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Particulate matter-attributable
mortality and relationships with
carbon dioxide in 250 urban areas
worldwide

Susan C. Anenberg(®?, Pattanun Achakulwisut'’, Michael Brauer®?2?3, Daniel Moran*,
Joshua S. Apte® & Daven K. Henze(®°®

Urban air pollution is high on global health and sustainability agendas, but information is limited

on associated city-level disease burdens. We estimated fine particulate matter (PM, ;) mortality in
the 250 most populous cities worldwide using PM, ; concentrations, population, disease rates, and
concentration-response relationships from the Global Burden of Disease 2016 Study. Only 8% of these
cities had population-weighted mean concentrations below the World Health Organization guideline
for annual average PM, ;. City-level PM, ;-attributable mortality rates ranged from 13-125 deaths per
100,000 people. PM, ; mortality rates and carbon dioxide (CO,) emission rates were weakly positively
correlated, with regional influences apparent from clustering of cities within each region. Across 82
cities globally, PM, ; concentrations and mortality rates were negatively associated with city gross
domestic product (GDP) per capita, but we found no relationship between GDP per capita and CO,
emissions rates. While results provide only a cross-sectional snapshot of cities worldwide, they point
to opportunities for cities to realize climate, air quality, and health co-benefits through low-carbon
development. Future work should examine drivers of the relationships (e.g. development stage, fuel
mix for electricity generation and transportation, sector-specific PM, s and CO, emissions) uncovered
here and explore uncertainties to test the robustness of our conclusions.

Urban air pollution is high on the global sustainable development agenda!=. The world’s urban population is
expected to grow from >50% of today’s global population to 66% by 2050%, with urban areas projected to absorb
all population growth. Efforts to address urban air pollution by intergovernmental organizations, global networks
(e.g. C40 cities, Global Urban Air Pollution Observatory), national governments, and individual cities can ben-
efit from quantitative estimates of urban air pollution-related health impacts. Such estimates can help prioritize
mitigation actions in cities (e.g. investing in electric buses, public transportation, and active urban mobility) and
can motivate national scale policies (e.g. ambient air quality standards, emission standards for sources such as
vehicles). Furthermore, since combustion is a major source of greenhouse gases and air pollution’, cities can reap
immediate and local health benefits while also contributing to reductions of combustion-related climate-forcing
pollutants®. Air pollution disease burdens by source sector have been quantified at the national level”® and city
level for individual cities®!! but information is limited for cities globally.

Ambient PM, 5 is considered the leading environmental health risk factor globally and is a top 10 risk factor
in countries across the economic development spectrum'. Early studies estimating the global burden of disease
from air pollution focused on cities, where most of the world’s ground-based monitors were located'®. Currently
the most comprehensive global burden of disease studies report estimates at the national scale (sub-national for
some countries)'>'%, enabled by the full global coverage and high resolution of satellite remote sensing of aerosol
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Figure 1. PM, ;-attributable premature deaths in 2016 in 250 cities worldwide. (a) Number of PM, 5-
attributable deaths on a world map; (b) Box plots of population-weighted annual average PM, 5 concentration
(PM2.5 pop-wt) and PM, ; attributable deaths per 100,000 people (PM2.5 death rate) across all cities in each
region. Boxes indicate the middle 50% of the data; whiskers show data within 1.5 times the interquartile range.
HI=High-Income.

optical depth!®. Here, we exploit these global, highly resolved PM, 5 concentrations to estimate the burden of
disease attributable to PM, 5 in 250 major cities worldwide. Unlike previous estimates of air pollution disease
burdens among subsets of cities'*™*%, our globally consistent methods enable comparisons across cities worldwide
and are compatible with the Global Burden of Disease 2016 (GBD 2016) Study!?.

Results

We first estimated PM, ;-attributable mortality in 2016 for the 250 most populous urban areas (see Methods
regarding the city definition). The median population-weighted PM, 5 concentration was 29 ug/m? [standard
deviation (sd) =43 pug/m?, range 5-365 pug/m?; Fig. 1], three times greater than the WHO guideline for annual
average PM, ; (10 pg/m?). Among the 250 cities, only 21 (8%, all in Sweden, the US, Canada, Australia, and
Brazil) had population-weighted mean concentrations below the guideline, whereas 104 (42%) exceeded the
WHO Interim Target 1 (35 ug/m?®). The median rate of PM, s-attributable deaths was 39 deaths per 100,000
people (sd =26, range 13-125 per 100,000 people; Fig. 1). Several regions show large variability in city-specific
rate of PM, s-attributable deaths (Fig. 1). While the top 10 cities for population-weighted PM, 5 were mostly
in Africa and Asia, the top 10 for PM, ;-attributable mortality rate were all in Asia and Europe (Fig. SI and
Table S1), driven by high cardiopulmonary disease rates in Europe and high PM, ; concentrations in Asia.
High concentrations in Northern Africa and Middle East cities are partly driven by wind-blown mineral dust,
which is mostly naturally-occurring. Cities in Australia, Brazil, Canada, Sweden, and the U.S. that had PM, 5
concentrations below the WHO guideline were in the lowest quartile of PM, ;-attributable mortality rates
among these 250 cities.

To explore whether cities with high particulate air pollution are also large CO, emitters, we compared
city-level PM, ; concentrations and mortality rates to local CO, emissions. We found no association between
PM, s concentrations and CO, emission rates (Fig. 2a). PM, 5 mortality rates and CO, emission rates were
weakly positively correlated, though with regional influences on PM, ; mortality rates apparent from clus-
tering of cities in the same region (Fig. 2b and Fig. S2). This clustering may result from national-scale poli-
cies, regional pollution transport, and other factors (e.g. geographical or meteorological) affecting many cities
simultaneously. The national disease rates used in this study also contribute to regional clustering in the PM, 5
death rates. Many Asian cities are among the highest for PM, s mortality rate but only 10 Asian cities emit more
CO, per 100,000 people than the largest high-income emitters. Contrastingly, high-income North American
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Figure 2. City-specific estimates of PM, ;-attributable premature deaths per capita in 2016 versus other city
indicators. (a) Population-weighted annual average PM, ; concentration (ug/m?) vs. annual CO, emissions rate
(t C per 100,000 people); (b) PM, 5 death rate (deaths per 100,000 people) vs. annual CO, emissions rate; (c)
comparison of population-weighted PM, 5, PM, 5 death rate, CO, emissions rate, and 2013 carbon footprint rate
(kt CO, per 100,000 people) vs. GDP per capita ($) in 2015 in 82 cities. Colors indicate world regions (see Fig. 1
legend). Linear regression lines are shown where correlations are significant, r is the correlation coefficient, and
p is the correlation significance level. (Note: Riyadh was removed from panels a and b to show more detail in the
rest of the dataset. Its CO, emission rate is likely unrealistically high due to very low population estimate in the
GPWv4 dataset: CO, emission rate = 290,000 kt CO, per 100,000 people, PM, ;5 pop-wt =280 ug/m?, and PM, 5
death rate =40.) Similar graphs for each region (using “super-regions” from the Global Burden of Disease 2016
Study) and the 50 most populous cities globally are in the Supplemental Information (Figs S5-S12).

cities have low PM, ; mortality rates but mid- to-high CO, emissions rates. European and African cities range
from low to very high for PM, ; mortality rates but African cities are relatively low and European cities in
the mid-range for CO, emissions rates. To explore the influence of economic development, we compared
population-weighted PM, 5 concentration, PM, s-attributable mortality rates, and CO, emissions to city-level
gross domestic product (GDP; Fig. 2c). Across 82 cities with available city-specific GDP data, PM, ; concen-
trations and mortality rates were negatively associated with city GDP per capita, but no relationship exists
between GDP per capita and CO, emissions rates.

To further elucidate why PM, ; concentrations and mortality decline more than CO, emissions with increasing
GDP, we compared PM, 5 deaths against consumption-based carbon footprints, which account for CO, emitted
worldwide from production of locally-consumed goods. North American and European cities, which are high
consumers of products manufactured elsewhere, are ranked higher among the 250 cities for carbon footprints
compared with local CO, emissions (Fig. $3). The opposite is true for most Asian cities, where export-dominated
manufacturing prevails. The positive relationship between GDP per capita and carbon footprint is expected
since GDP was an input to estimate urban carbon footprints'®. The pattern of large carbon footprints but low
PM, s mortality rates in North American cities, and small carbon footprints but high PM, 5 mortality rates in
Asian cities potentially indicates that many cities with large carbon footprints (e.g. U.S. cities) have exported
PM, 5 and health impacts to other places (e.g. Asian cities) which manufacture consumption goods that are then
imported elsewhere, as explored previously e.g.?. To identify cities that are performing better or worse than
predicted by the linear per capita GDP-PM, ; deaths relationship, we examined the regression residuals. Mexico
City, Monterrey, Rio de Janeiro, Sao Paolo and Melbourne had lower PM, ; mortality rates compared with their
predicted values, while Wuxi, Tianjin, Wuhan, Moscow and Warsaw had higher mortality rates than expected
based upon GDP per capita.
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Discussion

These analyses provide the first estimates of the PM, ; disease burden in urban areas worldwide using meth-
ods that are globally consistent (enabling comparisons across cities globally) and compatible with the Global
Burden of Disease 2016 Study. Estimated PM, s-attributable deaths per 100,000 people varied by a factor of 10
across the 250 most populous cities worldwide, indicating that some cities are achieving far lower levels of air
pollution-related health impacts than others. We found a weakly positive correlation between PM, ; mortality
and CO, emission rates, which suggests that there may be opportunities for cities to achieve climate and air
quality co-benefits through mitigation measures that address both PM, ; and CO,. In contrast, we found that
while regions with wealthier cities have reduced their PM, ; concentrations and mortality burdens considerably,
CO, emissions have not declined in parallel. This first cross-sectional snapshot of cities globally does not allow
for drawing strong conclusions as to the factors driving these relationships. However, we suspect that several
explanations for these relationships may be occurring in concert: (1) historical tendency in developed countries
to address air quality by implementing end-of-pipe emission controls that reduce air pollution but not carbon
(e.g. diesel particulate filters on vehicles, scrubbers that remove sulfur dioxide emissions from power plants); (2)
movement of industry and power generation out of cities, while the relatively “clean” energy sources remaining
in cities still produce CO, emissions; (3) “out-sourcing” manufacturing and associated pollution from wealthy
cities to other locations around the world, where lax environmental regulations may result in more emissions per
unit energy consumed. While the first factor reduces PM, ; levels, the second two simply move pollution from
one place to another without necessarily improving air quality overall. Future research could examine these and
other characteristics of cities, such as development stage, fuel mix for electricity generation and transportation,
and sector-specific emissions of PM, ; and CO,, in more detail and over time, to further elucidate the drivers of
the relationships uncovered here.

The world faces a challenge as urbanization rapidly expands populations mainly in Asian and African cities,
where PM, ; levels are also mostly trending upward?!. This initial analysis of city air pollution burdens using
globally consistent methods paints a salient yet still emerging lesson: to slow climate change, improve air quality,
and protect public health simultaneously, historically “successful” air quality management programs may not be
enough. Low carbon development, however, can avoid the fossil fuel combustion that releases both air pollution
and greenhouse gases. As air pollution remains a top 10 risk factor for most countries globally, all cities, even
those with relatively low PM, ; mortality rates, can improve local public health by transitioning away from fossil
fuels. Thus, the challenge of urban PM, ; can also be viewed as an opportunity - reducing fossil fuel combustion
offers local and immediate air quality and public health benefits, in addition to slowing climate change globally
and over centuries. This opportunity can be realized in many ways, including by improving building energy effi-
ciency, displacing vehicular traffic with active transportation, electrifying public transportation, and transitioning
to renewables for power generation. Several of these approaches would have additional co-benefits from fewer
road traffic collisions, more physical activity, less noise pollution, and other improvements.

Several limitations may affect the strength of our conclusions. While our top-down, globally consistent
approach offers consistency and broad coverage (providing PM, ; mortality estimates for many cities which oth-
erwise would have none), bottom-up and local data could improve estimates for individual cities. For example,
though we used national disease rates, subnational disease rates can vary by +=20-40% or more compared to
national average rates’. This additional heterogeneity is not captured here, but is small relative to the global
differences we estimate. We neglected uncertainty in the input variables, though PM, ; concentrations, relative
risks, CO, emissions, carbon footprints, and city GDP are each uncertain and may vary between existing datasets
and inventories®. PM, 5 concentrations are uncertain because much of the world still lacks ground monitoring
networks, though most monitors included by Shaddick et al.'” were in cities. Beyond PM, 5, urban populations
are also exposed to ground-level ozone, nitrogen dioxide, and other combustion-related air pollutants. PM, ; is
also associated with other health outcomes, including asthma?®, excluded here for consistency with the 2016 GBD.
Our analysis is cross-sectional and could be supplemented with future longitudinal analysis to identify determi-
nants of PM, ;-CO, relationships (e.g. city size, population, and geographical location) and consider other climate
warming pollutants. Exploring uncertainties and their influences on city-level PM, s-attributable mortality esti-
mates could also test the robustness of these results and conclusions.

Methods
We estimated PM, ; health impacts using PM, 5 concentration (0.1° x 0.1° grid resolution)'?, population, national
baseline disease rates, and concentration-response relationships from the GBD 2016'>%°. Annual average PM, 5
concentrations were estimated by combining satellite-derived aerosol optical depth with vertical aerosol distri-
bution from a chemical transport model, calibrated to 6,003 measurements from 117 countries. Gridcell concen-
trations ranged from 0.9 to 990 pg/m? globally. Gridded population counts aggregated to 0.1° x 0.1° are from the
CIESIN Gridded Population of the World v4 (total in 2016 was 7.28 billion; http://sedac.ciesin.columbia.edu/
data/collection/gpw-v4, accessed August 17, 2018). We downloaded country-, age-, and cause- specific baseline
deaths in 2016 from the GBD Data Exchange (http://ghdx.healthdata.org/gbd-results-tool, accessed June 1, 2018).
We calculated age- and cause-specific relative risk of disease for each gridcell PM, ; concentration using
Integrated Exposure Response (IER) curves®. The shape of the IERs depends on the health endpoint, and flat-
tens at very high concentrations, particularly for cardiovascular endpoints. We created lookup tables in 0.1 ug/
m? increments of PM, 5 concentration, following previous studies?®?’. Central estimates of PM, ;-attributable
health impacts were calculated using the mean of the 1000 IER parameter draws for each health endpoint, and
95% confidence intervals were calculated using the 2.5% and 97.5" percentiles. We applied theoretical minimum
risk exposure levels included with the IER parameter dataset from a uniform distribution of 2.4 to 5.9 ug/m®. All
calculations were performed in MATLAB r2013b and R v3.4.2.
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Globally, we estimate that ambient annual average PM, ; in 2016 was associated with 4.1 million deaths (95%
confidence interval, 2.3-6.1 million), within 0.3% of GBD 2016 results®®. Approximately 20%, 39%, 19%, 7%, and
16% were from stroke, ischemic heart disease, chronic obstructive pulmonary disease, lung cancer, and lower
respiratory infections, respectively.

For city-specific PM, ; mortality, we summed gridded PM, ; mortality estimates within urban spatial extents
from the Global Human Settlement grid (GHS-SMOD) for 2015 at 1 km resolution (https://ghsl.jrc.ec.europa.
eu/ghs_smod.php, Accessed August 17, 2018)%%. We defined cities following the “urban centers or high density
clusters” definition, with >1,500 inhabitants per km? or a density of built-up >50% and >50,000 inhabitants. We
matched GHS-SMOD city identifiers to city names in ArcGIS. GHS-SMOD city definitions treat patches of dense
contiguous urban fabric (e.g. Tokyo-Kawasaki-Kawagoe-Hachioji-Yokohama) as one large “city”. Scaling the 1 km
urban definition grid to the 0.1° x 0.1° resolution of our disease burden estimates resulted in loss of urban spa-
tial extent, population, and air pollution-attributable deaths compared with the finer resolution. Therefore, to
retain as much data as possible, we multiplied our estimated air pollution-attributable deaths in each urban area
at 0.1° x 0.1° by the ratio of population in each urban area calculated at high-resolution (0.0083° x 0.0083°, or
~1km) versus low resolution (0.1° x 0.1°).

City fossil fuel CO, emissions in 2016 are from the Open-source Data Inventory for Anthropogenic CO,
(ODIAC), a globally gridded (1km) satellite-derived dataset®. City carbon footprints (for 2013) are from recently
published estimates for 13,000 cities using the same GHS-SMOD city definitions (http://citycarbonfootprints.
info/, Accessed August 17, 2018)". Briefly, national carbon footprints were spatially allocated based on popula-
tion, purchasing power, and existing subnational estimates from the U.S., China, the European Union, and Japan.
CO, emissions are production-based, while carbon footprints are consumption-based. GDP estimates for 2015
are from a Brookings Institution report®. Statistical associations are indicated for a significance level of p < 0.05.

Population-normalized rates were calculated using the GBD population dataset used to calculate PM, s mor-
tality, except carbon footprints which were estimated with GHS-POP population. Fig. S4 compares the two pop-
ulation datasets.

Data Availability

Results for all 250 urban areas, including cities within each urban cluster, country, region, PM, 5 concentrations,
and PM, ; mortality are available at: https://figshare.com/articles/_/7871747. All other data used in this study are
either publicly available or are available from the authors upon request.
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Queima de biomassa e efeitos sobre a saude*

Biomass burning and health effects
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A primeira idéia que se forma na mente das pessoas e do
pesquisador ¢ associar a polui¢do do ar aos grandes centros
urbanos, com a imagem de poluentes sendo eliminados por
veiculos automotores ou pela chaminé de suas fabricas.
Entretanto, uma parcela consideravel da populagcio do
planeta convive com uma outra fonte de poluicdo, que atinge
preferencialmente os paises em desenvolvimento: a queima
de biomassa. Este artigo tem como objetivo chamar a atencio
do pneumologista, da comunidade e das autoridades para
os riscos a saude da populacido exposta a essa fonte geradora
de poluentes, seja em ambientes internos, seja em ambientes
abertos. O presente trabalho caracteriza as principais
condicoes que levam a combustdo de biomassa, como a
literatura tem registrado os seus efeitos sobre a saude
humana, discutindo os mecanismos fisiopatologicos
envolvidos, e finaliza com a apresentacdo de dois estudos
recentes que enfatizam a importancia da queima de um
tipo especifico de biomassa, a palha da cana-de-acucar,
pratica comum no interior do Brasil, e sua interferéncia no
perfil de morbidade respiratoria da populacdo exposta .

J Bras Pneumol 2004; 30(2) 158-175

Descritores: Biomassa, polui¢do do ar, cana-de-acucar,
fumaca, queima de vegetacdo, doencas respiratorias.

The first thought that comes to mind concerning air
pollution is related to urban centers where automotive
exhausts and the industrial chimneys are the most
important sources of atmospheric pollutants. However
a significant portion of the earth’s population is exposed
to still another source of air pollution, the burning of
biomass that primarily affects developing countries. This
review article calls the attention of lung specialists, public
authorities and the community in general to the health
risks entailed in the burning of biomass, be it indoors
or outdoors to which the population is exposed. This
review describes the main conditions that lead to the
burning of biomass and how the literature has recorded
its effects on human health discussing the
psychopathological mechanisms. Finally two recent
studies are presented that emphasize an important type
of biomass burning that of the sugar cane straw. This is
a common practice in several regions of Brazil changing
the respiratory morbidity standards of the population
exposed.

Key words: air pollution, biomass, sugar cane, smoke,
vegetation fires, respiratory disease.
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INTRODUCAO

Desde o inicio do século passado, estudos na
literatura médica tém documentado uma
significativa associacdo entre poluicdo atmosférica
decorrente da emissdo de combustiveis fosseis e
aumento de morbi-mortalidade em humanos nos
paises desenvolvidos. Esses efeitos foram
observados inclusive para niveis de poluentes no
ar considerados como seguros para a saude da
populacio exposta V. Entretanto, poucos estudos
voltavam-se para os efeitos deletérios produzidos
pela queima de biomassa (qualquer matéria de
origem vegetal ou animal utilizada como fonte
de energia). Em 1985, um boletim da Organizacio
Mundial da Saude (OMS) @ questionava qual seria
a gravidade e a extensdo dos danos produzidos
pela poluicdo do ar em conseqiiéncia da
combustdo de biomassa em areas rurais dos paises
em desenvolvimento.

A incineracdo de biomassa ¢ a maior fonte
doméstica de energia nos paises em
desenvolvimento ®. Aproximadamente metade da
populagdo do planeta, e mais de 90% das casas
na regido rural dos paises em desenvolvimento,
permanecem utilizando energia proveniente da
queima de biomassa, na forma de madeira, carvéo,
esterco de animais ou residuos agricolas, o que
produz altos indices de poluicdo do ar em
ambientes internos, onde permanecem as mulheres
que cozinham e as criancas. Essa situacio provoca
um aumento do risco de infeccdo respiratoria, a
maior causa de mortalidade infantil nos paises
em desenvolvimento 9,

A queima deliberada ou acidental de vegetacéo,
apesar do grande avanco tecnoldgico
experimentado pela humanidade, ou até
justamente por causa dele, torna-se por vezes
incontrolada, atingindo grandes extensdes de
florestas, savanas ou outras vegetacdes menos
densas. O fogo ¢ um problema crescente no que
resta das florestas tropicais do planeta e a poluicdo
devida a fumaca gerada tem um importante
impacto sobre a saude das populacdes expostas.
Esse impacto inclui aumento de mortalidade, de
admissoes hospitalares, de visitas a emergéncia e
de utilizagdo de medicamentos, devidas a doencas
respiratorias e cardiovasculares, além de
diminuicio da funcio pulmonar @,

Apesar dos anos de estudos cientificos e da
atencdo da midia em relacdo ao desmatamento e
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Siglas e abreviaturas utilizadas neste trabalho:

BC- Black Carbon

CETESB - Companhia de Tecnologia de Saneamento
Ambiental

CVF- Capacidade vital forcada

DPOC- Doenca pulmonar obstrutiva cronica

EPA - Environmental Protection Agency (USA)

FEF,, ,.,,- Fluxo expiratério forgado a 25% - 75% da CVF
1C950%- Intervalo de confianca para 95% de probabilidade
1VAS- Infeccédo de vias aéreas superiores

1VAI- Infeccdo de vias aéreas inferiores

LPAE - Laboratério de Poluicdo Atmosférica Experimental
OMS - Organizacdo Mundial da Saude

PM - Material particulado

PM,, - Material particulado com didmetro aerodindmico menor
que 10 Yam

PM, ., - Material particulado com didmetro aerodinamico
menor que 2,5 Vam

OR- Razio de chance (0dds ratio)

TSP - Particulas totais em suspensdo

VEF- Volume expiratdrio forcado

VEF, - Volume expiratorio forcado no primeiro segundo
WHO - World Health Organization

as queimadas, acidentais ou intencionais, a
incidéncia e o efeito dos incéndios florestais tém
sido ignorados. As grandes queimadas em Bornéu
(1983 e 1997), Tailandia (1997), Indonésia (1997),
Roraima (1997-1998), Mato Grosso (1998) e Para
(1998) despertaram a atencdo para o problema,
mas as medidas tomadas para prevenir ou controlar
tais incéndios ainda sio insuficientes ©.

O processo de combustio, seus produtos
e suas repercussoes fisiopatologicas

A combustdo ¢ um processo quimico pelo qual
um material reage rapidamente com o oxigénio
do ar produzindo luz e calor intenso e, no caso
da biomassa, se faz em trés estagios: ignicdo
(ignition), combustio com chama (faming), e
combustdo com auséncia de chama (smoldering).

Cerca de 80% da combustdo de biomassa ocorre
nos trépicos. Ela é a maior fonte de producio de
gases toxicos, material particulado e gases do
efeito estufa no planeta®, influencia a quimica e
a fisica atmosférica, produz espécies quimicas que
mudam significativamente o pH da agua da chuva
7:8) e afeta o balanco térmico da atmosfera pela
interferéncia na quantidade de radiacdo solar
refletida para o espaco ®'. A Tabela 1 apresenta
uma descricdo sucinta dos principais poluentes
gerados no processo de queima da biomassa.

Como pode ser observado na Tabela 2, estudos
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mostram que a exposi¢do dos seres vivos a muitos
desses elementos pode produzir, a curto e a longo
prazo, efeitos deletérios a saude.

Dentre esses elementos, o material particulado
decorrente da combustdo de biomassa, seja em
ambientes internos, seja em ambientes abertos,
¢ o poluente que apresenta maior toxicidade e
que tem sido mais estudado. Ele ¢ constituido
em seu maior percentual (94%) por particulas
finas e ultrafinas (Figura 1), ou seja, particulas
que atingem as porcdes mais profundas do
sistema respiratorio, transpdem a barreira
epitelial, atingem o intersticio pulmonar e sdo

responsaveis pelo desencadeamento do processo
inflamatorio =Y (Figura 2). Shi et al.(14)
sugerem que os efeitos adversos do material
particulado a saude podem ser atribuidos a
producdo de agentes oxidantes intracelulares, que
seriam a resposta inicial e que agiriam como um
fator estimulante da inflamacdo, como mostra a
Figura 3. Turn et al. (15) mostraram que as
queimadas emitem poluentes que atuam néo so
localmente como também podem afetar regides
distantes de onde foram originadas, através do
transporte a longas distancias, o que aumenta
as propor¢des do impacto sobre os individuos.

TABELA 1

Principais poluentes proveniente da queima de biomassa

Compostos Exemplos Fonte Notas
Particulas Particulas Condensacdo apds combustdo Particulas finas e grossas.
inalaveis (Pl\/lm) de gases; combustédo Particulas grossas ndo
incompleta de material sdo transportadas e
inorganico; fragmentos contém principalmente
de vegetacdo e cinzas cinzas e material do solo
Particulas respiraveis Condensacdo apds combustdo No caso de fumacga
de gases; combustédo proveniente da
incompleta de material queima de biomassa
organico. comporta-se como
particulas finas
Particulas finas (PMz,s) Condensacdo por combustdo Transportadas através de
de gases; combustédo longas distancias.
incompleta de material Producéo primaria e
orgénico secundaria
aldeidos acroleina Combustédo incompleta de
material organico
formaldeido Combustdo incompleta de
material organico
Acidos Mondxido de Combustdo incompleta de Transportado através de longas
inorganicos carbono (CO) material organico distancias
ozodnio Produto secundario do 6xidos Presente somente adiante do
de nitrogénio e fogo, transportado
hidrocarbonetos através de longas distancias
Dioxido de Oxidagiio em altas Espécies reativas; a

nitrogénio(NO,)

Hidrocarbonetos benzeno

Hidrocarbonetos
aromaticos
policiclicos(PAHs)

Benzopireno (BaP)

temperaturas do
nitrogénio do ar
Combustdo incompleta de
material organico

Condensacédo apos
combustdo de gases;
combustdo incompleta de
material orgéanico

concentracdo diminui

com a distancia do fogo
Transporte local; também
reage com outras formas de
aerossol organico
Compostos especificos que
variam de acordo com a
composicdo da biomassa






Queima de biomassa em ambientes
internos e agravos a saude

A poluicdo do ar em ambientes internos existe
desde os tempos pré-historicos, quando os
humanos iniciaram sua movimentacédo para regides
com clima temperado, ha aproximadamente 200
mil anos atras. O clima mais frio provocou a
necessidade de uso de abrigos e cavernas e a
utilizacdo de fogo para aquecimento, preparo de
alimentos e iluminacdo. lIronicamente, o fogo, que
foi o que possibilitou aos humanos aproveitar os
beneficios dos abrigos, provocava uma exposicdo
a altos niveis de poluigcdo, como ficou evidenciado
pelo carvdo encontrado em cavernas pré-histdricas.

Jornal Brasileiro de Pneumologia 30(2) - Mar/Abr de 2004

Fuligens encontradas em cavernas no sul da Africa
indicam que a raca humana utiliza o fogo ha 1,5
milhdes de anos®.

Os efeitos sobre a saude, decorrentes da
exposicdo por longos periodos a fumaca produzida
pela queima de biomassa em ambientes fechados,
tém sido associados com infecgdes respiratdrias
agudas em criangas, doenca pulmonar obstrutiva
cronica (DPOC), pneumoconiose, catarata e
cegueira, tuberculose pulmonar e efeitos adversos
na gestacdo. Esses efeitos foram bem
documentados em paises em desenvolvimento,
onde mulheres acompanhadas de seus filhos
permanecem varias horas cozinhando em fogoes

TABELA 2

Mecanismos pelos quais os poluentes presentes na fumaca gerada pela queima de

biomassa em domicilios podem aumentar o risco de doencas.

Poluentes

Mecanismos

Efeitos Potenciais Sobre A Saude

Material particulado:
particulas menores
que 10y, e sobretudo
as menores

que 2,5u de diametro
aerodinamico

Monoxido de carbono

Dioxido de nitrogénio

Didxido de enxofre

Formaldeido

Benzopireno

Fumaca da biomassa

Agudo: irritacdo, inflamacdo e aumento
de reatividade bronquica.

Reducédo do transporte muco-ciliar
Reducdo das respostas dos macréfagos
e (?) redugdo da imunidade local.

(?) Reacdo fibrotica.

Descontrole autondmico, atividade pro-
coagulante, stress oxidativo

Producédo de carboxihemoglobina com
conseqiiente reducdo da absorcdo de

0, por orgdos vitais etambém prejuizo do
desenvolvimento do feto

Exposicdo aguda aumenta a reatividade
bronquica

Exposicdo cronica aumenta a suscetibilidade a
infeccdes respiratorias bacterianas e virais

Exposicdo aguda aumenta a reatividade
bronquica

Exposicdo cronica: ¢ dificil dissociar dos efeitos
do material particulado

Irritacdo de vias respiratorias altas
(?) Aumento de sensibilizacdo a alergenos.

Carcinogénico (uma das substancias
carcinogénicas no carvdo e na fumaca

da biomassa).

Absorcdo das toxinas no interior da lente,
causando mudancas oxidativas.

Sibilos, exacerbacdo de crises de
asma bronquica.

Infeccdes respiratorias.

DPOC

Exacerbacdes de DPOC

Recém natos de baixo peso
Aumento de mortes fetais

Sibilos e exacerbacdo de asma
bronquica

Infeccdes respiratdriasDiminuicéo da
capacidade pulmonar em criancas

Sibilos e exacerbacdo de asma
bronquica

Exacerbacdo de DPOC, DCV

(?) aumento de suscetibilidade a

infeccoes
(?) pode agravar a asma brénquica.

Cancer de pulméo
Cancer de boca, nasofaringe e laringe

Catarata

DPOC: doenga pulmonar obstrutia cronica;
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em locais sem abertura para eliminar a fumaca
para o exterior. Enquanto nos paises desenvolvidos
a DPOC estad relacionada principalmente ao
tabagismo, nas regides em desenvolvimento, onde
o tabagismo no sexo feminino ndo ¢ freqliente,
estudos epidemioldgicos transversais e caso-
controle indicam que a exposicdo a fumaca
proveniente da queima de biomassa ¢ o principal
fator de risco para DPOC. Padmavati et a/'"'® na
India, mostraram uma relacdo entre exposicdo aos
poluentes em ambientes internos e DPOC
conduzindo ao cor pulmonale. Na india, a
incidéncia de cor pu/monale cronico ¢ similar entre
homens e mulheres, apesar do fato de que 75%
dos homens e somente 15% das mulheres sdo
tabagistas. Analises comparando a incidéncia de
cor pulmonale crobnico em mulheres e em homens
revelaram que a patologia era mais comum em
mulheres jovens e a média de idade das pacientes
era 10 a 15 anos menor que a média da idade dos
pacientes do sexo masculino. Em 18 necropsias
em mulheres que nunca fumaram, mas estiveram
expostas a poluentes provenientes da combustio
de biomassa, todas apresentaram enfisema
pulmonar, 11 bronquiectasias, 5 bronquite crénica,
e 2 apresentaram tuberculose "¥. A prevaléncia
de cor pulmonale cronico era menor nos estados
do sul em relacdo aos estados do norte, fato que
os autores atribuiram a uma maior ventilagdo no
interior das residéncias da regido sul, drea com
temperaturas mais altas no verdo e que néao
necessitavam de aquecimento no inverno menos
rigoroso que o da regido norte. Estudo subseqiiente
confirmou esses achados % 9, Master 29 avaliou
habitantes de vilas localizadas nas regides
montanhosas da Nova Guiné que utilizavam a
queima de biomassa para aquecimento na maioria
das noites do ano. Dos individuos entrevistados com
idade maior que 40 anos, 78% apresentavam tosse,
diminuicdo difusa do murmurio vesicular, estertores
crepitantes e disturbio ventilatério, principalmente
obstrutivo. Estudo anatomopatoldgico com amostras
provenientes de individuos expostos mostrou
enfisema centrolobular, espessamento pleural,
fibrose pulmonar, hipertrofia de glandulas mucosas
e deposicdo de pigmento antracdtico. Anderson,
na Nova Guiné®'?2 encontrou em adultos com
idade superior a 45 anos uma alta prevaléncia de
sintomas respiratdrios, em proporcdes semelhantes
em homens e mulheres, e mostrou que em 20%
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Figura 2. Representacdo esquematica dos eventos hipotéticos
apOs exposicdo a particulas ultrafinas (direita) quando
comparado com a exposicdo a particulas finas (esquerda). O
elemento essencial a resposta ultrafina ¢ um grande numero
de particulas fora e dentro dos macréfagos. Ha liberacdo de
mediadores pelo macrofago e pela célula epitelial devido a
ativacdo de vias mediadas por stress oxidativo, que conduzem
a inflamacéo

dos homens e 10% das mulheres havia obstrucio
ao fluxo aéreo, com uma relacdo entre o volume
expiratério forcado no primeiro segundo e a
capacidade vital forcada (VEF / CVF) menor que
60%. O autor chamou a atencdo ainda para o fato
de que individuos com quadro clinico compativel
com DPOC apresentavam fibrose pulmonar
intersticial difusa e bronquiectasias. No Nepal, a
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Figura 3. Mecanismos hipotéticos pelos quais a inalacdo de particulas pode levar a morte

prevaléncia de bronquite crénica ¢ similar entre
homens e mulheres (18,9%), apesar de o tabagismo
ser substancialmente mais comum entre os homens
@329 A prevaléncia de bronquite cronica é também
consideravel em Ladakh, india e no Paquistao,
onde a incidéncia de mulheres fumantes ¢
minima®>2%, Estudos caso-controle realizados em
hospitais demonstraram que individuos sujeitos a
exposicdo a fumaca proveniente da combustédo de
biomassa apresentam mais freqiientemente quadro
de obstrucdo ao fluxo aéreo, em relacdo a grupos
controles®’-9), Esse fato se repete em estudos
realizados em comunidades(®2%3", Os estudos
realizados em hospitais mostraram obstrucio grave

em associacdo positiva e significante com o nivel
de exposicdo aos poluentes, com razdo de chance
(OR) que variava entre 1,8 e 9,7, enquanto que
um estudo realizado na comunidade mostrou OR
de 2,569, Regalado ef a/.°?, no México, mostraram
que a queima da biomassa como fonte de energia
estava associada a um decréscimo de 4% na
relagdo VEF /CVF nos individuos expostos e que
uma concentracdo de 1000 pg/m? de material
particulado nas cozinhas estava associada a uma
reducéo de 2% no VEF. Na india, a populacio
que utilizava biomassa como fonte de energia
apresentava CVF menor em relacdo aquela que
utilizava gas ou querosene!. Pandey et al>>%
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relataram uma relacdo exposi¢do-resposta com
diminuicdo da VEF, e da CVF & medida que
aumentava o numero de horas de exposicdo aos
poluentes. Menezes et a/.%?, em estudo transversal
realizado em d&rea urbana no sul do Brasil para
determinar a prevaléncia de bronquite cronica e a
sua relacdo com fatores de risco, entrevistaram
1053 individuos com idade acima de 40 anos e
encontraram uma associagdo significante entre a
doenca e altos niveis de poluicdo em ambientes
internos.

A exposicdo a poluentes nos estudos
apresentados foi usualmente estimada por
questiondrios que avaliavam as horas de exposicdo
diaria e 0o nimero de anos de exposicdo. Um estudo
caso-controle considerou a medida hora-anos:
anos de exposi¢cdo multiplicado pela média de
horas de exposicdo didria. O risco de bronquite
cronica isolada e de bronquite cronica associada
a obstrucdo crénica de vias aéreas aumentou
linearmente com as hora-anos de exposicdo a
fumaca de biomassa. A OR para exposicdo superior
a 200 hora-anos comparada a ndo exposicdo era
de 15, com intervalo de confianca (1C) de 95%
5.6-40, para bronquite cronica e 75 (1C 95%, 18-
306) para bronquite cronica associada a obstrucgéo
cronica de vias aéreas?. Poucos estudos
quantificaram o nivel do material particulado nas
cozinhas, mas estes confirmaram uma alta
concentracdo desse poluente®*3°?) Narboo®”
demonstrou a relacdo entre o numero de horas
dispendido na cozinha e o nivel individual do
monoxido de carbono exalado. Essas e outras
evidéncias levaram a inclusdo da poluicdo em
ambientes internos por combustdo de biomassa
na relacdo de fatores de risco para o
desenvolvimento da DPOC apresentada na G/obal
Strateqy for The Diagnosis, Management, and
Prevention of Chronic Obstrutive Lung Disease
(GOLD).

Em 1991, Narboo et al/.®**?*? mostraram em
Ladakh, india, individuos com quadro clinico-
radiolégico compativel com pneumoconiose. No
entanto, ndo havia industrias ou minas no local.
Dois fatores foram aventados para explicar o
desenvolvimento da patologia respiratdria:
exposicdo a poeira proveniente das tempestades
de areia, comuns na primavera, e exposicdo ao
material particulado proveniente de combustédo da
biomassa utilizada para aquecer as residéncias,

desprovidas de ventilacdo, para enfrentar o
rigoroso frio da regido. Investigacdes clinicas e
radioldgicas ®° em 449 habitantes de trés vilas
sujeitas a tempestades de areia com intensidades
leve, moderada e grave mostraram prevaléncias de
pneumoconiose de 2,0%, 20,1% e 45,3%,
respectivamente. Os radiogramas de tdrax
mostravam caracteristicas radioldgicas
indistinguiveis dos padrdes radioldgicos
encontrados em individuos portadores de
pneumoconiose que trabalhavam em minas ou
industrias. A concentracdo de poeira em cozinhas
sem chaminé variava entre 3,22 e 11,30 mg/m?,
com uma média de 7,50 mg/m3. Estudos
estatisticos detalhados estabeleceram que a
ocorréncia de pneumoconiose era conseqiiéncia
ndo so das tempestades de areia, como também
da exposicdo aos produtos originados pela queima
da biomassa, e da idade. Outras duas doencas
comumente associadas a exposicdo ocupacional,
a antracose e a fibrose pulmonar intersticial difusa,
tém sido encontradas freqiientemente em
necropsias de pacientes sujeitos a exposicdo a
fumaca de biomassa em ambientes internos 7,

A infeccdo respiratoria aguda de vias aéreas
inferiores (IRV1) é a mais importante causa de
mortalidade em criancas com idade abaixo de
cinco anos, provocando aproximadamente 2
milhdes de mortes anualmente nessa faixa etaria.
Dezesseis estudos epidemioldgicos, sendo onze
tipo caso-controle e cinco de coorte, realizados
nos ultimos vinte anos, em paises em
desenvolvimento, mostraram uma associacdo entre
exposi¢do a poluicdo proveniente da queima da
biomassa em ambientes internos e infecgdes
respiratorias agudas de vias aéreas inferiores em
criangas. Para caracterizar a IVRI foram utilizados
critérios da OMS e/ou evidéncias radioldgicas, e
em quase todos os estudos foi avaliada a
intensidade da exposicdo, incluindo o tipo de
fogdo e de combustivel®®4% se as criancas
permaneciam em contato com a fumaca durante
o preparo de alimentos“’* e se as mies
carregavam os filhos nas costas enquanto
cozinhavam®->"_ Armstrong e Campbell®, por
exemplo, mostraram que o risco de pneumonia
em associagdo com a exposicdo a fumaca estava
aumentado nas meninas, mas ndo nos meninos.
Os autores sugerem que a diferenca ¢ conseqiiéncia
da maior exposicdo das meninas e ndo em virtude





de diferencas bioldgicas entre os sexos. No mais
recente estudo sobre o tema, Ezzatti e
Kammen®25¥ acompanharam 345 criancas na
regido rural do Quénia (93 com idade menor que
cinco anos) em 55 residéncias em ranchos de gado,
que utilizavam biomassa como fonte de energia
em fogdes sem chaminés. Os autores avaliaram a
exposicdo individual de adultos e criancas e
combinaram-na com uma avaliacdo de sintomas
pesquisados semanalmente, utilizando os critérios
da OMS para 1VRI. Este foi o primeiro estudo a
avaliar a relacdo entre exposicdo a particulados e
incidéncia de TVRI em criangas (menores que cinco
anos) e adultos. Foi altamente significativo o
aumento do risco de doenca relacionada a altos
niveis de exposicdo. Os autores ndo ajustaram os
resultados para a variavel nivel socioeconomico.
Aincidéncia de 1VRI nas criangas deste estudo foi
consideravelmente mais alta, quando comparada
a estudos prévios que avaliaram populacdes
similares. Detalhada revisdo do tema foi publicada
por Smith et a/®", que concluiram que a relagio
entre a exposicdo a fumaca da combustdo de
biomassa e a 1VRI pode ser considerada como
causal. Entretanto, o risco quantitativo ainda nao
estd bem caracterizado.

Em um unico estudo que relacionou
mortalidade perinatal (natimortos e mortes na
primeira semana de vida) com a queima de
biomassa, foi encontrada uma associacdo (OR de
1,5 1C 95%: 1,0-2,1 p = 0,05), com ajuste para
uma ampla variedade de fatores, apesar de a
exposicdo nao ter sido diretamente quantificada.
Todavia, o achado, com uma significancia
estatistica marginal, ¢ semelhante aos estudos com
poluigido atmosférica a céu aberto®.

Estudo conduzido na Guatemala mostrou
que o peso dos recém-natos provenientes de
residéncias que utilizavam biomassa como
combustivel era 63 g (1C 95%: 0,4-127, p = 0,049)
menor em relacdo aos recém-natos provenientes
de residéncias que utilizavam combustiveis
“limpos”. Esta estimativa foi ajustada para fatores
confundidores, mas a exposicdo aos poluentes nao
foi diretamente quantificada®®.

Os trabalhos que relacionam combustdo de
biomassa em ambientes internos e asma sdo
conflitantes. Estudo caso controle em escolares
em Nairobi, Quénia, mostrou um aumento do
numero de individuos asmaticos em residéncias
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em que havia exposicdo a fumaca de madeira®.
Estudo caso controle avaliando individuos entre
onze e dezessete anos, realizado no Nepal, e
utilizando o 1SAAC (/nternational Study of Asthma
and Allergies in Children) encontrou OR de 1,81
(1.04-4.8) para asma ao comparar os individuos
que utilizavam biomassa como fonte de energia e
0S que usavam gas ou querosene®. Estudo
transversal avaliando 1058 individuos entre quatro
e seis anos na Guatemala, também utilizando o
1SAAC, encontrou OR de 1.81 (IC 95%; 1,04-3,12)
para sibilos em qualquer época e OR de 2.35 (IC
95%; 1,08-5,13) para sibilos nos ultimos doze
meses da avaliacdo®, entre criancas expostas 2
queima de biomassa. Todavia, hd estudos em que
a mesma associacio nio foi encontrada®633°0),

Estudos recentes sugerem uma associacdo da
queima da biomassa em ambientes internos e
tuberculose pulmonar®-®®, Essa associagio, se
confirmada, representa uma substancial implicacdo
na saude publica. A exposicdo a fumaca originada
pela queima da biomassa poderia explicar a
significativa diferenca de prevaléncia da
tuberculose encontrada na india entre as zonas
rural e urbana, uma vez que 59% dos casos de
tuberculose sdo provenientes da zona rural, onde
a utilizacdo de biomassa como combustivel ¢
maior, e 23% dos casos provenientes da zona
urbana. A exposicdo ambiental ao material
particulado pode ser um potencializador do
bindmio miséria/tuberculose, até este momento
explicado somente pela ma nutricdo, aglomeracdo
de pessoas e acesso inadequado aos servicos de
saude.

A india tem o maior ntimero de individuos
cegos em relacdo a qualquer outro pais do planeta.
Além disso, um em cada trés episddios de catarata
do planeta ocorre na india. A catarata ¢é
responsavel por 80% dos casos de cegueira naquele
pais. Irritacdo ocular, hiperemia conjuntival, e
lacrimejamento sdo sinais e sintomas
universalmente relatados em conseqiiéncia de
exposicdo a fumacga, mas podem ser alteracdes
preliminares capazes de no futuro conduzirem a
cegueira®. Uma andlise de aproximadamente 170
mil individuos na india mostrou um OR de 1,32
(1C 95%; 1,16-1,50) quando avaliou cegueiras
completas ou parciais, comparando pacientes que
utilizavam preferencialmente biomassa e pacientes
que utilizavam outros tipos de combustivel, apds
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analisar as condicdes socio-econdmicas, condigdes
de residéncia, e varidveis geograficas. Porém nao
foram avaliados tabagismo e estado nutricional®®,

Até o presente momento, os dados coletados
nédo indicam associagdo entre o risco de cancer e
altos niveis de exposicdo a fumaca da queima de
biomassa. Apesar da fumaca proveniente desse
processo ser potencialmente carcinogénica, ainda
assim seu poder carcinogénico ¢ menor do que a
fumaca proveniente da queima dos combustiveis
de veiculos automotivos®.

Os estudos abordando poluicdo do ar em
ambientes internos e seus efeitos sobre a saude,
nos paises em desenvolvimento, evidenciaram uma
associacdo importante, apesar de apresentarem
limitacdes metodoldgicas, como por exemplo: falta
de uma melhor determinacdo da exposicdo a
poluicdo; carater observacional dos estudos; e
elementos confundidores, via de regra, ndo
avaliados adequadamente. Mas apesar das
limitacdes desses estudos epidemioldgicos, a
evidéncia da relacdo causal entre a poluicdo do ar
em ambientes internos e a DPOC e a IVRI ¢
consistente, especialmente quando vista em
conjunto com os conhecimentos prévios adquiridos
em relacdo a poluicdo tabdgica e a poluicdo
atmosférica urbana (ndo esquecendo as diferentes
composicdes dos poluentes), e com as evidéncias
dos estudos em animais.

Diversos estudos realizados nos Estados
Unidos da América focalizaram a relacdo entre
queima de madeira em lareiras e sintomas e/ou
medidas de funcdo pulmonar. A maioria dos estudos
concentrou-se em criangcas com menos de cinco
anos devido a maior susceptibilidade desse grupo
etario, decorrente de um menor volume pulmonar
e do incompleto desenvolvimento de seu sistema
imune. Além disso, a auséncia de tabagismo ativo
e a falta de exposicdo ocupacional ndo atuariam
como fatores de confusdo nesse grupo. A Tabela
36672 gpresenta os estudos que estudaram o
problema de forma mais consistente em
ambientes internos. Outros estudos (Tabela 4)7*
78) avaliaram os efeitos sobre a saude em
comunidades em que a fumaca da queima de
madeira contribui para o aumento da poluigdo,
porém ndo € a unica fonte de material particulado
na atmosfera.

A fumaca produzida pela queima de biomassa
em ambientes internos interfere no mecanismo

muco-ciliar e diminui as propriedades
antibacterianas dos macrofagos pulmonares, os
quais tém diminuido seu poder de fagocitose®8,

Dois estudos toxicoldgicos em animais sugerem
que a exposicdo a fumaca de madeira pode
conduzir a um aumento da suscetibilidade a
infeccdes respiratorias. Em um estudo financiado
pela Agéncia de Protecdo Ambiental dos Estados
Unidos da América (USEPA), Selgrade comparou
o efeito da exposicdo a um aerosol com
Streptococcus zooepidemicus, agente que causa
infeccdo respiratoria grave, sobre trés grupos de
ratos que foram previamente expostos a uma das
trés situacdes: ar puro, poluentes gerados a partir
da queima de dleo de caldeira, ou poluentes
gerados a partir da queima de madeira. Duas
semanas apods a exposicdo, 5% dos ratos expostos
ao ar puro ou a fumaca do dleo de caldeira
morreram enquanto que entre os ratos expostos a
fumaca da queima da madeira, a mortalidade foi
de 26%. Judith Zelikoff et a/., da Universidade de
Nova York, expuseram ratos a uma concentragdo
de 800 pg/m? de fumaca proveniente da queima
de madeira de carvalho por uma hora. Em seguida,
0s mesmos ratos foram expostos ao
Staphylococcus aureus por instilacdo intratraqueal.
Um grupo controle, ndo exposto a fumaga também
recebeu o mesmo tratamento. A bactéria mostrou-
se mais virulenta nos ratos expostos a fumaca e
os autores sugeriram que a fumaca suprime a
atividade dos macrdofagos®'.

QUEIMA DE B]OMASSA EM ,ANIB]ENTES
ABERTOS E AGRAVOS A SAUDE

Se os estudos avaliando poluicdo em ambientes
fechados por queima de biomassa sdo prodigos
em demonstrar efeitos adversos, o mesmo nio
acontece em relacdo a poluicdo em ambientes
abertos. A prépria OMS reconhece que a
intensidade e a gravidade dependem de uma série
de fatores, como: caracteristicas dos poluentes,
caracteristicas da populacdo exposta, exposicio
individual, suscetibilidade do individuo exposto e
fatores de confusio . A fumaca decorrente da
queima de biomassa em ambientes abertos produz
efeitos adversos indiretos sobre a saude, como a
reducédo da fotossintese, o que provoca diminuicdo
das culturas agricolas, ou o bloqueio dos raios
ultravioletas A e B, o que provoca um aumento
de microorganismos patogénicos no ar e na agua,
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TABELA 3

Estudos que avaliam a exposi¢do da populagido a combustio de
biomassa em ambientes internos realizados em paises desenvolvidos

populacdo  Desenho desfecho resultados referéncia
do estudo
Criancas Transversal Sintomas Aumento da tosse, sibilos, e sintomas  Honichy-RE,1985 9
alérgicos em residéncias com queima
de madeira.
Criancas Transversal Sintomas, Aumento da incidéncia de doencas Dockery et al. 1987 &7
doencas respiratorias em residéncias com
respiratorias queima de madeira; ndo houve efeitos
em sintomas.
Criancas Longitudinal Sintomas Aumento na freqiiéncia dos sibilos e Butterfield et a/, 1989
da tosse com aumento de horas no uso
de forno a lenha
Criancas < 2 Longitudinal Patologia Aumento do risco de infeccdo Morris et al., 1990 (9
anos respirator respiratoria baixa com queima
ia de madeira
Crianca Transversal Sintomas, N&o houve aumento de sintomas ou Vedal, 1993 (9
doencas patologias e néo houve
respirator ias, decréscimo da funcédo
funcéao pulmonar com queima de madeira em
pulmonar residéncia
Crianca Caso Hospitalizagdo Aumento de hospitalizagdes Vedal, 1993 "9
controle por patologia relacionadas a queima de madeira em
respiratoria residéncia; resultados, quando
comparados ao grupo
controle, mostraram aumento
de tosse e dispnéia, nos dias
com queima de madeira
Adultos Longitudinal Sintomas Aumento de tosse e dispnéia Ostro et al., 1994 )
asmaticos relacionadas a queima de madeira em
residéncia
Criancas Caso Doenca Aumento de doencga respiratoria Robin et al., 1996 72
<2anos controle respiratoria aguda com queima de madeira em

residéncias com PM, >65g/m*

além do aumento de larvas de mosquitos
transmissores de doengas®>89,

Em 1997, em decorréncia do fendmeno E7/
Nirio, os estados de Kalimatan (Bornéu) e Sumatra
(Indonésia) foram afetados por incontrolaveis
incéndios florestais, que tiveram duracdo de
aproximadamente dois meses (entre julho e
setembro) e resultaram em um episodio de grande
poluicido do ar, com impactos sobre a populacio
em uma ampla regido do sudoeste asiatico, como
na Indonésia, Malasia, Cingapura, sul da Tailandia,
Brunei, e sul das Filipinas. Aproximadamente 1.500
focos de incéndio provocaram a queima de 550
mil hectares de florestas e uma area total de
queima de biomassa de 4,5 milhdes de hectares.

A névoa decorrente desse processo cobriu 3
milhdes de hectares, afetando uma populacio de
300 milhdes de pessoas e provocando um gasto
com saude de 4,5 bilhdes de dolares. Isso despertou
a atencdo das autoridades sanitarias de todo o
mundo®.

Segundo a Secretaria Central de Estatistica da
Indonésia, entre setembro e outubro de 1997, em
oito provincias do pais, num total de
aproximadamente 12,5 milhdes de habitantes,
houve aumentos nos atendimentos por asma
brénquica, bronquite cronica e infeccio respiratéria
aguda, atingindo 1.802.340 casos. As patologias
respiratorias motivaram 36.462 visitas ao pronto
socorro, 15.822 internacdes, e 2.446.352 dias de
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TABELA 4
Estudos que avaliaram a exposicdo da populacdo a combustio de biomassa em ambientes abertos
realizados em paises desenvolvidos, nos quais a biomassa nio ¢é a unica fonte de emissio de poluentes.

Populacdo  Desenho do estudo  Desfecho avaliado

resultados

referencia

Criancas Longitudinal Func¢édo pulmonar

Decréscimo da funcdo pulmonar

Heuman et al.; 1990 (73)

durante e apds a estacgdo de
queima de madeira em
comunidade exposta, mas ndo em
comunidade controle

Criancas Longitudinal Funcdo pulmonar

Decréscimo da funcdo pulmonar no

Johnson et al.,, 1990 (74)

inverno em comunidade exposta,
mas ndo na comunidade controle

Criancas Longitudinal Espirometria

Decréscimo da funcdo pulmonar em

Koenig et al., 1993(75)

portadores de asma bronquica
relacionado a particulas finas

Visitas a
emergéncia

Todas as
idades

Longitudinal

Aumento de atendimentos de
pacientes com crise asmatica

Schwartz et al., 1993 (76)

relacionado com PM, , em 4reas
onde a fumaga da madeira contribui
com 80% do total de particulas finas

Visitas a
emergéncia

Todas as
idades

Longitudinal

Aumento de visitas relacionadas
ao PM,  em dreas onde a fumaca

Lipsett et al.; 1997 (77)

da queima de madeira contribui
com 45% doPM, no inverno

Todas as mortalidade

idades

Longitudinal

Aumento da mortalidade diaria
relacionada ao PM, em dreas

Farley, 1990 (78)

onde a fumaga da queima de
madeira contribui com 45% do
PM,, no inverno

trabalho perdidos. Em varias provincias, o Total de
Particulas em Suspensio (TSP) excedeu o limite de
260 p/m?, considerado como aceitavel, entre trés e
quinze vezes. Encontrou-se grande concentracio
de material particulado com didmetro que variava
entre 0,5 ym e 5 ym em areas proximas as regioes
mais afetadas pelo incéndio®.

Na Malasia houve aumento de crises agudas
de asma em criancas e a funcdo pulmonar em
escolares decresceu durante o periodo agudo®”.

0 Ministério da Saude de Cingapura monitorou
a qualidade do ar em quinze estacdes durante o
episodio da névoa em 1997. O Pollutant Standard
Index (PSI) ficou acima de 100 por doze dias com
pico de 138. A relacdo entre o PSI e o material
particulado com diametro aerodindmico menor que
10 pm (PM, ) € a seguinte: 100 de PSI corresponde
aproximadamente a 150 pg/m’ de PM, ®®. Foram
encontradas 94% de particulas com diametros
inferiores a 2,5pg/m? na névoa. Na ultima semana
de setembro, quando os niveis de material
particulado atingiram o pico, a vigilancia sanitaria

de Cingapura relatou um aumento de 30% em
atendimentos ambulatoriais relacionados a
patologias respiratorias. Um aumento nos niveis
do PM, de 50pg/m’ para 150 pg/m’ foi
significativamente associado a um aumento de
13%, 19% e 26% em infeccdo respiratoria aguda,
asma e rinite respectivamente®,

Na regido central de Kalimantan, Bornéu, uma
das areas mais afetadas pela névoa, por um
periodo de seis meses a partir de julho de 1997, o
numero de pacientes hospitalizados com
pneumonia em setembro foi 33 vezes maior do
que nos doze meses prévios. Relatdérios do Hospital
Distrital de Jambi (Sumatra) mostram que no més
de setembro houve aumento de internacdes por
bronquite, laringite aguda e bronquiectasias, de
1,6, 8,0 e 3,9 vezes, respectivamente, em relacdo
a média histdrica.

Em Jambi (Sumatra), uma amostra de 539
individuos respondeu a um questionario com o
objetivo de avaliar os efeitos da poluicdo do ar
sobre a populacdo. Relataram algum tipo de





sintoma 532 individuos (99,7%), e 491 (91,1%)
referiram sintomas respiratorios. Os sintomas
relatados foram considerados de média
intensidade, mas a maioria dos entrevistados
relatou mais de um sintoma e 85,9% relataram
mais de 10 sintomas. Os entrevistados com idade
acima de 60 anos referiram sintomas graves e
relataram piora significativa na qualidade de
vida®?,

O sul da Tailandia foi coberto pela fumacga
oriunda do incéndio durante dois meses, entre
setembro e outubro de 1997. Houve um
substancial aumento da morbidade respiratoria, o
que provocou aumento das internacdes
hospitalares e de consultas ambulatoriais. A
diferenca percentual entre as internacdes
hospitalares e consultas ambulatoriais da regido
sul (afetada) e da regido norte (controle) foi de
26:18 para todas as consultas por doencas
respiratorias, 33:18 para todas as admissdes por
doencas respiratorias, 36:18 para admissdo por
pneumonia, 40:28 para admissdo por DPOCe 12:9
para admissdo por asma. Os relatorios mensais
mostraram que a morbidade por doencgas
respiratorias aumentou durante o episodio da
névoa em aproximadamente 45 mil visitas
ambulatoriais e 1.500 admissdes hospitalares no
sul da Tailandia. Modelos de analise de regressao
demonstraram uma significativa associacdo entre
a admissdo hospitalar por doenca respiratdria e
niveis mensais de PM, . Uma elevagdo de 10 pg/
m’ na média mensal de PM  significou aumentos
no numero de admissdes hospitalares da ordem
de 859%), 28%), 13% e 13% para doenca respiratoria
em geral, pneumonia, DPOC e asma bronquica,
respectivamente®).

Tan et al®? avaliaram a contagem de leucdcitos
em 30 voluntérios (militares) sem doenca prévia,
utilizando amostras de sangue periférico, e
compararam o periodo da névoa (29/09 a 27/10/
1997) com o periodo apds a névoa (21/11 a 5/12/
1997) em Cingapura. O resultado mostrou que
durante o periodo de maior poluicdo do ar houve
um aumento relevante no ntimero de leucdcitos
devido a um aumento no percentual de
polimorfonucleares. Este efeito foi mais agudo em
relagdo ao PM | (efeitos associados as concentragdes
do poluente no dia do evento e um dia antes) do
que em relacdo ao didxido de enxofre (efeito
associado a concentracdo do poluente trés a quatro
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dias antes do evento). Os autores sugerem que a
poluicdo atmosférica causada pela queima de
biomassa esta associada a um aumento na
contagem de glébulos brancos no sangue periférico,
em virtude de um aumento na liberacdo dos
precursores dos polimorfonucleares pela medula
0ssea, € que essa resposta pode contribuir para a
patogénese da morbidade cérdio-respiratdria
associada a episddios agudos de poluicdo do ar.
Eeden er a4/, utilizando o mesmo grupo de
individuos, demonstraram que houve aumento das
citocinas circulantes, o que confirmou a hipdtese
levantada pelo estudo de Tan et al..

Antes do episddio do sudoeste asiatico, eram
poucos e ndo devidamente valorizados os estudos
que avaliavam a exposicdo da populacdo a queima
de biomassa a céu aberto. Relatos de efeitos
adversos provocados por eventos de queima
descontrolada de vegetacdo remontam a década
de 1960, quando Greemburg et a/°¥ relataram um
episodio ocorrido em Nova York nove anos antes,
em 3/11/1952, quando a fumaca proveniente da
queima de uma floresta “apagou o sol”. Nesse dia
houve um aumento de mortalidade de 20% em
relacdo a média diaria observada no més.

Em 1987, um incéndio de grandes proporcdes na
Califérnia (EUA) elevou os niveis de TSP e PM,  a valores
de até 1000 e 237 pg/m,, respectivamente. Esse fato
causou um aumento na procura de atendimentos de
pronto-socorro por asma, DPOC, laringite, sinusite e
outras infeccdes respiratorias da ordem de 40%, 30%,
60%, 30%, e 500, respectivamente®,

Individuos portadores de patologias
respiratorias cronicas mostram-se mais susceptiveis
aos efeitos da poluicdo gerada pela queima de
vegetacdo. Durante incéndios florestais ocorridos
em 1994, em Cingapura, foi registrado um
aumento de 20% na procura de atendimentos em
pronto-socorros por criancas asmaticas em
comparacdo as médias anuais®®. Em relacio aos
adultos, a fumaca proveniente da queima de palha
e residuos agricolas produziu em individuos
portadores de obstrucdo de vias aéreas, de
intensidade moderada a grave, exacerbacfes de
sintomas, como dispnéia, desconforto respiratério,
tosse e sibilos ©7,

Existem evidéncias de que ndo apenas os
individuos com patologias prévias sdo afetados
pelos poluentes do ar. Os bombeiros que atuam
em incéndios florestais compreendem um grupo
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ocupacional de individuos com alta exposicdo a
queima de biomassa. Estudos realizados com esses
bombeiros indicam uma associacdo entre
exposicdo ao material particulado e efeitos agudos
sobre o sistema respiratorio, além de irritacdo nos
olhos, nariz e garganta, e diminuicdo de
parametros da funcdo pulmonar (CVF, VEF, e
fluxo expiratorio forcado a 25% - 75% da CVC -
FEF , )°*1°)_ Estudos prospectivos mostraram que
esses efeitos podem ser reversiveis apo6s o individuo
se afastar da exposicdo a fumaca.

Devemos considerar, entretanto, que a policia
florestal ¢ uma parcela da populagdo higida, sem
doencas prévia, e, em principio, bem mais saudével
que a média da populacdo em geral. Portanto, ¢
razoavel supor que efeitos similares podem ser
observados na populacdo geral em exposicoes
semelhantes ou menores.

Queima da palha de cana-de-acucar e
agravos a saude no Brasil

Todos os estudos relacionados a queima de
vegetacdo a céu aberto dizem respeito a episddios
fortuitos. Existe, porém, uma regido do planeta
em que a queima da biomassa se faz de maneira
programada. Na década de 1970, durante a crise
do petréleo, o governo brasileiro implementou um
programa chamado Prodlcool com o objetivo de
produzir um combustivel alternativo, renovavel, e
nio poluente: o etanol, derivado da cana-de-
acucar. Esse programa culminou com uma grande
producéo de veiculos movidos a alcool a partir da
década de 80, e com um grande incremento da
cultura da cana-de-acucar. Em 1996, somente
cinco estados da federacdo ndo produziam cana-
de-acucar (Acre, Amapd, Pard, Rio Branco e
Rondénia), sendo Sdo Paulo o maior produtor, com
aproximadamente 65% do total da producio
nacional. Com a crescente utilizacdo do alcool
como combustivel em veiculos automotores houve
uma melhora na qualidade do ar nos grandes
centros urbanos. Existe, porém, um contraponto:
a cana-de-acucar ¢ uma cultura agricola singular,
uma vez que, por razdes de produtividade e de
seguranca, sua colheita é realizada apos a queima
dos canaviais, o que gera uma grande quantidade
de elemento particulado negro denominado
“fuligem da cana”. Esse material particulado
modifica as caracteristicas do ambiente nas regides
onde a cana-de-acucar ¢ cultivada, colhida e

industrializada. Essas regides sdo laboratorios
naturais onde a populacdo fica exposta, por
aproximadamente seis meses ao ano, aos poluentes
provenientes da queima de biomassa.

O Laboratoério de Poluicdo Atmosférica
Experimental (LPAE) do Departamento de
Patologia da Faculdade de Medicina da
Universidade de Sdo Paulo foi pioneiro em nosso
pais na avaliacdo dos efeitos téxicos dos poluentes
emitidos pela queima de combustiveis fosseis nos
grandes centros urbanos e seus efeitos sobre os
seres humanos (1219, Foi também o pioneiro na
avaliacdo dos efeitos téxicos da combustdo do
alcool, da mistura dlcool/gasolina e na sua
posterior comparagdo com os efeitos tdxicos da
combustdo da gasolina e da mistura chumbo/
gasolina. (105100

A potencial gravidade da situacao foi elogiiente
o suficiente para que o LPAE enveredasse por um
novo caminho de pesquisa: estimar os efeitos da
poluicdo do ar causada pela queima de biomassa.

Foram definidas duas regides do Estado de Séo
Paulo para sediar estes estudos: Araraquara e
Piracicaba , que estdo entre os maiores produtores
de cana-de-acucar do planeta. Relatorios da
Companhia de Tecnologia de Saneamento Ambiental
(CETESB)!"07198) " emitidos em 1986 e em 1999, sobre
a qualidade do ar em Araraquara, mostravam um
importante aumento da poeira total em suspensdo
e do PM, no periodo da safra da cana-de-acucar,
em comparacdo com o periodo de nido safra.

Do ponto de vista médico, o interesse pelo
problema reside no fato de que muitos pacientes
com doencas cronicas do aparelho respiratorio,
principalmente bronquite cronica, enfisema, e
asma, referem agravamento dos seus sintomas no
periodo do ano que coincide com a queimada da
cana. Mas ndo € sé. Individuos higidos, na mesma
época do ano, referem, com freqiiéncia, irritacdo
em vias aéreas superiores com ardor no nariz e na
garganta. A presenca na atmosfera de residuos
grosseiros resultantes da combustdo da cana-de-
acucar aparece, para a populacdo em geral, como
a evidéncia de que os sintomas respiratorios
dependem ou sdo agravados pela poluicdo
ambiental gerada pelas queimadas.

Entretanto, o problema nédo ¢ tdo simples
quanto aparenta. Ndo se pode, por exemplo,
descartar a possibilidade de que alteracdes
climaticas sejam as responsaveis pelo agravamento





dos sintomas respiratérios em uma parcela de
individuos da populacéo.

Franco!®, em 1992, formulou algumas
consideracdes a respeito da relagdo entre a queima
da cana-de-agucar e agravos a saude:

1. durante a época das queimadas dos canaviais
ha uma piora na qualidade do ar na regido;

2. a queimada dos canaviais ndo € o unico fator
de agravamento da qualidade do ar, mas em
conseqliéncia da extensdo da area plantada e
da duracdo das queimadas, final de abril a
inicio de novembro, as descargas de gases e
de outros poluentes na atmosfera da regido
ganham um significado importante e nao
podem ser menosprezadas;

3. a populacdo de risco, que tem sua qualidade
de vida e de saude agravada em condigdes
atmosféricas adversas, ¢ bastante significativa;

4. a maioria das pessoas que compdem a
populacdo de risco demanda um ndimero muito
maior de consultas, atendimentos
ambulatoriais, medicacdo, e internacdes. 1sso
onera ndo sé os servicos médicos, mas a
economia das familias.

Considerando a escassez de trabalhos
correlacionando os efeitos da queimada da cana-
de-acucar e a dimensdo da populacdo de risco e
dos 6nus médico, social e econdmico dessa
condicdo, o nosso grupo de pesquisa decidiu
abordar a questdo.

Um estudo epidemioldgico de série temporal,
com o objetivo de avaliar a associagdo entre o
material particulado coletado durante a queima
de plantacdes de cana-de-acucar e um indicador
de morbidade respiratoria em Araraquara foi
desenvolvido entre 26 de maio e 31 de agosto de
1995. O numero didrio de pacientes que
necessitaram inalag¢des em um dos principais
hospitais da cidade foi quantificado, e utilizado
para estimar a morbidade respiratdria. Encontrou-
se uma associacdo positiva significante e dose-
dependente entre o numero de terapias inalatdrias
e o peso do sedimento, utilizado como medida do
material particulado gerado pela queima da cana-
de-acucar. Um aumento de 10 mg no peso do
sedimento esteve associado a um risco relativo de
terapéutica inalatdria de 1,09 (1C 95%: 1,01-1,18).
Nos dias mais poluidos, o risco relativo de
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terapéutica inalatdria foi de 1,20 (1,03-1,39). Esses
resultados indicam que a queima das plantacdes
da cana-de-acucar pode causar efeitos deletérios
a saude da populagio expostal!'o"n,

O LPAE prosseguiu os estudos analisando a
influéncia da poluicdo atmosférica proveniente da
queima da palha da cana-de-acucar sobre as
doencas respiratorias na cidade de Piracicaba.
Nesta cidade, havia condig¢des propicias para o
desenvolvimento de um trabalho visando avaliar
as contribuicdes tanto da poluicdo gerada pela
queima de biomassa como aquela derivada da
queima de combustiveis fésseis sobre a saude
humana. Lara!""? coletou, entre abril de 1997 e
marco de 1998, material particulado, separando-
o em fracdes fina e grossa. Ele foi entdo analisado
e quantificado para black carbon (BC), Al, Si, P, S,
Cl, K, Ca, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Br, Pb"'?,
No mesmo periodo quantificaram-se as
internacdes hospitalares didrias por doencas
respiratorias, em criancas e adolescentes (abaixo
de 13 anos de idade), e em idosos (maiores de 65
anos de idade) através de dados do Departamento
de Informatica do Sistema Unico de Saude
(DATASUS). A andlise dos componentes principais
absoluta identificou que a queima de biomassa e
a re-suspensdo do material erodido do solo (Fator
1) sdo responsaveis por 80% do material
particulado fino (PMM]. 0 risco relativo de
internagdes hospitalares por doencas respiratdrias
em criancas e adolescentes foi significativamente
associado a variacdo interquartil do PM,, PM,
BC, Al, Si, Mn, K, e S. Um aumento de 10,2pg/m?
no PM, , associa-se a um aumento de 21,4% (95%
Cl 4,3;38,5) nas internacdes por doencas
respiratérias em criancas e adolescentes. Em
idosos, o risco relativo de internacdes hospitalares
por doencas respiratdrias esta também
significativamente associado a variacdo interquartil
do PMm, BC, e K. Quando se compararam os
periodos de queima e de ndo queima da palha da
cana-de-acucar, o efeito foi 3,5 vezes maior no
periodo da queima, o que mostra o impacto desta
sobre a saude da populacdo na cidade de
Piracicaba "%

CONCLUSOES

As mudancas fisicas e bioldgicas ocorridas no
ambiente devidas a atividade humana resultaram
em um enorme impacto sobre a saude. A extensdo
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dessas mudancas, que repercute nos dias de hoje,
e ainda compromete o futuro, ndo estd totalmente
estabelecida. Por exemplo, emissdes passadas de
monoxido de carbono e outros gases geradores
do efeito estufa, e a deplecdo da camada de ozbnio
na estratosfera, ainda sdo problemas atuais com
0s quais nos defrontamos. Da mesma forma, a
continua modificacdo dos sistemas ecoldgicos que
sustentam a vida humana podera representar no
futuro uma ameaca a saude de forma global.
Devido aos efeitos dos gases estufa, a temperatura
da superficie terrestre aumentou aproximadamente
1,2°C desde 1850, sendo 0,5°C entre 1978 e os
dias de hoje, o que leva a um continuo
aquecimento da superficie dos oceanos, o que
provoca mudangas de dire¢do nas correntes
marinhas profundas, com dramaticas mudancgas
climéaticas regionais, acarretando problemas como
escassez de agua e alimentos.

Entre as razdes do continuo desenvolvimento
da espécie humana encontra-se a protecdo a
saude. Porém, ainda ha uma lentidao na avaliacdo
e implementacdo de medidas saneadoras quando
se trata da relacdo ambiente e saude, muito
especialmente quando se trata de queima de
biomassa. Segundo a American Lung
Association, mais de 800 novos estudos
cientificos que associam os efeitos do material
particulado em suspensdo no ar, proveniente da
queima de combustiveis fosseis, sobre a saude
humana, foram publicados entre 1997 e 2001.
Entretanto, a literatura ¢ extremamente
parcimoniosa ao avaliar os efeitos sobre a saude
humana da combustdo de biomassa, seja em
ambientes internos, modalidade de obtencdo de
energia utilizada por trés bilhdes de individuos
no planeta, seja por queima de vegetacdo a céu
aberto, em relacdo a qual ainda hoje ndo existem
estimativas precisas do numero de pessoas
expostas aos poluentes liberados. Ainda hoje nédo
se consegue determinar a causa do inicio do fogo
em vegetacdo em 50% dos episodios, o que torna
a queima de vegetacio a céu aberto na Asia, na
América, na Africa e em outras partes do mundo
um fenémeno recorrente. Estimativas mostram
que, no ano 2000, 351 milhdes de hectares de
vegetacdo do planeta foram afetados pelo fogo.
A populacdo atingida pelos produtos gerados pela
combustdo de biomassa, via de regra, corresponde
aos individuos com maior grau de pobreza, e com

menor possibilidade de acesso aos servicos de
saude, o que certamente faz piorar a sua ja precaria
qualidade de vida.

Os dados apresentados nesta revisdo devem ir
além de simplesmente identificar as populacdes
mais afetadas pela queima de biomassa e descrever
os complexos mecanismos de impactos sobre a
saude, mas também devem enviar uma mensagem
aos pesquisadores, no sentido de expandir o
limitado conjunto de conhecimentos e, dessa
forma, possibilitar a criacdo de programas efetivos
de intervencdo com o objetivo de proporcionar
uma melhor qualidade de vida aos individuos
expostos.
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ABSTRACT

BACKGROUND
The systematic evaluation of the results of time-series studies of air pollution is challenged
by differences in model specification and publication bias.

METHODS

We evaluated the associations of inhalable particulate matter (PM) with an aerodynamic
diameter of 10 um or less (PM,) and fine PM with an aerodynamic diameter of 2.5 um
or less (PM, ) with daily all-cause, cardiovascular, and respiratory mortality across multi-
ple countries or regions. Daily data on mortality and air pollution were collected from 652
cities in 24 countries or regions. We used overdispersed generalized additive models with
random-effects meta-analysis to investigate the associations. Two-pollutant models were
fitted to test the robustness of the associations. Concentration—response curves from each
city were pooled to allow global estimates to be derived.

RESULTS

On average, an increase of 10 ug per cubic meter in the 2-day moving average of PM,
concentration, which represents the average over the current and previous day, was associ-
ated with increases of 0.44% (95% confidence interval [CI], 0.39 to 0.50) in daily all-cause
mortality, 0.36% (95% CI, 0.30 to 0.43) in daily cardiovascular mortality, and 0.47% (95%
CI, 0.35 to 0.58) in daily respiratory mortality. The corresponding increases in daily mortal-
ity for the same change in PM, . concentration were 0.68% (95% CI, 0.59 to 0.77), 0.55%
(95% CI, 0.45 to 0.66), and 0.74% (95% CI, 0.53 to 0.95). These associations remained
significant after adjustment for gaseous pollutants. Associations were stronger in locations
with lower annual mean PM concentrations and higher annual mean temperatures. The
pooled concentration—response curves showed a consistent increase in daily mortality with
increasing PM concentration, with steeper slopes at lower PM concentrations.

CONCLUSIONS
Our data show independent associations between short-term exposure to PM,; and PM, .
and daily all-cause, cardiovascular, and respiratory mortality in more than 600 cities across
the globe. These data reinforce the evidence of a link between mortality and PM concentra-
tion established in regional and local studies. (Funded by the National Natural Science
Foundation of China and others.)
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HE ADVERSE HEALTH EFFECTS OF SHORT-

term exposure to ambient air pollution are

well documented.'? Particulate matter (PM),
especially, arouses public health concerns be-
cause of its toxicity and the widespread human
exposure to this pollutant. PM, which includes
inhalable particles with an aerodynamic diameter
of 10 um or less (*™M,) and fine particles with
an aerodynamic diameter of 2.5 um or less
(PM, ), is emitted from combustion sources or
formed through atmospheric chemical transfor-
mation. Given the extensive evidence regarding
their effects of health, the daily and annual
mean concentrations of PM, and PM, , are regu-
lated according to the World Health Organiza-
tion (WHO) Air Quality Guidelines* and standards
in major countries.

Numerous time-series studies have examined
the associations between short-term PM expo-
sures and daily mortality.>® However, most evi-
dence has been obtained from studies in single
cities, regions, or countries, and there are chal-
lenges in comparing these results and in synthe-
sizing effect estimates because of different mod-
eling approaches and potential publication bias.
These limitations can be addressed by perform-
ing international, multicenter studies that adopt
the same analytic protocol and model specifica-
tions to estimate globally representative asso-
ciations of PM,  and PM, , exposures with daily
mortality. We established the Multi-City Multi-
Country (MCC) Collaborative Research Network
to perform a global assessment of the effects of
weather or climate on mortality.’®" This network
allowed us to examine and compare the associa-
tions of PM concentrations with daily all-cause,
cardiovascular, and respiratory mortality at the
global, regional, and country level with the use of
a standardized analytic framework.

METHODS

DATA COLLECTION

We obtained health and environmental data from
the MCC database, which has been described
previously.'®'? The current analysis was limited
to locations that had available data on air pollu-
tion (652 urban areas in 24 countries or regions,
with the data covering the period from 1986
through 2015) (Table S1 in the Supplementary
Appendix, available with the full text of this arti-
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cle at NEJM.org). Data on mortality were obtained
from local authorities within each country. Causes
of death were classified according to codes in the
International Classification of Diseases, 9th Revision
(ICD-9) or 10th Revision (ICD-10), whichever was
available. In each location, mortality was repre-
sented by daily counts of either death from non-
external causes (ICD-9 codes 0 to 799 and ICD-10
codes A0 to R99) or, when such data were un-
available, daily counts of death from any cause.
We also collected mortality data for two main
causes of death: cardiovascular disease (ICD-10
codes 100 to 199) and respiratory disease (ICD-10
codes JOO to J99).13

We obtained daily data on PM,  in 598 cities
and on PM, , in 499 cities. Data on both pollutants
were available in 445 cities in 16 countries or re-
gions. The geographic distributions of the cities
that had data on PM, and PM, , as well as the
annual mean PM concentrations over the period
studied for each city, are provided in Figure 1 and
Figure 2, respectively (also see the interactive map,
available at NEJM.org). Daily data on gaseous pol-
lutants (ozone, nitrogen dioxide, sulfur dioxide,
and carbon monoxide) were obtained where avail-
able. We also collected data on the daily mean
temperature and daily mean relative humidity. To
avoid potential consequences of including outly-
ing values of exposure data, we used trimmed
data, in which the highest 5% and lowest 5% of
PM,, and PM, . measurements were excluded.™

STATISTICAL ANALYSIS
The associations of PM,  and PM, , concentrations
with daily all-cause, cardiovascular, and respira-
tory mortality were assessed in separate analyses
with the use of a standard time-series approach.
We followed a two-stage analytic protocol, which
had been developed and widely applied in previ-
ous multicity time-series studies.!>®

In the first stage, we estimated city-specific
associations of PM concentration with mortality
using quasi-Poisson generalized additive models.
In accordance with the approaches used in previ-
ous studies,'® the following covariates were in-
cluded in the main model: a natural cubic smooth
function with 7 degrees of freedom (df) per year
to control for underlying time trends in mortal-
ity, an indicator day-of-week variable to account
for short-term weekly variations, and natural
spline functions with 6 df for temperature and 3 df
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Figure 1. Distribution of the Cities with Data on PM,j.

See the interactive map, available at NEJM.org.

Shown is the geographic distribution of the 598 cities in the 24 countries and regions that had available data on particulate matter with
an aerodynamic diameter of 10 ym or less (PMyg) and were included in the analysis. Also shown are the annual mean PM;q concentrations.

for relative humidity to control for potentially
nonlinear confounding effects of weather condi-
tions in areas where such data were available. To
determine an appropriate lag time (i.e., the num-
ber of days between exposure and the estimated
effect) for PM and temperature to be used in the
main analyses, we compared a variety of lag days
using generalized cross-validation scores.

In the second stage, we used random-effects
models to pool the estimates of the city-specific
associations of PM concentrations with mortality.®
We then reported the pooled estimate and re-
lated 95% confidence intervals as the percentage
change in daily mortality per 10-ug-per-cubic-
meter increase in PM concentrations. Between-
city heterogeneity was quantified with the use of
the I? statistic.

In addition to the main model described
above, we fitted two-pollutant models, each of
which included adjustment for one of four gas-
eous pollutants. The association of PM concen-
tration with mortality was considered robust if

N ENGL ) MED 381;8

the effect estimates in the single-pollutant and
two-pollutant models were not significantly dif-
ferent, as determined with a paired z-test.

Using the aforementioned two-stage approach,
we also performed regional analyses, with the
regions grouped according to WHO region and
according to the gross domestic product (GDP)
per capita (Table S2 in the Supplementary Ap-
pendix), and likelihood-ratio tests were used to
determine whether the differences between re-
gions in associations of PM with mortality were
significant. To further explore potential effect
modifications, we fit meta-regression models
with annual mean concentrations of PM and
copollutants, annual mean temperature, latitude
of locations, WHO region and region classified
according to the GDP per capita, rates of miss-
ing data on daily mortality and PM,  and PM,
concentrations, and GDP per capita.

To estimate the overall shape of the associa-
tions between PM, and PM, ; concentrations and
mortality at the global or country level, we plot-
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Figure 2. Distribution of Cities with Data on PMy 5.

Shown is the geographic distribution of the 499 cities in the 16 countries and regions that had data on particulate matter with an aero-
dynamic diameter of 2.5 ym or less (PM; 5) and were included in the analysis. Also shown are the annual mean PM; s concentrations.

See the interactive map, available at NEJM.org.
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ted concentration—response curves using the same
approach that was used in previous studies.’®
In brief, we replaced the linear term of PM in the
main model with a B-spline function with two
knots at the 25th and 75th percentiles of the
mean PM concentrations across all cities.

We performed several sensitivity analyses. First,
in fitting the concentration-response curves, we
placed knots at different PM values. Second, we
tested the potential confounding effect of hu-
midity in cities that had available data on this
variable by comparing the results of models that
adjusted for humidity with the results of models
that did not in a paired z-test. Third, we re-
stricted the analyses to data available after the
year 2000.

We conducted all statistical analyses with
R software, version 3.3.1 (R Foundation for Statis-
tical Computing), using the mgcv package for fit-
ting main models and the rmeta package for
performing random-effect models. A P value of
less than 0.05 was considered to indicate statis-
tical significance. More details are presented in
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the Methods section in the Supplementary Ap-
pendix.

RESULTS

DESCRIPTIVE ANALYSES

The final analysis included 59.6 million deaths
from any cause or nonexternal causes, 20.1 mil-
lion deaths from cardiovascular diseases, and
5.6 million deaths from respiratory diseases (Ta-
ble S1 [nontrimmed data] and Table S3 [trimmed
data] in the Supplementary Appendix). On aver-
age, the annual mean concentration of PM, in
598 cities was 56.0 ug per cubic meter (median,
44.3 pg per cubic meter [range, 11.0 to 295.0;
interquartile range, 37.9 to 70.1]), and the an-
nual mean concentration of PM, _ in 499 cities
was 35.6 ug per cubic meter (median, 31.9 ug
per cubic meter [range, 4.1 to 116.9; interquartile
range, 21.5 to 43.5]). PM, was strongly correlated
with PM, _, with a mean Pearson correlation co-
efficient of 0.78. The mean Pearson correlation
coefficients between PM,  and gaseous pollutants

AUGUST 22, 2019

The New England Journal of Medicine
Downloaded from nejm.org at USP on August 23, 2019. For personal use only. No other uses without permission.
Copyright © 2019 Massachusetts Medical Society. All rights reserved.





AIR POLLUTION AND MORTALITY IN 652 CITIES

were 0.46 with nitrogen dioxide, 0.20 with ozone,
0.38 with sulfur dioxide, and 0.40 with carbon
monoxide. The corresponding coefficients be-
tween PM, . and gaseous pollutants were 0.48,
0.22, 0.40, and 0.45. Other descriptive statistics
and the correlations between daily mean PM
concentrations and weather variables are sum-
marized in the Results section in the Supple-
mentary Appendix.

REGRESSION ANALYSES

The choice of a 2-day moving average for PM
concentration, which represents the average over
the same and previous day (lag 0 to 1 day), and
a 4-day moving average for temperature, which
represents the average of the same and previous
3 days (lag 0 to 3 days), generated the smallest
mean generalized cross-validation scores (Tables
S4 and S5 in the Supplementary Appendix). These
moving averages were then applied in subsequent
analyses. For both PM, and PM, ,, the associa-
tions were significant on lag 0 day and then
attenuated substantially on lag 1 to 2 days; the
estimates of the associations were strongest on
lag 0 to 1 day (Table S4 in the Supplementary
Appendix).

Overall, we observed positive and significant
associations between PM, and PM, . concentra-
tions and all-cause mortahty (Table 1. In 598
cities that had data on PM,, an increase of 10 ug
per cubic meter in the PM,  concentration was
associated with an increase of 0.44% (95% con-
fidence interval [CI], 0.39 to 0.50) in a pooled
estimate of daily all-cause mortality. In 499 cities
that had data on PM, ,, the same increase in the
PM, . concentration was associated with an in-
crease of 0.68% (95% CI, 0.59 to 0.77) in a pooled
estimate of daily all-cause mortality. The country-
specific estimates of the percentage change in
daily all-cause mortality showed considerable
variations, ranging from 0.03% (for Colombia)
to 1.32% (for Australia) in association with a
10-pug-per-cubic-meter increase in PM, | concentra-
tion and ranging from 0.03% (for Portugal) to
2.54% (for Greece) in association with the same
increase in PM, , concentration. Estimates of the
effect in France Estonia, and Switzerland were
close to the global median estimate of 0.46% in
association with PM,  concentration; estimates
of the effect in Switzerland and South Africa
were close to the global median estimate of 0.80%
in association with PM, , concentration.

In cause-specific analyses, an increase of 10 ug
per cubic meter in PM,, concentration (in 528
cities) was associated with an increase of 0.36%
(95% CI, 0.30 to 0.43) in daily cardiovascular
mortality and an increase of 0.47% (95% CI, 0.35
to 0.58) in daily respiratory mortality. The corre-
sponding increases in daily cardiovascular and
respiratory mortality for the same increase in PM,
concentration (in 488 cities) were 0.55% (95% CI
0.45 to 0.66) and 0.74% (95% CI, 0.53 to 0.95%)
(Figs. S1 and S2 in the Supplementary Appen-
dix). In 445 cities that had data on both PM, .
and PM,, the percentage increases in all-cause
mortality per 10-ug-per-cubic-meter increase in
PM, . concentration were larger than those with
the same increase in PM, | concentration, both in
the pooled results and in most country-specific
estimates (Fig. S3 in the Supplementary Appendix).

Regional analyses indicated differences be-
tween areas (Table S6 in the Supplementary Ap-
pendix), with higher estimates of the effect in
the region of the Americas and smaller estimates
in the Western Pacific region. We observed
stronger associations between PM,  and PM,
concentrations and all-cause mortality in loca-
tions with lower annual mean concentrations
of PM and higher annual mean temperatures
(P<0.001 for all comparisons); there was no sig-
nificant modification of the effect according to
annual mean concentrations of PM and copollut-
ants, latitude of location, WHO region and re-
gion classified according to the GDP per capita,
rates of missing data on daily mortality and PM, |
and PM,, concentrations, and GDP per capita
(P>0.05 for all comparisons).

In two-pollutant models (Table 2), the magni-
tude (i.e., the size of the estimated effect) of the
associations of PM, and PM, _ concentrations on
lag 0 to 1 day with all-cause mortality decreased,
but all associations between PM and mortality
remained significant after adjustment for gaseous
pollutants. Notably, the estimates of the percent-
age change in mortality per 10-ug-per-cubic-
meter increase in PM,; concentration decreased
significantly after adjustment for nitrogen dioxide
(difference of 35%; P<0.001) and sulfur dioxide
(difference of 18%; P=0.007). Similarly, the per-
centage change in mortality with the same in-
crease in PM,  concentration decreased by 36%
after adjustment for nitrogen dioxide (P<0.001)
and by 22% after adjustment for sulfur dioxide
(P=0.007).
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Table 1. Percentage Change in All-Cause Mortality per 10-ug-per-Cubic-Meter Increase in 2-Day Moving Average
Concentrations of Inhalable Particulate Matter (PM;0) and Fine Particulate Matter (PM;5).*
Country or Region PMjo PMy 5
Cities with Cities with
Available Available

Data Pooled Estimate Data Pooled Estimate

no. % (95% Cl) no. % (95% Cl)
Australia 3 1.32 (0.22 to 2.44) 3 1.42 (~0.12 to 2.99)
Brazil 1 1.22 (0.97 to 1.47) 0 NA
Canada 13 0.76 (0.25 to 1.27) 25 1.70 (1.17 to 2.23)
Chile 4 0.33 (0.14 t0 0.53) 4 0.27 (~0.68 to 1.23)
China 272 0.28 (0.22 to 0.34) 272 0.41 (0.32 to 0.50)
Colombia 1 0.03 (-0.34 t0 0.39) 0 NA
Czech Republic 1 0.40 (—0.02 to 0.82) 0 NA
Estonia 4 0.46 (~0.69 to 1.63) 3 0.23 (~4.24 to 4.90)
Finland 1 0.07 (~0.51 to 0.65) 1 0.14 (~0.55 to 0.83)
France 18 0.46 (-0.15 to 1.07) 0 NA
Greece 1 0.53 (0.17 to 0.90) 1 2.54 (1.28 t0 3.83)
Italy 18 0.65 (0.26 to 1.04) 0 NA
Japan 47 1.05 (0.78 to 1.31) 47 1.42 (1.05 to 1.81)
Mexico 8 0.67 (0.48 to 0.86) 3 1.29 (0.21 t0 2.39)
Portugal 2 0.11 (-0.27 to 0.49) 1 0.03 (-1.14to 1.21)
South Africa 6 0.41 (0.14 to 0.68) 5 0.80 (0.16 to 1.44)
South Korea 7 0.42 (0.27 to 0.58) 0 NA
Spain 45 0.87 (0.60 to 1.15) 19 1.96 (1.18 to 2.75)
Sweden 1 0.20 (-1.03 to 1.44) 1 0.08 (-1.44 to 1.62)
Switzerland 8 0.47 (-0.36 to 1.31) 4 0.79 (~0.96 to 2.58)
Taiwan 3 0.25 (~0.03 t0 0.53) 3 0.62 (~0.39 to 1.64)
Thailand 19 0.61 (0.24 to 0.99) 0 NA
United Kingdom 15 0.06 (—0.36 to 0.48) 0 NA
United States 100 0.79 (0.60 to 0.98) 107 1.58 (1.28 to 1.88)
Total 598 0.44 (0.39 0 0.50) 499 0.68 (0.59 to 0.77)

* Pooled estimates represent the percentage changes in daily all-cause mortality per 10-yg-per-cubic-meter increase in
concentrations of particulate matter (PM) with an aerodynamic diameter of 10 ym or less (PM;o) and PM with an aero-
dynamic diameter of 2.5 ym or less (PMys), as determined with the use of trimmed exposure data in which the highest
5% and lowest 5% of PMg and PM; s measurements were excluded. NA denotes not available.
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The concentration-response associations of
daily mean PM,; and PM,, concentrations with
all-cause mortality were positive, and the curves
showed a consistent increase with no discernible
thresholds (Fig. 3). The slopes for both curves
were steeper at concentrations lower than 40 ug
per cubic meter for PM,  and lower than 20 ug per
cubic meter for PM, .. The slopes seemed to flat-
ten at high ranges. In addition, positive associa-

tions were still detectable at levels below most
global and regional air-quality guidelines or stan-
dards. Country-specific concentration—response
curves are provided in Figures S4 and S5 in the
Supplementary Appendix.

Sensitivity analyses confirmed these results.
The use of alternative knots did not substantially
change the shape of the concentration—response
curves, and adjustment for humidity resulted in
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Figure 3. Pooled Concentration—Response Curves.

Shown are the pooled concentration—response curves for the associations of 2-day moving average concentrations of PMjq (Panel A)
and PM; s (Panel B) with daily all-cause mortality. The y axis represents the percentage difference from the pooled mean effect (as de-
rived from the entire range of PM concentrations at each location) on mortality. Zero on the y axis represents the pooled mean effect,
and the portion of the curve below zero denotes a smaller estimate than the mean effect. The dashed lines represent the air-quality
guidelines or standards for 24-hour average concentrations of PMg or PM; 5 according to the World Health Organization Air Quality
Guidelines (WHO AQG), WHO Interim Target 1 (IT-1), WHO Interim Target 2 (IT-2), WHO Interim Target 3 (IT-3), European Union Air
Quality Directive (EU AQD), U.S. National Ambient Air Quality Standard (NAAQS), and China Air Quality Standard (AQS).
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no significant changes (Figs. S6 and S7 and Ta-
ble S7 in the Supplementary Appendix). Finally,
the analysis in which the subset of data since the
year 2000 was used provided similar estimates.
Estimates based on nontrimmed PM data are pro-
vided in Table S8 in the Supplementary Appendix.

DISCUSSION

Our study analyzed multisite data on air pollu-
tion and mortality in 652 cities across different
countries and regions, although most countries
and cities were in the northern hemisphere. Be-
cause the data from each city were analyzed ac-
cording to the same protocol, the estimate of
the percentage change in mortality per 10-ug-
per-cubic-meter increase in PM concentration
was based on a large data set. This study also
provides the statistical power to examine the
global concentration-response functions of par-
ticulate air pollution at both low and high base-
line levels.

In the analysis of PM,, we observed an in-

N ENGLJ MED 381;8
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crease of 0.44% in all-cause mortality per 10-ug-
per-cubic-meter increase in PM, concentration.
The magnitude of the association is generally
similar to previous findings in other multicity or
multicountry studies.”®?® For example, the Air
Pollution and Health: A European and North
American Approach (APHENA) study reported
increases of 0.86%, 0.33%, and 0.29% in daily
all-cause mortality in Canada, Europe, and the
United States, respectively.” The percentage in-
crease in mortality for the same increase in PM,|
concentration was 0.77% in the Multicity Study
of Air Pollution and Mortality in Latin America
(ESCALA),® 0.55% in the Public Health and Air
Pollution in Asia (PAPA) study,” and 0.19% in the
reanalysis of the U.S. National Morbidity Mortal-
ity Air Pollution Study (NMMAPS).*

In the analysis of PM,,, we observed an in-
crease of 0.68% in all-cause mortality per 10-ug-
per-cubic-meter increase in PM, , concentration.
Our estimates were somewhat smaller than those
obtained from previous multicity studies and a
meta-analysis that used data mainly from devel-
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oped countries.?>?* This difference may be inter-
preted as reflecting the nonlinearity of our
concentration—response curve, which indicated a
steeper slope at lower concentrations. In addition,
we found that the associations of mortality with
PM concentrations were slightly stronger with
PM, . than with PM, in most countries and re-
gions, which added to the evidence that PM,
accounted for a larger proportion of the effects
of PM,; and PM, combined.’ The stronger ef-
fects of PM,, may also be supported by the
abundant evidence that this particulate fraction
contains more small particles that can absorb
toxic components from the air and penetrate
deep into the lungs.*

The question of whether the observed asso-
ciations for PM were independent from other
pollutants is important for air-quality regulation
and health-risk assessment. In our data, although
the magnitude of the associations for PM, and
PM, . decreased in two-pollutant models, the as-
sociations for both remained significant, a find-
ing that provides evidence of the independent
health effects of PM. It is notable that the esti-
mates of the percentage change in mortality per
10-ug-per-cubic-meter increase in PM, and PM,
concentrations decreased more after adjustment
for nitrogen dioxide and sulfur dioxide than af-
ter adjustment for ozone and carbon monoxide,
a finding that may be interpreted as reflecting
closer correlations of PM with nitrogen dioxide
and sulfur dioxide caused by similar sources and
seasonal patterns.

In accordance with the findings from the
majority of previous studies, the concentration—
response curves between PM concentration and
daily mortality derived from this global study
showed a consistent increase without evidence of
a threshold.’***?> In both curves, the percentage
increase in mortality per unit change in PM con-
centration seemed to be smaller (i.e., the con-
centration—response curves seemed to flatten) at
high ranges of daily mean PM concentration. This
potential saturation effect may be explained by
smaller effects of changes in daily mean PM
concentration in cities with higher baseline levels
of PM, as suggested in our meta-regression analy-
ses. Furthermore, the higher proportion of young
people in developing countries may decrease
population susceptibility to PM, and less out-
door activity during days with high pollution
levels may decrease exposure. Nevertheless, the

concentrations of PM below the current air-
quality guidelines and standards may still be
hazardous to public health. However, associa-
tions estimated for extreme PM concentrations
are characterized by wider confidence intervals,
with greater uncertainty about the actual mortal-
ity risk at such values. We should also be cautious
about the uncertainty in the concentration—
response curves, because they were pooled from
cities or countries with diverse PM ranges and
varying population susceptibility and data qual-
ity and representability.

We found significant evidence of spatial hetero-
geneity in the associations between PM concen-
tration and daily mortality across countries and
regions. A number of factors could contribute to
this variability, including different PM compo-
nents, long-term air pollution levels, population
susceptibility, and different lengths of study peri-
ods. We also found that higher annual mean
concentrations of PM,; and PM, . were accompa-
nied by weaker associations with daily mortality,
a finding that has been reported in previous
studies.'®? The possible adaptive response to PM
in populations living in areas with higher long-
term exposure to PM may lead to smaller esti-
mate-per-unit changes in exposure. In addition,
we identified stronger associations of PM with
mortality in regions with higher GDP per capita,
which may also be in relation to lower long-term
air pollution levels (Pearson coefficient, —0.68
for PM,, and -0.74 for PM, ) and decreased
population susceptibility due to higher socioeco-
nomic status.” The estimates of the association
between PM and mortality in some countries
(e.g., France, Finland, Sweden, and the United
Kingdom) were smaller and not significant.
These countries had fewer cities included and
shorter periods evaluated, which may increase
the statistical uncertainty in the estimation of
the effect. Furthermore, these countries are gen-
erally located in areas with a low annual mean
temperature, which may decrease the association
between PM and mortality, as shown in meta-
regression analyses. More interpretations on this
issue are provided in the Discussion section in
the Supplementary Appendix.

This study has several limitations. First, al-
though the analysis included 24 major countries
and regions on six continents, our findings can-
not be interpreted as fully globally representative
because the 652 cities were mainly located in
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East Asia, Europe, and North America, with a
smaller number of cities in Latin America and
Africa. Second, we relied on fixed-site environ-
mental measurements, which could introduce ex-
posure misclassification. Third, diagnostic or cod-
ing errors in health data are also inevitable in
such a global study that spans multiple decades;
the effects of these errors on our results are dif-
ficult to evaluate, which presumably makes the
estimates of the effects on cause-specific mortal-
ity less reliable than those of effects on all-cause
mortality. Fourth, there are some missing data,
but their influence on our estimates was not
substantial (see the Discussion section and Table
S9 in the Supplementary Appendix).

Our multicountry time-series analysis provides

concentrations, and the associations were still
detectable at concentrations below the current
air-quality guidelines and regulatory limits.
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The health and social implications of household air pollution

and respiratory diseases

Suzanne M. Simkovich'?, Dina Goodman'?, Christian Roa®, Mary E. Crocker %3, Gonzalo E. Gianella*?, Bruce J. Kirenga®’,

Robert A. Wise' and William Checkley'?

Approximately three billion individuals are exposed to household air pollution (HAP) from the burning of biomass fuels worldwide.
Household air pollution is responsible for 2.9 million annual deaths and causes significant health, economic and social
consequences, particularly in low- and middle-income countries. Although there is biological plausibility to draw an association
between HAP exposure and respiratory diseases, existing evidence is either lacking or conflicting. We abstracted systematic reviews
and meta-analyses for summaries available for common respiratory diseases in any age group and performed a literature search to
complement these reviews with newly published studies. Based on the literature summarized in this review, HAP exposure has
been associated with acute respiratory infections, tuberculosis, asthma, chronic obstructive pulmonary disease, pneumoconiosis,
head and neck cancers, and lung cancer. No study, however, has established a causal link between HAP exposure and respiratory
disease. Furthermore, few studies have controlled for tobacco smoke exposure and outdoor air pollution. More studies with
consistent diagnostic criteria and exposure monitoring are needed to accurately document the association between household air
pollution exposure and respiratory disease. Better environmental exposure monitoring is critical to better separate the
contributions of household air pollution from that of other exposures, including ambient air pollution and tobacco smoking.
Clinicians should be aware that patients with current or past HAP exposure are at increased risk for respiratory diseases or
malignancies and may want to consider earlier screening in this population.

npj Primary Care Respiratory Medicine (2019)29:12; https://doi.org/10.1038/541533-019-0126-x

INTRODUCTION

Respiratory diseases are responsible for a significant burden
worldwide from direct healthcare costs, significant disability,
premature mortality, lost productivity and social consequences.
Specifically, chronic respiratory diseases are estimated to result in
925 million disability-adjusted life years (DALYs) lost in 2016
worldwide." There is limited published data on the health
expenditures for respiratory disease outside of the United States
(US) and the European Union (EU)2 Furthermore, available
statistics grossly underestimate health costs due to widespread
underdiagnoses of respiratory disease.? For the 28 countries in the
EU, lung disease is estimated to cost €379.6 billion and results in
an annual loss of 5.2 million DALYs, valued at an additional €300
billion.? In the US, lung diseases cost an estimated $129 billion,
with $106 billion of this attributed to chronic obstructive
pulmonary disease (COPD), asthma, and pneumonia.3

Individuals in low- and middle-income countries (LMICs) have
different exposures, and consequently risk factors, for the
development of respiratory diseases as compared to those in
higher income countries.* Household air pollution (HAP) exposure
is an important attributable risk factor for both acute and chronic
respiratory diseases in LMICs, including acute respiratory infec-
tions,”® tuberculosis,>'® asthma,” COPD,*'' pneumoconiosis,'?

head and neck cancers,”® and lung cancer.*'® HAP exposure
results from the incomplete combustion of biomass fuels (e.g.,
wood, dung, agricultural crop waste, and coal) during cooking and
heating. Almost three billion individuals, 42.2% of the world
population, continue to cook with biomass fuels due to
inadequate access to clean energy.'® According to the 2016
Global Burden of Disease estimates, HAP was responsible for 2.9
million annual deaths and 81.1 million DALYs lost.' These
estimates show that 26% of HAP deaths were attributed to lower
respiratory infections, 5% to tracheal, bronchial and lung cancers,
and 23% to COPD.'” Other respiratory diseases were not included
in the 2016 study.'® Although HAP exposure affects all members
of the household, women often have the highest risk of exposure
due to their involvement in the cooking process.* Children are also
often close to their mothers and therefore can be exposed to HAP
from a young age.*

Exposure to HAP not only has deleterious health effects, but
also has impaortant social consequences. Welfare and labor income
losses are estimated at $1.6 trillion and $94 billion, respectively,
due to lost productivity and poor health from HAP exposure.'®'?
These losses are reflected in the poverty trap, a phenomenon
where those who are in poor health, resulting from an
environmental exposure such as HAP, cannot work or if they
can work, their wages are lower. These individuals then cannot
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This hypothesized model shows the natural history of lung function, measured as % predicted forced expiratory value in one second

(FEV1) for age. Predicted decline varies depending on the following scenarios (1) if the individual is not exposed to household air pollution
(HAP) or not susceptible to respiratory illness, (2) exposed to HAP or susceptible, or (3) no longer being exposed to HAP. Those who are
exposed or susceptible die from disease at a younger age, whereas those who cease exposure may reach disability but prolong life. This
progression starts from conception, indicating that HAP exposure has a lifelong impact on lung function

afford goods and services that would improve their health,
feeding into the vicious cycle of poverty.'® Women and children
are often burdened with biomass fuel collection?® a time
consuming and potentially dangerous task as many women are
subjected to violence leaving their homes to collect the fuel.*'®
This obligation forces many children to miss school and women to
have fewer opportunities to engage in other economic activities.?’
Other health and environmental consequences of HAP include
worse ambient air pollution, deforestation, and loss of habitat for
wildlife 2%

Despite the Global Burden Disease Estimates of HAP deaths and
DALYs, the relationship between HAP and respiratory diseases
remains poorly characterized. One potential concern is the need
to appropriately attribute HAP exposure to respiratory diseases,
which requires better environmental exposure monitoring and
occupational exposure screening to separate HAP from the effects
of tobacco smoking, air pollution or other occupational exposures.
As cigarette smoking has a been attributed to negative respiratory
health outcomes, such as pneumonia,® asthma,” tuberculosis
(TB),”® and COPD,*” several studies have also sought to evaluate
the association between HAP exposure and respiratory disease.
For decades, researchers have been trying to characterize the
effects of HAP exposure on the lungs, using the term “"hut lung” to
describe the negative consequences of HAP exposure on
respiratory health.”® Recently, biological mechanisms have since
been further elucidated, linking noxious chemicals and particles in
HAP to inflammation. For example, particulate matter, one of the
more commonly studied pollutants caused by incomplete
biomass combustion, has been hypothesized to stimulate an
inflammatory response in airway macrophages and respiratory
epithelium leading to tissue damage that can result in respiratory
illnesses in susceptible individuals.”””** HAP is thought to be
particularly damaging to lungs, as fine particulate matter (PM; )
which is the by-product of incomplete combustion, penetrates
deep into the alveoli of the lung.3° 32

In utero exposure to HAP may also affect lung development and
lung function across the life span.*® However, data on the natural
variability of lung function over a person’s lifetime are limited, and
no long-term population-based studies have been conducted.®
The maximal attainment of lung function has been shown to be
influenced by genetic pre-disposition, ambient air pollution,
prematurity, and nutritional status.>* Those who may not reach
their maximal lung function will have lower spirometric measure-
ments throughout their lifetime3* HAP exposure may affect
maximal obtainment of lung function and subsequent lung
function decline, as hypothesized in Fig. 1. Previous studies have
explored the relationship between tobacco smoking and COPD in

npj Primary Care Respiratory Medicine (2019) 12

detail®® and have theorized that some people are more

susceptible to respiratory disease.>* The rate of lung function
decline is heterogeneous as some people likely experience
periods of rapid decline followed by slower decline.***> Similar
mechanisms may apply in the case of HAP exposure, where
noxious particles, such as particulate matter and carbon mon-
oxide, may affect lung development starting in utero.®
Although biological plausibility and several observational
studies support an association between HAP exposure and
respiratory diseases, existing literature is either lacking or
conflicting, limiting our ability to make causal inferences. There
are few randomized controlled trials evaluating the effect of
reducing HAP exposure on respiratory health outcomes. As a
result, existing reviews and meta-analyses rely primarily on case-
series and observational studies. The goal of this review is to
summarize the systematic reviews and meta-analyses available for
each respiratory disease then update this evidence a summary of
available literature since the publication of these reviews.

RESULTS

Our primary search vyielded 11 eligible systematic reviews,
summarized in Table 1. The manuscripts from the secondary
search, of which 19 were included in this paper, are summarized in
Table 2. Based on our scoping review, HAP exposure may be
associated with ALRI, COPD, tuberculosis, pneumoconiosis, head
and neck cancer, and lung cancer. All of the systematic reviews
included studies that were heterogeneous in methods and results.
None of the systematic reviews had an objective measure of HAP
exposure, instead exposure was often based on proxies and self-
reporting. Furthermore, biomass fuel type was inconsistent
between each study. Many of the studies do not separate cooking
and heating and some include women only or both men and
women.

Acute respiratory infections

Acute respiratory infections include both upper respiratory
infections (URI) and acute lower respiratory infections (ALRI).
Upper respiratory infections are defined as infections of the upper
respiratory structure of the aerodigestive tract, including diag-
noses such as the common cold and sinusitis.” ALRI is an acute
infection of the lung from a viral or bacterial cause resulting in
inflammation of the lung. ALRI is the leading cause of death in
children under 5 years of age,™ and a frequent cause of
hospitalization for adults in LMICs.? Risk factors include low birth
weight, malnutrition, low socioeconomic status, and smoking.ﬁ'ﬁ‘w
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Table 1 continued

Bias & heterogeneity

Effect size

Relevant outcome

Exposure

Number of  Meta-analysis

studies

Authors (Year

(if yes,

of publication)

number of
studies)

included

cancer from solid fuel use was
greater in females (pooled OR

1.81, 95% Cl 1.54-2.12) compared

to males (pooled OR=1.16, 95% Cl

0.79-1.69)

Egger’s and Begg's tests did not
indicate publication bias but more
than half the studies did not
describe a reference category.

Association between biomass fuel

use and lung cancer, when

Lung cancer as cancer of any

Biomass fuel exposure including
wood, straw, grass, crop waste or histological type emanating from the

Yes (14)

14

Bruce et al.'®
(2014)

excluding studies without clean

lung, trachea or bronchus

residue, animal dung and

charcoal

reference, was an OR 1.21 (95% Cl
1.05-1.39) for men and 1,95 (95%

Cl 1.16-3.27) for women

0%).

developed vs developing settings)
and aspects of methodology (i.e.
type of fuel used in comparison

differences in exposure levels (i.e.
group)

studies with women (* = 51%, p
0.01) which may be explained by

Studies with men had no
Heterogeneity was higher in

heterogeneity (I

npj Primary Care Respiratory Medicine (2019) 12

Existing literature has not specifically investigated the link
between URI and HAP exposure, instead considering URI in
combination with all other acute respiratory infections. A 2011
meta-analysis from Po et al. found that, in eight studies of acute
respiratory infection, children were 3.52 times more likely to
develop acute respiratory infections when exposed to HAP than
those exposed to cleaner fuel or kerosene (95% Cl 1.93-6.43).°
Among adults, the evidence is less clear, and existing studies have
included charcoal in the comparison group, which is not a clean
fuel,* or did not adjust for confounders.*'**

There is no clear consensus on the association between HAP
exposure and ALRIs in adults. Jary et al., the only systematic review
investigating this relationship, included eight eligible studies.®
Two of the studies documented an increased risk of ALRI, two
documented an unadjusted association, and the remaining four
documented no association. A meta-analysis was not performed
as the studies were too heterogeneous in methods and results.
Since its publication, no other studies have been published that
further evaluate the relationship between HAP exposure and
acute lower respiratory infections in adults.

The majority of studies investigating the association between
HAP exposure and ALRI have focused on children under 5 years of
age, as they are thought to be more susceptible to respiratory
infections.” HAP has been associated with increased risk of
childhood ALRL A systematic review by Misra et al. examined
studies investigating the relationship between HAP exposure and
ALRI in children under five years of age.” Of 24 studies included for
review, 16 reported significantly elevated OR, ranging from 1.38 to
6.0, of ALRI in those participants exposed to HAP. Nine studies
were included in the meta-analysis and found that children
exposed to HAP were 2.51 times more likely to have ALRI than
children without exposure (95% Cl 1.53-4.10). This review did not
have clear criteria for ALRI and included a spectrum of severity.

Unlike previous reviews which focused on ALRI of any severity, a
meta-analysis conducted by Jackson et al. aimed to identify risk
factors specific to severe ALRI, defined as hospitalization for
pneumonia or bronchialitis, in children under five.? In the pooled
analysis of five studies in LMICs, the overall odds ratio was 1.6
(95% Cl 1.1-2.3), indicating that exposure increased the risk of
severe ALRL®

Since these two systematic reviews, three studies®* found
that HAP exposure was associated with higher chances of
developing ALRI in children. In addition, one recent randomized
controlled trial in Malawi documented no association between use
of a cleaner burning biomass stove and decreased pneumonia in
children."® However, this trial may have suffered from insufficient
reduction of exposure. A second randomized controlled trial in
Guatemala (the RESPIRE study) demonstrated the importance of
misclassification of exposure in understanding the relationship
between childhood pneumonia and an intervention to reduce
HAP exposure.”” In this study, the intention-to-treat analysis did
not show a relationship between physician-diagnosed pneumonia
and use of the improved biomass stove and chimney when
compared with the control (OR = 0.84, 95% Cl: 0.63-1.13) whereas
the exposure-response analysis uncovered a significant relation-
ship (OR=0.82, 95% ClI 0.70-0.98). This emphasizes the impor-
tance of obtaining personal exposure data, as not only do
exposure-response analyses aid in the integration of exposure
data, but they also help to understand the threshold at which
reductions in HAP exposure lead to significant health benefits.*®
As shown in Fig. 2, an exposure-response curve from Burnett et al.,
meaningful reductions in ALRI can only be achieved if PM,s
concentrations are reduced to <35ug/m°, the World Health
Organization intermediate target goals for air quality in the
household.*® This relationship may be applicable for all respiratory
diseases discussed in this paper, but thus far has been most
studied in childhood ALRI.
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Fig. 2 The exposure-response curves here, modified from Burnett
et al. 2014, show the relationship between relative risk of ALRI in
infants and particulate matter (PM, ;) exposure from household air
pollution (HAP), second hand smoke (SHS), and ambient air
pollution (AAP), with errors bars showing 95% confidence intervals.
The solid line is the predicted values from the integrated exposure
response (IER) model with dashed lines as the 95% confidence
intervals. Figure was reproduced with permission from Burnett et al.
2014

Tuberculosis

Tuberculosis (TB) is a communicable infectious disease caused by
the bacillus Mycobacterium tuberculosis and is spread by inhalation
of the bacteria into the lungs. This is a disease primarily affecting
those in LMICs, where 95% of TB deaths occur.*® Annually 250,000
children and 1.7 million adults die from TB.*° Risk factors include
HIV, living in poverty, poor nutrition, and smoking.*®*%>

There is no clear consensus on whether there is a direct link
between HAP exposure and TB in adults. Given the low incidence
of TB disease in single-site studies, this association has been
difficult to evaluate.'” Two systematic reviews from 2014, Kurmi
et al? and Lin et al,'” reached opposing conclusions on the
association between TB and HAP exposure. Kurmi et al. identified
12 peer-reviewed studies that evaluated active TB, controlled for
smoking and reported adjusted risk estimates.” The adjusted
pooled OR was 1.43 (95% Cl: 1.07-1.91) for all 12 studies and 1.26
(95% CI: 0.95-1.68) when studies with physician-diagnosed TB
were removed. This analysis concluded that an individual exposed
to HAP has a 43% increased risk of having active TB compared to
those using clean fuels. Lin et al. identified 15 studies that
included adjusted risk estimates, of which 10 were case-control
studies and 5 were cross-sectional studies.'® The pooled OR from
case-control studies was 1.17 (95% Cl: 0.83-1.65) and 1.62 (95% Cl:
0.89-2.93) for the cross-sectional studies. This systematic review
concluded that there was no strong evidence for a positive
association between HAP exposure and TB. In fact, Lin et al.
questions the conclusion drawn in Kurmi et al. since they
calculated pooled OR using a fixed-effects model which may not
be appropriate given the heterogeneity of the studies. Conversely,
Lin et al. used the random-effects model to pool across
heterogeneous studies.

Since these systematic reviews in 2014, few studies have been
published evaluating the association between HAP exposure and
TB. One case-control study among 178 women in rural Pakistan
found a three-fold increase (OR: 3.0 95% Cl: 1.1-4.9) in TB risk
among current biomass fuel users compared to non-biomass
users.>

There is also sparse literature evaluating the relationship
between HAP exposure and TB in children. Only two studies
could be identified that exclusively looked at HAP exposure and

npj Primary Care Respiratory Medicine (2019) 12

reported adjusted risk estimates: Ramachandran et al. and Jublis
et al. yielded ORs of 6.9 (95% Cl: 2.5-18.9)>* and 7.2 (95% Cl:
1.4-44.5),>* respectively. Both of these studies suggest that HAP
exposure increases the risk of TB in children. Since that review,
there have not been any significant studies published evaluating
the association between HAP exposure and TB. Future population-
based studies are in progress but results have yet to be
published.*®

Asthma

Asthma is a non-communicable respiratory disease that is caused
by chronic inflammation of the airways and results in wheezing,
chest tightness, and cough.*® Asthma may develop as an allergic
disorder, and a large proportion of asthma cases have sensitiza-
tion to aeroallergens.”” For the purpose of population-based
studies, there is no clear definition of asthma, and studies use
epidemiological definitions that include self-reported symptoms
of wheezing in the past 12 months, physician reported wheezing
or bronchodilator responsiveness.®® In 2015, approximately
400,000 people died of asthma worldwide, though asthma is
considered severely under-diagnosed.”® Many risk factors are
thought to be involved in the development of asthma, however,
thus far smoking and occupational allergen exposure are the most
clear risk factors.” Interestingly, asthma is more prevalent in
higher income countries and more urban areas.*®

There is not a clear consensus on whether there is a direct link
between HAP exposure and asthma in children or adults. Po et al.
performed meta-analyses of four studies on asthma in children
and five studies on asthma in adults, and did not find a significant
association with HAP exposure (children: OR=0.50, 95%
Cl 0.12-1.98; adults: OR=1.34, 95% Cl 0.93-1.93)° Since the
publication of that review, the studies published do not show
conclusive results on the relationship between HAP exposure and
asthma. Many are contradictory, with inconsistent settings and
exposure definitions.®®®*

Chronic obstructive pulmonary disease (COPD)

Chronic obstructive pulmonary disease (COPD) is an adult disease
characterized by irreversible airflow limitation due to a mixture of
small airways disease and parenchymal destruction.®® The
definition of COPD includes chronic bronchitis, defined by
persistent daily phlegm for three months each year for at least 2
years,”® and emphysema, the destruction of the alveoli.®* In 2015,
chronic obstructive pulmonary disease (COPD) caused 3.2 million
deaths worldwide (95% Cl 3.1-3.3 million).°” The World Health
Organization ranks COPD as the fourth leading cause of mortality
worldwide, 90% of which was in LMICs.°®. Known risk factors of
COPD include cigarette smoking, ambient pollution, genetics,
poor socioeconomic status, and past history of TB.3*

Exposure to HAP has been shown to be associated with COPD
and this has been explored in multiple systematic reviews. After
the definition of COPD recently changed to encompass chronic
bronchitis and emphysema, prior studies looked at each disease
separately.34 Two systematic reviews published months apart
found that those exposed to HAP were more likely to develop
chronic bronchitis and COPD.>'' The most recent meta-analysis,
by Smith et al,, yielded a pooled OR of 1.94 for COPD (95% ClI
1.62-2.33).%

Since these systematic reviews, several newer publications have
investigated the association between COPD and HAP exposure.
CRONICAS, a population-based study in Peru, documented that
daily biomass fuel use for cooking was associated with COPD
(prevalence ratio [PRI=222, 95% Cl 1.02-4.81)"° and chronic
bronchitis (PR = 2.00, 95% CI 1.30-3.07).”" A recent publication,
from the Burden of Obstructive Lung Disease Initiative (BOLD)
investigators, questions previous literature as their analysis of
post-bronchodilator spirometry measurements from 18,554 adults
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found no association between the use of solid fuels and airflow
obstruction.®® These results, however, may be skewed since these
data include high-income settings with little to no biomass fuel
use. Another population-based study of 12,396 adults from 13
resource-poor settings documented that those with HAP exposure
were 41% more likely to have COPD (OR = 1.41, 95% Cl 1.18-1.68)
than those without the exposure.”? This study is the first one to
calculate population attributable risk factor and found that 13.5%
(6.4%-20.6%) of COPD prevalence may due to HAP exposure.”?

Pneumoconiosis
Pneumoconiosis is an inflammatory lung disease that results in
paren(h%mal scarring and nodularity and can eventually lead to
fibrosis.”~ Bronchial anthracofibrosis (BAF) is type of pneumoconiosis
defined by black pigmented lesions along the bronchial mucosa
with bronchial narrowing.”* This is diagnosed exclusively by
bronchoscopic evaluation, therefore, limiting the diagnosis in LMICs
as bronchoscopy is not widely available.” Patients with bronchial
anthracofibrosis suffer from dyspnea, cough, and hemoptysis.”®
There are no systematic reviews or meta-analyses that evaluate the
potential association between HAP exposure and bronchial
anthracofibrosis. To attempt to shed light on this issue, Gupta
et al. performed an extensive literature search to evaluate the
association between HAP exposure and bronchial anthracofibrosis.”®
From 17 studies and 6 case series, 1320 patients were identified with
bronchoscopically confirmed BAF. The review suggested that HAP
exposure might be a risk factor for bronchial anthracofibrosis,
particularly in non-smoking women in rural areas.’® After that
review's publication, a 2015 case series study in India found that 30
consecutive participants exposed to HAP over a 13-month Period
were found to have black patches on their bronchial walls”” They
were matched with controls without black pigmentation. Compared
to controls, cases were less likely to be exposed to HAP, although
this was not statistically significant (OR = 0.57; 95% Cl 0.19-1.74).””
Furthermore, a study in India in 2017 looked at 60 non-smoking
females with respiratory symptoms and exposure to HAP. This study
found that 40% of women with respiratory symptoms and exposure
to HAP had bronchial anthracofibrosis diagnosed by imaging and
fiberoptic l:)ronchoscopy.73

While pneumoconioses such as bronchial anthracofibrosis can
result in pulmonary fibrosis, there is no consensus that HAP
exposure is associated with pneumoconiosis with higher risk of
progression to fibrotic lung disease. Currently, no systematic
reviews or meta-analyses have evaluated this potential association,
but two case series exist. The first examined 30 Mexican rural
women who had evidence of pulmonary hypertension and
participants were exposed for an average of 59.1 years.”®
Twenty-two patients underwent bronchoscopy and 14 had
anthrancotic plaques present on visual examination. Transbron-
chial biopsy from 14 patients showed fibrosis. Pathology from
open lung biopsies in 5 patients showed fibrosis with anthracotic
deposits.”” In another case series of 30 women who were exposed
to HAP over an average of 37 years and had a diagnosis of COPD
received a high resolution computed tomography which consis-
tently showed evidence of fibrosis. Two patients had open lung
biopsies of which one had pathology showing end-stage fibrosis.*®

Head and neck cancer

Head and neck cancers encompass cancers of the lip, oral cavity,
oropharynx, larynx, and nasopharynx and the associated struc-
tures in the regions of the head and neck. This group of
malignancies is the ninth most common globally.”* In LMICs, this
type of cancer is often caught in the late stages and has a high
mortality rate.®?! Tobacco consumption (smoked and smokeless),
chewing areca nut, alcohol, and HPV infection have been
associated with head and neck cancers.””.
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Josyula et al. performed a meta-analysis investigating the
relationship between HAP exposure and head and neck cancers.'®
The results from three studies that adjusted for smoking indicated
that HAP exposure is associated with a 2.56-fold increase in the
risk of oral cancer (95% Cl 1.80-3.64). Six studies yielded a pooled
OR of 1.8 (95% Cl 1.42-2.29) for nasopharyngeal cancer, although
none of the individual studies controlled for smoking. Four studies
reported smoking-adjusted OR of 3.56 (95% Cl 2.22-5.70) for
pharyngeal cancer. Five studies yielded smoking-adjusted OR of
2.35 (95% CI 1.72-3.21) for laryngeal cancer.”® Since this review,
there have not been any newly published work disputing the
association of HAP and head and neck cancers.

Lung cancer

Lung cancer is the most common cause of cancer death
worldwide® with 1.59 million estimated deaths in 20125 Lung
cancer is associated with smoking and more commonly found in
high-income countries where smoking is prevalent. There is a rise
in incidence of lung cancer in LMICs as tobacco smoking is
increasing in popularity, particularly among men.** Although lung
cancer screening programs have been widely implemented in the
US, they are less common in resource-poor settings because
treatment options are not as widely available.?* Beyond smoking,
known risk factors for lung cancer include environmental
pollutants such as radon and asbestos, as well as chronic
inflammation from pneumonia or TB.**

Lung cancer has been highly associated with HAP exposure in
females. There is not a demonstrated association in males, likely
due to reduced time spent cooking.'*'® In 2012, Kurmi et al.
performed a systematic review and meta-analysis of 28 studies
evaluating HAP exposure on development of all types of lung
cancer.' The pooled analysis found a higher likelihood of
developing lung cancer in women (OR = 1.81, 95% Cl 1.54-2.12)
but not in men (OR=1.16, 95% Cl: 0.79-1.69)."* This analysis
controlled for tobacco smoking. Among fuel types, the fuel with
the highest association with lung cancer was coal (OR = 1.82, 95%
Cl 1.60-2.06). The highest OR was among women in China who
use coal for cooking. This meta-analysis may underestimate the
impact of HAP on lung cancer risk as the studies selected did not
have clean fuel controls. Subsequent to this meta-analysis, Bruce
et al. found that among trials using clean fuels as a comparison
group, the OR for lung cancer was 1.21 (95% Cl 1.05-1.39) for men
and 1.95 (95% Cl 1.16-3.27) for women.'” There have not been
any subsequently published manuscripts investigating this
relationship that met our inclusion criteria.

DISCUSSION

Based on the literature summarized in this review, HAP exposure is
associated with ALRI, COPD, tuberculosis, pneumoconiosis, head
and neck cancer, and lung cancer. However, there has not been a
causal link established between HAP exposure and respiratory
disease. The Bradford-Hill criteria of causation allow for assessing
causal evidence relating to environmental exposures and dis-
ease®® An assessment of these criteria in the context of HAP and
respiratory diseases is described in Table 3.'® Future studies
should seek to strengthen consistency in outcome and exposure
definitions, establish biological gradients through dose-response
relationships, and strengthen experimental evidence through
randomized controlled trials that implement interventions that
adequately reduce HAP exposure.

Clinicians should be aware of the increased risk of respiratory
diseases and malignancies of the aerodigestive tract in patients
who are actively being exposed to HAP or have been exposed at
any point in their lives including in utero exposure. When
evaluating respiratory symptoms of HAP exposed patients,
clinicians should keep in mind that patients may not reach their
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Table 3. Assessment of Hill's criteria of causation about the association between HAP exposure and respiratory disease

Criteria

Assessment

Strength of association

Consistency across populations

Specificity

Temporality

Biological Gradient (dose-response)

Biological Plausibility

As outlined in this review, strong and significant associations have been documented between HAP exposure
and ALRI, COPD, TB, pneumoconiosis, head and neck cancer, and lung cancer.

Consistency and reproducibility are lacking in the evidence presented in this paper due to heterogeneity
between studies and inconsistent case and exposure definitions. Currently available studies are not easily
amenable to meta-analysis due to lack of consistent definitions or diagnostic criteria for respiratory disease,
instead relying on caregiver- or self-reported symptoms which lack diagnostic and etiological specificity.
Exposure was also inconsistently defined and often not quantifiable.

Since HAP exposure is linked to a wide range of respiratory diseases, specificity is no longer a widely
accepted and used criteria.”’

Temporality has been shown through prospective cohort studies that have documented HAP exposure to
precede respiratory diseases.*****%® There is still a need for randomized trials to lower PM, 5 to the World
Health Organization standard (<35 pg/m?) and document if HAP reduction leads to an improvement in
respiratory outcomes.

Many studies have failed to collect longitudinal exposure data to characterize the dose-response of HAP
exposure to respiratory outcomes. However, evidence is available for a dose-response relationship between
ALRI and HAP exposure. (Fig. 2)

Strong evidence for biological plausibility exists linking noxious chemicals and particles in HAP to inflammation.

Coherence with natural history, animal

Particulate matter, for example, has been hypothesized to stimulate an inflammatory response in airway
macrophages and respiratory epithelium leading to tissue damage that can result in respiratory illnesses in
susceptible individuals.”*%*%>*/"/28 HAP is thought to be particularly damaging to the Iungs as fine particulate
matter (PMgs) is a byproduct of incomplete combustion, penetrating deep into the alveoli.®’ **

This scoping review has found evidence of higher risk of respiratory disease in LMICs where individuals have
higher exposure to biomass smoke. Animal studies have also documented the harmful effects of HAP

Experimental or intervention-based epidemiologic evidence for HAP exposure and respiratory disease is thus
far limited. Several studies and trials have been conducted with the goal to lower HAP by using more
efficient biomass-burning cookstoves; however, it has become clear that reductions achievable by this
approach fall short and fail to meet the World Health Organization intermediate target goals for air quality in

petroleum gas (LPG), may prevent disease, there have been no published results from large-scale

studies

exposure.”?
Experiment

the household (PM,s < 35 ug,ufmz)."9

randomized controlled trials investigating this hypothesis.
Analogy

There is clear evidence from similar pollutants, such as cigarette smoke and outdoor air pollution

While it is intuitive that a switch to clean energy, such as liquefied

maximal lung function®® if exposed early in life and may be more
susceptible to the development of chronic respiratory diseases. As
ALRI is one of the leading causes of death in children under 5
years of age,' clinicians should be diligent in rapidly evaluating
these children for pneumonia to provide antibiosis as quickly as
possible. Although screening for all respiratory diseases and
malignancies may not be possible in LMICs, when patients
immigrate to developed countries clinicians need to be aware of
this prior exposure and the effects on respiratory health when
considering risk factors for implementing recommended screen-
ing guidelines. For example, although a patient may not have
smoked cigarettes and would not qualify for lung cancer
screening based on the current screening guidelines technically,
biomass exposure was not considered specifically in these
guidelines and may be substituted for smoking in calculating
patient risk and need for screening.®® Better designed studies with
a focus on characterizing exposure-disease relationship are
needed to provide stronger recommendations.

Several studies and trials have been conducted with the goal to
lower HAP by using more efficient biomass-burning cookstoves;
however, it has become clear that achievable reductions fall short
and fail to meet the World Health Organization intermediate
target goals for air quality in the household (<35 pg/m®).*° As a
result, scientists and policy-makers alike agree that more efficient
biomass-burning cookstoves are unlikely to result in health
benefits. While there is evidence for clean energy, such as
liquefied petroleum gas (LPG), to prevent disease, there have been
no published results from large-scale randomized controlled trials
investigating this association. However, two ongoing LPG stove
trials plan to fill this gap in the literature.*’”®® If these trials can
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document health benefits associated with switching to LPG,
further economic and implementation evaluations will be needed
to understand if scaling up LPG interventions would be a valuable
investment.

There are some limitations to our scoping review. First, time and
manpower constraints limited our capacity to perform a full
systematic review of original research articles as part of our
secondary search. However, our primary goal was not to conduct a
systematic review but instead to summarize current existing
evidence for primary care physicians which we could accomplish
with the approach presented here. Second, while we selected
several chronic respiratory diseases to evaluate that have been
linked to tobacco smoke exposure, we may have inadvertently not
included some that may also be associated with HAP exposure.
Several limitations arose based on the available literature included
in this review. For instance, disease definitions vary greatly limiting
comparability between studies. Additionally, HAP was inconsis-
tently measured and was rarely quantified to show an exposure-
response relationship. Many of the articles included did not
consistently control for important confounders, such as tobacco
smoke exposure in homes or outdoor air pollution levels. Lastly,
there were varying levels of heterogeneity and publication bias
among studies included in systematic reviews.

While there is a relationship between HAP exposure and many
respiratory disease outcomes, better evidence in the form of
randomized controlled trials reducing household air pollution are
needed to strengthen this association. Further studies are needed
to determine the best ways to screen for chronic respiratory
diseases resulting from exposure to HAP, and identify adequate
treatments, Moreover, clinicians should be aware that patients
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Table 4. Inclusion and exclusion criteria for systematic reviews

Inclusion Exclusion

Exposure to household air pollution (HAP) Non-domestic exposures

caused by biomass fuels

Occurred in a low and middle- income
country

English translation
unavailable

Systematic review of the literature and/or
meta-analysis

PRISMA standards met
All ages

Non-peer reviewed
sources

exposed to HAP may have a unique phenotype distinct from other
environmental hazards such as tobacco smoke and occupational
exposures.

METHODS

This scoping review described acute respiratory infections,
tuberculosis, asthma, COPD, pneumoconiosis, head and neck
cancers, and lung cancer, and how prevalence and burden of
these diseases relate to HAP exposure. Respiratory diseases in this
review were selected to encompass obstructive and restrictive
lung disease and cancers attributed to tobacco smoke exposure.
Although tobacco smoke is different than HAP cigarette smoke in
chemical and particulate matter make-up, there are similarities
between the two, it is a natural extension to study the same
diseassges for exposure to other smoke related exposures such as
HAP.

Search strategy and study selection

We searched EMBASE, PubMed, and SCOPUS for systematic
reviews and meta-analyses, reported the findings of these
evaluations, and summarized the remaining literature since
publication of each review. The search for systematic reviews
was conducted by two informationists at the Johns Hopkins
University Welch Library. We searched for common acute or
chronic respiratory diseases (using the terms "acute respiratory
disease” or “acute lower respiratory infection” or “pneumonia,”
“tuberculosis” or “TB,” “asthma,” “chronic obstructive pulmonary
disease,” "COPD", “chronic bronchitis” or “emphysema,” “pneumo-
coniosis” or “pulmonary fibrosis,” “head and neck cancer,” “lung
cancer”), each in combination with the terms "household air
pollution,” “biomass,” or “indoor air pollution.” From the search
terms provided to the informationists, a reference list of
systematic reviews was provided to the authors. Selection of
reviews for inclusion was undertaken by two authors (SS and DG).
The literature search for systematic reviews occurred for reviews
published before September 15, 2017. Based on these criteria,
63 systematic reviews were identified and 11 were included for
this manuscript. We present Inclusion and exclusion criteria for
systematic reviews in Table 4.

The secondary literature search was performed for manuscripts
after the publication of the chosen systematic review/s for each
disease up until February 1, 2018. We searched PubMed and
EMBASE for original research published subsequent to each of
these reviews, using the same search terms as the primary search
("acute respiratory disease” or “acute lower respiratory infection”
or “pneumonia,” “tuberculosis” or “TB,” *“asthma,” “chronic
obstructive pulmonary disease,” "COPD", “ chronic bronchitis” or
“emphysema,” “pneumoconiosis” or “pulmonary fibrosis,” "head
and neck cancer,” “lung cancer”), each in combination with the
terms “household air pollution,” “biomass,” or “indoor air
pollution.” We searched each selected systematic review from
the primary search in PubMed and reviewed each manuscript that
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cited each systematic review in PubMed Central. Hand searching
was performed by examining the reference lists for relevant
articles. Inclusion criteria for the secondary search of primary
articles were similar: exposure to HAP caused by biomass fuels, all
age, and conducted in a LMIC.

Data abstraction and quality assessment

Each systematic review was evaluated by SS. and D.G. and the
most current systematic reviews that met our criteria were selected
and mutually agreed upon by both authors. Abstracted statistics
for each disease were confirmed by S.S., D.G., CR, and M.C. All
systematic reviews and meta-analyses included met Preferred
Reporting ltems of Systematic reviews and Meta-Analysis (PRISMA)
standards.®® Each paper published subsequent to the last
systematic review was evaluated by the authors and met the
same criteria for inclusion as the systematic reviews.
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People perch on a high building to observe the heavy smog that enveloped Zhengzhou, China, in January 2017.

Air pollution: a global
problem needs local fixes

Researchers must find the particles that are most dangerous to health in each place
so policies can reduce levels of those pollutants first, urge Xiangdong Li and colleagues.

ach year, more than 4 million people die
Eearlybecause of outdoor air pollution,

according to the World Health Organ-
ization (WHO). The main culprits are fine
particles with diameters of 2.5 micrometres
or less (PM, ;). These can penetrate deep
into the lungs, heart and bloodstream, where
they cause diseases and cancers.

But global average estimates such as this
assume that these particles are the same the
world over. They are not: PM, ; is a cocktail
of chemicals (hydrocarbons, salts and other
compounds given off by vehicles, cooking
stoves and industry) and other, natural com-
ponents such as dust and microorganisms.
The mix — and its toxicity — varies from

© 2019 Springer Nature Limited. All rights reserved.

place to place and over time, in ways that are
not tracked, understood or managed.

For example, in Asia, soot from residential
heating and cooking is the biggest source of
PM., ; (ref. 1). In European countries, Russia,
Turkey, South Korea, Japan and the eastern
United States, agricultural emissions such as
ammonia are the leading source. Desert »
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P dust boosts air pollution in northern
Africa, the Middle East and central Asia. It is
not clear which source is the most dangerous.

Levels of PM, ; alone give only a rough
guide to the toxicity of air pollutants in a
particular place’. Reducing PM, ; by the
same amount in different places will not
deliver the same health benefits everywhere.
To protect millions more lives, scientists
need to help governments and munici-
palities to determine the most hazardous
constituents of air pollution and mitigate
them first. Researchers and policymakers
need to rethink methods for assessing
health risks and regulatory measures for
reducing those risks.

UNEQUAL TOXICITIES

Evidence is mounting of geographical
differences in health responses to air pollution
(see ‘Deadly combinations’). For example,
although the associated death tolls are high
in China and India — industrializing cities are
heavily polluted and lots of people live there
— the relative risks to city dwellers in Europe
and the United States are greater. Europeans
and North Americans are more likely to die
from heart disease and from acute respira-
tory attacks than are people in China, when
exposed to similar levels of PM, ; (ref. 3).

DEADLY COMBINATIONS

Risks from dirty air vary between cities.
Londoners and New Yorkers are at greater
risk of dying when smog concentrations surge
than are inhabitants of Beijing’. Each milli-
gram of PM, ; in dirty air in Milan is more
likely to generate reactive species of oxygen
(free radicals) that stress the body than it is in
Lahore or Los Angeles”. Residents of cities in
eastern China, such as Shanghai, Hangzhou
and Nanjing, have a higher death risk per
unit increase of PM, ; concentration (despite
medium to lower concentrations of total
PM, ;) than do residents in cities elsewhere
in the country (ref. 3). To put it another way,
each milligram of PM, ; in these eastern cit-
ies is more toxic than it is in the rest of China.
And Beijing’s winter smog is more deadly
than that in Guangzhou — a similarly sized
city located much farther south®.

Cell and animal studies back up these find-
ings (it is unethical to test the toxicity of air
pollutants directly on humans). For example,
the lungs of mice that had been exposed for
24 hours to PM, ; from California® were more
inflamed than those of mice exposed to simi-
lar concentrations of PM, ; in air from China.
The difference could reflect higher levels of
organic carbon and copper in Californian
traffic fumes, although it is hard to translate
findings from animal models to humans.

The health impacts of fine particulates (PM, 5) in air pollution differ between countries. Toxicity depends on
the blend of particles as well as mixing, weather, atmospheric chemistry and pathogens.
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Mixtures of air pollutants might also
be more harmful than their constituents
in isolation. For example, the combined
effects of outdoor and indoor air pollution
and tobacco smoke could be responsible for
2-3 times the number of premature deaths
globally than the WHO currently estimates’.

Few studies of the health impacts of air
pollution consider these variations. Most
simply look at masses of PM, ; particles and
assume a single recipe. For example, the
Global Burden of Disease project captures
health risks in one ‘exposure-response func-
tion, which the WHO also uses’. This derives
the likelihood of someone who has inhaled
a certain mass of PM, ; dying later from a
related disease. It is based on hundreds of

epidemiological
“Researchers studies, mostly
should rank done in Europe and
sources of PM,;  the United States.
by how harmful But we know lit-
they are.” tle about how real

smog affects health.

Some substances are known to be harmful
when inhaled. For example, transition metals,
including iron and copper, produce oxygen
free radicals. Links between prenatal expo-
sure to free radicals in PM, ; and low birth
weight have been reported across 31 cities
in Ontario, Canada®. By contrast, sulfates,
nitrates and ammonium are much more com-
mon in smog but are less harmful than metals.

Some dangerous pollutants remain to be
discovered. For example, toxic metals and
polycyclic aromatic hydrocarbons accounted
for less than 40% of the overall potential of
PM, ; to generate oxygen free radicals in
Beijing and Guangzhou in January 2014
(ref. 5).What explains the rest?

Possibilities include secondary organic
aerosols. These are derived from photo-
chemical reactions of organic compounds
such as isoprene (which is produced by
plants and animals, and is found in natural
rubber). Other ‘humic’ organics are released
from soil and coal. Plasticizers such as bis-
phenols and phthalates affect the endocrine
system’. But the toxicities of all of these sub-
stances in air breathed by humans remain
to be assessed.

Biological components such as bacteria
and fungi are rarely considered in health
studies. These can be toxic in themselves or
can interact with other chemicals to affect
health'’. Pathogens and allergens need to
be evaluated. Floating in Beijing’s winter
smog, for example, is a common bacterium
that can cause pneumonia (Streptococcus
pneumoniae) and a fungal allergen (Asper-
gillus fumigatus) that can invade the air-
ways of people with immune deficiencies'.
Compounds in the cell walls of bacteria
(endotoxins) can induce inflammation, and
other products of fungi (mycotoxins) can
lead to respiratory conditions and infections.

The list is long. But the most important

SOURCE: WHO (HTTPS://GO.NATURE.COM/2WTQPUJ)
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Stoves that burn wood create soot, which is a major source of outdoor air pollution.

question is: which pollutants are the most
dangerous in a given location and most
crucial to mitigate urgently?

NEXT STEPS

First, the focus of air-pollution studies
should shift to measuring health effects, not
just emissions and atmospheric chemistry".
This must involve specialists from fields as
diverse as molecular biology, toxicology,
health sciences and economics. Researchers
should rank sources of PM, ; by how harmful
they are, and examine the toxicity of samples
of real air.

Next, that knowledge must be translated
into local measures to control the most haz-
ardous types of pollution. For example, efforts
to reduce emissions from residential energy
might be the best way to reduce premature
deaths from air pollution in China and
India; in that regard, northern China’s 2018
shift from using coal for wintertime heating
to using natural gas needs to be evaluated.
Similarly, clean fuel and energy-efficiency
measures might be prioritized in the United
States. And inorganic emissions from agricul-
ture should be addressed in rural areas.

To achieve this, WHO data should be
used to identify hotspot countries — those
where particular health concerns are arising
from PM, ; pollution (see ‘Deadly combina-
tions’). Niger, India, Egypt and Nepal should
be included because they have high levels of
particulates and high death rates. PM, ; in
Nigeria, Chad, Yemen, Sierra Leone and
Cote D’lvoire might be targeted as being
particularly hazardous because of these
countries’ relatively high baseline death

rates, which can be further exacerbated by
medium to low concentrations of PM, ..

The WHO, the United Nations Environ-
ment Programme and the World Bank
should fund a network of flagship stations
to monitor the chemistry of air at key loca-
tions, starting with these hotspots and
expanding to others. In situ cell and animal
studies should also be conducted across cit-
ies. Methodologies will need to be standard-
ized for studies of cells, animals and humans.
For cell-based assays, the toxicities of PM, ;
mixtures could be quantified relative to the
impacts of other chemicals, as is done in
water-quality assessments, for example”.

Data from different locations and seasons
should be openly shared and synthesized in
a global database of toxicity, similar to the
WHO data on global mortality related to
air pollution (see go.nature.com/2fiq3tr). A
toxicity database could also collect personal-
ized air-quality data, for example from wear-
able sensors, and determine links between
individual exposure to pollutants and health
conditions.

More data should be collected on people’s
behaviours and perceptions, to find out how
human activity determines exposure to air
pollution®. For example, such data could be
translated into personalized air-quality and
health-management alerts and recommen-
dations. Smart travel warnings could be pro-
duced for sensitive individuals to help them
to avoid hazardous exposures, such as when
traffic emissions are high or weather condi-
tions are likely to form haze.

Upcoming sessions on air pollution at
the International Society of Environmental

© 2019 Springer Nature Limited. All rights reserved.

Epidemiology’s August conference, the
December meeting of the American Geo-
physical Union and other international
scientific events should pave the way for the
research collaborations that are needed. m
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