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a  b  s  t  r  a  c  t

Evidence  for  a role  of  long-term  particulate  matter  exposure  on  acute  respiratory  infections  is grow-
ing.  However,  which  components  of particulate  matter  may  be  causative  remains  largely  unknown.  We
assessed  associations  between  eight  particulate  matter  elements  and  early-life  pneumonia  in  seven  birth
cohort  studies  (Ntotal =  15,980):  BAMSE  (Sweden),  GASPII  (Italy),  GINIplus  and  LISAplus  (Germany),  INMA
(Spain),  MAAS  (United  Kingdom)  and  PIAMA  (The  Netherlands).  Annual  average  exposure  to  copper,

iron,  potassium,  nickel,  sulfur,  silicon,  vanadium  and  zinc,  each  respectively  derived  from  particles  with

 10 �m (PM10)  and 2.5 �m  (PM2.5),  were  estimated  using  standardized  land  use
irth cohort aerodynamic  diameters  ≤

hildhood pneumonia
lemental composition
eta-analysis

articulate matter
inc

regression  models  and  assigned  to birth  addresses.  Cohort-specific  associations  between  these  exposures
and parental  reports  of  physician-diagnosed  pneumonia  between  birth  and  two  years  were  assessed  using
logistic  regression  models  adjusted  for host  and  environmental  covariates  and  total  PM10 or  PM2.5 mass.
Combined  estimates  were  calculated  using  random-effects  meta-analysis.  There  was  substantial  within
and between-cohort  variability  in element  concentrations.  In the adjusted  meta-analysis,  pneumonia
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was weakly  associated  with  zinc  derived  from  PM10 (OR: 1.47 (95%  CI:  0.99,  2.18)  per 20  ng/m3 increase).
No  other  associations  with  the  other  elements  were  consistently  observed.  The  independent  effect  of
particulate  matter  mass  remained  after  adjustment  for element  concentrations.  In  conclusion,  associa-
tions  between  particulate  matter  mass  exposure  and pneumonia  were  not  explained  by  the  elements
we investigated.  Zinc  from  PM10 was  the  only  element  which  appeared  independently  associated  with
a higher  risk  of  early-life  pneumonia.  As zinc  is  primarily  attributable  to non-tailpipe  traffic  emissions,
these results  may  suggest  a potential  adverse  effect  of  non-tailpipe  emissions  on  health.
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Pneumonia is the leading cause of death of children under five
ears (Liu et al., 2012) and its public health impact (hospitaliza-
ion, emergency care, antibiotic use, economic costs) is substantial
n most countries (Woodhead, 2009). In addition to bacterial and
iral pathogens, which are necessary for the development of pneu-
onia, host and environmental factors are believed to influence

usceptibility (Rudan et al., 2008). Evidence for a role of partic-
late matter on acute respiratory infections is growing, although
ew studies have focused on pneumonia (Mehta et al., 2013; Romieu
t al., 2002). Notably, a recent analysis of more than 16,000 children
rom ten birth cohorts, conducted as part of the European Study of
ohorts for Air Pollution Effects (ESCAPE; www.escapeproject.eu),
eported associations between several long-term traffic-related air
ollutants and early-life pneumonia (MacIntyre et al., 2013).

Which specific characteristics of air pollutants are causative or
articularly detrimental to health is unknown (Kelly and Fussell,
012; Stanek et al., 2011). Particulate matter components vary
emporally and spatially in several respects, especially across areas
ith different climatological and geographical patterns, such as

hose in Europe (Querol et al., 2004). Traffic emissions are known
o influence the concentration and composition of particulate

atter and particles originating from anthropogenic sources (e.g.
uel combustion) differ both in size and composition from those
ttributable to crust and road abrasion (Pakkanen et al., 2001;
lezakova et al., 2007). Metals are suspected of being particularly
oxic components of particulate matter (Schauer et al., 2006). For
xample, the risk of lifetime pneumonia was more than three
imes higher in schoolchildren born in an area in Eastern Germany
ith metal-rich particulate matter compared to a control area

Kohlhammer et al., 2007).
The Transport Related Air Pollution and Health Impacts-

ntegrated Methodologies for Assessing Particulate Matter project
TRANSPHORM; www.transphorm.eu), in conjunction with the
SCAPE initiative, brings together several international collabora-
ions with the aim of improving the knowledge of transport related
irborne particulate matter and its impact on health. The current
tudy is part of this effort, and utilizes data from seven birth cohorts.
pecifically, we  aimed to identify associations between pneumonia
uring early-life and exposure to eight different particulate matter
lements, that are independent of previously observed associations
ith particulate matter mass (MacIntyre et al., 2013). Although the

dverse effects of particulate matter element exposure have been
xamined in the context of other health outcomes (Strak et al.,
012; Wang et al., 2014), this study is the first to examine the
elationship between annual average particulate matter element
oncentrations at the home address and the development of pneu-
onia during early childhood.

ethods
ata sources

Data from seven population based birth cohorts, for which par-
iculate matter element concentration estimates derived according
 by Elsevier  GmbH.  This  is an  open  access  article  under  the CC  BY  license
(http://creativecommons.org/licenses/by/3.0/).

to ESCAPE and TRANSPHORM protocols were available, are
included in this study. BAMSE (children, allergy, milieu, Stock-
holm, epidemiological survey) is a population-based birth cohort
of children born during 1994–1996 in Stockholm Country, Sweden
(Wickman et al., 2002). GASPII (gene and environment: prospec-
tive study on infancy in Italy) is a birth cohort of children born
during 2003–2004 in Rome, Italy (Porta and Fantini, 2006; Porta
et al., 2007). INMA (“INfancia y Medio Ambiente; environment
and childhood”) is a network of Spanish birth cohorts. Only chil-
dren recruited from the city of Sabadell, Spain, during 2005–2008
are included in this analysis as particulate matter measurements
were available for this study area (Guxens et al., 2012a,b). MAAS
(Manchester Asthma and Allergy Study) is a population-based
birth cohort (with a small nested allergen control intervention)
of children born during 1995–1997 in the Greater Manches-
ter conurbation in the United Kingdom (Custovic et al., 2002).
PIAMA (Prevention and Incidence of Asthma and Mite Allergy) is
a population-based birth cohort (with a small mattress cover inter-
vention) of children born during 1996–1997 in cities and small
towns across the Netherlands (Brunekreef et al., 2002). GINIplus
(German Infant Nutrition Intervention study – plus influence of
pollution and genetics) is a population-based birth cohort (with
a nutrition intervention) of children born during 1995–1998 in
Wesel and Munich, Germany (Filipiak et al., 2007). LISAplus (influ-
ence of Life-style related factors on the Immune System and the
development of Allergies in childhood – plus the influence of
traffic emissions and genetics) (LISAplus) is a population-based
prospective birth cohort of children born during 1997–1999 in
Wesel, Munich, Leipzig and Bad Honnef, Germany (Heinrich et al.,
2002). Only the LISAplus centres covering the city of Munich and
the Ruhr area (Wesel) in Germany participated in the ESCAPE
project and are thus included in the current study (the centres
covering the cities of Leipzig and Bad Honnef are excluded). For
the GINIplus and LISAplus cohorts, which have nearly identical
study designs and outcome definitions, data were pooled and
results are presented by geographical area (GINI/LISA North (Ruhr
area/Wesel) and GINI/LISA South (Munich)). Each cohort received
ethical approval from their local authorized Institutional Review
Boards.

Assessment of pneumonia

A parental report (yes/no) of a doctor diagnosis of pneumo-
nia between birth and two  years of age was  the primary outcome
of interest. Questionnaire-based information was collected at 12
and 24 months for BAMSE, GINIplus and PIAMA, at 6, 12, 18 and
24 months for LISAplus, at 6 and 15 months for GASPII and at 14
months for INMA. For MAAS, information was  only available at 36
months, and the question posed did not require a doctor diagno-
sis. The exact questions used by each cohort are provided in the
Supplemental Material (Table S1).
Assessment of particulate matter element exposure

Eight elements (copper (Cu), iron (Fe), potassium (K), nickel (Ni),
sulfur (S), silicon (Si), vanadium (V) and zinc (Zn)), derived from

http://creativecommons.org/licenses/by/3.0/
http://www.escapeproject.eu/
http://www.transphorm.eu/
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articles with aerodynamic diameters less than 10 �m (PM10) and
.5 �m (PM2.5), were included in this analysis, all of which had
ore than >75% of samples above the limit of detection. Although

lements have multiple sources, Cu, Fe and Zn were selected as
arkers for non-tailpipe traffic emissions, S for long-range trans-

ort, Ni and V for mixed oil burning/industry, Si for crustal material
nd K for biomass burning (Viana et al., 2008).

Annual average exposures to each element were estimated for
ach participant’s home address at birth using centrally developed
nd standardized site-specific land use regression models as previ-
usly described (De Hoogh et al., 2013; see Supplemental Material,
able S2, for brief information on model performance). Briefly,
etween October 2008 and February 2010, using a harmonized
rotocol, particulate matter measurements were taken at 20 loca-
ions in Stockholm Country, Rome, the Ruhr area, Munich/Augsburg
nd Greater Manchester and at 40 locations in the Catalonia area
nd the Netherlands/Belgium for fourteen consecutive days in the
old, intermediate and warm seasons, as part of the ESCAPE project
www.escapeproject.eu/manuals) (Eeftens et al., 2012a,b). Harvard
mpactors collected PM2.5 and PM10 samples on separate Teflon fil-
ers, which were subsequently analyzed for elemental composition
sing X-ray fluorescence. Site-specific annual averages were calcu-

ated using the average of the three measurement periods and were
djusted for temporal variation using data from a centrally located
ackground reference site which operated continuously through-
ut the measurement year. Details of the measurements, analyses
nd results have been previously published (De Hoogh et al., 2013).

Area-specific land-use regression models were developed for all
lements in both particulate matter size fractions to explain annual
oncentrations. Data on traffic intensity, population/household
ensity and land use, derived from Geographic Information Sys-
ems in circular buffers ranging from 25 to 5000 m,  were used as
redictor variables in the development of these models. A detailed
escription of these input data can be found in Eeftens et al. (2012a).
redictors were derived for the cohort addresses. If any predictor
t an address had a lower or higher value than observed at any of
he particulate matter measurement sites, its value was truncated
o the minimum or maximum observed value at the measurement
ite, respectively, as has been recommended for land use regression
odels of NO2 (Wang et al., 2012). No model could be developed

or K from PM2.5 for GINI/LISA North or MAAS, Ni from PM2.5 for
AMSE and V from PM2.5 for GINI/LISA South as no predictors were
ignificant. Exposures to each of the eight elements for both partic-
late matter size fractions were estimated to the birth addresses of
ll participants.

nalytic strategy

Cohort-specific associations between pneumonia and the ele-
ents, entered as non-transformed continuous variables, were

ssessed using logistic regression. Although this study builds upon
 homogenous exposure assessment method and analysis proto-
ol, random-effects meta-analysis models (as opposed to pooled
odels or fixed-effects meta-analysis) were used to calculate com-

ined estimates to account for any remaining potential within-
nd between-cohort heterogeneity (DerSimonian and Laird, 1986).
he I2 statistic was used to examine statistical heterogeneity
mong cohort-specific effect estimates and can be interpreted as
he percentage of the variability in effect sizes attributable to
he between-study variability rather than sampling error (Huedo-

edina et al., 2006). All analyses for MAAS were done locally in
PSS 20 (IBM Corp, 2011). All other analyses were conducted cen-

rally using the statistical program R, version 2.13.1 (R Core Team,
012).

A priori, we chose to calculate three types of models. Crude
odels contained only the effect of each element and adjustments
d Environmental Health 217 (2014) 819–829 821

for sex and municipality (the latter is a four level categorical
variable only used for the BAMSE cohort). Minimally adjusted mod-
els included adjustments for relevant covariates (older siblings
(any/none), breastfeeding (up to six months for BAMSE, PIAMA,
GINIplus, LISAplus and MAAS, and yes at both three and six months
for GASPII and INMA), birth season (winter: January–March; spring:
April–June; summer: July–September; fall: October–December),
atopy of either parent (yes/no), daycare attendance reported at any
time during follow-up (yes/no), maternal smoking during preg-
nancy (yes/no), exposure to secondhand smoke in the home at
any time during follow-up (yes/no), parental socioeconomic status
(highest education attained by either parent for BAMSE, GINIplus,
LISAplus, PIAMA and INMA – low, medium and high; highest occu-
pational level of either parent for GASPI – low, medium and high;
and household income for MAAS – low, medium, high and very
high), use of natural gas for cooking (yes/no), mold/dampness in
the home (yes/no) and intervention (yes/no, only for GINIplus,
PIAMA and MAAS)). Due to issues with model singularities, the
GASPII models were not adjusted for smoking during pregnancy,
use of natural gas for cooking and parental socioeconomic status,
and the INMA models were not adjusted for sex, parental socio-
economic status, birth season and secondhand smoke in the home
(data not available for this latter covariate). Covariates were defined
as similarly as possible across cohorts using questionnaire-derived
information and are based on those from the previously published
meta-analysis of these cohorts (MacIntyre et al., 2013). The third
set of models (main models) were further adjusted for the potential
confounding effect of PM10 mass or PM2.5 mass, depending on the
source of the element, as particulate matter mass may  be related
to both element concentrations and health outcomes. Results from
these main models, which are two-pollutant adjusted models, are
the primary findings reported in this paper.

All results are presented as odds ratios (95% confidence inter-
vals). For elements derived from PM10 particles, elevated risks of
disease are analyzed per 2 ng/m3 Ni, 3 ng/m3 V, 20 ng/m3 Cu and
Zn, 100 ng/m3 K, 200 ng/m3 S and 500 ng/m3 Fe and Si. For elements
derived from PM2.5 particles, elevated risks of disease are analyzed
per 1 ng/m3 Ni, 2 ng/m3 V, 5 ng/m3 Cu, 10 ng/m3 Zn, 50 ng/m3 K,
100 ng/m3 Fe and Si and 200 ng/m3 S. These increments were cho-
sen by rounding down the mean 10th and 90th percentile range of
element concentrations from all ESCAPE study areas.

The potential impact of colinearity was examined by exclud-
ing models in which elements and particulate matter mass were
highly correlated (Pearson’s correlation > 0.80). We  also investi-
gated whether the results remained stable after excluding cohorts
for which the element land use regression models had leave-
one out cross validation R2’s lower than 0.50 (see Supplemental
Material, Table S2, and De Hoogh et al., 2013). For cohorts with
information at both the first and second birthday (BAMSE, GINIplus,
LISAplus and PIAMA), associations stratified by year of diagnosis
were considered as a stronger effect of particulate matter mass
on pneumonia during the first year of life has been observed
(MacIntyre et al., 2013).

Results

Study population

After excluding children with no information on particulate
matter elemental exposure (N = 1421) and subsequently, no infor-
mation on pneumonia (N = 991), data on 15,980 children were

available for analysis. The size of the cohorts varied from 490 chil-
dren in INMA to 3971 children in BAMSE. The cumulative incidence
of pneumonia was 5.6% in the total population and was higher
for cohorts that collected data at both the first and second year

http://www.escapeproject.eu/manuals
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Table 1
Characteristics of the study population.

BAMSE
(SE)
Ntotal = 3971

GASPII
(IT)
Ntotal = 689

GINI/LISA North
(DE)
Ntotal = 2651

GINI/LISA South
(DE)
Ntotal = 3491

INMA
(ES)
Ntotal = 490

MAAS
(UK)
Ntotal = 861

PIAMA
(NL)
Ntotal = 3827

n  (%) n (%) n (%) n (%) n (%) n (%) n (%)

Pneumonia (0–2 years) 315 (7.9) 15 (2.2) 155 (5.8) 206 (5.9) 8 (1.6) 19 (2.2)a 155 (4.1)
Between 0–1 year 142 (3.6) – 82 (3.2) 86 (2.5) – – 89 (2.4)
Between 1–2 years 213 (5.6) – 89 (3.6) 138 (4.2) – – 88 (2.4)
Male  sex 2012 (50.7) 346 (50.2) 1362 (51.4) 1829 (52.4) 260 (53.2) 472 (54.8) 1979 (51.7)
Older  siblings 1907 (48.0) 273 (39.6) 1420 (53.7) 1442 (41.4) 203 (41.6) 410 (51.3) 1937 (50.8)
Breastfeeding until 6 months 1872 (47.8) 365 (53.0) 1039 (40.2) 2113 (61.8) 331 (80.1) 251 (29.2) 939 (24.9)
Parental atopy 1156 (29.5) 188 (27.3) 1585 (59.8) 2605 (74.7) 254 (51.9) 699 (81.2) 1952 (51.0)
Maternal smoking during

pregnancy
509 (12.8) 84 (12.3) 442 (17.0) 458 (13.3) 142 (29.3) 88 (11.4) 654 (17.3)

Secondhand smoke at home 541 (13.6) 211 (30.6) 1206 (45.6) 966 (27.7) – 270 (32.2) 1315 (34.4)
Daycare 2769 (72.2) 182 (26.4) 68 (2.6) 498 (14.3) 148 (30.3) 571 (68.1) 1143 (29.9)
Cooking with gas stove 461 (11.6) 683 (99.1) 125 (4.8) 306 (8.9) 300 (61.9) 604 (77.7) 3186 (83.8)
Indoor mold/dampness 1001 (25.3) 111 (16.1) 551 (21.2) 1105 (31.9) 76 (15.7) 137 (17.6) 1915 (50.1)
Observational study – – 1493(63.5)b 1235(55.8)c – 765 (88.9) 3106 (81.6)
Interventional
study

–  – 858 (36.5) 980 (44.2) – 105 (12.2) 329 (8.6)d

– – – – – – 373 (9.8)e

Birth season
Winter 695 (17.5) 127 (18.4) 796 (30.0) 1041 (29.8) 119 (24.3) 168 (19.5) 714 (18.7)
Fall  950 (23.9) 238 (34.5) 739 (27.9) 934 (26.8) 96 (19.6) 210 (24.4) 919 (24.0)
Summer 1154 (29.1) 193 (28.0) 603 (22.7) 808 (23.1) 118 (24.1) 237 (27.5) 1189 (31.1)
Spring 1172 (29.5) 131 (19.0) 513 (19.4) 708 (20.3) 156 (31.9) 246 (28.6) 1005 (26.3)

Socio-economic statusf

Low 101 (2.5) 62 (9.1) 369 (14.0) 195 (5.6) 56 (11.4) 131 (16.1) 495 (13.1)
Med  1753 (44.2) 298 (43.7) 1069 (40.5) 621 (17.8) 87 (17.8) 324 (39.9) 1390 (36.8)
High  2111 (53.2) 322 (47.2) 1202 (45.5) 2663 (76.5) 347 (70.8) 225 (27.7) 1895 (50.1)
Very  highg 133 (16.4)

Moved  during follow-up period 1478 (37.2) 70 (10.2) 555 (20.9) 1041 (29.8) 49 (10.0) – 640 (16.7)

n = number of cases; % = percentage of cases; SE = Sweden; IT = Italy; DE = Germany; ES = Spain; UK = United Kingdom; NL = The Netherlands.
a During first three years.
b Intervention was  limited to GINIplus cohort (N = 2351).
c Intervention was  limited to GINIplus cohort (N = 2215).
d Intervention with mite impermeable mattress cover.
e Intervention with placebo mattress cover.
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f Defined as the highest education attained by either parent (BAMSE, GINI, LIS
ousehold income (MAAS): 1st – <10 K Pounds; 2nd – 10–20 K Pounds; 3rd – 20–30
g MAAS only.

irthdays (BAMSE, GINIplus, LISAplus and PIAMA) compared to
hose that collected data at only one time point (INMA and MAAS)
r only up to the age of 1.5 years (GASPII). Information on the
utcome and covariate distributions across cohorts is provided in
able 1.

istribution and correlations of elements

Element concentration distributions by cohort are depicted in
ig. 1 and summary statistics are provided in the Supplemental
aterial (Table S3). Mean annual average element concentrations
ere greater in the PM10 fraction than the PM2.5 fraction in all

ases except for S and V in the INMA cohort. In general, the range
f element concentrations differed greatly across cohorts. There
as large within- cohort exposure contrasts for elements acting

s markers of non-tailpipe traffic emissions (Cu, Fe and Zn), espe-
ially for those derived from PM10. The exposure concentrations
or these elements also overlapped well across cohorts. The same
as observed for Ni, although the within-cohort spread of expo-

ure concentrations was limited for GINI/LISA South and MAAS as
ll exposure concentrations tended to be low. There was  limited
verlap in exposure concentrations across cohorts for K, S, Si and V.
owever, within-cohort exposure contrasts were large in BAMSE

nd GASPII for Si (and to a lesser extent K) from PM10 and in PIAMA
or V (both size fractions).

Pearson correlations between elements and particulate mat-
er mass differed substantially across cohorts, and were lower for
MA, INMA); the highest occupational level attained by either parent (GASPII); or
nds; 4th – >30 K pounds.

MAAS and GINI/LISA South (Table 2). On average, these correlations
were highest for Fe (range across cohorts: 0.02–0.92), Si (0.03–1.00)
and K (−0.01 to 1.00) derived from PM10. Cohort-specific cor-
relations between elements are presented in the Supplemental
Material (Tables S4–S10) and were more frequently greater than
0.80 in GASPII and PIAMA and less frequently greater than 0.80
in GINI/LISA North and GINI/LISA South. The large variability in
concentrations and correlations between cohorts may  be in part
explained by the heterogeneous nature of the cohorts (mostly
urban centres (GASPII, GINI/LISA South and INMA), urban and
rural areas (BAMSE and GINI/LISA North) and covering almost
the entire country (PIAMA)) and the different particulate mat-
ter element sources across the geographical areas covered by the
cohorts.

Associations between elements and pneumonia

Table 3 summarizes the meta-analytic results for the tested
associations between the elements and early-life pneumonia.
In crude models, pneumonia was  positively associated with Zn
derived from both PM10 and PM2.5, Si from PM10 and Fe from PM2.5.
Associations were similar when restricted to children with avail-
able covariate data (not shown). Upon adjustment for relevant host

and environmental covariates (minimum models), these associa-
tions remained stable and Ni and S from PM10 also appeared to be
associated with pneumonia. However, further adjustment for the
potential confounding effect of PM10 mass or PM2.5 mass led to a
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Fig. 1. Distribution of annual average PM10 (white) and PM2.5 (gray) derived element concentrations per cohort. G/L North = GINI/LISA North; G/L South = GINI/LISA South.
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etailed information on the development of the land use regression models used t
upplemental Material (Table S2). For the elements derived from PM2.5, no data o
N  = 3971) and on V for GINI/LISA South (N = 3491).

niversal decrease in all risk estimates and only Zn derived from
M10 remained weakly associated with pneumonia (1.47 (0.99,
.18) per 20 ng/m3 increase). Cu and Fe, the other elements act-
ng as markers of non-tailpipe traffic emissions, were not found
o be consistently associated with pneumonia. In the main models,
here was heterogeneity across cohorts for the association between
arly-life pneumonia and S derived from PM10 and PM2.5 and Fe
ate these exposures is available in De Hoogh et al. (2013) and summarized in the
as available for GINI/LISA North (N = 2651) and MAAS (N = 861), on Ni for BAMSE

and Si derived from PM2.5. The largest I2 statistics were found for
elements derived from PM2.5 mass.

The cohort-specific and combined results for the main models

are presented in Figs. 2 and 3 for PM10 and PM2.5 derived elements,
respectively. Cohort-specific associations revealed that Zn derived
from PM10 was  only associated with pneumonia in the PIAMA
cohort (cohort weight 32% in the meta-analysis), although effect
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Table 2
Pearson correlations between annual average elemental concentrations and particulate matter mass per cohort.

BAMSE GASPII GINI/LISA North GINI/LISA South INMA MAAS PIAMA

PM10 Cu 0.31 0.86 0.74 0.20 0.63 0.44 0.61
Fe  0.76 0.89 0.92 0.02 0.72 0.55 0.84
K  1.00a 0.68 0.60 −0.01 0.88 0.34 0.74
Ni  0.11 0.30 0.86 0.01 0.54 0.11 0.61
S  0.48 0.30 0.73 0.19 0.47 0.15 0.53
Si  1.00b 0.54 0.45 0.03 0.89 0.54 0.90
V  0.74 0.73 0.54 0.02 0.43 0.17 0.52
Zn  0.67 0.87 0.35 0.18 0.20 0.30 0.47

PM2.5 Cu 0.71 0.84 0.69 −0.01 0.79 0.08 0.84
Fe  0.66 0.86 0.53 0.01 0.59 0.19 0.75
K  0.42 0.66 NA 0.00 0.51 NA 0.56
Ni  NA 0.18 0.62 0.02 0.44 0.07 0.57
S  0.56 0.71 0.72 0.03 0.52 −0.08 0.79
Si  0.52 0.60 0.17 0.28 0.83 0.17 0.73
V  0.38 0.37 0.41 NA 0.36 0.13 0.54
Zn  0.53 0.76 0.69 0.20 0.54 0.15 0.50

G

e
e
e
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n
M
e
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A

C
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e
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a

d

rey squares: Pearson’s correlation > 0.80; NA = not available.
a Pearson correlation = 0.9995784.
b Pearson correlation = 0.9995369.

stimates were elevated for almost all cohorts. The meta-analytic
ffect estimate for this association was slightly attenuated after
xcluding the PIAMA cohort (1.47 (0.99, 2.18) and 1.35 (0.81, 2.25)
er 20 ng/m3 with and without PIAMA, respectively). The small
umber of cases in some of the cohorts, namely INMA, GASPII and
AAS, led to large cohort-specific confidence intervals for certain

lements.
The adverse independent effect of PM10 mass on pneumonia,

reviously reported by MacIntyre et al. (2013), did not substan-

ially change after adjustment for element concentrations although
he confidence intervals were wider in nearly all cases (Fig. 4). The
esults for PM2.5 mass were similar, although effect estimates were
ore varied and confidence intervals larger.

able 3
ssociations between annual average particulate matter element concentrations and pne

Element Crude models (N = 15,962)a Minimum models

OR (95%CI) I2 Phet OR (95%CI) 

PM10

Cu 1.07 (0.83, 1.37) 41 0.115 1.08 (0.83, 1.40) 

Fe  1.22 (0.96, 1.54) 44 0.101 1.26 (0.97, 1.63) 

K  1.32 (0.89, 1.95) 56 0.034 1.24 (0.86, 1.80) 

Ni  1.22 (0.99, 1.49) 0 0.962 1.31 (1.06, 1.63)*

S  1.76 (0.92, 3.36) 73 0.001 2.21 (1.10, 4.44)*

Si  1.74 (1.02, 2.95)* 68 0.005 1.74 (1.01, 3.00)*

V  1.48 (0.78, 2.81) 37 0.148 1.63 (0.77, 3.44) 

Zn  1.50 (1.14, 1.97)* 36 0.154 1.53 (1.15, 2.02)*

PM2.5

Cu 1.42 (0.91, 2.22) 64 0.010 1.49 (0.90, 2.46) 

Fe  1.40 (1.05, 1.87)* 52 0.052 1.50 (1.06, 2.12)*

Kc 2.03 (0.91, 4.52) 80 <0.001 2.03 (0.93, 4.43) 

Nid 1.11 (0.93, 1.32) 0 0.660 1.15 (0.96, 1.39) 

S  1.85 (0.76, 4.50) 75 <0.001 2.07 (0.78, 5.52) 

Si  1.88 (0.84, 4.22) 76 <0.001 1.98 (0.85, 4.65) 

Ve 2.13 (0.82, 5.54) 52 0.066 2.45 (0.72, 8.30) 

Zn  1.37 (1.02, 1.85)* 50 0.061 1.47 (1.11, 1.94)*

rude models: adjusted for sex and municipality (BAMSE only); minimum models: further
ttendance, maternal smoking during pregnancy, exposure to secondhand smoke in the h
xposure in the home and intervention; main models: further adjustments for PM2.5 mas

2 = percentage of the variability in effect sizes attributable to the between-study variab
cross  cohorts.

a The number of children in the crude models differs from the base study population (N
b The total number of children included in the adjusted models is slightly different than

efinitions.
c No data on this element was  available for GINI/LISA North (N = 2651) or MAAS (N = 86
d No data on this element was  available for BAMSE (N = 3971).
e No data on this element was  available for GINI/LISA South (N = 3491).
* p-value < 0.05.
Sensitivity analyses

Excluding cohorts for which element concentrations and par-
ticulate matter mass were highly correlated (15 models from 108
were excluded) or cohorts for which the element land use regres-
sion models had leave-one out cross validation R2’s lower than
0.50 (34 models from 108 were excluded) did not measurably alter
the observations made using the entire available dataset (Supple-
mental Material, Table S11). When analyses were stratified by year

of pneumonia diagnosis, Zn derived from PM10 was associated
with pneumonia diagnosed during the first (1.53 (1.10, 2.11) per
20 ng/m3) and second (1.43 (1.01, 2.02) per 20 ng/m3) year of life.
No associations were observed with the other elements.

umonia in a random effects meta-analysis of seven European birth cohorts.

 (N = 14,961)b Main models (N = 14,961)b

I2 Phet OR (95%CI) I2 Phet

40 0.123 0.89 (0.65, 1.23) 37 0.146
48 0.071 1.05 (0.77, 1.44) 24 0.248
47 0.079 0.96 (0.48, 1.93) 31 0.194

0 0.974 1.09 (0.83, 1.43) 0 0.666
72 0.002 1.86 (0.88, 3.94) 67 0.006
65 0.009 1.45 (0.77, 2.74) 18 0.292
43 0.102 1.08 (0.76, 1.53) 0 0.455
32 0.185 1.47 (0.99, 2.18) 43 0.102

65 0.008 0.87 (0.55, 1.38) 25 0.234
61 0.018 1.28 (0.85, 1.94) 52 0.050
76 0.003 1.44 (0.90, 2.32) 26 0.248

0 0.584 0.84 (0.67, 1.05) 0 0.953
76 <0.001 1.19 (0.36, 3.94) 76 <0.001
76 <0.001 1.45 (0.63, 3.31) 64 0.010
58 0.036 1.36 (0.44, 4.17) 45 0.103
39 0.130 1.24 (0.91, 1.68) 31 0.195

 adjustments for older siblings, breastfeeding, birth season, parental atopy, daycare
ome, parental socioeconomic status, use of natural gas for cooking, mold/dampness
s (for PM2.5-derived elements) or PM10 mass (for PM10-derived elements).
ility rather than sampling error; Phet = p-value of heterogeneity of effect estimates

 = 15,980) because 18 children are missing information on “municipality” in BAMSE.
 that reported in MacIntyre et al. (2013) because of small differences in confounder

1).
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Fig. 2. Associations between annual average particulate matter element concentrations from PM10 and pneumonia. Only associations from the main models are presented,
w , birth
e f natu
m

D

p
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t
w
c
b
(
w
e
n

hich are adjusted for sex, municipality (BAMSE only), older siblings, breastfeeding
xposure to secondhand smoke in the home, parental socioeconomic status, use o
ass.

iscussion

The previously observed associations between annual average
articulate matter mass exposure and pneumonia reported by
acIntyre et al. (2013) were not explained by the elements inves-

igated in this study. Effect estimates for the majority of elements
ere inconsistent across cohorts, which resulted in heterogeneous

ombined risk estimates. Large differences in exposure contrasts
etween cohorts likely further contributed to this heterogeneity

Fig. 1 and Supplement Material, Table S3). Zinc derived from PM10,
hich is a marker for non-tailpipe traffic emissions, was the only

lement weakly associated with a higher risk of early-life pneumo-
ia.
 season, parental atopy, daycare attendance, maternal smoking during pregnancy,
ral gas for cooking, mold/dampness exposure in the home, intervention and PM10

How Zn could act on biological pathways to potentially influence
the risk of pneumonia is unclear. Adverse associations between
ambient air zinc and paediatric asthma morbidity have been
observed, and pulmonary inflammation is hypothesized as a pos-
sible biological mechanism (Hirshon et al., 2008). Results from
experimental studies also indicate that Zn is a particularly toxic
component of particulate matter, and when inhaled can lead to
lung injury and inflammation (Adamson et al., 2000; Prieditis and
Adamson, 2002). A recent review of the literature supports an

adverse role of environmental exposure to Zn on the lung via mul-
tiple oxidative effects (Wu et al., 2013).

Although Zn appeared best associated with early-life pneumo-
nia in this study, it is likely that other characteristics of particulate
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Fig. 3. Associations between annual average particulate matter element concentrations from PM2.5 and pneumonia. Only associations from the main models are presented,
w , birth
e f natu
m

m
s
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hich  are adjusted for sex, municipality (BAMSE only), older siblings, breastfeeding
xposure to secondhand smoke in the home, parental socioeconomic status, use o
ass.

atter are relevant, such as size and solubility, as well as additive,
ynergistic and even antagonistic interactions with other airborne
ollutants (Kelly and Fussell, 2012). It may  thus be more impor-
ant to focus on the sources of specific compounds than on the
ompounds themselves. In the ESCAPE areas included in this anal-
sis, the spatial variation in Zn was primarily explained by traffic
redictor variables (De Hoogh et al., 2013), and thus any potential
ssociation with this element must be interpreted as an indication
f a role of specific pollutants produced by traffic sources (either

ailpipe related or non-tailpipe related). As previously summarized
see Thorpe and Harrison (2008) and references therein), tire wear
s a major contributor of Zn in the urban environment and high con-
entrations of Zn have been found in brake linings and to a lesser
 season, parental atopy, daycare attendance, maternal smoking during pregnancy,
ral gas for cooking, mold/dampness exposure in the home, intervention and PM2.5

extent in the re-suspension of road dust and tailpipe emissions. In
studies from Europe, Zn has been primarily associated with non-
tailpipe traffic emissions (Viana et al., 2008). In the current study,
which covered seven areas in Europe, Zn was specifically intended
to act as a marker for non-tailpipe traffic emissions, as were Cu and
Fe, for which results were inconsistent. This latter result may sug-
gest that although Zn, Cu and Fe were intended to act as markers for
non-tailpipe traffic emissions, they also likely have other (differing)
contributing sources.
Although analyses were defined a priori, it is possible that the
weak association between pneumonia and Zn from PM10 is a chance
finding given the number of associations tested. However, this asso-
ciation was  robust to several sensitivity analyses. Furthermore,
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Fig. 4. Associations between pneumonia and annual average particulate matter mass concentrations (black squares; per 10 �g/m3 PM10 and 5 �g/m3 PM2.5), and after
correction for annual average element concentrations (stars). Models are adjusted for sex, municipality (BAMSE only), older siblings, breastfeeding, birth season, parental
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explained by the elements we investigated. Zn from PM10 was
n  Ni for BAMSE (N = 3971) and on V for GINI/LISA South (N = 3491).

xcluding cohorts in which Zn and PM10 mass were highly corre-
ated did not affect the result, thereby suggesting that this result is
ot biased by collinearity with particulate matter mass. However,
ur model adjustments for particulate matter mass may  have pre-
ented us from detecting the adverse effects of other elements or air
ollutants highly correlated with this factor. Furthermore, includ-

ng particulate matter mass directly into the models may  be an
ver-adjustment, which could partly explain the attenuation of the
isk estimates observed between the minimum and main models
Mostofsky et al., 2012).

A major strength of this study is the assignment of unique ele-
ent concentrations to each participant’s birth address using a

tandardized land use regression modelling approach (De Hoogh
t al., 2013). Any between-cohort heterogeneity observed should
hus be mostly attributable to differences in the mixture and
ources of elements in the geographical areas covered by the
ohorts. However, given that the land use regression models uti-
ized here are the first to be developed for particulate matter
lements, information on the validity of these models is more
imited than for land use regression models developed for air pol-
utants (such as NO2), which have been shown to be temporally
table (Eeftens et al., 2011; Wang et al., 2013). Indeed, data from
easurements performed in 2008–2010 were used to build the

lement exposure models which were applied to the children’s
irth addresses (birth dates range from 1994 to 2008) under the

mplicit assumption that the spatial variability of the element con-
entrations (and thus of their sources) would not have changed
ver this time period. Unlike in previous ESCAPE studies, we were
nable to back-extrapolate predicted concentrations to account for

ong-term changes in element concentration levels (as was  done in
acIntyre et al., 2013) as historical elemental composition data
ere not available from routine networks for any of the cohorts.

his lack of temporal overlap is a limitation of this study. It should
lso be noted that the position of the air pollution monitors used
o inform the land use regression models were chosen to over
epresent traffic sites, and thus sources of other elements (e.g.

ood burning, metal industry and agriculture) may  not have

een optimally captured. This may  have contributed to the low
xplained variance of some land use regression models and conse-
uently hindered our ability to detect true within-cohort exposure
contrasts. In this study, the land use regression models for the mark-
ers for non-tailpipe traffic emissions (Cu, Fe and Zn) tended to have
higher explained variance. Finally, the influence of any potential
measurement error of the elemental concentrations on the results
is unknown.

The probability of outcome misclassification is not known for
our study. However, the wording used in the parental question-
naires was  similar across cohorts and required a parental report of
a doctor diagnosis for all cohorts except MAAS (for which a doc-
tor diagnosis was  not specified). Maternal recall of acute health
care events during early childhood is believed to be good (D‘Souza-
Vazirani et al., 2005). Nevertheless, the follow-up schedule of the
cohorts was  not identical and pneumonia rates were highest for
cohorts with yearly follow-ups. We  were also unable to adjust the
models for epidemics, vaccination status or frequency of infections
as these data were not available for all cohorts. We  chose to focus on
the early years of life as postnatal development of the respiratory
and immune system makes this a period of particular suscepti-
bility to traffic-pollution (Bateson and Schwartz, 2007; Heinrich
and Slama, 2007). Unlike the previous study which found evidence
suggesting that associations between air pollutants and early-life
pneumonia may  be strongest during the first year of life (MacIntyre
et al., 2013), we observed no consistent differences by year of diag-
nosis. Finally, exposure misclassification attributable to moving or
to differences in individual behaviours (e.g. daycare attendance)
is always a concern when exposure estimates are modelled at the
home address. Effect estimates for Zn derived from PM10 were sim-
ilar between those who had moved between birth and anytime
during the following period and non-movers (data not shown).

Conclusions

Previously observed associations between annual average par-
ticulate matter mass concentrations and pneumonia were not
the only element independently, albeit weakly, associated with a
higher risk of early-life pneumonia. As Zn is primarily attributable
to non-tailpipe traffic emissions, these results may  suggest a poten-
tial adverse effect of non-tailpipe emissions on respiratory health.
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