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Abstract

Background: The impact of outdoor air pollution on infant mortality has not been quantified.
Methods: Based on exposure-response functions from aU.S. cohort study, we assessed the
attributable risk of postneonatal infant mortality in 23 U.S. metropolitan areas related to
particulate matter <10 pm in diameter (PM 1) as a surrogate of total air pollution.

Results: The estimated proportion of al cause mortality, sudden infant death syndrome (normal
birth weight infants only) and respiratory disease mortality (normal birth weight) attributable to
PM 1 above a chosen reference value of 12.0 ug/m* PM 1o was 6% (95% confidence interval 3-
11%), 16% (95% confidence interval 9-23%) and 24% (95% confidence interval 7-44%),
respectively. The expected number of infant deaths per year in the selected areas was 106 (95%
confidence interval 53-185), 79 (95% confidence interval 46-111) and 15 (95% confidence
interval 5-27), respectively. Approximately 75% of cases were from areas where the current
levels are at or below the new U.S. PM5 standard of 15 pg/m® (equivalent to 25 pg/m®PMag). In
acountry where infant mortality rates and air pollution levels are relatively low, ambient air
pollution as measured by particulate matter contributes to a substantial fraction of infant death,
especially for those due to sudden infant death syndrome and respiratory disease. Evenif all
counties would comply to the new PM s standard, the majority of the estimated burden would
remain.

Conclusion: Given the inherent limitations of risk assessments, further studies are needed to

support and quantify the relationship between infant mortality and air pollution.



Introduction

Research conducted during the last 10 to 20 years confirms that outdoor air pollution contributes
to illness and death in adults and children [1]. The quantification of this public health problem
and the benefits of its regulation, however, has been the subject of debates [2, 3]. Such impact
assessments usually rely on extrapolations of data from various fields with partly unknown
uncertainties [4], asit is rather rare to base the assessment on direct interventional observations.
A few ‘intervention studies’, however, have been published, underlying the notion that air
pollution causes morbidity and mortality, and that improvementsin air quality consequently lead
to direct health benefits [5-8]. So far, impact assessments have mostly focused on mortality in
adults and a few measures of morbidity [2, 4, 9]. The impact assessment guidelines of WHO,
however, emphasized the need for a broader assessment of the overal public health relevance
[10, 11]. The update of the global burden of disease project of WHO, which quantified and
ranked the health impact of 20 main risk factors, also included outdoor air pollution [12, 13],
again with a strong focus on mortality. The burden of combustion-related urban air pollution in
developed countries was estimated to exceed the impact of other considered environmental
factors. In their study, Ezatti and colleagues estimated worldwide mortality due to urban outdoor
air pollution for children under five years of age but did not provide disaggregated effects for
infants [13]. We now estimated the burden of outdoor air pollution on infant mortality in selected
areas of the U.S., where air pollution levels and infant mortality rates are relatively low and
causes of infant deaths prevalent in developing countries are rare. To compare the underlying
outcome frequencies and air quality aspects, we used only one U.S. study as a source to estimate
the burden [14]. However, evidence isincreasing for associations of outdoor air pollution with

infant mortality and other adverse pregnancy outcomes [15-17].



Methods

We applied the risk assessment methods of a European study [4], which was adapted from others
[18]. The method cal culates attributable cases by using background rates of infant mortality
(death register data), to which the epidemiologica exposure-response function is applied [18].
This procedure leads to the number of attributable cases per unit of ambient air pollution
concentration. We used particulate matter <10 pm in diameter (PM 1) as a surrogate of air
pollution mix. It is possible that the independent effects of other components (e.g. ozone or CO
[19]) of air pollution may not be fully captured.

We used the exposure-response funtion from the only currently available cohort study in the U.S.
conducted by Woodruff and colleagues based on approximately 4 million infants born between
1989-91 in 86 metropolitan areas [14]. Exposure was defined as the mean outdoor PM g levels
for the first two months of life. The authors controlled for some individual risk factors for infant
mortality (i.e. - materna education, maternal ethnicity, parental marital status, maternal smoking
during pregnancy) and other potential confounders (i.e. - infant’s month and year of birth,
average temperature during first 2 months of life), and found that postneonatal mortality from all

causes (excluding violent death) increased by 4% (95% confidence interval [CI] 2-7%) for every

10 pg/m3 PM 1. Sudden infant death syndrome (SIDS) and respiratory disease mortality in

infants with normal birth weight increased by 12% (95% CI 7-17%) and 20% (95% CI 6-36%)

for every 10 ug/m3 PM 0, respectively (Table 1, column 1). More recently, Lipfert and
colleagues [20] reanalyzed these results, mostly confirming the PM o associations, however,
differences in study design and modeling did not allow including results from both of these

studiesin our risk assessment.



We applied the outcome-specific exposure-response functions from Woodruff and colleagues
[14] to 25 countiesin 23 U.S. metropolitan areas with a population of approximately 40 Million
people and 700,000 infants born between 1995-97 who survived the neonatal period (Alabama:
Jackson; California: Fresno, Los Angeles, Sacramento, San Diego, San Francisico; Colorado:
Denver; Connecticut: Hartford; Illinois: Cook; Maryland: Baltimore; Michigan: Wayne;
Missouri: St. Louis; New Y ork: Bronx, Kings, New Y ork; Pennsylvania: Philadelphia; Texas:. El
Paso, Harris, Dallas, Oklahoma: Oklahoma, Tulsa; Rhode Island: Providence; Utah: Salt Lake
City; Washington: King; Wisconsin: Milwaukee). Criteriafor the selection of counties were

1) that they were geographically distributed over the United States, 2) a popul ation size above
500,000 and 3) availability of data on post-neonatal infant mortality and air pollution levels. We
obtained annual mean outdoor PM o levels for the years 1995-97 from the Environmental
Protection Agency (EPA) air monitoring data and mortality rates for infants aged 1-12 months

for the years 1995-97 from the National Center for Health Statistics. We did not quantify

attributable cases for PM 0 levels below 12.0 pg/m3 to avoid extrapolation beyond the lowest
exposure level observed in Woodruff and colleagues [14]. Attributable mortality was calculated
by county and then averaged across all counties. In another step we estimated the death burden

of al countiesthat reached the new U.S. standard for particulate matter <2.5 um in diameter

(PM5) of 15 pg/m® (assuming an equivalent of 25 pg/m3 PM ).

Results
The mean PMy level during 1995-97 was 28.4 pg/m° (county range: 18.0 pg/m3 to 44.8 pg/m3).

Fourteen of 25 counties had a 1995-97 mean PM 1 level above 25 pg/m3. Across counties, all

cause mean postneonatal infant mortality rates ranged from 130 to 352 per 100,000. Based on the



risk assessment, postneonatal infant mortality rates and proportions attributable to PM 1 air
pollution are shown in Table 1. The estimated proportion of al cause mortality, SIDS (normal
birth weight) and respiratory disease mortality (normal birth weight) attributable to PM 1, above
the reference level was 6% (95% Cl 3-11%), 16% (95% CI 9-23%) and 24% (95% CI 7-44%),
respectively. This estimate might be a reasonbable approximation of the attributable proportion
across all metroplolitan areas of the U.S.. The expected number of infant deaths per year in the
selected areas was 106 (95% Cl 53-185), 79 (95% CI 46-111) and 15 (95% CI 5-27), repectively.

For all outcomes, only a quarter of the burden was due to mean exposures above the new U.S.
PM, s standard of 15 pg/m3 (equivalent to 25 pg/m3 PM 1), whereas three quarters of the burden

were due to PMy, levels between 12 ng/m3 PM y, (our reference level) and 25 ug/m3 PM g,

Discussion

Our risk assessment suggests that outdoor air pollution above areference level of 12.0 pg/m3
PM o contributes in a substantial way to postneonatal infant mortality. The estimated attributable
proportions were particularly high for postneonatal mortality from SIDS and respiratory disease

in infants born with a normal birth weight. The estimated contribution between the reference

level and the new PM, 5 standard of 15 ug/m3 (equivalent to 25 pg/m* PM o) revealed that the
majority of the estimated burden would remain even if al counties would comply to the new

PM 5 standard. The results emphasize the need to address the diseases burden on alocal and
national level rather then at the global scale since risk factors that are rare in the U.S. dominate
the overall burden [13].

Environmental health risk assessments suffer from inherent limitations related to uncertainties of

the assumptions made [4]. Given the advantage of the cohort approach [21] and the potential



limitations of geographic extrapolation, we relied on only one single albeit large U.S. study. Ina
previous risk assessment [4], we used the only two cohort studies available at the time for adult
mortality [22, 23]. Selection criteria defined in the previous assessment, including adequate
study design and published PM o levels, were met.

A growing number of studies conducted in different countries using different study designs are
showing effects of air pollution on infant mortality [24-27] and mortality in children under five

years of age [28, 29]. Using previously reported methods [30], we were able to convert effects

from all these studies except one [27] to relative risks per pg/m3 PM . Effects ranged from 1.07
(95% Cl 1.02-1.15) ([26], 3 day lag model) to 1.12 (95% CI 1.04-1.20) ([26], 3 day moving
average model) for al cause infant mortality, 1.08 (95% CI 1.01-1.15) [25] to 1.09 (95% CI
1.03-1.14) [24] for postneonatal respiratory mortality, and 1.01 (95% CI 1.00-1.02) [29] to 1.02
(95% CI 1.01-1.02) [28] for mortality in children under five years of age. We have not attempted
to use non-U.S. studies for a metaanal ytic estimate because we believe that considerable
differencesin study regions do not allow transferring results. However, the effects found in these
studies support the conclusion that the associations observed by Woodruff and colleagues reflect
true effects of pollution, and are not just aresult of uncontrolled confounding.

Other recent studies have focused on the impact of air pollution on fetal growth [31], preterm
birth [19, 32, 33], birth weight [33-39], and other pregnancy outcomes such as smaller head
circumference at birth [39] and cardiac malformations [19, 32]. Air pollution may have a
harmful effect of lasting significance. Wilhelm and Ritz recently concluded from their research
that compounds of motor vehicle exhaust may effect fetal development [33], potentially resulting
in increased vulnerability of the respiratory and cardiovascular systems during infancy and
childhood. Intrauterine growth retardation and low birth weight (LBW) have been linked to

respiratory health later in life [40] and intrauterine growth retardation may lead to increased



susceptibility to air pollution exposure and other environmental factors [41]. LBW may be on the
causal pathway linking air pollution and infant mortality [20]. Furthermore, recent studies have
shown growing evidence that ambient air pollution is associated with decreasing heart rate
variability in adults [42]. The hypothezised underlying effect on the autonomic nervous system
may aso play arolein the genesis of SIDS[43]. Thereis clearly aneed for further research to
determine the impact of air pollution exposure on fetal development during pregnancy and to fill
the gap of knowledge between our understanding of the underlying mechanisms and the
observed associations of air pollution and mortality in infants.

We believe that the accumulating evidence justifies arisk assessment based on the assumption
that ambient air pollution - with PM used as a surrogate for the mixture - causes infant deaths.
Lipfert and colleagues [20] recently have questioned this assumption when they reanalyzed the
association between air pollution and infant mortality using partly the same data as Woodruff
and colleagues, because they observed unstable and partly inverse associations for some
pollutants (albeit not for PM10). However, exposure was assigned on an annual base rather than
accounting for the month of birth and the stepwise multi-pollutant regression models used for the
study are prone to artifacts.

Although we did not use the same metropolitan areas as Woodruff and colleagues, the size and
extent of their study increased our confidence that the results are generalizable to other U.S.
populations. Also, our results did not change considerably when we excluded countiesin
Cdlifornia, New Y ork and Oklahoma that were not part of the original study. However,
Woodruff and colleagues were not able to control for risk factors such as limited prenatal care or
materna age at delivery that may modify the effect estimates used in our assessment. In amore
recent evaluation, Woodruff and colleagues have shown that mothers from different ethnic

groups than caucasian were more likely to be exposed to high pollution levels and to have



preterm delivery suggesting additional risk of residing in areas with poor air quality among
infants at already increased risk of poor health [44]. Potential interactions with other county-
specific factors, e.g. social deprivation, have been shown to be related to unknown factors that
modify the effect of air pollution on mortality in adults [45, 46]. Exposure-response functions
may be larger in such areas, with unpredictable influence on the overall impact. In our
assessment, the total attributable risk based on population-weighting was higher than average
across counties (7%, 95% Cl 4-12% vs. 6%, 95% CI 3-11%), indicating that lack of control for
risk factorsin the original study may have resulted in an underestimate of the total effect. In
addition, excluding infants with LBW may have resulted in increased social class homogeneity
because low social classis adeterminant of LBW [47], probably adding to an underestimate of
the total effect estimated in our assessment.

Misclassification of causes of death ispossible. It is, however, reassuring that the sum of the
cause-specific attributable cases (14.0) closely corresponded to attributable cases based on the
total mortality (14.7) estimate (Table 1).

Consistent with the underlying epidemiologic study, our assessment was based on fixed site
monitors. For PM 45 and PM o, current evidence suggests a high correl ation between ambient and
indoor concentrations from outdoor origin; thus, imprecision in exposure may be of minor
concern for our assessment [22]. The choice of the exposure reference level is alarge influence
on the derived attributable cases [48]. Our assessment considered only the burden of
concentrations higher then 12 pg/m? (i.e. - the lowest observed level in the original study of
Woodruff and colleagues). However, studies in adults give no evidence for a no-effect threshold

even in time-series data with lowest concentrations being below 12 ug/m?® [49]. Assuming an

exposure reference level of 7.5 pg/m® as used in other studies (e.g. [4, 13]) would result in an



approximately 20-25% higher burden attributed to air pollution then the number of annual air
pollution attributable cases for al cause infant mortality would increase from 106

(95% CI 53-185) to 132 (95% Cl 66 to 232) if 7.5 pg/m* was taken as the exposure reference
level. We emphasize, however, that the shape of the risk function isless well defined in the
lowest concentrations. Time-series mortality studies conducted with adults give no indication of
athreshold of no effect, but this aspect has not been exploited for infant mortality. Thus, the
burden derived for levels above 7.5 pg/m® carries larger uncertainties than the one shown in our
main results, where cases attributed to ambient levels below 12 ug/m® are ignored. We aso
acknolwedge that the differentiation between an additive versus a multiplicative risk function has
not been made in the Woodruff study nor in our risk assessment. However, given the very small
relative risks and the application to only alimited range of exposure, this uncertainty is not of
major concern.

Becauseit is generally not possible to assign effects of ambient air pollution to specific single
pollutants, we considered PM as a surrogate measure of a more complex mixture. Part of the
association between mortality and PM may be explained by the correlation of PM with other
ambient air pollutants, and the estimated mortality may not be exclusively attributed to PM 1.
This uncertainty needs to be taken into account in the assessment of benefits of policies that
target single pollutants rather than the mixture.

In case of mortality among adults, it may be preferable to convert the risk functionsinto
estimates of the years of lifelost [50]. For infants, we chose attributable cases as a preferred
outcome. First, the measure can be directly derived from the published data, which did not
measure life years lost. Second, some deaths may occurr among susceptible infants who may not

have survived otherwise, afeature that has been called ‘harvesting’ in studies conducted with
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adults [51]. Although premature death of highly frail subjects plays only a minor rolein short-
term effects of air pollution among adults, the issue has not been addressed yet for infants, thus
the uncertainty regarding time lost is particularly large. Third, the question arises whether
attributable cases are preventable, given improved air quality. Quasi-experimenta studies
suggest fast short-term health benefits of clean air interventions for morbidity in children [52] or
mortality in adults [6], but no data on infant mortality are available. As competing risks may
become relevant after removal of one risk factor, the preventable fraction may be smaller.
Although loss of life expectancy may be substantial among infant deaths [15], these are rare
events in the developed world. Therefore, infant mortality due to air pollution can have only a

minor effect on life expectancy in the U.S. population.

Conclusions

Evidence for a causal effect of air pollution on morbidity and mortality is strong for adults, and
evidenceis building that air pollution has an effect on infants and young children and a potential
impact during the fetal period [19]. The evidence needs to be constantly reviewed as further
studies become available. Our estimates are based on the best currently available information,
leaving considerable uncertainty about the size of the true effect of particulate matter on infant
mortality. However, given that the whole population is exposed, we conclude that air pollution-
related infant mortality isamajor public health problem. This outcome should be considered in
future public health risk assessment and management and included in EPA’ s assessment of the

benefits of the U.S. Clean Air Act [3].
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Table 1. Postneonatal infant mortality ratesattributableto PM o air pollution in selected U.S. metropolitan counties, 1995-97

Health outcome Effect Observed Estimated Attributablejpfant mortality between Attributable infarlt mortality between
estimate number of increment in thereference and the observed mean | thereferencelevel  and a mean level of
deaths per number of 25.0 ug/m* PM o (lower and upper
Relative 100,000 deaths (lower and upper limitsbased on £95% limits based on £95% CI estimates)
Risk per 10 infants per 10 ug/ m* Cl estimates)
llg/m3 PM ,, | {and expected PM 4, and
(£95% reference 100,000 infants
Confidence | at 12.0 ug/m® | (lower and upper
Interval PMyannual | limitsbased on
)} mean '} +95% CI
estimates)
Attributable Attributable Attributable deaths Attributable
deaths per proportion (%) per proportion (%)
100,000 infants 100,000 infants
All cause mortality 1.04 236.8 8.9 14.7 6 10.9 5
(2.02-1.07) {222.1} (4.4-15.5) (7.3-25.6) (3-11) (5.5-19.1) (2-8)
Sudden infant 112 73.0 7.3 11.7 16 9.0 12
death (2.07-1.17) {61.2} (4.3-10.9) (6.8-16.6) (9-23) (5.3-12.8) (7-18)
syndrome” ",
normal birth
weight
Respiratory 1.20 9.3 14 2.3 24 18 19
disease (1.06-1.36) {6.9} (0.4-2.5) (0.7-4.1) (7-44) (0.5-3.2) (6-39)
mortality”"",
normal birth
weight

"From Woodruff and colleagues 1997 [14]
“We estimate cases attributable to PM, only above areference level of 12.0 ug/m3

*kkk

" Equivalent for new U.S. PM, 5 standard; the observed mean level was used if below 25.0 pg/m® PM o

SIDS deaths are defined by the International Classification of Diseases, Revision 9 (ICD9) code 798.0.
""" Respiratory deaths are defined by 1CD9 codes 460-519.
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