
Francesco Forastiere

CNR-IBIM, Palermo, Italy; King’s College, London, UK
Former Department of Epidemiology, Lazio Region, Rome, Italy

Applications of the difference-
in-differences approach to 

study the health effects of air 
pollution



Outline

• Denial of the health effects of air pollution

• Causality determination

• Application of the GRADE system

• New approches in the study design

• Epidemiological «triangulation»

• Difference in differences

• Applications: Taranto, Lazio 



Air pollution science under attack



Synthesis and science integration 
for causal determination

Combination of the degrees of evidence in 
humans and animals taking into account other 
relevant data (if any) to provide an “Overall 
Evaluation”

- IARC Monographs 

- EPA Integrated Science Assessment
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IARC 2015 

Glyphosate 2A 

Joint Glyphosate Task Force Issues 
Statement on IARC Monograph

The Joint Glyphosate Task Force (JGTF) 
reiterates its call for the World Health 
Organization (WHO) to clarify how the 
International Agency for Research on 
Cancer (IARC) arrived at vastly inconsistent 
classification on glyphosate.

https://www.youtube.com/watch?t=
6&v=CbBkB81ySxQ





Randomized Controlled Trials versus 
Observational studies

• In the clinical realm, evidence-based review has 
become the starting point for establishing 
guidelines for clinical practice.

• Much of the evidence considered in the clinical 
context comes from randomized clinical trials (RCT), 
where exposures are assigned at random by the 
investigator, providing some assurance that 
potential confounders and modifiers, both known 
and unknown, are balanced across treatment 
groups.  



Environmental health and clinical 
medicine are two different disciplines

9

• Clinical medicine • Environmental health

“As per the current GRADE guidance, evidence from Non-Randomized Studies starts with a 
default initial certainty of “Low” due to concerns of confounding and selection bias when 
randomization is lacking” Morgan et al, Env Int 2019





Environmental health and clinical 
medicine are two different disciplines

Clinical medicine

• Evaluation of patients’ 
benefit (positive effects)

• Worry of false positive

• Exposure is well defined

• Human studies

• Effectiveness

Environmental Health
• Evaluation of population risk 

(negative effects)
• Worry about false negative

• Exposure is estimated

• Human, animal, in vitro 
studies

• Susceptible groups

• Uncertainties evaluation
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In defense of observational
studies
• “It is important that we not treat these 

[observational] studies as second-class citizens; 
they have the advantage of being conducted in the 
natural habitat of the target population…and they 
can be “pure” in the sense of not being 
contaminated by issues of ethics or feasibility”

(Pearl J, Mackenzie D. The Book of Why: The 
New Science of Cause and Effect. Penguin 
Books Limited; 2018)



Well established study designs in air pollution
epidemiology

• Episode analysis
• Population-based time-series
• Case- crossover analysis 
• Population-based cross-sectional studies
• Ecological design
• Cohort-based mortality
• Cohort- and panel-based morbidity 
• (Intervention/natural/quasi-experimental studies)
(Pope A, ISEE, 2016)   

All these studies adjust for confounders in the analysis stage 
(usually by regression) 



«Causal inference» methods

Extension of traditional methods: 

• Instrumental variable analysis (IV)

• Regression discontinuity

• Negative control outcomes

• Difference in differences (DD)

Epidemiology, 2019

Adjust for 
confounders by 
design! 



“The practice of strengthening causal inferences by integrating 
results from several different approaches, where each approach has 
different (and assumed to be largely unrelated) key sources of 
potential bias.”





Consistency of Findings (Hill’s criteria)

Has this association been seen with other studies, with 
other study designs, and in different groups of 
people?

• If so, this strengthens the findings



Triangulation refers to triangulation of different types of 
evidence within epidemiology, which might be called 
“epidemiologic triangulation”. 

Criteria for its use in causal inference in epidemiology have 
been proposed recently, and these specify that results from 
at least two (but ideally more) methods that have differing 
key sources of unrelated bias be compared.

If evidence from such different epidemiologic approaches 
all point to the same conclusion, this strengthens 
confidence that is the correct causal conclusion, particularly 
when the key sources of bias of some of the approaches 
would predict that the findings would point in opposite 
directions.

Epidemiology, 2019



Difference in differences
• The difference-in-

difference (DID) technique 
originated in the field of 
econometrics, but the 
logic underlying the 
technique has been used 
in the past. It is called the 
‘controlled before-and-
after study’ in some social 
sciences.

• DID is a quasi-
experimental design that 
makes use of 
longitudinal data from 
treatment and control 
groups to obtain an 
appropriate 
counterfactual to 
estimate a causal effect.
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Difference in differences
• This approach controls for 

unobserved differences 
between the two groups 
which are 

• fixed over time 
• as well as differences 

which vary through time 
but which affect both 
control and treatment 
groups equally (for 
example economy wide 
factors).

• DID estimation requires 
that:

• Intervention is unrelated to 
outcome at baseline 
(allocation of intervention 
was not determined by 
outcome)

• Treatment/intervention and 
control groups have Parallel 
Trends in outcome 

• Composition of 
intervention and 
comparison groups is stable
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Regression Model
DID is usually implemented as an interaction term 
between time and treatment group dummy variables in 
a regression model.
Y= β0 + β1*[Time] + β2*[Intervention] 
+ β3*[Time*Intervention] + β4*[Covariates]+ε



Strengths and Limitations
Strengths

• Intuitive interpretation

• Can obtain causal effect using observational data if assumptions are 
met

• Can use either individual and group level data

• Comparison groups can start at different levels of the outcome (DID 
focuses on change rather than absolute levels)

• Accounts for changes due to factors other than intervention

Limitations

• Requires baseline data & a non-intervention group

• Cannnot use if intervention allocation determined by baseline 
outcome

• Cannot use if comparison groups have different outcome trend

• Cannot use if composition of groups pre/post change are not stable



Application 1: 
industrial emissions



61 industrial sites
(44 municipalities)

European Pollutant Release and 
Transfer Register (E-PRTR)

”Revealing the costs of air 
pollution from industrial 
facilities in Europe” 
European Environmental Agency, 2011

Industrial sites in Italy



SIN Brindisi (1 comune):
• Centrali Termoelettriche

SIN Taranto (2 comuni):
• Stabilimento siderurgico
• Centrale Termoelettrica
• Raffineria

SIN Priolo (4 comuni):
• Raffinerie
• Stabilimento chimico

SIN Sulcis-Iglesiente-Guspinese 
(39 comuni):
• Raffineria
• Centrale Termoelettrica

SIN Aree industriali Porto Torres 
(2 comuni):
• Centrale Termoelettrica
• Stabilimento chimico

SIN Milazzo (3 comuni):
• Centrale Termoelettrica
• Raffineria

SIN LITORALE DOMIZIO FLEGREO E 
AGRO AVERSANO (77 comuni):
• Centrale Termoelettrica

Industrial sites



A case study in Taranto, Italy

Taranto Ilva steel plant



Study area 



Epidemiological studies in Taranto



Background

• 24 July 2012,  the Taranto Court ordered the 
partial closure of the ILVA plant and immediate 
remedial actions 

• Top executives, including Emilio Riva, chairman at 
ILVA’s owner Gruppo Riva SpA, were arrested 
because of neglected environmental controls at the 
plant

• For more than 6 years, the Italian government 
directly managed the plan; finally, in 2019 it was 
sold to an Indian company. 



The evidence:
traditional cohort study

Alessandrini et al, submitted for publication



Methods

• Cohort of residents in Taranto, 

Massafra and Statte (1998-2010)

• Mortality and hospitalization

(1998-2013)

• PM10 and SO2 concentration

from industry

•Backward estrapolation PM10 

and SO2

Municipality data

Regional Health database

v Lagrangian particle model

(2010)

v

Production and emissions: 

lagged exposure



Geocoding of the cohort members



PM10 from fixed monitors (2004-2010)

34.9 µg/m3 22.9 µg/m3 12 µg/m3=



PM10 industrial, 2010 (Spray model)
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Figura 10: Concentrazioni medie annue al suolo di PM10 (µg/m3) nell’area in studio, 2010 

 

Ricostruzione retrospettiva dell’esposizione individuale 

I dati sulla produttività (kilo tonnellate annue, kton/a) dell’impianto per acciaio, coke, 

agglomerato e ghisa dal 1965 al 2014 sono stati forniti da ILVA (Figura 11).  

 

 

Figura 11: Produttività dell’impianto (kton/a) per settore di produzione. ILVA 1965-2014 



SO2 industrial, 2010, Spray model
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Alle emissioni convogliate è stato attribuito nella simulazione un profilo di modulazione temporale 

compatibile con il numero ore di funzionamento annuo.  

Per quanto riguarda le sorgenti diffuse calde (cokeria, altiforni, agglomerato ed acciaierie) nella 

simulazione si è tenuto conto del sovra innalzamento termico prodotto dal galleggiamento dei 

fumi. Inoltre le suddette emissioni sono state considerate costanti durante l’intero anno di 

simulazione.  

Le emissioni di PM10 provenienti dai parchi minerari sono state calcolate su base oraria utilizzando 

la metodologia EPA AP-42. La conseguente modulazione è stata conservata tale nella 

simulazione, consentendo una ricostruzione più realistica dell’impatto al suolo dei parchi. 

Nelle Figure 9 e 10 si riportano le mappe al suolo delle concentrazioni medie annuali di SO2 e 

PM10 prodotte con Spray per lo stabilimento siderurgico ILVA. 

 

 

 

Figura 9: Concentrazioni medie annue al suolo di SO2 (µg/m3) nell’area in studio, 2010 

 



Productivity and emissions  ILVA: PM10



v1a v1b v2b v2c - - v3c v3d

Address 1

Address

“unknown” 

Exposure Levels by address/period

Long-term exposure since 1965 

Address 2 Address 3

Map a Map b Map c Map d

= ijij timevEc * Andrea Ranzi courtesy



annual exposure = PM10 o SO2 industrial(10µg/m3) 

Statistical analyses

Confounders = age, sex, calendar period, SES, occupation

Hazard Ratio                Cox proportional model

321,356 subjects
35,358 deaths



Associations between annual average exposure to industrial PM10 and SO2 at lag 0 and 
cause-specific mortality. Adjusted Hazard Ratios (HRs and 95% CI) per 10 µg/m3 increase 
of each pollutant, 1998-2013



Dose-response 
relationship 
Penalized splines (95%CI) of the 
relationship between annual exposure to 
industrial PM10 at lag 0 and natural 
mortality, mortality from malignant 
neoplasms, from lung cancer, heart 
diseases, acute myocardial infarction and 
kidney diseases

PM10



The latency of the effects 
Association of industrial PM10 and SO2 and natural mortality by 5-year  time 
windows. Results expressed as percent increase for 10 µg/m3 increment



The evidence:
difference in differences

Leogrande et al, Env Int (under revision)



Study design

• Select a short study period (2008-2013)

• Select all the cohort members

• Estimate for each year (6 years), for each area (11 
districts), and for each age class (4)  PM10 due to 
industrial emissions

• Calculate mortality rates for each year, area, age class

• Contrast fluctuations of PM10 around linear trends to 
concurrent fluctuations in mortality rates. 

• Limited statistical power, but confounders adjusted by 
design (same population). 



ILVA production 2008-2013



Industrial PM10 

Natural Mortality



Causes of death (ICD IX)
Number of 

deaths
I.R. % 95% C.I.

Natural causes (001-799) 15,303 1.86 -0.06 3.83

Circulatory system diseases (390-

459) 5,721 0.70 -2.35 3.84

Heart diseases  (390-429) 4,346 1.91 -1.55 5.50

Respiratory diseases  (460-519) 1,150 8.74 1.50 16.51

Results: percent increase of risk and 95% C.I., 
relative to 1 µg/m3 variation of industrial PM10 

(IQR=1.6 µg/m3)



Results: Percent increase of risk of mortality and 95% C.I.,
by age class



Conclusions: evidence from different
study designs
• Exposure to emissions of industrial origin is 

associated with increased mortality/morbidity in 
Taranto (possibility of residual confounding by 
individual factors)

• Fluctuations of PM10 - around the linear trends -
are associated to concurrent fluctuations in 
mortality rates (confounding  removed by design)

• The findings reinforce the interpretation of a casual 
relationship



Application 2: 
Long-term effects of PM on 

mortality



The evidence:
traditional cohort study

Cesaroni et al, EHP 2013



Air pollution and mortality in the Rome Longitudinal Study

10 ug/m3 NO2 10 ug/m3 PM2.5

Cases HR 95%CI HR 95%CI

Non accidental mortality 144,441 1.03 1.02 1.03 1.04 1.03 1.05

Cardiovascular mortality 60,318 1.03 1.02 1.04 1.06 1.04 1.08

IHD mortality 22,562 1.05 1.03 1.06 1.10 1.06 1.13

Respiratory mortality 8,825 1.03 1.00 1.06 1.03 0.97 1.08

EHP 2013



The evidence:
difference in differences

EHP 2019



Aims

• To assess the association between long-term
exposure to PM10 and cause-specific mortality
(nonaccidental,cardiovascular,and respiratory) in 
the Latium region (central Italy), in the 2006–2012 
period. 

• To exclude by design confounding effects by 
individual and spatio-temporal factors

• To evaluate differential effects of PM on cause-
specific mortality in urban,  suburban,and rural 
areas of the region. 



Stafoggia et al, Env Int, 2016

Estimation of daily PM10 concentrations in Italy (2006-

2012) using finely resolved satellite data, land use 

variables and meteorology (1-km2 grid)



200620082007200920102011Exposure     assessment – Spatial

Addresses

2012
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The Lazio region



Variability (SD) of the PM10 concentration
in the Lazio Region (2006-2012)



Statistical analysis: conditional Poisson regression models : 

• Model: 
pm10 +  i.year + i.municipality + temp_summer + temp_winter + sd_summer + 
sd_winter and offset (ln_pop)

• Exposure: 
• PM10 annual average
• Warm temperatures (April to September)
• Cold temperatures (October to March)
• Standard deviation of warm temperatures
• Standard deviation of cold temperatures

• Covariates:
• Calendar year (dummy)
• Municipality (dummy)

• Offset: 
• Population (natural logarithm)





Conclusions: evidence from different
study designs

• Exposure to PM2.5 from various sources is 
associated with increased mortality in Rome in an 
administrative cohort (possibility of residual 
confounding by individual factors)

• Fluctuations of PM10 - around the linear trends -
are associated to concurrent fluctuations in 
mortality rates in the Lazio region (confounding  
removed by design)

• The findings reinforce the interpretation of a casual 
relationship



Thanks!!!

• Massimo Stafoggia, Matteo Renzi, Carla Ancona,  
Ester Alessandrini, Paola Michelozzi, Marina 
Davoli

from Department of Epidemiology of Lazio RHS

• Lucia Bisceglia, Simona Leogrande, Aldo Minerba

from the Puglia Regional Health Service
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