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Abstract: Numerous studies have assessed the concentration-response (C-R) relationships between long-
term exposure to particulate matter (PM) and mortality from cardiopulmonary diseases, but few studies
have evaluated the C-R relationships between PM exposure and morbidity of chronic respiratory diseases
or their symptoms, and to date no systematic review has been published on the characteristics of the C-R
curves between PM exposure and respiratory disease morbidity. Screening of all available studies in Medline
identified ten studies with figures or scatter plots showing the C-R relationships between PM exposure and
chronic bronchitis or chronic cough/phlegm. The C-R relationships showed ballistic ‘S’ shaped curves,
linear in the low to moderate PM range and flattening out in the high PM range. Moreover, the shape
and level of the C-R curves differed markedly between susceptible and nonsusceptible populations. New
evidence from a prospective cohort study confirmed that the C-R relationship between PM reduction and
beneficial effects on respiratory health may be due to the decreased incidence of respiratory symptoms and
increased recovery in individuals with symptoms of bronchitis. Additional studies are needed to assess the
C-R relationships between different PM contents and chronic health parameters, especially in geographic
areas with high PM pollution and in more susceptible populations. Evidence from prospective cohort studies
in developing countries with areas of high PM pollution may help evaluate the burden of chronic respiratory

disease attributable to PM pollution and air quality standards.
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Introduction

Chronic exposure to particulate matter (PM) has been
associated with increased morbidity and mortality of
cardiopulmonary diseases, loss of lung function, increased
risk of lung cancer, and reduced life expectancy (1-17).
Understanding the shape of the concentration-response
(C-R) function between the extent of air pollution and
various adverse health effects, grouped by susceptibility to
disease, has played a critical role in efforts to evaluate the
impact of various levels of PM pollution on health, assess
the adequacy of regulatory standards and determine the
health consequences associated with changes in policy and
pollution levels (1-4,18-29). Many epidemiological studies
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have analyzed the C-R relationship between ambient PM
and cardiopulmonary mortality using various statistical
models (24-29). Although the shapes of the estimated C-R
curves did not differ significantly from linear and were not
consistent with well-defined thresholds, some studies found
that the slope of the C-R function was steeper at lower than
at higher concentrations (28,29).

Most previous studies assessing the effects of long-term
exposure to PM on cardiopulmonary mortality have been
performed in areas with annual average PM less than 2.5 pm in
diameter (PM, ;) concentrations ranging from 5 to 35 pg/m’,
with fewer conducted in areas with much higher
concentrations of ambient PM, such as China and India (30).

www.jthoracdis.com 7 Thorac Dis 2014;6(S7):S720-S727



Journal of Thoracic Disease, Vol 6, Suppl 7 October 2014

A recent prospective study of 1.2 million American adults
found that the C-R relationships associated with PM, ; were
qualitatively different for lung cancer and cardiovascular
disease (CVD) mortality. For lung cancer, the C-R curve
was almost linear, whereas for CVD the C-R curve was
nonlinear, with a steep increase in risk at low exposures and
flattening out at higher exposures. These results suggest
that inappropriate extrapolations of linear exposure-
response functions for CVD may substantially overestimate
the disease burden of CVD attributable to PM in areas of
very high exposure and may underestimate disease burden
in areas of relatively low exposure (31). Ambient PM
pollution was estimated to account for 3.1% of the deaths
and disability-adjusted life years (DALYs) in the Global
Burden of Disease Study 2010 (GBD2010), a sharp increase
from the 0.4% DALY observed in GBD2000 (32). Much of
this increase was due to the use of an integrated exposure-
response curve to estimate a continuous and nonlinear risk
function between PM, s and CVD mortality across the full
range of PM concentrations (30-32).

Increased morbidities, including chronic bronchitis and
respiratory symptoms such as persistent cough and phlegm,
are among the leading deleterious health consequences of
long-term PM exposure (1-8). Although these outcomes are
not as serious as mortality from and hospitalization for acute
cardiopulmonary diseases, they may have greater effects on
public health and quality of life, since these chronic health
effects involve a greater proportion of the population (33).
Although many studies have assessed the detailed
characteristics of the C-R curves showing the relationships
between PM levels and mortality, fewer have examined the
shapes of the C-R curves showing the relationships between
PM and chronic respiratory diseases or symptoms, with
most employing simple straight lines or scatter graphs (5-8).
Even less is known about the C-R curves in Asia and Africa
because fewer studies have been performed at higher PM
ranges (29-33). Data on multicity morbidity may be more
difficult to obtain than data on multicity mortality, with no
review or meta-analysis to date systematically exploring the
shapes of the C-R curves relating long-term PM exposure
and chronic bronchitis symptoms.

Multicity studies on the C-R relationships
between long-term PM exposure and symptoms
of chronic bronchitis

Use of the keyword combinations of “PM” and/or “air
pollution”, “bronchitis”, and “respiratory symptoms” to
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screen all available papers in Medline identified a total of
ten studies showing the C-R curves or scatter plots relating
PM concentrations and morbidity of chronic bronchitis
symptoms (Table 1). Of these ten papers published from
1989-2012, nine were performed in the United States and
European countries with low to moderate PM pollution
(5,7,34-40), with one study performed in China with high
PM pollution (TSP =188-689 pg/m’) (41). Six of these
ten studies were cross-sectional surveys showing the C-R
relationships in multiple cities with different PM levels,
three were repeated cross-sectional surveys over periods
of time, and one was a prospective cohort study analyzing
the C-R relationships between decreasing PM pollution
and possible reductions in the prevalence of respiratory
symptoms. Seven of the ten studies were performed in
children and adolescents, and three in adults. Chronic
bronchitis was assessed in four studies, and chronic cough
and/or phlegm as the health endpoints in six studies.
Five showed the C-R curves or straight lines, and five just
showed scatter plots. Two studies showed the C-R curves
associated with the susceptibility status of the subjects,
whereas the other eight did not. Among the five studies
showing the C-R curves, along with the adjusted prevalence
and PM levels, three used simple linear regression to draw
the straight lines or curves, one used natural splines to
draw C-R curves, and one used cubic splines and adjusted
for the co-exposure to the air pollutants SO, and NO, as
confounders.

Shapes of the C-R curves and scatter plots

Figure 1 shows the shapes of the C-R curves and scatter
plots in the ten papers listed chronologically. These
included the five studies in which the crude or adjusted
prevalence of bronchitis symptoms was plotted against PM
concentrations, yielding apparently linear “C-R scatter
plots”, but did not report C-R curves.

The earliest study, the Harvard Six Cities Study, showed
a linear C-R relationship between PM; level (range,
20-59 pg/m’) and the prevalence of bronchitis for the first
time among children aged 10-12 years [(34) (Figure 1A4)].
Further analysis showed that a linear C-R relationship
existed only among children with asthma/wheeze, but not in
other children (42). Two other studies showed a linear C-R
scatter plot between TSP level (range, 47 to 131 pg/m’)
and the relative risk of chronic bronchitis in adults from
53 urban areas of the United States [(5) (Figure 1B)], and
between PM,, level (range, 10 to 33 pg/m’) and the adjusted
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Table 1 Summary of survey characteristics, PM range (pg/m"), health endpoints and C-R functions of related studies

No. of . . . e Subject . . .
. Primary source Region Design PM range (ug/m) Health endpoint C-R relationship
figure (age, years)
A Speizer, Harvard 6 cities Cross-sectional  PM;s: 20-60 10-12 Bronchitis Linear curve
1989 (34) last year
B Schwartz, 53 areas in US  Cross-sectional  TSP: 47-131 30-74 Bronchitis Linear scatters
1993 (5) diagnosed
C Braun-Fahrlander, 10 communities Cross-sectional =~ TSP: 10-33 6-14 Chronic dry Linear scatters
1997 (35) in Switzerland cough last year
D McConnell, 12 communities Cross-sectional  PM,q: 13-71 9-15 Bronchitis Linear curve
1999 (7) in Southern last year
California
E Zemp, 1999 (36) 8 areas in Cross-sectional  PM,,: 10-33 18-60 Chronic cough  Linear scatters
Switzerland or phlegm
7 Heinrich, 3 areas in East 2 cross-sectional TSP: 44-65 in 1993 5-14 Bronchitis Linear scatters
2000 (37) Germany vs. 36-43 in 1995 lifetime
G Bayer-Oglesby, 9 areas in 2 cross-sectional PM,y: 14-46 in 1993 6-15 Chronic cough  Linear curve
2005 (38) Switzerland vs. 10-34 in 2000 last year
H Pierce, 2007 (39) UK 2 cross-sectional PM,,: 0.73-1.93 in 1-5 Chronic cough  Linear scatters
Leicestershire 1998 vs. 0.80-1.84 in last year
2001
| Schindler, 8 areas in Prospective PM;e: 10-33 in 1991,  18-60 Chronic cough  Linear curve
2009 (40) Switzerland cohort declined 6.2+3.9 by
2002
J Pan, 2012 (41) 6 cities in China Cross-sectional  TSP: 188-689 3-13 Chronic cough  Ballistic “S”

shaped curve

PM;;, particulate matter less than 15 pm in diameter; PM,,, particulate matter less than 10 pm in diameter; TSP, total suspended

particulate.

prevalence of nocturnal dry cough among schoolchildren
from ten communities in Switzerland [(35) (Figure 1C)]. A
linear C-R relationship was observed when PM,, level (range,
13 to 71 pg/m’) was plotted against the adjusted prevalence of
bronchitis among children with asthma, but not for children
without asthma or wheeze, in 12 communities in Southern
California [(7) (Figure 1D)]; these results confirmed the
findings of the Harvard Six Cities Study (42). C-R scatter
plots relating PM,, level (range, 10 to 33 pg/m’) and the
prevalence of chronic cough or phlegm production in
adults aged 18-60 years from eight regions of Switzerland
[(36) (Figure 1E)], and between TSP concentration (range,
36 to 65 pg/m’) and the crude prevalence of bronchitis
among schoolchildren in three regions of the former East
Germany (Figure 1F), were also determined (37). A linear
C-R relationship was observed between decrease in PM,,
level (range, 0 to —20 pg/m’) and the temporal changes in the
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prevalence of chronic cough (range, -1% to -6%) among
schoolchildren in nine areas of Switzerland [(38) (Figure 1G)].
The latter results confirmed that even a moderate decrease
in PM exposure could contribute to a reduced prevalence
of chronic cough in Swiss schoolchildren. Moreover, these
findings did not suggest a threshold for the adverse effects
of PM,,, because the beneficial effects of rather small PM,,
reductions could be observed in such a moderately polluted
environment. A linear scatter plot related low PM,, levels
(range, 0 to 2.5 pg/m’) with the prevalence of chronic cough
among a random sample of children aged 1-5 years from
the Leicestershire Health Authority Child Health Database
in the UK [(39) (Figure 1H)].

A linear relationship was observed between reductions
in PM,, levels (range, 30 to 20 pg/m’) and the reduced
prevalence of chronic cough over an 11 year follow up period
among adults in eight areas of Switzerland [(40) (Figure 11)].
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Figure 1 Selected C-R relationships from 10 studies relating long-term PM exposure and chronic bronchitis symptoms (appropriate

adaptations from original publications rescaled for comparison purposes). Reproduced with permission from Environ Health Perspect
for (A) 34), (D) (7) and (G) (38). Reprinted with permission from Elsevier Copyright © 2014 from Environ Res for (B) (5) and Sci Total
Environ for (J) (41). Reprinted with permission of the American Thoracic Society. Copyright © 2014 from Am J Respir Crit Care Med
for (C) (35), (E) (36), (F) 37) and (I) (40). Reprinted with permission from BM]J Publishing Group Ltd. Copyright © 2014 from Thorax

for (1) (39).
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The Swiss cohort study on air pollution and lung disease
in adults (SAPALDIA) confirmed the findings of a
cross-sectional study of successive age cohorts of Swiss
schoolchildren [(38) (Figure 1F)], with both studies indicating
that reductions in ambient particle concentrations may have
beneficial effects on the respiratory health of adults within
a few years, even in areas with moderate to low levels of air
pollution, providing further evidence for the linearity of
the C-R relationship between PM,,levels and bronchitis
symptoms. In contrast, ballistic “S”-shaped C-R curves were
observed between TSP level and the adjusted prevalence of
chronic cough among children in 18 districts of six cities in
China [(41) (Figure 17)]. Susceptible children had significantly
higher and steeper C-R curves than did nonsusceptible
children across the entire high TSP (range, 188 to 689 pg/m’),
consistent with the findings of the Harvard Six City Study (34)
and of a study of 12 communities in Southern California (7).

Figure 2 compares the shape of the C-R curves relating
the prevalence of chronic cough and TSP level among
Chinese children in six cities [ (41), Figure 2A] with the shape
of the C-R curves analyzing the adjusted relative risks of
cardiovascular mortality and estimated average daily dose of
PM, s from cigarette smoke and air pollution in a prospective
cohort of 1.2 million American adults [(19), Figure 2B]. Both
figures exhibited similar ballistic “S” shaped C-R curves,
showing that these relationships were relatively steep in the
low to moderate PM range and flattened out in the high
PM range.

Summary and discussion

"To our knowledge, this is the first review to systematically
evaluate the C-R curves relating long-term PM exposure
and morbidity of chronic bronchitis symptoms. Similar to
multicity studies on the C-R relationships between PM and
cardiovascular mortality, most of the ten studies relating
PM exposure and bronchitis symptoms were conducted in
the low to moderate PM range and among children. All
ten studies showed linear, non-threshold C-R relationships
in the low to moderate PM range for both children and
adults, findings observed even in the very low PM,, range
(0.73-1.93 pg/m’) among UK children aged 1-5 years
[(39), Figure 1H]. The linear C-R curves and scatter plots
observed in the prospective cohort of Swiss adults [(40),
Figure 11] and the three repeated cross-sectional surveys in
children from East Germany [(37), Figure 1F], Switzerland
[(38), Figure 1G] and the UK [(39), Figure 1H] confirm the
linear C-R relationships observed in the six cross-sectional
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studies, suggesting that the C-R relationships between
PM reductions and beneficial effects on respiratory health
may be attributable not only to the decreased incidence
of respiratory symptoms, but to an increased recovery in
persons symptomatic at baseline [(40), Figure 11].

Nonlinear relationships in the entire PM range

Interestingly, similar ballistic “S” shaped C-R curves are
observed for the relationship between TSP exposure and
morbidity from chronic cough in Chinese children [(41),
Figure 2A] and the relationship between PM, ; and
cardiovascular mortality in a prospective cohort of American
adults [(19), Figure 2B], suggesting that the C-R curves
relating PM exposure with both mortality and morbidity are
relatively steep at very low to moderate levels of exposure
and flatten out at high levels of exposure. Numerous
hypotheses have sought to explain the mechanisms leading
to a nonlinear C-R relationship; these include errors in
calculating exposure levels at high levels of pollution, the
existence of competing risks, preferential avoidance based
on symptoms or sensitivity, decreased inhalation, differential
toxicities, and biological saturation (19,41). Any increase
in infiltration and/or clearance mechanisms resulting from
elevated PM exposure may yield a nonparallel relationship
between the PM doses to which subjects are exposed
and inhaled tissue levels in the lower respiratory tract,
particularly in the bronchial airways of the trachea (43).

Susceptibility

Only two studies showed that susceptible children had 2- to
3-fold elevated C-R curves compared with nonsusceptible
children: children from Southern California [(7), Figure 1D]
and China [(41), Figure 17]. These findings suggest that
genetic susceptibility is important in explaining the differences
in baseline response levels among subjects exposed to the same
levels of PM. Susceptible children have steeper C-R curves
and exhibit greater prevalence changes across the entire TSP
range, as determined by the prevalence of persistent cough
and bronchitis for each 100 pg/m’ increment in TSP, than do
nonsusceptible children, suggesting that susceptible children
respond to a greater extent to changes in PM concentration
than do nonsusceptible children (41). Additional studies are
warranted to compare the characteristics of the C-R curves
for susceptible and nonsusceptible populations across the
entire PM pollution range, as well as to identify a biologically
plausible mechanism that results in one population being more
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Figure 2 Comparison of the C-R curves between two studies of long-term PM exposure and morbidity of chronic cough and mortality of

cardiovascular disease (appropriate adaptations from original publications rescaled for comparison purposes). Reprinted with permission
from Elsevier Copyright © 2014 from Environ Res for Sci Total Environ for (A) (41), and from Circulation for (B) (19).

susceptible than another to PM-related health effects (44).

Conclusions

The C-R curve relating PM exposure and morbidity of
chronic bronchitis symptoms is probably ballistic ‘S’ shaped,
linear in the low to moderate PM range, and flattening
out in the high PM range. Noticeable differences were
observed in the shape and magnitude of the C-R curves for
susceptible and nonsusceptible populations, based on the
limited number of cross-sectional or prospective cohort
studies published. Additional multi-area studies are required
to assess the characteristics of the C-R functions between
PM (specific size fractions, sources and components) and
multiple chronic respective health end points (bronchitis
and asthmatic symptoms), especially in areas with high levels
of PM pollution. The advanced statistical models used in
evaluating the C-R relationships between PM and mortality
should be introduced to analyze the C-R relationships
between PM and morbidity. More attention should be paid
to susceptibility and confounding factors. New evidence,
particularly from prospective cohort studies in developing
areas with high PM pollution, will have important scientific
and public health implications in assessing the DALY of PM
exposure and related air quality standards.
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