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Abstract 

This study aims to assess the evidence on adverse pregnancy outcome associated with living close to polluted 

industrial sites, and identify the strengths and weaknesses of published epidemiological studies. A systematic litera-

ture search has been performed on all epidemiological studies published in developed countries since 1990, on the 

association between residential proximity to industrial sites (hazardous waste sites, industrial facilities and landfill sites) 

and adverse pregnancy outcome (low birth weight, preterm birth, small for gestational age, intrauterine growth retar-

dation, infant mortality, congenital malformation). Based on 41 papers, our review reveals an excess risk of reproduc-

tive morbidity. However, no studies show significant excess risk of mortality including fetal death, neonatal or infant 

mortality and stillbirth. All published studies tend to show an increased risk of congenital abnormalities, yet not all 

are statistically significant. All but two of these studies revealed an excess risk of low birth weight. Results for pre-

term birth, small for gestational age and intrauterine growth retardation show the same pattern. There is suggestive 

evidence from the post-1990 literature that residential proximity to polluted sites (including landfills, hazardous waste 

sites and industrial facilities) might contribute to adverse reproductive outcomes, especially congenital malformations 

and low birth weight—though not mortality. This body of evidence has limitations that impede the formulation of 

firm conclusions, and new, well-focused studies are called for. The review findings suggest that continued strengthen-

ing of rules governing industrial emissions as well as industrial waste management and improved land use planning 

are needed.

Keywords: Systematic review, Residential proximity, Polluted sites, Reproductive outcome, Geographic information 

systems (GIS)
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Background
�ere is growing public and scientific concern regarding 

the adverse reproductive effects of environmental expo-

sures occurring via three main pathways: contact with 

ambient air, soil, and drinking water [1, 2]. Most studies 

published to date have focused on exposure to traffic-

related air pollution [3], and several papers have revealed 

that living near freeways or roadways is associated with 

toxic effects on both fetus and infant [4–6]. Some stud-

ies have examined whether industrial pollution might 

also alter human health among neighborhood residents 

[7]. �ose who live near polluted sites may be exposed to 

chemicals released into the air (including off-site migra-

tion of gases, dust and chemicals bound to dust, espe-

cially during maintenance or transformation operations 

at the site), as well as through surface or groundwater 

contamination, or by direct contact with polluted soil. 

Indeed, these toxicants emanating from polluted sites—

including heavy metals, and volatile and other organic 

compounds—have been reported to affect reproductive 

outcome around Hazardous Waste Sites (HWS), indus-

trial facilities and landfills [2]. Moreover, the reproduc-

tive toxicity of these chemical pollutants has increasingly 

been documented by toxicological, experimental and ani-

mal studies [8]. For instance, some advanced biological 
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mechanisms suggest that heavy metals (cadmium) may 

affect progesterone production by interfering with ster-

oidogenesis, possibly disturbing endocrine function in 

pregnant women [9]. �ese endocrine disruptions con-

stitute a relevant plausible mechanism for an effect on 

adverse reproductive outcome [10].

Assessment of exposure to emanations from polluted 

sites is tricky, mainly due to a lack of data on emissions 

and the cost of acquiring personal exposure data (includ-

ing biomarkers or other personal data, such as behavio-

ral patterns related to exposure). An alternative way of 

overcoming these difficulties lies in the use of indirect 

indicators measuring the proximity of polluted sites, and 

several types of indicators have been used for this pur-

pose [11–13].

During the 1980s and 1990s, because of growing public 

awareness and concern about the potential adverse health 

effects of exposure to chemical contaminants emanating 

from polluted sites, developed countries drew up envi-

ronmental laws and waste management guidance poli-

cies. For instance, in the United States the Comprehensive 

Environmental Response, Compensation, and Liability Act 

(CERCLA—also known as Superfund) [14] was set up in 

order to reduce emissions and protect the environment. 

�is was followed by numerous reforms during the 1990s 

(e.g. the Pollution Prevention Act) [15]. A similar Euro-

pean Union Directive on Integrated Pollution Prevention 

and Control (IPPC) [16] offered waste management guid-

ance—and was transposed into such national legislation 

as the ICPE (Installations Classées pour la Protection de 

l’Environnement) provision in France [17] and Pollution 

Protection and Control in England and Wales [18]. Imple-

mentation of these programs can play an important role 

in facilitating the cleanup and redevelopment of proper-

ties contaminated by hazardous substances. For exam-

ple, CERCLA affords local government—through the 

acquisition of contaminated properties—an opportunity 

to evaluate and assess public safety needs and promote 

redevelopment projects that will protect and improve the 

health, environment, and economic well-being of their 

communities.

Despite improvements in the management of HWS and 

polluted facilities in developed countries since the 1990s, 

there is still a question mark as to whether studies may 

yet reveal excess risks of adverse pregnancy outcome 

around such sites. Moreover, the fast industrial expan-

sion of emerging countries throughout the world raises 

the question of the environmental and public health 

consequences of this development pattern—perhaps its 

impact will resemble that observed in the 1950s to 1970s 

in industrialized nations.

A systematic literature review was conducted in order 

to determine how proximity to environmental hazards 

impacts the health of neighboring populations, in terms 

of adverse pregnancy outcome.

�e principal objective of the present study is to assess 

the current evidence on adverse pregnancy outcome 

associated with living near polluted sites, and to identify 

the strengths and weaknesses of epidemiological studies 

published in developed countries since the 1990s, when 

pollution prevention policies were in effect. An additional 

objective is to provide more information on the associ-

ated health risks with a view to suggesting future direc-

tions for research and providing evidence to enhance risk 

management policies.

Methods
A systematic literature search was conducted using the 

Pubmed platform, giving access to the Medline and Aca-

demic Search Complete databases, among articles pub-

lished up to December 2016.

�e search strategy followed the Preferred Report-

ing Items for Systematic reviews and Meta-Analyses 

(PRISMA) guidelines [19, 20] and was performed with 

the following keywords found in article titles:

(industry or industrial or industries or incinerator (s) 

or polluted site (s) or landfill or hazardous waste (s) 

or waste site (s) or dumpsites) AND (Fetal or neona-

tal or infant mortality or miscarriage or stillbirth (s) or 

infant death or neonatal death or abortion (s) or pre-

term or prematurity or pregnancy or reproductive or 

gestational or newborn or birth (s) or birth weight or 

congenital abnormalities or congenital or congenital 

abnormality or congenital malformation (s) or small for 

gestational age or intrauterine growth retardation or 

birthweight or offspring).

Selection of studies

At the first step, the inclusion criteria were peer-reviewed 

papers written in English and articles published after 

1990 dealing with the impact of polluted sites on repro-

ductive outcomes without restriction on geographical 

location (Fig. 1).

Papers presenting non-original studies (e.g. comments, 

case reports), papers that were published pre-1990 

and papers addressing other subjects were ultimately 

excluded. In all, 77 of the 297 articles published were 

selected.

At the second step, abstracts of the 77 studies were 

screened manually by two independent experts (SD and 

WK, authors of this article); studies were retained if:



Page 3 of 39Kihal-Talantikite et al. Int J Health Geogr  (2017) 16:20 

(i) they described the indicators measuring the prox-

imity of polluted sites;

(ii) the source of pollution was residential (i.e. non-

occupational);

(iii) authors examined a relationship between a human 

reproductive outcome and a polluted site.

Full manuscripts of the remaining 45 articles (of the 297 

initially selected) were thoroughly checked. Because we 

focused our paper on studies using GIS-based processing 

functions for spatial exposure assessment, 9 articles using 

dispersion modeling or interpolation techniques as an 

exposure assessment method were thus excluded.

From:  Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for Systematic Reviews and Meta-
Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097. doi:10.1371/journal.pmed1000097 
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Fig. 1 Flow diagram for inclusion and exclusion of studies. From: Moher et al. [20]
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Ultimately, a total of 35 articles met the inclusion crite-

ria for the systematic literature review.

Bibliographic reference lists of all included studies were 

searched manually. Six additional studies cited by the 

previous references were then included [21–26], resulting 

in a total of 41 papers that fit the inclusion criteria. Each 

is reviewed below.

Extraction data

For each study, the following information was extracted 

and reported in Tables 1 and 2: general Information (first 

author’s name, date of study and country of origin), main 

study characteristics (study design, spatial unit, statistical 

methods, population definition, database, main findings), 

participant characteristics (information on confounders), 

exposure assessment methods and reproductive outcome 

measures (outcomes classification and definition).

�e present paper comprises 5 sections. First section: 

“Bibliographic material” presents an outline of the differ-

ent study designs, followed by the various categories of 

reproductive outcome related to residential proximity to 

polluted sites, and finally the environmental contamina-

tions that were explored. �e findings of this section are 

summarized in Tables  1, 2 and 3. Second section: GIS 

methodology presents an overview of analytical meth-

ods used to assess residential proximity to polluted sites 

using approaches based on GIS and according to type of 

polluted sites. �e findings of this section are summa-

rized in Table 4. �ird section: Current evidence on the 

possible effects of proximity to polluted sites addresses 

the question of whether or not proximity to polluted sites 

can affect reproductive outcome. Fourth section is a dis-

cussion of the general methodological issues relevant to 

epidemiological investigation of the effects of proximity 

to polluted sites on reproductive outcome. Fifth section 

offers conclusions and recommendations for improving 

future research on these issues.

Bibliographic material
Tables 1 and 2 provides the characteristics of all the stud-

ies reviewed, by year of publication, type of study design, 

pregnancy outcome, exposure assessment and major 

findings and conclusions.

Study location

Most studies were conducted in the United States (18) 

[12, 13, 22, 23, 27–40] and the UK (14) [11, 21, 24, 25, 

41–50]. We also found five studies conducted in conti-

nental Europe [1, 26, 51–53], two in Canada [54, 55] and 

two in Asia [56, 57] investigating whether living near a 

polluted site increases the risk of adverse reproductive 

outcome. Contrasted descriptions were revealed in term 

of study location, period of publication, outcomes and 

polluted sites of interest according to the design of the 

study (more details in “Study design” section).

Design and database

With the exception of a single descriptive geographical 

study [25] and eleven ecological studies [11, 21, 24, 27, 

28, 45, 47–49, 53, 57], all papers analysed individual data, 

including ten cohort studies [29, 36, 42–44, 46, 50, 55, 56] 

and 18 case–control studies [1, 12, 13, 22, 23, 30–35, 37–

40, 51, 52, 54]. Most databases were drawn from either 

congenital registers or birth certificates (see Table 3).

Reproductive outcome

�e relation between maternal residence near sources 

of potential environmental hazard and pregnancy out-

come has been investigated for a variety of outcomes. 

�e first category, in number, is congenital malforma-

tions, encompassing studies of all congenital abnormali-

ties combined [1, 11–13, 21–26, 30–39, 41, 45–48, 50, 

52, 55, 57], specific abnormalities such as heart defects 

[1, 11–13, 22, 23, 26, 31, 34–36, 45–47, 52, 55], neu-

ral tube defects (NTD) [1, 11, 12, 35, 39, 45, 47, 52, 

55], central nervous system abnormalities [12, 23, 26, 

36–38, 52, 57], oral defects [11, 12, 23, 35, 37, 41, 45, 

47, 52], chromosomal abnormalities [12, 13, 24, 33, 34, 

37, 46, 49–51, 55, 57] and lethal congenital abnormali-

ties [42–44, 56]. �e second most investigated category 

of outcome encompassed low birth weight (LBW) [21, 

23, 27–30, 45, 47, 48, 50, 53–56], preterm birth (PTB) 

[27, 29, 53–55], small for gestational age (SGA) [53, 54] 

and intrauterine growth retardation (IUGR) [29, 55]. 

�e third outcome category was death, including infant 

death [30, 56], neonatal [36, 42–44, 56] or fetal death 

[30, 36, 40, 56], stillbirth [42–45, 47, 48] and spontane-

ous abortion [21].

Exposure assessment

Sources of pollution

Most frequently, the pollution sources were hazard-

ous waste sites [12, 13, 22, 24, 25, 28, 30–35, 37–40, 55] 

or landfills [1, 11, 21, 26, 27, 41, 42, 45–47, 49–52, 54]. 

Fewer papers have examined residential proximity to 

industries [13, 22, 32, 33, 38, 39, 43, 48, 53, 57], munici-

pal waste incinerators [44, 56], dumpsites [29, 36] or cre-

matoriums [44]. One study encompassed environmental 

risks from across landfills, dumpsites, hazard waste sites 

and industrial sites [23] (see Table 4).

Exposure classi�cation

Most studies have either considered sites generically 

(irrespective of their characteristics or the categories of 

pollutants emitted), or taken into account their specific 

characteristics.
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Land�ll sites

One study considered all landfill sites located within 

the study area [41]. �ree of the papers investigated a 

single landfill site [21, 27, 54]. European studies based 

on the EUROHAZCON method selected sites that 

contained hazardous waste of non-domestic origin, 

as defined in the EC directive on hazardous waste [1, 

50–52]. Palmer et  al. [46], explored landfills that were 

licensed for storage of chemical waste and those that 

subsequently introduced containment and/or gas vent-

ing. In the same year, in Denmark, Klopen et  al. [26] 

focused only on deposit and regular landfills which 

might have contaminated water and/or air, and which 

had been operating for more than 7 years prior to the 

start of their study.

�ree studies [11, 45, 49] used the UK practice of 

co-disposal of special and non-special waste, and clas-

sified the waste by type that was handled and whether 

sites were licensed to store special hazardous waste 

(special/non-special, unknown). Special landfill sites 

are designed for co-disposal of hazardous, biodegrad-

able and inert waste, whereas non-special landfill sites 

are designed for biodegradable and inert waste only 

(non-hazardous). On the basis of this classification, in 

2003 Morris et  al. studied the reproductive impact of 

residential proximity to special waste only [47]. Other 

studies used a more specific classification. Based on site 

files and Environment Agency classifications, Dummer 

et  al. [42], assigned a code to each site that described 

the waste types treated, in order to rank them from low-

est to highest potential toxicity: Type 1: inert, Type 2: 

nonhazardous, Type 3: household/putrescible, Type 4: 

difficult-to-handle [42]. Vrijheid et al. [1] used an expert 

panel scoring guide to obtain the hazard potential of a 

landfill site.

Hazardous waste sites (HWS)

Most studies relating to HWS have considered all catego-

ries of sites—with the exception of three, which explored: 

the reproductive impact of proximity to specific waste 

sites such as waste sites contaminated by polychlorinated 

biphenyl (PCB) [28] or those emitting TCE (trichloroeth-

ylene) [22]; one area polluted by chromium [25] and the 

Byker waste combustion plant [24].

Several studies exploring HWS employed the dedicated 

US-Environmental Protection Agency classification. 

Using the National Priority List (NPL) sites, including: 

inactive pesticide and chemical manufacturing plants, 

wood treatment and preserving facilities, drum storage 

facilities, mines, contaminated groundwater areas, sani-

tary landfills, and military bases), the authors studied any 

polluted site versus NPL-sites, non NPL-sites [13, 32, 

33, 39] or all HWS versus HWS placed on a Superfund 

list (deemed higher-risk) [31]. Moreover, based on data 

characterizing the release of hazardous substances, the 

authors classified each hazardous waste site (both NPL 

and state Superfund sites) according to the environ-

mental media contaminated and the specific chemical 

contaminants present—whether soil, surface water or 

air—were reported to be contaminated with heavy met-

als, PAHs or solvents [13, 32, 33, 35, 38, 39]. Also based 

on this US classification, Two other studies investigated 

residential proximity to NPL-sites [12, 30] and catego-

rized NPL sites by those hazardous substances most pre-

sent [12].

Another HWS classification was used by Mueller 

et al. [40] and Kuehn et al. [34] based on the hazardous 

potency of each site. Using the Washington Ranking 

Model (WARM), each site was rated on a scale ranging 

from of 1 (‘high-priority’ waste site) to 5 (‘low-priority’ 

waste site). Mueller et al. [40] also classified according to 

type of hazardous substance (solvents, metals, pesticides, 

radioactive substances) and contaminated media (water, 

drinking water, soil and sediment, air).

Industrial sites

Studies concerning industrial sites considered either 

any, or specific, industrial sites. Only two papers inves-

tigated a specific petrochemical industry [48], TCE 

emitting industry [22], or regional industrial park com-

pound of 17 facilities [57]. Five US studies explored 

the health effects of all facilities taken together regard-

less of characteristics, or facilities classified according 

to their air releases, using information from the EPA 

Toxic Release Inventory. More precisely, the authors 

classified each industry by sector (petroleum refinery, 

primary metals or chemical industry) and by whether 

heavy metals or solvents were released [13, 32, 33, 38, 

39]. Conversely, given that no specific data on emis-

sions from hazardous industrial facilities is available 

in England, Dummer et  al. [43] included all industrial 

sites that handled hazardous materials and chemicals, 

defined according to the Environment Agency register 

[43]. Lastly, in a recent European study, Castelló et  al. 

[53]. investigated several types of industries—both as a 

whole and separately [53].

Incinerators

For this source, although the British study explored prox-

imity to all incinerators [44], the Japanese one investi-

gated only those incinerators having dioxin emission 

levels of above 80 ng TEQ/m3 [56].

Confounding

Most studies adjusted for parental characteristics (e.g. 

maternal age, education, and marital status), birth 



Page 23 of 39Kihal-Talantikite et al. Int J Health Geogr  (2017) 16:20 

Table 4 Summary of  GIS-based (geographic information system) approaches used to  assessed residential proximity 

to polluted site

Approach Polluted sites Study design Exposure threshold Study location Auteurs, year

Distance-decay modeling TRI Case–control 0.5 mile Texas Suarez et al. 2007 [39]

1.6 km (1 mile) Texas Langlois et al. 2009 [13]

Texas Brender et al. 2008 [33]

Texas Brender et al. 2006 [32]

Texas Suarez et al. 2007 [39]

3.5 km (or 2 miles) Texas Suarez et al. 2007 [39]

4.8 km (3 miles) Texas Suarez et al. 2007 [39]

Cohort Continuous measure England Dummer et al. 2003b [43]

Ecological 3.5 km (or 2 miles) Spain Castello et al. 2013 [53]

Waste site Case–control 1.6 km (1 mile) California Croen et al. 1997 [35]

California and New York Sosniak et al. 1994 [30]

Texas Suarez et al. 2007 [39]

Texas Malik et al. 2004 [31]

Texas Brender et al. 2008 [33]

Texas Brender et al. 2006 [32]

Texas Langlois et al. 2009 [13]

8 km (5 miles) Washington state Mueller et al. 2007 [40]

Washington state Kuehn et al. 2007 [34]

Pondered distance New York Geschwind et al. 1992 [37]

Landfill Case–control Continuous measure 5 pays européens Vriljheld et al. 2002a [51]

2 km Wales Palmer et al. 2005 [46]

Cohort Continuous measure England Dummer et al. 2003c [42]

Incinerator Cohort Continuous measure England Dummer et al. 2003a [44]

Crematoriums Cohort Continuous measure England Dummer et al. 2003 [44]

Buffer-based approach Waste site Case–control 1.6 km (1 mile, 1.32) New York State Marshall et al. 1997 [38]

Milwaukee, Wisconsin Yauck et al. 2004 [22]

Ecological 3 km New Castle upon Tyne Cresswell et al. 2003 [24]

A10 km subdivided into one 
circle of 2 km and1 km

Glasgow and nearby areas Eizaguirre-García et al. 2000 
[25]

Landfill Ecological 2 km Great-britain Elliott et al. 2001 [45]

Scotland Morris et al. 2003 [47]

England and Wales Jarup et al. 2007 [49]

Denmark Kloppenborg et al. 2005 [26]

Exposure index-2 km Great-britain Elliott et al. 2009 [11]

3 km South Wales Fielder et al. 2000 [21]

Case–control 3 km 5 pays européens Vriljheld et al. 2002a [51]

5 pays européens Vriljheld et al. 2002b [1]

Europe Dolk et al. 1998 [52]

2–3 versus 4–5 km Dublin, kildene, Wicklow Boyle et al. 2004 [41]

Cohort 3 km England Morgan et al. 2004 [50]

Industry Ecological 20 km Beer-Sheva subdistrict Bentov et al. 2006 [57]

Incinerator Cohort 2 km Japan Tango et al. 2004 [56]

Neighbor-based approach Landfill Ecological NR Philadelphia Berry et al. 1997 [27]

Case–control NR Montreal Goldberg et al. 1995 [54]

Industry Ecological NR United Kingdom Bhopal et al. 1999 [48]
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characteristics (e.g. parity, number of previous still-

births, gender of baby, gravidity, prior fetal death, etc.) 

and unhealthy practices (maternal smoking and alco-

hol consumption during pregnancy). Because of the 

lack of available information on dietary factors (such 

as folic acid supplementation, folic acid and vitamin 

intake during pregnancy), few studies have adjusted 

risk estimates for these variables. Some authors did 

take account of other confounders; a few studies 

adjusted for other exposure sources, such as paren-

tal occupation with relevant exposures (e.g. exposure 

to solvents or metals), or neighborhood characteris-

tics (census tract median income, population density, 

urban versus rural residence, neighborhood socio-eco-

nomic status).

Methodology for spatial de�nition of residential 
proximity to polluted sites
�e choice of GIS approach differs between studies 

according to the type of polluted sites (HWS, land-

fill, or industrial site) and the study design which was 

conducted.

GIS-based approach

We identified four main GIS-based approaches used 

to delineate population at risk close to polluted sites: 

(i) the approach based on distance-decay modeling, (ii) 

the buffer-based approach, (iii) the spatial coincidence 

method and (vi) the neighbor-based approach (see 

Table 4).

Potential exposure of a population living close to hazardous 

industrial facilities

�e main method used to estimate the potential expo-

sure of a population living close to hazardous industrial 

facilities was based on distance-decay modeling method 

[13, 32, 33, 39, 43, 53] with the exception of one study 

based that used buffer method [57] and another neighb-

horhood-based approach [48].

�e authors used GIS tools to measure the straight-

line distance between the location of the study popula-

tion and the nearest polluted site. Depending on data 

availability, the location of the population was based 

either on individual data (mother’s residence [13, 32, 

33, 39]) or on data aggregated across geographic units 

such as postcodes [53]. Some studies have extended this 

general concept to compute individual proximity meas-

ures. For example, Dummer et  al. [43] conducted an 

individual study whereby for each birth, an individual 

proximity measure, λ, was calculated using the follow-

ing formula,

where D is the distance from polluted site to mother’s 

residence. �e measure was summed over all sites in 

operation, covering the study territory at birthdate.

More recently, Castelo et  al. [53]. estimated maternal 

exposure to industrial pollution by taking into account 

the distance from the administrative center of the resi-

dential municipality to the pollution source, using a 

purpose-designed distance matrix between all industrial 

installations and all municipalities.

Moreover, to investigate proximity to industrial site, 

Bentov et al. constructed a buffer to delineate the zone at 

risk for each industrial sites [57], while Bhopal et al. [48], 

aggregated several neighborhoods into 3 zones (A, B, and 

C—with A being closest to industry and C most distant). 

�ey did not, however, explain their criteria used to define 

each zone.

Potential exposure of a population living close to land�ll sites

�e main method used to estimate the potential expo-

sure of a population living close to landfill sites was based 

on buffer method [1, 11, 21, 27, 41, 45, 47, 49–52] with 

the exception of three studies based on Distance-Decay 

Modeling Method [42, 46, 51] and two others based on 

neighborhood-based approach [27, 54].

� =
1

(D + 0.1)2

TRI Toxic Release Inventory facilities

Table 4 continued

Approach Polluted sites Study design Exposure threshold Study location Auteurs, year

Spatial coincidence Waste site Ecological Zip-code New York State Baibergenova et al. 2003 [28]

Case–control Census tracts California Orr et al. 2002 [12]

California Croen et al. 1997 [35]

San Francisco Bay Area Shaw et al. 1992 [23]

Cohort City Sydney, Nova Scotia Dodds et al. 2001 [55]

Dumpsites Cohort Villages Alaska Gilbreath et al. 2005a, b 
[29, 36]
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For instance, to investigate proximity to a landfill site, 

a circle of predefined radius is drawn around the pol-

luted site. Some studies have extended this simple con-

cept to calculate a landfill exposure index. Elliot et  al. 

[11] addressed the issue of multiple exposures, exploring 

variation in risk of congenital abnormalities among areas 

hosting differing geographic landfill site densities by cal-

culating an index based on the number of hazard zones 

(using a 2 km radius circle around each landfill site) over-

lapping each postcode. �e resulting number was then 

related to birth data, and aggregated over a 5 × 5 km grid 

[11].

In some European studies based on the EUROHAZ-

CON approach, and in one US study, an area of 7  km 

radius around each landfill defined a ‘study area’. Each 

study area contained a ‘proximate’ zone of 3  km radius 

from the site, within which the population was consid-

ered to be most exposed to chemical contaminants. �is 

was compared to the ‘unexposed’ population within ‘dis-

tal’ zones of 3–7 km [1, 47, 50–52].

In 1995, Goldberg et al. [54] defined a set of three puta-

tive exposure zones representing proximal and distal 

areas to a municipal solid waste landfill site. �ese zones 

were formed by grouping contiguous or near-contiguous 

postal code areas. �e high exposure zone consisted of 

the postal code area in which the waste landfill site was 

located, or which bordered it. In another US study con-

ducted in 1999, Berry et al. defined exposed mothers as 

those living closest to the Lipari landfill in the only neigh-

borhood next to the landfill [27].

Potential exposure of a population living close to hazard 

waste site

�e main method used to estimate the potential expo-

sure of a population living close to hazardous HWS was 

based on Distance-Decay Modeling Method [13, 30–35, 

37, 39, 40] followed by five others studies based on buffer 

method [22, 24–26, 38] and five others based on spatial 

coincidence method [12, 23, 28, 35, 55].

To measure the proximity to HWS using the straight-

line distance, the location of the population was based 

either on individual data (mother’s residence [13, 31–35, 

37, 39, 40]) or on data aggregated across geographic units 

such as zip code centroids or postcodes [30].

In 1992, Geschwind et al. created an individual ‘expo-

sure risk index’ incorporating distance from, and the haz-

ard raking score, for each site within a 1-mile radius of 

birth residence [37]. �us, the higher the waste site score 

and the closer an individual’s proximity to a site, the 

greater the weighting factor assigned.

Some authors entails constructing a buffer to deline-

ate the zone and population at risk for each HWS (see 

above in “Potential exposure of a population living close 

to hazardous industrial facilities” section) to compare to 

the ‘exposed’ population in ‘proximate’ zone with ‘unex-

posed’ in ‘distal’ zones [22, 24, 25, 38].

While, Croen et al. [35] defined a measure of proximity 

as one indicating whether the census tract of residence 

contained a waste site. Baibergenova et  al. [28] defined 

exposed groups as those residing in a zip code hosting 

PCB-contaminated sites, and unexposed groups as resid-

ing in zip codes not hosting PCB-contaminated sites. Orr 

et al. [12] considered that where a census tract contained 

one or more NPL sites, the children born in that census 

tract were considered to be ‘potentially exposed’. �ese 

studies used a variety of spatial units with different reso-

lution scale (zip code, census block) [12, 28, 35].

Potential exposure of a population living close to speci�c 

hazard waste site

Among studies focusing on excess risk of pregnancy out-

come associated with living near specific HWS, differ-

ent method used to estimate the potential exposure of a 

population living close to specific HWS (including incin-

erator [44, 56], dumpsite [29, 36] and crematoriums [44]) 

was based on Distance-Decay Modeling Method [44], 

buffer method [56] and spatial coincidence [29, 36].

Some studies have extended a general concept to exam-

ine the relationship between reproductive outcome and 

nuisance intensity, measured by the amount of chemi-

cal released or by the toxic potency of the chemicals. For 

example, several authors [29, 36] investigated whether 

women living in villages having ‘highly hazardous’ open 

dumpsites had greater rates of adverse pregnancy out-

come than women living in villages with sites having a 

lower hazard ranking.

GIS-based approach according the study design

Except one ecological study [53], all studies which used 

distance-decay modeling method to estimate the poten-

tial exposure of a population living close to polluted site 

were individual studies including mainly case–control 

[13, 30–35, 37, 39, 40, 51] and also four cohort studies 

[42–44, 46].

Most ecological studies including one descriptive geo-

graphic study [11, 21, 24–26, 45, 47, 49, 57] and several 

case–control studies [1, 22, 38, 41, 51, 52] used buffer 

method to investigate the excess risk of pregnancy out-

come associated with living near polluted sites, while 

only three cohort studies [50, 56] used this method to 

estimate the potential exposure of a population living 

close to polluted sites.

Similarly, while no cohort study used neighborhood 

based approach, two ecological [27, 48] and one case–con-

trol study [54] used this approach to estimate the potential 

exposure of a population living close to polluted sites.
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In contrast, among few studies which used spatial 

coincidence method, the most studies were individual 

including three cohort studies [29, 36, 55] and three 

case–control studies [12, 23, 35], and only one ecologi-

cal study [28] used this approach to estimate the poten-

tial exposure of a population living close to polluted 

sites.

Exposure threshold

�e definition of residential exposure zone differs 

between studies according to the type of polluted sites 

(HWS, landfill, or industrial site) and the country in 

which the study was conducted.

In most US studies, exposed women were located 

within either 1 mile of waste sites [13, 22, 23, 30–33, 35, 

Overall  (I-squared = 59.1%, p = 0.012)
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Fig. 2 Risk of adverse pregnancy outcome around industrial site. (LBW low birth weight, PTB preterm birth, SGA small for gestational age). *Stillbirth; 

**neonatal mortality. ***OR comparing odds at a distance of 0.5 km with that at a distance of 10 km
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39] or 5 miles [34, 40], though distances of 3  km [24] 

or 2  km [25] from waste sites or specific HWS were 

also found. In a few European studies and one other 

US study, exposed women were those who lived within 

either 3 miles [38, 53] or 1 mile of industrial sites [13, 

32, 33, 39]. Most analyses based on buffer methods 
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defined areas of 1 km [27], 2 km [11, 26, 45, 47, 49] or 

3 km [1, 21, 51, 52] radius around each landfill site as 

being ‘zone-proximate’ and thus classified as ‘exposed’.

Overview of current evidence concerning possible 
e�ects on pregnancy outcome of proximity 
to polluted sites
In this section, the results of studies are structured by 

type of polluted site, namely (i) industrial site (ii) HWS, 

(iii) Landfill site and (vi) incinerator/dumpsite.

Risk of adverse pregnancy outcome around industrial site: 

(Fig. 2)

Among studies focusing on excess risk of pregnancy out-

come associated with living near industrial facilities, results 

show that the risk of PTB or very PTB [53] stillbirth [43, 

48] and neonatal death [43] were not found to be associated 

with living in close proximity to specific industries [43, 48]. 

However, other studies show an increase in the prevalence 

of LBW and MLBW, as well as risk of SGA, with residential 

proximity to industrial facilities from different sectors of 

Overall  (I-squared = 85.3%, p = 0.000)
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Fig. 4 Risk of adverse pregnancy outcome around HWS. (IUGR intrauterine growth retardation, PTB preterm birth). *Fetal mortality; **infant death
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activity (RR = 1.03; 1.01–1.05 [53]; OR = 1.13 (0.99–1.30) 

[48]; RR = 1.03; 1.01–1.05 [53] respectively).

In addition, with the exception of two studies which 

reported no association between proximity to industrial 

sites and all congenital anomalies combined [43, 48], our 

review reveals that women living close to industrial sites 

have an increased risk of giving birth to children with:

  • overall congenital malformations (RR =  1.17; 1.04–

1.29-among Bedouin populations—[57]),

  • chromosomal abnormalities (OR = 4.8; 1.2–42.8 only 

among women aged 40+ [33]),

  • specific congenital malformations including neural 

tube defects (OR =  1.2; 1.0, 1.5 [39]) and Congeni-

tal Heart defects (CHD) (OR = 3.2; 1.2–8.7 [22] with 

proximity to trichloroethylene-emitting sites,

  • increased risk of death from congenital heart defects 

(OR = 1.06; 1.02–1.10 in 1983–1993 [43].

Risk of adverse pregnancy outcome around land�ll sites: 

(Fig. 3)

Among studies focusing on the relationship between 

pregnancy outcome risk and residence near landfill, 

the results reveal that the risk of mortality including: 

Overall  (I-squared = 19.8%, p = 0.227)
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stillbirth [42, 45, 47], spontaneous abortion [21], neonatal 

death [42] and SGA [54] was not found to be associated 

with living in close proximity to landfill [45, 54] or spe-

cific landfill [21, 42, 45, 47].

However, an increase in the prevalence of very LBW 

[45], LBW and risk of PTB with residential proximity to 

landfills (RR = 1.04; 1.03–1.05) [45]; RR = 1.05; 1.05–1.06 

[45]; OR = 5.1; 2.1–12.3 [27]; OR = 1.20; 1.20–1.39 [54]; 

OR = 2.10; 1.01–4.36) [27] respectively) were revealed by 

three studies—even though three other studies indicate 

that no statistically significant excess risks of LBW and 

PTB or very PTB [54] were detected in populations living 

near landfill [21, 47, 50, 54].

In addition, an increased risk of congenital abnormali-

ties was found in the children of mothers living near:

  • waste landfill (RR = 1.01; 1.01–1.02 [45]; OR = 1.33; 

1.11–1.59 [1]; RR = 1.9; 1.3–2.85; before versus after 

opening RR = 1.9; 1.23–2.95 [21] and RR = 3.6; 2.3–

5.7 when site being developed and first used [21],

  • special waste landfill (RR  =  1.07; 1.04–1.09) [45]; 

OR = 1.08; 1.02–1.13 [11]),

  • landfill with chemical waste (OR  =  1.21; 1.04–

1.40) [46] or waste of medium hazardous category 

(OR = 1.48; 1.19–1.85) [1], non domestic hazardous 

waste (OR = 1.33; 1.11–1.59) [52].

  • non-domestic waste landfill (OR  =  1.41; 1.00–1.99 

for chromosomal abnormalities [51],

Moreover, studies reveal that women living close to a 

landfill site had:

  • an increased risk of giving birth to children with 

specific congenital malformations including neural 

tube defects (OR = 1.86; 1.24–2.79 [52]; RR = 1.05; 

1.01–1.10 [45]), cardiovascular defects OR  =  1.16; 

1.01–1.33 [11]); anomalies of great arteries and 

veins OR  =  1.81; 1.02–3.20 [52] or cardiac septa 

OR = 1.49; 1.09–2.04) [52],

  • increased risk of death from ‘other congenital abnor-

malities of the nervous system’ closer to domestic 

waste landfill sites (continuous OR = 1.14; 1.03–1.25 

for increasing proximity to landfill sites [42]).

However, three studies reported that no statistically 

significant excess risks of congenital abnormalities were 

detected in populations living around landfill sites [26, 

41, 47].

Risk of adverse pregnancy outcome around hazard waste 

sites: (Fig. 4)

Among studies focusing on relation between maternal 

residential proximity to HWS and adverse pregnancy 

outcome, results show that the risk of PTB was signifi-

cantly elevated among infants born to women living near 

HWS (RR = 1.13; 1.04–1.22) [55], but the risks of infant 

death [30], fetal death [40] and risks of low [30], very low 

birth weight [30] and IURG [55] were not found to be 

associated with living in close proximity to HWS [30, 40, 

55] or NPL HWS [30].

Among studies focusing on specific sites, studies 

showed an excess risk of LBW with proximity to PCB-

contaminated waste sites (OR = 1.04; 1.02–1.07) [28] and 

higher risk of fetal death among women residing close to 

pesticide-containing sites (OR = 1.28; 1.13–1.46) [40].

In addition, authors found a significant increase in the 

risk of congenital malformations among women living 

close to HWS (OR  =  1.12; 1.06–1.18 [37]; OR  =  1.15; 

1.10–1.21 [34]; RR  =  1.25; 1.04–1.51 [55]), with the 

exception of one; Sosniak et al. found that maternal res-

idential proximity to NPL sites was not associated with 

adverse pregnancy outcome including: congenital abnor-

malities [30].

Moreover, authors revealed that an increased risk of 

congenital malformations was found only with proximity 

to specific waste sites including:

  • waste sites emitting substances with specific bio-

logical effects (cytochrome oxidase inhibitors) 

(OR = 1.3; 1.02–1.67) [12],

  • chromium waste (RR = 1.52; 1.24–1.85) [25],

  • waste sites classified as ‘high priority’ (OR  =  1.16; 

1.11–1.20) [34].

Moreover, women living close to HWS had an 

increased risk of giving birth to children with specific 

congenital malformations including neural tube defects 

(RR  =  1.83; 1.08–3.09 [55]), and cardiovascular defects 

(OR = 1.20; 1.1–1.4 [31]; OR = 4.99; 1.26, 14.51 [13]).

Risk of adverse pregnancy outcome around speci�c waste 

sites: (Fig. 5)

Among the studies focusing on the relationship between 

maternal residential proximity to specific waste sites and 

adverse pregnancy outcome, results reveal that risks of 

mortality including: stillbirth [44], neonatal death [44, 

56] and infant death [56], and risk of LBW [56], were 

not found to be associated with living in close proxim-

ity to polluted incinerators [44] and specific incinerators 

[56] and crematoriums [44]). However, Dummer et  al. 

[44] described a higher risk of stillbirth among residents 

(OR = 1.04; 1.0.1–1.07).

Dummer et al. also found a significant increase in the risk 

of lethal congenital malformations (OR = 1.10; 1.03–1.19) 

[44], lethal specific congenital abnormalities including 

neural tube defects (OR = 1.13; 1.04–1.23) [44] and heart 
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defects (OR =  1.12; 1.03–1.22) [44] among women living 

close to incinerators but not around crematoriums [44].

Whereas in 2006 Gilbreath et  al. revealed increased 

risk of IUGR and prevalence of LBW around the dump-

site (OR  =  3.98; 1.93–8.21; OR  =  2.06; 1.28–3.32) [29] 

respectively), these same authors have shown that risk of 

PTB [29] or very PTB [29], risk of neonatal death [36], 

fetal death [36] and congenital anomalies [36] were not 

found to be associated with living in close proximity to 

dumpsites [29] or specific dumpsites [36].

Discussion
Main �ndings

Based on cohort and case–control studies, our system-

atic review has shown the strength of the association 

between adverse pregnancy outcome and maternal resi-

dential proximity to polluted sites to be highly variable. 

Increased risks for non-chromosomal abnormalities, 

chromosomal abnormalities, low birth weight and small 

for gestational age were noted in several U.S. and Euro-

pean studies among populations living close to hazardous 

waste sites—yet measures of association were not signifi-

cant for other types of birth defects.

Our review mainly reveals an excess risk of reproductive 

morbidity—though not of mortality. Despite several non-

significant associations, Fig.  2 shows that all published 

studies are on the side of an increased risk of congenital 

abnormalities. In addition, Fig.  2 shows that all but four 

studies exhibited an excess risk of low birth weight. Results 

for preterm birth [27, 29, 53–55], SGA [53, 54] and IUGR 

[29, 55] convey the same pattern (see Figs. 2, 3, 4, 5).

Our literature review highlights the fact that the dif-

fering findings of studies may, in part, be due to how 

‘proximity of residence’ is assessed. For example, in a 

study involving five European countries and 23 hazard-

ous waste landfill sites, women who lived within 3  km 

(1.9 miles) of such a site were 1.5 times (95% CI 1.0–2.2) 

more at risk of chromosomal abnormalities than women 

living in the 3–7  km band [51]. On the other hand, in 

2008 [33], Brender et al. found no association between 

living near hazardous waste sites and chromosomal 

abnormalities (OR = 0.90; 0.70–1.2). In a study among 

California residents of maternal residence near NPL 

waste sites and birth defects, women who lived in a cen-

sus tract having one or more NPL sites were more likely 

to have births with congenital abnormalities (Patau syn-

drome or Edward’s syndrome or other sex chromosome 

abnormalities OR  =  2.65; 1.37–5.13; OR  =  2.7; 1.53–

4.61; OR = 3.1; 1.01–9.62, respectively) [12].

�ese contrasted results could be partially explained 

by methodological limitations inherent to (i) expo-

sure assessment, (ii) the GIS methods, which could also 

affect the strength of association. In addition, several 

inaccuracies and biases, inherent to different analysis 

methods, may bias cross-study comparisons and con-

clusions drawn from them. �ese limitations will be dis-

cussed below in the second part.

Exposure assessment

�e main limitation of the studies reviewed in the pre-

sent paper lies in exposure assessment, which comprises 

(i) categorization of exposure sources and (ii) factors influ-

encing the potential exposure to polluted sites.

Categorization of exposure sources

We sum up the four main methodological limitations 

regarding the categorization of exposure sources that 

may yield exposure misclassification.

Firstly, in some cases (such as practice of co-disposal 

in the UK) the two categories of special and non-special 

waste may not necessarily correspond to higher levels 

of hazard in the former, as has been hypothesized by 

some authors. �e special waste sites may handle smaller 

volumes of hazardous waste and be subject to stricter 

management and design standards than other non-spe-

cialized waste sites, at which hazardous wastes may have 

been disposed of unreported.

Secondly, most US studies have included sites with 

‘unknown waste’ in the analysis. �e large number of 

such sites provides potential for uncertainty as to their 

degree of hazardousness. In practice, sites were likely to 

be of unknown type for three main reasons: (i) because 

they were legally not subject to regulation due to the 

nature of their operation (e.g., small dump sites in farms, 

taking agricultural waste from the holding), (ii) because 

they were not active during the study period, or (iii) 

because they were informal sites not identified by the 

competent authorities. �irdly, with the exception of 

studies of special waste sites, most studies were based on 

polluted sites falling into more than one hazardous sub-

stances category—and in addition, some census tracts 

contained more than one site. In such instances, the asso-

ciation cannot be ascribed to a particular category of pol-

lution or site [12].

Lastly, in  situations where pollution remediation (or 

at least containment) may be in process, it is likely that 

exposures of neighboring residences have been reduced. 

�is might explain those cases where no association was 

found between maternal residence and chromosomal 

abnormalities in offspring [32, 33].

Factors in�uencing potential exposure to polluted sites: 

consideration of dispersion factors

Residential exposure to site contaminants and industrial 

emissions also varies according to climatic and topo-

graphic characteristics such as prevailing wind speed, 
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direction and temperature. Within the constraints of the 

available data—including lack of geological, meteorologi-

cal, or water supply information—these conditions were 

rarely accommodated except for few studies [27, 54, 57]. 

Whatever the measure used by studies to estimate the 

potential exposure of a population living close to polluted 

sites including both buffer-based and distance-based 

approaches, the author not consider dispersion factors—

the reduction of personal exposure to a simple distance 

function is restrictive. Most other studies ignored this 

point; they considered emissions from a facility to be 

uniformly dispersed in all directions, and environmental 

exposure to be equally distributed around the polluted 

sites. Yet a resident who lives one mile upwind of a haz-

ardous facility is unlikely to experience the same level of 

exposure as someone living one mile downwind. Accord-

ing to the study by Brender et  al. [33], this point may 

particularly impact women living close to two or more 

facilities.

GIS-based methodology

Since use of GIS tools is now widespread, comput-

ing proximity-based indicators is fast, easy and appli-

cable to large data sets. Basic GIS functions, such as 

point-in polygon, intersect, or buffering distance are 

used. Moreover, to assess polluted site exposure, GIS-

based approaches seem pertinent to explore “geophysi-

cal plausibility”—a new term coined and described by 

Nuckols et  al. [58]. To use in the application of envi-

ronmental science to exposure assessment for epide-

miology, they suggest this axiom which would dictate 

that: “an association between a contaminant source and 

exposure to an organism or ecologic community can-

not exist unless there is a plausible geophysical route of 

transport for the contaminant between the source and 

the receptor” [58].

However, these proximity indicators may bias assess-

ment of residential exposure due to GIS-approach proce-

dures used to define proximity to polluted sites. Studies 

using spatial coincidence methods are limited by their 

inability to consider the exact geographic location of the 

hazard within the host spatial unit and determine the 

geographic extent of exposure. In order to address the 

limitations of the spatial coincidence approach, most 

studies have analyzed residential proximity either on 

the basis of distance, or using the buffer method. Buffer 

methods and distance based-approach analysis pro-

vide more accurate and realistic estimates of exposure 

than spatial coincidence methods because they do not 

assume that adverse effects are restricted to the bounda-

ries of the pre-defined analytical units hosting the hazard 

source. However, there are specific limitations associated 

with its application, with various sources of both error 

and uncertainty, i.e. (i) physical geography of the facil-

ity; (ii) definition of residential proximity: “Geophysical 

Plausibility”.

Physical geography of the facility

Most studies have assumed that the facility or contami-

nation site was small enough to be treated as a point 

source; few have considered their shape and size in decid-

ing which type of buffer was appropriate [32, 33, 35]. Yet 

landfill sites vary greatly in terms of surface area, from 

50  m2 to 70 million  m2 (average 64,600 m2 in the study 

base) [49], and areas and locations do change over time 

as sites evolve. �e use of a point location to define sites 

yields uncertainties. Some hazardous sites should be pol-

ygon-delineated, with the buffer should be constructed 

around this shape [59].

Moreover, the properties and quantities of hazardous 

substances stored or released at each facility have rarely 

been incorporated to the determination of buffer radii to 

reflect the spatial extent of environmental exposure. Nor 

are the operational parameters of emission releases (e.g. 

release height, exit velocity, exit temperature) considered 

in determining buffer size.

De�nition of residential proximity: “geophysical plausibility”

Misclassification of exposure may also arise out of the 

variety of radii or distances used (1, 2 or 3 km) to define 

proximity to polluted sites. Our review highlights the 

fact that radii of the circular buffers and distances defin-

ing maternal exposure have been chosen arbitrarily. Few 

authors have justified their choices [1, 11, 13, 45, 47, 49, 

51, 52]. �e conclusion from a WHO report [60] had 

guided several authors who stated in their paper that 

exposure from landfill sites is likely to be limited beyond 

1 km from the site by the air pathway, and 2 km by the 

water pathway [11, 45, 49]. Other authors based their 

choice on expert judgment, positing that exposure to 

chemical contaminants would occur within a 3 km radius 

of landfill sites [1, 51, 52]. In order to be consistent with 

most American studies of waste sites or industrial facili-

ties in relation to birth defects, several authors chose to 

use the same radius [13, 47].

Irrespective of buffer size, there is some intrinsic 

inaccuracy in drawing such exposure areas [42]. In the 

absence of finer resolution information, and because of 

the complex nature of sites such as landfills, use of dis-

tance bands smaller than 2 km or a continuous meas-

ure to examine proxy dose–response relationships 

would have been beyond the resolution of the data 

[45, 49]. While arguing that it is not possible to detect 

directional patterns using concentric circles, Palmer 

et  al. [46] supported the idea that the use of 2  km 

radii, as chosen by Elliott et al. [11, 45] was pragmatic, 
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maximizing the power of comparisons while remain-

ing within plausible estimates of the range of chemi-

cals dispersed from a site. No sound evidence has yet 

been published to assess human exposure with dis-

tance from landfills in the United Kingdom, but expert 

opinion suggests that small particles from landfills 

may be detectable up to 3  km away [60]. Alternatives 

to using concentric circles could be explored, given 

that the distribution of increased risk is not uniform 

with distance [61].

However, as explained by Elliott et  al., distance from 

the nearest landfill site may not be regarded as a mean-

ingful proxy for exposure where postcodes have been 

used to define the location of birth outcomes and where 

point locations had to be used for estimation of polluted 

sites, particularly in rural areas [11, 45].

Assessment of the relation between spatial proximity 

to polluted site and reproductive outcome

Interpretation of our findings must consider weaknesses 

that could affect the strength of the associations, yield 

limitations in comparisons or impede the formulation 

of accurate conclusions. �ese weaknesses, discussed 

below, are inherent to (i) outcome data, including the def-

inition and the selection of the case, (ii) study design, and 

(iii) assessment of the risk of pregnancy outcome around 

polluted sites. In addition, beyond these factors, the sys-

tematic review we conducted also faced some methodo-

logical limitations.

Outcome data-case selection

�ere are several ways in which outcome data can be a 

source of bias. Firstly, findings may be distorted by selec-

tion bias. Examples given by some authors are exclu-

sion of pregnancies terminated prior to 20  weeks of 

gestational age [12, 13, 39] and pregnancy terminations 

without vital records [33]. �is tends to bias association 

estimates towards low values and might even—at the 

extreme—reverse the direction of the true association 

because those women less likely to terminate pregnancies 

in conjunction with less frequent usage of prenatal diag-

nosis, lack of access to safe delivery facilities (e.g., poor 

women), or cultural practices (e.g., Hispanic women) 

may also be more likely to live closer to industries and 

waste sites [13, 33, 39].

Similarly, the population source between studies dif-

fers, having a potential impact on association measures. 

Whereas some authors collected their data from popu-

lation-based studies encompassing all live births, fetal 

deaths and other pregnancy terminations, others had 

information only on live births—thus restricting ascer-

tainment of birth defects [34, 37, 38].

One source of such limitation lies in the databases. 

Using linked birth-hospital discharge data may reduce 

the likelihood of missing malformations, because it 

includes malformations identified throughout birth hos-

pitalization, rather than only at birth. Malformations 

resulting in early fetal death or elected termination, if not 

included, may yield the same effect, so that risk estimates 

of CNS and chromosomal malformations, in particular, 

may be inaccurate.

Outcome definition is another source of uncertainty. 

Unlike low birth weight (weight <2500  g) and preterm 

birth (<37  week), the definition of congenital malforma-

tion was heterogeneous across studies, rending com-

parisons difficult. Some studies have excluded non-lethal 

congenital abnormalities [42–44], whereas some included 

only live births with congenital malformations [22, 26, 31, 

34, 37, 38, 41, 46] and others included both live birth and 

fetal death with birth defect [12, 24, 32, 33, 39, 57]. Broad 

groupings of malformations into all congenital abnor-

malities combined may also have hampered the ability to 

examine associations for specific malformation types by 

diluting relevant cases [34]. �e loss of precision inherent 

to such a general classification scheme (e.g. malformations 

placed within the same classification grouping) reduces 

the likelihood of detecting an association between malfor-

mations and the study exposures [37].

Study design

�e ecological studies are all published from the 2000s 

as the cohort studies. While, in this work, a majority of 

the studies were conducted in US, we count 9 ecologi-

cal studies realized in Europe, and only 2 in US [27, 28], 

and one in Israel [57]. Similarly, only one of the cohort 

study was conducted in US [36] whereas a majority came 

from UK. We count 19 case–controls studies conducted 

between 1992 and 2009. Inversely to ecological and 

cases–controls studies, a huge majority of the cases–con-

trols studies were conducted in US; only four studies in 

Europe [1, 41, 51, 52] and one in Canada [54].

�e outcomes most frequently investigated in the 

ecological is not the congenital abnormalities (as we 

observed when considering overall studies) but the birth 

outcome such as LBW, preterm birth, etc; (seven over 

the eleven ecological studies) whereas the inverse situ-

ation was observed in the cases–controls studies with 

a majority of studies dealing with the congenital abnor-

malities—only one study investigated the LBW and pre-

term birth outcome [54], and another one the fetal death 

[40]; two last one included various outcomes as LBW, 

fetal and infant death and congenital anomalies [23, 30]. 

�e cohort study design is the only one for which, many 

studies dealt with death event: Infant, neonatal, and fetal 
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deaths besides congenital malformations and ‘classical’ 

birth outcomes as LBW or preterm birth.

�e landfill is the polluted site most frequently inves-

tigated in the ecological and cohort studies whereas in 

the cases–controls studies the polluted sites of interest 

were the hazardous waste and industrial sites. We also 

highlighted that the Europe cases–controls studies inves-

tigated landfill polluted sites which is coherent with the 

ecological and cohort studies.

�e study designs could impact the quality of each 

study included in the review and consequently make dif-

ficult the comparison between studies. In addition, the 

study may impact (i) the measure of women exposure and 

(ii) the risk estimate.

Study design and  the measure of  women exposure �e 

different study designs present itself strengths and limita-

tions to measure the proximity to polluted site according 

to the available data.

Ecological approach In the ecological studies, the 

authors do not measure the exposure at the individual 

level, thus their results depends on the scale of spatial unit 

in which the indicator of exposure was estimate.

When the place of residence of each case is no known, 

the individual approach is no possible, and an ecologi-

cal study is recommended. However, misclassifications 

of exposure may result from the use of municipality [53], 

or zip code [28] to define the location of maternal resi-

dence. Postcodes provide only an approximate location of 

the residential place. With an average of about 12 house-

holds per postcode in urban areas with high population 

density [11], it corresponds to a very small area. In con-

trast, in remote rural areas, a single postcode may cover 

an area of 1 km2 or more. �us, there is the possibility for 

systematic bias in the exposure estimates (with less pre-

cise estimates in rural areas). Adjustment for rurality was 

partially controlled for this problem in the 2009 study by 

Elliott et al. [11].

Moreover, in ecological study, for which residential 

places are not known with precision, the indicator cho-

sen to estimate exposure level is the mean which ignore 

the variability of exposure within the census block scale 

or zip code. �erefore, in the ecological approach, all 

women living within a given spatial unit have an equal 

exposure level, this presumption is known as ecological 

fallacy.

For instance, when authors used spatial coincidence 

methods to measure of women exposure based on the 

presence of polluted sites within a particular spatial unit 

of aggregation, the authors suggest that all women living 

within a particular boundary are all impacted equally by 

the hazard of interest, without an accurate assessment of 

individual exposure.

Whereas, women living next to polluted site but this 

hazard is not located within their spatial unit would not 

be defined as exposed. �erefore, the larger the spatial 

unit, the more likely it is that bias will be introduced due 

to heterogeneity within these units, and ecological fallacy 

may result.

However, when precise information concerning the 

individual location is missing ecological studies con-

stitute an appropriate alternative to investigate some 

hypotheses. �ese approaches are easy to perform in a 

short period of time, and at a low cost. In addition, they 

are less likely to show random variation errors than ana-

lytic case–control studies.

Individual approach When the place of the residence of 

each women is well known, the individual approach is pos-

sible. However, incorrect geocoding of both the residential 

addresses of the pregnant women and the polluted sites 

may bias the study’s findings. Firstly, the process of geoco-

ding may itself introduce bias because geocoding accu-

racy depends on many characteristics. For instance, accu-

racy is higher in urban than in rural areas, because rural 

addresses are frequently reduce to the name of a street 

(with no number) or to the place name (with no street/

road name) [62]. �e result of the geocoding process may 

bias the study population as several studies revealed that 

subjects whose addresses were not geocoded tended to 

be younger, Hispanic and less well-educated than subjects 

whose addresses were geocoded [39]. However, most case–

control studies indicated that un-geocoded subjects were 

equally distributed among cases and controls (for instance 

the study by Kuhen et al. [34])—which should result in a 

non-differential bias, thus biasing the association meas-

ure toward the null. However, omission of non-geocoded 

cases could distort associations in cohort study designs.

As in ecological studies, In individuals approaches 

including cohort or case–control studies, some misclas-

sification of exposure may result from the used of census 

tract [35], postcode [49] or zip code [30] to define the 

location of maternal residence. In addition, census tracts 

or zip codes might not be valid measures of proximity 

because they vary considerably in size and are irregular 

in shape [28, 30, 35, 49].

In contrast with ecological approaches, in individuals 

approaches the authors may have additional information 

concerning residential history which may improve the 

exposure measure of women.

Exposure misclassification may occur where the birth 

certificate address does not reflect the mother’s true resi-

dence during the relevant window of fetal development 
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[34, 45, 63, 64]. To assign exposure, many studies used 

maternal address at delivery rather than address around 

conception and during the first trimester, a period of 

particular relevance and vulnerability for fetal develop-

ment. Few studies have considered exposure during preg-

nancy and the preconception period [32, 35, 40]. �is can 

have a particular impact on studies exploring the risk of 

chromosomal and non-chromosomal congenital malfor-

mations, because organogenesis is essentially complete 

by the end of the first trimester of pregnancy, and most 

structural birth defects appear during this period [65]. In 

the case of non-chromosomal abnormalities (conotrun-

cal heart defects, for example) the most critical period 

is during the first two months after conception [13, 49]. 

For chromosomal congenital abnormalities, the most 

appropriate residential exposure windows would include 

parental residences shortly before or at conception or 

even grand-maternal residences for some defects if the 

aberration occurred during maternal meiosis I [32, 33, 

49, 66].

Misclassification of exposure may occur following 

changes in residence during the pregnancy [33, 49]. In 

general, studies are unable to take this limitation into 

account, due to a lack of information as to the pregnant 

women’s mobility [31, 34, 44]. Where available, estima-

tion of residential mobility among pregnant women 

between conception and delivery differed between a 

Canadian [67] and a US study [64, 68, 69] and ranged 

from about 12% in the former to 32% in Texas [64]. How-

ever, of these, only 50% moved more than 1 km away [70] 

from the initial residence. �is residential mobility may 

vary according to certain individual and contextual char-

acteristics such as age, race, socioeconomic status and 

other factors. Higher mobility rates during pregnancy 

have been reported among whites, young mothers [69], 

less well-educated mothers [68], mothers with lower 

household income and higher pregnancy body mass 

index [67] and who lived near a hazardous waste site [71]. 

Some studies found that young mothers (<20 years) were 

more likely to move between conception and delivery 

than older mothers (>30 years) [33, 64]. �is means that 

the exposure misclassification error due to using delivery 

address might be greater among younger mothers than 

among older ones, a phenomenon that might result in 

confounding—because age is also associated with the risk 

of poor pregnancy outcome.

�is type of misclassification error may also tend to 

reduce the magnitude of estimated effects [68, 72]. Some 

studies estimate that this would lead, roughly, to a 10% 

underestimation of the true excess risk of congenital 

abnormality related to exposure during early pregnancy 

[73]. Where studies used case–control analysis, to the 

extent that residential proximity to a hazardous waste 

site was misclassified non-differentially among cases and 

controls, the results would have been biased toward the 

null [40]. Nevertheless, where authors have restricted 

their analysis to women who resided at the address noted 

on the vital record for at least 12 months before delivery 

or fetal death [74], only a slight increase in the OR was 

observed—still not significant [40]. On the other hand, 

in a study of women aged 35+, the association between 

maternal residence near industrial facilities during the 

periconceptional period and oral clefts was stronger than 

for maternal address at delivery [32].

Study design and risk estimate In the ecological studies, 

the model relating risk to exposure to polluted site at indi-

vidual level may differ to that at group level [75]. �us, 

the relations observed between the variables at the group 

level (zip code, census block, village) cannot be directly 

transposed to the individual level [76, 77] even if several 

individual and ecological studies quantify the relation 

with the same association measure (the odds ratio or the 

relative risk). Whereas individuals’ studies are particularly 

advantageous to assess the risk around polluted sites. In 

addition, even among individuals’ studies, the different 

study designs (cohort or case–control) provide various 

quantitative risk estimates. �erefore, the analysis and the 

comparison of the impact of living around polluted sites 

are difficult because of the heterogeneity in study designs 

even if we know that under certain conditions, when the 

frequency of the health event is very low, as it the case in 

the present study (congenital malformation, LBW …) the 

OR gives a good estimate of the RR.

Assessment of the risk of pregnancy outcome 

around polluted sites

An array of factors will be evoked below. Firstly, the 

various confounding factors included in the individual 

studies lead difficult the comparisons between studies. 

Indeed, some studies did not use any covariates [31], 

while others adjusted only baby characteristics (sex, year 

of birth) without maternal characteristics [42–44, 50]. 

Others studies adjusted on baby and mother character-

istics (maternal age, maternal education…) [33, 46], and 

less often on paternal characteristics [34, 40] while others 

selected four putative confounders, including baby and 

maternal characteristics and unhealthy behaviors among 

others (smoking and alcohol use) [29, 30, 32, 35, 36, 40, 

55] or healthy behaviors (vitamin use) [35].

An absence of systematic adjustment for commonly 

known factors may affect the measure of association and 

thus the comparisons—for instance folic acid supplemen-

tation, which is known to decrease the risk of congenital 

malformation [78]. �ese risk factors tend to vary across 

the unit of analysis and if they are coincident with the 
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exposure measures, then these spatial confounders will 

bias the results of the study. In ecological studies, if no 

individual’s data are available, choosing a spatial unit as 

small as possible will decrease the ecological bias because 

confounding may be less of a threat and more easily con-

trolled in the analysis.

Secondly, the sample size of any statistical and epide-

miological studies may affect the statistical power and led 

to show either (i) an absence of significant association of 

excess risk only by lack of power or; (ii) to show a sig-

nificant association which is not validated because a low 

statistical power. In our review, we have various sample 

size from a very small sample (92 case of stillbirth in Bho-

pal study [48]) to large sample (136,821 cases of congeni-

tal malformation [11]) which can partially explain the 

diversity of findings even focusing on the study design; 

for instance, in ecological studies, some studies includ-

ing 92 case of stillbirth [48] and 302 case of congenital 

malformations [48] did not reveal any significant excess 

risk among women living near petrochimical industries. 

While Cresswell, with 1508 case of congenital malforma-

tions, found a weak evidence of relation between preva-

lence of congenital malformations and residence near 

waste combustion plant [24]. However, some ecologi-

cal studies included high sample size, including 136,821 

cases of congenital malformation [11], 43,471 stillbirth 

[45], and found also significant weak associations.

In the individual studies, the authors investigated a 

more important sample size (7242 cases of fetal death 

[56], 6538 cases of PTB [55], except few studies which 

included only 63 cases of VLBW, 353 cases of LBW [29]. 

However, in case–control design study, several of them 

included no more than one control by case [12, 35, 54]; 

for instance: 7304 cases and 7834 control, [54], 507 cases 

and 517 control [35]. �e number of controls per case is 

yet recognized to be a simple way to increase statistical 

power of studies.

While, other case–control included more than 3 con-

trol by cases [13, 32, 34, 39], for instance: 1244 case and 

4368 control [13], 1289 case and 4965 control [32].

All the features of the studies describe above—such 

as study population, study design, sample size, the clas-

sification and definition of reproductive outcome, expo-

sure assessment and confounding factors—could impact, 

independently or in combination, the quality of each 

study itself and also their comparison in our systematic 

review.

Future research

On the basis of this analysis of the limitations of the cur-

rent body of research and of theoretical and methodolog-

ical considerations, below we describe some suggestions 

for improvements to a research agenda.

Data accuracy

Lack of address-specific household data is a major 

impediment in assessing the health impact of residential 

proximity to polluted sites. Aggregated health data are 

most often not sufficiently fine-grained. While individ-

ual health data are more relevant, at least data collected 

at a fine resolution scale (such as census block) would 

improve the quality of the information. Neither is the 

spatial resolution of polluted site data generally precise. 

Site boundaries could be digitized instead of using simple 

points as location of exposure source, particularly when 

studying hazardous waste sites such as landfills.

Appropriate geostatistical approaches

Although environmental modeling is relatively cumber-

some, labor-intensive, computer-intensive and requires 

extensive data input, it is still held out as the gold stand-

ard for environmental or health impact assessment. Some 

reliable alternative methods could be developed—prefer-

ably geostatistical approaches that are well-integrated or 

closely-coupled with GIS approaches—to estimate the 

contribution of various sources to total exposure, and to 

optimize exposure assessment. �is calls for multidis-

ciplinary teams having expertise in GIS, epidemiology, 

environmental science and statistical modeling.

In addition, in future studies, emphasis could be placed 

on the selection of focused-cluster test recognized to be 

more appropriate to spatial pattern of environmental 

exposure. More precisely, these spatial approaches have 

been designed and used to detect clusters reflecting a 

particular spatial pattern [79]; one that centers around 

the polluted sites and declines with increasing distance 

from the source.

Instead of investigating spatial data with common but 

rough approach (which is based on a circle of fixed radius 

around the point source with arbitrary size chosen by 

default and consist in the comparison of the frequency of 

cases inside with outside the buffer), the futures studies 

could use inferential method such as focused methods 

design to detect focused clustering around polluted site 

under the hypothesis that the risk of disease is high close 

to polluted site.

�ese spatial approaches use distance as a surrogate 

for exposure and assess whether cases are closer to the 

source than expected. Compared to other spatial meth-

ods, one advantage of these methods is that they address 

a specific hypothesis of concern and, because of their 

specificity, have increased sensitivity. Among these 

approaches, some authors proposed to use binary iso-

tonic regression, known as Stone’s MLR test. One use-

ful feature of isotonic regression is that the test result 

does not depend on whether one uses distance from 

the source of a measure of exposure for the analysis, as 
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long as the exposure is decreasing with distance from the 

source [80].

Multi-hazard approaches

Most studies to date have looked at only one or two envi-

ronmental hazards at a given point in time. Investigating 

the cumulative and synergistic impacts of the variety of 

chemical and non-chemical hazards and nuisances could 

help understand whether these impacts might be larger 

than currently acknowledged.

Enhanced exposure assessment

Because people do not spend their whole lives at home, 

future research should strive to incorporate residential 

mobility and daily commuting associated with occupa-

tional (or school) activities in exposure assessment. Fur-

ther, the time window of exposure should be appropriate 

for each adverse reproductive outcome, from life-threat-

ening teratogenic effects to weight or term at birth. �is 

means that focusing on the preconceptional period, the 

first trimester of pregnancy or later, as most relevant.

Investigation of social inequalities

Today, there are significant gaps in our understanding 

of how disparities in exposure levels according to indi-

vidual or contextual socioeconomic status (the ‘environ-

mental justice’ issue) may or may not interact with other 

risk factors associated with social deprivation, such as 

poor access to health care, a low level of physical activity 

or high prevalence of smoking. Future studies on repro-

ductive outcome in relation to proximity to polluted 

sites might accommodate relevant study designs and 

data analyses approaches to explore the assumption that 

social deprivation might represent an effect modifier for 

exposure to hazardous substances in such settings.

Conclusions and public policy perspectives
Despite improvements to the control of emission meas-

urements in industrialized countries since the 1990s, 

(‘Superfund’ in the USA, ‘IPCC’ in the European Union 

and similar provision), there are suggestive evidences that 

residential proximity to polluted sites (including landfills, 

hazardous waste sites and industrial facilities) might con-

tribute to adverse reproductive outcomes, especially con-

genital malformation and low birth weight—However, no 

studies show significant excess risk of mortality including 

fetal death, neonatal or infant mortality and stillbirth. In 

order to focus on preventive actions and provide useful 

tools, we need to better understand and interpret our 

findings, considering weaknesses which could affect the 

strength of associations, yield limitations in comparisons 

or impede the formulation of accurate conclusions. How-

ever, our study should trigger hypotheses which would 

recommend strengthening the rules governing industrial 

emissions and industrial waste management, and rein-

force land-use planning with regard to the most polluted 

sites.
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