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ABSTRACT 

OBJECTIVES: We aimed to provide quantitative estimates of exposure-response 

relationships between total trihalomethanes in drinking water and several adverse birth 

outcomes relating to fetal growth and prematurity, suitable for use in assessments of 

attributable burden of disease. 

METHODS: We carried out a systematic review and meta-analysis of epidemiological 

studies featuring original peer-reviewed data on the association of total trihalomethane 

(TTHM) exposure and health outcomes related to fetal growth and prematurity. 

RESULTS: A comprehensive literature search yielded 37 studies for consideration, 15 

of which were selected for the extraction of relative risks relating adverse birth outcomes 

to TTHM exposure. Sufficient data were available for meta-analyses to be carried out for 

four adverse birth outcomes: low birth weight (LBW), term low birth weight (TLBW), 

preterm delivery (PTD) and small for gestational age (SGA) (including intra uterine 

growth retardation (IUGR)). We found little or no evidence for associations between third 

trimester TTHM exposure and LBW (OR per 10µg TTHM/L = 0.9999 95% CI 0.9735, 

1.0270), TLBW (OR per 10µg TTHM/L = 1.0337 95% CI 0.9272, 1.1525) or PTD (OR 

per 10µg TTHM/L = 0.9896 95% CI 0.9781, 1.0013). We found evidence for an 

association with SGA (OR per 10µg TTHM/L = 1.0100 95% CI 1.0006, 1.0194).  

CONCLUSIONS: We found little or no evidence for associations between TTHM 

concentration and most adverse birth outcomes relating to fetal growth and prematurity. 

We did find evidence for an association between TTHM concentration and SGA. We 
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discuss these findings and the uncertainties—relating particularly to exposure—which 

may have affected them.  

BACKGROUND 

Drinking water chlorination and disinfection by-products  

Supplies of drinking water were first disinfected using chlorine at the start of the 20th 

century,1 primarily as a means of reducing mortality and morbidity associated with 

waterborne disease.2,3 Chlorination was widespread in cities across the developed world 

by the 1920s and the method remains a relatively inexpensive and effective means of 

disinfecting drinking water. 

Chlorine reacts with organic compounds such as fulvic and humic acids in the source 

water to produce disinfection by-products (DBPs). First identified in disinfected drinking 

water in the 1970s,4,5 trihalomethanes are generally the most abundant of the DBPs, but 

many other chemicals may also be present.6,7 Over 600 DBPs have been reported,8,9 their 

presence and relative concentration vary seasonally, and geographically, due to 

differences in the chemical character and physical properties of the source water, and in 

the treatment and distribution systems.10,11 

Health outcomes associated with disinfection by-products 

The health outcomes investigated in human studies related to fetal growth and prematurity 

over the following two decades have included LBW,12-20 TLBW,13,21-26 very 

LBW,12,18,21,27 SGA,13,15,18-20,24,28,29 IUGR,16,22,27,30,31 preterm delivery (PTD12-17,20,22,24-

26,32-35 and very PTD22), fetal death (miscarriage,17 spontaneous abortion,36-38 and 

stillbirth12,18,39,40). 

Six systematic reviews of the epidemiological evidence for reproductive and 

developmental effects of exposure to DBPs have been published to date, including two 

narrative reviews,6,41 two comprehensive weight of evidence reviews,42,43 and two meta-

analyses looking at chlorination and birth defects.44,45 

The results presented by individual studies on adverse birth outcomes relating to fetal 

growth and prematurity are mixed, with study results varying in direction and magnitude 

of effect. Existing reviews present a useful synthesis and critique of the available 

literature but have not attempted to arrive at quantitative summary measures of effect for 
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any outcomes related to fetal growth. These reviews concur that the weight of evidence 

is suggestive of small, positive associations between THM concentrations in drinking 

water and some adverse birth outcomes related to fetal growth restriction (TLBW, SGA, 

IUGR), although evidence is not conclusive.  

Objectives 

The objectives of this meta-analysis were to systematically review existing 

epidemiological evidence and to carry out a meta-analysis of these data, to produce best-

estimate exposure-response slopes of TTHM exposure and adverse birth outcomes 

relating to fetal growth and prematurity suitable for application in the estimation of 

burden of disease using routine drinking water quality monitoring data.  

METHODS 

Search methods  

We carried out a systematic review of the existing literature on THMs and adverse birth 

outcomes related to fetal growth and prematurity, using the following review question: 

“Given existing epidemiological evidence, what is the exposure-response relationship 

between exposure of pregnant women to THMs in drinking water and the risk of various 

adverse birth outcomes related to fetal growth and prematurity?” We drew up a review 

protocol for the meta-analysis in advance, broadly following guidelines laid out in Egger 

et al. (2001)46 and carried out and reported on both search methods and results following 

standards outlined in the QUOROM statement47 and the MOOSE Guidelines.48  

We carried out a systematic, comprehensive bibliographic search using the US National 

Library of Medicine (USNLM) Medline database for the years 1980-2007, using the 

PubMed interface. Full details of the search are provided in Annex 1. We checked the list 

of studies identified thus far for completeness against studies referenced in existing 

reviews.6,10,41-43  

We defined a priori eligibility criteria to restrict the studies included. We only retained 

studies if they were peer-reviewed journal articles either (a) already published or (b) 

available on-line but awaiting formal publication, or were studies published by a highly 

reputable independent body such as WHO or USEPA. Studies were only included if they 

were published in English, were epidemiological studies, used maternal residence for 
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exposure estimation, and presented odds ratio (OR) or relative risk (or other comparable 

measure of effect) of at least one adverse birth outcome associated with exposure to 

DBPs. Studies not meeting these criteria were excluded and the specific reasons for their 

exclusion were noted. Studies meeting the criteria were shortlisted for inclusion in the 

meta-analysis. The list was narrowed down on the basis of the exposure assessment 

methods used: only those which characterised DBP exposure using ≥ 3 exposure 

categories were included. Studies using binary characterisation of exposure were 

excluded primarily because such a measure offers only a crude index of exposure and 

early epidemiological studies classifying exposure according to water treatment methods 

have been criticised for their failure to capture a more detailed picture of exposure to 

DBPs.11 Secondly, it was considered impracticable to combine relative risks from studies 

with binary exposure characterisation and continuous/categorical exposure. Thirdly, 

TTHM concentrations from routine drinking water monitoring data are generally 

available, hence an estimate of a continuous odds ratio slope was considered to provide 

health impact assessments with the most useful information. Fourthly, in developed 

countries, the reporting of drinking water treatment type is generally not mandatory, 

whereas reporting of TTHM concentrations is a legal obligation. Lastly, mixing of 

drinking water that has undergone different treatments is common practice in many 

countries. 

The following data were extracted systematically from each included study by two 

researchers using a pre-designed standard data collection form: study design, exposure 

characterisation, definitions of exposure categories, and measures of effect and 

confidence intervals for each exposure category (Table 1). The two datasets were checked 

against one another and any inconsistencies addressed. The final set of studies was 

reviewed qualitatively to assess between-study heterogeneities. 

Statistical methods 

In each of the studies reviewed, exposure had been presented in terms of concentration of 

TTHM or, in one case, trichloromethane (chloroform), using one of two measures: either 

parts per million (ppm) or micrograms per litre (µg/L). We considered concentrations 

given in ppm as equivalent to µg/L, since at the low concentrations present in drinking 

water these are virtually equivalent. In order to include the one study reporting only 

chloroform concentrations as an exposure measure,16 we multiplied reported exposure 
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categories by a factor of 1.33, on the assumption that chloroform might make up 75% of 

the TTHM mixture and that concentrations of chloroform and TTHM in drinking water 

are highly correlated.49 

The majority of studies presented their results as ORs with 95% confidence intervals 

(CIs), although some expressed their results using other measures of effect (e.g. hazard 

ratio, HR, or relative risk, RR, or risk ratio); for the purposes of this analysis, these 

measures were assumed to be equivalent to odds ratios. One study presented results at 

nested levels of confidence other than 95%.21 In this instance, the standard error on the 

OR was calculated from the 99% CIs provided using the formula: 

standard error = (ln(upper 99% CI) – ln(lower 99% CI))/(2*2.575) 

Upper and lower 95% confidence intervals were then calculated as follows: 

upper 95% CI = exp(ln(OR) + (1.96*standard error) 

lower 95% CI = exp(ln(OR) – (1.96*standard error) 

The majority of the studies reported measures of effect adjusted for confounders. 

Adjustment had been carried out for a range of covariates which varied across the studies, 

but in the majority of cases the same important factors had been adjusted for (maternal 

age, parity, smoking, social deprivation). Several studies did not provide unadjusted 

results so adjusted results were used in the meta-analysis. In the one case where only 

unadjusted results were reported, these were used. The measures of effect for each health 

outcome, per exposure category, together with 95% CIs were summarised in tables 

(Tables 2a-d). 

Only those studies characterising exposure using maternal residence were included in this 

analysis as we considered it desirable to minimise between-study heterogeneities relating 

to exposure assessment methods. Studies were subsequently grouped according to the 

exposure agent measured, the type of measure used, and the timing of exposure that was 

assumed. The timing of exposure in each study was categorised either by trimester or 

given for the whole pregnancy. The number of exposure categories used in studies varied 

from three to six. Given the variation in the exposure assessment between studies, we 

decided to carry out a two-stage subset analysis to investigate differences in exposure 
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agent and exposure timing for each health outcome. The analysis was divided on the basis 

of including the study that used chloroform as the exposure agent.16 For each of these two 

subsets, analysis was further divided according to exposure timing. The first subset 

included studies that reported measures of effect associated solely with exposure in the 

third trimester, since this most fetal growth occurs in this period; the second included only 

those reporting on entire pregnancy exposure; for completeness—and because exposure 

in different periods are likely correlated—the third subset included all studies regardless 

of exposure timing (where both third trimester and entire pregnancy exposure were 

reported in the same study, measures of effect for third trimester were used). We carried 

out meta-analyses only for those subsets including ≥ 4 studies. It was not practicable to 

quantitatively explore other heterogeneities between the studies for a number of reasons: 

studies were relatively similar in overall design; differences between studies were not 

presented sufficiently consistently; and, where meta-analysis might have been stratified 

on the basis of between-study variability (overall study design, variables adjusted for, 

geographical location of study etc.), we considered that the number of studies included in 

such subgroups was prohibitively low for the application of meta-analytical methods. 

Techniques for pooling correlated estimates to compute regression slopes across different 

exposure categories in individual studies have been described previously.50 All included 

studies provided measures of effect for several exposure categories. Cut-off points of 

these categories differed between studies (Tables 2a-d). Meta-analysis was carried out 

with the R software package51 using scripts adapted from those developed by Key et al. 

(2006).52 For each study, we fitted a weighted least-squares regression of ln(OR) against 

exposure, the weight being inversely proportional to the variance on ln(OR) at each 

exposure category midpoint. In cases where there was no upper limit to the topmost 

exposure category, a midpoint was derived using the half the width of the preceding 

category.  

The use of different dose-response models to obtain study-specific slope estimates has 

been explored previously,53 and slope estimates (and standard errors) were observed to 

be higher when dose was used, as compared to ln(dose). Using Bayes information 

criterion to assess the fit of each dose-response model, it has been demonstrated that 

neither dose nor ln(dose) in a linear model was more advantageous than the other. 

Therefore we carried out a regression of ln(OR) against exposure. In the regression, we 
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assumed that exposure to zero DBPs from water was unlikely, since exposure to volatile 

DBPs such as THMs can occur in the domestic environment through several routes 

(ingestion, inhalation, dermal absorption) and through a variety of pathways (drinking, 

eating, cooking, washing) and therefore the intercepts of the regression slopes were not 

constrained to go through the origin. The reference categories used in each study differed 

(see Tables 2a-d), which further supported this decision.  

In addition to the qualitative investigation of heterogeneity between the studies, as 

described above, Cochran’s Q-statistic was used to test for between-study heterogeneity. 

Regression was carried out using both fixed effects and random effects models, and the 

results compared. The overall choice of a random effects model was informed by the 

findings of these analyses. Regression slopes of exposure-response derived from 

individual studies were plotted, together with the summary slopes produced from the 

meta-analysis (Figures 1a-d) and forest plots (Figures 2a-d).  

In order to investigate the role of publication, and other, biases in the meta-analysis, we 

produced funnel plots (Annex 2) for visual inspection of the symmetry of the data, as well 

as carrying out the Egger regression test.54  

We investigated the relative influence of individual studies on summary measures of 

effect using a leave-one-out sensitivity analysis for every subset analysis. Differences 

between the magnitude and direction of summary measures of effect for each study left 

out were investigated. 

We calculated the risk of each health outcome for third trimester exposure to TTHM only 

at levels currently prescribed as guidelines in the US and the European Union (80µg/L 

and 100µg/L respectively).55,56 

RESULTS 

Results of search, data extraction and study evaluation 

Figure 3 shows the numbers of studies identified and selected/excluded in each phase of 

the search. No additional studies were identified by means of searching in databases other 

than Medline. Manual searching of bibliographies provided additional studies that met 

broad eligibility criteria: all but one were later excluded on the basis of more detailed 

criteria. A QUOROM diagram was drawn up demonstrating the search method and the 



POSTPRINT VERSION 

8/35 

reasoning behind the exclusion of studies (Figure 3). Further data were provided for the 

study by Porter et al. (2005),31 to give exposure category quintiles for the analyses of 

interest that had not been presented in the published paper. Ultimately, fifteen studies 

were deemed suitable for inclusion in the meta-analysis. Characteristics of the studies 

included in the analysis are given in Table 1. The meta-analysis included two population-

based case-control studies,16,17 two cross-sectional studies,21,24 one cohort study,13 two 

retrospective cohort studies,12,22 two prospective pregnancy studies29,33 and five studies 

for which the design type was not explicitly named.18,26,31,34,35 For the purposes of this 

review, the studies were defined as population case-control studies, retrospective 

pregnancy cohort studies or prospective pregnancy cohort studies (see Table 1). The 

qualitative review of between-study heterogeneities found that the studies differed in their 

geographical location, their quoted measure of effect, adjustment for confounders, 

exposure characterisation and categorisation, and the definitions of health outcomes. 

Eleven studies were conducted in the USA, one in the UK, one in Canada and one in 

Taiwan. Three studies used data from Massachusetts, but these could be combined since 

the time periods of each study did not overlap. Two studies looked at the same populations 

in the USA, but reported on different outcomes.29,33 

The majority of studies reported their results as odds ratios (OR); one study reported 

relative risk (RR),12 two reported risk ratios29,33 and reported a hazard ratio (HR)34 (Tables 

2a-d). Eight studies provided only adjusted measures of effect; five provided crude and 

adjusted results, and one study provided crude figures where the difference between crude 

and adjusted was less than 15%.21 Apart from this exception, adjusted measures of effect 

were used in the meta-analysis. Adjustment for confounding in all studies had been done 

using logistic regression analysis, except one study that had used a Poisson regression 

model.12 The covariates adjusted for in each study are shown in Annex 3.  

The search retrieved studies in which exposure characterisation differed, particularly in 

terms of the exposure assessment used. Studies not characterising exposure with 

quantitative DBP concentration measurements were excluded. Exposure assessment 

methods used in the studies are given in Table 1. The types of measure used included 

concentrations of these agents, either from sampling or monitoring data. Only one of the 

included studies did not use TTHM as an exposure agent, but instead used 

trichloromethane (chloroform).16 TTHM concentration was by far the most common 
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exposure agent across the studies. Many studies characterised exposure simply by taking 

the concentrations for the area (e.g. water company, municipality etc.) encompassing the 

maternal place of residence at birth. One study used hydraulic modelling to assign specific 

exposures to mothers,13 while most studies made use of routine monitoring data. Two 

provided measures of effect both for residential TTHM concentration derived from 

sampling, and for personal exposure calculated using published algorithms.29,33  

There were some disparities in the definitions of adverse birth outcomes between studies 

(Tables 2a-d). LBW was universally defined as birthweight <2500g (or imperial 

equivalent). Term LBW was also universally defined as <2500g (or imperial equivalent) 

for term births (themselves defined as ≥ 37 weeks of gestation). PTD was generally 

defined as a birth of <37 weeks of gestation, although one study used a definition that 

incorporated limits on gestational age and birth weight.34 The definitions of SGA 

(including IUGR) varied the most, with differences in the age-weight distributions and 

cut-off points, and whether or not only term births were included. Definitions of SGA 

also varied in terms of the population weight percentile cut-off points.  

The presence of differences between studies contributed to our decision to employ a 

random effects model in the meta-analysis.  

Results of meta-analysis 

Figures 2a-d show the study-specific exposure-response slopes and the pooled slope for 

each of the outcomes investigated. Results of the Q-test suggested that there was no 

heterogeneity between the studies. The Q-test has, however, been shown to be limited in 

usefulness in detecting heterogeneity when numbers of studies are small.57 Differences in 

results produced with fixed effects and random effects were scarcely distinguishable. In 

the light of these findings, and given the results of the qualitative review of between-study 

heterogeneities, we applied the more conservative approach of using the random effects 

model. The results of the random-effects meta-analysis are summarised in Table 3. These 

are given as odds ratio slopes (OR per 10µg TTHM/L) with 95% confidence intervals; 

Cochran’s Q-statistics are also provided for each subgroup analysis. Overall, we found 

little or no evidence for associations between TTHM concentration and LBW, TLBW or 

PTD. We did, however, find some evidence for an association between TTHM 

concentration and SGA.   
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Forest plots for LBW, TLBW, PTD and SGA respectively are given in Figures 2a-d, 

assuming only TTHM as a measure of exposure, for the third trimester. We considered 

the distribution of studies in funnel plots for LBW, TLBW, PTD and SGA (TTHM only 

and third trimester exposure) (Annex 2) to indicate that further investigation of bias would 

be justified, particularly in the case of PTD, although the low number of studies made 

their interpretation difficult. The results of weighted and unweighted Egger’s regression 

tests (Annex 4) provided no evidence for publication bias (or similar biases) in any of the 

subset analyses.  

The leave-one-out sensitivity analysis results were tabulated, and differences between the 

results of each iteration and the original full subset analysis were calculated. Full results 

of the sensitivity analysis are presented in Annex 5. Some very small changes of 

magnitude and changes of direction of effect were noted. Nevertheless, in none of the 

subset analyses did omitting an individual study change the summary measure of effect 

by more than 2%, with most differences being several orders of magnitude less. The 

direction of effect was altered only for analyses looking at LBW. This finding can be 

attributed to the summary OR slope being extremely close to 1.00. Removing the only 

study using chloroform as an exposure index instead of TTHM16 had an effect only on 

the direction of one analysis (LBW, third trimester) – again the summary OR slope was 

very close to 1.00. 

DISCUSSION 

In this study we have brought together the existing body of epidemiological evidence 

using quantitative meta-analysis techniques to investigate potential associations between 

exposure to TTHM in drinking water and indicators of fetal growth and prematurity. 

Grouping together generally small studies—the risk estimates of which may have been 

attenuated by non-differential misclassification bias—using meta-analytical techniques 

increased our statistical power to detect small excess risks of adverse birth outcomes 

related to exposure to TTHM in drinking water. The summary measures produced 

demonstrated that there is little or no evidence for association in the case of most 

indicators of fetal growth and prematurity, with the exception of SGA, for which we 

found some evidence of an association.  
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The results of this meta-analysis are broadly in line with the narrative reviews that have 

been carried out previously, which have found evidence for an association between DBP 

exposure and SGA, and no association for LBW or PTD.42,43 In contrast to the qualitative 

results of these reviews, this meta-analysis did not find evidence of a positive association 

with TLBW.  

We carried out subset analyses to investigate the effects of exposure timing and the 

inclusion of a study using chloroform as the exposure agent; small positive effects for 

SGA were reported only for analyses that included TTHM as the exposure agent and the 

third trimester exposure or any exposure timing. We consider that SGA is the best 

characterized of those fetal growth outcomes investigated because it takes gestational age 

of the fetus into account. As such, with SGA we expect to have a higher power to detect 

small risks relating to retarded fetal growth. 

The results of Cochran’s test for homogeneity implied no significant degree of 

heterogeneity between the studies. This was in contrast to the findings of our qualitative 

review of the studies, which showed that the studies differed in the characteristics of the 

study populations, in the degree to which confounding was controlled, and in differences 

in definitions of health outcomes. In addition, because TTHM acts as a surrogate for 

exposure to an unknown putative agent, the actual concentrations of this agent (or agents) 

might differ between the studies. The outcome for which the meta-regression graphs 

display the least between-study heterogeneity in terms of gradient is that of SGA (Figure 

1d), where all but one of the studies indicate a positive slope. Because of these qualitative 

findings, and the fact that the Q-test is known to have a low power when the number of 

included studies is small,58 we considered a random effects model to be most appropriate 

for the regression of the study-specific slopes.59 Other tests of heterogeneity, such as the 

I2-test, were not employed as it has been demonstrated that this is similarly limited when 

study numbers are low.60  

The OR slopes that we have reported should be viewed in the context of levels of TTHM 

typically present in drinking water, and where potentially large populations are exposed. 

We applied our summary estimates of effect to US and European guidelines (80µg/L and 

100µg/L, respectively). As an example, we found that the risks of SGA for third trimester 

exposure to TTHM at these levels were found to be OR = 1.08 (95% CI 1.01, 1.17) and 
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OR = 1.10 (95% CI 1.01, 1.21), respectively. Results for the other three outcomes are 

provided in Annex 6. 

We carried out this meta-analysis under the assumption that the log-odds of the response 

variables varied linearly against concentration of TTHM; this was in the absence of data 

to support other exposure-response relationships. We recognise that this is a limitation of 

our analysis, and this assumption should be taken into account when using the slope 

estimates, particularly when calculating odds for high concentrations of TTHM. Were it 

possible to pool all original data from the included studies, specific exposure cut-offs 

might be looked at thereby facilitating investigation of exposure-response slopes. 

The low number of studies included in some meta-analysis subsets limited the degree to 

which we could investigate differences in exposure assessment between studies. 

Although some studies reported on different exposure timings, these have not been 

extensively explored in the available literature; the majority of studies only looked at the 

third trimester, as this is regarded as the most critical exposure period for these outcomes. 

For SGA, slightly stronger evidence was found for an association in the third trimester of 

exposure, which might be expected given that cell growth—and therefore weight gain—

occurs mainly in the third trimester.43 Few studies reported solely on exposure to 

chloroform, limiting the scope for an analysis of different exposure agents. Importantly, 

while reviewing the included studies it became apparent that this meta-analysis should be 

carried out with the assumption that TTHM and chloroform both probably serve only as 

indicators for the unknown putative agent. 

While the leave-one-out sensitivity analysis illustrated that omitting individual studies 

had little effect on the magnitude of the OR slopes in any of the analyses, direction of the 

effect was altered in some instances. The study by Dodds et al. (1999) was a large study 

and its inclusion exerted considerable influence on the summary measure.35 Inspection of 

the meta-analysis regression slopes (Figure 1c) showed that a study with very narrow 

exposure categories22 tended to produce slopes with tight confidence intervals, which thus 

increased their weighting in the meta-analysis. We observed that the results changed very 

little independent of which study was removed in the leave-one-out sensitivity analysis 

for any of the SGA subgroup analyses, further supporting evidence of an association for 

this outcome. 
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Interpretation of the funnel plots was hampered by the sparseness of included studies. 

Although the results of Egger’s regression test (both weighted and unweighted) 

demonstrated that there was no notable publication bias in results of any subset analysis, 

the robustness of this test was limited by the low numbers of studies.  

Whereas definitions of LBW, TLBW and PTD were consistent across all studies, 

definitions for SGA and IUGR (which was grouped together with SGA) differed in terms 

of the weight percentile cut-off points and the degree to which reference curves had been 

adjusted for various factors (Table 2b). We did not investigate IUGR separately from 

SGA since the definitions used for both terms were actually describing SGA; the results 

of our study should be interpreted in terms of SGA. In practice, IUGR is a clinical 

diagnosis made during pregnancy, whereas SGA status is ascribed to infants at birth on 

the basis of birth weight and gestational age compared on standardised curves, a 

distinction that was not made in studies ostensibly reporting on IUGR. 

It was not possible to explore the effects of using other methods of setting midpoints for 

each exposure category because the studies did not present the distribution of their 

exposure data in sufficient detail. The selection of exposure category midpoints may have 

introduced bias into the model for the uppermost exposure categories which, if open-

ended, were set using the midpoint from the preceding category. Use of the exposure-

response slope in the assessment of population health risks should only be done taking 

this into account. 

No toxicological data were incorporated into the analysis. An investigation into the use 

of Bayesian methods for the combination of epidemiological and toxicological studies 

using THM exposure and LBW for illustration which combined study-specific dose-

response slope estimates has been published previously.53 While these methods showed 

potential, meaningful results were found to be contingent on robust data and the existence 

of consistent definitions for health outcomes in humans and in animals. Furthermore, 

epidemiological studies commonly use TTHM concentration in water as a proxy for 

exposure, rather than a measure of ingested dose. In addition, in normalising the 

epidemiological studies to toxicological ones, the assumption is made that 

epidemiological studies have reported on THMs as the putative agent and that all 

exposure is through ingestion, the validity of which may be questioned. 
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Berkson error associated with aggregate TTHM data was expected to dominate over 

random error for residential exposure estimates in the individual studies, and hence in the 

summary estimate. Berkson error may have reduced the power of the studies, but the risk 

estimates were probably not attenuated as they might have been if random error were 

dominant. Mobility of women during their pregnancies, and other factors such as moving 

house, between areas with different exposure may have led to exposure misclassification 

and attenuation of the summary measures of effect.  

Greatly elevated risks of restricted fetal growth have been associated with exposure to 

TTHM of those mothers and infants carrying a genetic polymorphism for CYP2E1, the 

enzyme primarily involved in the metabolism of low doses of chloroform.30 While it is 

unlikely that only one gene was responsible for this environment-gene interaction, if these 

data are corroborated with further research, for those members of the population carrying 

the CYP2E1 variant the excess risk of SGA could be considerably greater than the figure 

we report here, which is based on the studies’ pooled populations. 

The studies combined in this meta-analysis generally used indirect estimates of exposure 

based on monitoring data linked to individual mothers by maternal residence at birth. As 

such, exposure data were considerably aggregated in both spatial and temporal 

dimensions, marked variations in THM concentration occurring from home to home, and 

throughout each pregnancy. Many hundreds of DBPs might be present in any one 

drinking water sample. Only studies using area level concentration of TTHM in drinking 

water (and in one instance, chloroform) assigned to maternal residence were combined in 

this meta-analysis. Some of the included studies estimated exposure through different 

routes or pathways but we chose to include those which characterised THM exposure 

using maternal residence. Area level TTHM data represent the most practicable means of 

categorising exposure in large studies, since the data requirements and costs of accurately 

estimating uptake profiles in a large population are prohibitively high. As long as the 

putative agent in the DBP mixture remains unknown, the results of this meta-analysis 

may be considered useful in health impact assessment or other means of estimating 

burden of disease attributable to DBPs, where routine TTHM monitoring data might be 

readily used. In future work (including systematic reviews and meta-analyses, should 

sufficient epidemiological studies be available) it would be worthwhile to examine the 

potential effects of individual disinfection by-products. 
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Recommendations stemming from this study generally echo those of previous reviews. 

There is a need to carry out large, well-designed epidemiological studies which take into 

account relevant confounders and characterisation of exposure, and take care to use 

meaningful health outcomes that are properly defined.11,42,43 In the absence of such 

studies, the use of meta-analysis was justified as a means to produce a best estimate 

measure for use in health impact/risk assessment. 

CONCLUSIONS 

In this study we have brought together the existing body of epidemiological evidence, 

and generally found little or no evidence for associations between TTHM concentration 

and most adverse birth outcomes relating to fetal growth and prematurity. We did find 

evidence for an association between TTHM concentration and SGA. Although the 

magnitudes of the summary risk slopes reported for SGA are small, the potential for 

exposure across very large populations is high, particularly given widespread exposure to 

DBPs through showering, bathing, and cooking etc., as well through consumption of 

drinking water. The burden of SGA attributable to DBP exposure may, therefore, not be 

inconsiderable in areas with sustained, high levels of DBPs. We investigated and 

discussed uncertainties relating particularly to exposure, and their effects our summary 

estimates. These factors should be considered by health impact/risk assessors making use 

of our summary estimates, and represent areas for further work. 
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FIGURES 

 

Figures 1a-d – Plots of individual study 

slopes (solid coloured lines) and the 

random-effects regression slope (dashed 

grey line) (both per 10µg/L TTHM) 

estimated from these for third trimester 

exposure to TTHM only, for (a) LBW, (b) 

TLBW, (c) PTD, and (d) SGA. Crosses 

indicate midpoints of exposure categories 

vs. OR in that category. 
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Figures 2a-d – Forest plots of OR slopes 

per 10µg/L TTHM for third trimester 

exposure to TTHM only for (a) LBW, (b) 

TLBW, (c) PTD, and (d) SGA. Study OR 

slopes are plotted with squares sized 

proportionally to their weight in the meta-

analysis regression; horizontal lines 

indicate 95% CIs on these slopes. The red 

vertical line indicates no effect i.e. OR 

slope =1.0. The blue dashed line is the 

summary OR slope, with the tips of the 

diamond indicating 95% CIs around this 

estimate. 
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Figure 3 –Summary QUOROM diagram showing how studies were identified and 

selected for inclusion. 
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Table 1a – Characteristics of cohort studies included in the meta-analysis 

Author(s), year and 

location of study 

Study 

period 

Study design Live birth outcomes 

investigated 

Live birth 

outcomes relevant 

to meta-analysis 

Outcome 

measure used 

1. Exposure data for 

TTHM and/or other 

chlorination by-

products 

2. Exposure 

location 

3. Exposure 

timing 

Bove et al. 1995 

 

New Jersey, USA 

1985-1988 Retrospective 

(cross-sectional) 

cohort 

BW 

PTD (n=7167) 

SGA (n=4082) 

TLBW (n=1853) 

vLBW (n=905) 

 

Total of 80,938 live 

births 

PTD 

SGA 

TLBW (not reported 

in detail) 

vLBW 

 

OR Monthly estimates of 

TTHM from state 

department monitoring 

data.  

 

Mother’s town of 

residence at the 

time of birth was 

assumed to be the 

town of residence 

for the entire 

pregnancy.  

Monitoring data 

assigned to each 

gestational month 

and exposure 

averaged over 

entire pregnancy. 

Gallagher et al. 1998 

 

Colorado, USA 

1990-1993 Retrospective cohort 

 

LBW (n=72) 

TLBW (n=29) 

PTD (n=68) 

 

Total of 1244 births 

for which THM data 

available 

LBW 

TLBW 

PTD 

 

OR Routine monitoring 

TTHM values from 1 

year prior to study. 

Individual 

exposures assigned 

according to 

maternal residence 

within a 

municipality by way 

of hydraulic 

modelling of TTHM 

values in the 

distribution 

network. 

 

Exposure score 

estimated for third 

trimester. 

Dodds et al. 1999 

 

Nova Scotia, Canada 

1988-1995 Retrospective cohort SGA (n=4673) 

LBW (n=2392) 

vLBW (n=342) 

PTD (n=2689) 

 

Total of 49842 births 

for which TTHM 

data available 

LBW 

SGA 

PTD 

Relative Risk 

(RR) 

Routine monitoring 

TTHM values and linear 

regression modelling 

used to estimate TTHM 

for those time periods 

missing sampling data. 

Mother’s residence 

at time of delivery 

was linked to the 

geographic area 

served by each 

water company, 

providing individual 

measures of 

exposure. 

TTHM exposure 

calculated with a 

regression model 

for the third 

trimester. 

Wright et al. 2003 

 

Massachusetts, USA 

1990 Retrospective cohort TLBW (n=1325) 

SGA (n=5310) 

PTD (n=3173) 

BW 

 

TLBW 

SGA 

PTD 

OR Maternal THM exposure 

for the 3rd trimester 

estimated from the 

quarterly average TTHM 

concentration 

Maternal town of 

residence 

Exposures 

estimated for all 

three trimesters and 

a total pregnancy 

average. Trimester 
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Author(s), year and 

location of study 

Study 

period 

Study design Live birth outcomes 

investigated 

Live birth 

outcomes relevant 

to meta-analysis 

Outcome 

measure used 

1. Exposure data for 

TTHM and/or other 

chlorination by-

products 

2. Exposure 

location 

3. Exposure 

timing 

Total of 56513 

singleton infants 

specific and 

pregnancy average 

exposures were 

assigned based on 

the month of birth 

Wright et al. 2004 

 

Massachusetts, USA 

1995-1998 Retrospective cohort BW 

GA 

SGA (n=17359) 

PTD (n=11580) 

 

Total of 196000 

residents with 

singleton infants 

SGA 

PTD 

BW 

OR Town-specific TTHM 

aggregate data based on 

quarterly monitoring 

samples 

Maternal ZIP code 

at birth and infant 

month of birth used 

to assign third-

trimester specific 

exposure data 

Exposure estimated 

for third trimester 

(extrapolated from 

estimated exposure 

at month of birth)  

 

Also averaged over 

whole pregnancy 

Hinckley et al. 2005 

 

Arizona, USA 

 Retrospective cohort IUGR (n=4346) 

TLBW (n=1010) 

PTD (n=4008) 

vPTD (n=568) 

 

Total of 48119 live 

births and fetal 

deaths 

IUGR 

TLBW 

PTD 

vPTD 

 

OR Monthly TTHM 

exposures estimated 

from quarterly and 

monthly samples. Spline 

regression techniques 

used to estimate 

exposure for specific 

periods 

 

 

Maternal residence 

(zip code at birth) 

(assumed to be the 

same as third 

trimester) 

Exposure estimated 

for third trimester 

(extrapolated from 

estimated exposure 

at month of birth) 

and other specific 

time windows (for 

IUGR and LBW)  

 

(For preterm and 

very preterm 

exposure only 

evaluated for 

specific time 

windows) 

Porter et al. 2005 

 

Maryland, USA 

1998-2002 Retrospective cohort IUGR 

 

Total of 15315 births 

IUGR OR Monthly TTHM 

concentrations for four 

sampling points in study 

area.  

Maternal residence 

(zip code at birth) 

Exposure estimated 

for both entire 

pregnancy and each 

trimester 

Toledano et al. 2005 

 

UK 

1992-1998 Retrospective cohort BW 

LBW 

vLBW 

SB 

LBW 

vLBW 

 

OR Weighted average of 

modelled quarterly 

TTHM estimates for last 

93 days before birth 

Exposure modelled 

for each water zone 

using maternal 

residence (by 

Exposure estimated 

for third trimester 
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Author(s), year and 

location of study 

Study 

period 

Study design Live birth outcomes 

investigated 

Live birth 

outcomes relevant 

to meta-analysis 

Outcome 

measure used 

1. Exposure data for 

TTHM and/or other 

chlorination by-

products 

2. Exposure 

location 

3. Exposure 

timing 

 

Total of 

approximately 

1000000 birth 

records 

postcode) at time of 

birth 

Yang et al. 2007 

 

Taiwan 

2000-2002 Retrospective cohort TLBW (n=2766) 

SGA (n=8938) 

PTD (n=2818) 

 

Total of 90848 

singleton births 

TLBW 

SGA 

PTD 

OR Exposure established as 

an average of TTHM 

monitoring data over a 

two-year period for each 

municipality 

Municipality of 

residence at birth 

(assuming continual 

residence at that 

location throughout 

pregnancy) 

 

Exposure estimated 

for pregnancy 

average 

Hoffman et al. 2008a 

 

3 locations USA 

2000-2004 Community-based 

prospective cohort 

study 

SGA = 113 

 

Total of 1958 live 

births (restricted to 

those born at 37 

weeks or later) 

SGA Risk ratio Dedicated sampling at 

representative locations 

in the distribution system 

(for TTHM, all 4 

individual THM species, 

9 HAAs, total organic 

halide (TOH)) 

Two exposure 

metrics used: (1) 

estimated 

residential 

concentration and 

(2) estimated 

personal DBP 

exposure 

Individual 

trimesters 

Hoffman et al. 2008b 

 

3 locations USA 

2000-2004 Community-based 

prospective cohort 

study 

PTD = 185 

 

Total of 2039 births 

PTD Risk ratio  Two exposure 

metrics used: (1) 

estimated 

residential 

concentration and 

(2) personal DBP 

exposure, estimated 

as uptake through 

showering and 

bathing for TTHMs 

and by intake 

through ingestion 

for HAA5 

Reported on second 

trimester 
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Table 1b – Characteristics of case-control studies included in the meta-analysis  

Author(s), year and 

location of study 

Study 

period 

Study design Live birth outcomes 

investigated 

Live birth 

outcomes relevant 

to meta-analysis 

Outcome 

measure used 

1. Exposure data for 

TTHM and/or other 

chlorination by-

products 

2. Exposure 

location 

3. Exposure 

timing 

Kramer et al. 1992 

 

Iowa, USA 

1989-1990 Population-based 

case-control 

IUGR (n=187) 

LBW (n=159) 

PTD (n=342) 

IUGR 

LBW 

PTD 

Odds ratio 

(OR) 

THM levels from 1987 

water survey.  

Assigned to 

maternal residence 

in a given 

municipality at 

birth. 

Exposure estimated 

over entire 

pregnancy 

Savitz et al. 1995 

 

North Carolina, USA 

1988-

1989, 

1988-1991 

Population-based 

case-control 

PTD (586) 

LBW (464) 

MC (418) 

LBW 

MC 

PTD 

 

OR Quarterly average THM 

values recorded by 

appropriate water 

supplier. 

Women’s addresses 

used to assign them 

to one of five public 

water supplies. 

Dates of pregnancy 

used to assign 

reported nearest 

average quarterly 

THM value to each 

woman. 

Assignment time 

varied between 

outcomes: MC (4th 

week), PTD/LBW 

(28th week).  

 

Lewis et al. 2006 1999-2001 Population-based 

case-control 

TLBW 

 

Total of 36,529 births 

TLBW OR Weekly TTHM 

monitoring data from 

four sampling sites 

 

Each birth assigned 

to based on 

maternal residence 

at birth (from birth 

certificate) 

 

TTHM exposure 

estimate calculated 

for each gestational 

period. (all 

trimesters). 

Pregnancy average 

also calculated  

 

Lewis et al. 2007 

 

Massachusetts, USA 

1999-2001 Population-based 

case-control 

PTD (n=2813) 

 

Total of 37498 

singleton births 

PTD Hazard Ratio 

(HR) 

Weekly TTHM 

monitoring data from 

four sampling sites 

 

 

Each birth assigned 

to based on 

maternal residence 

at birth (from birth 

certificate) 

TTHM exposure 

estimate calculated 

for each gestational 

period. (results 

reported for 1st, 

2nd trimesters, and 

4-week risk sets, 

and pregnancy 

average) 
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Table 2a – Summary of published measures of effect (and their exposure characterisation) as used in the meta-analysis for LBW 

Study Definition of outcome 
Exposure 

agent 

Measure of 

effect used in 

meta-analysis 

Exposure 

timing used in 

meta-analysis 

Exposure categories 

Measures of effect (95% confidence intervals) 

Kramer et al. 1992 <2500g Chloroform OR (adjusted) Entire pregnancy 
Non-detect a 1-9µg/L ≥ 10µg/L - 

1.0 (reference) 1.1 (0.7,1.6) 1.3 (0.8,2.2) - 

Savitz et al. 1995 <2500g TTHM OR (adjusted) Third trimester 
40.8-63.3ppb 63.4-82.7ppb 82.8-168.8ppb - 

1.0 (reference) 1.5 (1.0,2.3) 1.3 (0.8,2.1) - 

Gallagher et al. 1998 
≤ 5 pounds, 8 ounces (≤ 

2495g) 
TTHM OR (adjusted) Third trimester 

≤ 20ppb 21-40ppb 41-60ppb ≥ 60ppb 

1.0 (reference) 1.0 (0.6,1.8) 0.8 (0.3,1.7) 2.1 (1.0,4.8) 

Dodds et al. 1999 <2500g TTHM 
Relative risk 

(adjusted) 
Third trimester 

0-49µg/L 50-74µg/L 75-99µg/L ≥ 100 µg/L 

1.00 (reference) 1.07 (0.97,1.19) 1.11 (0.97,1.26) 1.04 (0.92,1.18) 

Toledano et al. 2005 <2500g TTHM OR (adjusted) Third trimester 
<30µg/L 30-59µg/L ≥ 60µg/L - 

1.00 (reference) 1.05 (0.96,1.15) 1.09 (0.93,1.27) - 

a Where the exposure category was defined in Kramer et al. (1992) as below the limit of detection, it was assumed to be <1 µg/L 

Notes: 

Where studies presented both adjusted and crude ORs, only the adjusted are given here as these were the ones used (unless otherwise stated). Only third trimester and entire pregnancy average exposure timings were used (unless otherwise stated). 

Some studies provided results for additional exposure timings that were not investigated in this meta-analysis. 
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Table 2b – Summary of published measures of effect (and their exposure characterisation) as used in the meta-analysis for TLBW 

Study Definition of outcome 
Exposure 

agent 

Measure of 

effect 

Exposure 

timing 

Exposure categories 

Measures of effect 

Gallagher et al. 

1998 

≥ 37 weeks of gestation 

and ≤ 5 pounds, 8 

ounces (≤ 2495g) 

TTHM OR (adjusted) 
Third 

trimester 

≤ 20ppb 21-40ppb 41-60ppb ≥ 61ppb  

1.00 (reference) 1.3 (0.5,3.3) 1.2 (0.4,4.0) 5.9 (2.0,17.0)  

Hinckley et al. 

2005 

≥ 37 completed 

weeks of gestation and 

weighing <2,500 g 

TTHM OR (adjusted) 
Third 

trimester 

<40µg/L 40-53µg/L >53µg/L - - 

1.00 (reference) 1.06 (0.89,1.25) 1.11 (0.94,1.31) 
1.00 

(1.00,1.01) 
- 

Wright et al. 2003 
<2500g among term 

births 
TTHM OR (adjusted) 

Third 

trimester, 

entire 

pregnancy 

average 

0-60µg/L >60-80µg/L >80µg/L - - 

1.00 (reference) 

1.08 (0.90,1.31) 

 

0.97 (0.81,1.26) 

1.09 (0.91,1.31)  

 

1.05 (0.85,1.29) 

- - 

Lewis et al. 2006 

Birth weight <2,500g 

and born after 36 weeks 

of gestation 

TTHM OR (adjusted) 

Third 

trimester, 

entire 

pregnancy 

average 

<40µg/L 40≤ 50µg/L 50≤ 60µg/L 60≤ 70µg/L ≥ 70µg/L 

1.00 (reference) 

0.87 (0.60,1.26) 

 

1.07 (0.81,1.42) 

0.79 (0.56,1.12) 

 

0.95 (0.75,1.20) 

0.84 

(0.58,1.21) 

 

1.23 

(0.92,1.64) 

0.74 (0.44,1.22) 

 

N/a 

Yang et al. 2007 
437 gestational weeks 

and <2500 gm 
TTHM OR (adjusted) 

Entire 

pregnancy 

average 

<4.93µg/L 4.93-13.11g/L >13.11g/L - - 

1.00 (reference) 0.99 (0.90,1.08) 1.00 (0.91,1.10) - - 

Notes: 

Where studies presented both adjusted and crude ORs, only the adjusted are given here as these were the ones used (unless otherwise stated). Only third trimester and entire pregnancy average exposure timings were used (unless otherwise stated). 

Some studies provided results for additional exposure timings that were not investigated in this meta-analysis. 
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Table 2c – Summary of published measures of effect (and their exposure characterisation) as used in the meta-analysis for PTD 

Study Definition of outcome 
Exposure 

agent 

Measure of 

effect 

Exposure 

timing 

Exposure categories 

Measures of effect 

Kramer et al. 

1992 
<37weeks of gestation Chloroform OR (adjusted) 

Entire 

pregnancy 

Non-detect 1-9µg/L ≥ 10µg/L - - 

1.0 (reference) 1.1 (0.8, 1.4) 1.1 (0.7, 1.6) - - 

Savitz et al. 1995 
<37 weeks completed 

gestation 
TTHM OR (adjusted) 

Third 

trimester 

40.8-63.3ppb 63.4-82.7ppb 82.8-168.8ppb - - 

1.0 (reference) 1.2 (0.8, 1.8) 0.9 (0.6, 1.5) - - 

Gallagher et al. 

1998 

<37 weeks completed 

gestation 
TTHM OR (adjusted) 

Third 

trimester 

≤ 20ppb 21-40ppb 41-60ppb >61ppb - 

1.0 (reference) 1.0 (0.6, 1.7) 0.7 (0.3, 1.6) 1.0 (0.3,2.8) - 

Dodds et al. 1999 <37 weeks of gestation TTHM 
Relative risk 

(adjusted) 

Third 

trimester 

0-49µg/L 50-74µg/L 75-99µg/L >100µg/L - 

1.00 (reference) 0.96 (0.88, 1.06) 0.99 (0.88, 1.12) 
0.97 (0.87, 

1.09) 
- 

Wright et al. 2003 <37 gestational weeks TTHM OR (adjusted) 

Third 

trimester, 

entire 

pregnancy 

average 

0-60µg/L >60-80µg/L >80µg/L - - 

1.00 (reference) 

0.99 (0.87, 1,13) 

 

1.00 (0.89, 1.12) 

0.97 (0.85, 1.11) 

 

0.90 (0.77, 1.04) 

- - 

Wright et al. 2004 <37 gestational weeks TTHM OR (adjusted) 
Third 

trimester 

0-33µg/L >33-74µg/L >74-163µg/L - - 

1.00 (reference) 0.95 (0.91, 0.99) 0.88 (0.81, 0.94) - - 

Lewis et al. 2007 

Analyses were 

restricted to infants 

between 32 and 45 

gestational weeks with a 

birth weight 500g-

5000g 

TTHM HR (adjusted) 

Entire 

pregnancy 

average 

<40 40<60µg/L ≥ 60µg/L - - 

1.00 (reference) 0.92 (0.82, 1.02) 0.85 (0.74, 0.97) - - 

Yang et al. 2007 <37 gestational weeks TTHM OR (adjusted) 

Entire 

pregnancy 

average 

<4.93µg/L 4.93-13.11g/L >13.11g/L - - 

1.00 (reference) 1.03 (0.94, 1.13) 1.08 (0.98, 1.18) - - 

Hoffman et al. 

2008b 

Delivery before 37 

weeks' gestation 
TTHM 

Risk ratio 

(adjusted) 

Second 

trimester 

(assumed as 

entire 

pregnancy 

average in 

meta-analysis) 

2.2-4.6µg/La 33.1-55.0µg/L 55.1-66.3µg/L 66.4-74.8µg/L 74.9-108.8µg/L 

1.00 (reference) 0.89 (0.50, 1.30) 0.90 (0.60, 1.40) 
0.70 (0.40, 

1.10) 
0.50 (0.30, 0.90) 

a Exposure range at low DBP site; not contiguous with upper exposure categories but used as referent category. Notes: Where studies presented both adjusted and crude ORs, only the adjusted are given here as these were the ones used (unless otherwise 

stated). Only third trimester and entire pregnancy average exposure timings were used (unless otherwise stated). Some studies provided results for additional exposure timings that were not investigated in this meta-analysis. 
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Table 2d – Summary of published measures of effect (and their exposure characterisation) as used in the meta-analysis for SGA 

Study Definition of outcome 
Exposure 

agent 

Measure of 

effect 

Exposure 

timing 

Exposure categories 

Measures of effect 

Kramer et al. 

1992 a 

<5th percentile of 

weight for gestational 

age (excluding 

unrealistic gestational 

ages of ≤ 22weeks or ≥ 

46 weeks) 

Chloroform 
OR 

(adjusted) 

Entire 

pregnancy 

Non-detect 1-9µg/L ≥ 10µg/L - - - 

1.0 

(reference) 
1.3 (0.9, 1.8) 1.8 (1.1, 2.9) - - - 

Bove et al. 1995 

Live births at or below 

their race-, sex-, and 

gestational week-

specific 5th percentile 

weight 

TTHM 

OR 

(unadjusted/ 

adjusted b) 

Entire 

pregnancy 

average 

≤ 20ppb >20-40ppb >40-60ppb >60-80ppb >80-100ppb >100ppb 

1.00 

(reference) 

0.98 (0.84, 

1.15) d 

1.33 (1.23, 

1.44) d 

1.11 (1.01, 

1.22) d 

1.22 (1.07, 

1.39) d 

1.50 (1.15, 

1.96) d 

Dodds et al. 1999 

Lowest 10th of weight 

distribution among 

Canadian live births for 

each week of gestation 

for each sex 

TTHM 
Relative risk 

(adjusted) 

Third 

trimester 

0-49µg/L 50-74µg/L 75-99µg/L 
100 or more 

µg/L 
- - 

1.00 

(reference) 

1.04 (0.97, 

1.11) 

1.01 (0.92, 

1.11) 

1.08 (0.99, 

1.18) 
- - 

Wright et al. 2003 

Lowest 10th centile of 

birth weight for each 

gestational week 

stratified by infant 

gender and maternal 

race (only term births) 

TTHM 
OR 

(adjusted) 

Third 

trimester, 

entire 

pregnancy 

average 

0-60µg/L >60-80µg/L >80µg/L - - - 

1.00 

(reference) 

0.98 (0.89, 

1.09) 

 

1.00 (0.92, 

1.09) 

1.03 (0.94, 

1.14) 

 

1.14 (1.02, 

1.26) 

- - - 

Wright et al. 2004 

Lowest decile of birth 

weight for each 

gestational week 

stratified by infant sex 

and maternal race (only 

term births from 37-45 

gestational weeks) 

TTHM 
OR 

(adjusted) 

Third 

trimester 

0-33µg/L >33-74µg/L >74-163µg/L - - - 

1.00 

(reference) 

1.06 (1.02, 

1.10) 

1.13 (1.07, 

1.20) 
- - - 

Hinckley et al. 

2005 a 

Birth weight <lowest 

10th percentile of birth 

weights by race, 

ethnicity, and 

gestational age (term or 

preterm) 

TTHM 
OR 

(adjusted) 

Third 

trimester 

<40µg/L 40-53µg/L ≥ 53 - - - 

1.00 

(reference) 

0.98 (0.90, 

1.07) 

1.09 (1.00, 

1.18) 
- - - 
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Study Definition of outcome 
Exposure 

agent 

Measure of 

effect 

Exposure 

timing 

Exposure categories 

Measures of effect 

Porter et al. 2005 a 

Birth weight <10th 

percentile for 

gestational age 

(adjusted for sex and 

race) 

TTHM 
OR 

(adjusted) 

Third 

trimester, 

entire 

pregnancy 

average 

≤ 29.48µg/L 

 

 

≤ 37.38µg/L 

>29.48µg/L ≤ 

38.00 

 

>37.38µg/L ≤ 

43.67µg/L 

>38.00µg/L ≤ 

49.67µg/L 

 

>43.67µg/L ≤ 

49.13µg/L 

>49.67µg/L ≤ 

64.48µg/L 

 

>49.13µg/L ≤ 

59.00µg/L 

>64.48µg/L 

 

>59.00µg/L 

- 

1.00 

(reference) 

1.18 (0.97, 

1.44) 

 

1.01 (0.83, 

1.22) 

1.20 (0.99, 

1.46) 

 

1.11 (0.92, 

1.35) 

1.05 (0.86, 

1.29) 

 

0.98 (0.81, 

1.20) 

1.17 (0.96, 

1.42) 

 

0.98 (0.81, 

1.19) 

- 

Yang et al. 2007 

Birth weight ≤ 10th 

percentile for each 

gestational week 

stratified by infant sex 

TTHM 
OR 

(adjusted) 

Entire 

pregnancy 

average 

<4.93µg/L 4.93-13.11g/L >13.11g/L - - - 

1.00 

(reference) 

1.00 (0.94, 

1.04) 

0.96 (0.91, 

1.02) 
- - - 

Hoffman et al. 

2008a 

Birth weight <10th 

percentile for 

gestational age at birth, 

sex, maternal race and 

parity 

TTHM 
Risk ratio 

(adjusted) 

Third 

trimester 

2.2-4.6µg/L 
c 

33.1-55.0µg/L 55.1-66.3µg/L 66.4-74.8µg/L 
74.9-

108.8µg/L 
- 

1.0 

(reference) 
1.2 (0.7, 2.2) 0.8 (0.4, 1.5) 1.2 (0.7, 2.2) 1.3 (0.7, 2.3) - 

a Studies reporting on “IUGR” using definitions considered to be equivalent to SGA. b Adjusted results given when difference between adjusted & unadjusted >15% of unadjusted value. c Exposure range at low DBP site; not contiguous with upper 

exposure categories but used as referent category. d Quoted 95% CIs recalculated from data published at different levels of confidence Notes: Where studies presented both adjusted and crude ORs, only the adjusted are given here as these were the 

ones used (unless otherwise stated). Only third trimester and entire pregnancy average exposure timings were used (unless otherwise stated). Some studies provided results for additional exposure timings that were not investigated in this meta-analysis. 
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Table 3 – Summary table of results of meta-analyses for all health outcomes, including results of subset analyses for exposure agent and 

exposure timing 

Exposure agent Exposure timing Health outcome Number of studies included OR slope per 10µg/L Lower 95% CI Upper 95% CI Q-statistic 

Only TTHM 

Third trimester 

 

LBW 4 0.9999 0.9735 1.0270 2.244 

TLBW 4 1.0337 0.9272 1.1525 3.987 

PTD 6 0.9896 0.9781 1.0013 1.840 

SGA 6 1.0100 1.0006 1.0194 3.569 

Any exposure timing 

LBW 5 1.0013 0.974681 1.0286 2.495 

TLBW 5 1.0228 0.9456 1.1063 4.008 

PTD 8 0.9894 0.9777 1.0007 4.124 

SGA 8 1.0096 1.0009 1.0184 4.641 

Entire pregnancy only SGA 4 1.0105 0.9712 1.0514 4.659 

TTHM and chloroform 
Any exposure timing 

LBW 5 1.0001 0.9737 1.0272 2.495 

PTD 9 0.9894 0.9777 1.0007 4.125 

Entire pregnancy only PTD 4 0.9696 0.9139 1.0286 1.441 

 

 


