

Results of the sensitivity analyses for main pollutants and 
PM components are shown in Figures 1 and 2, respectively. The 
associations were not substantially altered by any sensitivity 
analysis, although they were weakened when we used only the 
main diagnosis code to define cases. In the sub-cohort of indi-
viduals affected by medical conditions leading to cirrhosis and 

in the sub-cohort starting from 2010 that included exemptions 
to co-payments in the case definition, the associations were gen-
erally strengthened.

The E-value for the adjusted associations were 1.28 for PM10, 
1.46 for PM coarse, 1.37 for PM2.5, 1.21 for NO2 and ranged 
from a minimum of 1.16 for PM10 K to a maximum of 1.62 
for PM10 V (eTable 7; http://links.lww.com/EE/A104). In two 
pollutant models, the association always remained significant 
for PM2.5 absorbance, NO2, NOx, and all components tested 
(eTable 8; http://links.lww.com/EE/A104 and eTable 9; http://
links.lww.com/EE/A104).

Discussion
We observed an association between air pollution and the 
incidence of liver cirrhosis in a large Italian population-based 
cohort. There were significant associations with both the main 
pollutants and the metal components of particulate matter. Our 
findings were robust to many sensitivity analyses, including a 
more restrictive and specific case definition, the use of the main 
hospitalization diagnosis only, the selective inclusion of subjects 
already predisposed to the development of cirrhosis, the restric-
tion to non-movers, and the use of data sources other than 
hospitalizations.

We estimated a crude incidence rate of 67 × 100,000 per-
son-years in our study. We are not aware of other estimates of 

Table 1.

Baseline characteristics of the study population: Rome 2001–2015.

Characteristic N (%) Person-years N cirrhosis cases Crude rate (per 100,000) 95% CI

Age at enrollment
  30–49 517,409 (41.6) 6,806,497 1,892 27.8 26.6 29.1
  50–64 374,107 (30.0) 4,753,865 2,983 62.7 60.5 65.0
  65–74 206,270 (16.6) 2,361,719 3,248 137.3 132.7 142.1
  ≥75 147,611 (11.9) 1,150,576 1,988 172.5 165.1 180.3
Sex
  Males 566,724 (45.5) 6,744,907 6,014 89.1 86.9 91.4
  Females 678,673 (54.5) 8,327,749 4,097 49.2 47.7 50.7
Place of birth
  Rome 645,267 (51.8) 8,095,980 4,406 54.4 52.8 56.0
  Other 600,130 (48.2) 6,976,676 5,705 81.7 79.6 83.9
Marital status
  Married 826,301 (66.4) 10,238,535 6,444 62.9 61.4 64.5
  Single 190,042 (15.3) 2,366,776 1,236 52.2 49.4 55.2
  Separated/divorced 87,324 (7.0) 1,080,162 674 62.3 57.8 67.2
  Widowed 141,730 (11.4) 1,387,183 1,757 126.5 120.7 132.5
Educational level
  University 203,032 (16.3) 2,558,242 1,010 39.5 37.1 42.0
  High school 411,282 (33.0) 5,200,798 2,118 40.7 39.0 42.5
  Secondary school 322,640 (25.9) 3,939,972 2,835 71.9 69.3 74.6
  Primary school or less 308,443 (24.8) 3,373,644 4,148 122.8 119.1 126.6
Occupational status
  Employed NM I 168,229 (13.5) 2,201,795 655 29.7 27.5 32.1
  Employed NM II 199,115 (16.0) 2,622,310 679 25.9 24.0 27.9
  Employed M 123,174 (9.9) 1,581,173 779 49.2 45.9 52.8
  Employed, other 80,925 (6.5) 1,048,185 371 35.4 32.0 39.2
  Housewives 261,635 (21.0) 3,146,070 2,078 66.0 63.2 68.9
  Unemployed 61,760 (5.0) 787,538 670 85.0 78.8 91.7
  Retired 291,706 (23.4) 3,072,452 4,011 130.4 126.4 134.5
  Other condition 58,853 (4.7) 613,133 868 141.3 132.2 151.0
Area-level SEP
  Very high 247,844 (19.9) 3,000,234 1,564 52.1 49.6 54.8
  High 254,917 (20.5) 3,070,400 1,879 61.2 58.5 64.0
  Medium 250,225 (20.1) 3,016,232 1,990 65.9 63.1 68.9
  Low 253,250 (20.3) 3,068,287 2,222 72.4 69.4 75.4
  Very low 239,161 (19.2) 2,917,502 2,456 84.1 80.8 87.5

Reported data are complete for all study participants.
Employed NM I, highly qualified nonmanual workers (i.e., managers, professors, researchers); Employed NM II, other nonmanual workers; Employed M, manual workers; Employed, other, other workers (i.e., 
armed forces, retail sales); Other condition, all subjects who cannot be classified into the previous categories. Area-level SEP indicates composite indicator of socioeconomic position at the census block 
level.

http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
http://links.lww.com/EE/A104
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cirrhosis incidence in the general population in Italy to make 
a comparison. Actual estimates in other European countries 
include an incidence rate of 23.2 × 100,000 person-years from 
a UK cohort study and of 30.7 × 100,000 person-years from a 
cohort study conducted in Sweden,23,24 but these countries were 
reported to have a lower prevalence of the disease when com-
pared with that in Italy.25

To our knowledge, this is the first longitudinal study inves-
tigating the association between exposure to air pollution and 
the development of cirrhosis. The few epidemiological studies 
on this topic present in the literature deal mainly with NAFLD, 
which is becoming one of the main causes of cirrhosis in devel-
oped countries after hepatitis C virus infection and alcohol mis-
use.1 In a study conducted on participants of the Framingham 
Heart Study, the authors observed an association between prox-
imity to major roadways and hepatic steatosis, while the associ-
ation with PM2.5 was less consistent.5 Other authors raised the 
possibility of a role played by air pollution in the progression 
from NAFLD to NASH, a crucial step in the natural history 
of the disease leading to cirrhosis.6 They also hypothesized 
that PM-induced hepatic toxicity, hesitating in systemic insu-
lin resistance, could be one of the mechanisms involved in the 
association with cardiovascular diseases and diabetes mellitus. 
In a study on an obese pediatric population, traffic-related air 
pollution was positively associated with cytokeratin-18 levels, 
a marker for hepatocellular apoptosis.26 Previous studies also 
found evidence of an association between air pollution and both 
incidence of and survival from primary liver cancer, which is 
one of the possible complications of cirrhosis.27,28 Some studies 
suggested an association between cigarette smoking and chronic 

Table 2.

Adjusted HRs and 95% CI for the association between ambient 
air pollution and liver cirrhosis in the Rome Longitudinal Study 
(main analysis): Rome 2001–2015.

Exposure

Incidence of cirrhosis (n = 10,111)

HRa (95% CI) HRb (95% CI)

Main pollutants
  PM

10
1.02 (0.98–1.06) 1.05 (1.01–1.09)

  PM coarse 1.00 (0.94–1.06) 1.11 (1.05–1.17)
  PM

2.5
1.03 (0.98–1.08) 1.08 (1.03–1.13)

  PM
2.5

abs 1.05 (1.01–1.09) 1.09 (1.05–1.13)
  NO

2
1.04 (1.02–1.06) 1.03 (1.02–1.05)

  NOx 1.05 (1.04–1.07) 1.04 (1.03–1.06)
Metal components
  PM

10
Cu 1.01 (0.99–1.02) 1.03 (1.01–1.04)

  PM
10

Fe 1.00 (0.98–1.02) 1.03 (1.01–1.04)
  PM

10
K 1.01 (1.00–1.03) 1.02 (1.00–1.04)

  PM
10

Ni 1.11 (1.08–1.14) 1.10 (1.07–1.14)
  PM

10
Si 1.13 (1.09–1.16) 1.06 (1.03–1.09)

  PM
10

V 1.11 (1.03–1.19) 1.17 (1.09–1.25)
  PM

10
Zn 1.00 (0.97–1.03) 1.07 (1.04–1.11)

  PM
2.5

Cu 1.02 (1.00–1.04) 1.05 (1.03–1.08)
  PM

2.5
Fe 0.99 (0.97–1.02) 1.06 (1.04–1.09)

  PM
2.5

Zn 1.04 (0.99–1.08) 1.08 (1.04–1.13)

aModels stratified by sex and age as the time scale.
bModels adjusted for educational level, occupational status, marital status, place of birth, area-level SEP 
and stratified by sex and age as the time scale. Hazard ratios per fixed increments of pollutants: PM

10
, 

10 µg/m3; PM coarse, 10 µg/m3; PM
2.5

, 5 µg/m3; PM
2.5

 abs, 1 × 10−5/m; NO
2
, 10 µg/m3; Nox, 20 µg/

m3; PM
10

Cu, 20 ng/m3; PM
10

Fe, 500 ng/m3; PM
10

K, 100 ng/m3; PM
10

Ni, 2 ng/m3; PM
10

Si, 500 ng/m3; 
PM

10
V, 3 ng/m3; PM

10
Zn, 20 ng/m3; PM

2.5
Cu, 5 ng/m3; PM

2.5
Fe, 100 ng/m3; PM

2.5
Zn, 10 ng/m3.

Figure 1.  Adjusted hazard ratios (HRs) and 95% confidence intervals (95% CI) for the association between main pollutants and liver cirrhosis according to six sec-
ondary analyses. Models adjusted for educational level, occupational status, marital status, place of birth, area-level SEP and stratified by sex and age as the time 
scale. Hazard ratios per fixed increments of pollutants: PM10, 10 µg/m3; PM coarse, 10 µg/m3; PM2.5, 5 µg/m3; PM2.5abs, 1 × 10−5/m; NO2, 10 µg/m3; NOx, 20 µg/m3.
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liver disease.29,30 Both inhaled cigarette smoke and air pollution 
contain complex mixtures of carcinogenic chemical compounds 
that induce systemic oxidative stress and affect many target 
organs. Despite the paucity of epidemiological studies on the 
specific topic, evidence from in vivo experimental studies sug-
gests many mechanisms through which air pollution could affect 
hepatic health and promote the development of a cirrhotic liver. 
In a model proposed by Kim et al,31 they hypothesized that some 
fractions of air pollutants could translocate from the lungs into 
the general circulation and then into the liver, stimulating a local 
inflammatory response. In murine models, inhaled particulate 
matter was shown to induce liver tissue inflammation through 
the activation of Kupffer cells and production of cytokines,7 to 
activate endoplasmic reticulum stress response,8 and to promote 
collagens deposition causing progression to fibrosis.9 Also gaso-
line fumes were found to increase the levels of hepatic enzymes, 
liver oxidative stress markers, and inflammatory markers of 
exposed rats, inducing hepatocyte toxicity and collagen fiber 
deposition.32 Another study found that mice exposed to PM2.5 
developed a NASH-like phenotype and showed impaired 
hepatic glycogen storage, glucose intolerance, and insulin resis-
tance.33 Interestingly, we observed strong associations with 
some metal components of particulate matter, especially with 
vanadium (V) and nickel (Ni) components of PM10, independent 
of adjustment for PM10 mass in two pollutant models. These 
results suggest that the contribution of metal components, and 
in particular those deriving from industrial emissions, could be 
relevant. This is also consistent with the findings from experi-
mental studies: inhalation of vanadium compounds was seen to 

be associated with oxidative stress, inflammatory infiltrates, and 
alterations suggestive for regenerative activity in the livers of 
exposed mice.10,11 However, in addition to industrial pollutants, 
the analysis using IQR increments highlighted an important role 
of both exhaust (NOx) and nonexhaust (PM2.5Cu and PM2.5Fe) 
traffic pollutants.

The shape of the associations between air pollution exposure 
and cirrhosis incidence was generally linear. However, for PM 
coarse, PM2.5 absorbance, and NO2 the spline models fitted bet-
ter than linear models (likelihood ratio test P < 0.05). eFigure 
1 (http://links.lww.com/EE/A104) shows that the shape of the 
associations was substantially linear for most of its length, with 
a plateau effect followed by a descending curve at higher expo-
sure levels, where there are few observations and data are less 
reliable. However, nonlinear dose–response curves are common 
in toxicology and have been already reported for the association 
between air pollution and health outcomes.12,34,35

The strengths of this study are the use of a large popula-
tion-based cohort that covers almost all eligible individuals liv-
ing in the Italian capital, the long observation period accounting 
for more than 15 million person-years, and the availability of 
personal and area-level socioeconomic covariates. Moreover, we 
had the possibility to explore the association with both major 
pollutants and PM-mass metal components derived from fine-
scale standardized LUR models, which were rarely available in 
previous epidemiological studies.

This study also presents several limitations. The most relevant 
one is that we could not rely on information about behavioral 
risk factors that are known to play a role in the disease, like 

Figure 2.  Adjusted hazard ratios (HRs) and 95% confidence intervals (95% CI) for the association between PM components and liver cirrhosis according to six 
secondary analyses. Models adjusted for educational level, occupational status, marital status, place of birth, area-level SEP and stratified by sex and age as 
the time scale. Hazard ratios per fixed increments of pollutants: PM10Cu, 20 ng/m3; PM10Fe, 500 ng/m3; PM10K, 100 ng/m3; PM10Ni, 2 ng/m3; PM10Si, 500 ng/m3; 
PM10V, 3 ng/m3; PM10Zn, 20 ng/m3; PM2.5Cu, 5 ng/m3; PM2.5Fe, 100 ng/m3; PM2.5Zn, 10 ng/m3.

http://links.lww.com/EE/A104


Orioli et al.  •  Environmental Epidemiology (2020) 4:e109	 www.environmentalepidemiology.com

7

alcohol consumption, smoking status, body mass index, diet and 
physical activity, not about other important clinical information 
related to chronic viral hepatitis and its treatment. We had infor-
mation on the socioeconomic status that are strongly correlated 
to them, and this could partly attenuate the effect of unmea-
sured confounding related to such risk factors. Furthermore, in 
the sub-cohort analysis including only subjects with hospitaliza-
tions for chronic liver diseases or alcohol-related conditions, the 
associations did not change or even got stronger. In our opinion, 
it is very unlikely that a differential distribution of the risk fac-
tors, in relationship to air pollution exposure, could be equally 
reproduced within both the general population and this at-risk 
subgroup.

We found that the E-values for our associations arrived up to 
1.62. Although the association between behavioral factors and 
cirrhosis could easily exceed this value, it seems less probable 
that it could contemporarily do the same with exposure to air 
pollution (given the adjustment for socioeconomic conditions). 
In fact, previous evidence on the same population showed that 
exposure to air pollution was higher among people with better 
socioeconomic conditions in Rome.36 In summary, these findings 
suggest that it is unlikely that potential unmeasured confound-
ing could fully explain the associations we observed. However, 
we cannot completely exclude the presence of confounding and 
biased estimates, and this should be considered when interpret-
ing our results.

Most cases of cirrhosis, especially in early stages, are usually 
subclinical until a decompensation event (like ascites, hepatic 
encephalopathy, variceal bleeding, and sepsis) occurs, mak-
ing it difficult to estimate the real prevalence and incidence 
of the disease. However, although the contribution of air pol-
lution to subclinical cirrhosis remains unknown, the clinical 
events that characterize decompensated cases lead usually to 
an access to emergency departments and subsequent hospital-
ization. Therefore, we think that hospital admission data could 
be adequate in estimating the real incidence of severe/decom-
pensated cirrhosis cases. Moreover, our results did not change 
when we included other sources of information (exemptions to 
co-payments).

In a sensitivity analysis, we tested the association includ-
ing only cases that had cirrhosis or its complications as main 
diagnosis code, finding a generalized attenuation of the asso-
ciations. A possible explanation is that hospitalizations for 
other diseases related to air pollution could have inflated our 
estimates. However, excluding cases found through secondary 
diagnoses (37.5% of the total) could introduce another distor-
tion due to delayed diagnosis. We also underline that none of the 
estimates dropped to one, and the association remained signif-
icant for the majority of studied pollutants, including PM2.5abs, 
NOx, PM10Cu, PM10Ni, PM10V, PM10Zn, PM2.5Cu, PM2.5Fe, and 
PM2.5Zn.

Exposure assessment was made using estimated averaged 
levels for 2010, many years after the beginning of follow-up; 
furthermore, using a single-year exposure, we were not able to 
consider temporal variations of air pollutant concentrations. 
This may result in exposure misclassification and give biased 
estimates. However, previous studies showed that for NO2, LUR 
models give stable measures of spatial concentration contrast 
over time.37,38 There is no available evidence about the temporal 
trends of metal components, but we believe that emission pat-
terns in Rome did not change substantially over a decade. We 
also attributed exposure to the residential address at the time 
of enrollment. Since we hypothesized that air pollution might 
promote the development of cirrhosis in the long-term, after 
many years of exposure, the use of the residential address at 
the time of enrollment could result in exposure misclassification 
too. However, in a secondary analysis with follow-up starting 
on 1 January 2010, and including only subjects who main-
tained the same residential address during the previous 14 years 

(1996–2009), the associations were strengthened (Figures 1 and 2),  
suggesting that misclassification due to changes in residential 
address should not have inflated our estimates. As in most pre-
vious epidemiological studies, no information was available 
about individual movements for work purposes or other activi-
ties during daily life.

Conclusions

We found evidence of an association between exposure to both 
major pollutants and PM metal components and the incidence 
of liver cirrhosis. Even among subjects affected by clinical 
conditions leading to cirrhosis, exposure to air pollution was 
associated with a significant increase in the risk of cirrhosis, 
suggesting that it may act in addition to other main sources of 
chronic liver damage and promote the development of the dis-
ease. However, the lack of information on individual-level risk 
factors, such as alcohol consumption and viral hepatitis infec-
tion, is a major limitation of our study and should be considered 
when interpreting our results. Exposure misclassification could 
have been another source of bias, as time-varying exposure and 
a full residential history were not available.

Nonetheless, if confirmed by other studies with more detailed 
individual-level information and better exposure assessment, 
these results could contribute to a better knowledge of the 
health effects of air pollutants and open to new research on 
the role of environmental pollution in hepatic diseases. Due to 
the high morbidity and mortality rates and economic impact of 
cirrhosis, even a small impact of air pollution on such disease 
could have relevant implications for public health.
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