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Summary 

This thesis explores the risk factors and perinatal outcomes associated with prelabour 

rupture of membranes, with a particular focus on the environmental context.  

 

Prelabour rupture of membranes is defined as the rupture of fetal membranes before the 

onset of labour. It is a relatively common obstetric endpoint, occurring in approximately 

8-10% of pregnant women at term (PROM) and in up to 40% of all preterm deliveries 

(pPROM). Despite the high prevalence of the condition, the biological mechanisms and 

risk factors, and in particular the role of environmental predictors, behind the 

development of PROM and pPROM remain largely unclear.  

 

A record-based prevalence design was used to analyse a population of 16,229 

nulliparous, Caucasian women residing in Perth, Western Australia who gave birth to a 

single newborn during 2002-2004. Maternal age, socioeconomic status and threatened 

preterm labour during pregnancy were identified as risk factors for prelabour rupture of 

membranes. Term PROM was significantly associated with fetal distress (OR 1.19; 

95%CI 1.00-1.43) and post-partum haemorrhage (OR 1.99; 95%CI 1.60-2.48). 

 

A number of perinatal complications were observed to be associated with the 

presentation of preterm PROM, including prolapsed cord (OR 13.95; 95%CI 4.57-

42.61), ante-partum haemorrhage (OR 3.29; 95%CI 2.20-4.91), post-partum 

haemorrhage (OR 2.12; 95%CI 1.54-2.91), low birth weight (OR 17.79; 95%CI 13.87-

22.82), very low birth weight (OR 20.01; 95%CI 14.12-28.35) and stillbirth (OR 5.42; 

95%CI 2.87-10.21). However, the outcomes were similar between pPROM patients and 

other preterm deliveries, indicating that the complications arose due to the timing of the 

delivery. In contrast though, the risk factors between the two outcomes varied which 

may suggest that a different aetiological pathway exists between preterm PROM and 

other preterm deliveries. 

 

The frequency of complications decreased with increasing gestational age at delivery 

until the pregnancy reached full-term, whereupon an increase in gestational age at 

delivery resulted in an increased risk of fetal distress and post-partum haemorrhage. 

This finding is novel and may have important implications for the management of 

prelabour rupture of membranes, specifically with regard to the relative risks and 
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benefits of expectant management (that is, the patient is admitted to an obstetric facility 

or hospital and closely monitored) versus planned delivery. 

 

There has been limited research investigating the potential role of environmental risk 

factors for prelabour rupture of membranes, which is surprising given that the 

pathophysiology of the condition suggests that environmental exposures could provide 

one biologically plausible causal pathway. Reactive oxygen species have been 

identified as possible initiators of the enzyme activity which is responsible for prelabour 

rupture of fetal membranes, and several disinfection by-products (chemicals found in 

drinking water after the addition of disinfectant) have been associated with the 

formation of reactive oxygen species. Thus, it is hypothesised that this exogenous 

environmental exposure may contribute, at least in part, to the incidence and 

development of prelabour rupture of membranes.  

 

Several disinfection by-products routinely found in Perth drinking waters, including 

trihalomethanes and nitrate, were investigated. Retrospective exposure estimates were 

strengthened by the results of independent water sampling conducted in the Perth 

metropolitan region and the subsequent use of Bayesian modelling. Spatial 

epidemiological analyses provided consistent, albeit preliminary, evidence to suggest 

that women living in areas with moderate (OR 1.23; 95%CI 1.03-1.23) and high (OR 

1.47; 95%CI 1.20-1.79) levels of nitrate in drinking water have an increased risk of 

term prelabour rupture of membranes, after adjustment for smoking, socioeconomic 

status and maternal age. It is uncertain whether nitrate per se is likely to be the agent of 

interest, or whether the compound instead acts as an indicator for the presence of other 

nitrogenated disinfection by-products. This study represents the first attempt to 

investigate the potential associations between environmental risk factors and prelabour 

rupture of membranes. 

 

The results of the thesis provide a substantial contribution to our knowledge on 

prelabour rupture of membranes, including findings of direct relevance to clinical 

practice as well as a potentially contributing environmental exposure pathway. These 

original findings suggest a possible preventative approach to reducing the occurrence 

and associated morbidity of prelabour rupture of membranes may be feasible, and 

should be pursued if future research confirms the preliminary findings of this thesis.  
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CHAPTER 1: INTRODUCTION 

 

 

Prelabour rupture of membranes is defined as the rupture of fetal membranes before the 

onset of labour. It is a relatively common obstetric endpoint, occurring in approximately 8-

10% of pregnant women at term (PROM) and in up to 40% of all preterm deliveries 

(pPROM). The frequency and severity of complications associated with prelabour rupture 

of membranes increases with decreasing gestational age at the time of membrane rupture 

and delivery, and associated adverse outcomes include infection, respiratory distress, 

pulmonary and neurodevelopmental problems, and mortality. However, there is limited 

information regarding the perinatal complications with which it may be associated. 

Prelabour rupture of membranes is a leading cause of early admission and clinical 

monitoring amongst pregnant women, and hence incurs significant financial as well as 

human costs. 

 

Despite this, the mechanism behind prelabour rupture of membranes is not currently 

established, although it is assumed to be multifactorial. Few epidemiological studies have 

examined the outcome in detail with the majority of research confined to the molecular 

level, where significant progress has been made identifying the probable etiological 

pathway. As a result, it is now widely accepted that prelabour rupture of membranes results 

from the accelerated activity of collagen-degrading enzymes within the fetal membranes. 

However, little is known about what risk factors trigger this activity and subsequently, how 

it can be prevented. Furthermore, no studies have attempted to examine the potential role of 

environmental factors in the distribution of the disease. Therefore, the objectives and 

structure of the thesis will reflect these gaps in the literature.  

 

OBJECTIVES: 

1. Examine the risk factors and perinatal outcomes associated with PROM and 

preterm PROM 

The specific objectives of Aim 1 are to: 
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a. Evaluate if there is an association between demographic and pregnancy-related 

factors and PROM and/or preterm PROM 

b. Evaluate if there is an association between PROM and/or preterm PROM and 

the incidence of perinatal outcomes 

c. Explore whether the incidence of perinatal outcomes is affected by gestational 

age in PROM or preterm PROM 

 

2. Examine spatial variations of prelabour rupture of membranes (PROM) and 

preterm prelabour rupture of membranes (pPROM) in the greater Perth 

region 

The specific objectives of Aim 2 are to: 

a. Determine the geographic distribution of PROM and preterm PROM in the 

greater Perth region 

b. Calculate prevalence rates of PROM and preterm PROM for 2000-2004 

 

3. Examine the relationship between rates of PROM and preterm PROM and 

elevated levels of water contaminants 

The specific objectives of Aim 3 are to: 

a. Use the outputs of Aim 2 to identify areas with increased prevalence of PROM 

and preterm PROM in the greater Perth region using aggregated data by Census 

District (CD) and postcode 

b. Correlate these areas with water supply source and recorded chemical values in 

those areas 

c. Identify specific components in the water that may be of concern 

d. Evaluate if there is an association between water quality and PROM and/or 

preterm PROM 

 

I will first review the available literature (Chapter 2 and 3) and present the the basis for a 

hypothesis  thadisinfection by-products found in drinking water may trigger collagen 

degradation in fetal membranes, subsequently leading to prelabour rupture of membranes 

(Chapter 4). 
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Standard statistical techniques will be employed to analyse the risk factors and perinatal 

outcomes associated with both term and preterm prelabour rupture of membranes in a large 

record-based prevalence study of pregnant women in Perth, Western Australia (Chapter 6). 

In addition, Geographic Information Systems and spatial epidemiological analyses will be 

used to study populations exposed to differing levels of drinking water quality to explore 

the effect of water contaminants on the risk of developing prelabour rupture of membranes 

(Chapter 7 and 8).  

 

Seven appendices are provided to support the material summarised in the results chapters: 

Appendix 1 presents the results of a small inter-observer reliability study conducted to 

investigate the validity of the health outcome data used in the thesis; Appendices 2-4 

provide the full results from independent water sampling and supplementary analysis; 

Appendix 5 presents additional exposure maps; and Appendices 6 and 7 contain all other 

statistical models used for Chapter 8. These appendices complete the datasets used in the 

thesis but reference to them is not necessary for the purposes of reaching the conclusions 

provided in the body of the work. 

 

It is hoped that the results of this study will contribute to our understanding of prelabour 

rupture of membranes and lead to improvements in maternal and child health.   
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CHAPTER 2: PRELABOUR RUPTURE OF 

MEMBRANES 

 

The following chapter reviews the literature regarding the primary outcome of interest in 

this study, prelabour rupture of membranes. A comprehensive systematic search was 

conducted using the online search engines PubMed and MEDLINE from 1986 to 2006 with 

the keywords “prelabour rupture of membranes”, “fetal membrane rupture”, “preterm” and 

“preterm rupture of membranes”. The latter definition was used to capture older articles 

written when this terminology was employed. A manual search of cross-references 

generated further articles for review. Advice on relevant journals and terms was also sought 

from experts in the field of obstetrics. 

 

2.1 INTRODUCTION 

Prelabour rupture of membranes (PROM) is defined as the rupture of membranes before 

the onset of labour [1]. Approximately 8-10% of pregnant women at term present with 

prelabour rupture of membranes [2]. 

 

Prelabour rupture of membranes occurring before 37 weeks gestations is referred to as 

preterm prelabour rupture of membranes (pPROM) and occurs in approximately 1-5% of 

all pregnancies [3-6]. It occurs with 30-40% of all preterm births, and thus is the leading 

single predictor [1]. 

 

In this context, the term latency refers to the period of time from membrane rupture to 

onset of labour. Clinicians and researchers differ in their definition on the length of the 

period of latency used to define prelabour rupture of membranes, with variation ranging 

from 0–24 hours. As such, comparability between studies must account for potential 

differences in the definition of prelabour rupture of membranes and subsequently results 

should be interpreted with caution. It has been established that latency is inversely 

proportional to the gestational age at which pPROM occurs. 
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Generally, the majority of research has focussed on preterm PROM due to the greater 

morbidity and mortality associated with this outcome. Although it has not been 

conclusively established, it is also possible that term and preterm PROM differ in their 

aetiology. Therefore, where appropriate, they will be discussed separately and 

distinguished from each other by the use of the acronym PROM to indicate term prelabour 

rupture and pPROM to specify preterm prelabour rupture.  

 

2.2 MORBIDITY AND MORTALITY 

The frequency and severity of perinatal and neonatal complications after prelabour rupture 

of membranes vary with the gestational age at which rupture and delivery occur.  

 

2.2.1 Prelabour rupture of membranes before 37 weeks (pPROM) 

The health consequences of pPROM and prematurity per se are often difficult to 

disentangle, and where possible the studies which assessed pPROM specifically are the 

focus of this review. Preterm PROM accounts for between 1-5% of all deliveries and its 

development is associated with considerable perinatal morbidity and mortality [3-5]. Few 

pregnancies with pPROM will extend to term: between 50-75% of infants are delivered 

within a week of membrane rupture [7, 8]. 

 

2.2.1.1 Respiratory distress and pulmonary maturation 

Respiratory Distress Syndrome (RDS) is clinically defined as requiring more than 24 

hours‟ oxygen supplementation in the absence of other evident causes of respiratory 

compromise, and is the most common clinical complication occurring in preterm infants 

[3]. A report by Schucker and Mercer looking at 462 infants born during the second 

trimester (16-26 weeks) after pPROM, observed that respiratory distress syndrome 

occurred in 52% of cases, comparable to rates in other preterm deliveries [9]. Long-term 

follow-up over periods ranging from 3-36 months found chronic lung disease in 7.5% of 

these infants. Pulmonary hypoplasia refers to incomplete development of the lungs and is 

often associated with pPROM, occurring in between 6-18% of cases [4, 9, 10], with an 
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associated mortality rate of up to 70% [11] but it is rarely seen in PROM after 26 weeks 

gestation [12]. 

 

A large population-based cohort study of singleton live births born between 23 and 32 

weeks following pPROM reported a rate of respiratory distress syndrome of 15.1% for 

infants and 25.9% required assisted ventilation [13]. 

 

Kurkinen-Raty et al [4] found that approximately one in five neonatal patients born after 

mid-trimester (17 – 30 weeks) pPROM have chronic lung disease, similar to rates reported 

elsewhere [10]. Continuing chronic lung disease at one year of age was also observed in 

this retrospective cohort, with 22% of pPROM infants presenting with pulmonary 

complications; an outcome often requiring long and repeated hospital stays [4]. The study 

suggested that the rates of these complications were similar to surviving infants from other 

preterm deliveries. 

 

2.2.1.2 Infection 

Early membrane rupture disrupts the protective barrier around the fetus, exposing it to 

organisms present in the vaginal vault which can lead to ascending infection [14]. The 

relationship between pPROM and infection has yet to be properly elucidated, with some 

evidence suggesting that infection is the cause of pPROM whereas others report that it is a 

consequence of pPROM. Regardless of the true sequential pathway, intra-amniotic 

infection and chorioamnionitis has been associated with more than 50% of pPROM cases 

[15]. The risk of infection has been shown to be greatest in the first 72 hours after rupture 

[14] and is inversely related to gestational age [16, 17]. 

 

2.2.1.3 Fetal distress and other pregnancy complications 

Fetal distress is more common in preterm infants born as a result of prelabour rupture of 

membranes than preterm labour [14], and intrapartum fetal heart rate decelerations have 

been observed in over 75% of pPROM patients [18]. Additional complications associated 

with pPROM which may affect fetal well-being include cord prolapse, occurring in 2-3% 

of cases [19] and placental abruptions, occurring in 4-12% of cases [20]. This retrospective 

cohort of single newborns [20] found a significant increase in incidence of abrupto 

placentae among pPROM patients compared to the general population (5% compared to 
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0.09%; p<0.001) and this finding was substantiated (5.6% compared to 1.4%; p<0.05) by 

Gonen et al [21] and several other studies [22, 23]. 

 

2.2.1.4 Neurodevelopmental problems 

There are growing concerns over the long-term health outcomes resulting from infection or 

trauma in utero, with some evidence indicating a possible role for inflammatory mediators 

in brain injury [24]. Follow-up between 3-36 months after birth of 185 pPROM survivors 

across eight studies found that 23.8% of cases demonstrated a developmental delay, 22.8% 

had delayed motor development, and 20.8% developed cerebral palsy or another 

neurological condition [9]. This latter finding corroborates the observations of a very low 

birth weight (<1500g) cohort study which followed survivors until the age of six and 

reported that the prevalence of spastic diplegia, a highly prevalent sub-type of cerebral 

palsy, was three times higher (OR 3.2; 95%CI 1.2 – 8.5) among children from the cohort 

born after pPROM [25]. The association between neurodevelopmental problems and 

pPROM was also examined in a cohort study in Italy which found that infants born after 

pPROM were five times more likely (OR 5.75; 95%CI 1.22-27.18) to have a severe 

neurological impairment at 2 years of age than infants delivered preterm but without 

prelabour rupture of membranes [26]. This may indicate the contribution of an infection 

after membranes have ruptured, with the study also suggesting that a possible relationship 

between duration of membrane rupture to delivery and the severity of neurodevelopmental 

impairment may exist. 

 

2.2.1.5 Mortality 

Cases of pPROM which occur before 23 weeks are considered pre-viable and are 

associated with extremely high mortality rates. Immediate delivery will almost certainly 

lead to neonatal death. Conservative management and extension of the latency period can 

improve the prognosis but average neonatal mortality rates of 82-3% were still reported in a 

systematic review of 11 studies [27].  

 

A review of eight studies [9], found a neonatal death rate of 53% following pPROM during 

the midtrimester (23-26 weeks‟ gestation). A prospective cohort in France that examined 

the incidence of pPROM between 24 and 34 week‟s gestation found an overall mortality 

rate of 6.8%; and this decreased with increasing gestational age [28]. After 28 weeks‟ 
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gestation, the mortality rate had fallen to less than 3%. Another large cohort study, this time 

conducted in the United States, reviewed infant deaths over a similar gestational period and 

used an identical definition for pPROM (rupture > 12 hours before labour) but observed an 

infant death rate of 11.6% [13]. Extreme prematurity and pulmonary hypoplasia are the 

leading causes of neonatal mortality following pPROM [14]. 

 

Reported rates of stillbirth among pPROM deliveries of single newborns range from 0-22% 

[4, 10, 29-32], but the lowest rates (0-9%) were all observed in the most recent studies [4, 

10, 29, 30].  According to Kurkinen-raty et al [4] the frequency of stillbirth among pPROM 

cases is lower than from other causes of preterm delivery. 

 

2.2.2 Prelabour rupture of membranes after 37 weeks gestation 

(PROM) 

Although the consequences of term PROM are not as severe as preterm PROM, it is still 

associated with substantial risks to both the mother and infant. 

 

2.2.2.1 Fetal Distress 

The time from membrane rupture to delivery in term patients is usually less than 48 hours 

and therefore the main risks associated with PROM are related to fetal distress, with cord 

prolapse and compression, and placental abruptions [33]. These conditions can have serious 

outcomes in their own right, including low Apgar scores, emergency Caesareans, and 

neonatal mortality, and are extremely stressful for both patients and physicians [34].  

 

When membrane rupture occurs at term, induced labour is often the preferred option for 

physicians in order to minimize risk and distress to the mother and infant [35]. However, 

failed induction (often due to the state of the cervix) can lead to the use of interventions 

such as emergency Caesareans and instrumental vaginal deliveries [18], which carry their 

own risks [36-38].  

 

2.2.2.2 Infection 

An additional complication of PROM is the risk of infection. The incidence of neonatal 

infection for infants born to women with prelabour rupture of membranes at term ranges 



  

 

30 

from 1 - 2.6% [39-41]. This variation may be at least partially explained by differences in 

the definitions used for neonatal infection and prelabour rupture of membranes. 

 

Similar to preterm PROM, duration of latency has been strongly associated with the risk of 

neonatal infection in term PROM cases [40]. A time of ≥24 to <48 hours from membrane 

rupture to labour resulted in almost a doubling of risk (OR 1.97; 95%CI 1.11-3.48) and a 

time ≥48 hours resulted in a further significant increase (OR 2.25; 95%CI 1.21-4.18). This 

finding was corroborated by Johnson et al who demonstrated that patients with PROM and 

latent periods of more than 24 hours had an increased risk of intra-partum fever, and those 

with a latency of more than 72 hours had a marked increase in the risk of fetal death [42]. 

Furthermore, retrospective analysis by Hallak & Bottoms found that neonatal intensive care 

unit (NICU) admissions increased from 1.9% when latency was <3 hours to 13.3% after 18 

hours [43]. Reduced latency – in which planned early birth was compared to expectant 

management in pregnant women with term PROM - was shown in a review of 12 

randomised control trials [44] to significantly decrease the risks of chorioamnionitis (from 

10% to 7%), endometritis (from 8% to 3%), and admission of the infant to NICU (from 17 

to 12%).  

 

2.3 RISK FACTORS 

2.3.1 Sociodemographic factors  

A number of sociodemographic factors have been investigated as potential risk factors for 

prelabour rupture of membranes including education, marital status, income and maternal 

age. 

 

2.3.1.1 Education 

A case-control study in the United States observed that mothers of pPROM infants were 

significantly less likely than controls (term deliveries without prelabour rupture of 

membranes) to have university level or above education (OR 3.5; 95%CI 0.17-0.73) 

although this finding was not replicated for term PROM cases [45]. A smaller, but more 

recent case-control study in Canada also noted that women with pPROM were significantly 

less likely than other preterm deliveries to have tertiary education [46]. 



  

 

31 

 

2.3.1.2 Marital status 

Ever since the French sociologist Emile Durkheim identified that social integration reduced 

the propensity for suicide, researchers have explored the effect of social relationships on 

health and well-being. One of the traditional measures used in health studies to indicate 

social integration is marital status. However, no relationship has been detected between 

marital status and pPROM [45, 46] or term PROM [45]. 

 

2.3.1.3 Socioeconomic status 

Several studies have found an association between some measure of low socioeconomic 

status and preterm PROM [26, 47]. This hypothesis is further supported by a recent 

epidemiological study [46] which found that total family income <$25,000 was 

significantly associated with pPROM (OR 3.1; 95%CI 1.6 – 6.0) compared to other preterm 

deliveries. These findings could reflect inequalities in health care access, poor nutritional 

status or other adverse factors associated with low socioeconomic status, such as 

depression or psychosocial stressors. 

 

2.3.1.4 Maternal age 

The evidence concerning the effect of maternal age on pregnancy complications, including 

prelabour rupture of membranes, is inconsistent. A relatively small case-control study 

found no significant differences between patients with pPROM and other preterm 

deliveries for maternal age although the restricted sample size limited study power [46]. 

The finding correlates with those from an earlier study [45]. A large, prospective multi-

centre study also found no differences in the incidence of pPROM based on maternal age, 

after adjusting for a number of confounders [48]. A number of other, well-designed, 

predominantly retrospective cohort studies concluded that maternal age was not a 

significant predictor of pPROM [49-52].  

 

In contrast, a large retrospective study conducted in Jordan found that women delivering 

their first child at age 35 years or older were at increased risk of prelabour rupture of 

membranes compared with women aged 20-29 years of age [53]. This corroborates 

findings from an American study [54], where older mothers (30-34 and ≥35 yrs) had a 

significantly increased risk for pPROM (OR 1.4; 95%CI 1.2-1.6 and OR 1.5; 95%CI 1.3-
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1.8 respectively). More recently, a large population-based retrospective cohort study found 

that increasing maternal age was associated with a significantly higher risk of pPROM 

(p<0.001 for all six age categories) after adjusting for maternal race, parity, diabetes, 

chronic hypertension and smoking status [55]. Interestingly, this finding only reached 

statistical significance for singleton pPROM births and not multiple births. 

 

A small study in America found that maternal age <16 years was associated with a 

moderate increase in pPROM: however the study population consisted of women with low 

income or co-existing medical and obstetric problems and thus is not considered 

representative of the general population [56]. This finding was not replicated in a small, 

prospective study of 147 nulliparous adolescents [57] 

 

2.3.1.5 Race/Ethnicity 

There is mixed evidence regarding the influence of race or ethnicity on the risk of 

prelabour rupture of membranes. No difference was found in a small case-control study of 

patients with pPROM compared to other preterm deliveries [46] yet it has also been 

reported that black patients are more likely to experience pPROM [58]. This finding was 

replicated in a large records-based study in the US [54] which found that both African-

American and Hispanic women were significantly more likely to experience pPROM (OR 

1.9; 95%CI 1.5-2.3 and OR 1.7; 95% CI 1.4-2.1 respectively) compared to the general 

population. An international review of 12 publications by Savitz et al concluded that black 

patients and those of lower social classes were more likely to experience pPROM 

compared to other both preterm deliveries and the general population [59]. 

 

2.3.2 Occupational factors 

One large prospective study has been conducted to examine the relationship between 

occupational fatigue and pPROM [5]. Occupational fatigue was measured via a 

questionnaire and quantified using a pre-established index. Five sources of occupational 

fatigue were identified – posture, work with industrial machines, physical exertion, mental 

stress, and working environment stress. Each source was independently associated with a 

significantly increased risk of pPROM compared to other preterm deliveries among 

nulliparous women only. A dose-response trend was also evident with the risk of pPROM 
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increasing significantly with the number of sources of occupational fatigue. Furthermore, a 

significant relationship was detected between pPROM and an increasing number of hours 

worked per week for nulliparous women. Despite the large sample size and strong study 

design, the population sampled were from a generally more socioeconomically deprived 

region and were probably not representative of the general population. It is possible that 

other factors associated with low socioeconomic status including smoking, poor diet and 

lower general health, may have contributed to the relationship observed but these were not 

measured and are thus not accounted for in the final analysis. 

 

No other occupational studies have specifically examined prelabour rupture of membranes 

but several have indicated a positive relationship between preterm delivery (of which a 

large proportion are due to pPROM) and occupational fatigue [60], industrial work [61] and 

specific occupations [62, 63]. 

 

2.3.3 Smoking  

A case-control study of singleton pregnancies in six US perinatal centres [64], revealed a 

significant association between smoking during pregnancy and pPROM compared to other 

preterm deliveries (OR 2.1; 95% CI 1.4-3.1). This is consistent with findings from Ekwo et 

al who observed that exposure to cigarette smoke was significantly associated with an 

increased risk of pPROM (OR 4.2; 95%CI 1.8 – 10.0) in a case-control study [45]. A large 

retrospective records-based study in the US also detected a significant increase in the risk 

of pPROM (OR1.3; 95%CI 1.1-1.6) after adjusting for a number of confounders [54] 

although both these studies compared pPROM to term pregnancies. A case-control study 

that included 10 European countries also detected a significant association (OR 1.25; 1.06-

1.47) between smoking and an increased risk of pPROM [65].  

 

No studies have specifically explored the risk of smoking for term PROM, but a small 

study of singleton, white mothers found that mothers who reported smoking 1-60 cigarettes 

a day throughout their pregnancy, had a significantly higher incidence of all PROM (term 

and preterm) than non-smokers (9% compared to 4.8%; p<0.05) even after adjustment for 

other risk factors [66]. 
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2.3.4 Infection 

After adjustment for several risk factors (smoking, vaginal bleeding during pregnancy and 

previous history of prelabour rupture of membranes), Ekwo et al [45] reported a 

significantly increased risk of pPROM for women with intra-amniotic infection (OR 6.0; 

95%CI 1.3 – 3.3), urinary tract infection (OR 3.7; 95%CI 1.7 – 8.0), and cervical 

gonococcal infection (OR 7.6; 95%CI 2.2 – 26.4) compared to women without prelabour 

rupture of membranes. This latter finding confirms the results from two previous studies 

which demonstrated an independent association between gonorrhoea and pPROM [67, 68]. 

More recently, a small case-control study conducted in India showed a significant 

association between prior history of urinary tract infections (OR 3.5; 95%CI 1.05-14.9), 

presence of E.coli (OR 7.5; 95%CI 2.8-20.0) and S. aureus (OR 2.8; 95%CI 1.24-3.6) and 

subsequent occurrence of pPROM compared to controls matched for gestational age, 

although no confounders were accounted for [69]. 

 

No relationship was found between infection and cases of term PROM [45]. 

 

2.3.5 Plurality  

Plurality refers to the number of births in a single pregnancy. A population-based 

retrospective cohort study investigated the risks of pregnancy complications associated 

with higher plurality. Compared to singleton births, pPROM was significantly more likely 

to occur in twin pregnancies (OR 2.39; 95%CI 2.35-2.43) and triplet pregnancies (OR 3.36; 

95%CI 3.15-3.59), even after adjustment for maternal age, race, parity, smoking, diabetes 

and hypertension [55].  

 

This trend is also evident in Western Australia. In 2003, only 4.6% of singleton births were 

complicated by prelabour rupture of membranes (both preterm and term), compared to 

14.5% of multiple births [70]. 

 

2.3.6 Parity 

Parity generally refers to the number of times a mother has given birth before, although in 

obstetrics, the term more formally applies to the number of number of births (both live born 
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infants and stillbirths) completed to a particular gestational age (for example, of at least 20 

weeks of gestation). Parity is often considered as a confounder in pregnancy research yet 

very few studies have investigated its effect in isolation. Ekwo et al found that there was no 

relationship between parity and either term or preterm PROM [45]. A large study of 

women from a relatively less affluent socioeconomic background [5] observed that the 

prevalence of pPROM among multiparous women to be substantially higher than among 

nulliparous women (5.2% compared to 2.1%). This is in contrast to a population study in 

the US which detected a significantly increased risk of pPROM (OR 1.1; 95%CI 1.2-1.6) 

among nulliparous women [54]. The mixed nature of these findings could be due to 

considerable differences in study design, study population and sample size; however it is 

apparent that further research is required in this area to clarify any potential association. 

 

2.3.7 Previous pregnancy complicated by prelabour rupture of 

membranes 

Several studies have suggested that after a pregnancy complicated by pPROM, subsequent 

pregnancies are also at an increased risk of either pPROM specifically or preterm delivery 

in general. Naeye examined data from 12 university health centres and reported a 

recurrence rate of pPROM of 21% and an overall recurrence rate for preterm delivery of 

44.2% in consecutive pregnancies [71]. These findings were similar to those from a 

smaller, retrospective study in California [72] which demonstrated a recurrence rate of 

pPROM of 32.2% (95%CI: 23.9-40.5).  A later study, which compared the recurrence rates 

of pPROM and preterm delivery against background rates, also demonstrated a significant 

increase in the rates of recurrent pPROM (16.7%) and preterm delivery (34.2%) in study 

group patients compared to background rates (0.96% and 12.5% respectively) but noted 

that these were considerably lower than the previously reported recurrence rates for 

pPROM and preterm delivery [73]. These lower recurrence rates are consistent with the 

findings from a large prospective cohort in France, where the rate of previous pPROM was 

14.3% and the rate of previous term PROM was 11.8% [28].  

 

2.3.8 Pregnancy complications 

Complications occurring during the pregnancy may be indicative of whether a patient is at 

increased risk of prelabour rupture of membranes.  A small study of white mothers who 
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delivered single newborns [66] found that mothers with pre-eclampsia, gestational diabetes 

or hypertension had the lowest frequencies of PROM (combined measure of term and 

preterm). However, a population-based study using health registers indicated that 

gestational diabetes significantly increased the risk of experiencing pPROM (OR1.4; 

95%CI 1.1-1.7). A significant increase in the risk of pPROM was also reported for mothers 

who had pre-existing diabetes mellitus (OR2.2; 95%CI 1.1-4.1) in this study. Disparities 

between the two studies with respect to gestational diabetes may reflect differences in their 

definitions of prelabour rupture of membranes and the exclusion of term PROM in the 

latter study.  

 

A case-control study [64] suggested that antepartum bleeding in more than one trimester 

was associated with an increased risk of pPROM compared to other preterm deliveries (OR 

7.4; 95%CI 2.2-25.6). In another case-control study, women presenting with threatened 

miscarriage (defined as bleeding in the first trimester) were more likely to have pPROM 

(RR 3.72; 95% CI 1.2-11.2) compared to other preterm deliveries [74].  

 

2.3.9 Environmental factors 

Other than smoking (2.3.3), no studies have examined the relationship between 

environmental exposures and prelabour rupture of membranes. This is surprising given that 

the pathophysiology of prelabour rupture of membranes suggests that environmental 

exposures could provide one biologically plausible pathway (outlined in Chapter 4). 

 

2.3.10 Other factors 

Several studies have proposed a possible link between assisted reproductive techniques and 

the risk of pPROM. A nationwide study in Sweden [75] used health registers to determine 

that women who had given birth after in vitro fertilisation (IVF) had a significantly 

increased risk of pPROM than women without IVF treatment (OR 2.54; 95%CI 2.34-2.76). 

Despite the large sample size and hence study power, the study failed to adjust for potential 

confounders including maternal age or plurality, which are associated with both IVF and 

prelabour rupture of membranes. However, a similar study in both design and size, also 

noted a significantly increased risk of pPROM for patients who underwent IVF (OR 1.9; 

95%CI 1.03-3.3) after adjusting for a number of confounders [54]. 
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Other risk factors that have been associated with increased incidence of pPROM [54] 

include illicit drug use during pregnancy (OR 2.4; 95% CI 1.8-3.2) and prenatal care 

beginning after 13 weeks gestation (OR 1.4; 95%CI 1.2-1.6). 

 

2.4 PATHOPHYSIOLOGICAL MECHANISMS OF 

PRELABOUR RUPTURE OF MEMBRANES 

The biological mechanism behind prelabour rupture of membranes is currently unknown 

but is assumed to be multifactorial [1]. 

 

The fetal membranes are comprised of the amnion and the chorion, which are connected by 

the extracellular matrix and fuse together at 18-20 weeks‟ gestation [76]. The membranes 

surround the growing fetus, providing structural support, acting as a protective barrier 

against ascending infection, and contributing to metabolic and hormonal exchanges 

between the mother and fetus [76-78]. The amnion is considered the stronger of the two 

layers [78]; with collagen fibres providing structure and tensile strength [79-81]. 

 

In uncomplicated parturition, a series of key events designed to break down the fetal 

membranes occur resulting in diminished collagen synthesis and accelerated collagen 

degradation within the extracellular matrix of the fetal membranes [1, 82]. Results from 

molecular, biological and genetic research have identified the crucial role played by matrix 

metalloproteinases (MMPs), a family of 28 structurally-related enzymes capable of 

degrading components within the extracellular matrix of the fetal membranes, particularly 

collagen [7, 79, 83-85]. Matrix metalloproteinases are produced by amniotic epithelial cells 

and trophoblasts in the fetal membranes throughout pregnancy [86] but are kept in check by 

the presence of tissue inhibitors of matrix metalloproteinases (TIMPs). Balanced activity 

between MMPs and TIMPs allow for a controlled, programmed and continual remodelling 

process of the fetal membranes during gestation which enables the membranes to grow as 

the gestation progresses [15]. Near the time of delivery, there is a shift in the balance of 

MMP and TIMP activity with a significant increase in the concentration of MMPs [84, 86-

92] found in the placenta, fetal membranes and amniotic fluid of patients at term before 
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labour. Concentrations of TIMPs have also been shown to decrease with gestational age 

[84]. 

 

Prelabour rupture of membranes has been associated with reduced collagen content [93, 94] 

and it has been proposed that an early and inappropriate imbalance between the activities of 

MMPs and their tissue inhibitors may lead to prelabour rupture of membranes. A number 

of studies have shown protease activity to be increased in the membranes of women with 

PROM and pPROM compared to uncomplicated labours, with MMP-9 particularly active. 

Table 2-1 and Table 2-2 summarize these findings. 
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Table 2-1 Studies of MMP/TIMP concentrations in women with PROM 

Citation Study Population Methodology Finding 

Athayde et al. 

1998 [95] 

PROM = 40  

Term labour and intact 

membranes = 50 

Immunosorbent 

assay 

MMP-9 significantly increased 

in PROM (p<0.001) 

Maymon et al. 

2000a [90] 

PROM = 20 

Term and intact 

membranes = 51 

Immunosorbent 

assay 

MMP-8 not significantly 

higher in PROM  

Maymon et al. 

2000b [96] 

PROM = 20 

Term and intact 

membranes = 45 

Immunosorbent 

assay 

MMP-7 not significantly 

higher in PROM 

Maymon et al. 

2000c [97] 

PROM = 22 

Term and intact 

membranes = 68 

Immunosorbent 

assay 

MMP-9 significantly increased 

in PROM (p<0.005) 

MMP-2 significantly 

decreased in PROM 

(p<0.005) 

Maymon et al. 

2000d [98] 

PROM = 40 

Term and intact 

membranes = 75 

Immunosorbent 

assay 

MMP-1 significantly 

decreased in PROM 

(p<0.001) 

 

Table 2-2 Studies of MMP/TIMP concentrations in women with pPROM 

Citation Study Population Methodology Finding 

Draper et al. 

1995 [99] 

pPROM = 14 

with matched controls (n=9) 

Zymogram gel 

electrophoresis 

10-40 fold increase in 

general MMP activity in 

pPROM 

Vadillo-Ortega 

et al. 1996 

[100] 

pPROM = 22 

controls = 52 

Zymogram gel 

electrophoresis, 

Western blotting 

and soluble 

substrate assay 

MMP-9 significantly 

increased in pPROM 

(p<0.05) 

TIMP significantly decreased 

in pPROM (p<0.05) 

Athayde et al. 

1998 [95] 

pPROM with infection = 29 

pPROM w/o infection = 23 

with matched controls 

(n=63) 

Immunosorbent 

assay 

MMP-9 increased in pPROM 

(p = 0.06) 

Fortunato et 

al. 1999 [101] 

pPROM = 15 

with matched controls 

Immunosorbent 

assay 

MMP-3 significantly 

increased in pPROM 
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(n=25) (p=0.02) 

Maymon et al. 

2000a [90] 

pPROM with infection = 27 

pPROM w/o infection = 22 

with matched controls 

(n=52) 

Immunosorbent 

assay 

MMP-8 significantly 

increased in pPROM 

(p<0.05) 

Maymon et al. 

2000b [96] 

pPROM with infection = 33 

pPROM w/o infection = 30 

with matched controls 

(n=106) 

Immunosorbent 

assay 

MMP-7 not significantly 

higher in pPROM unless also 

with infection (p<0.01) 

Maymon et al. 

2000c [97] 

pPROM with infection = 32 

pPROM w/o infection = 39 

with matched controls 

(n=105) 

Immunosorbent 

assay 

MMP-9 significantly 

increased in pPROM 

(p<0.003) 

MMP-2 significantly 

decreased in pPROM 

(p<0.003) 

Maymon et al. 

2000d [98] 

pPROM with infection = 31 

pPROM w/o infection = 41 

with matched controls 

(n=141) 

Immunosorbent 

assay 

MMP-1 significantly 

increased in pPROM 

(p=0.02) 

Fortunato et 

al. 2001 [102] 

pPROM = 10 

preterm labour with intact 

membranes = 10 

Immunosorbent 

assay 

MMP-9 significantly 

increased in pPROM 

(p=0.002) 

MMP-2 and MMP-3 

increased in pPROM (p=0.1 

and 0.8 respectively) 

TIMP significantly decreased 

in pPROM (p<0.001) 

Romero et al. 

2002 [103] 

pPROM = 43 

preterm labour with intact 

membranes = 96 

Immunosorbent 

assay 

MMP-9 significantly 

increased in pPROM 

(p=0.035) 

Fortunato et 

al. 2003 [91] 

pPROM = 35 

with matched controls 

(n=23) 

Immunosorbent 

assay 

MMP-13 significantly 

decreased in pPROM 

(p=0.002) 

 

Several hypotheses have been postulated to explain the triggering of inappropriate MMP 

and TIMP activity in women with prelabour rupture of membranes. These are discussed 

briefly below. 
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2.4.1 Infection 

Infection was first linked to prelabour rupture of membranes following the finding from an 

in vitro study by McGregor et al [104] that several bacteria, including Pseudomonas 

aeruginosa, Staphylococcus aureus and Bacteroides melaninogenicus can produce MMPs. 

It is possible that these bacteria have the potential to initiate degradation of collagen and 

subsequently weaken the membranes. However, epidemiological evidence to support this 

theory is inconclusive, primarily because it has been difficult to establish whether infection 

has preceded PROM or has occurred after membrane rupture as a consequence of removing 

the protective barrier from the fetus. At the very least, it is possible that bacterial infection 

may increase the activity of MMPs and contribute to some proportion of observed cases. 

 

It has been suggested that bacterial infection may be the initial event, but the host 

inflammatory response is what ultimately triggers prelabour rupture of membranes. Matrix 

metalloproteinase activation is observed in a number of inflammatory diseases including 

rheumatoid arthritis, asthma and periodontal disease [105]. The host inflammatory response 

involves polymorphonuclear neutrophils and macrophages migrate to the site of infection. 

These cells produce inflammatory cytokines (including IL-1 and TNF-α) which in turn 

have the potential to modulate MMP expression in the glioma cells of humans and rats 

[106] and in the fetal membranes of humans [107-111]. 

 

Epidemiological studies investigating the presence and concentration of matrix 

metalloproteinases in the amniotic fluid of women with preterm PROM have also 

demonstrated that intra-amniotic infection is associated with a significant (p<0.05) increase 

in the concentrations of MMP-9 [89, 95], MMP-1 [112], MMP-8 [90] and MMP-7 [87] 

compared to women with pPROM without microbial invasion of the amniotic cavity. No 

studies have examined term PROM. However, due to the nature of these studies, the true 

direction of causation in this relationship is yet to be determined. 

 

2.4.2 Reactive oxygen species (ROS) 

The premise regarding a potential role of reactive oxygen species in prelabour rupture of 

membranes is an extension of the infection and inflammatory response argument detailed 

above. Essentially, the hypothesis is that infection triggers an inflammatory response in the 
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body, with the recruitment of macrophages leading to the release of free radicals. It is these 

free radicals which induce MMP activity and subsequently lead to collagen degradation and 

membrane rupture [80].  

 

Reactive oxygen species are unstable molecules generated continuously in the body, either 

as a by-product of cellular respiration or following the release from immune cells in 

response to an infection. Examples include superoxide (O2
-
), hydroxyl radical (OH

-
), 

hydrogen peroxide (H2O2), hypochlorous acid (HOCl) and nitric oxide (NO). All are 

capable of causing widespread tissue damage. To counter this, the body also possesses 

endogenous and exogenous systems of anti-oxidants to prevent and limit ROS damage. 

Examples include superoxide dismutase (SOD), glutathione peroxidase, and uric acid. Diet-

derived levels of vitamins C and E also act as anti-oxidants. Research supports the 

hypothesis that the consumption of antioxidants via some foods can provide protection 

against oxidative damage and contribute positive health effects but the relative importance 

of this pathway has yet to be properly elucidated. Oxidative stress occurs when there is an 

imbalance between reactive oxygen species and anti-oxidants, in favour of the free radicals. 

 

Reactive oxygen species have been shown to alter MMP activity in vivo, with oxidative 

stress resulting in increased levels of MMP-2 and MMP-9 in the alveolar cells of rats [113], 

as well as in vitro using cultured human smooth muscle cells [114] and cartilage tissue 

[115]. Further in vitro studies on animals have indicated that collagen, the fundamental 

component of fetal membranes, is a primary target for reactive oxygen species, with 

superoxide damaging collagen from calf skin [116] and hydroxyl ions degrading collagen 

in chick tendons [117].  

 

Nitric oxide, a short-lived ROS, has been shown in several studies to down-regulate 

extracellular matrix proteins, including collagen, in cardiac and dermal fibroblasts [118, 

119], smooth muscle cells [120, 121] and other cell types [122, 123]. Collagen degradation 

is known to be regulated by the activities of MMPs and more specific studies have 

illustrated the ability of nitric oxide to reduce the synthesis of type IV collagen (the primary 

contributor to the basement layer of the fetal membrane) in cultured rat mesangial cells 

[124] and induce activity of MMP-2 in a dose-dependent manner [125]. In addition, a study 

on bovine and human articular cartilage demonstrated that nitric oxide stimulated MMP 
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activity with the process suppressed by the addition of nitric oxide inhibitors [126]. A 

similar finding was reported when examining the placentas of diabetic rats, with MMP-9 

activity increasing with the addition of a nitric oxide donor and decreasing with the 

inclusion of NO inhibitor [127]. Increased nitric oxide concentrations also stimulated 

MMP-1 activity in a dermal fibroblast cell line [119], up-regulated MMP-2 and down-

regulated TIMP-2 and TIMP-3 [128], induced MMP-2 production in human synovial cells 

[129], and increased MMP-2 and MMP-9 production in rabbit articular chondrocytes [130]. 

The mechanism by which nitric oxide alters MMP activity has yet to be determined from 

these studies. 

 

Acute hyperoxia exposure, a situation that reflects severe oxidative stress, has also led to 

increased levels of MMP-9 and MMP-2 in the alveolar cells of rats [113].  

 

Several human in vitro studies of cultured amniocytes exposed to superoxide indicated 

there was evidence that the chorioamnion is vulnerable to reactive oxygen species [131, 

132]. Hypochlorous acid has been demonstrated to damage collagen cross-linkages [77], as 

well as stimulate the release of procollagenase and inhibit the activity of TIMP-1 in human 

neutrophils [133].  

 

There is a growing field of literature on the role of oxidative stress during pregnancy, in 

part due to its emergence as a possible underlying risk factor for pre-eclampsia, 

endometriosis and ovarian cancer, and increasing evidence that reactive oxygen species are 

capable of damaging collagen (via MMP enzymes) in the amniochorion itself – which 

could lead to prelabour rupture of membranes. Several in vitro studies have shown 

hydrogen peroxide and superoxide anions (ROS) inducing MMP-9 activity in 

amniochorionic membranes [134, 135]. In in vitro studies where segments of fetal 

membranes were treated with antioxidants, MMP-9 [134-136] and MMP-2 activity was 

significantly suppressed [134]. Nitric oxide increased MMP-9 levels in the placental tissues 

of patients with diabetes mellitus, suggesting that placental MMP activity could be 

modulated by ROS: in particular nitric oxide [137]. 
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2.4.3 Apoptosis 

Apoptosis refers to programmed or physiological cell death; a process whereby single, 

isolated cells die. This process can be initiated by infection, genotoxic agents, and 

nutritional deficiencies or by internal factors [138, 139]. Apoptosis may therefore provide a 

mechanism for the selective removal of cells from the fetal membranes, and may also play 

a role in MMP activation. 

 

This final theory is based on the finding that apoptotic bodies have been identified in the 

fetal membranes of humans [140, 141] with more observed near the rupture site than 

elsewhere [141].  

 

There are two main apoptotic pathways. The first of these is referred to as the p53 pathway 

and is mediated by the p53 gene. This gene is recognised as one of the activators of the 

MMP-2 gene, which potentially plays a role in pPROM. Fortunato et al [142] detected the 

presence of the p53 apoptotic pathway in pPROM but not in preterm labour patients. 

 

Animal studies have shown that amniotic cells in rats undergo apoptotic cell death before 

labour [143] and that an increase in MMP-9 resulted in an increase in apoptosis [144]. 

However, this may suggest that apoptosis is a consequence of MMP activity as opposed to 

a trigger. 

 

Cell death, or apoptosis, may also be a consequence of severe oxidative stress suggesting 

that a combination of these two pathways may be responsible [145]. 

 

Figure 2-1 illustrates how the above three theories may be associated with prelabour 

rupture of membranes. 
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Figure 2-1 Potential pathways to prelabour rupture of membranes 

 

 

2.5 DIAGNOSIS 

The diagnosis of prelabour rupture of membranes is predominantly based on clinical 

evidence with over 90% of cases diagnosed based on history and careful clinical 

examination [146]. 

 

Generally, diagnosis is obvious because of the sudden gush of fluid from the vagina, but in 

cases where membrane rupture is not recent or when leakage is gradual, confirmation of the 

diagnosis can be difficult. 

 

Three tests are currently used for the diagnosis of prelabour rupture of membranes. A 

visual examination may be sufficient with the observation of a pool of fluid in the vagina 
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indicative of membrane rupture. If this is not conclusive, nitrazine testing can be used to 

test the pH of the leaked fluid, as amniotic fluid has a relatively high pH compared to the 

vaginal wall [146]. However, false positives are possible if blood, semen or vaginal 

infections are also present. Ferning, which involves placement of leaked fluid on a slide 

and monitoring for a fern-leaf pattern as it dries, may also detect the presence of amniotic 

fluid although false-negatives are frequent [147]. Digital vaginal examinations are 

discouraged as they may introduce infection [148]. 

 

2.6 MANAGEMENT AND TREATMENT 

For patients with prelabour rupture of membranes at term, the preferred option is to deliver 

immediately. If the patient‟s cervix is favourable, labour is generally induced within hours 

to reduce the risk of infection and other complications. When the latency period is expected 

to last more than 12 hours antibiotics should also be administered as a precautionary 

measure. If the cervix is not favourable, prostaglandins may be used to ripen the cervix for 

induction of labour [36] or a strategy of expectant management can be pursued [35].   

 

In cases of preterm PROM, the relative risks and benefits of conservative management or 

early delivery should be considered. For babies born near term (> 32-34 weeks) and where 

pulmonary maturity has been recognised, induction of labour is generally accepted to be the 

best option [149]. When cases are remote from term (<32 weeks), conservative or 

expectant management is preferred, with patients admitted to hospital and monitored 

regularly as latency is often brief despite medical intervention. Neonatal morbidity is 

strongly associated with lower gestational ages and thus prolonging the pregnancy as long 

as is safely possible reduces the risks and complications associated with preterm delivery. 

Treatment options include antibiotics which, according to two meta-analyses conducted on 

a number of randomised prospective clinical trials, significantly reduce the risk of infection 

and prolong latency [8, 150]. Corticosteroids can also be used to hasten pulmonary 

maturation [151]. However, a recent survey study by Buchanan et al [152] indicated that 

there is significant variation in clinical practice in women who present with pPROM in 

Australia, and a lack of consensus regarding the optimal timing of delivery for preterm 

infants. 
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CHAPTER 3: WATER CONTAMINANTS – A 

LITERATURE REVIEW 

 

As identified in Chapter 2, there has been limited research investigating the potential role 

of environmental risk factors with regard to prelabour rupture of membranes. A range of 

disinfection by-products (chemicals found in drinking water as a result of the treatment 

process) have been associated with a number of other reproductive and pregnancy 

outcomes. The following chapter provides a comprehensive review of these water 

contaminants and Chapter 4 will examine how they may be associated with prelabour 

rupture of membranes. 

 

Initially, the chapter discusses the chemical characteristics of drinking water quality, 

including organic and inorganic chemicals. These chemicals may be of concern from a 

public health perspective, and for the purposes of this thesis, this chapter will focus on their 

impact upon reproductive and developmental outcomes. 

 

The chapter is divided into four parts: the first details the treatment process of Perth 

drinking water and how this generates the most commonly found organic contaminants in 

Perth drinking waters: disinfection by-products (DBP). Part Two identifies the widely-

studied halogenated disinfection by-products, details their occurrence and human exposure 

and evaluates the toxicological and epidemiological evidence associated with each class of 

chemical. Part Three focuses on nitrate, an inorganic water contaminant, and also the 

emerging classes of nitrated disinfection by-products in a similar format. Part Four 

summarises the regulation of these contaminants within Australia and how this compares to 

standards internationally. 

 

PART ONE: TREATMENT OF DRINKING WATER 
 

Drinking-water is defined by the National Health and Medical Research Council [153] as 

water intended primarily for human consumption, either directly, as supplied from the tap, 

or indirectly, in beverages or foods prepared with water. Raw drinking-water is sourced 
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from surface water (e.g. dams and reservoirs) and/or groundwater supplies and undergoes 

an intensive treatment process before being delivered to consumers.  

 

3.1 THE TREATMENT PROCESS 

Treatment of drinking-water will vary depending on the initial water quality and the water 

source. For water derived from fully protected catchment areas, only disinfection may be 

required but in other cases a more comprehensive process is undertaken to minimise 

contamination with harmful concentrations of chemicals or pathogenic micro-organisms. 

 

Figure 3-1 illustrates the main steps of the treatment process in Western Australia (WA) 

before water is delivered to the tap. Water is sourced and stored in an open reservoir for a 

period of time to allow suspended material to settle out. Micro-organisms are also removed 

at this stage by settling out, UV radiation, and natural die-off. 

 

Groundwater generally has a higher mineral content than surface water [154] and thus 

additional treatment is required to remove dissolved gases, dissolved iron and manganese, 

colour (from plant material) and turbidity [155]. Groundwater treatment plants (such as 

those at Wanneroo, Lexia, Mirrabooka, Gwelup and Jandakot) also aerate the water to 

increase the amount of dissolved oxygen and remove carbon dioxide and hydrogen 

sulphide. 

 

Water is then transferred to an enclosed tank and prepared for the disinfection process. A 

coagulant is often added (particularly for groundwater) to help speed up the settling out 

process of suspended solids by encouraging the formation of „flocs‟, large particles 

consisting of fine organic material and micro-organisms. The clarified water then passes 

through sand and gravel filters to remove any remaining particles (flocs). 

 

It is after this stage that disinfectant is added, with chlorination being the most common 

method of disinfection used in the Perth metropolitan region. The disinfection process is 

vital to provide effective protection against bacteriological contaminants. Finally, 

supplementary chemicals are introduced. For example, fluoride is added to provide dental 

health protection, or lime to reduce acidity. 
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Figure 3-1 The treatment process for Perth drinking water supplies 

 

National Health and Medical Research Council. Water Made Clear: A Consumer Guide to Accompany the 

Australian Drinking Water Guidelines: Canberra, 2004 [156] 

 

The water is now ready for distribution and is stored in a closed tank until required. 

Regular monitoring is carried out and where necessary, re-chlorination occurs to maintain a 

consistent level of chlorine in the water supply up to the point of delivery. 
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3.2 DISINFECTION BY-PRODUCTS 

Disinfection by-products (DBP) are chemical, organic and inorganic substances formed 

upon the reaction of chemical disinfectants with precursors found in the source water [157]. 

In 1974, the first category of disinfection by-products – the trihalomethanes – were 

discovered [158]. Since their initial detection, more than 600 disinfection by-products have 

been identified and classified (see Table 3-1). Major classes of DBPs include the 

halogenated compounds such as trihalomethanes (THMs) and haloacetic acids (HAAs), and 

the non-halogenated compounds. Within the latter class are those DBPs that contain 

nitrogen including haloacetonitriles (HANs), halonitromethanes (HNM), and nitrosamines. 

For the purposes of this thesis, the disinfection by-products will be classified as either 

halogenated DBPs or nitrated DBPs and discussed accordingly. 
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Table 3-1 Classification of major disinfection by-products 

DBP Class Individual DBPs 

Trihalomethanes Chloroform 

Bromodichloromethane (BDCM) 

Dibromochloromethane (DBCM) 

Bromoform 

Chlorinated haloacetic acids Monochloroacetic acid (MCA) 

Dichloroacetic acid (DCA) 

Trichloroacetic acid (TCA) 

Brominated haloacetic acids Bromochloroacetic acid (BCA) 

Bromodichloroacetic acid (BDCA) 

Dibromochloroacetic acid (DBCA) 

Monobromoacetic acid (MBA) 

Dibromoacetic acid (DBA) 

Tribromoacetic acid (TBA) 

Haloacetonitriles  Trichloroacetonitrile (TCAN) 

Dichloroacetonitrile (DCAN) 

Bromochloroacetonitrile (BCAN) 

Dibromoacetonitrile (DBAN) 

Chloroacetonitrile (CAN) 

Bromoacetonitrile (BAN) 

Halonitromethanes Trichloronitromethane (chloropicrin) 

Tribromonitromethane (bromopicrin) 

Bromonitromethane  

Dibromonitromethane 

Dibromochloronitromethane 

Dichlorobromonitromethane  

Nitrosamines Nitrosodimethylamine (NDMA) 

Adapted from Hrudey [159] 

 

The treatment of drinking-water with disinfectant is hailed as one of the most important 

public health interventions of our time, with Life magazine proclaiming it “probably the 

most significant public health advance of the millennium”. Disinfection reduces 

microbiological contaminants and thus limits the risks of water-borne diseases, such as 

cholera and typhoid, and subsequently has greatly contributed to the substantial increase in 

life expectancy over the past century [160]. Several disinfectants are currently used around 
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the world, with chlorine being the most common agent but other alternatives include ozone, 

chloramine and chlorine dioxide. 

 

Although disinfection is widely acknowledged as an essential public health measure, there 

are growing concerns regarding the safety of these chemicals once they are added to water 

supplies. The disinfectant can react with natural organic matter (NOM) – a naturally-

occurring precursor comprised of a mixture of substances, including humic and fulvic acids 

(derived from decomposed plants) – to create hundreds of organic compounds. 

 

The number and type of by-product formed depends on a number of factors, discussed in 

greater detail below. 

 

3.2.1 Classes of water disinfectant  

Table 3-2 summarizes the DBPs identified as being formed from the use of chlorine, 

chlorine dioxide, chloramine and ozone. Different disinfectants will create distinct by-

products. For example, ozonation produces more oxygenated species of DBPs (e.g. 

bromate, chlorate, and iodate) compared to the halogenated species (e.g. trihalomethanes, 

haloacetic acids) which are generated by the addition of chlorine. Pre-ozonation has also 

been shown to decrease the formation of THMs, HAAs and total organic halogen (TOX) 

post-chlorination [161]. A study by Clark et al. [162] comparing the various disinfectants, 

demonstrated that free chlorine generated the largest concentration of halogenated DBPs. 
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Table 3-2 Disinfectants and corresponding disinfection by-products 

Disinfectant Significant organic DBPs Significant inorganic DBPs 

Chlorine Trihalomethanes, Haloacetic 

acids, Haloacetonitriles, chloral 

hydrate, chlorophenols, 

aldehydes, N-chloramines, 

carboxylic acids 

Chlorate (mostly from hypo-

chlorite use) 

Chlorine dioxide  Chlorite, chlorate 

Chloramine Haloacetonitriles, cyanogen 

chloride, organic chloramines, 

chloral hydrate, aldehydes, 

ketones 

Nitrate, nitrite, chlorate, hydrazine 

Ozone Bromoform, monobromoacetic 

acid, dibromoacetic acid, 

dibromoacetone, aldehydes, 

ketones, carboxylic acids 

Chlorate, iodate, bromate, 

hydrogen peroxide, hypobromous 

acid, ozonates 

Adapted from The World Health Organisation [163] 

 

3.2.2 Disinfectant dose 

Both the trihalomethanes (THMs) and haloacetic acids (HAAs) follow similar patterns of 

formation, with rapid and curvilinear increases in concentration with increasing disinfectant 

dose [164]. 

 

3.2.3 Contact time 

In general, disinfection by-product formation will increase the greater the contact time with 

the disinfectant, with 90% of total DBP levels being formed within the first 24 hours, 

before levelling off over time [165, 166]. It has been suggested that chloroform, a 

trihalomethane, continues to form (albeit slowly) even after 96 hours [163]. As a result of 

this formation process, mean THM concentration increases with increasing residence time 

in water distribution systems [167]. In contrast, haloacetonitriles (HANs) form rapidly but 

then decay in the distribution system as a result of hydrolysis [167], and haloacetic acids 

begin to increase and then decrease due to a reduction of dichloroacetic acid [166, 167]. 
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3.2.4 Bromide concentration 

Bromide ion (Br-) is an inorganic precursor to DBP formation [163]. Its presence in source 

water will indicate a shift towards the formation of brominated species of DBPs. Haloacetic 

acid formation is favoured when bromide levels are low [168]. 

 

3.2.5 pH levels 

A low pH (i.e. acidic) environment favours the formation of haloacetic acids, 

haloacetonitriles and haloketones whereas a high pH favours the formation of 

trihalomethanes, chlorate and bromate [159, 169]. 

 

3.2.6 Temperature 

In general, an increase in temperature to 95  ۫C will generate, on average, a 15-25% increase 

in DBP concentration [159, 163, 170]. This accounts for the elevation in THM 

concentrations in summer months relative to other seasons [166, 171, 172]; and this trend 

has also been reported for haloacetic acids [166, 172] and dichloroacetonitriles [167]. 

 

3.2.7 Ammonia 

The presence of ammonia in source waters favours the formation of nitrated DBPs, in 

particular nitrosodimethylamine (NDMA) and other nitrosamines [157]. 

 

3.2.8 Total Organic Carbon (TOC) 

Total organic carbon is considered the primary indicator of natural organic matter in source 

water. As the quantity of TOC increases, then concentrations of DBPs will also increase 

[173].  

 

3.2.9 Ultra-violet absorption 

Ultra-violet absorbance is an indicator of the nature of the natural organic matter present in 

source water. The composition of NOM will determine what types of DBPs are formed. For 

example, concentrations of trihalomethanes and haloacetic acids tend to increase with 

increased UV [159]. 
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As noted, the primary role of disinfectant is to remove micro-organisms from drinking 

water and subsequently reduce the risk of water-borne disease. However, it is essential to 

balance this process with the emerging health risks associated with chemical contaminants 

in drinking-water formed during the course of disinfection. Thus it may be argued that, 

from a public health perspective, a more complete objective of drinking water treatment is 

to minimise both the risks of microbial disease and exposure to disinfection by-products: 

that is, to decrease the chemical risk of DBPs without compromising microbiological 

quality [157]. The following section will examine the major classes of halogenated 

disinfection by-products in order to assess the reproductive health risks associated with 

exposure to them. 

 

PART TWO: HALOGENATED DBPS 
 

3.3 TRIHALOMETHANES (THMS) 

Trihalomethanes are the predominant class of disinfection by-products formed during the 

disinfection of drinking-water containing natural organic compounds. This class consists of 

ten compounds but research to date has focussed on the four regulated trihalomethanes: 

chloroform, bromoform, bromodichloromethane (BDCM), and dibromochloromethane 

(DBCM). Total trihalomethanes (TTHM) refers to the combined measure of these four 

species. 

 

In the literature, the dose levels of THMs are expressed in various ways, including parts per 

billion (ppb), nanograms per litre (μg/L) or mg/L. To facilitate comparison, all values have 

been converted and will be expressed as μg/L. Please see Table 3-3. 

 

Table 3-3 Conversion table of different dose levels 

x 

parts per billion (ppb) 

x 

nanograms per litre (μg/L) 

x 

micrograms per litre (mg/L) 

1 0.001 0.001 
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3.3.1 Occurrence 

Chloroform was the first disinfection by-product to be reported in drinking-water [158] and 

is the sole non-brominated trihalomethane. Brominated THMs (bromoform, 

bromodichloromethane and dibromochloromethane) are formed when hypochlorous acid 

oxidises bromide ion (found naturally in source waters) to hypobromous acid, which then 

reacts with endogenous organic materials.  

 

A study in the United Kingdom found that surface water sources were more likely to 

contain chlorinated THMs (chloroform), whereas higher concentrations of the brominated 

THMs were found in groundwater sources [174]. This finding was confirmed in a study of 

600 water supply systems that found chlorinated THMs in 82% of systems supplied by 

surface water compared to only 17% in systems derived from groundwater [175]. 

 

3.3.2 Exposure 

Water treated with disinfectant is the sole source of trihalomethanes. They are highly 

volatile compounds and therefore ingestion, inhalation, and dermal absorption of water are 

all potential exposure pathways. The significance of each route varies in relation to the 

activity patterns of the individual, with THM exposure activities including drinking tap 

water, swimming, showering, bathing, boiling tap water and dishwashing.  

 

Exposure to THMs in tap water can be affected by temperature and storage time. 

Shimokura et al [176] demonstrated that cold drinking water has the highest concentration 

of THMs and hot beverages containing tap water the lowest levels, largely attributable to 

the heating of chloroform by volatilising it [177]. In addition, cold beverages stored for 

extended periods of time in open containers were found to have lower levels of THMs, 

again due to preferential evaporation of the volatile components [176]. 

 

The concentration of chlorine (and hence chloroform) in swimming-pools is usually higher 

than levels found in treated drinking water [178]. Therefore, a one hour swim was found to 

result in an internal dose of chloroform that was 141 times that received from a ten minute 

shower [179] and 93 times greater than exposure by daily ingestion of 2L of tap water [179, 
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180]. This is consistent with a series of studies in Italy, where swimmers were shown to 

have higher chloroform plasma levels than non-swimmers [178, 181]. Several studies have 

demonstrated that dermal absorption while swimming is a significant contributor (25-80%) 

to total chloroform uptake [179, 182]. 

 

A field study by Kerger et al. [183] detected the presence of trihalomethanes 

(chloroform>bromodichloromethane>chlorodibromomethane) in the air of bathrooms 

during showering and bathing. These observations are consistent with other experimental 

studies investigating ambient air concentrations of THMs in bathrooms showing the same 

decreasing trend of chloroform>bromodichloromethane>chlorodibromomethane, despite 

some variation in the median concentrations of THMs reported [184, 185]. Flow rate, 

duration of the study experiment, total water volume and bathroom ventilation are several 

factors that may explain the variability in measurements between the studies given their 

ability to influence water-to-air transfer efficiency and atmospheric conditions. The 

importance  of these factors is supported by the finding that THM release and 

corresponding average airborne concentration was three times higher for a shower – which 

has a considerably higher flow rate - compared to a bath [183]. Several controlled 

experiments have also demonstrated a significant increase in THM levels in blood and 

exhaled breath after showering confirming that showering/bathing are important sources of 

THM exposure [184-189]. Indeed, a comparative study suggested that the total internal 

THM dose from a 10 minute shower or 30 minute bath was greater than if one ingested 2L 

of tap water [190]. In terms of the relative contribution of dermal and inhalation exposure 

pathways to total exposure during showering, one study compared people who showered 

with and without wetsuits [180]. Concentrations of chloroform in exhaled breath were 

twice as high in subjects who showered without wetsuits, indicating that the contribution of 

dermal absorption to total chloroform uptake was equal to that by inhalation exposure. 

Increasing water temperature has also been shown to further increase levels of dermal 

absorption during bathing [191] and showering [191, 192]. 

 

Individual exposure to trihalomethanes may be modified by other activities, such as boiling 

tap water and dishwashing. A Taiwanese study found that levels of THMs in tap water 

decreased significantly after boiling, with between 61-82% of all THMs eliminated, 

reducing the relative contribution of ingestion [193]. However, it is possible to inhale 
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volatilised THMs during the boiling process and this has been associated with a mean 

estimated exposure of 5μg/day [194]. The same study estimated that the mean inhalation 

estimates of THMs from dish-washing was 1.7μg/day [194]. Evidence of THM uptake 

during dish-washing was supported by a laboratory study [195] and a residential study that 

reported a 2-fold increase in blood and exhaled breath levels of THMs for subjects who 

partook in washing up activities [185].  

 

3.3.3 Toxicology 

Bromodichloromethane (BDCM) has been classified by the International Agency for 

Research on Cancer (IARC) as possibly carcinogenic to humans [196] after positive results 

in human lymphocyte cells in vitro [197], in mouse bone-marrow cells in vivo [198]; and 

induction of tumours in mice and rats [199]. Chloroform has also been categorised as 

possibly carcinogenic to humans after the induction of tumours in animal studies although 

only at doses exceeding those present in drinking-water [196, 200]. Evidence regarding the 

possible carcinogenic effects of the remaining trihalomethanes remains inconclusive with 

bromoform currently considered by the IARC as not classifiable in relation to 

carcinogenicity to humans [196]. 

 

There is limited evidence regarding the reproductive and developmental toxicity of 

trihalomethanes, although BDCM has been linked to reduced sperm motility [201], fetal 

resorption in rats [202], and inhibition of growth and developmental defects in frog 

embryos [203]. There is no evidence that BDCM contributes to reductions in fetal body 

weight [202, 204], duration of gestation, and morphology [202].  

 

Chloroform was also shown to be feto-toxic to frog embryos at similar levels to those 

demonstrated with BDCM [203]. The effects of both BDCM and chloroform appeared to 

be directed towards notochord maldevelopment, craniofacial defects and cardiac oedema. 

Again, adverse effects were only evident at concentrations that exceeded current human 

drinking water guidelines. Additionally, some studies have demonstrated fetotoxicity in 

laboratory animals at high doses (up to 5,000 times the approximate human exposure from 

drinking water) of chloroform, with outcomes including reduced fetal body weight [204, 

205] and pregnancy loss [206, 207]. However in studies which used lower dose 
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concentrations, and are thus more comparable to human exposure levels, these findings 

were not replicated [204]. 

 

Bromoform and chlorodibromomethane have not been associated with teratogenic effects 

in animal studies to date [204]. 

 

3.3.3.1 Reproductive Epidemiology 

The majority of epidemiological research on disinfection by-products has focussed on the 

trihalomethanes, primarily because they are routinely measured by almost all national water 

authorities in industrialised countries. Early studies were limited by a reliance on indirect 

measures of exposure, with most linking rates of particular birth outcomes to THM levels 

in drinking-water at a community or regional level. More recent research has attempted to 

account for individual exposure by incorporating personal water consumption 

questionnaires and residential water samples into study designs. Comparisons between 

studies are further complicated by variations in exposure measurement, including which 

values were selected to define high, medium and low exposure tertiles. Therefore, where 

possible, the cut-offs used by each study to generate odds ratios have been indicated in the 

summaries below. Nearly all studies considered at least some, if not all, of the following 

potential confounders in their analysis: maternal age, ethnicity, education, employment, 

parity, marital status, maternal smoking or alcohol consumption, prenatal care, pregnancy 

history, and gender of child. 

 

Since 1992, twelve studies (see Table 3-4) have investigated the degree of effect, if any, of 

trihalomethanes on preterm delivery (defined in all studies as delivery at less than 37 weeks 

gestation). No positive associations have been reported. Indeed, one study observed a 

statistically significant protective effect between exposure to high TTHMs (>74μg/L) and 

preterm delivery [208]. 

 

Numerous studies have examined low birth weight and very low birth weight (see Table 

3-5) but none demonstrated a significant association with increasing exposure to THMs. 

 

Statistically significant associations (ORs between 1.09 and 5.9) were reported for 

exposure to TTHMs and incidence of small for gestational age (SGA) or intrauterine 
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growth restriction (IUGR) at concentrations of ≥50μg/L [209], ≥53μg/L [210], ≥61μg/L 

[209], ≥74μg/L [208], ≥80μg/L [211], and ≥100μg/L [212]. The results from the latter 

study are significant because it was the only study design that included measures of 

personal exposure. In addition, the study by Wright in Massachusetts [211] was based on a 

sample size over four times that of any other study and thus had relatively strong statistical 

power. It demonstrated a clear dose-response trend in the association between increasing 

concentrations of THMs and SGA. Several studies [213-216] found no relationship 

between growth restriction and exposure to trihalomethanes, although two [213, 215] were 

close to statistical significance and the remainder [214, 216] used extremely low values to 

define high exposure (≥10μg/L or ≥13.11μg/L respectively) to THMs. When specific 

individual trihalomethanes were considered, the findings were inconclusive. An increased 

risk of SGA was reported for women who were exposed to water containing more than 

10ug/L of chloroform [208, 217] and 13ug/L of BDCM [208]. Conversely, Hinckley et al 

[218] found no association with any of the individual THM species. Overall, there is 

adequate evidence to indicate that there is an association between exposure to THMs and 

some definition of growth restriction (for full details refer to Table 3-6). 

 

Given the possible mutagenicity of at least some THMs [203] a considerable amount of 

epidemiological research has focussed on congenital abnormalities. The epidemiological 

evidence for an association between exposure to increasing levels of THMs and birth 

defects is inconsistent (see Table 3-7). Bove et al [212] observed a significant association 

between the incidence of all birth defects at exposure levels ≥80μg/L (OR = 1.57; 99% CI 

1.07 – 2.26). A small case-control study in New Jersey [219] that also attempted to account 

for individual exposure found a significant association between neural tube defects and 

exposure to drinking water with THMs ≥40μg/L (OR = 2.1; 95%CI 1.1 – 4.0) although the 

modest sample size reduced study power. However, several other studies were unable to 

demonstrate a statistically significant association with neural tube defects [212, 220], oral 

cleft [212, 220] or cardiac defects [212, 213, 220]. 

 

Given the weight of toxicological evidence, pregnancy loss is another common 

reproductive outcome hypothesised to be associated with exposure to THMs [202, 206, 

207]. Pregnancy loss refers to miscarriage or spontaneous abortion. A large study in North 

California that accounted for personal consumption of drinking-water and exposure to both 
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individual species of trihalomethanes and to total trihalomethanes provided preliminary 

evidence that exposure to high concentrations may contribute to pregnancy loss [221]. 

Although no association was found between exposure to drinking-water with high levels of 

THMs and pregnancy loss, the introduction of individual consumption data into the model 

revealed that women who consumed 5 or more glasses of tap water  a day containing 

≥75μg/L of TTHMs had a significantly increased risk of pregnancy loss (OR = 1.8; 95%CI 

1.1-3.0). The relationship was even stronger for exposures to ≥18μg/L of 

bromodichloromethane (OR = 3.0; 95%CI 1.4-6.6). In contrast, a similarly comprehensive 

study, albeit with a smaller sample size, found no significant association between TTHMs 

or individual species and pregnancy loss [222]. 

 

Several studies have explored exposure to THMs and the incidence of still-births. Two 

studies conducted in Nova Scotia, Canada found a positive relationship. Dodds et al [213] 

found that women exposed to drinking water with ≥100μg/L of TTHMs had a significantly 

increased risk of delivering a still-born baby (RR = 1.66; 95%CI 1.09-2.52). This is 

consistent with findings from King et al [223] who demonstrated a statistically significant 

increase in the risk of stillbirth for women who were exposed to drinking water containing 

≥100μg/L of chloroform (RR = 1.04; 95%CI 1.04-2.34) or ≥20μg/L of BDCM (RR = 1.98; 

95%CI 1.23-3.49). However, an earlier study found no association between exposure to 

TTHMs and stillbirths [212] and a large study in England [224] found only a weak 

association (OR = 1.11; 95%CI 1.00-1.23) for women living in areas where THMs 

≥60μg/L. These findings are summarised in Table 3-8. 

 

In conclusion, the weight of toxicological and epidemiological evidence indicates that if 

trihalomethanes do exert a reproductive effect, it is more likely to be expressed as some 

form of growth restriction, birth defect or pregnancy loss. 
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Table 3-4 Summary of epidemiological studies on trihalomethanes and preterm delivery 

Citation Study detail Sample size Exposure Assessment Exposure 
Adjusted OR 

(95% CI) 

Kramer et 

al. 1992 

[217] 

Iowa USA 

1989-1990 

342 preterm 

and 1710 

controls 

Based on maternal residential address 

and matched THM levels from 1987 

water survey 

High chloroform (>10μg/L) 

versus low (<1μg/L) 

High BDCM (>10μg/L) 

versus low (<1μg/L) 

High CDBM (1-3μg/L) 

versus low (<1μg/L) 

High bromoform (>1μg/L) 

versus low (<1μg/L) 

1.1 (0.7 – 1.6) 

 

1.0 (0.6 – 1.5) 

 

1.1 (0.7 – 1.4) 

 

1.1 (0.8 – 1.4) 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(7,167 preterm) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100 μg/L) 

versus low (<20 μg/L) 

<1.00 (no CI given) 

Savitz et al. 

1995 [225] 

North Carolina 

USA 

1988-1989 

244 preterm 

and 333 

matched 

controls 

Based on maternal residential address 

and matched municipal TTHM value  

High TTHM (83-169 μg/L) 

versus low (41-63 μg/L) 

0.9 (0.7 – 1.2) 

Kanitz et al. 

1996 [226] 

Liguria, 

ITALY 

1988-1989 

676 

(50 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

High TTHM (8 - 16μg/L) 

versus low  

High TTHM (1-3 μg/L) 

versus low 

1.1 (0.3 – 3.7) 

 

1.8 (0.7 – 4.7) 
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Gallagher et 

al. 1998 

[209] 

Colorado USA 

1990-1993 

1,244 

(68 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (>61 μg/L) 

versus low (<20 μg/L) 

High TTHM (>50 μg/L) 

versus low (<50 μg/L) 

1.0 (0.3 – 2.8) 

 

0.9 (0.4 – 2.0) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(2,689 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

during last 3 months of pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

0.97 (0.87 – 1.09) 

Wright et al. 

2003 [211] 

Massachusetts 

USA 

1990 

56,513 

(3,173 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of four samples throughout the 

year) 

High TTHM (>80μg/L) 

versus low (<60μg/L) 

0.9 (0.79 – 1.03)
a
 

0.9 (0.77 – 1.04)
b
 

Aggazzotti 

et al. 2004 

[214] 

ITALY 

1999 – 2000 

343 preterm 

and 612 

controls 

Based on tap samples at maternal 

residential address and questionnaire to 

determine individual water intake 

High exposure (>10 μg/L 

and daily bath/shower) 

versus low 

High overall exposure (>30 

μg/L) versus low 

0.73 (0.56 – 1.35) 

 

 

0.84 (0.59 – 1.19) 

Wright et al. 

2004 [208] 

Massachusetts 

USA 

1995-1998 

194,827 

(11,580 

preterm) 

Based on maternal residential address 

and matched municipal THM value 

(third trimester) 

High TTHM (>74μg/L) 

versus low (<33μg/L) 

High chloroform (>63μg/L) 

versus low (<26μg/L) 

High BDCM (>13μg/L) 

versus low (<5μg/L) 

0.88 (0.81 – 0.94) 

 

0.90 (0.84 – 0.97) 

 

0.92 (0.85 – 0.99) 
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Hinckley et 

al. 2005 

[218] 

Arizona 

USA 

1998-2003 

48,119 

(4,008 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of sample taken during 

gestational period) 

High exposure (no level 

given) 

No association (no 

odds ratio reported) 

Lewis et al. 

2006 [227] 

Massachusetts 

USA 

1999-2001 

37,498 

(2,813 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of weekly samples taken 

during gestational period) 

High TTHM (>60 μg/L) 

versus low  

0.82 (0.71 – 0.94)
a
 

 

0.85 (0.74 – 0.97)
b
 

 

1.13 (0.95 – 1.35)
c
 

Yang et al. 

2007 [216] 

TAIWAN 

2000-2002 

90.848 

(2,818 preterm) 

Based on maternal residential address 

and matched municipal TTHM value 

(average over last 2 years) 

High TTHM (>13.11μg/L) 

versus low (≤4.93 μg/L) 

1.08 (0.98 – 1.18) 

 

a
 exposure during second trimester 

b
 exposure during entire pregnancy 

c
 exposure during the last four weeks of pregnancy 
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Table 3-5 Summary of epidemiological studies on trihalomethanes and low birth weight  

Citation Study detail Sample size Exposure Assessment Exposure 
Adjusted OR 

(95% CI) 

Low birth weight (LBW) 

Kramer et 

al. 1992 

[217] 

Iowa USA 

1989-1990 

159 cases 

795 controls 

Based on maternal residential address 

and matched THM levels from 1987 

water survey 

High chloroform (>10μg/L) 

versus low (<1μg/L) 

High BDCM (>10μg/L) 

versus low (<1μg/L) 

High CDBM (>4μg/L) 

versus low (<1μg/L) 

High bromoform (>1μg/L) 

versus low (<1μg/L) 

1.3 (0.8 – 2.2) 

 

1.0 (0.7 – 1.5) 

 

0.8 (0.4 – 1.4) 

 

0.9 (0.6 – 1.5) 

Savitz et al. 

1995 [225] 

North Carolina 

USA 

1988-1989 

178 cases 

333 controls 

Based on maternal residential address 

and matched municipal TTHM value 

High TTHM (83-169 μg/L) 

versus low (41-63 μg/L) 

1.3 (0.8 – 2.1) 

Kanitz et al. 

1996 [226] 

Liguria, 

ITALY 

1988-1989 

676 

(20 LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

High TTHM (8 - 16μg/L) 

versus low  

High TTHM (1-3 μg/L) 

versus low 

6.0 (0.6 – 12.6) 

 

5.9 (0.8 – 14.9) 

Gallagher et 

al. 1998 

[209] 

Colorado USA 

1990-1993 

1,244 

(101 LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (>61 μg/L) 

versus low (<20 μg/L) 

 

2.1 (1.0 – 4.8) 
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Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(2,392 LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

during last 3 months of pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

1.04 (0.92 – 1.18) 

Wright et al. 

2003 [211] 

Massachusetts 

USA 

1990 

56,513 

(1,325 LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of four samples throughout the 

year) 

Intermediate TTHM (60-

80μg/L) versus low 

(<60μg/L) 

High TTHM (>80μg/L) 

versus low (<60μg/L) 

1.13 (0.93 – 1.38)
a
 

 

 

1.14 (0.95 – 1.38)
b
 

Toledano et 

al. 2005 

[224] 

ENGLAND 

1992-1998 

969,304 

(60,041 LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (≥60μg/L) 

versus low (<30μg/L) 

1.09 (0.93 – 1.29) 

Very low birth weight (vLBW) 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(905 VLBW) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100 μg/L) 

versus low (<20 μg/L) 

<1.0 (no CI given) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(342 VLBW) 

Based on maternal residential address 

and matched municipal TTHM value 

during last 3 months of pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

0.89 (0.64 – 1.23) 

Toledano et 

al. 2005 

[224] 

ENGLAND 

1992-1998 

969,304 

(9,167 VLBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (≥60μg/L) 

versus low (<30μg/L) 

1.05 (0.82 – 1.34) 

a
 first trimester exposure only 

b
 second trimester exposure only 
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Table 3-6 Summary of epidemiological studies on trihalomethanes and some form of growth restriction; including small for gestational age 

(SGA), term low birth weight and intra-uterine growth restriction (IUGR) 

Citation Study detail Sample size Exposure Assessment Exposure 
Adjusted OR 

(95% CI) 

Kramer et 

al. 1992 

[217] 

Iowa USA 

1989-1990 

187 cases SGA 

935 controls 

Based on maternal residential address 

and matched THM levels from 1987 

water survey 

High chloroform (>10μg/L) 

versus low (<1μg/L) 

High BDCM (>10μg/L) 

versus low (<1μg/L) 

High CDBM (1-3μg/L) 

versus low (<1μg/L) 

High bromoform (>1μg/L) 

versus low (<1μg/L) 

1.8 (1.1 – 2.0) 

 

1.7 (0.9 – 2.9) 

 

0.9 (0.1 – 8.6) 

 

1.1 (0.7 – 1.6) 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(4,082 SGA
a
) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100 μg/L) 

versus low (<20 μg/L) 

1.5 (99% CI 1.04 – 

2.09) 

Gallagher et 

al. 1998 

[209] 

Colorado USA 

1990-1993 

1,244 

(29 term LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (>61 μg/L) 

versus low (<20 μg/L) 

High TTHM (>50 μg/L) 

versus low (<50 μg/L) 

5.9 (2.0 – 17.0) 

 

2.6 (1.1 – 6.1) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(4,673 SGA
b
) 

Based on maternal residential address 

and matched municipal TTHM value 

during last 3 months of pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

1.08 (0.99 – 1.18) 
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Wright et al. 

2003 [211] 

Massachusetts 

USA 

1990 

56,513 

(5,310 SGA
b
) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of four samples throughout the 

year) 

High TTHM (>80μg/L) 

versus low (<60μg/L) 

1.14 (1.02 – 1.26)
c
 

1.09 (0.98 – 1.21)
d
 

1.13 (1.03 – 1.24)
e
 

Aggazzotti 

et al. 2004 

[214] 

ITALY 

1999 – 2000 

239 SGA
b
 and 

612 controls 

Based on tap samples at maternal 

residential address and questionnaire to 

determine individual water intake 

High exposure (>10 μg/L 

and daily bath/shower) 

versus low 

High overall exposure (>30 

μg/L) versus low 

0.63 (0.31 – 1.28) 

 

 

1.38 (0.92 – 2.07) 

Wright et al. 

2004 [208] 

Massachusetts 

USA 

1995-1998 

194,827 

(17,359 SGA
b
) 

Based on maternal residential address 

and matched municipal THM value 

(third trimester) 

High TTHM (>74μg/L) 

versus low (<33μg/L) 

High chloroform (>63μg/L) 

versus low (<26μg/L) 

High BDCM (>13μg/L) 

versus low (<5μg/L) 

1.13 (1.07 – 1.20) 

 

1.11 (1.04 – 1.17) 

 

1.15 (1.08 – 1.22) 

Hinckley et 

al. 2005 

[218] 

Arizona 

USA 

1998-2003 

48,119 

(4,246 IUGR
b
) 

Based on maternal residential address 

and matched municipal TTHM value 

(average of sample taken during 

gestational period) 

High TTHM (>53μg/L) 

versus low (<40μg/L) 

High chloroform (>16μg/L) 

versus low (<10μg/L) 

High BDCM (> 28μg/L) 

versus low (<13μg/L) 

High DBCM (>16μg/L) 

versus low (<12μg/L) 

1.09 (1.00 – 1.18) 

 

1.01 (0.93 – 1.10) 

 

1.03 (0.95 – 1.12) 

 

1.01 (0.94 – 1.10) 
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Porter et al. 

2005 [215] 

Maryland USA 

1998 - 2002 

15,315 

(1,114 IUGR
b
)

 

Based on maternal residential address 

and matched municipal TTHM value 

(average of biweekly samples taken 

during gestational period) 

High TTHM (>85 μg/L) 

versus low (not given) 

High chloroform (>50μg/L) 

versus low (not given) 

High bromoform 

(>0.65μg/L) versus low 

(not given) 

1.13 (0.91 – 1.39) 

 

1.10 (0.93 – 1.30) 

 

1.11 (0.87 – 1.42) 

Yang et al. 

2007 [216] 

TAIWAN 

2000-2002 

90,848 

(8,398 SGA
b
 

and 2,766 term 

LBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(average over last 2 years) 

High TTHM (>13.11μg/L) 

versus low (≤4.93 μg/L) for 

SGA 

High TTHM (>13.11μg/L) 

versus low (≤4.93 μg/L) for 

term LBW 

0.96 (0.91 – 1.02) 

 

 

1.00 (0.91 – 1.10) 

a
 SGA defined as ≤5

th
 percentile weight (race, sex and gestational week specific) 

b
 SGA defined as ≤10

th
 percentile weight (race, sex and gestational week specific) 

c
 average pregnancy exposure 

d
 first trimester exposure only 

e
 second trimester exposure only 
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Table 3-7 Summary of epidemiological studies on trihalomethanes and birth defects 

Citation Study detail Sample size Exposure Assessment Exposure 
Adjusted OR 

(95% CI) 

All birth defects 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(669 Birth 

defects) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100μg/L) 

versus low (<20μg/L) 

High TTHM (>80μg/L) 

versus low (<20μg/L) 

1.04 (90% CI 0.58 

– 1.76) 

1.57 (99% CI 1.07 

– 2.26) 

Neural tube defects 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(56 NTD) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>80μg/L) 

versus low (<20 μg/L) 

2.96 (99% CI 0.78 

– 9.84) 

Klotz & 

Pyrch 1998 

[219] 

New Jersey 

USA 

1993-1994 

90 cases and 

183 controls 

Based on maternal residential address 

and matched THM levels during first 

trimester and interview to determine 

individual water intake 

High TTHM (>40μg/L) 

versus low (<5μg/L) 

2.1 (1.1 – 4.0) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(77 NTD) 

Based on maternal residential address 

and matched municipal TTHM value 

for month before and after conception 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

1.18 (0.67 – 2.10) 

Oral cleft 

Bove et al. 

1995 [212] 

New Jersey 

USA 

81,352 

(83 Oral cleft) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100μg/L) 

versus low (<20μg/L) 

3.17 (99% CI 0.64 

– 10.34) 



  

 

71 

1985-1988 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(82 Oral cleft) 

Based on maternal residential address 

and matched municipal TTHM value 

for the first 2 months pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

1.01 (0.55 – 1.86) 

Cardiac defects 

Shaw et al. 

1991 [228] 

California 

USA 

1981-1983 

138 cases and 

168 controls 

Based on maternal residential address 

and matched municipal TTHM value 

for first trimester and interview 3-7 

years later to determine individual water 

intake 

High TTHM (value not 

given) versus low  

1.0 (0.7 – 1.6) 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(541 Cardiac 

defects) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>80μg/L) 

versus low (<20 μg/L) 

1.44 (no CI given) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(430 Cardiac 

defects) 

Based on maternal residential address 

and matched municipal TTHM value 

for the first 2 months pregnancy 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

0.77 (0.57 – 1.04) 

 



  

 

72 

Table 3-8 Summary of epidemiological studies on trihalomethanes and pregnancy loss  

Citation Study detail Sample size Exposure Assessment Exposure 
Adjusted OR 

(95% CI) 

Spontaneous abortion/miscarriage 

Savitz et al. 

1995 [225] 

North Carolina 

USA 

1988-1989 

126 cases SA 

and 122 

controls 

Based on maternal residential address 

and matched municipal TTHM value 

High TTHM (81-169μg/L) 

versus low (41-60 μg/L) 

1.2 (0.6 – 2.4) 

Waller et al. 

1998 [221] 

California 

USA 

1989-1991 

5,114 

(500 SAB) 

Based on maternal residential address 

and matched municipal TTHM value 

during first trimester and telephone 

interview at 8 weeks gestation to 

determine individual water intake 

High TTHM (>75μg/L) 

versus low (<75μg/L) 

High personal TTHM 

exposure (>75μg/L and > 5 

glasses cold tapwater/day) 

versus low 

High personal BDCM 

exposure (>18μg/L and > 5 

glasses cold tapwater/day) 

versus low 

1.2 (1.0 – 1.5) 

 

1.8 (1.1 – 3.0) 

 

 

 

3.0 (1.4 – 6.6) 

Savitz et al. 

2006 [222] 

North Carolina 

USA 

2000 - 2004 

2,409 

(258 pregnancy 

losses) 

Based on maternal residential address 

and matched municipal TTHM values 

during pregnancy (measured weekly) 

and questionnaire to determine 

individual exposure via different 

High TTHM (>75μg/L) 

versus low (<75μg/L) 

High personal TTHM 

exposure (>75μg/L and > 5 

glasses cold tapwater/day) 

1.0 (0.7 – 1.4) 

 

1.1 (0.7 – 1.7) 
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pathways versus low 

High personal BDCM 

exposure (>18μg/L and > 5 

glasses cold tapwater/day) 

versus low 

 

1.6 (1.0 – 2.4) 

Stillborn 

Bove et al. 

1995 [212] 

New Jersey 

USA 

1985-1988 

81,352 

(594 Fetal 

deaths) 

Based on ~4 tap samples taken from 

maternal residential address  

High TTHM (>100μg/L) 

versus low (<20 μg/L) 

<1.0 (no CI given) 

Dodds et al. 

1999 [213] 

Nova Scotia 

CANADA 

1988-1995 

49,645  

(197 Stillbirths) 

Based on maternal residential address 

and matched municipal TTHM value 

for gestational period 

High TTHM (>100μg/L) 

versus low (<50μg/L) 

1.66 (1.09 – 2.52)
a
 

King et al. 

2000 [223] 

Nova Scotia  

CANADA 

1988-1995 

214 stillbirths Based on maternal residential address 

and matched municipal TTHM value 

for gestational period 

High chloroform 

(>100μg/L) versus low 

(<50μg/L) 

High BDCM (>20μg/L) 

versus low (<5μg/L) 

1.56 (1.04 – 2.34)
a
 

 

 

1.98 (1.23 – 3.49)
a
 

Toledano et 

al. 2005 

[224] 

ENGLAND 

1992-1998 

969,304 

(4,852 VLBW) 

Based on maternal residential address 

and matched municipal TTHM value 

(third trimester) 

High TTHM (≥60μg/L) 

versus low (<30μg/L) 

1.11 (1.00 – 1.23) 

a
 Authors calculated adjusted relative risks rather than odds ratios 
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3.3.4 Chlorinated Haloacetic Acids 

After trihalomethanes, haloacetic acids are usually the most prevalent class of disinfection 

by-products in drinking water. This class occur at concentrations about half those of the 

trihalomethanes [229]. Currently, there are three known chlorinated haloacetic acids: 

monochloroacetic acid (MCA), dichloroacetic acid (DCA), and trichloroacetic acid (TCA). 

 

3.3.4.1 Occurrence 

Chlorinated acetic acids are formed during the disinfection with chlorine of drinking-water 

that contains natural organic material. 

 

3.3.4.2 Exposure 

Water treated with disinfectant is the sole source of haloacetic acids, but unlike the 

trihalomethanes, they are a non-volatile class of compounds and therefore ingestion appears 

to be the major route of exposure [188, 230]. A controlled experimental study found a 

strong correlation (r=0.81) between estimated ingestion exposure and trichloroacetic acid in 

urine [188]. Haloacetic acids have been shown in in vitro studies to have very low dermal 

permeability due to being dissociated at neutral pH levels [231]. 

 

 Haloacetic acids are found not only in drinking water but also swimming pools, with 

average levels of 419μg/L dichloroacetic acid and 420μg/L trichloroacetic acid measured in 

a study of three swimming pools [232]. However, any exposure from this source would 

occur through “accidental” ingestion given the low dermal permeability.  

 

3.3.4.3 Toxicology 

Several in vitro studies have indicated that some haloacetic acids are genotoxic. Giller et al 

[233] demonstrated that dichloroacetic, dibromo- and tribromoacetic acids induced primary 

DNA damage in Escherichia coli and showed mutagenic activity in Salmonella 

typhimurium. This latter finding was replicated, for dibromoacetic acid, in a Chinese study, 

which also found that DBA induced DNA damage in rat hepatocytes [234]. 

Dichloroacetic acid and trichloroacetic acid have been classified by the IARC as possibly 

carcinogenic to humans and not classifiable as to their carcinogenicity to humans 

respectively [196]. Both have been shown to induce hepatic tumours in mice [235, 236]. 
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Trichloroacetic acid has also been reported to cause chromosomal aberrations in mouse and 

chick bone marrow in in vivo studies [237, 238]. The observed effect was dose-, route- and 

time- dependent.  

 

High doses of dichloroacetic acid (14mg/kg/day) were shown to increase embryonic 

resorption, reduce body weight and induce cardiac malformations in rats [239]. Neural tube 

and craniofacial defects have also been associated with concentrations above 300mg/kg/day 

of dichloroacetic and trichloroacetic acid [240]. Rats exposed to relatively low 

concentrations of dichloroacetic acid have shown indications of neurotoxicity [241] and 

reduced sperm counts and motility [242, 243]. Developmental toxicity, indicated by 

behavioural effects, notochord bending and malformations of mouth structure, have also 

been demonstrated in zebrafish embryos [244]. 

 

However, the extent of toxicological data is insufficient to draw conclusions and neither 

compound is considered a carcinogen at this time.  

 

3.3.4.4 Reproductive Epidemiology 

Few epidemiological studies have investigated the human effect of exposure to haloacetic 

acids. A relatively large retrospective cohort study found evidence of a slightly elevated 

risk (OR = 1.23; 95%CI 1.04-1.45) of intra-uterine growth restriction (IUGR) after 

exposure to ≥ 15μg/L of chlorinated acetic acids during the third trimester, although there 

was no dose-response trend observed [215]. This finding was consistent with the results 

from an even larger study which demonstrated that exposure to the highest tertiles of DCA 

(≥8μg/L) and TCA (≥6μg/L) was associated with a statistically significant increased risk of 

IUGR [218].  A positive but non-significant association was also detected with term babies 

of low birth weight. This contrasts with results from a previous study which found a weak 

protective effect of moderate TCA (OR = 0.87; 95%CI 0.76 to 0.99) and DCA (OR = 0.86; 

95%CI 0.86 to 0.99) exposure levels on the incidence of small for gestational age (SGA), 

although the two studies differed somewhat on their definition of this birth outcome [208]. 

Elevated levels of haloacetic acids have not been associated with preterm or very preterm 

birth [208, 218], pregnancy loss [222], or neural tube defects [219]. 
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3.3.5 Brominated Acetic Acids 

There are six brominated acetic acids: bromochloroacetic acid (BCA), bromodichloroacetic 

acid (BDCA), dibromochloroacetic acid (DBCA), monobromoacetic acid (MBA), 

dibromoacetic acid (DBA), and tribromoacetic acid (TBA).  

 

3.3.5.1 Occurrence 

Brominated acetic acids are formed during the disinfection of drinking-water that contains 

both bromide ions and natural organic matter. Bromide ions are found naturally in surface 

water and groundwater supplies. Their presence may increase because of seasonal 

fluctuations, saltwater intrusion due to drought conditions, or from contamination by 

pollutants [168]. Furthermore, when bromide ion is present in high ratios to the total 

organic carbon that is present and the added chlorine, generation of brominated acetic acids 

is favoured over chlorinated acetic acids [229]. 

 

3.3.5.2 Toxicology 

There is limited toxicological evidence regarding the health effect of brominated acetic 

acids, but available mutagenicity data suggests that bromochloroacetic acid (BCA), 

dibromochloroacetic acid (DBCA) and bromodichloroacetic acid (BDCA) are fetotoxic at 

levels of 63μM, 500μM, and 536μM respectively, disrupting neurodevelopment and 

inducing craniofacial and heart abnormalities in animal embryo in vivo studies [245]. 

Bromochloroacetic acid was shown to be the most potent. This is consistent with previous 

findings which demonstrated that BCA (but not DBA) affected the development of frog 

embryos [246]. 

 

Several studies have illustrated a reduction in rat sperm counts and motility after exposure 

to brominated acetic acids although at doses (250mg/kg) exceeding those present in tap 

water [247-249]. Studies also indicate that brominated species of acetic acids induce 

oxidative stress [157].  

 

3.3.5.3 Reproductive epidemiology 

A recent retrospective cohort study in the US indicated that low birth weight in babies born 

at term was significantly associated (OR = 1.49; 95%CI 1.09-2.04) with exposure to 
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concentrations of DBA greater than 5ug/L in maternal drinking water during the third 

trimester [218]. The same study did not detect an association between exposure to DBA 

and intrauterine growth restriction. However, Porter et al [215] demonstrated a significant 

positive association (OR = 1.3; 95%CI 1.02-1.66) for women exposed to moderate levels of 

bromoacetic acid in their second trimester and IUGR, although no dose-response trend was 

indicated and this result was not replicated for other trimesters. Elevated levels of 

haloacetic acids have not been associated with preterm or very preterm birth [218], 

pregnancy loss [222], or neural tube defects [219]. 

 

Currently, the evidence suggests that haloacetic acids may produce toxic effects on the 

reproductive health of humans, although the strength of this conclusion is limited by the 

small number of studies conducted and the quality of data available. 

 

3.4 CONCLUSION 

Although a growing body of literature regarding the health effects of halogenated DBPs 

exists, concerns have been raised over the reliability of toxicology data in setting health 

guideline values. There are difficulties in the extrapolation of such findings to humans, 

especially given the comparatively high doses used in many of these studies. Furthermore, 

toxicology studies usually examine compounds in isolation, with minimal information 

available on the effects of mixtures, and the exposure pathways assessed are restricted to 

ingestion, whereas humans are exposed to the volatile DBPs through inhalation and dermal 

absorption as well. For these reasons, results from epidemiological studies are often 

required to more accurately reflect the actual exposure context. However, epidemiological 

findings are also open to criticism, largely because of limitations in study design. Due to 

the financial costs involved with testing for these compounds and the time involved in 

following women through pregnancy, the majority of epidemiological studies to date have 

used ecologic measures for exposure assessment [208, 212, 217, 219, 226, 250, 251]. Some 

studies have incorporated additional measures to improve ecological exposure estimates 

[209, 220, 223] and only a few have adjusted for individual variability in exposure [221, 

222, 228].  

 



  

 

78 

Although the presence of these limitations must be acknowledged, the toxicology and 

epidemiological research nonetheless provides some relatively consistent findings with 

regard to the potential developmental and reproductive toxicity of halogenated DBPs and at 

the very least suggest that further research in this area is warranted. Until such research 

findings are available, a precautionary approach to exposure may be warranted for pregnant 

women. 

 

PART THREE: NITRATE AND NITRATED DBPS 
 

3.5 NITRATE  

3.5.1 Occurrence 

Nitrate is a naturally occurring ion that forms part of the nitrogen cycle and its presence can 

arise from both natural organic and anthropogenic processes. Levels of nitrate in global 

drinking-water supplies have been steadily increasing since the 1950‟s. Areas with a 

temperate climate, including Perth, tend to have higher reserves of nitrate in soils which 

can leach into groundwater supplies over time [252]. It can also occur in surface waters, 

although generally at much lower concentrations, as a result of natural eutrophication 

processes [253]. Nitrate can be introduced into drinking-water supplies as a result of human 

activities, including intensive agricultural production, domestic and industrial wastes, 

sewage, and atmospheric nitrogen pollution [253]. 

 

3.5.2 Exposure 

In addition to drinking water, human uptake of nitrate may also occur through other 

exposure pathways. Ambient air pollution, particularly in areas of high traffic density, 

provides a minor source of nitrate exposure [254]. Food is the other main source of 

exposure, with vegetables and cured meats high in nitrate concentrations [254, 255]. In 

general, diet will be the primary exposure pathway when nitrate levels in drinking water are 

low. However, an American study indicated that in areas of nitrate-rich water, up to 69% of 

daily nitrate intake will be derived from the drinking water pathway [256]. Particular sub-

groups of the population, for example vegetarians, will have a proportionately higher daily 

intake of nitrate from drinking water sources.  
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Animal [257] and human studies [73, 258] have demonstrated that nitrate is also formed 

endogenously through metabolic processes, with up to 50% of nitrate produced in this way 

[259], equating to approximately 1mg/kg of body weight/day. It has been suggested that 

some individuals are also more susceptible to nitrate exposure from drinking water or food 

due to endogenous synthesis. Generally, humans generate 1mmol (=62mg) of nitrate per 

day, but this can increase in conjunction with the presence of infectious disease, 

inflammation and diarrhoea [260-262]. In addition, several groups are at particular risk 

from the ingestion of high levels of nitrate due to the formation of methaemoglobin, a 

compound formed when nitrite oxidises the ferrous ion in haemoglobin to the ferric form in 

the blood [263]. For example, women have naturally higher levels of methaemoglobin 

already during pregnancy, infants have lower acidity in their stomachs compared to adults 

allowing for the growth of bacteria that readily converts nitrate to nitrite, and people with a 

deficiency of the enzyme glucose-6-phosphate dehydrogenase are less equipped to convert 

methaemoglobin to haemoglobin. If the level of methaemoglobin is too high, a person may 

exhibit bluish discolouration of the skin, headaches, dizziness and difficulty breathing 

[264]. 

 

3.5.3 Toxicology 

The toxicological effects of nitrate and nitrite have been examined in relation to a range of 

outcomes, including reproductive and carcinogenic effects. Nitrate and nitrite exposure 

have been shown to result in reduced litter size and fetal death in experimental animals, but 

all at extremely high doses roughly equivalent to 310mg of nitrate/kg of body weight/day 

[265]. This is considerably higher than the maximum 10mg/L of nitrate found in drinking 

water. Severe methaemoglobinaemia has been induced in pregnant sheep but no other 

adverse reproductive outcomes were observed [266]. Several studies have indicated that 

nitrate in drinking water may exert genotoxic effects in humans with a significant increase 

in chromatid/chromosome breaks [267] and an increase in hypoxanthine 

phosphoriboysyltransferase gene variant frequencies [268].  

 

Nitrate itself is not considered mutagenic and is not classified as an animal carcinogen 

based on in vivo studies in which exposure to water with increased levels of nitrate did not 
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result in an increase in tumour incidence [254, 269-271]. However, nitrate is a precursor in 

the formation of N-nitroso compounds (NOC), a class of genotoxic compounds most of 

which are animal carcinogens [272]. Nitrate is promptly reduced to nitrite – a far more 

toxic chemical - by bacteria in the upper gastrointestinal tract and can react with 

nitrosatable compounds derived from common food products in the stomach to form NOCs 

[273]. 

 

The International Agency for Cancer Research (IARC) has classified nitrate as a probable 

carcinogen to humans when ingested under conditions that result in endogenous nitrosation 

[196]. NOCs are known carcinogens in many animal species and will be discussed in 

greater depth in section 3.6.3. 

 

3.5.4 Reproductive epidemiology 

A limited number of epidemiological studies have investigated exposure to nitrate in 

drinking water and adverse reproductive and birth outcomes. These findings are 

summarised in Table 3-9. 

 

In 1984, a case-control study investigated a population in South Australia for which 

groundwater was the predominant drinking-water source, and as such was exposed to 

relatively high levels of nitrate. Compared to women who drank only rainwater during their 

pregnancy, a statistically significant increase in the risk for malformation of the central 

nervous system (OR 3.5; 95%CI 1.1-14.6) and musculoskeletal system (OR 2.9; 95%CI 

1.2-8.0) was associated with increasing nitrate exposure in drinking-water [274]. The 

researchers advised caution in interpreting results as a large number of confounders could 

not be accounted for. Following this novel finding, several other studies around the world 

were initiated to further investigate the potential association between nitrate in drinking 

water and birth defects with inconsistent results. Aschengrau et al [275] found no evidence 

of a relationship between the incidence of any congenital malformation with increasing 

exposure to nitrate nor did a later case-control study in New Jersey (Klotz 1998) that 

focussed solely on neural tube defects [219]. However, a recent study in Texas found a 

significant positive association (OR 11.0; 95%CI 1.3-500) between drinking water nitrate 

(>3.52mg/L) and neural tube defects [276]. This study also examined dietary intake of 
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nitrates and NTDs and found no effect on risk. It is important to note that all of these 

studies had relatively small sample sizes and were limited by the ecological nature of 

exposure assessment, with regional nitrate exposures assigned to individuals residing in 

these areas. 

 

A couple of studies have attempted to account for individual differences in drinking-water 

intake through the use of questionnaires regarding personal consumption combined with 

individual sampling of tap water at each participant‟s residential address. One study found 

no significant association between exposure to nitrate in drinking water and the risk of CNS 

malformations [277]. The largest case-control study to be conducted detected a significant, 

positive association (OR 6.9; 95%CI 1.9-24.9) between consumption of relatively high 

nitrate levels in drinking water (>36mg/L) and anencephaly, but a similar relationship for 

neural tube defects or spina bifida was not detected [278]. 

 

There are few published studies investigating the effect of nitrate in drinking water on other 

reproductive outcomes. An ecological study in Canada used Geographical Information 

Systems (GIS) to identify exposure groups based on historical monitoring in each area. 

They reported that residence in an area with higher exposure to nitrate in drinking-water 

(>4.3mg/L) was positively associated with prematurity (OR 2.33; 95%CI 1.46-3.68) and 

intra-uterine growth restriction (OR 2.56; 95%CI 1.44-4.45), with significant dose-response 

trends [279]. Aschengrau et al investigated spontaneous abortions, stillbirths and neonatal 

deaths but found no relationship with nitrate in drinking water [275, 280]. Anecdotal 

indications of a possible association between high levels of nitrate and spontaneous 

abortion was suggested by a case study in Indiana, US where three women, residing in 

close proximity and consuming water from a private well with high levels of nitrate (19 – 

26ppm), experienced a total of 6 spontaneous abortions from 1991-1993 [281]. 

 

In all of these studies, the levels of nitrate in drinking water associated with increased risk 

were below the maximum contaminant level (MCL) as defined by the World Health 

Organisation (50mg/L). Inconsistent results could indicate that nitrate is not the true 

exposure measure of interest. Alternatively, the contradictory results may be due to 

differences in study design, sample sizes and exposure assessment. In summary, the lack of 

well-designed epidemiological studies that account for individual exposure and 
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consumption of drinking water makes it difficult to draw any conclusions regarding the 

human effect of nitrate on reproductive outcomes. However, again, it is perhaps advisable 

to emphasise the importance of continuing the current precautionary approach in which 

exposure limits are set at values that recognize the unique sensitivity of pregnant women, 

until further studies on water contaminants are more conclusive. 
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Table 3-9 Summary of epidemiological studies on nitrate and adverse birth outcomes 

Citation Study detail Sample size Exposure Assessment Outcome 
Adjusted OR 

(95% CI) 

Dorsch et al. 

1984 [274] 

Mount 

Gambier 

AUSTRALIA 

1951 - 1979 

218 case-

control pairs 

Based on maternal residential address 

and matched historical nitrate levels. 

Comparison between women who drank 

from groundwater sources or rainwater 

during pregnancy. 

Congenital malformation 

CNS malformation 

Musculoskeletal system 

2.8 (1.6 – 5.1) 

3.5 (1.1 – 14.6) 

2.9 (1.2 – 8.0) 

Arbuckle et 

al. 1988 

[277] 

New 

Brunswick 

CANADA 

1973 - 1983 

130 cases 

260 matched 

controls 

Based on ~ 3 samples taken from 

maternal residential address and 

questionnaire to determine individual 

water intake (high exposure > 

26.03mg/L) 

CNS malformation 2.3 (0.73 – 7.29) 

Aschengrau 

et al. 1989 

[280] 

Massachusetts 

USA 

1976 - 1978 

286 cases 

1391 controls 

Based on maternal residential address 

and matched municipal nitrate levels 

(high exposure >0.1mg/L) 

Spontaneous abortion 0.5 (no CI given) 

Aschengrau 

et al. 1993 

[275] 

Massachusetts 

USA  

1977 - 1980 

1039 congenital 

cases, 77 

stillbirths and 

55 neonatal 

deaths 

1,177 controls 

Based on maternal residential address 

and matched municipal nitrate levels 

(high exposure >0.2mg/L) 

Stillborn 

Congenital malformation 

Neonatal deaths 

0.8 (no CI given) 

0.0 (no CI given) 

1.2 (no CI given) 
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Klotz & 

Pyrch 1998 

[219] 

New Jersey 

USA 

1993 - 1994 

112 cases 

248 controls 

Based on maternal residential address 

and matched nitrate levels during first 

trimester and interview to determine 

individual water intake (high exposure 

>1ppb) 

Neural tube defects 1.0 (0.5 – 2.0) 

Bukowski et 

al. 2001 

[279] 

Prince Edward 

Island 

CANADA 

 

210 IUGR and 

336 preterm 

cases 

4,098 controls 

Based on maternal residential address 

and matched municipal nitrate levels 

(high exposure > 4.3 mg/L) 

IUGR 

Preterm delivery 

2.56 (1.44 – 4.45) 

2.33 (1.46 – 3.68) 

Croen et al. 

2001 [278] 

California 

USA 

1989 - 1991 

613 cases 

611 controls 

Periconceptional maternal residential 

address and matched municipal nitrate 

values. Questionnaire to determine 

individual water intake (high exposure 

> 36mg/L) 

Neural tube defects 

Anencephaly 

Spina bifida 

1.7 (0.76 – 4.0) 

6.9 (1.9 – 24.9) 

1.1 (0.25 – 4.5) 

Cedergren et 

al. 2002 

[282] 

Ostergotland 

SWEDEN 

1982 - 1996 

71,978 

(753 cardiac 

defects) 

Periconceptional maternal residential 

address and water supplies using GIS 

(high exposure >2mg/L) 

Cardiac malformation 1.18 (0.97 – 1.44) 

Brender et 

al. 2004 

[276] 

Texas USA 

1995 - 2000 

184 cases 

225 controls 

Periconceptional drinking water source 

tested for nitrates (high exposure 

>3.52mg/L) 

Neural tube defects 11.0 (1.3 – 500) 
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3.6 NITRATED DISINFECTION BY-PRODUCTS 

In addition to nitrate, which is naturally present in drinking water supplies both pre- and 

post- chlorination, several other organic compounds containing nitrogen have recently been 

detected in waters after the disinfection process. These nitrated disinfection by-products 

included halogenated acetonitriles (HANs), halonitromethanes (HNMs), and nitrosamines, 

and are discussed in greater detail below. 

 

3.6.1 Halogenated Acetonitriles (HANs) 

Halogenated acetonitriles (HANs) are a class of nitrated disinfection by-products and refer 

to bromoacetonitrile (BAN), chloroacetonitrile (CAN), dichloroacetnonitrile (DCAN), 

dibromoacetonitrile (DBAN), bromochloroacetonitrile (BCAN), and trichloroacetonitrile 

(TCAN) 

 

3.6.1.1 Occurrence 

Halogenated acetonitriles (HANs) are produced during the disinfection of drinking-water 

containing naturally occurring substances (e.g. algae, fulvic acid and proteinaceous 

material) through chlorination, chloramination or the addition of chlorine dioxide [283]. 

Increasing temperature and decreasing pH are known factors which are associated with 

increasing concentrations of halogenated acetonitriles [253]. Dichloroacetonitrile is the 

predominant HAN detected in drinking-water. Higher levels of bromide is source  waters 

results in the increased formation of brominated species [284]. 

 

3.6.1.2 Toxicological evidence 

The halogenated acetonitriles have been shown in in vitro studies to induce sister chromatid 

exchanges and DNA strand breaks in Chinese hamster ovary cells [285]. Two HANs, 

dichloroacetnonitrile and bromochloroacetonitrile, also demonstrated mutagenicity in 

Salmonella typhimurium [285]. An in vitro study by Le Curieux et al [286] evaluated the 

genotoxicity of all six haloacetonitriles. Dichloroacetonitrile, dibromoacetonitrile and 

bromochloroacetonitrile induced DNA damage in Escherichia coli, while all six 

compounds demonstrated mutagenic activity on Salmonella typhimurium and a clastogenic 

effect on Pleurodels larvae erythrocytes. The authors commented that the genotoxic 
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activity of the brominated species appeared higher than the corresponding chlorinated 

acetonitriles, and that the clastogenic activity of the chlorinated acetonitriles increased with 

the number of chlorine substituents. Comparable findings were observed by Muller-Pillet et 

al who conducted similar genotoxicity tests, although only three HANs 

(monochloroacetonitrile, dichloroacetnonitrile and dichloroacetnonitrile) induced 

mutagenic activity in Salmonella typhirurium [287]. All HANs induced DNA damage in 

HeLa S3 cells, and again, brominated acetonitriles were found to be more genotoxic than 

chloroacetonitriles. 

 

A comparative study of the relative genotoxicity and cytotoxicity of disinfection by-

products demonstrated that HANs are more toxic than carbon-based disinfection by-

products such as haloacetic acids [283]. However, unlike the haloacetic acids, neurotoxicity 

has not been demonstrated for dibromoacetonitrile [288]. 

 

Studies with rats indicate that increasing concentrations of dichloroacetnonitrile and 

trichloroacetonitrile can reduce fetal weight and survival [289-291]. High doses (≥45mg/L 

and ≥15mg respectively) of these compounds can cause fetal deformities, including 

cardiovascular, skeletal and urogenital malformations. No effects were evident in a 

comparable study on mice [292], although exposure was limited to one day as opposed to 

the 13 day exposure studies conducted by Smith et al [289-291]. 

 

According to the IARC, dichloroacetonitriles, dibromoacetonitrile, 

bromochloroacetonitrile, and trichloroacetonitrile are not classifiable with reference to their 

carcinogenicity towards humans [196]. 

 

3.6.1.3 Epidemiology 

Only one study to date has investigated the human health effect of haloacetonitriles. Klotz 

& Pyrch [219] found no association between HAN concentrations in tap water and neural 

tube defects[219]. 
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3.6.2 Halonitromethanes 

Halonitromethanes (HNMs) are a newly discovered class of nitrated disinfection by-

products. Structurally, they are very similar to trihalomethanes with the addition of a nitro- 

group. They include chloronitromethane (CNM), trichloronitromethane or chloropicrin 

(TCNM), tribromonitromethane or bromopicrin (TBNM), bromonitromethane (BNM), 

dibromonitromethane (DBNM), dibromochloronitromethane (DBCNM), and 

dichlorobromonitromethane (DCBNM), dichloronitromethane (DCNM), 

bromochloronitromethane (BCNM) and bromodichlorontiromethane (BDCNM). 

 

3.6.2.1 Occurrence 

Halonitromethanes are found in drinking-waters disinfected with chlorine, chloramine or 

ozone [293]. When bromide levels are high in source waters, brominated species of 

halonitromethanes are predominant but when they are low, chlorinated species tend to 

dominate. An occurrence study in the US suggested that their occurrence in drinking-

waters was lower than the haloacetic acids [284]. However, given their only recent 

identification, little is known about their occurrence, formation and toxicity. 

 

3.6.2.2 Toxicology 

Preliminary studies exploring the genotoxicity of chloropicrin (or TCNM) demonstrated the 

induction of mutations on strains of Salmonella typhimurium [294, 295] and a recent study 

showed that all nine HNMs induced DNA damage in Chinese hamster ovary cells [296]. 

All of the HNMs tested were shown to be more cytotoxic than their corresponding 

haloacetic acids, in some cases up to 116 times more cytotoxic. Furthermore, measurement 

of chronic cytotoxicity indicated that the brominated nitromethanes were the most potent. 

In mammalian cell assays, many of the halonitromethanes were found to be potent 

genotoxins and stronger DNA-damaging agents than potassium bromate, which has been 

classified as an animal carcinogen [296]. Kundu et al [297] further tested all nine HNMs 

for mutagenicity in Salmonella and established that they are more mutagenic and cytotoxic 

than halomethanes, with the brominated species the most toxic. 

 

3.6.2.3 Epidemiology 

No data are available on the health effects of halonitromethanes on humans. 
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3.6.3 Nitrosamines 

Nitrosamines may be formed during disinfection depending on the presence of secondary 

amines in drinking-water sources. The most common nitrosamine is N-

Nitrosodimethylamine, or NDMA. 

 

3.6.3.1 Occurrence 

NDMA may be present in drinking-water due to agricultural contamination of source 

waters or may be formed during the disinfection process, particularly if sodium 

hypochlorite or chloramine is used [254], and to some extent chlorine [298]. It does not 

appear to form during ozonation [299]. Concentrations of up to 40ng/L have been detected 

in drinking-water where groundwater recharge is practised but there have been no 

widespread studies investigating its occurrence [254, 300]. NDMA is believed to occur in 

Australian drinking water at levels between 0 – 20ng/L [301]. 

 

3.6.3.2 Exposure 

There are several possible sources of human exposure to nitrosamines, and in particular 

NDMA. It may be introduced into water sources by discharges from industries such as 

rubber and dye manufacturing, food processing, and foundries [254]. NDMA has also been 

detected in sewage treatment plant effluents and may be released into the environment 

through the application of sewage sludge to nitrogen-rich soils [302]. NDMA can also 

occur in drinking water as a by-product of disinfection with chloramine or chlorine [298] or 

due to anion-exchange treatment of water [303]. 

 

Additionally, NDMA can be formed during the processing, preservation or preparation of 

food when precursor compounds are already present in, or are added to particular food 

items [254]. 

 

NDMA has been detected in emissions from diesel vehicle exhausts but there is little 

information about the presence or concentrations of NDMA in ambient air and therefore 

this is not recognised as a significant exposure pathway [304]. 

 



  

 

89 

Furthermore, as detailed earlier in section 3.5.2, NDMA can be generated endogenously 

through the conversion of nitrate. 

 

3.6.3.3 Toxicology 

There is consistent evidence from a wide range of laboratory animal studies that NDMA is 

an animal carcinogen [272, 305]. In vitro studies involving bacterial and mammalian cells 

have indicated that NDMA is both mutagenic and clastogenic with increased frequencies of 

gene mutations, chromosomal damage and sister chromatid exchanges [305]. N-nitroso 

compounds have also been shown to produce tumours in a variety of sites in experimental 

animals [272]. As a result, the US EPA and IARC have classified NDMA as a probable 

human carcinogen. 

 

3.6.3.4 Epidemiology 

Several epidemiological studies have investigated exposure to NDMA and associated risk 

of a variety of cancers, with exposure generally based on diet (a major exposure pathway 

for NDMA). Two comprehensive case-control studies found a positive association between 

NDMA and both gastric and lung cancer, with a clear dose-response relationship [306, 

307]. A large cohort study conducted in Finland also detected a significant positive 

relationship between NDMA intake and colorectal cancer [308]. 

 

However, there have been no studies on the effects of NDMA on the human reproductive 

system. 

 

3.6.4 Conclusion 

Due to their emergence only recently as potential human toxicants, there is limited 

evidence on the reproductive toxicity of nitrated disinfection by-products. This is especially 

apparent when compared to the substantial body of knowledge regarding the halogenated 

disinfection by-products. In the majority of cases, evidence is restricted to a small number 

of toxicology studies and there are almost no epidemiological data. However, it is likely 

that future studies will focus more on the nitrated forms of disinfection by-products given 

the weight of evidence from toxicological studies that currently exist, indicating their 

greater potency compared to their halogenated counterparts. Indeed, in reflection of their 
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potentially greater toxicity, the US EPA has indicated that future studies should prioritise 

nitrated disinfection by-products when investigating the associated risk of health outcomes 

[309]. 

 

It is evident that further research is needed on the toxicity of nitrated disinfection by-

products, with very little known about nitrosamine formation in particular, or the influence 

of organic nitrogen precursors on the process. It is also possible that nitrate could act as a 

surrogate indicator for nitrated DBPs, reflecting the nitrogen proportion in the water as a 

necessary precursor for nitrate disinfection by-products but there has been little work in this 

area. As with the literature regarding halogenated DBPs, current toxicology evidence is 

restricted to looking at individual species of DBPs, whereas in reality, the contaminants 

occur as complex mixtures.  

 

In conclusion, the nitrated DBPs have been shown to be more toxic than halogenated DBPs 

in the toxicology studies conducted so far, and there is substantial evidence suggesting that 

NDMA and the nitrosamines in particular are likely to impact human health. Therefore, 

further research on this class should be a priority. 

 

 

PART FOUR: REGULATION OF DRINKING WATER 

 

3.7 DRINKING WATER GUIDELINES 

Since 1972, the NHMRC has provided guidelines on drinking-water quality in Australia. In 

addition to health-related objectives, drinking-water is also required to be aesthetically 

pleasing in regard to appearance, taste and odour [153]. Unlike the United States (US) and 

the European Union (EU), these guidelines are not legally binding standards for drinking-

water [154]. Instead, at a Federal level, they operate as a recommended doctrine which may 

be incorporated into state legislation. However, there is no federal regulatory process in 

place to evaluate drinking water treatment chemicals in Australia [310]. Indeed, there are 

no specific state or territory legislative requirements for the regulation of drinking-water 

either; only a general reference to the necessity of “providing a safe water supply for 
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consumers” [310]. This statement reflects the extent of government involvement in 

drinking-water quality. Therefore water suppliers are required by state legislation to 

provide safe drinking-water, but their interpretation of what this entails can vary. Some 

water authorities use the NHMRC guidelines (either the 1987 or 1996 versions), whereas 

others refer to the World Health Organisation guidelines [311]. In addition, the monitoring 

strategy of water authorities – including frequency of testing and which contaminants are 

sampled – is often not explicitly stated and can vary substantially [311]. As a result, not all 

Australians receive the same quality of drinking-water. 

 

3.8 WESTERN AUSTRALIAN WATER INDUSTRY 

In Western Australia, several organisations are collectively responsible for delivering safe, 

high-quality drinking-water to residents. 

 

3.8.1 Water and Rivers Commission 

The Water and Rivers Commission (WRC) manages the State‟s water resources, a role 

which includes the protection of water sources used for public drinking-water supply. This 

function is intended to minimise the risk of contamination at the source and additionally the 

level of treatment required before delivery to consumers. Protection may involve the 

following limitations around surface and groundwater catchments: 

 Restriction of public access  

 Limitation of particular activities e.g. water-based recreation 

 Regulation of the storage of toxic substances (e.g. pesticides; industrial wastes) 

 Control of forestry and agricultural practices 

 

3.8.2 Water Corporation 

The Water Corporation is the largest service provider in Western Australia and is 

responsible for 40% of all drinking-water delivery to consumers in the state, predominantly 

to residents in the Perth metropolitan region [154]. Its role is to deliver safe drinking-water 

to the community [155]. It operates 73 large dams and reservoirs and 697 groundwater 

wells to obtain water, before treating it at one of 243 water treatment plants, after which it 
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is pumped to tanks or reservoirs and then distributed to the consumers tap via a large and 

integrated water pipeline network [155]. 

 

The Water Corporation monitors drinking water quality via regular testing of water samples 

for a number of microbiological, chemical and aesthetic parameters. 

 

3.8.3 West Australian Department of Health 

The Department of Health (DoH) regulates the quality of drinking-water supplied by the 

Water Corporation [310] with standards based on the 1987 NHMRC national drinking-

water guidelines [312]. Since 2001, under a Memorandum of Understanding (MOU) and 

under the umbrella of State legislation, the Water Corporation is required to notify the 

Department of Health within 24 hours when any sample exceeds a set health or aesthetic 

value or may pose a public health risk. 

 

3.9 QUALITY OF DRINKING WATER  

There are five categories of chemical contaminants found in drinking-water which may 

potentially affect health: disinfection agents and inorganic by-products of disinfection; 

other inorganic chemicals; organic by-products of disinfection; other organic compounds; 

and pesticides. The NHMRC lists 207 chemical contaminants under these five categories in 

the Australian Drinking Water Guidelines and provides specific health guideline values for 

179 contaminants for which sufficient evidence exists to ascertain toxicity. The guideline 

values represent the concentration of a contaminant that does not result in any significant 

risk to the health of the consumer over a lifetime of consumption [153]. 

 

Guideline values (GV) are applied differently amongst the States. In some, regulations are 

based on annual average that does not exceed the guideline value whereas in others the 

guideline value is taken as a maximum allowed value for individual samples [159]. 
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3.10 INTERNATIONAL COMPARISON OF DRINKING WATER 

STANDARDS AND GUIDELINES 

As outlined in section 3.7, Australia does not impose standards for drinking water quality 

but rather guidelines, or a set of voluntary targets. Such an approach represents a 

substantial divergence from those of other developed nations, such as the US and the EU. 

The World Health Organisation does not have any law-making authority and thus also 

establishes guidelines intended to assist nations in developing consistent and adequate 

standards. Table 3-10 provides an international comparison of Australian drinking water 

guidelines with those of the other major international regulators for the maximum permitted 

concentrations for the relevant DBPs. 

 

Australia‟s guidelines are weaker than the US standards for all contaminants considered in 

this study. The gap between Australia and the recommendations provided by the World 

Health Organisation is also substantial. There are 10 contaminants for which Australia has 

weaker or non-existent guidelines compared to WHO, and only two contaminants that have 

more conservative guidelines. Comparisons between Australian guidelines and EU 

standards also reveal disparities. For the five contaminants where the EU has established a 

maximum allowable concentration, Australia has weaker guidelines for all. Although 

Australia has created guidelines for three haloacetic acids not included by the EU, it is 

noteworthy that these are only voluntary targets and not legally enforceable anyway. In 

total, there are four contaminants listed for which Australia has not established guidelines 

compared to one of the other major agencies. Of note is the fact that no nitrated disinfection 

by-products are currently regulated in Western Australia, primarily due to their more recent 

emergence and the relative lack of toxicological data. The results of this study help 

substantiate the need for the creation of such guidelines. 
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Table 3-10 International comparison of drinking water quality standards and guidelines for 

chemicals (maximum allowable concentration) 

Disinfection by-

product 

Guideline values 

Australia US EU WHO 

Trihalomethanes 

Bromoform 0.25 mg/L 0.08 mg/L 0.1 mg/L 0.1 mg/L 

Chloroform 0.25 mg/L 0.08 mg/L 0.1 mg/L 0.3 mg/L 

Dibromochloromethane  0.25 mg/L 0.08 mg/L 0.1 mg/L 0.1 mg/L 

Bromodichloromethane  0.25 mg/L 0.08 mg/L 0.1 mg/L  0.06 mg/L 

Haloacetic acids 

Monochloroacetic acid 0.15 mg/L 0.06 mg/L No guideline 0.02 mg/L 

Dichloroacetic acid 0.1 mg/L 0.06 mg/L No guideline 0.05 mg/L 

Trichloroacetic acid 0.1 mg/L 0.06 mg/L No guideline 0.2 mg/L 

Haloacetonitriles 

Dichloroacetonitrile No guideline No guideline No guideline 0.02 mg/L 

Trichloroacetonitrile No guideline No guideline No guideline 0.001 mg/L 

Dibromoacetonitrile No guideline No guideline No guideline 0.07 mg/L 

Bromochloroacetonitrile No guideline No guideline No guideline No guideline 

Nitrate 100 mg/L 10 mg/L 50 mg/L 50 mg/L 

NDMA No guideline 200 ng/L No guideline 100 ng/L 
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CHAPTER 4: RATIONALE 

 

 

4.1 INTRODUCTION 

As outlined in Chapter 3, water contaminants can exert a toxicological effect on human 

health and a number of contaminants, including disinfection by-products and nitrate, have 

been associated with adverse birth and pregnancy outcomes. In Chapter 2, the pregnancy 

endpoint of prelabour rupture of membranes was introduced as a significant adverse 

outcome that affects up to 10% of pregnant women. Despite the high prevalence of the 

condition, the biological mechanisms and the risk factors, in particular environmental risk 

factors, for the development of PROM and pPROM remain largely unclear. What is known 

is reviewed here, and sets the stage for the analytic chapters (5-8) to build upon this 

knowledge base. 

 

As described in detail in Chapter 2, recent studies have shown that at the molecular level, 

prelabour rupture of membranes may result from diminished collagen synthesis, altered 

collagen structure, and accelerated collagen degradation within the extracellular matrix of 

the fetal membranes [1, 93, 313]. Molecular and genetic research has focussed on the role 

of matrix metalloproteinases (MMPs), a group of enzymes which are capable of breaking 

down the extracellular matrix of the fetal membranes [7, 79, 85]. It has been proposed that 

an imbalance between the activities of MMPs and their tissue inhibitors (TIMPs), leads to 

early degradation of membranes, and thus may be associated with development of 

prelabour rupture of membranes.  

 

There have been recent attempts to elucidate pathways that may contribute to the 

accelerated activity of MMPs and degradation of membranes. In particular, reactive oxygen 

species (ROS) have been identified as possible initiators of enzyme activity which is 

responsible for prelabour rupture of fetal membranes [80], as outlined in Chapter 2. 

Production of reactive oxygen species occurs in response to various stimuli, including 

infections, but evidence suggests that other agents may potentially play a role. Chemical 
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toxicants – including water contaminants - may promote the formation of ROS and thus 

independently stimulate MMP enzyme activity, and several disinfection by-products 

commonly found in drinking water have been associated with the formation of reactive 

oxygen species. 

 

When reactive oxygen species are present in excess of anti-oxidants, oxidative stress 

occurs. Oxidative stress encompasses a wide spectrum of potential tissue damage and is 

commonly measured by the presence of two biomarkers, DNA damage and lipid 

peroxidation. Oxidative DNA base damage is measured as levels of 8-

hydroxydeoxyguanosine (8-OHdG). Lipid peroxidation can be detected by the production 

of malondialdehyde (MDA). An increase in the production of reactive oxygen species or a 

decrease in anti-oxidants can also signal the potential for oxidative stress to occur. 

 

The following section reviews those studies which have proposed that water contaminants 

may cause oxidative stress. 

 

4.2 WATER CONTAMINANTS AND OXIDATIVE STRESS 

4.2.1 Trihalomethanes and oxidative stress 

A study on cultured rat hepatocytes demonstrated that vaporised chloroform could induce a 

small but significant (p<0.001) elevation in DNA strand breaks; however, in this analysis 

there was no detectable formation of 8-hydroxydeoxyguanosine (8-OHdG), another 

measure of oxidative DNA damage [314]. A significant increase in lipid peroxidation was 

also observed, although the increase in lipid peroxidation was not sufficient to cause 

cytotoxicity (cell death). These indicators of chloroform-induced oxidative stress were 

compounded by the detection of glutathione (GSH) depletion, an antioxidant, in the same 

cultured cells. Thus it is possible that two coinciding processes are acting to cause 

oxidative stress. The study is strengthened considerably by its ability to account for 

apoptosis as a potential confounder, given that this process is a common outcome of lipid 

peroxidation and GSH depletion and can lead independently to DNA damage [315]. 

Additionally, a study of similar design indicated that chloroform increased 
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dichlorofluorescence, indicating increased oxidative stress, and also led to the depletion of 

GSH in mouse hepatocytes [316]. 

 

4.2.2 Haloacetic acids and oxidative stress 

Trichloroacetic acid and dichloroacetic acid have been shown to induce peroxisome 

proliferation in the hepatic tissues of rodents [317]. Peroxisomes generate hydrogen 

peroxide, a known reactive oxygen species. 

 

Lipid peroxidation was induced in the livers of mice and rats following exposure to DCA 

and TCA in an in vivo study by Larson and Bull [318]. The effect observed was both time- 

and concentration- dependent. DCA was found to be the more potent compound. 

 

Another in vivo study by Austin et al [319] found that haloacetic acids, including DCA, 

TCA, DBA, BDCA and BDA, significantly increased the formation of 8-

hydroxydeoxyguanosine (8-OHdG), a measure of oxidative DNA damage, as well as 

induced lipid peroxidation in the livers of mice. The order of potency was DBA ~ BCCA > 

BDCA > DCA > TCA. This order may be explained by the fact that the bromine-carbon 

bond is more labile than the chlorine-carbon bond [320] and suggests that the brominated 

acetic acids may be more genotoxic. This finding was corroborated by the work of Parrish 

et al [321] where a number of haloacetic acids were administered to mice via drinking 

water. Dose-related increases in 8-OHdG were observed in the nuclear DNA of the liver for 

mice treated with dibromoacetic acid (DBA) and bromochloroacetic acid (BCA) but not 

with TCA or DCA.  

 

The in vitro toxicity of DCA and TCA was tested in experiments on macrophage cell lines 

[322]. Addition of increasing doses of TCA and DCA produced corresponding increases in 

superoxide anion, another class of reactive oxygen species. At a threshold level of 8mM of 

TCA or DCA, and after a 60 hour incubation period, the researchers found that production 

of superoxide anion significantly contributed to cell death, although they could not discount 

the participation of other ROS in the process. Unlike the in vivo study by Larson and Bull, 

no significant differences were detected between the cytotoxicity of DCA and TCA or their 
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ability to induce biomarkers of oxidative stress, suggesting that they may be equally toxic 

in vitro. 

 

Hassoun and Ray [244] also demonstrated that exposing developing zebrafish embryos to 

increasing concentrations of DCA resulted in dose-dependent increases in ROS levels, 

specifically the concentrations of nitric oxide and superoxide anions.  

 

Although the tested concentrations of haloacetic acids in all of these studies are higher than 

those found in drinking water, the findings are important because they reveal a potentially 

important theoretical link between DBPs and the incidence of PROM. 

 

4.2.3 Haloacetonitriles and oxidative stress 

The ability of chloroacetonitrile to induce oxidative stress was examined in a study using 

the gastric mucosal cells of rats [323]. Chloroacetonitrile (CAN) generated a significant 

increase in the levels of 8-OHdG in gastric DNA, indicating oxidative stress. It also 

induced a significant dose- and time- dependent decrease in glutathione (GSH) levels 

which subsequently led to a depletion of ATP production. ATP depletion leads to the 

formation of ROS indicating that CAN toxicity may partially be linked to the induction of 

oxidative stress resulting in oxidative damage to DNA. Similar results were recorded by 

Mohamadin and Abdel-Naim using rat gastric epithelial cells [324]. Again, 

chloroacetonitrile caused a significant decrease in GSH levels. Lipid peroxidation, as 

indicated for by the production of malondialdehyde (MDA), was observed. Both responses 

were time- and dose- dependent and substantiate claims that CAN induces oxidative stress 

in vitro. 

 

4.2.4 Nitrate and oxidative stress 

Nitrate is quickly converted to nitrite when ingested which can easily be reduced to nitric 

oxide by commensal bacteria and bacteria in the urogenital tract [325, 326], as well as 

systemically in blood and tissues [326]. This exogenous source of nitric oxide (it is also 

present in the body through endogenous processes) contributes to whole body production 

through a pathway that is independent of nitric oxide inhibitors [327] and thus allows for 

more distal and sustained oxidative effects [325]. With a high intake of nitrate – through 
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food, drinking water and other sources – the plasma levels of nitrite increase greatly as a 

consequence. Therefore, inorganic nitrate from environmental sources can be considered as 

a storage pool for the free radical nitric oxide, in turn suggesting that sources of nitrate such 

as drinking water may influence the systemic generation and activity of nitric oxide in the 

body [325]. 

 

4.3 CONCLUSION 

In conclusion, it is plausible that an oxidative stress process may play an important role in 

the toxicity of various water contaminants, and such a process has also recently been 

identified as a potential pathway to the development of prelabour rupture of fetal 

membranes. 

 

Prelabour rupture of membranes remains a significant problem, but little is known about its 

causes. The contribution of environmental factors in the risk and development of PROM 

and pPROM have not been extensively studied. Based on the combined toxicological and 

environmental evidence, it is considered biologically plausible that particular water 

contaminants routinely present in the drinking water in Western Australia may trigger 

oxidative stress and collagen degradation in fetal membranes, subsequently leading to 

PROM and/or pPROM. Levels of these contaminants vary substantially throughout the 

state of Western Australia, including across the city of Perth, and in some places reach 

levels that exceed water quality guidelines in most developed nations. In the context of 

high contaminant levels affecting such a large proportion of the population, it is 

hypothesised that differential exposure to water contaminants by pregnant women may be 

associated with prelabour rupture of membranes. Figure 4-1 represents the postulated 

pathway by which water contaminants, through initiation of oxidative stress and collagen 

degradation, may lead to prelabour rupture of membranes as a clinical end-point. 

 

Having provided this rationale, section 4.4 builds on the conclusions above to articulate the 

specific aims and objectives for the thesis. 
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Figure 4-1 Potential pathways to prelabour rupture of membranes and linkages with 

environmental factors 

 

4.4 AIMS AND OBJECTIVES 

This thesis aims to test the above hypothesis by the following approaches: 

 

4. Examine the risk factors and perinatal outcomes associated with PROM and 

preterm PROM 

 

The specific objectives of Aim 1 are to: 

a. Evaluate if there is an association between demographic and pregnancy-related 

factors and PROM and/or preterm PROM 

b. Evaluate if there is an association between PROM and/or preterm PROM and 

the incidence of perinatal outcomes 
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c. Explore whether the incidence of perinatal outcomes is affected by gestational 

age in PROM or preterm PROM 

 

 

5. Examine spatial variations of prelabour rupture of membranes (PROM) and 

preterm prelabour rupture of membranes (pPROM) in the greater Perth 

region 

 

The specific objectives of Aim 2 are to: 

a. Determine the geographic distribution of PROM and preterm PROM in the 

greater Perth region 

b. Calculate prevalence rates of PROM and preterm PROM for 2000-2004 

 

 

6. Examine the relationship between rates of PROM and preterm PROM and 

elevated levels of water contaminants 

 

The specific objectives of Aim 3 are to: 

a. Use the outputs of Aim 2 to identify areas with increased prevalence of PROM 

and preterm PROM in the greater Perth region using aggregated data by Census 

District (CD) and postcode 

b. Correlate these areas with water supply source and recorded chemical values in 

those areas 

c. Identify specific components in the water that may be of concern 

d. Evaluate if there is an association between water quality and PROM and/or 

preterm PROM 
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4.5 STUDY SIGNIFICANCE 

These aims and objectives taken together address a major National Health Priority 

“Promoting and maintaining good health” as set out by the Department of Education, 

Science and Training. In particular, it relates to the associated Priority Goal “A healthy 

start to life”, which encourages the investigation of environmental factors which 

predispose infants to ill-health and reduce their well-being. The National Agenda for Early 

Childhood Initiative recognises the importance of early childhood health status as a 

predictor for health outcomes later in life. Public awareness about potential hazards in our 

environment is also increasing. Concerns over the safety of drinking water and the potential 

impact of chemical contaminants on children are both particularly prominent in the 

Australian community  [328], and are increasing as the need to regulate drinking water 

becomes a reality in several State capitals.  

 

Specific outcomes of this project will include: 

 Advancement of our scientific understanding of prelabour rupture of membranes; 

 Advancement of methods to assess exposure to water contaminants by utilising 

multiple sources of exposure data; 

 Determination of whether an association between an extremely common 

environmental exposure (drinking water) and prelabour rupture of membranes 

exists; and 

 A basis for the development and implementation of successful public health 

interventions to improve fetal-maternal safety in pregnancy. 
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CHAPTER 5: METHODOLOGY 

 

Each of the following results chapters (6-8) briefly describes the methods specific to it, but 

the overall structure of the study will first be discussed here.  

 

5.1 STUDY DESIGN AND POPULATION 

The present study utilised a record-based prevalence design to examine (i) the risk factors 

and perinatal outcomes associated with prelabour rupture of membranes and (ii) the 

relationship between the levels of water contaminants in residential water supplies and 

prelabour rupture of membranes. This design was selected for several reasons. 

Predominantly it takes advantage of the significant and unusual degree of spatial 

heterogeneity in the contaminants across Perth‟s water supplies. Because of the 

comparatively high water contaminant guideline values in Australia, a greater range of 

exposures are accepted under existing standards than is seen in other developed countries. 

Furthermore, water supplies in Perth are derived from both groundwater (northern Perth) 

and surface water (southern Perth) sources, with a degree of mixing in the central areas, 

and accordingly have very different contaminant profiles. Therefore, within Perth, the 

range of concentrations detected for different water contaminants can vary markedly by 

water distribution zones. 

 

Finally, the selected study design enabled the most effective and efficient use of the 

available health and demographic data to be achieved. Record linkage was used to cross-

reference entries from one health outcome dataset to entries in another dataset via common 

pieces of information, in this case the collection district of residence for study participants. 

Record linkage is an extremely cost-effective method for investigating disease aetiology 

and identifying the risk factors that influence health.  

 

A number of other possible study designs were considered but ultimately rejected because 

of various limitations. For example, a case-control or case cohort study would necessitate a 

large study population to be followed over many years to attain sufficient case numbers, an 
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option that was unfeasible due to time constraints and the high financial costs involved. A 

prevalence study based on clinical notes (that is, using full records kept by midwives or at 

obstetric units or hospitals) was also eliminated as a potential study design primarily 

because of the insufficient documentation in case notes on the risk factors of interest, 

concerns over privacy, and the resulting issues of confidentiality during follow-up. 

 

Thus, the chosen study design enables us to broaden our understanding of the risk factors 

associated with a relatively common, but poorly understood birth outcome, prelabour 

rupture of membranes – without necessitating a large follow-up study at the individual 

level or access to identifiable clinical records.  

 

All primigravid women of Caucasian ethnicity who had given birth to a single newborn in 

Western Australia from 2002-2004 were included in the study. This study population was 

selected to minimize differences in risk profiles as the frequency of prelabour rupture of 

membranes may vary with multiparity and ethnicity. A total of 16,229 women met the 

study criteria and were included in the analyses. Data was extracted for this time period 

primarily to correlate with the exposure data (only available from 2002) that was used 

when exploring environmental risk factors for prelabour rupture of membranes. 

 

5.2 DATA 

5.2.1 Sources 

To fulfil the study aims and objectives, several sources of data were utilised to construct a 

database appropriate for the required spatial and epidemiological statistical analyses. 

Following identification of the study population, health, demographic and exposure 

information for each case was extracted from the following data sources. 

 

5.2.1.1 Health data 

The Midwives Notification System (MNS) is a state-wide register of all home and hospital 

births in Western Australia since 1980. Because all births are required by law to be reported 

to the MNS, the dataset is almost 100% complete. De-identified data were obtained at an 

individual-level for all birth events in the study population from the MNS for the period 
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2002-2004 inclusive. Data for each birth event included demographic details of the patient, 

hospital administration items, and medical and clinical information collected throughout 

the pregnancy. Individual-level data on a number of potential risk factors and perinatal 

outcomes associated with prelabour rupture of membranes was extracted in order to 

evaluate Aim 1. 

 

Residential details are also recorded at the time of birth and cases were subsequently 

assigned collection district (CD) and statistical local area (SLA) values using purpose-built 

address parsing and matching software. Collection districts are spatially defined by the 

Australian Bureau of Statistics (ABS) and comprise, on average, 220 households [329]. 

They represent the smallest geographical unit for which health and demographic data are 

nationally collected. Statistical local areas consist of one or more whole collection districts 

and are the next largest spatial unit used to collect data [329]. 

 

5.2.1.2 Demographic data 

The ABS provided information at the district-level on socioeconomic factors. 

Socioeconomic Indexes for Areas (SEIFA) is a summary measure of socioeconomic 

parameters by geographic areas including collection districts, statistical local areas, postal 

areas, local government areas, and States or Territories [330]. Several measures of 

socioeconomic status are provided by the ABS, including the index of relative 

socioeconomic disadvantage. This index is commonly used to determine the socioeconomic 

status of a region and was selected for use in this study. For each collection district in the 

Perth metropolitan area, a summary index of relative socio-economic disadvantage was 

obtained. These validated and standardised metrics capture information on a number of 

factors that reflect socioeconomic disadvantage including education, income, occupation, 

living conditions, and access to services, and provides a comparative area-level measure of 

socioeconomic status. It is important to note that in interpreting SEIFA values of relative 

disadvantage, the index measures only indicators of disadvantage. However, low 

disadvantage cannot necessarily be equated to high advantage. 

 

In addition to providing a numerical value, the ABS summarises the distribution of 

deprivation index values by quantiles. Quantiles denote a point in the distribution of index 

values below which a specified percentage of index values fall. For example, the 25% 
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quantile for a State gives the value below which 25% of the index values for that State lie. 

Table 5-1 illustrates the index values at CD level for the Relative Socio-economic 

Disadvantage index for the state of Western Australia.  

 

Table 5-1 Summary data for CD level Index of Relative Socio-economic Disadvantage 

State Average 10% 25% 50% 75% 90% 

WA 996 884 951 1011 1064 1102 

 

Each CD is then given a ranking from 1 to 6 according to which quantile its index value 

falls in. These rankings allow CDs of similar socioeconomic status to be identified. 

Although the SEIFA indexes are interval scaled, and thus can be used directly in regression 

analyses, the ABS cautions against this practice. With the availability of SEIFA category 

measure at CD level, it was decided to include this parameter in the analysis to adjust for 

socio-economic status. Table 5-2 outlines the SEIFA categories at the CD level.  

 

Table 5-2 SEIFA categories at CD level 

Rank Index Value 

1 ≤ 884 

2 885-951 

3 952-1011 

4 1012-1064 

5 1065-1102 

6 ≥ 1103 

 

 

5.2.1.3 Exposure data 

The Perth metropolitan region is made up of twenty-four water distribution zones (shown 

in Figure 5-1) which are spatially defined by the local water utility [312] and are routinely 

monitored for drinking water contaminants including trihalomethanes (the predominant 

halogenated disinfection by-product) and nitrate. 
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Water contaminant measurements for each distribution zone during the time period 2002-

04 were extracted from the Western Australia Water Corporation‟s historical database and 

used to classify each zone as “low”, “medium” or “high” exposure area for both 

trihalomethanes and nitrates. Zones were classified according to their mean concentration 

over the three year study period. These levels and classifications were validated and 

confirmed by independent water testing in a random sample of six water distribution zones 

over 2 years (for further details see Chapter 7: Perth – a water profile). Data were not 

available for other water contaminants covered in the literature review.  
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Figure 5-1 Map of the 24 water distribution zones for the Perth metropolitan area 

 

Obtained from the Western Australian Water Corporation [312] 
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5.2.2 Summary of key variables 

The three sources of health, demographic and exposure data provided information at three 

levels: individual-, district-, and distribution zone-level. 

 

The primary outcome of interest was defined as prelabour rupture of membranes (both term 

and preterm) as recorded by the midwife. Secondary outcomes of interest were also 

extracted for the purposes of internal comparison, and included low birth weight (1500 – 

2500g), very low birth weight (≤1500g), and all preterm birth (gestational age < 37 weeks). 

The variables extracted from the various datasets are summarised below in Table 5-3: 

 

Table 5-3 Variables of interest 

Distribution zone-level District-level Individual-level  

Source of data 

Western Australia Water 

Corporation 

Australian Bureau of 

Statistics (ABS) 

Midwives Notification System (MNS) 

Variables 

Concentration of THMs  

 Mean 

 Minimum 

 Maximum  

SEIFA Complications of pregnancy 

 Threatened abortion 

 Threatened preterm labour 

 Urinary tract infection 

 Pre-eclampsia 

 Ante-partum haemorrhage 

 Gestational diabetes  

 Maternal age 

Concentration of nitrates 

 Mean  

 Minimum 

 Maximum 

 Complications of labour/delivery 

 Fetal distress 

 Post-partum haemorrhage 

 Prolapsed cord 

 Cord tight around neck 

  Maternal age 

  Self-reported smoking behaviour of the 

mother (if recorded) 
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5.2.3 Validity and reliability 

Because of the retrospective nature of the present study, the validity and reliability of data 

used in this thesis relies on the completeness and accuracy of the datasets provided and 

constructed. Therefore, a number of processes undertaken to ensure that the data used were 

both valid and reliable. 

 

The quality of exposure data was of the greatest concern as the existing Water Corporation 

dataset is limited by the number of water samples taken (sometimes less than 4 per year), 

by failure to account for seasonal variations, and by inconsistencies between water 

distribution zones with regard to monitoring strategies. Therefore, validation of the data 

provided by the Water Corporation was conducted using a sampling program that collected 

additional water samples from several locations within six of the twenty-four water 

distribution zones in Perth. Distribution zones were chosen based on a number of selection 

criteria including area size, population size, water source, and the completeness of Water 

Corporation data already available for each zone.  Five sampling sites were selected in each 

zone allowing spatial variation to be measured and addressed, and each zone was sampled 

twice over a period of three months to evaluate reliability. Further details on the 

methodology of this validation study and the subsequent results are detailed in Chapter 7. 

The information acquired from this study was then used to adjust the retrospective 

exposure data using Bayesian techniques (described in section 5.5.3). 

 

The datasets providing health and demographic information were both highly 

comprehensive and complete, and thus represent a significant strength of this study. A 

small inter-observer reliability study was conducted to investigate the validity of the data 

provided, and concluded that the data collected by the MNS was reliable (kappa agreement 

of 88.6%). Further information on this reliability study is provided in Appendix 1. 

 

Throughout the construction of the final complete database, several steps were taken to 

eliminate and minimise error. Health data were received from the Data Linkage Unit in a 

spreadsheet and converted to an Excel database. Data were first reviewed to ensure that the 

parameters of the study population had been adhered to. With some variables, such as 

maternal and gestational age, the values provided were the actual data. The presence of a 
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pregnancy or labour complication or a particular birth outcome was identified through an 

external code constructed by the Data Linkage Unit. The code required conversion to a 

newly derived code suitable for statistical analysis (presence of condition = 1; absence = 0). 

Several variables, such as gender, also required coding to convert data into a numeric 

format. 

 

When coding was required, frequency counts were generated following the conversion of 

each variable to ensure that no cases had been omitted during the process. Because of the 

substantial volume of data being processed, it was important to institute a safety check 

when coding. Therefore, the responses for each variable were replicated twice before 

coding. The coding process was then carried out two separate times, generally on different 

days. If frequency counts were identical after both procedures, then the coding was 

assumed to be correct. If inconsistencies arose, then the original responses would be 

retrieved and reviewed to identify where the error had occurred. After coding was 

completed, the “find” command was used to check for out-of-range responses for each 

variable, and consistency was also confirmed where possible (i.e. if cases were coded as 

pPROM, they were checked to see if gestational age was less than 37 weeks). Finally, 

random cases were selected and their coding verified against the original database provided 

using the unique ID number. Random verification was also conducted each time the 

database was sorted or organised before analysis (as was sometimes required to change 

format for different statistical programs) to ensure no errors had occurred. 

 

5.2.4 Ethics and privacy 

All medical and personal data used in this study were de-identified. Each individual was 

represented by a linkage key, a unique seven digit ID number provided by the Data Linkage 

Unit, which was used to link the individual to a collection district. This process guaranteed 

patient privacy.  

 

Approval from the University of Western Australia‟s Human Ethics Research Committee 

was received for the specifics of the study prior to commencement and the study was 

conducted in conformation with the ethical principles set out by the National Health and 

Medical Research Council. 
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5.3 ANALYSIS OF INDIVIDUAL RISK FACTORS AND 

PERINATAL OUTCOMES  

5.3.1 Extraction and organisation of health data 

Health data were received from the Midwives Notification System (through the Department 

of Health) in a spreadsheet format and converted to an Excel database. For each birth event, 

individual pregnancy and labour/delivery details were recorded in a coded format for 

dichotomous variables and in a continuous format for numerical variables. Data were 

checked and reviewed and if necessary, recoded to a format appropriate for statistical 

analyses (section 5.2.3).  

 

5.3.2 Descriptive analysis 

Two study groups were created out of the study population, one containing all women who 

presented with PROM and one containing all women who presented with pPROM. Each 

group was compared to the general (comparator or “control”) population. Initially, each 

study group was compared to a comparator population made up of all women in the study 

population who did not experience prelabour rupture of membranes. This was selected on 

the basis that prelabour rupture of membranes may reflect the same mechanistic pathway in 

both term and preterm patients, but presents at different times in the pregnancy as a result 

of when exposure to the risk factors occurs. However, it is also possible that the two 

outcomes are aetiologically different and for this purpose, each study group was then 

compared to a control group of an equivalent gestational age: that is, term PROM 

pregnancies were compared to other term pregnancies and preterm PROM pregnancies 

were compared to other preterm deliveries. 

 

The chi-square statistic, χ
2
, is a non-parametric statistic used to determine if a distribution 

of observed frequencies differs from theoretical expected frequencies [331]. Chi-square is 

defined by: 
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Equation 1 

Χ
2
 = ∑ 









E

E)2 - (O
 

Where: 

O = observed frequency 

E = expected frequency 

 

As the difference between observed and expected frequencies increases, the value of χ
2
 will 

increase. If the frequencies are the same then χ
2
 will equal zero [331]. Chi-square can be 

used in tests of independence: that is, to determine whether the proportions of subjects 

observed in each category are independent of each other [Aim 1a]. The following 

procedure was used in Stata: 

 

1. A database containing individual data on health and demographic information was 

created in Excel and saved as a csv.file 

2. The Stata software program was opened. Under the file drop-down menu, import 

was selected then ASCII data created by a spreadsheet. Comma-delimited data was 

selected as a delimiter before filenames were browsed to find the corresponding 

csv.file saved in Excel. Data editor (located in the data drop-down menu) was used 

to format and arrange data. 

3. The following syntax was entered into the command box: tabulate variable (PROM 

or pPROM) variable (the risk factor or perinatal complication of interest), column 

chi2 

4. A p-value <0.05 was considered significant and indicated that an association 

between the variables was was unlikely to have occurred by chance. 

 

5.3.3 Logistic regression 

To explore if risk factors and perinatal outcomes were significantly associated with 

prelabour rupture of membranes, logistic regression analysis was conducted [Aim 1b and 

1c]. In a broad sense, logistic regression falls under the category of generalised linear 



  

 

114 

models, and allows the prediction of a dependent outcome (usually dichotomous) from a set 

of variables that may be continuous, discrete, dichotomous, or a mix of any of these [332]. 

It predicts the odds associated with the presence or absence of the dependent variable, in 

this case prelabour rupture of membranes, based on the independent variables. There are no 

assumptions about the distribution of predictor variables, homoscedasticity, or the linearity 

of the relationship between the independent and dependent variables 

 

The logistic regression function is a logit transformation: 

 

Equation 2 

Logit [θ(x)] = log 








(x) -1

(x) 




= α + β1x1 + β2x2 + … + βixi 

Where: 

α = the constant of the equation 

β = the coefficient of the predictor variables 

 

Logistic regression uses the maximum likelihood estimation to find the equation with the 

smallest residuals. The creation of the most parsimonious model to correctly predict the 

probability of an event occurring can be achieved in two ways. Stepwise regression is the 

method used for exploratory research, and involves the addition or deletion of all variables 

until the best-fit model has been attained. Alternatively, if a priori hypotheses are to be 

tested, then variables can be entered into the model in the order specified by the researcher 

[333]. A backwards stepwise regression model was generated in Stata to determine 

statistically important risk factors for PROM and pPROM using the following procedure: 

1. A database containing individual data on health and demographic information was 

created in Excel and saved as a csv.file 

2. The Stata software program was opened. Under the file drop-down menu, import 

was selected then ASCII data created by a spreadsheet. Comma-delimited data was 

selected as a delimiter before filenames were browsed to find the corresponding 

csv.file saved in Excel. Data editor (located in the data drop-down menu) was used 

to format and arrange data. 
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3. The following syntax was entered into the command box: stepwise, pr(0.05): 

logistic dependent variable independent variables. Pr(0.05) specified a significance 

level of 0.05 for removal from the model; terms with p≥0.05 were eligible for 

removal. 

4. After the final model was presented, under the statistics drop-down menu, binary 

outcomes was selected and then post-estimation. Within this tab, goodness-of-fit 

was chosen and the Pearson chi-square option selected. A finding of non-

significance indicated that the model was an adequate fit of the data. 

 

5.4 EXPOSURE AND DISEASE MAPPING 

Geographical Information Systems (GIS), predominantly ArcMap [334], were used to map, 

model, and analyse the large quantities of exposure and birth outcome data. The mapping 

procedures provided a spatial overview of population disease burden, and its analysis may 

be conceptualised as having three broad (and sometimes overlapping) phases: visualisation, 

exploration and modelling [335]. Visualisation occurred by geographically linking the 

PROM/pPROM and water contaminant data: these maps were then utilised to highlight 

potential relationships between exposure and the health endpoint. The formal exploration 

phase built upon these maps by using spatial queries to highlight areas of elevated 

PROM/pPROM levels. Finally, modelling was employed to combine the preceding phases 

with statistical analysis to assess if the spatial patterns detected in the data could be 

accounted for by chance or whether they represented significant discrepancies.   

 

The mapping process required boundary information for the state of Western Australia. 

Boundary information came in the following formats: collection districts, statistical local 

areas, postal areas and water distribution zones. The majority of these were produced by the 

Australian Bureau of Statistics but the spatial boundaries for the water distribution zones 

were constructed based on information from the Western Australia Water Corporation (as 

explained in the following section 5.4.1).  
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5.4.1 Extraction and organisation of environmental data 

In order to assess water quality as an environmental risk factor for prelabour rupture of 

membranes [Aim 3], exposure and health data needed to be organised in a specific way. 

For each birth event, record linkage was used to identify the collection district in which 

each patient resided. This process was undertaken externally by the West Australian Data 

Linkage Unit (maintained by the West Australian Department of Health) to protect patient 

privacy and maintain confidentiality of the information. To determine which collection 

districts were serviced by each water distribution zone, geographic information systems 

(GIS) were employed. ArcGIS version 9.0 [334] was used to generate a map of the spatial 

boundaries for the 24 water distribution zones in Perth. The geographic boundaries were 

extracted from the Water Corporation Annual Report [312] and exported as a new GIS 

shapefile and map layer. The shapefile was „overlaid‟ onto the West Australian Collection 

District boundaries file. This information was obtained from the 2001 ABS census, which 

despite not falling exactly within the study period, represented the most accurate and up-to-

date information available. Using the “editor” tool in ArcGIS, collection districts that were 

not within the defined boundaries of the study area were manually deleted. The CDs that 

were within the defined boundaries of the study area were then exported as a new shapefile 

and map layer. As a result of this process, the collection districts that were within each 

distribution zone could be visually identified.  

 

The “select by location” function was used to select CDs that had their geographic area 

located entirely within a particular water distribution zone. The selected CD was then 

extracted into an Excel spreadsheet and its corresponding water distribution zone recorded. 

This process was repeated until all collection districts had been classified. The majority of 

collection districts fell entirely within the spatial boundaries of a particular water 

distribution zone. However, for those CDs that spanned two or more water distribution 

zones, a visual assessment was conducted with CDs allocated to a particular distribution 

zone if 75% or more of the CD area was located within it. A small minority (3.5%) of cases 

were discarded as they were unable to be classified with regard to their water supply. The 

final study area covered 2,348 CDs within 24 water distribution zones in the Perth 

metropolitan area. 

 



  

 

117 

Once every individual had been allocated a water distribution zone, it was possible to 

merge individual-level health data with distribution zone-level exposure data. In addition, 

district-level information (largely SEIFA values) was also introduced at this point and a 

complete database containing exposure and outcome information for each member of the 

study population was constructed.  

 

Approximately 5.9% of residential locations provided by the Midwives Notification 

System were unable to be geocoded to collection districts. Generally, this problem arose 

from errors in the addresses provided by patients or because post office box addresses were 

recorded instead. Cases without a collection district were dealt with in the following way: 

Initially, data were cross-checked with postal area level data in an attempt to manually 

geocode the information to the appropriate water distribution zone. When a postal area had 

been allocated, and the area represented by the postcode fell entirely within a water 

distribution zone (as determined through a combination of online mapping programs 

including multiMap.com and ArcMap), then cases were assigned to that zone. This process 

enabled 39.6% of non-geocoded cases to be assigned an exposure category. If the postal 

area extended over two or more water distribution zones, then the case was discarded as it 

was impossible to accurately allocate an exposure classification. 

 

For cases that were assigned a water distribution zone through the use of postal information 

rather than collection districts, SEIFA values by CD were replaced by the SEIFA index 

values of either the statistical local area or postal area of that case‟s residence. SLA‟s were 

preferentially chosen as they represented the next smallest statistical level of geography 

used by the ABS to aggregate populations at census. SEIFA at postal area level was used as 

a final determination of residence given that these values are derived from aggregated 

collection districts and thus are of a much lower resolution.  

 

In the final environmental risk database, data were sorted first by water distribution zone, 

then by collection district, then by each individual‟s unique seven-digit ID number as 

provided by the MNS. 
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5.4.2 Exposure mapping 

The Western Australia Water Corporation provided exposure data in the form of mean 

concentrations of trihalomethanes and nitrates for each water distribution zone in the Perth 

metropolitan region. This information had been collected for compliance monitoring rather 

than research purposes and thus was not compatible with ArcMap. However, as outlined in 

section 5.4.1 it was nevertheless possible to classify all collection districts belonging to 

each water distribution zone.  Exposure information for each zone was subsequently 

allocated to all CDs within that zone. To create a map of water distribution zones and their 

associated water quality profiles, the following procedure was performed: 

 

1. The Excel spreadsheet containing the CD codes and their associated water quality 

information was imported into ArcMap. 

2. The CD boundary map was loaded into ArcMap. 

3. Using the “join” feature located in the CD map properties, the table of water quality 

information was merged to the attribute table of CDs using the CD code as the 

common feature in both tables. 

4. After “joining”, the data were exported as a “shapefile” containing all the attributes 

of the merged dataset. 

5. A thematic map of water quality (or exposure) was then generated using the 

“symbology” feature in the “properties” layer. Selecting “unique values” under the 

“categories” sub-tab, and choosing the “value field” as the dominant exposure 

column, a colour was automatically applied to each different exposure category 

found in that column. The number of groups or the levels of classification in the 

thematic maps was set at 7. 

 

The exposure maps produced are presented in chapter 7. 

 

5.4.3 Health data mapping 

To determine the geographic distribution of both PROM and pPROM in the greater Perth 

region [Aim 2a and 2b], crude rates of each birth outcome for the study population by 

postal area were mapped in ArcMap. In this case, postal areas were preferred to collection 

districts because they provided more stable estimates and covered larger geographic areas 
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which made the maps easier to visually interpret. The rate was calculated by averaging the 

number of cases of each birth outcome over the total number of births over the study period 

2002-04 inclusive. 

 

Equation 3 

Birth outcome A rate =  
x Area Postal for births Total

x Area Postal for cases A outcome bith Total
 

 

The ability to interpret crude rates is generally limited and standardised morbidity ratios 

(where rates are adjusted for age, sex and race) are preferred when mapping disease [336]. 

However, in this case, the baseline study population is already highly defined as Caucasian 

females of reproductive age. Therefore crude rates are considered sufficient, at least for this 

level of preliminary analyses [Aim 2b]. These rates were not adjusted for any other 

confounders. 

 

The rates of each birth outcome were then mapped by postcode using the ArcMap program 

according to the following procedure: 

 

1. Rates were calculated for each postcode in the Perth metropolitan area and stored 

in an Excel spreadsheet. 

2. The spreadsheet was imported into ArcMap. 

3. The postal area boundary map was loaded into ArcMap. 

4. The tables were linked using the “join” feature to create a single table of attributes 

using postal area as the common feature in both tables. 

5. A thematic map was created using the “symbology” feature and selecting the 

category of interest. The resultant map illustrated the distribution of outcome rates 

through the use of graduated colours. The number of groups (levels of 

classification) in the thematic maps was set at seven. 

 

The health data maps produced are presented in Chapter 8. 
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5.5 SPATIAL EPIDEMIOLOGICAL ANALYSES  

Although mapping techniques can suggest relationships between variables across space, 

they cannot in themselves provide complete quantification of these relationships. 

Therefore, the second phase of this study involved spatial epidemiological analyses to 

clarify (i) the risk factors and perinatal outcomes associated with prelabour rupture of 

membranes, and (ii) the relationship between exposure to water contaminants and prelabour 

rupture of membranes. 

 

5.5.1 Poisson and Negative Binomial regression 

To investigate any association between spatial variation of PROM/pPROM and 

environmental risk factors, regression analysis was used [Aim 3a-d]. Poisson regression 

models were initially developed to incorporate health outcome data, exposure data and 

spatial covariate information.  

 

The conventional Poisson model is written as: 

Equation 4 Poisson model 

ln(mean) = ln(Ei) + ∑βi.Xik 

 

where: 

Ei is expected outcome count based on reference rates; 

Xik is the ith explanatory variables in place k; and 

Βi are parameters. 

 

This form of the Poisson distribution implicitly uses a (natural) logarithm transformation 

which adjusts for skewness and prevents the model from producing negative predicted 

values. Because the model expresses the logarithm outcome rate as a linear function of a set 

of predictors, this also often limits the requirement for ad hoc measures such as taking the 

logarithm of the count values [337]. 
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For the most part, the Poisson model is used for count data where the events (in the present 

study - cases of prelabour rupture of membranes) are independent, discrete and non-

negative (i.e. bounded at zero below and unbounded above). However, the data in this 

study more closely imitate grouped binary data where there are a number of “successes” 

(i.e. pregnancies that result in prelabour rupture of membranes) out of a known number of 

binary trials (total number of births for the area). Even though these data could be 

expressed as event counts, common statistical conventions dictate that they are not. The 

exception is when there is a small probability of “success” (p) and a large sample size (n). 

Such a situation is referred to as “the law of rare events”, and states that the total number of 

events will follow, approximately, the Poisson distribution if an event may occur in any of 

a large number of trials but the probability of occurrence in any given trial is small [337]. 

Essentially, a Poisson distribution is considered applicable if n>20 and p<0.05, parameters 

that were both met by the study data in this thesis. 

 

The statistical software package Stata [338], version 10.0, was used to determine if there 

was a significant association between water quality and the incidence of prelabour rupture 

of membranes. The variables included in the analysis are listed in Table 5-4. 

 

Table 5-4 Variables of STATA dataset 

Outcomes Predictor variables 

PROM 

pPROM 

Preterm birth 

Low birth weight 

Very low birth weight 

Stillborn 

 

Water source 

THM average concentration 2003 

THM average concentration 2004 

THM average concentration 2002-04 

Nitrate average concentration 2002-04 

THM exposure 2002-04 [categorical] 

Nitrate exposure 2002-04 [categorical] 

SEIFA 

 

For the purposes of this study, Yi is the number of events (i.e. number of PROM or 

pPROM cases in each water distribution zone) and ni is the number of trials (i.e. total births 

in each water distribution zone).  
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The intention of Poisson regression analysis is to examine the rate with which events are 

occurring and whether this varies. In a traditional Poisson model, the count data are 

unbounded above (that is, we would assume that n → ∞). However, in this case, an upper 

limit does exist on the count data (total births in each water catchment) and thus, the rate 

changes for each water distribution zone. Using the convention of the Stata program, this 

factor is referred to as an observation‟s “exposure” (not to be confused with an actual 

environmental exposure value). If each observation does not have the same “exposure” (a 

realistic scenario), then the expected count of a particular disease would be proportional to 

the “exposure”, and must be accounted for. The simplest way to accomplish this is to 

include ni as an offset equal to the log(ni). Fundamentally, this is the equivalent of including 

ln(ni) on the right-hand side of the equation and constraining the coefficient to 1 - or in 

other words, setting this variable such that it does not have a β-coefficient associated with it 

[339]. Within Stata, this was achieved by selecting the variable “births” under the exposure 

option [340]. 

 

Regression analysis was conducted in Stata for each outcome of interest using the 

following procedure: 

1. A database was created in Excel with individual data aggregated at the water 

distribution zone-level and saved as a csv.file 

2. The Stata software program was opened. Under the file drop-down menu, import 

was selected then ASCII data created by a spreadsheet. Comma-delimited data was 

selected as a delimiter before filenames were browsed to find the corresponding 

csv.file saved in Excel. Data editor (located in the data drop-down menu) was used 

to format and arrange data. 

3. Following the organisation of data, under the statistics drop-down menu, count 

outcomes and then poisson regression were selected and a new window opened. 

4. In the new window, under the tab model, the outcome of interest was chosen as the 

dependent variable. 

5. Depending on which model was being constructed, one or several predictor 

variables were chosen as the independent variable/s. 

6. Under options, total number of births was selected as the exposure variable. 

7. Finally, under the tab reporting, incidence rate-ratios were selected as the manner 

in which the analysis would be presented. 
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After initial results were displayed by Stata for each model, a goodness-of-fit test was 

executed to assess the suitability of the Poisson model. A significant assumption of the 

Poisson distribution is that the mean is equal to the variance (equi-dispersion), a stipulation 

rarely met in practice [337]. More commonly, the variance is greater than the mean (over-

dispersion) and the model under-estimates the amount of dispersion in the outcome [341]. 

If data are over-dispersed, it can create spuriously large Z-values and spuriously small p-

values. A large chi-square and significant p-value after the goodness-of-fit test suggest that 

a Poisson distribution is not a good fit for the data. In models where this occurred, a 

Negative Binomial Regression Model was then chosen to account for the over-dispersion. 

The latter model works by adding a parameter alpha, α, that reflects unobserved 

heterogeneity among observations. In the presence of over-dispersion, the results from this 

model are subsequently more stable and robust [342]. In Stata, the output also included the 

likelihood ratio test of alpha = 0; a test for the over-dispersion of the alpha (α) parameter 

[341]. If this test was significant, then α was significantly different to 0 and the Negative 

Binomial regression model was the most appropriate model to use. If the test was not 

significant, then the results from the Poisson model were preferentially used.  

 

5.5.2 Multi-level modelling 

Results from the Poisson and Negative Binomial regressions, although useful in 

establishing preliminary conclusions in a spatial context, were limited in their ability to 

account for potential confounders. This limitation arose because it was necessary to 

aggregate individual-level data to the water distribution zone-level to create a format 

suitable for running Poisson regression models. Such an analysis was therefore only 

appropriate for examining macro-level relationships and as a consequence, it was not 

possible with this model to fully utilise the rich and comprehensive source of health and 

demographic data available for each individual. 

 

Therefore, to improve upon the estimates provided by regression analyses by including all 

the outcome data available, multilevel models were generated using the MLwiN [343] 

software package (version 2.02). This statistical program recognises the existence of data 

hierarchies - that is, clusters of data which fall within larger groups. For example, in this 
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study individuals are grouped within collection districts which are nested within water 

distribution zones (see Figure 5-2) 

 

Figure 5-2 Diagram of study data 

Water Distribution Zone W1  W2  W3 

 

Collection District          C1   C2          C3   C4  C5 

 

Individuals      I1   I2   I3    I4  I5  I6  I7    I8    I9   I10    I11   

 

Multilevel models allow for the existence of data at different levels by accounting for 

residual components at each level within the hierarchy. By including variation at all levels 

and treating each case as an independent observation instead of aggregating the data to one 

level (as was the case with the Poisson models), the standard errors of the regression 

coefficients are more accurate and statistical significance is less likely to be overstated 

[344].  

 

The ordinary regression relationship for a single water distribution zone may be expressed 

as: 

 

Equation 5 

 Yi = a + bxi + ei 

 

Where i takes a value from 1 to the number of births per water distribution zone. In this 

study, yi and xi are the incidence of the outcome (e.g. PROM) and exposure values for the 

ith case respectively. The intercept, a, is where the regression line meets the vertical axis 

and b is the slope. The expression a + bxi  is known as the fixed part of the model. Error, or 

residual, is represented by ei. It is then possible to build the model up to include more than 

one level: 
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Equation 6 

 Yij = a + bxij + eij 

 

In general, whenever a variable has two subscripts ij, it varies from individual to individual 

within a collection district (or water distribution zone). Where a variable only has a j 

subscript, it varies across districts or distribution zones but has the same value for all 

individuals within a district or distribution zone. Where a variable has no subscript it is 

constant across all individuals. 

 

The original Excel database had to be reorganised into a format compatible with MLwiN. 

Such compatibility required data to be sorted at the individual-level (level 1) nested within 

level 2 (collection district-level) which in turn is nested within level 3 (distribution zone-

level). The study database consisted of 16,229 women nested within 2,348 collection 

districts within 24 water distribution zones. A description of all variable names used in the 

database is provided in Table 5-5. 

 

Table 5-5 Definition and coding of study variables 

Variable Description Coding 

Woman Identifying code for each woman (level 1 

unit) 

1 → 16,229  

Collection district Identifying code for each collection district 

(level 2 unit) 

1 → 2,214 

Water distribution 

zone 

Identifying code for each water distribution 

zone (level 3 unit) 

1 → 24 

PROM Medical diagnosis of prelabour rupture of 

membranes after 37 weeks gestation 

1 = PROM 

0 = no PROM 

pPROM Medical diagnosis of prelabour rupture of 

membranes before 37 weeks gestation 

1 = pPROM 

0 = no pPROM 

All_PROM Medical diagnosis of prelabour rupture of 

membranes before 37 weeks gestation 

1 = PROM or pPROM 

0 = no PROM or pPROM 

Preterm birth Birth of fetus before 37 weeks gestation 1 = preterm birth 
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0 = term birth 

VLBW Weight of baby < 1500g at birth 1 = very low birth weight 

0 = not very low birth weight 

LBW Weight of baby >1500g and < 2500g at birth 1 = low birth weight 

0 = not low birth weight 

Maternal age Age of woman at time of birth (in years)  

Gestational age Age of fetus at time of birth (in weeks)  

Smoking Self-confirmed smoking during pregnancy 

 

1 = smoked during pregnancy 

2 = did not smoke during 

pregnancy 

Pregnancy Medical diagnosis of any complications 

during pregnancy 

 

1 = complication during 

pregnancy 

0 = no complications during 

pregnancy 

THM Level of THMs in drinking water for 

residence during pregnancy (in ug/L) 

 

THM_cat Classification of the level of exposure to 

THMs in drinking water for each residence 

during pregnancy  

1 = low exposure area 

2 = moderate exposure area 

3 = high exposure area 

Nitrate Level of Nitrate in drinking water for 

residence during pregnancy (in mg/L) 

 

NITRATE_cat Classification of the level of exposure to 

Nitrates in drinking water for each residence 

during pregnancy  

1 = low exposure area 

2 = moderate exposure area 

3 = high exposure area 

Cons Constant vector  

 

Logistic models for binary responses could then be built. Initially, a single-level model was 

created and this was gradually extended to manage multi-level data and consider random 

intercept and coefficient (slope) models. The procedure for constructing the model is 

detailed below: 

1. An empty MLwiN worksheet was opened and the Excel database copied. Under the 

edit drop-down menu, paste is selected and a paste view window opened. To 

continue using the first row of data as variable names, this option was ticked and the 

free columns selected. The data were then pasted into the worksheet. 
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2. The equations window was used to specify and build statistical models. The model 

was accessed via the model menu and selecting equations. Within the equations 

window, a basic linear form of the regression equation appeared. 

Equation 7 

 y ~ N(XB, Ω) 

 y = β0x0 

Where Ω represents all the variances and covariances of the random terms from all levels 

of the data, and XB is the fixed part of the model. 

 

3. y was selected and in the Y variable window, the following preferences made: the 

outcome of interest (e.g. PROM) was selected under y; 1-i (level 1) was selected 

under N levels and woman was selected under Level 1(i). 

4. N was then selected in the equations window and in the response type window, 

binomial was chosen as the distribution and logit as the link function. A binomial 

distribution was chosen to account for the binary or dichotomous nature of the 

response variable: that is, the non-normal distribution of the response variable and 

its restricted range (probabilities lie in the range [0,1]) [345]. A logistic regression 

model can be applied to binary data and one of the most commonly used types is the 

logit model. Logit is a linear function of the explanatory variables and links the 

probabilities (or the expected values of the dependent variable) to the explanatory 

variables [345]. 

5. x0 was selected and cons chosen from the drop-down menu. 

6. Explanatory variables were then added using the add term function and selecting 

the chosen variables from the variable drop-down list. Estimates was selected in the 

equations window and an updated form of the regression equation was presented. 

 

Equation 8 

 yi ~ Binomial(ni, πi) 

 logit(πi) = β0x0 + β1x1i + β2x2i +β3x3i 

 



  

 

128 

7. The equation indicates that the response variable, yi, follows a binomial distribution 

with parameters ni, and πi. The parameter ni is termed the denominator and due to 

the binary nature of the data is equal to 1 for all units. It was necessary to create a 

new variable to represent the denominator. From the data manipulation menu, 

generate vector was selected. 

8. In the generate vector window, an output column was selected for the denominator. 

Under number of copies, 16,229 was requested (number of individual units) and for 

value, 1 was indicated. Generate was then selected. 

9. The new variable was named denom using the names function under the data 

manipulation menu. 

10. After the denominator had been created, ni was chosen in the equations window and 

denom selected from the drop-down list. 

11. Before fitting the model, the estimation procedure was specified by choosing non-

linear in the equations window and selecting use defaults. 

12. The model was generated by clicking start, and the results presented after selecting 

estimates once the process has been completed. 

 

The steps above were the method for building the simplest single-level model. The process 

was repeated and extended with different variables until the optimal model was created. 

The latter included adjustments in Step 3 to incorporate different levels of data and thus 

allow for collection district and water distribution zone effects on the probability of having 

prelabour rupture of membranes. 

 

5.5.3 Improving exposure estimates using Bayesian methods 

In the final stages of analysis, Bayesian modelling was used to improve the accuracy of the 

exposure estimates [Aim 3c-d]. Exposure assessment in water quality research is often 

limited by the expense and the logistics involved in obtaining repeated water sample 

measures at multiple and dispersed locations. These difficulties lead to problems in (i) 

estimating the „true‟ long-term exposure from inadequate short-term measurements; and (ii) 

estimating missing measurements in locations where no measurements have been taken. To 

address these constraints, Bayesian models provide greater flexibility in allowing additional 

exposure data sources to be included and used in the final risk estimates [346].  



  

 

129 

 

The Bayesian approach thus enabled the inclusion of information gathered from the 

validation study (outlined in Chapter 7) in which my own independent water contaminant 

measurements were combined with the larger area data from the Water Corporation. This 

methodology draws on recently developed correlated data models [347, 348] and was 

assessed using WinBUGS [349].  

 

WinBUGS is the Windows software version for Bayesian Inference Using Gibbs Sampling, 

and employs complex statistical models using Markov chain Monte Carlo (MCMC) 

techniques. In general, Bayesian inference makes statements about parameters θ and 

observable data ӯ in terms of probability statements. It does not rely on a single optimum 

estimate (such as the maximum likelihood estimate, MLE), but rather attempts to estimate 

the entire density or distribution of a parameter. This system of modelling often uses the 

existing data, ӯ and some „prior‟ knowledge (e.g. an estimate from a previous study or 

other prior knowledge) to create an interval for some parameter θ. That interval is known as 

a highest density region (HDR) – also called a Bayesian confidence interval or a credible 

interval. The outcome of such an analysis is the posterior distribution, which may be 

viewed as a product of the prior distribution and the likelihood: that is, the “posterior” 

estimate represents how the parameters behave given both the data that are observed and 

the prior values. 

 

In practice, the posterior distribution is achieved by a long run/series of runs of samples. 

Most posterior simulations use Markov chain simulation methods based on successive 

approximations, including the Gibbs sampler and Metropolis-Hastings algorithm. The basic 

principle underlying the Gibbs sampling algorithm is to successively sample from the 

conditional distribution of each node (such as a set value or parameter of interest) given all 

the others in a relationship. It can be shown that under broad conditions this process 

eventually provides samples from the posterior distribution of the unknown quantities. 

Empirical summary statistics can be formed from these samples and used to draw 

inferences about their true values. 
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In this project, the historical data provided by the Water Corporation for each area – in this 

case providing a “prior” – was combined with my own updated independent samples to 

obtain a “posterior” mean THM and nitrate concentration. This method therefore utilises 

both sets of data, taking into account both the original estimate for a distribution zone and 

the values (and number of data points) provided by our own updated samples.  

 

The model assumed a normal distribution for the mean, with a relatively general 

distribution used for the originally variance [set at gamma (0.01,0.001)]. A burn-in of 1000 

iterations was used for each simulation, followed by a run of 20000 iterations. Convergence 

statistics and graphs were evaluated for each simulation to ensure that the mean was 

approaching a single stable value. Bayesian estimates of mean concentrations and errors 

were then compared with those using the frequentist methods (i.e. Poisson regression) 

described above. The calculations resulting from the Bayesian modelling described above 

are presented in section 8.4.5. 
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CHAPTER 6: PRELABOUR RUPTURE OF 

MEMBRANES - RISK FACTORS AND 

PERINATAL OUTCOMES 

 

Chapter 6 examines the risk factors and perinatal outcomes associated with prelabour 

rupture of membranes. 

 

6.1 BACKGROUND 

Prelabour rupture of membranes is a common obstetric event occurring in approximately 8-

10% of pregnant women at term, and in up to 40% of all preterm deliveries.  

 

As discussed in Chapter 2, the risk factors for preterm PROM (pPROM) include 

socioeconomic disadvantage [26, 46, 47], increased maternal age [53-55], smoking [45, 54, 

64, 65], and the presence of an infection during pregnancy [45, 67-69]. It has been 

associated with an increase in pregnancy complications including prolapsed cord [19, 350], 

abruptio placentae [20-23], other ante-partum haemorrhages [54, 64] and fetal distress [14, 

18]. Furthermore, evidence suggests that the likelihood and severity of these complications 

increases the earlier membrane rupture occurs. 

 

It was also noted that despite the higher incidence of term PROM, there are relatively few 

studies that examine its risk factors and potential outcomes. Knowledge is further limited 

by the inconsistency of existing results, although fetal distress and infection appear to be 

the two major conditions associated with PROM [33, 34]. Despite the wide-spread 

assumption that the consequences of PROM are less severe than pPROM [1, 7], it is 

necessary to clarify and elucidate the potential determinants of this common complication 

of pregnancy. The financial and psychological impact of this complication should not be 

underestimated. More extensive research is required if any progress is to be made in 

reducing the comparatively high incidence rate of this pregnancy outcome. 
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In conclusion, the primary objectives of Chapter 6 are to: 

 Assess the potential determinants of PROM and pPROM including maternal age, 

socioeconomic status, smoking during pregnancy, urinary tract infections, 

threatened preterm labour, threatened abortion, pre-eclampsia and gestational 

diabetes; 

 Determine whether the incidence of perinatal outcomes (prolapsed cord, cord 

around neck, fetal distress, ante-partum haemorrhage, post-partum haemorrhage, 

low birth weight, very low birth weight or stillbirth) are increased in pregnancies 

with pPROM or PROM; and 

 Explore the extent to which the incidence of perinatal outcomes is dependent upon 

gestational age. 

 

6.2 METHODS 

A records-based prevalence study was conducted. The final study population comprised of 

16,229 nulliparous women of Caucasian ethnicity who gave birth to a single newborn 

between January 2002 and December 2004 in Perth, Western Australia. Data were 

extracted from the Midwives Notification System, a computerised register of all births in 

the State of Western Australia. Further information regarding this database is provided in 

section 5.2.1.1 of Chapter 5. 

 

Within the study population, two study groups were formed to allow the separate analysis 

of term and preterm prelabour rupture of membranes, with the former consisting of 687 

pregnancies complicated by PROM and the latter group containing 291 pregnancies 

complicated by pPROM. Each group was compared to a “control”population. Initially, each 

study group was compared to the full set of women in the study population who did not 

experience prelabour rupture of membranes (n=15,251). This was selected on the basis that 

prelabour rupture of membranes may reflect the same mechanistic pathway in both term 

and preterm patients, but that the outcome presents at different times in the pregnancy 

(such as if exposure/risk factors occur at different times). However, it is also possible that 

the two outcomes are aetiologically different and for this purpose, each study group was 

then compared to a control population matched for gestational age: that is, term PROM 
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pregnancies were compared to other term pregnancies (n=14,417) and preterm PROM 

pregnancies were compared to other preterm deliveries (n-834). 

 

Sociodemographic variables extracted from the database included maternal age, smoking 

during pregnancy and SEIFA - a measure of relative socioeconomic disadvantage as 

calculated by the Australian Bureau of Statistics. Additional risk factors that were assessed 

included the following obstetric complications: urinary tract infections during pregnancy, 

threatened preterm labour, threatened abortion, pre-eclampsia and gestational diabetes. 

Several perinatal outcomes potentially associated with prelabour rupture of membranes 

were evaluated including prolapsed cord, cord around neck, fetal distress, ante-partum 

haemorrhage, post-partum haemorrhage, low birth-weight, very low birth weight, and 

stillbirth. Risk factors and perinatal outcomes were selected based on the data available, the 

results from previous studies and those for which there was some biological basis. Table 

6-1 lists the variables extracted for statistical analyses and their definitions for the purposes 

of the study. 
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Table 6-1 Definition of all variables extracted for analysis 

Variable Definition 

Maternal age Based on mothers recorded date of birth 

Smoked during pregnancy Self-reported by the mother 

SEIFA Index value provided by the Australian Bureau of statistics based on 

mother’s recorded residential address 

Complications of 

pregnancy 

Obstetric complications arising during the pregnancy that are directly 

attributable to the pregnancy and may significantly affect care during 

pregnancy and/or pregnancy outcome 

Threatened abortion Uterine bleeding in pregnancy before the 20
th

 week 

Threatened preterm labour Presence of uterine contractions between 20-37 weeks gestation 

Urinary tract infection (UTI) Confirmed by bacteriological culture of urine 

Pre-eclampsia The development of hyper-tension with either proteinuria, oedema, or both, 

induced by pregnancy after the 24
th

 week 

Ante-partum haemorrhage 

(APH) 

Ante-partum haemorrhage resulting from placenta praevia, placenta 

abruptio or other cause 

Gestational diabetes Diabetes in pregnancy as confirmed by clinical investigations (e.g. Glucose 

Tolerance Test) 

Complications of labour 

and delivery 

Medical and obstetric problems arising after the onset of labour and before 

the completed delivery of the baby and placenta 

Fetal distress Identified by any means including a fresh meconium staining of the liquor in 

the first stage of labour, abnormalities of fetal heart rate etc 

Prolapsed cord The cord prolapses between the presenting part and the pelvic inlet 

Cord around neck Cord tight around neck requiring clamping and cutting prior to delivery of 

shoulders 

Post-partum haemorrhage 

(PPH) 

Bleeding from the genital tract after delivery of 500mls of blood or more as 

estimated by the care-giver 

Birth weight The first weight, measured to the nearest 5 grams, of the newborn which is 

usually obtained within the first hour of birth. Low birthweight is < 2500g 

and very low birth weight is < 1500g 

Gestational age Duration of the pregnancy in completed weeks calculated from the date for 

the first day of a woman’s last menstrual period and her baby’s date of 

birth, or derived from clinical assessment during pregnancy, or from 

examination of the baby after birth 

Stillbirth (fetal death) The death of a product of conception of 20 or more completed weeks of 

gestation or of 400g or more birthweight, prior to the complete expulsion or 

extraction from its mother 

Adapted from Gee, V [351] and Australian Bureau of Statistics [329] 
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Separate analyses were conducted with the two primary outcome measures: PROM and 

pPROM. Univariate analysis was performed initially to obtain summary measures 

describing the distribution of each variable for the two study groups and the control 

population. To assess the statistical significance of the differences between women who 

had PROM or pPROM and women from the control populations, simple chi-square tests 

were used to assess associations between categorical variables and two-tailed student t-tests 

were used for continuous variables with a normal distribution.  

 

Risk factors found to be significantly associated (p<0.05) with PROM or pPROM in the 

initial analyses were considered for further modelling. To begin with, these variables were 

tested for collinearity. Collinearity describes a situation where there is a strong linear 

relationship among some or all of the independent variables in a regression model creating 

overlap among the variables, and can lead to a loss in power and confuse interpretation 

[352]. Variables that were not collinear were entered into the model. Stepwise regression 

analysis was then used to guide the generation of a parsimonious statistical model from the 

large number of independent predictor variables. Stepwise regression analysis fits various 

models to data by adding (forward) and deleting (backward) variables in the presence of 

other variables according to a pre-set level of significance [353]. A backward selection 

procedure was chosen with a conservative p-value>0.05 set as the level of significance for 

which variables were deleted.  

 

For the final part of the analysis, a separate database consisting only of pregnancies 

complicated by pPROM and a database consisting only of pregnancies complicated by 

PROM were created. Binary logistic regression models were used to investigate whether 

the incidence of perinatal outcomes were affected by gestational age at membrane rupture.  

 

All statistical analyses in this chapter were performed using Stata, version 10.0 [338]. 



  

 

136 

 

6.3 RESULTS 

6.3.1 Study population 

Table 6-2 displays the overall frequency of each variable for the entire study population. A 

total of 16,229 women were included in the study, with 687 (4.2%) cases of PROM and 

291 (1.8%) cases of pPROM. Approximately 14% of women reported smoking during their 

pregnancy. Of the other potential risk factors, pre-eclampsia occurred in 7.3% of the study 

population and threatened abortion in 5.8%. Fetal distress was the most common perinatal 

outcome observed in the study population occurring in 21.5% of cases, followed by post-

partum haemorrhage (8.9%). Prolapsed cord was the least frequent complication (0.1%). 
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Table 6-2 Distribution of variables for the study population 

 Study Population    n = 16,229 (%) 
Maternal age 

14-19 1348 8.3 

20 – 25 3730 23 

26 – 30 5224 32.2 

31 – 35 4416 27.2 

36 – 40 1341 8.3 

40+  170 1.0 

Smoked during pregnancy 2291 14.1 

Socioeconomic status 

SEIFA category 1 1011  6.2 

SEIFA category 2 2402  14.8 

SEIFA category 3 3881  23.9 

SEIFA category 4 4240 26.1 

SEIFA category 5 2912  17.9 

SEIFA category 6 1783  11.0 

Additional risk factors 

Urinary tract infection 539 3.3 

Threatened preterm labour 258 1.6 

Threatened abortion 941 5.8 

Pre-eclampsia 1177 7.3 

Gestational diabetes 548 3.4 

Perinatal outcomes 

Prolapsed cord 19 0.1 

Cord around neck 736 4.5 

Fetal distress 3491 21.5 

APH – placenta praevia 106 0.7 

APH – placenta abruptio 61 0.4 

APH – all other 524 3.2 

Post-partum haemorrhage 1439 8.9 

Low birth weight (<2500g) 720 4.4 

Very low birth weight (<1500g) 200 1.2 

Stillborn 118 0.7 

PROM 687 4.2 

pPROM 291 1.8 
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6.3.2 Risk factors for prelabour rupture of membranes 

Table 6-3 shows the distribution of PROM and pPROM compared to women without 

prelabour rupture of membranes according to sociodemographic characteristics, and Table 

6-4 provides a comparison between PROM and other term pregnancies and pPROM and 

other preterm deliveries. 

 

The mean maternal ages for the PROM and the non-PROM population was 27.8 (±5.5) and 

28.2 (±5.7), respectively. Women who had pregnancies complicated by term PROM were 

significantly more likely to be younger, between 20-30 years of age. The mean maternal 

age for women who presented with pPROM was 29.5 (±5.8), significantly higher than both 

the control cohorts (28.2±5.7), and they were more likely to be over 30 years of age. 

Women in the pPROM group were also, on average, significantly older than women who 

delivered preterm without prelabour rupture of membranes (p=0.002) and again were more 

likely to be over 30 years of age in comparison. There was no difference in the smoking 

habits between the two study groups and either of the comparison populations. Women 

who delivered after PROM recorded a significantly lower average SEIFA value (1004 

compared to 1013; p < 0.05) than the comparison populations, although this association 

was no longer significant when SEIFA was evaluated as a categorical variable. This 

indicated that they lived, on average, in more socioeconomically disadvantaged areas. 

There was no difference in socioeconomic status between women with pPROM and those 

in the comparison populations. 
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Table 6-3 Demographic characteristics associated with PROM and pPROM compared to women without prelabour rupture of membranes 

 PROM pPROM 

PROM  

(n= 687) 

Women without 

prelabour rupture of 

membranes 

(n=15,251) 

p-value* 
pPROM  

(n= 291) 

Women without 

prelabour rupture 

of membranes 

(n=15,251) 

p-value* 

Maternal age 

Age (years) 27.8 ± 5.5 28.2 ± 5.7 0.007 29.5 ± 5.8 28.2 ± 5.7 0.000 

14 - 19 49  (7.1%) 1,281  (8.4%) 0.012 18  (6.2%) 1,281  (8.4%) 0.008 

20 - 25 185  (26.9%) 3,492  (22.9%)  53  (18.2%) 3,492  (22.9%)  

26 - 30 242  (35.2%) 4,897  (32.1%)  85  (29.2%) 4,897  (32.1%)  

31 - 35 160  (23.3%) 4,162  (27.3%)  94  (32.3%) 4,162  (27.3%)  

36 - 40 44  (6.4%) 1,262  (8.3%)  35  (12.0%) 1,262  (8.3%)  

40 + 7 (1.0%) 157  (1.0%)  6  (2.0%) 157  (1.0%)  

Smoked during pregnancy 

Yes 100  (14.6%) 2,148  (14.01%) 0.728 43  (14.8%) 2,148  (14.1%) 0.737 

Socioeconomic status 

Continuous SEIFA 

variable 
1004 ± 82 1013 ± 5.7 0.004 1009.5 ± 77.4 1013.6 ± 78.9 0.382 

SEIFA category 1 49  (7.1%) 942  (6.2%) 0.157 20  (6.9%) 942  (6.2%) 0.914 
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SEIFA category 2 
104  (15.1%) 2,252  (14.8%) 

 
46  (15.8%) 2,252  (14.8%)  

SEIFA category 3 
183  (26.6%) 3,625  (23.8%) 

 
73  (25.2%) 3,625  (23.8%)  

SEIFA category 4 
176  (25.6%) 3,994  (26.2%) 

 
70  (24.1%) 3,994  (26.2%)  

SEIFA category 5 
117  (17.0%) 2,742  (18.0%) 

 
53  (18.2%) 2,742  (18.0%)  

SEIFA category 6 
58  (8.4%) 1,696  (11.1%) 

 
29  (10.0%) 1,696  (11.1%)  

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 
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Table 6-4 Demographic characteristics associated with PROM compared to term pregnancies and pPROM compared to other preterm 

deliveries  

 PROM pPROM 

PROM  

(n= 687) 

Other term 

deliveries 

(n=14,417) 

p-value* 
pPROM  

(n= 291) 

Other preterm 

deliveries 

(n=834) 

p-value* 

Maternal age 

Age (years) 27.8 ± 5.5 28.2 ± 5.7 0.007 29.5 ± 5.8 28.2 ± 5.9 0.002 

14 - 19 49  (7.1%) 1,208  (8.4%) 0.012 18  (6.2%) 73  (8.8%) 0.045 

20 - 25 185  (26.9%) 3,290  (22.8%)  53  (18.2%) 202  (24.2%)  

26 - 30 242  (35.2%) 4,641  (32.2%)  85  (29.2%) 256  (30.7%)  

31 - 35 160  (23.3%) 3,949  (27.4%)  94  (32.3%) 213  (25.5%)  

36 - 40 44  (6.4%) 1,182  (8.2%)  35  (12.0%) 80  (9.6%)  

40 + 7 (1.0%) 147  (1.0%)  6  (2.1%) 10  (1.2%)  

Smoked during pregnancy 

Yes 100  (14.6%) 2,015  (14.0%) 0.669 43  (14.8%) 133  (16.0%) 0.636 

Socioeconomic status 

Continuous SEIFA 

variable 
1004 ± 82 1013 ± 5.7 0.003 1009.5 ± 77.4 1009.9 ± 79.5 0.942 

SEIFA category 1 49  (7.1%) 888  (6.2%) 0.148 20  (6.9%) 54  (6.5%)  
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SEIFA category 2 
104  (15.1%) 2,115  (14.7%) 

 46  (15.8%) 137  (16.4%)  

SEIFA category 3 
183  (26.6%) 3,424  (23.8%) 

 73  (25.1%) 201  (24.1%)  

SEIFA category 4 
176  (25.6%) 3,788  (26.3%) 

 70  (24.1%) 206  (24.7%)  

SEIFA category 5 
117  (17.0%) 2,598  (18.0%) 

 53  (18.2%) 144  (17.3%)  

SEIFA category 6 
58  (8.4%) 1,604  (11.1%) 

 29  (10.0%) 92  (11.0%)  

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 
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Table 6-5 shows the distribution of PROM and pPROM by other potential clinical 

determinants and Table 6-6 compares PROM with other term pregnancies and pPROM 

with other preterm deliveries. Rates of gestational diabetes, urinary tract infections during 

pregnancy and threatened abortion were not significantly different between study groups 

and either of the comparison populations. Compared to women without prelabour rupture 

of membranes, women presenting with pre-eclampsia were less likely to experience either 

PROM or pPROM (p<0.05). This relationship retained statistical significance when each 

group was compared to populations matched for gestational age. 

 

In the pPROM study group, 14.1% of women had threatened preterm labour during their 

pregnancy compared with only 1.4% among women without prelabour rupture of 

membranes. When compared to women who delivered preterm but without prelabour 

rupture of membranes, the difference retained statistical significance (14.1% compared to 

8.5%; p < 0.001). As expected, threatened preterm labour was significantly less likely to 

occur in the PROM study group compared to women without prelabour rupture of 

membranes, although when compared only to other term pregnancies, the association was 

no longer statistically significant. 
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Table 6-5 Potential clinical determinants associated with PROM and pPROM compared to women without prelabour rupture of 

membranes 

 PROM pPROM 

PROM  

(n= 687) 

Women without 

prelabour rupture of 

membranes 

(n=15,251) 

p-value* 
pPROM  

(n= 291) 

Women without 

prelabour rupture of 

membranes 

 (n = 15,251) 

p-value* 

Urinary tract 

infection 
24  (3.5%) 509  (3.3%) 0.824 6  (2.1%) 509  (3.3%) 0.228 

Threatened 

preterm labour 
2  (0.3%) 215  (1.4%) 0.013 41  (14.1%) 215  (1.4%) 0.000 

Threatened 

abortion 
31  (4.5%) 888 (5.8%) 0.150 22  (7.6%) 888  (5.8%) 0.211 

Pre-eclampsia 22  (3.2%) 1,143  (7.5%) 0.000 12  (4.1%) 1,143  (7.5%) 0.030 

Gestational 

diabetes 
19  (2.8%) 517  (3.4%) 0.375 12  (4.1%) 517  (3.4%) 0.494 

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 
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Table 6-6 Potential determinants of PROM compared to other term deliveries and pPROM compared to other preterm deliveries 

 PROM pPROM 

PROM  

(n= 687) 

Other term deliveries 

(n=14,417) 
p-value* 

pPROM  

(n= 291) 

Other preterm 

deliveries 

(n =834) 

p-value* 

Urinary tract 

infection 
24  (3.5%) 484  (3.4%) 0.846 6  (2.1%) 25  (3.0%) 0.401 

Threatened 

preterm labour 
2  (0.3%) 144  (1.0%) 0.064 41  (14.1%) 71  (8.5%) 0.006 

Threatened 

abortion 
31  (4.5%) 833 (5.8%) 0.163 22  (7.6%) 55  (6.6%) 0.574 

Pre-eclampsia 22  (3.2%) 911  (6.3%) 0.001 12  (4.1%) 232  (27.8%) 0.000 

Gestational 

diabetes 
19  (2.8%) 483  (3.4%) 0.404 28  (9.6%) 79 (9.5%) 0.940 

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 
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Odds ratios were then calculated for all demographic and potential risk factors using binary 

logistic regression in Stata to illustrate the changing odds of PROM and pPROM for each 

variable (presented in Table 6-7). For this analysis, odds ratios were derived from 

comparing PROM with other term pregnancies and comparing pPROM with other preterm 

deliveries. The odds of pPROM rose by 4% as maternal age increased by one year. The 

odds of term PROM decreased by 1% as the SEIFA value for area of residence increased 

by 1. In other words, women living in less disadvantaged areas were less likely to 

experience PROM. A woman who presented with threatened preterm labour was 76% more 

likely to experience pPROM later in the pregnancy compared to other preterm deliveries. 

The odds of term PROM and preterm PROM decreased by approximately 50% and 90% 

respectively if pre-eclampsia developed during the pregnancy. 

 

Table 6-7 Odds ratio and 95% confidence interval for PROM and pPROM by demographic 

and other risk factors 

 PROM 

OR (95% CI) 

pPROM 

OR (95%CI) 

Demographic factors 

Maternal age (years) 0.99 (0.97 – 1.00) 1.04 (1.01 – 1.06) 

Maternal age (categorical) 0.93 (0.87 – 0.99) 1.21 (1.08 – 1.36) 

Smoked during pregnancy 1.05 (0.84 – 1.30) 0.91 (0.63 – 1.38) 

SEIFA (continuous) 0.99 (0.997 – 0.999) 1.00 (0.99 – 1.00) 

SEIFA (categorical) 0.93 (0.88 – 0.99) 0.99 (0.90 – 1.09) 

Other risk factors 

Urinary tract infection 1.04 (0.69 – 1.59) 0.68 (0.28 – 1.68) 

Threatened preterm labour 0.29 (0.07 – 1.17) 1.76 (1.17 – 2.66) 

Threatened abortion 0.77 (0.53 – 1.11) 1.16 (0.69 – 1.94) 

Pre-eclampsia 0.49 (0.32 – 0.75) 0.11 (0.06 – 0.20) 

Gestational diabetes 0.82 (0.51 – 1.31) 1.01 (0.52 – 1.98) 

Bold denotes significance at the 0.05 level 

 

Stepwise logistic regression was then used to develop an overall model of risk factors for 

PROM and pPROM. A backward selection procedure was used in which the least 

significant variable was removed and the model was refitted. A conservative p-value <0.05 
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was set as statistically significant. Table 6-8 presents the adjusted odds ratios for PROM in 

the final model. 

 

Table 6-8 Adjusted odds ratio and 95% confidence interval for PROM according to 

backwards stepwise logistic regression analysis 

Variable Odds Ratio 95% Confidence Interval p-value 

Pre-eclampsia 0.49 0.32 – 0.75 0.001 

Seifa (continuous) 0.99 0.997 – 0.999 0.003 

 

Stepwise logistic regression confirmed that, compared to other term pregnancies, pre-

eclampsia and socioeconomic status (SEIFA) remained significantly associated with the 

occurrence of PROM among nulliparous Caucasian women who gave birth to a single 

newborn even when other variables were considered and adjusted for. All predictor 

variables had a protective effect on the incidence of PROM.  

 

Table 6-9 displays the adjusted odds ratios for pPROM in the final model. Maternal age 

(measured as a categorical variable) and pre-eclampsia during pregnancy remained 

significantly associated with pPROM compared to other preterm deliveries in the study 

population after adjustment for other variables.  

 

Goodness-of-fit tests confirmed that both models were an adequate fit for the data. 

 

Table 6-9 Adjusted odds ratio and 95% confidence interval for pPROM according to 

backwards stepwise logistic regression analysis 

Variable Odds Ratio 95% Confidence Interval p-value 

Maternal age (categorical) 1.20 1.06 – 1.35 0.003 

Pre-eclampsia 0.11 0.06 – 0.20 0.000 
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6.3.3 Perinatal outcomes associated with prelabour rupture of 

membranes 

Table 6-10 summarises the incidence of adverse perinatal outcomes potentially associated 

with prelabour rupture of membranes and Table 6-11 provides a comparison between 

PROM and other term pregnancies and pPROM and other preterm deliveries. 

 

Cases of cord prolapse and cord around the fetal neck were not significantly increased in 

women with PROM. However, women with pPROM were more likely than women without 

prelabour rupture of membranes to have a prolapsed cord (1.4% compared to 0.1%; 

p=0.000) and were also more likely to have a prolapsed cord compared to other preterm 

deliveries, although this only achieved borderline statistical significance (1.4% compared to 

0.4%; p=0.058).  

 

The incidence of fetal distress was significantly higher in the PROM study group compared 

to all women without prelabour rupture of membranes (24.6% compared to 21.4%; 

p=0.05), and compared to other term pregnancies (24.6% compared to 21.5%; p=0.05), but 

this association was not replicated with the pPROM study group. 

 

Ante-partum haemorrhage was recorded by midwives as placenta praevia, abruptio or 

other. However, extremely small numbers for the first two classifications necessitated 

analysis only of the „other‟ group, which referred to cases of ante-partum bleeding that 

could not be otherwise diagnosed. The incidence of any ante-partum haemorrhage was 

significantly higher in patients with pPROM compared to women without prelabour rupture 

of membranes (1.6% compared to 3.2%; p=0.000); however when compared only to other 

preterm deliveries the association was not significant. Post-partum haemorrhage was 

detected more often in women who presented with PROM or pPROM (p=0.000) compared 

to women without prelabour rupture of membranes. Post-partum haemorrhage was also 

more frequent in women with PROM compared to other term pregnancies (15% compared 

to 8%; p=0.000), however, there was no difference in the incidence of PPH between 

women with pPROM and women who delivered preterm but without prelabour rupture of 

membranes. 
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Given that preterm birth is the predominant risk factor for low birth weight, it was expected 

that both low birth weight and very low birth weight were significantly more likely among 

pPROM patients compared to controls. No difference was detected between sub-groups of 

preterm birth. Women presenting with pPROM were more likely to deliver a stillborn baby 

compared to controls (3.8% compared to 0.7%; p=0.000) but were significantly less likely 

to do so compared to other preterm deliveries (3.8% compared to 9.1%; p=0.003). 
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Table 6-10 Perinatal outcomes associated with PROM and pPROM compared to women without prelabour rupture of membranes 

 PROM pPROM 

PROM  

(n= 687) 

Women without 

prelabour rupture of 

membranes 

(n=15,251) 

p-value* 
pPROM  

(n= 291) 

Women without 

prelabour rupture of 

membranes 

(n = 15,251) 

p-value* 

Prolapsed cord 0  (0%) 15   (0.1%) 0.411 4  (1.4%) 15  (0.1%) 0.000 

Cord around neck 37  (5.4%) 689  (4.5%) 0.286 10  (3.4%) 689  (4.5%) 0.378 

Fetal distress 169  (24.6%) 3,265  (21.4%) 0.047 57  (19.6%) 3,265  (21.4%) 0.453 

Ante-partum 

haemorrhage 
11  (1.6%) 485  (3.2%) 0.020 28  (9.6%) 485  (3.2%) 0.000 

Post-partum 

haemorrhage 
103  (15.0%) 1,289  (8.45%) 0.000 47  (16.2%) 1,289  (8.5%) 0.000 

Low birth weight 

(<2500g) 
5  (0.7%) 593  (3.9%) 0.000 122  (41.9%) 593  (3.9%) 0.000 

Very low birth 

weight (<1500g) 
0  (0.0%) 151  (1.0%) 0.009 49  (16.8%) 151  (1.0%) 0.000 

Stillborn 0  (0.0%) 107  (0.7%) 0.028 11 (3.78%) 107  (0.70%) 0.000 

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 



  

 

151 

Table 6-11 Perinatal outcomes associated with PROM compared to other term deliveries and pPROM compared to other preterm deliveries 

 PROM pPROM 

PROM  

(n= 687) 

Other term 

deliveries 

(n=14,417) 

p-value* 
pPROM  

(n= 291) 

Other preterm 

deliveries 

(n = 834) 

p-value* 

Prolapsed cord 0  (0%) 12   (0.7%) 0.449 4  (1.37%) 3  (0.36%) 0.058 

Cord around neck 37  (5.4%) 665  (4.6%) 0.347 10  (3.4%) 24  (2.9%) 0.632 

Fetal distress 169  (24.6%) 3,094  (21.5%) 0.050 57  (19.6%) 171  (20.5%) 0.738 

Ante-partum 

haemorrhage 
11  (1.6%) 406  (2.8%) 0.058 28  (9.6%) 79  (9.47%) 0.940 

Post-partum 

haemorrhage 
103  (15.0%) 1,158  (8.0%) 0.000 47  (16.2%) 131  (15.7%) 0.858 

Low birth weight 

(<2500g) 
5  (0.7%) 265  (1.8%) 0.032 122  (41.9%) 328  (39.3%) 0.436 

Very low birth 

weight (<1500g) 
0  (0.0%) 4  (0.03%) 0.662 49  (16.8%) 147  (17.6%) 0.760 

Stillborn 0  (0.0%) 31  (0.2%) 0.224 11  (3.8%) 76  (9.1%) 0.003 

Bold denotes statistical significance at the 0.05 level 

* From chi-square analysis for categorical variables or two-tail t-tests for continuous variables 
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Odds ratios were then calculated in the Stata [338] statistical program, version 10.0, to 

illustrate the likelihood that someone who had PROM or pPROM went on to experience 

one of the recorded perinatal complications compared to women without prelabour rupture 

of membranes after adjusting for maternal age, socioeconomic status and smoking during 

pregnancy (Table 6-12).  

 

Table 6-12 Adjusted odds ratios for perinatal complications following PROM and pPROM 

compared to women without prelabour rupture of membranes  

 PROM 

RR (95% CI) 

pPROM 

RR (95%CI) 

Prolapsed cord 0 13.95 (4.57 – 42.61) 

Cord around neck 1.20 (0.84 – 1.66) 0.77 (0.41 – 1.46) 

Fetal distress 1.20 (1.00 – 1.43) 0.88 (0.65 – 1.18) 

Ante-partum haemorrhage 0.49 (0.27 – 0.90) 3.29 (2.20 – 4.91) 

Post-partum haemorrhage 1.89 (1.52 – 2.34) 2.12 (1.54 – 2.91) 

Low birth weight (<2500g) 0.18 (0.07 – 0.43) 17.79 (13.87 – 22.82) 

Very low birth weight (<1500g) 0 20.01 (14.12 – 28.35) 

Stillborn 0 5.42 (2.87 – 10.21) 

Bold denotes statistical significance at the 0.05 level after adjustment for maternal age, socioeconomic status 

and smoking during pregnancy 

 

Compared to women who did not experience prelabour rupture of membranes, women who 

presented with term PROM were 20% more likely to experience fetal distress, and 89% 

more likely to develop post-partum haemorrhage. The incidence of prolapsed cord among 

patients with preterm PROM was almost 14 times higher than among women who did not 

present with prelabour rupture of membranes, and they were also three times more likely to 

develop ante-partum haemorrhage. Women who experienced pPROM had nearly 18 times 

the risk of having a low birth weight baby and 20 times the risk of having a very low birth 

weight baby compared to women who did not have prelabour rupture of membranes 

 

Odds ratios were then generated to determine the likelihood that an individual with PROM 

went on to experience one of the recorded perinatal complications compared to other 
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women with term deliveries, after adjusting for maternal age, socioeconomic status and 

smoking. The process was repeated for pPROM (Table 6-13). 

 

Table 6-13 Adjusted odds ratios for perinatal complications following PROM compared to 

other term deliveries, and pPROM compared to other preterm deliveries 

 PROM 

OR (95% CI) 

pPROM 

OR (95%CI) 

Prolapsed cord 0 4.23 (0.93 – 19.25) 

Cord around neck 1.15 (0.82 – 1.62) 1.26 (0.59 – 2.69) 

Fetal distress 1.19 (1.00 – 1.43) 0.91 (0.65 – 1.28) 

Ante-partum haemorrhage 0.56 (0.30 – 1.02) 1.03 (0.65 – 1.62) 

Post-partum haemorrhage 1.99 (1.60 – 2.48) 1.00 (0.70 – 1.45) 

Low birth weight (<2500g) 0.38 (0.16 – 0.93) 1.10 (0.84 – 1.45) 

Very low birth weight (<1500g) 0 0.93 (0.65 – 1.34) 

Stillborn 0 0.38 (0.20 – 0.74) 

Bold denotes statistical significance at the 0.05 level after adjustment for maternal age, socioeconomic status 

and smoking during pregnancy 

 

Compared to women at term that did not experience prelabour rupture of membranes, 

women who presented with term PROM were still 19% more likely to experience fetal 

distress, and nearly twice as likely to develop post-partum haemorrhage. However, when 

compared to other preterm deliveries, women who experienced pPROM did not have an 

increased risk of any of the perinatal outcomes. In fact, they were 60% less likely to have a 

stillborn child compared to women who did not have prelabour rupture of membranes but 

delivered preterm. 

 

It has been established that the frequency and severity of perinatal complications after 

preterm prelabour rupture of membranes varies with the gestational age at which rupture 

and delivery occur [12, 14]. Therefore, all perinatal outcomes in the initial chi-square 

analyses were examined further to evaluate the effect of gestational age at delivery on the 

odds of experiencing each outcome. A total of 291 pPROM cases were extracted from the 

study population with gestational age at delivery ranging from 20 – 36 weeks. 
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Gestational age was recorded by the midwife on the baby‟s notification record and was 

calculated by one of three methods: from the date given for the first day of a woman‟s last 

menstrual period and her baby‟s date of birth, derived from clinical assessment during 

pregnancy (the most common method), or from examination of the baby after birth (as 

guided by a summary chart). 

 

Table 6-14 and Figure 6-1 illustrate the number and percentage of pPROM cases by 

gestational age at membrane rupture. The mean gestational age at delivery was 33 weeks 

for pPROM cases. 

 

Table 6-14 Number and percentage of pPROM cases by gestational age at delivery 

Gestational age (weeks) N % 

20 4 1.37 

21 6 2.06 

22 5 1.72 

23 0 0.00 

24 3 1.03 

25 7 2.41 

26 4 1.37 

27 2 0.69 

28 4 1.37 

29 7 2.41 

30 12 4.12 

31 6 2.06 

32 16 5.50 

33 24 8.25 

34 41 14.10 

35 72 24.74 

36 78 26.80 
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Figure 6-1 Number of pPROM births by gestational age at delivery 
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Figure 6-2 provides a graphic illustration of the relationship between gestational age at 

delivery after pPROM and each perinatal outcome. Ante-partum haemorrhage appears to be 

associated with mid-trimester (24-27 weeks) pPROM whereas there was no obvious 

temporal trend with prolapsed cord and gestational age. As expected, given the inverse 

relationship between gestational age and birth weight, very low birth weight was more 

frequent for cases occurring between 20-28 weeks and low birth weight was more common 

after the 28
th

 week. In this study population, stillbirth only occurred in weeks 20-22.  
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Figure 6-2 Graphic presentation of the relationship between gestational age at delivery after pPROM and perinatal outcomes 
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Logistic regression in the Stata statistical program was then used to generate adjusted odds 

ratios for all perinatal outcomes after pPROM in this study using gestational age (weeks) as 

a continuous predictor (Table 6-15). The Pearson chi-square statistic was used post-

estimation to measure the goodness-of-fit for each model. 

 

Table 6-15 Adjusted odds ratios for the major perinatal outcomes associated with pPROM by 

gestational age (weeks) 

 OR 95% Confidence Interval 

Prolapsed cord 0.79 (0.65-0.95)* 

Cord around neck 1.11 (0.87-1.42) 

Fetal distress 1.01 (0.94-1.09) 

Ante-partum haemorrhage 0.84 (0.77-0.91) 

Post-partum haemorrhage 0.93 (0.86-0.99) 

Low birth weight (<2500g) 1.10 (1.03-1.18)*
†
 

Very low birth weight (<1500g) 0.24 (0.14-0.42) 

Stillborn 0.27 (0.10-0.73) 

Bold denotes significance at the 0.05 level after adjusting for maternal age, socioeconomic status and 

smoking during pregnancy 

* indicates that the model did not meet goodness-of-fit standards as determined by the Pearson statistic 

 

Gestational age in the population with pPROM demonstrated a statistically significant 

inverse relationship with the following perinatal outcomes: ante-partum haemorrhage, post-

partum haemorrhage, very low birth weight and stillbirth. The odds of low birth weight 

increased by 10% for every increase in gestational age by one week before 37 weeks. The 

models generated for the outcomes prolapsed cord and low birth weight did not meet 

goodness-of-fit standards and therefore should be interpreted with extreme caution. 

 

The impact of gestational age has not previously been explored with term PROM. For that 

reason, the perinatal outcomes in the initial chi-square analyses were examined further to 

evaluate the effect of gestational age at delivery after PROM on the odds of experiencing 

each outcome. A total of 687 PROM cases were extracted from the study population with 

gestational age at delivery ranging from 37 – 42 weeks. 
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Table 6-16 and Figure 6-3 illustrate the number and percentage of pPROM cases by 

gestational age at delivery. The mean gestational age at delivery for cases of PROM was 39 

weeks. 

 

Table 6-16 Number and percentage of PROM cases by gestational age at delivery 

Gestational age (weeks) N % 

37 91 13.2 

38 141 20.5 

39 166 24.2 

40 221 32.2 

41 65 9.5 

42 3 0.4 

 

Figure 6-3 Number of PROM births by gestational age at delivery 
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Figure 6-4 provides a graphic illustration of the relationship between gestational age at 

membrane rupture and each perinatal outcome after PROM. The frequency of both fetal 

distress and PPH appeared to increase with increasing gestational age 
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Figure 6-4 Graphical presentation of the relationship between gestational age at delivery after PROM and perinatal outcomes 
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Logistic regression in the Stata statistical program was used to generate adjusted odds 

ratios for all perinatal outcomes after PROM in this study using gestational age (weeks) as 

a continuous predictor (Table 6-17). The Pearson chi-square statistic was used post-

estimation to measure the goodness-of-fit for each model. As gestational age at delivery 

increased by one week, the odds of fetal distress increased by 39% and the odds of post-

partum haemorrhage rose by 26%. The odds of a low birth weight baby decreased by nearly 

80%. 

 

Table 6-17 Adjusted odds ratios for the major perinatal outcomes associated with PROM by 

gestational age (weeks) 

 OR 95% Confidence Interval 

Prolapsed cord - - 

Cord around neck 0.89 (0.68-1.17) 

Fetal distress 1.39 (1.19-1.62) 

Ante-partum haemorrhage 1.14 (0.68-1.89) 

Post-partum haemorrhage 1.26 (1.06-1.51) 

Low birth weight (<2500g) 0.21 (0.06-0.78) 

Very low birth weight (<1500g)  - 

Stillborn  - 

Bold denotes significance at the 0.05 level after adjusting for maternal age, socioeconomic status and 

smoking during pregnancy 

 

6.4 DISCUSSION 

6.4.1 Study population 

The study population yielded 687 (4.2%) cases of PROM. This figure is substantially less 

than the 8-10% rate indicated in the literature [2] although those rates reflect all 

pregnancies whereas this study had a highly homogenous and already restricted population 

of nulliparous, Caucasian mothers giving birth to single newborns. Thus the exclusion of 

more high-risk pregnancies will have reduced total PROM numbers. This trend was the 

same for pPROM, although 291 (1.8%) cases were still included in the analysis, falling 

within the published range of 1-5% [3-6]. The mean gestational age at membrane rupture 
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within pPROM cases was 33 weeks, considerably higher than other studies [4, 9] although 

these only assessed mid-trimester (up to 30 weeks gestation) pPROM and thus are not 

comparable. The most severe neonatal consequences associated with pPROM, and indeed 

preterm birth in general, including respiratory distress, pulmonary and neurodevelopmental 

problems, and mortality occur with delivery before 30 weeks gestation [9, 12, 13, 24, 27, 

28] and thus the majority of pPROM cases within this thesis are more likely to present with 

less life-threatening complications.  

 

6.4.2 Risk factors 

A number of risk factors for prelabour rupture of membranes have been implicated in the 

literature and several of these were examined in this study. Decreasing maternal age and 

higher relative economic disadvantage were shown to be significantly associated with term 

PROM. This contradicts results from the one study that has examined the effect of maternal 

age on term PROM which showed no significant difference in maternal age between cases 

of PROM and controls [45]. In contrast, increasing maternal age was found to be a 

significant risk factor for pPROM. The result corroborates the findings of a previous study 

looking at first-born children with pPROM [54] and a large retrospective cohort looking at 

single newborns [55]. Of interest is the discovery that the mean maternal age in cases of 

pPROM is also significantly greater compared to other preterm deliveries suggesting that 

increasing maternal age is an independent risk factor for pPROM.  

 

Previous studies have produced conflicting results concerning a possible relationship 

between maternal urinary tract infections and PROM [45] or pPROM [45, 69], but no 

associations were detected in this study. 

 

Threatened preterm labour during pregnancy was demonstrated to be a significant predictor 

of pPROM within this study population, and surprisingly was also more likely to occur in 

pPROM cases compared with other preterm deliveries. Given that pPROM refers to the 

rupture of membranes before labour, the presence of uterine contractions earlier on in 

pregnancy appears somewhat contradictory. One possibility is that these contractions 

reflect an underlying process affecting membrane integrity, thereby indicating that pPROM 

may intervene and that the pregnancy is unlikely to proceed to term. It is also possible that 
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what was earlier diagnosed as threatened preterm labour was in actual fact an early 

manifestation of labour preceding membrane rupture. Regardless, threatened preterm 

labour may potentially serve as an important predictor for pPROM, allowing for tailored 

management and prenatal care.  

 

Threatened miscarriage, defined as bleeding in the first trimester (~ <14 weeks), has been 

implicated in several studies as a risk factor for pPROM specifically [74], and preterm birth 

in general [354-357]. However, no significant relationship was detected within this study 

population between threatened abortion (bleeding before the 20
th

 week gestation) and 

pPROM although there was a slight elevation in incidence among pPROM cases. It is 

important to note that threatened miscarriage is subject to inaccuracies in recall and may be 

under-reported in this study sample given the extremely low numbers recorded (4-8%) in 

the study compared to the rates of approximately 20% noted in the international literature 

[358]. 

 

Women who suffered pre-eclampsia during their pregnancy were significantly less likely to 

present with either term or preterm PROM. A possible explanation is that  women with pre-

eclampsia are more likely to be induced early in the pregnancy because of medical 

concerns [359], thus reducing the potential for term PROM to occur. In addition, because 

pre-eclampsia is more common in younger women it may not present in women with 

pPROM for whom increasing maternal age is a significant risk factor. 

 

6.4.3 Perinatal complications 

A number of perinatal outcomes were explored in relation to PROM and pPROM 

including: prolapsed cord, cord around neck, fetal distress, ante-partum haemorrhage, post-

partum haemorrhage, birthweight and stillbirth.  

 

Cord prolapse occurs in 1.8-3% of pPROM cases [9, 19] and 0.4% of total pregnancies 

[34]. Rates were slightly lower in this population, probably due to the exclusion criteria of 

the study population. For example, multiparity is strongly associated with cord prolapse, 

and only singletons were included in this analysis [350]. However, cord prolapse was still 

significantly more likely to occur in pPROM pregnancies than women without prelabour 
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rupture of membranes, although the case population with both pPROM and prolapsed cord 

was small. This is likely due to the smaller size of preterm infants, which may physically 

allow the cord to move more. As expected, no difference was found when pPROM cases 

were compared with other preterm deliveries. No relationship was found between term 

PROM and cord prolapse. 

 

Analysis indicated that fetal distress was significantly associated with PROM but not 

pPROM. The finding of an association between term PROM and fetal distress, whilst 

somewhat assumed in the literature, has never before been proven in a large population-

based study and may have important implications for the treatment and management of 

PROM. The lack of a relationship between pPROM and fetal distress contradicts previous 

findings which indicate a higher rate of fetal distress among pPROM patients compared to 

controls, due to the increased risk of cord compression [14, 18]. In fact, within the study 

population of this study, the incidence of fetal distress was lower in women who 

experienced pPROM, although cord compression was higher amongst this group.  

 

Several studies have suggested an association between pPROM and abruptio placentae, 

with the increased risk ranging from 4-6% [20-23]. Unfortunately, due to the low numbers 

of abruptio placentae within this study population, only „other‟ cases of ante-partum 

haemorrhage were included in the analysis. It is difficult to interpret whether the low 

numbers of abruptio placentae recorded provide a true representation of the clinical 

situation or whether there is a trend by midwives to classify the majority of APH cases as 

“other” due to the difficulties in accurately diagnosing the condition. Overall levels of APH 

(9.6%) were significantly higher among pPROM patients, verifying the increased risk 

indicated by other findings, including one study that also looked at the incidence of all 

ante-partum complications although this was compared against a term population [54]. 

There was no difference between pPROM and other preterm deliveries in the incidence of 

APH. Ante-partum haemorrhage was significantly less likely to occur in women at term 

who presented with PROM compared to women without prelabour rupture of membranes 

but not when compared only to other term pregnancies. 

 

In relation to APH, it has been proposed by Nelson et al that leakage of fluid after pPROM 

may lead to “disproportion between the placental and uterine surface areas, favouring 
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premature separation of the placental attachment at the decidual spongiosis layer” [23]. 

Alternatively, a secondary decidual infection may facilitate placental detachment [360]. 

The apparent contradiction in the relationship between term and preterm PROM and ante-

partum haemorrhage complicates efforts to elucidate the etiological pathway. It is possible 

that PROM and pPROM themselves have different etiological pathways, a theory 

supported by the finding in this study that the two outcomes have different risk factors, in 

which case the opposite trends exhibited with APH might be anticipated. However, if 

PROM and pPROM do follow a similar mechanistic route, then the differences may point 

to the influence of a secondary contributor specific to preterm deliveries, for example 

infection, to explain the prevalence of APH with pPROM. It is also important to consider 

that the latency period (the time between rupture and labour) associated with PROM is 

substantially shorter than with pPROM. This may suggest that leakage after rupture 

gradually leads to uterine decompression – a situation less likely to occur in term PROM 

where labour generally quickly follows membrane rupture. Major et al [20] reported that 

the mean latency period was longer in pPROM patients with APH compared to those 

without APH although this difference was not statistically significant.  

 

An overall rate for post-partum haemorrhage of 8.9% was observed in the study population, 

substantially more than the rates identified in some studies [361, 362] but comparable to a 

Dutch study that also only looked at nulliparous women [363]. Nulliparous women, or 

those delivering vaginally for the first time, are more likely to experience higher blood loss 

due to episiotomy or lacerations [364]. Women presenting with term and preterm PROM 

were significantly more likely to experience post-partum haemorrhage than women without 

prelabour rupture of membranes. The incidence of PPH was also significantly higher in 

PROM patients compared to other term deliveries. To my knowledge, this is the first study 

to identify PPH as a perinatal outcome associated with prelabour rupture of membranes. 

Induction of labour has been implicated as a significant risk factor for PPH [362, 363], and 

it is more frequent among PROM births [359], which may partially explain the observed 

relationship with PROM. 

 

As expected, low and very low birth weights were significantly associated with pPROM, 

with preterm birth a well-known and substantial contributor to low birth weight [365]. 
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There was no notable difference in frequency between pPROM and other preterm 

deliveries for either of these two outcomes. 

 

The frequency of stillbirth among pPROM cases was 3.8%, which is relatively low when 

compared to the international literature where the frequency among single newborns has 

ranged from 0 – 22% [4, 10, 29-32]. However, the highest rates were from studies 

conducted fifteen years ago and the lower, more recent, rates possibly reflect improved 

levels of prenatal and obstetric care and are thus more comparable with this study. Stillbirth 

was significantly more likely to occur in pPROM patients than pregnancies uncomplicated 

by prelabour rupture of membranes. It is hypothesised that the increased rate of stillbirth 

associated with pPROM may be due to the increased susceptibility of the umbilical cord to 

compression or the vulnerability of the fetus to hypoxia and intra-uterine infection [366]. 

Of note is the fact that stillbirth was the only perinatal outcome examined in this study that 

was significantly different between pPROM and other preterm deliveries, with stillbirth 

substantially more frequent in other preterm deliveries. This finding mirrored the results 

presented by Kurkinen-Raty et al [4], with remarkably similar rates of stillbirth for both 

pPROM and preterm deliveries in both studies, although the much smaller sample size in 

their study contributed to the relationship not attaining statistical significance. 

 

Ernest [12] suggested that specific complications associated with prelabour rupture of 

membranes can differ according to gestational age at the time of rupture, with the severity 

and frequency of complications decreasing with increasing gestational age. This has been 

confirmed by other studies exploring the specific outcomes also examined in this study, 

including ante-partum haemorrhage [22]. The complications examined in this study 

followed this trend and attained statistical significance, indicating that extension in 

gestational age at rupture and delivery is paramount to achieving good perinatal outcomes. 

However, once the pregnancy had reached full-term, an increase in gestational age at 

delivery resulted in an increased risk of fetal distress and post-partum haemorrhage. This 

finding is novel and may have important implications for the management of term PROM. 

Thus, understanding the gestational age-dependent perinatal morbidity is extremely 

important in determining the benefits of conservative management of pPROM at any 

gestational age [367], and the possible benefits of induction once the pregnancy reaches 37 

weeks. 
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6.4.4 Strengths and limitations 

The results from this study are strengthened by the quality and quantity of data available 

for analysis, with selection bias unlikely to have affected results due to the entire study 

population being included. Limitations such as recall bias in the subject were likely to be 

minimal because information on risk factors was collected prior to diagnosis (with the 

possible exception of smoking). The strict inclusion criteria provided a homogeneous study 

population and minimised or eliminated the potential confounders of parity, ethnicity and 

multiple gestations, all of which are known to be related to prelabour rupture of membranes 

[5, 55, 58, 59, 73]. 

 

However, the use of administrative health data – collected for a purpose other than these 

research objectives – involved a certain level of compromise in terms of the variables 

chosen for analysis. For example, data were not readily available on some of the more well-

known neonatal consequences of pPROM including respiratory distress syndrome, 

pulmonary hypoplasia and chorioamnionitis. This did allow a greater focus, however, on 

the risk of less documented – but potentially more frequent – perinatal outcomes which 

have substantial implications of their own. In addition, the measurement of some variables 

was considerably less detailed than would be preferred, with maternal smoking history the 

variable containing the greatest limitations. Data on smoking were self-reported by the 

mother at the time of delivery and were unable to be independently validated. Thus it is 

possible that rates of smoking have been under-estimated, especially in cases of adverse 

birth outcomes when the mother may feel more apprehensive in revealing smoking habits. 

Furthermore, no information was available on the quantity of cigarettes smoked, the 

duration of pregnancy for which the mother smoked or whether the mother was exposed to 

passive sources of cigarette smoke. These limitations may help clarify why smoking was 

not found to be a significant risk factor in this study in contrast to the established literature. 

 

6.4.5 Conclusion 

To my knowledge, this is the first population-based study to
 
have examined the risk factors 

for term PROM and the relationship between term PROM and perinatal outcomes. These 
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positive findings reinforce the necessity for further research into this outcome in its own 

right, given the relatively high prevalence of this complication during pregnancy.  

 

There was a difference in the risk factors and perinatal outcomes associated with PROM 

and pPROM providing additional justification that future research should focus on them as 

separate outcomes, and possibly implying that the aetiology behind them may be different. 

Establishing whether there is a profound difference in their etiological pathways is of 

paramount importance because it would influence strategies of prevention and treatment. 

 

In general, the earlier pPROM occurs, the more likely and severe the perinatal 

consequences will be. The risk factors for pPROM compared to other preterm births 

differed, but the perinatal outcomes measured in this study remained similar for both 

outcomes. This implies that some of the consequences suffered because of pPROM are a 

result of the prematurity of delivery as opposed to the membrane rupture itself. However, 

the cause of the prematurity may be different. Thus, future research should continue to 

assess preterm birth by sub-types to help elucidate the different pathways to preterm birth. 

 

These findings contribute to the field of knowledge on prelabour rupture of membranes and 

are essential to uncovering the aetiology behind this poorly understood disease. A more 

complete understanding of the risks and outcomes associated with it will permit better 

management and more accurate diagnoses. For example, threatened preterm labour may 

prove to be an important predictor of pPROM leading to increased patient surveillance and 

targeted prevention strategies. Information on possible outcomes associated with PROM or 

pPROM can enable prompt identification of complications as they occur and can facilitate 

decision-making regarding management and treatment. Taken together, such new 

information can contribute to improving maternal and neonatal outcomes. 
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CHAPTER 7: PERTH – A WATER PROFILE 

 

This chapter provides a framework for assessing the quality of drinking water in Perth, 

Western Australia, a variable which may correlate with the risk of prelabour rupture of 

membranes, explored in the next chapter. Here I examine the factors that contribute to 

Perth‟s unique water profile, summarise the available data on water contaminant 

concentrations, and present the results of independent sampling carried out for the purposes 

of this study. 

 

7.1 BACKGROUND 

The city of Perth in Western Australia is one of the world‟s most isolated and has a 

population of 1.5 million [368]. Over the last 20 years, there has been a 20% increase in 

domestic water use and with future population growth estimated at 1.7% per year, there is a 

steadily increasing demand for high-quality drinking-water [369]. 

 

The Perth metropolitan area is serviced by a combination of dam water (surface water) and 

groundwater supplies through the Perth Integrated Water Supply System (IWSS). The 

proportion of each type received by consumers is dependent on seasonal availability as well 

as their location in the distribution network. Perth‟s water supply is illustrated in Figure 

7-1. 

 

7.1.1 Surface water 

Surface water (or dam-water) is defined as water flowing or held in streams, rivers and 

other wetlands on the surface of the landscape [370]. For residents in Perth, surface water is 

provided by nine dams in the Darling Range: South and North Dandalup, Conjurunup, 

Serpentine, Wungong, Churchmans Brook, Canning, Mundaring and Victoria. More 

recently, Stirling Dam located just east of Harvey has been sourced and now provides water 

to the Tamworth Hill Reservoir via a new water pipeline [312]. Perth‟s supplies of dam 

water are extremely vulnerable to emerging trends in global climate change. Over the past 

25 years, streamflow into Perth‟s dams has decreased by 40% and models suggest that the 
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greenhouse effect will lead to a sustained reduction in rainfall throughout the South-west of 

Australia. Therefore, as suitable dam sites become more limited, reliance on groundwater 

sources, and more recently desalination plants, will increase [312]. 

 

Compared to groundwater, treated surface waters traditionally contain higher levels of 

trihalomethanes, primarily due to the higher content of disinfection by-product precursors: 

i.e. natural organic matter [174, 175].  

 

Figure 7-1 Perth’s Water Supply 

 

 

Water Corporation. Catchment to Tap, 2005 [155] 
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7.1.2 Groundwater 

Groundwater is defined by the Water and Rivers Commission as water found under the 

land surface which occupies the pores or crevices of rock or soil [370]. Essentially, 

groundwater is derived from rain: up to 50% of rainfall may reach the water table and 

recharge groundwater sources [370].  Groundwater is received, stored and transmitted via 

geological formations termed aquifers. An aquifer may be shallow or unconfined, which 

indicates that it is located close to the surface with its upper boundary being the water table. 

There are also deeper, confined aquifers, sometimes called artesian aquifers, which contain 

water confined under pressure between impervious layers. Figure 7-2 illustrates the 

distinction between the different types of aquifers. 

 

Figure 7-2 Picture of confined and unconfined aquifers 

 

Picture obtained from The Utah Water Journal [371] 

 

Since the 1960s groundwater has become an increasingly utilised drinking-water resource. 

Perth is located on the western sandy region of the Swan Coastal Plain [372], under which 

are significant supplies of fresh shallow groundwater in an unconfined sandy aquifer 

system [373]. This large aquifer is located 25km north of the city under Perth‟s northern 
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suburbs and local pine plantations and contains 85% of all groundwater in Perth [372, 373]. 

Below this superficial aquifer are several confined aquifers, including Leederville and 

Yarragadee, and the Jandakot mound south of the city [370]. Thus the majority 

(approximately 55%) of Perth‟s drinking water is supplied by these groundwater sources, 

making it the only city in Australia where groundwater is used for public drinking-water 

[155]. 

 

The unconfined aquifer system is a heterogeneous series of sands, calcareous sands, and 

limestone with a thickness ranging from 30–60m. Because of this heterogeneous formation, 

there is significant variation in the permeability of the soil with one study suggesting that 

transmissivity ranges from 200–2,000 m
2
/d, with an average of 500m

2
/d [372]. There is 

also considerable variation in the depth of groundwater across Perth due to surface 

elevation provided by the existence of sand dunes. 

 

With formation of water sources occurring predominantly in coastal sands, the potential for 

groundwater contamination is high because these types of soils have low water and nutrient 

retention [372]. The risk is further exacerbated by the shallow, unconfined nature of the 

aquifer which provides little protection against run-off from lawn and garden fertilisers, 

septic tanks or urban agriculture [374]. International studies have indicated that 

urbanisation can have a detrimental effect on the quality of groundwater [374]. In 1991 

over 1000 known or inferred point sources of groundwater contamination in the Perth 

Basin were identified [154]. Nitrate contamination is of particular concern in Perth 

groundwater supplies with the primary source of nitrogen (and thus nitrate) coming from 

urban agriculture [372, 375], and unsewered urban areas. Nitrification is also a major 

problem in lower-lying peaty areas with peaty soils [373, 376]. A GIS-based study 

conducted in the Gwelup groundwater supply field found that nitrate concentrations in 

some samples from production wells already exceeded the Australian drinking-water 

standard of 10mg/L [373]. Although modelling indicated that the full impact of urban 

development on groundwater quality would only be apparent after at least 30 years, the 

authors concluded that the most likely effect of continued land development is a sustained 

rise of nitrate concentrations in drinking water to levels in excess of current drinking water 

guidelines. 
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In the future, the primary source of nitrate contamination is likely to be from lawn 

fertilisers. Sharma et al [372] calculated that for the 16,000ha of land and garden area in 

urban Perth, there is an average fertiliser application of 100kg/ha of nitrogen. After 

accounting for the 20-30% which will be absorbed via plant uptake, this still leaves a 

considerable amount of nitrogen available to potentially be leached into nearby water 

environments. This scenario is especially likely given the high hydraulic conductivity and 

low organic carbon and clay contents of coastal sands, and the frequent irrigation rates 

observed in Perth. 

 

In addition to the impact of urbanisation, elevated levels of nitrate in Western Australia can 

also be attributed to the natural process of plant decay underground that has occurred over 

geological time [312]. 

 

Traditionally, groundwater is considered to have lower concentrations of disinfection by-

products than surface water because there is less organic matter available for the 

appropriate chemical reactions. However, detection frequencies and concentrations of the 

four trihalomethanes are generally higher in shallow groundwaters in urban areas compared 

to other groundwater sources [377]. A national study found that Perth groundwater samples 

contained particularly high levels of disinfection by-products compared to surface water 

samples in Perth and samples across Australia [378]; which is most likely due to high 

levels of the dissolved fraction of natural organic matter (dissolved organic carbon or 

DOC) and the presence of bromide resulting in a higher fraction of brominated species of 

DBP formation in Perth groundwaters [379]. The finding corresponds with studies 

conducted in the UK which indicate that treated groundwater is more likely to produce 

brominated species of THMs [174]. Low levels of naturally occurring chloroform are also 

often detected in the groundwater of coastal aquifers [380, 381].  

 

7.1.3 Mixture 

A number of Perth‟s central suburbs receive their drinking water supply from a mixture of 

surface and groundwater sources depending on the seasonal availability of each. A study by 

Whitaker et al [381] demonstrated that mixed waters contain the highest levels of BDCM 

and DBCM, the two trihalomethanes that incorporate both chlorine and bromine. 
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7.2 PRESENTATION AND ANALYSIS OF EXISTING DATA 

The Western Australia Water Corporation publishes a publicly available water quality 

report annually. Within these reports, a limited number of water quality parameters are 

assessed. The following section extracts relevant information from this existing source of 

data in order to examine whether a relationship exists between water quality and water 

source and to identify possible annual trends in water quality for the city of Perth. Sampling 

by the Water Corporation is random, that is, not in response to customer complaints, and 

thus is considered random for the purposes of exposure measurement. 

 

7.2.1 Water quality and water source 

Table 7-1 summarises the quality of Perth drinking water during the study period by water 

source. Areas serviced by surface water sources receive, on average, lower levels of both 

trihalomethanes and nitrates in drinking water. As expected from Perth‟s geology and 

urban sprawl, nitrate levels are highest in groundwater samples. 

 

Table 7-1 Mean water contaminant concentrations by water source for the Perth 

metropolitan area, 2002-2004 

 2002 – 2003 2003 - 2004 

THM (μg/L) Nitrate (mg/L) THM (μg/L) Nitrate (mg/L) 

Surface water 93.0 0.067 129.0 0.067 

Mixture 122.3 0.125 168.4 0.213 

Groundwater 114.0 0.680 157.9 0.785 

 

This variation in contaminant concentrations was further assessed using one-way ANOVA 

regression analysis in Stata version 10.0 to determine whether there was any relationship 

between water source and water quality. Figure 7-3 illustrates the range of mean 

concentrations for trihalomethanes in samples taken from surface, mixed and groundwater 

sources over the study period. Trihalomethane levels were lower in surface waters but no 

statistically significant difference was found in the mean THM levels between all three 

water sources during 2002-2003 or 2003-2004.  
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Figure 7-4 illustrates the distribution of mean concentrations of nitrate for samples taken 

from surface, mixed and groundwater sources over the study period. ANOVA regression 

revealed statistically significant differences (p < 0.05) in the mean nitrate level between the 

three water sources during both 2002-2003 and 2003-2004. To determine where this 

difference occurred, supplementary analysis was conducted using the Scheffe test. This test 

was selected to analyse pairs of means to see where the difference/s occur, and is suitable 

for data where there are unequal sample sizes [331]. The Scheffe test revealed a significant 

difference between the mean nitrate levels derived from mixed and groundwater sources for 

2002-2003 (p = 0.021) and for 2003-2004 (p = 0.019). No significant difference was found 

between the mean nitrate levels from surface and mixed water sources. This finding 

indicates that the mean nitrate levels during the study period in Perth were significantly 

higher in those water distribution zones serviced solely by groundwater sources.  

 

As described above, Perth is divided into 24 water distribution zones (See Figure 5-1 for a 

map). Table 7-2 provides a detailed summary of the water profile for each distribution 

zone. 
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Figure 7-3 Mean trihalomethane concentration in the Perth metropolitan area by water source for the periods 2002-2003 and 2003-2004. 
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Figure 7-4 Mean nitrate concentration in the Perth metropolitan area by water source for the periods 2002-2003 and 2003-2004 
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Table 7-2 A summary of each water distribution zone from 2002 to 2004 

Water 

Distribution 

Zone Location 

Water 

Source 

2002 – 2003 2003-3004 

THM (μg/L) Nitrate (mg/L) THM (μg/L) Nitrate (mg/L) 

Mean Max Mean Max Mean Max Mean Max 

Armadale South Surface  55 65 ND ND 70 98 <0.05 <0.05 

Bold Park North Mixture 117 213 0.2 0.3 100 125 <0.05 <0.05 

Buckland Hill West Mixture 167 193 0.0 0.1 180 221 <0.05 0.20 

Foothills East Mixture 140 182 0.142 0.542 141 169 0.20 0.45 

Greenmount North Mixture 50 77 0.3 0.3 81 165 0.50 0.60 

Darlington North-East Mixture 165 209 0.142 0.542 182 211 0.20 0.45 

Hamilton Hill South Mixture 91 124 0.2 0.3 131 169 <0.05 <0.05 

Hills Direct South-East Surface  125 171 0.1 0.5 106 154 0.10 0.30 

Lexia North Groundwater 141 183 0.0 0.1 93 118 <0.05 <0.05 

Melville South Mixture 132 186 0.2 0.3 141 207 0.10 0.10 

Mirrabooka North Groundwater 164 227 0.2 0.5 170 187 0.10 0.30 

Mt Eliza North Mixture 156 205 0.0 0.1 146 226 <0.05 0.20 

Mt Hawthorn North Groundwater 126 217 0.4 0.5 126 156 0.40 0.40 

Mt Yokine North Groundwater 152 190 0.4 0.8 160 229 0.30 0.60 

Mundaring North-East Mixture 45 68 0.1 0.3 67 74 0.20 0.40 

Neerabup North Groundwater 84 103 1.9 2.2 65 82 1.70 1.80 

South Perth South Mixture 169 217 0.142 0.542 155 183 0.20 0.45 

Tamworth Hill South Surface  99 151 0.1 0.1 125 159 <0.05 0.10 

Thomson Lake South Mixture 113 178 ND ND 107 164 <0.05 <0.05 

Two Rocks North Groundwater 9 11 1.5 1.8 9 10 1.00 1.00 

Wanneroo North Groundwater 109 153 0.3 0.7 112 206 0.30 0.70 

West Yokine North Groundwater 133 199 0.6 0.6 93 114 0.60 0.70 

Whitfords North Groundwater 117 135 0.4 0.6 105 136 0.80 1.10 

Yanchep North Groundwater 6 10 1.0 1.0 5 6 0.90 1.10 

ND = not detected 

         = recorded levels that would be considered high by international standards (>100μg/L) as recommended by the World Health Organisation, and regulated by the 

United States and the European Union (although not in contravention of Australian Drinking Water Guidelines of 250μg/L).  
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7.2.2 Annual trend analysis 

Figure 7-5 illustrates the annual trend in mean THM concentration by water distribution 

zone from 2002 to 2006 inclusive. Generally, THM levels across all distribution zones 

were lowest during 2005-2006.  

 

Figure 7-5 Trend in mean THM concentration by water distribution zone from 2002 to 2006 

inclusive 
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Although mean THM levels vary considerably between distribution zones, there is 

markedly less variation within each distribution zone over time. This tendency was 

explored further using intra-class correlation (ICC), a measure of agreement which 

fundamentally constructs a ratio of between-group variance to total variance. The ICC will 

approach 1 when there is no variance within the target variable, indicating less error 

variance and stronger reliability [382]. Table 7-3 presents the intra-class correlation 

coefficient between each sampling year from 2002 to 2006. All analyses were conducted in 

Stata version 10.0. 
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Table 7-3 Correlation (intra-class coefficient) between mean THM values 

Year 2002-2003 2003-2004 2004-2005 2005-2006 

2002-2003 1    

2003-2004 0.907 1   

2004-2005 0.902 0.848 1  

2005-2006 0.818 0.761 0.830 1 

 

An ICC of 0.70 or greater was considered an acceptable level for agreement and is in line 

with current recommendations from the literature where acceptable cut-offs range from 0.6 

to 0.75 [331, 383-385]. Analyses of the four most recent Water Corporation annual reports 

revealed a high intra-class correlation coefficient for mean THM levels between each year, 

with strong, positive correlations above 0.70. Data obtained from the sampling years 2002-

2003 and 2003-2004 displayed the most agreement and had an estimated reliability of the 

class mean of 0.952. This value is estimated from the Spearman-Brown formula and 

provided an estimate of the reliability of the mean for the THM concentrations observed 

over these two years, and is particularly significant given that future health analyses 

(chapters 7 and 8) employed an average of the values recorded from these years to estimate 

exposure. 

 

Figure 7-6 demonstrates the annual trend in mean nitrate concentration by water 

distribution zone from 2002 to 2006 inclusive. Again, there appeared to be minimal 

variation within distribution zones over the time period. 
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Figure 7-6 Trend in mean nitrate concentration by water distribution zone from 2002-2006 

inclusive 
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Table 7-4 presents the intra-class correlation coefficient between each sampling year from 

2002 to 2006. All years showed a very strong positive agreement. The study period for 

health analyses (chapters 6 and 8) is 2002-2004 and used an average of mean nitrate values 

for 2002-2003 and 2003-2004 to classify exposure. Therefore, an estimate of the reliability 

of the mean for the nitrate concentrations observed over these two years was calculated and 

a value of 0.967 attained. 

 

Table 7-4 Correlation (intra-class coefficient) between mean nitrate values 

Year 2002-2003 2003-2004 2004-2005 2005-2006 

2002-2003 1    

2003-2004 0.935 1   

2004-2005 0.944 0.945 1  

2005-2006 0.854 0.884 0.941 1 
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7.2.3 Exposure Mapping 

The ArcGIS program, version 9.0 [334] was used to generate thematic maps illustrating the 

spatial variability in water quality throughout the Perth metropolitan region. The average 

THM and nitrate value during the study period of 2002-2004 for each water distribution 

zone was calculated and inputted into the mapping program. The methodology is described 

in greater detail in section 5.4.2 in Chapter 5. Figure 7-7 demonstrates the average THM 

concentration (μg/L) by each water distribution zone. As illustrated, the distribution zones 

with the highest average concentrations of THMs, as indicated by the darker blue colour, 

are located near the centre of Perth, with the lowest concentrations recorded in distribution 

zones found along the coast or near the Hills (inland). Figure 7-8 illustrates the average 

nitrate concentration (mg/L) by each water distribution zone. A different spatial pattern is 

evident compared to the map of trihalomethane concentrations with a distinct trend of high 

to low concentrations from the north to south water distribution zones. 
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Figure 7-7 Map of average THM concentration (μg/L) by water distribution zone during 

2002-2004 

 



  

 

185 

Figure 7-8 Map of average nitrate concentration (mg/L) by water distribution zone during 

2002-2004 
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7.3 PRESENTATION AND ANALYSIS OF INDEPENDENTLY 

COLLECTED DATA 

7.3.1 Background 

The authorities of each water distribution zone are responsible for the provision of safe 

drinking water to the residents located within its jurisdiction. The Water Corporation 

regularly monitors the water quality in each zone and record THM and nitrate 

concentrations which are publicly available in their annual report. As detailed above in 

section 7.2, these distribution zones vary substantially in the quantity and type of water 

contaminants formed. Analyses of the Water Corporations 2002-2004 data indicated that a 

gradient exists in the greater Perth region with southern suburbs receiving substantially 

lower levels of trihalomethanes and nitrates than northern and midland areas, reflecting 

differences in water sources.  

 

However, the data provided by the Water Corporation reflect only the average 

concentration for each contaminant per year in each distribution zone, and some limitations 

have been identified with this data, including the limited number of samples taken 

(sometimes <3 per year) and failure to account for spatial variations in contaminant 

concentrations within zones due to the limited number of sampling sites used per zone. 

This is of particular concern given the considerable variation in the geographic sizes of 

water distribution zones. The literature indicates that contaminant concentrations can vary 

seasonally and can also be affected by where in the distribution system the sample is taken 

from (e.g. how far “upstream” – closer to the treatment plant and storage system – or how 

far “downstream” – closer to the consumer‟s tap). Therefore, it is important to investigate 

how accurately the Water Corporation average concentration data represent likely 

community exposure levels. 

 

As identified in Chapter 3, the main limitation of epidemiological studies that investigate 

the health effects of disinfection by-products is the often crude measures of exposure 

assessment employed. Therefore, where possible, it is beneficial to improve exposure 

estimates. To address the paucity of reliable water quality information in Perth, a 

comprehensive sampling program was undertaken during four separate field trips from 
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November 2006 to March 2007 inclusive. Six water distribution zones (out of 24) were 

chosen for independent sampling based on a number of selection criteria, including area 

size, population size, water source and the completeness of Water Corporation data 

available for that area. It was also important to select zones that would represent a range of 

contaminant concentrations (based on the historical information) and a large study 

population, as this would permit sub-analysis on a population group with more detailed and 

complete exposure indices. Table 7-5 presents summary information for each water 

distribution zone selected (ranked on location from north to south).  

 

Table 7-5 Summary of information by selected water distribution zones 

Water 

distribution 

zone 

No. of births 

2002-04 

(% of total) 

Water 

source 

Water Corporation data 2002-04 

Trihalomethanes Nitrates 

No. of 

samples 

Mean 

(μg/L) 

No. of 

samples 

Mean 

(μg/L) 

Mt Yokine 1846 (11.5%) Ground 16 156 15 0.35 

West Yokine 590 (3.7%) Ground 9 113 5 0.6 

Foothills 516 (3.2%) Mixed 19 140.5 0 0.225* 

South Perth 2309 (14.4%) Mixed 12 162 0 0.225* 

Hills Direct 2425 (15.1%) Surface 36 115.5 32 0.1 

Armadale 381 (2.4%) Surface 8 67.5 3 0.025 

* Mean estimated from surrounding water distribution zones 

 

The primary advantage obtained from selecting these six water distribution zones was that 

they included over 50% of the total Perth study population. 

 

Data were collected on three water quality parameters: trihalomethanes, nitrates and total 

organic carbon (TOC). Total organic carbon refers to the gross amount of organic matter 

found in natural water. Suspended particulate, colloidal, and dissolved organic matter 

comprise the TOC measurement and thus TOC is often considered an indication of 

prospective DBP formation [173]. Because it is essentially measuring the quantity of 

natural organic matter present in water, the precursor to DBP formation, it provides a 

practical way to measure more than one potential disinfection by-product. However, there 

are concerns over the validity of the measurement with studies assessing the relationship 
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between TOC and DBP formation reporting a range of correlation values from 0.38 – 0.97 

[386-388]. 

 

7.3.2 Sampling protocol 

It is important for a water quality study protocol to maximise reliability of results and thus 

the sampling procedure must be applied consistently [331]. Therefore, the following 

method of measurement was adhered to for each field trip. In order to measure and assess 

spatial variation, water samples were collected at five locations in each of the six water 

distribution zones: north, south, east, west and central. Figure 7-9 illustrates the location of 

sampling sites. Higher resolution maps for each individual water distribution zone are 

provided in Appendix 2. Samples were collected from publicly accessible taps, including 

bathrooms at shopping centres, petrol stations or water fountains in public parks. Each 

sampling site was chosen at locations where taps would be frequently used, thereby 

limiting the storage time of water in delivery pipe networks (a factor which may influence 

concentration values). Taps at each location were flushed for a period of two minutes prior 

to collection to ensure consistency between samples as initial water flow may not be 

representative. All samples were stored on ice for preservation in an enclosed insulated 

carrier. Samples from all 15 locations (three distribution zones per field trip) were collected 

within an 8 hour period on each sample day and delivered to the Chemistry Centre of 

Western Australia (for THM and nitrate analysis) and the National Measurement Institute 

(for TOC analysis) at the completion of each field trip. Both institutions are accredited by 

the Australian National Association of Testing Authorities (NATA). 

 

Each location was sampled twice over a period of three months to evaluate reliability. From 

a statistical perspective, the assumption of the stability of the response variable (in this 

case, the concentration of the contaminant) is important in terms of test-retest reliability. 

Thus, to minimise potential sources of error in testing reliability, the same individual 

collected the samples on both field trips at approximately the same time of day. 
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Figure 7-9 Map of water sampling locations 
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7.3.3 Analytical procedure 

7.3.3.1 Trihalomethanes 

Samples taken for THM measurements were collected in 40mL glass vials, each dosed with 

the quenching agent sodium thiosulphate, to prevent further THM formation once the 

samples had been collected. During each collection, vials were filled to the maximum level 

in order to limit headspace and thus prevent air bubbles upon sealing and subsequent loss 

of THMs due to volatilisation. 

 

Trihalomethane analysis was performed using the standard “Purge and Trap” technique for 

sample concentration and delivery, followed by gas chromatography with mass 

spectrometric detection (GC/MS) for the separation and quantification of each of the four 

analytes [389]. In this system, the sample is purged with an inert gas. Because 

trihalomethanes exhibit low water solubility and a vapour pressure significantly greater 

than water, they are efficiently converted to the gaseous phase allowing the analytes to be 

extracted and trapped on an adsorbent trap at a low temperature. The trap is then heated 

rapidly and the desorbed compounds are refocused at the head of a GC chromatographic 

column. They are then measured by GC/MS. Each sample was measured for total THM 

(TTHM) concentration in μg/L, and the four individual THMs: chloroform, bromoform, 

dibromochloromethane (DBCM), and bromodichloromethane (BDCM). This method has 

excellent method detection limits, accuracy and precision [389]. 

 

Impurities contained in the purge gas and organic compounds outgassing from the 

plumbing ahead of the trap usually account for the majority of contamination problems. A 

laboratory reagent blank or sample blank was used to determine if organic contamination or 

other interferences were present in the laboratory environment, reagents, apparatus or 

procedures, and are run between each set of samples. An internal standard was also used to 

correct for slight differences in temperatures and trapping conditions throughout the run. 

 

As part of the quality control program, field duplicates and quality control samples were 

also used. This was due in part to the extreme volatility of trihalomethanes to ensure that 

measurement error was not introduced during sample collection and handling. Field 

duplicates refer to two separate samples collected together at the same sampling location 
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and treated exactly the same throughout field and laboratory procedures. Analysis of the 

two samples gives a measure of the precision associated with sample collection, 

preservation and storage, as well as laboratory procedures.  

 

Evian
TM

 water was selected as the quality control sample because it is the only source of 

bottled water known to contain zero traces of trihalomethanes. A volume of Evian
TM

, 

equivalent to that which is collected at a sample site, was placed in a sample vial. It was 

then treated as a sample with respect to storage, transport, preservation and all analytical 

procedures. The purpose of the quality control sample is to check laboratory and instrument 

performance. 

 

7.3.3.2 Nitrates 

Samples taken for nitrate measurements were collected in 250mL high density 

polyethylene containers and measured using the standard Flow Injection Analysis (FIA) 

method. This procedure involves passing the sample through a copperized cadmium 

column in order to reduce nitrate to nitrite [390]. The total nitrite is then measured 

colorimetrically (at 52nm) by diazotizing with sulphanilamide and the addition of N-(1-

naphthyl)-ethylenediamine dihydrochloride to create a water soluble magenta coloured dye 

[390]. 

 

Each sample was measured for concentrations (mg/L) of nitrate + nitrite, and nitrogen, 

persulphate total. 

 

7.3.3.3 Total Organic Carbon 

Samples taken for total organic carbon measurements were collected in 500mL glass 

bottles and measured using a standard calibration system with potassium hydrogen 

phthalate (KHP) standards [391]. Initially the sample was acidified and the inorganic 

carbon removed to eliminate the introduction of significant error into the measurement. The 

sample was then injected into the TOC instrument system. Organic carbon in the water 

sample was oxidised to produce carbon dioxide which was released from the sample and 

measured by a conductivity detector [391]. 

 

Each sample was measured for concentrations (mg/L) of total organic carbon. 
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7.3.4 Results 

The full results from the independent sampling are provided in Appendix 3. 

 

7.3.4.1 Analysis of all trihalomethane analytes 

It was possible to examine the composition of total trihalomethane (TTHM) concentrations 

in the six independently sampled water distribution zones using Microsoft Office Excel 

2003 (Figure 7-10). Dibromochloromethane was the predominant species of 

trihalomethanes in five out of the six water distribution zones, followed by bromoform. 

This order was reversed in the remaining distribution zone. In contrast, chloroform was the 

least common species in all distribution zones during the study period. 

 

Figure 7-10 A graph of trihalomethane analyte concentrations by water distribution zone 

0

50

100

150

200

250

Armadale

(surface)

Hills Direct

(surface)

South Perth

(mixed)

Foothills

(mixed)

West Yokine

(groundwater)

Mt Yokine

(groundwater)

Water distribution zones

TH
M

 c
on

ce
nt

ra
ti

on
 (

ug
/L

)

Dibromochloromethane

Bromodichloromethane

Bromoform

Chloroform

 

 

Figure 7-11 shows the mean THM levels for water distribution zones supplied by water 

originating from surface, mixed or groundwater sources. The prevalence proportion of each 

THM compared to the total amount did not appear to vary by water source, although mixed 

waters had the highest relative levels of bromoform. 
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Figure 7-11 Mean THM levels (μg/L) by water source 
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Stata version 10.0 was used to explore whether a statistical association existed between 

individual THMs and total THMs. Table 7-6 displays the Pearson correlation coefficients 

between each individual trihalomethane and the total trihalomethane measurement (i.e. the 

sum of concentrations of chloroform, bromodichloromethane, dibromochloromethane and 

bromoform). There was a strong positive correlation between each individual THM and 

total THM, with dibromochloromethane showing the strongest relationship.  

 

Table 7-6 Association between individual trihalomethane and total trihalomethane 

measurements 

 Correlation (r) with TTHM 

Chloroform 0.766 

Bromodichloromethane 0.894 

Dibromochloromethane 0.991 

Bromoform 0.882 

 

Water samples were taken from five locations, each representing the north, south, east, 

west or central region of each water distribution zone to facilitate the assessment of spatial 

variation of THM concentrations within distribution zones. Figure 7-12 and Figure 7-13 

illustrate the distribution of TTHM values by water distribution zone from independent 
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sampling. A summary of descriptive statistics and measures of variability for each 

distribution zone are provided in appendix 4. 

 

Figure 7-12 Distribution of TTHM values by water distribution zone from field trip 1  
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Figure 7-13 Distribution of TTHM values by water distribution zone from field trip 2 
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Each plot provides the median TTHM value for that distribution zone surrounded by a box 

bounded by the 25
th

 and 75
th

 percentile. Dots located on either side of the box are outside 

values, or outliers. Generally, variation within each distribution zone is limited, with the 

exception of two distribution zones that feature several outliers: Foothills and South Perth. 

Notably, both these distribution zones are sourced from a mixture of surface and 

groundwater supplies. 

 

7.3.4.2 Nitrate analysis 

Stata version 10.0 was used to assess whether there was any relationship between nitrate 

and total nitrogen in the water samples (n = 60) collected during the sampling program. A 

very strong association was detected between the measurements of these two compounds, 

with a Pearson correlation coefficient (r = 0.95) was attained. Figure 7-14 provides a 

graphical illustration of this association. 

 

Figure 7-14 A graph of the relationship between nitrate and total nitrogen measurements 
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distribution zone from independent sampling. (A summary of descriptive statistics and 

measures of variability for each distribution zone are provided in appendix 4). 

 

Figure 7-15 Distribution of nitrate values by water distribution zone from field trip 1 
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Figure 7-16 Distribution of nitrate values by water distribution zone from field trip 2 
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Nitrate values remain relatively consistent within water distribution zones, with the 

exception of two zones serviced by mixed water sources: Foothills and South Perth. 

 

7.3.4.3 Total organic carbon analysis 

The quality of total organic carbon data from independent sampling was inadequate for 

further use in this study due to the extremely low variability in TOC concentrations 

between sampling sites. 

 

7.3.4.4 Reliability 

Reliability is defined as the extent to which a measurement is consistent and free from error 

based on repeated sampling [331]. It is based around the statistical concept of variance, a 

measure of variability, and helps determine how much of total variance, or variability in 

data, is due to true differences in value and how much is due to random error.  

 

Test-retest reliability is used to assess whether a measurement is reliable over time [392], 

and was examined in this study by taking samples from each sampling location at two 

points in time with a typical interval of six weeks. There is an important assumption of 

stability for the response variable when evaluating test-retest reliability. Such stability was 

difficult to ensure given the range of factors that can influence both THM and nitrate 

concentrations. To limit their possible effect, the sampling protocol was followed closely 

and sampling took place at each location at approximately the same time of day on each 

occasion. Weather conditions in the week leading up to sampling were closely monitored in 

an endeavour to replicate the initial situation as closely as possible.  

 

The inter-class correlation coefficient (ICC) was used to assess agreement between the two 

measurements at each sampling location (n=30) using the Stata version 10.0 statistical 

program [338]. The ICC is a widely used and universally accepted reliability index 

preferred for continuous data as it reflects both correlation and agreement [331, 382]. Table 

7-7 presents the ICC values for each water contaminant measured. 
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Table 7-7 Reliability estimates, as indicated by the intra-class correlation coefficient, for the 

measurement of water contaminants in six water distribution zones in Perth 

 Intra-class 

(r) 

Estimated reliability of 

a class mean (n=2) 

Trihalomethanes 

Chloroform 0.40 0.57 

Bromodichloromethane 0.62 0.76 

Dibromochloromethane 0.75 0.85 

Bromoform 0.62 0.76 

Total THM 0.70 0.82 

Nitrate 

Nitrate 0.81 0.89 

Nitrogen 0.87 0.93 

 

Data from all 30 sampling sites were included in the analysis and again, an ICC of 0.70 or 

greater was considered acceptable. Test-retest reliabilities (intra-class correlation 

coefficients) ranged from 0.4 for chloroform to 0.87 for nitrogen. Based on the 

interpretative guidelines described above, chloroform, bromoform and 

bromodichloromethane fell below the acceptable levels of agreement. However, despite 

this, total THM still achieved an acceptable level of agreement 

 

For each compound, an average measure of reliability was calculated. This estimated the 

reliability of the mean for the ratings provided by the two measurements, and is particularly 

useful in studies like this where subsequent analysis used an average of the values 

generated from both field trips. Only chloroform measurements failed to reach acceptable 

reliability.  

 

It was also appropriate to assess the reliability of data provided by the Water Corporation in 

their annual reports as there were concerns over the completeness of data (especially for 

nitrate measurements) and accuracy, given the sometimes limited sampling strategies 

employed in some distribution zones.  
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Figure 7-17 illustrates that the THM values obtained during independent sampling 

generally fell within the range reported in previous years by the Water Corporation. 

Importantly, there was no consistent trend to suggest that the Water Corporation were 

systematically over- or under- reporting THM values during this time.  
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Figure 7-17 Graphs illustrating the variation in THM concentrations by year in six water distribution zones of Perth 
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Unfortunately, unlike the situation with the trihalomethanes, it was impossible to visually 

compare the range of nitrate concentrations reported by the Water Corporation with those 

values derived from independent sampling as the Water Corporation provided only a mean 

concentration per distribution zone and not the complete set of sampling results. 

Furthermore, in some instances this mean value was extrapolated from the sampling results 

of surrounding zones and did not represent monitoring within the actual zone itself. 

Attempts to obtain the raw data from the Water Corporation were unsuccessful. 

 

Therefore, graphs were generated in Microsoft Office Excel 2003 to illustrate the trend in 

mean nitrate concentrations from 2002 until 2007, with 2007 representing data obtained 

from independent sampling. Graphs are displayed in Figure 7-18. These graphs indicate 

that nitrate levels have increased significantly in the last year. This could be due to 

systemic under-reporting of nitrate levels by the Water Corporation - perhaps because of a 

different sampling procedure, or as a result of a natural increase in nitrate levels with the 

literature intimating that global nitrate levels in drinking water are trending upwards [253].  

 

In order to further evaluate the latter finding, the data was re-organised to represent each 

distribution zones‟ comparative rank with regard to mean nitrate concentration (see Table 

7-8). The data suggest that although actual nitrate levels were higher in the independently 

collected samples, the increase was consistent across distribution zones, with classification 

of each zone as low, moderate or high remaining the same. This consistency lends credence 

to the theory that nitrate levels may in fact be increasing over time and provides 

reassurance that data reported by the Water Corporation are valid and reliable. 
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Figure 7-18 Graphs illustrating the trend in mean nitrate concentrations for six water distribution zones in Perth from 2002-2007 
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Trends in nitrate concentration in South Perth zone
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Table 7-8 Ranking of water distribution zones by mean nitrate concentration 

Ranking based on Water 

Corporation data 2002-04 
 

Ranking based on 

independent sampling 2007 
 

Armadale <0.05 1 
Low 

Armadale <0.06 1 
Low 

Hills Direct <0.1 2 Hills Direct 0.12 2 

South Perth 0.25 3.5 
Moderate 

South Perth 1.21 3 
Moderate 

Foothills 0.25 3.5 Foothills 1.3 4 

West Yokine 0.4 5 
High 

West Yokine 1.55 5 
High 

Mt Yokine 0.5 6 Mt Yokine 1.79 6 

 

In order to statistically evaluate this apparent trend, Stata version 10.0 was used to calculate 

correlation coefficients designed to assess the strength of relationship or association 

between Water Corporation sampling results and independent sampling outcomes for 

nitrate. Rank correlation was utilised due to the ordinal nature of the data. For this study, 

agreement between actual values is less important than agreement between the orders of 

the distribution zones, because it is the order which will influence the classification of 

zones into exposure categories. Spearman‟s rank-order correlation coefficient (rs) examines 

the disparity between the two sets of rankings [331]. It measures the correspondence 

between the two sets of ranking and assesses the significance of this relationship. The rank 

correlation coefficient is in the interval [-1, 1]. If the agreement between the two rankings 

is perfect, the coefficient has the value 1. If the disagreement between the two rankings is 

perfect, the coefficient has the value -1. Values can fall anywhere within this interval, with 

increasing numbers indicating stronger agreement, and if the rankings are completely 

independent, then the coefficient will be 0. 

 

Initially, data collected by the Water Corporation on the mean nitrate concentration for 

each of the six water distribution zones during the study period (2002-2004) were extracted 

and ranked, with the rank of 1 assigned to the smallest value. This process was replicated 

for each water distribution zone using the independent sampling results. For rankings that 

were tied, for example South Perth and Foothills as measured by the Water Corporation, it 

was necessary to add the rank positions and divide by the number of tied cases. 
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Analysis indicated a correlation, rs = 0.928 (p < 0.01) between rankings by the Water 

Corporation and independent sampling data. The correlation is positive and the magnitude 

is high, suggesting strong agreement. The significant p-value indicates 99% confidence that 

the rankings are not independent.  

 

7.4 DISCUSSION 

Recorded trihalomethane levels were lower in surface waters than groundwater, a trend that 

was consistent on an annual basis based on existing data from the Water Corporation and 

confirmed with results from independent sampling. However the existing data provided 

only a narrow timeframe of results and the difference in the mean THM levels from each 

water source was not statistically significant. Further historical data would be required to 

determine whether an association is evident. If a true difference could be detected, it would 

have important implications given the fact that groundwater currently supplies drinking-

water for approximately 50% of the Perth population with this increasing reliance set to 

continue. 

 

Typically, levels of disinfection by-products are highest in surface waters due to the higher 

quantity and mixture of natural organic matter, although values can be highly variable [393, 

394].  However, this situation does not appear to be the case in Perth, where groundwater is 

located in shallow, unconfined aquifers which have been exposed to natural organic matter, 

particularly the products of plant decay, over hundreds of years. 

 

Independent sampling verified the findings by Heitz et al [379] which indicated that 

brominated species of trihalomethanes were the most prevalent in Perth waters. The finding 

is unusual from an international perspective as it is usually the chlorinated forms, 

(particularly chloroform) that are the predominant species [157, 381, 395].  The 

composition of total trihalomethanes (TTHM) can vary substantially among locations 

depending on a number of factors including water source, levels of NOM and different 

disinfection procedures. However, contrary to the results from other studies [381], analysis 

established that the prevalence of individual THMs was not related to water source: indeed, 

the composition of TTHM was remarkably similar across distribution zones from all water 

sources. The high level of brominated species of THMs found in Perth is most likely due to 
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historical saline inundation and intrusion in our groundwater aquifers over geological time; 

with industrial and agricultural chemicals as other potential sources of bromide in all water 

sources. This finding is significant given the toxicological evidence that brominated forms 

of trihalomethanes and haloacetic acids are possibly carcinogenic and can induce 

reproductive and developmental abnormalities [196, 201-203, 246]. Although the number 

of epidemiological studies specifically exploring the brominated species of DBPs is 

relatively limited, there is some evidence of a significantly increased risk of small for 

gestational age babies [208], stillbirth [223], spontaneous abortion [221] and pregnancy 

loss [222] with  high exposures. The high correlation between brominated THMs and 

TTHM implies that the total THM level is a good surrogate indicator for these THMs and 

potentially other brominated DBPs within the Perth metropolitan region. 

 

The level of dibromochloromethane was found to have the strongest correlation (r = 0.991) 

with total THM level, an expected finding given that dibromochloromethane comprised the 

largest proportion of total THM. There was wider variation in chloroform levels (r=0.4) 

over the three month sampling period, whereas levels of the brominated species were 

relatively more stable. This finding has also been illustrated in the UK [381], and is most 

likely due to the fact that while brominated THMs form rapidly, chloroform formation 

increases over time [229] and thus can be affected by residence time and chlorine residual 

in the distribution system. 

 

The high correlation or level of agreement between mean THM values over time (2002-

2006) indicates that levels remain relatively stable in each distribution zone over time, and 

thus limits the possibility of serious exposure misclassification based on retrospective data. 

This stability reflects the high proportion of brominated species and limited presence of 

chloroform in the composition of Perth drinking-water. 

 

Nitrate concentrations were also lowest in surface water distribution zones and highest in 

groundwater: a finding that corroborates the international literature [253], and is also 

consistent with the natural geology of Perth (shallow, unconfined aquifers located beneath 

sandy soils which are extremely susceptible to groundwater contamination with nitrate due 

to urbanisation). 
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Nitrate concentrations appeared to be increasing over time, with a significant rise detected 

in 2006-2007 through independent sampling. It is entirely possible that this increase 

reflects natural phenomena with analyses suggesting that the rise was consistent across all 

distribution zones sampled. Thus, the difference between concentrations of nitrate as 

reported by the Water Corporation and independent sampling will not impact upon future 

statistical modelling given that exposure is classified into exposure categories that represent 

comparative, not actual, values.  

 

Of particular interest, is the finding that total nitrogen is highly correlated (r = 0.95) with 

nitrate in Perth waters, as determined from sampling in six water distribution zones with a 

range of nitrate concentrations. This discovery has important implications for future 

analyses as it suggests that nitrate values could be viewed as surrogate indicators of other, 

nitrated disinfection by-products as nitrate appears to accurately reflect total nitrogen in 

water. Chapter 3 concluded that the nitrated disinfection by-products may be more toxic 

than their halogenated counterparts but they are extremely difficult to test for given that 

they have only recently been identified. 

 

Spatial analysis was explored within each water distribution zone through the selection of 

sample sites from north, south, east, west and central regions of each zone. Overall, there 

was an acceptable level of consistency in THM and nitrate values within distribution zones 

although two areas in particular (Foothills and South Perth) exhibited greater variation. 

Notably, both these distribution zones were served by mixed water sources which tend to 

be more variable as the proportion of ground and surface water contributing to the mix 

changes based on seasonal availability. As a result, it is impossible to eliminate the 

potential for exposure misclassification in this study, with residents within these zones 

receiving water of differing quality, probably through mixing. However, any 

misclassification that has occurred would be non-differential in nature and thus would tend 

to produce more conservative risk estimates. 

 

Total organic carbon was measured independently as a potential indicator of natural 

organic matter and thus other disinfection by-products that were unable to be measured 

(due to financial and technological constraints). Ideally, TOC would be sampled prior to 

disinfection but this was not possible and measurements were taken at the tap after the 



  

 

209 

disinfection and distribution process. It was hoped that excess levels of organic matter - 

suggesting a much higher initial load of organic matter - would still be detectable at this 

stage. However, in reality, nearly all organic matter had reacted with disinfectant to 

produce DBPs and thus levels of TOC were uniformly low between all distribution zones.  

 

An ICC estimate of test-retest reliability was selected as the preferred methodology based 

on a body of literature indicating that the Pearson correlation coefficient is inappropriate to 

measure agreement [382, 396]. It is possible for a Pearson correlation coefficient to be very 

high even when agreement between the two sets of variables is very low. Generally, these 

test-retest reliabilities fell within the generally acceptable range. The lower reliability 

coefficients documented for some of the trihalomethanes over the two field trips are most 

likely related to the testing interval. Although every effort was made to replicate testing 

conditions, many factors were uncontrollable and this uncertainty would influence 

contaminant values. However, acceptable levels of agreement were still attained for nitrate 

and total THM, which are the two contaminants of interest for this study. ICC indices were 

also used to assess agreement between existing data supplied by the Water Corporation 

from 2002 to 2006. Agreement levels were extremely high, ranging from 0.761-0.907 for 

THMs and 0.854-0.945 for nitrates. Significantly, agreement between 2002-2003 and 2003-

2004, the study period for this thesis, was above 0.90 for both contaminants, with a high 

reliability value for the mean of the two years. This indicates that exposure classifications 

for each distribution zone can be based on the average concentration value over this time 

period and are unlikely to result in major exposure misclassification. 

 

In conclusion, analysis demonstrated that the retrospective data provided by the Water 

Corporation for the study period 2002-2004 are reliable for both THMs and nitrates and can 

confidently be used for health analyses despite not having been collected for this purpose. 

The study also illustrated the value of caution when making assumptions about water 

quality based on water source, with a need to temper these suppositions with knowledge 

about the local geology and water supply. Small validation studies can be extremely useful 

in improving and validating exposure metrics and are highly cost-effective. 
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CHAPTER 8: PRELABOUR RUPTURE OF 

MEMBRANES AND ENVIRONMENTAL RISK 

FACTORS 

 

 

The following chapter examines the relationship between rates of prelabour rupture of 

membranes and elevated levels of water contaminants. The specific objectives of this 

chapter are to: 

a. Determine the geographic distribution of PROM and preterm PROM in the 

greater Perth region; 

b. Calculate area-specific prevalence rates of PROM and preterm PROM for 2000-

2004; 

c. Identify potential areas of increased prevalence of PROM and preterm PROM in 

the greater Perth region using aggregated data by Census District (CD) and 

postcode; 

d. Correlate these areas with water supply source and recorded chemical values in 

those areas; 

e. Identify specific components in the water that may be of concern; and 

f. Evaluate if there is an association between water quality and PROM and/or 

preterm PROM. 

 

8.1 BACKGROUND 

Prelabour rupture of membranes is defined as the rupture of membranes before the onset of 

labour and affects between 9-12% of pregnant women. It increases the risk of intrauterine 

infection and is the leading cause of preterm deliveries and its associated complications. 

The precise biological mechanisms that trigger prelabour rupture of membranes are 

currently unknown. However, based on toxicological and epidemiological evidence, it is 

biologically plausible that environmental agents – such as disinfection by-products – may 

provide stimuli for an inflammatory pathway that leads to prelabour rupture of membranes. 
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Disinfection by-products (DBPs) are a group of compounds formed when organic matter in 

water interacts with the introduced disinfecting agents (e.g. chlorine). Research indicates 

that many common DBPs are potentially harmful to human health. The emergence of more 

flexible and robust methods for spatial modelling allows the investigation of a relationship 

between this potential hazard and prelabour rupture of membranes at a population level. 

 

This study used: (i) birth outcome data from the Midwives Notification System and (ii) 

exposure data from the Western Australia Water Corporation and independent water 

sampling. Geographical Information Systems (ArcMap) were used to map, model and 

analyse these large quantities of data to provide visual endpoints before being evaluated 

more formally. 

 

Poisson regression models were used to evaluate if there is an association between water 

quality and prelabour rupture of membranes, and to derive formal relative risk estimates. 

Bayesian modelling was then be used to improve the validity and precision of the measures 

of exposure using information from independent water sampling. 

 

8.2 HEALTH DATA MAPPING 

The ArcGIS program [334], version 9.0, was used to generate thematic maps illustrating 

rates of PROM and pPROM by postcode in the Perth metropolitan area. The methodology 

used to create the maps is explained in greater detail in section 5.4.3  in chapter 5. 

 

Figure 8-1 illustrates the spatial variability in rates of PROM within the Perth metropolitan 

region. Darker regions indicate a higher incidence rate and appear to be concentrated in the 

northern suburbs. This may correspond with results attained via exposure mapping (section 

7.2.3 in Chapter 7) which indicate that high nitrate concentrations are also located in 

northern water distribution zones. Figure 8-2 presents a graphical illustration of pPROM 

rates by postcode. Spatial variability is apparent between postcodes but there is no clear 

geographical trend. 
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Figure 8-1 Map of PROM rates in the Perth metropolitan region by postcode 
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Figure 8-2 Map of pPROM rates in the Perth metropolitan region by postcode 
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8.3 STANDARDISED MORBIDITY RATIOS 

Standardised morbidity ratios (SMR) were used to determine whether rates of PROM and 

pPROM in each water distribution zone were significantly higher than the average rates for 

the total study area. The SMR compares the observed number of cases in each zone with 

the expected number of cases based on population size. Because the study population was 

restricted to Caucasian women of reproductive-bearing age, standardization was not 

conducted by age or ethnicity. Thus the SMR is the quotient of the number of observed 

cases over the number of expected cases and provides an estimate of relative risk within 

each distribution zone.  

 

Equation 9 

Standardised Morbidity Ratio =  
cases of number Expected

cases of number Observed
 

 

An SMR value of less than 1 indicates that the observed rate of prelabour rupture of 

membranes for that particular water distribution zone is lower than the study area average. 

Conversely, an SMR value greater than 1 indicates the observed rate is higher than the 

average. A Poisson 95% confidence interval (CI) was fitted around each ratio to determine 

whether rates were significantly different from the average. If the lower and upper limits 

are both less than 1, this indicates that the observed rate is significantly lower than the 

average rate while if the lower and upper limits are both greater than 1, then this denotes 

that the observed rate is significantly higher than the average rate. Table 8-1 presents the 

SMR values and their associated confidence intervals, for PROM during the study period 

2002-2004 by each water distribution zone. 
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Table 8-1 SMR values for PROM by water distribution zone 

Water distribution zone SMR (95% confidence interval) 

Tamworth Hill 0.970 (0.960 – 1.132) 

Thomsons Lake 1.023 (0.674 – 1.488) 

Hamilton Hill 0.919 (0.576 – 1.392) 

Melville 0.508 (0.219 – 1.000) 

Buckland Hill 0.905 (0.247 – 2.317) 

Mt Eliza 0.895 (0.616 – 1.257) 

Bold Park 0.962 (0.649 – 1.373) 

Mt Hawthorn 1.029 (0.600 – 1.648) 

West Yokine 1.116 (0.736 – 1.624) 

Whitfords 0.809 (0.404 – 1.448) 

Mt Yokine 0.980 (0.771 – 1.228) 

Mirrabooka 1.392 (1.039 – 1.825) 

Wanneroo 1.425 (1.082 – 1.842) 

Neerabup 1.615 (0.986 – 2.494) 

Lexia 0.993 (0.399 – 2.047) 

Greenmount 1.018 (0.508 – 1.822) 

Darlington 1.489 (0.714 – 2.739) 

Mundaring 1.643 ( 0.533 – 3.833) 

Foothills 1.252 ( 0.825 – 1.822) 

South Perth 0.827 (0.610 – 1.096) 

Armadale 0.309 (0.100 – 0.721) 

Hills Direct 0.882 (0.708 – 1.085) 

Yanchep  0.888 (0.022 – 4.949) 

Two Rocks 1.599 (0.040 – 8.908) 

Bold denotes statistical significance at the 0.05 level 

 

The SMRs for the 24 water distribution zones of Perth range from 0.31 (Armadale) to 1.64 

(Mundaring). These standardized morbidity ratios permit the identification of distribution 

zones which have higher or lower than expected observed cases of PROM. Two water 

distribution zones, Mirrabooka and Wanneroo, recorded PROM rates during the study 

period that were significantly higher than the Perth average. One water distribution zone, 

Armadale, recorded a statistically significant lower rate of PROM than the Perth average. 
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Figure 8-3 illustrates the number of water distribution zones by water source with SMRs 

less than the Perth average (SMR<1) and greater than the Perth average (SMR>1). 

 

Figure 8-3 The number of water distribution zones by water source that have SMRs greater 

than or less than 1. 
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Residents from distribution zones that draw upon surface water sources appear less likely 

to experience PROM whereas residents supplied with groundwater are more likely to 

experience PROM. This may indicate that water source, and subsequently water quality, is 

related to the risk of PROM.  

 

The same process was repeated to attain SMRs for pPROM by water distribution zone 

during the study period (Table 8-2). Again, there was substantial variation in the relative 

risk of pPROM among distribution zones with SMRs ranging from 0.449 to 4.309. Only 10 

of the 24 distribution zones recorded a similar SMR for pPROM and PROM (i.e. remained 

under or over 1). The confidence intervals are slightly wider reflecting the reduced 

frequency of pPROM in the study population compared to PROM. Only one distribution 

zone, Darlington, had a significantly higher rate of pPROM than expected. No cases of 
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pPROM were recorded in two water distribution zones (Mundaring and Two Rocks), 

resulting in an SMR of 0.00. 

 

Table 8-2 SMR values for pPROM by water distribution zone 

Water distribution zone SMR (95% Confidence Interval) 

Tamworth Hill 0.688 (0.356 – 1.202) 

Thomsons Lake 0.918 (0.440 – 1.689) 

Hamilton Hill 1.114 (0.556 – 1.994) 

Melville 1.230 (0.531 – 2.424) 

Buckland Hill 0.461 (0.095 – 1.348) 

Mt Eliza 0.723 (0.361 – 1.294) 

Bold Park 0.855 (0.427 – 1.530) 

Mt Hawthorn 0.881 (0.323 – 1.917) 

West Yokine 1.303 (0.694 – 2.228) 

Whitfords 0.892 (0.289 – 2.081) 

Mt Yokine 1.044 (0.719 – 1.467) 

Mirrabooka 1.233 (0.742 – 1.925) 

Wanneroo 0.774 (0.412 – 1.324) 

Neerabup 1.370 (0.551 – 2.823) 

Lexia 0.688 (0.083 – 2.409) 

Greenmount 0.449 (0.054 – 1.372) 

Darlington 2.528 (1.016 – 5.208) 

Mundaring 0.000 

Foothills 0.900 (0.388 – 1.773) 

South Perth 1.169 (0.777 – 1.690) 

Armadale 1.049 (0.422 – 2.161) 

Hills Direct 0.985 (0.707 – 1.336) 

Yanchep  4.307 (0.521 – 15.078) 

Two Rocks 0.000 

Bold denotes statistical significance at the 0.05 level 
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Figure 8-4 shows the relative frequency of distribution zones that have SMRs greater than 

or less than 1 by water source. 

 

Figure 8-4 The number of water distribution zones by water source that have SMRs greater 

than or less than 1. 
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Compared to PROM, there is no obvious relationship between water source (and quality) 

and pPROM and the standardized morbidity ratios. 

 

It is evident from these preliminary analyses that variation does exist in the prevalence of 

prelabour rupture of membranes across the Perth metropolitan region, and that this 

variation may be related to water quality, particularly with regard to PROM. 

 

8.4 SPATIAL EPIDEMIOLOGICAL ANALYSES 

There are five main steps in the spatial epidemiological analysis, each of which will 

contribute to clarifying the relationship between exposure to water contaminants and 

prelabour rupture of membranes. The results are presented sequentially below. 
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8.4.1 Exposure indices 

Water contaminant measurements for each distribution zone were extracted from the 

Western Australia Water Corporation‟s historical dataset and were classified as low, 

medium or high exposure areas based on their mean concentration for each contaminant 

over the study period 2002-04. The decision was made to combine contaminant 

measurements from 2002-03 and 2003-04 to obtain a single mean concentration for each 

zone over the total study period. This was based on the occasionally limited annual sample 

numbers for some distribution zones. By combining the years, a more stable average 

estimate was produced, and analyses outlined in section 7.2.2 indicated that taking a mean 

estimate over these two years had very good reliability (>0.90). 

 

 In order to select appropriate exposure category cut-offs, distributional graphs were 

generated illustrating the proportion of distribution zones (fraction of the data) within each 

quantile of TTHM and nitrate concentration (Figure 8-5 and Figure 8-6). 

 

Figure 8-5 Proportion of distribution zones within each quantile of TTHM concentration 
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Figure 8-6 Proportion of distribution zones within each quantile of nitrate 
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These analyses were used to help define three exposure tertiles and were created for both 

TTHMs and nitrates using the concentration cut-offs indicated in Table 8-3. The 

contaminant levels within each assigned exposure category were also assessed using 

ANOVA. The mean square errors and F-test value indicated highly significant between-

group differences and relatively little within-group variability for the specified category 

cut-off points for total THMs (F= 69.70; p< 0.0001) and nitrate (F= 15.49 ; p< 0.0001).  

 

Table 8-3 Classification of exposure tertiles for TTHMs and nitrates and corresponding water 

contaminant levels 

 Trihalomethanes (μg/L) Nitrate (mg/L) 

Tertile Mean Min Max Tertile Mean Min Max 

Low ≤ 100 46.3 5.5 74.5 ≤ 0.125 0.061 0.025 0.125 

Medium 100–130 113.5 108.5 126 0.125-0.35 0.211 0.150 0.350 

High ≥ 131 157.5 136.5 173.5 > 0.350 0.813 0.400 1.800 

 

After the creation of these exposure tertiles, ArcGIS was again employed to re-create the 

exposure maps presented in Chapter 7, in order to illustrate the spatial variability of low, 
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medium and high THM and nitrate exposure areas. The new maps confirmed the 

observations made in section 7.2.3 and are displayed in Appendix 5. 

 

8.4.2 Population characteristics 

A total of 16,229 pregnant women from Perth, Western Australia for the period 2002-2004 

were included in the study. These individuals resided within 2,348 collector‟s districts 

which were nested in 24 water distribution zones. The characteristics of the study 

population are summarized in Table 8-4. 

 

Table 8-4 Characteristics of the study population in the Perth metropolitan region 

Individual 

characteristics 

Study Population 

n (%) 

PROM 

n (%) 

pPROM 

n (%) 

Total births 16,229  (100) 687  (4.23) 291  (1.79) 

Age 

14 - 19 1348  (8.3)  49  (7.1) 18  (6.19) 

20 - 25 3730  (23.0) 185  (26.9) 53  (18.21) 

26 - 30 5224  (32.2) 242  (35.2) 85  (29.21) 

31- 35 4416  (27.2) 160  (23.2) 94  (32.30) 

36 - 40 1341  (8.3) 44  (6.4) 35  (12.03) 

40+ 170  (1.0)  7  (1.0) 6  (2.06) 

Smoked during pregnancy 

Yes 2291  (14.1) 100  (14.6) 43 (14.78) 

Socioeconomic status 

SEIFA category 1 1011  (6.2) 49  (7.1) 20  (6.87) 

SEIFA category 2 2402  (14.8) 104  (15.1) 46  (15.81) 

SEIFA category 3 3881  (23.9) 183  (26.6) 73  (25.09) 

SEIFA category 4 4240  (26.1) 176  (25.6) 70  (24.05) 

SEIFA category 5 2912  (17.9) 117  (17.0) 53  (18.21) 

SEIFA category 6 1783  (11.0) 58  (8.4) 29  (9.97) 

 

A total of 687 PROM cases and 291 pPROM cases met the study criteria. Overall, PROM 

and pPROM cases were more likely to be located in an area classified as one of the three 

lowest SEIFA categories, that is, they lived in a relatively disadvantaged area. However, 
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there was more variability within pPROM cases, with some more likely to live in less 

disadvantaged areas as well. There was also a slightly higher incidence of smoking during 

pregnancy among PROM and pPROM cases. PROM cases were more likely to fall within 

20 – 30 years of age compared to the entire study population but pPROM cases were more 

likely to be aged 31 and above compared to the study population. However, differences 

were negligible and generally demographic features were comparable. 

 

The distribution of the study population across the three exposure tertiles is illustrated in 

Table 8-5. 

 

Table 8-5 Distribution of the study population across the exposure tertiles 

 Trihalomethane exposure Nitrate exposure 

Total Low Medium High Low Medium High 

Number of 

distribution 

zones 

6 10 8 9 7 8 24 

Total 

pregnant 

women 

1,039 7,892 7,108 7,250 5,628 3,351 16,229 

PROM 

prevalence 

proportion 

4.23% 4.16% 3.77% 3.60% 4.50% 5.10% 4.23% 

pPROM 

prevalence 

proportion 

1.73% 1.65% 1.60% 1.52% 1.79% 1.52% 1.61% 

 

The proportion of women who experienced prelabour rupture of membranes (both term and 

preterm) remained relatively consistent across the three trihalomethane exposure groups 

and was comparable to the regional rate. However, PROM prevalence increased with 

increasing nitrate exposure from 3.6% in the low nitrate exposure tertile to 5.1% in the high 

exposure category. An equivalent trend was not exhibited for pPROM across the nitrate 

exposure tertiles. 
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8.4.3 Poisson regression 

Regression analyses was performed using Poisson and negative binomial models in the 

Stata version 10.0 statistical program to evaluate if there is an association between water 

quality and prelabour rupture of membranes, and to derive formal relative risk estimates. 

As outlined in section 5.5.1 Poisson regression was selected as the most appropriate model 

for the data. It was necessary to aggregate individual-level data to the distribution-level as 

this was the level for which exposure information was available. Therefore, each individual 

within a particular distribution zone was classified with the same exposure. This method is 

common in population health research, particularly when investigating environmental 

exposures [208, 211, 226, 251, 397], but provides information only at the macro-level. 

 

The variables used in this analysis were described in Table 5-4 in chapter 5. Summary 

statistics were run on all variables prior to modelling to examine whether over-dispersion 

was present in the model (if variance > mean). Poisson regression models were used to 

estimate the prevalence (incidence rate-ratios) of the dichotomous variables, PROM and 

pPROM, with 95% confidence intervals. Models were run first with only the appropriate 

exposure variable, then with the addition of SEIFA to estimate the socioeconomic status of 

each water distribution zone. The value of SEIFA was generated by aggregating SEIFA 

values for all collection districts within each distribution zone and obtaining an average. No 

other variables were included and all analyses present the results adjusted for 

socioeconomic status. After the model was run, a goodness-of-fit test was conducted to 

check whether the Poisson distribution was appropriate. If this was statistically significant 

then over-dispersion was confirmed and a negative binomial model was generated instead. 

A table indicating the selection of the final model is presented in Appendix 6. 

 

Table 8-6 presents the results for disinfection by-products and prelabour rupture of 

membranes, showing rate ratios (RR) and 95% confidence intervals (CI). After adjustment 

for socioeconomic status, exposure to the highest tertiles of nitrate in drinking water were 

significantly associated with an increased risk of PROM, with RR = 1.22 (95% CI 1.02 – 

1.46) and RR = 1.18 (95% CI 1.07 – 1.30) respectively. Classification in the moderate or 

high nitrate exposure groups had a weak association with pPROM [RR = 1.21 (95%CI 0.93 

– 1.57) and RR = 1.03 (95%CI 0.88 – 1.21)] but this was not statistically significant. 
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Classification in the moderate or high TTHM exposure groups was not associated with 

PROM or pPROM. 

 

Table 8-6 Adjusted rate ratios for PROM and pPROM by disinfection by-product exposure 

Water contaminant 

PROM pPROM 

RR* (95% CI) RR* (95% CI) 

TTHMS (μg/L) 

≤ 100 - - 

100 - 130  0.91 (0.63 – 1.31) 0.92 (0.59 – 1.42) 

≥ 131 1.00 (0.81 – 1.23) 1.03 (0.83 – 1.27) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.22 (1.02 – 1.46) 1.21 (0.93 – 1.57) 

> 0.350 1.18 (1.07 – 1.30) 1.03 (0.88 – 1.21) 

* adjusted for socioeconomic status 

Bold denotes statistical significance at the 0.05 level 

 

Unadjusted rate ratios are not shown due to their similarity with adjusted rate ratios. This 

may be due to the crude measure of socioeconomic status available although results from 

Chapter 6 indicate that there is no significant or consistent relationship between 

socioeconomic status and prelabour rupture of membranes. Furthermore, as illustrated in 

Figure 8-7, water quality does not appear to be related to socioeconomic status either. This 

suggests that socioeconomic factors in themselves are not a plausible explanation for the 

observed association. 
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Figure 8-7 Graphical illustration of average SEIFA values by mean disinfection by-product 

exposure values assigned to each water distribution zone 
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Table 8-7 Comparison of smokers and non-smokers’ adjusted rate ratios (95%CI) for PROM 

and pPROM by disinfection by-product 

 PROM pPROM 

Smokers Non-smokers Smokers Non-smokers 

TTHMS (μg/L) 

≤ 100 - - - - 

100 - 130  0.87 (0.43-1.75) 0.89 (0.65-1.21) 0.87 (0.53-1.44) 0.92 (0.56-1.50) 

≥ 131 0.92 (0.64-1.32) 1.01 (0.86-1.18) 0.90 (0.35-2.31) 1.06 (0.83-1.35) 

Nitrate (mg/L) 

≤ 0.125 - - - - 

0.125-0.35 1.19 (0.77–1.85) 1.21 (1.002-1.47) 0.86 (0.43-1.72) 1.26 (0.95-1.68) 

> 0.350 1.24 (0.95-1.61) 1.17 (1.05-1.30) 1.13 (0.76-1.70) 1.02 (0.86-1.21) 

Bold denotes statistical significance at the 0.05 level 

 

Several birth outcomes known to be associated with pPROM – preterm birth, low birth 

weight and very low birth weight – were also selected for analysis, with the expectation 

that they would exhibit similar relationships with water contaminants as pPROM if a true 

association did exist. Table 8-8 presents the RRs and 95% CIs for the study‟s secondary 

birth outcomes: preterm birth, low birth weight, and very low birth weight compared to 

pPROM. After adjustment for socioeconomic status, no association was found for any 

outcome and residence in moderate or high TTHM or nitrate areas, a result similar to that 

detected for pPROM. 
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Table 8-8 Adjusted rate ratios for secondary birth outcomes by disinfection by-product 

exposure compared to pPROM 

 
Preterm birth 

Low birth 

weight 

Very low birth 

weight 
pPROM 

RR* (95% CI) RR* (95% CI) RR* (95% CI) RR* (95% CI) 

TTHMS (μg/L) 

≤ 100 - - - - 

100 - 130  0.81 (0.66-1.00) 0.97 (0.74–1.26) 1.27 (0.72–2.22) 0.92 (0.59–1.42) 

≥ 131 0.94 (0.85-1.04) 0.96 (0.84–1.10) 1.14 (0.86–1.51) 1.03 (0.83–1.27) 

Nitrate (mg/L) 

≤ 0.125 - - - - 

0.125-0.35 1.07 (0.94-1.22) 0.95 (0.81-1.12) 1.01 (0.75-1.37) 1.21 (0.93–1.57) 

> 0.350 1.04 (0.96-1.13) 0.97 (0.88-1.08) 0.87 (0.70-1.07) 1.03 (0.88–1.21) 

* adjusted for socioeconomic status 

 

With regard to TTHMs, Australia has substantially higher guideline values than most other 

developed nations. The European Union and World Health Organisation have both set 

limits of TTHMs at 100μg/L, with the US even more conservative with a standard of 

80μg/L compared to the guideline of 250μg/L currently present in Australia. Therefore, all 

primary and secondary health outcomes were re-analysed to compare populations exposed 

to TTHM levels > 100μg/L with populations exposed to levels ≤ 100μg/L. Secondary 

outcomes were analysed for the additional function of comparison with similar studies in 

the international literature. For the purposes of this analysis, the two highest tertiles of 

exposure were combined and compared to the baseline (≤ 100μg/L). Table 8-9 summarises 

these results. No increased risks were evident for any of the birth outcomes examined and 

exposure to TTHM levels above international guideline values. 
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Table 8-9 Adjusted rate ratios for TTHM exposure above international guideline values and 

reproductive health outcomes 

 RR* (95% CI) 

Primary health outcomes 

PROM 0.981 (0.703 – 1.369) 

pPROM 0.995 (0.657 – 1.505) 

Secondary health outcomes 

Preterm birth 0.849 (0.698 – 1.034) 

Low birth weight 0.941 (0.731 – 1.210) 

Very low birth weight 1.282 (0.751 – 2.187) 

* adjusted for socioeconomic status 

 

8.4.4 Multilevel Regression 

The data collected for this study was at three levels: distribution-level, collection district-

level and individual-level. Traditional regression techniques, including those described 

above, tend to deal with a single level of information. Thus, all data was required to be 

aggregated to the distribution-level as this was the only format in which exposure 

information was available. 

 

In a multilevel model, the groups in the sample are treated as a random sample from a 

population of groups, allowing the quantification of variation among distribution zones in 

the population more generally. This allows the identification and estimation of patterns of 

variation in the underlying population of distribution zones. Once this is done, it becomes 

possible to attempt to explain the patterns in terms of general characteristics of the 

distribution zones by incorporating further variables into the model [344]. Essentially, this 

method allows the distribution zones to be used as a measure of exposure. 

 

Multilevel models allow for the existence of data at different levels by allowing for residual 

components at each level within the hierarchy. By accounting for variation at all levels and 

treating each case as an independent observation instead of aggregating the data to one 

level (as was the case with the Poisson models), standard errors of the regression 

coefficients are more accurate and statistical significance is less likely to be overstated 
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[345]. In addition, it allows the quantification of the importance of the district 

(neighbourhood) effect for understanding individual health [398]. 

 

Multilevel statistical models permit the analysis of ecological and individual level 

exposures simultaneously. The ecological variable of most interest in this study was the 

water distribution zone, a proxy for water quality. According to Morgenstern [399] this 

would be classified as an environmental ecological variable: physical characteristics of a 

place that can be measured at either the ecological or individual level. As with most 

environmental variables, due to reasons of practicality, measurement was only available at 

the ecological level. 

 

Multilevel analysis should be considered when variability exists between groups on 

individual-level outcomes. Results from health data mapping (section 8.2) and the 

calculation of SMRs (section 8.3) suggested a priori that the prevalence of PROM and 

pPROM varied by geographic area and thus, multilevel modelling was highly suitable as an 

additional method of analyses. 

 

For this stage of analyses, logistic regression (logit) models were applied. A more detailed 

explanation of these methods is provided in 5.5.2. The primary binary response variables 

used in the models were PROM and pPROM. Secondary binary response variables 

included preterm birth, low birth weight, very low birth weight, and stillborn. The aim of 

the analysis was to identify any factors associated with the incidence of these birth 

outcomes while accounting for different underlying probabilities due to the distribution 

zones and collection districts. The data had a three-level hierarchical structure, with 16,229 

women nested within 2,348 collection districts within 24 water distribution zones. 

 

The multilevel modelling process was stepwise. The first step examined the null model of 

overall probability of PROM or pPROM without adjustment for covariates, with β0 an 

overall random effect that accounts for differences between distribution zones (i.e. the 

intercept was allowed to vary randomly by distribution zone). Next, a random intercept 

model was constructed with a single residual for each level of data. This had the effect of 

partitioning the residual variance into a between-level and within-level component, with 

only the intercept term in the regression equation assumed to vary randomly across a level 
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(e.g. across collection districts or across distribution zones).  The effects of explanatory 

variables (e.g. smoking) were assumed to be the same for each level. By calculating 

separate residual terms for each level of analysis (i.e. randomly varying intercepts between 

ecological units for the regression equation) a more conservative estimate of the standard 

error was achieved [400]. A single-level logistic regression model with the single 

explanatory variable “exposure” was initially generated. Unadjusted odds ratios are 

presented in Appendix 7. 

 

In order to adjust for potential confounders, the model was gradually extended to include 

all explanatory variables. Individual-level variables (e.g. smoking, maternal age) were 

added first followed by district-level variables (SEIFA). As each explanatory variable was 

added to the model, the standard errors decreased.  

 

Multilevel models are computationally intensive and thus MLwiN employs quasi-

likelihood methods to transform discrete response models to continuous response models.  

This transformation requires an approximation to be used. For the models in this study, 1
st
 

order marginal quasi-likelihood (MQL) was used to provide the crudest approximation, 

with recognition that this may bias estimates downwards.  This value was then used as the 

starting point for 2
nd

 order predictive quasi-likelihood (PQL) approximation. In general, no 

difference was found between the estimates provided by these two methods. Where a 

difference was observed, PQL approximations were recorded as the final model.  

 

A final 3-level random intercept model was built with the inclusion of the exposure 

indicator as well as other potential risk factors and confounders including maternal age, 

smoking, and socioeconomic status. All the models that were generated at each level of 

analysis, including models that incorporated the obstetric risk factors presented in Chapter 

6 are displayed in Appendix 7. Table 8-10  and Table 8-11 presents the results of the crude 

and adjusted final models for disinfection by-products and prelabour rupture of membranes, 

showing odds ratios (OR) and 95% confidence intervals (CI). In the final multilevel 

analysis, exposure to increasing concentration of trihalomethanes in drinking water did not 

appear to be associated with an increase in prelabour rupture of membranes. Odds ratios, 

while slightly elevated, remain very close to 1. The crude odds ratios for PROM increased 

with each tertile of nitrate exposure. After adjustment, the risk of PROM remained 
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significantly increased for those individuals residing in moderate and high exposure areas 

for nitrate in drinking water, with OR = 1.23 (95% CI 1.03 – 1.23) and OR = 1.47 (95% CI 

1.20 – 1.79) respectively. The CIs are narrower indicating that the estimates are more stable 

and for residents living in high exposure areas, the risk has slightly increased after 

adjustment for confounders. These estimates also reflect a dose-response trend, with an 

increasing risk estimate across exposure tertiles. 

 

Table 8-10 Crude and adjusted odds ratios for PROM by disinfection by-product exposure 

 Crude OR 

 (95% CI) 

Adjusted OR* 

(95% CI) 

TTHM (μg/L) 

≤ 100 - - 

100 - 130  1.03 (0.76 – 1.40) 1.03 (0.72 – 1.49) 

≥ 131 1.04 (0.77 – 1.41) 1.07 (0.73 – 1.56) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.25 (1.03 – 1.52) 1.23 (1.03 – 1.23) 

> 0.350 1.42 (1.15 – 1.76) 1.47 (1.20 – 1.79) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status, maternal age and smoking 

 

Table 8-11 Crude and adjusted odds ratios for pPROM by disinfection by-product exposure 

 Crude OR  

(95% CI) 

Adjusted OR* 

(95% CI) 

TTHM (μg/L) 

≤ 100 - - 

100 - 130  0.93 (0.60 – 1.42) 0.92 (0.60 – 1.42) 

≥ 131 1.05 (0.68 – 1.62) 1.00 (0.65 – 1.55) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.22 (0.94 – 1.58) 1.17 (0.90 – 1.52) 

> 0.350 1.09 (0.80 – 1.49) 1.10 (0.80 – 1.50) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status, maternal age and smoking 
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A three-level random intercept model allows for water distribution zone and collection 

district effects on the probability of prelabour rupture of membranes but assumes the effect 

is the same for each individual (i.e. it assumes fixed parameters). Thus, it allows the 

probability of the outcome to vary across distribution zones and collection districts but has 

assumed that the effects of the explanatory variables are the same for each zone or district.  

 

As indicated by the literature review in Chapter 3, a variety of disinfection by-products 

may be of interest. Furthermore, if a relationship does exist between water quality and 

prelabour rupture of membranes, it may reflect a combination or mixture of several specific 

water contaminants and not the actions of a single chemical. Data were available for two 

water contaminants in this study and thus an attempt were made to investigate a potential 

interaction between these agents. An interaction term was created by multiplying category 

codes for TTHMs and nitrates. Unfortunately, there was not enough variation within this 

variable to make analysis viable (see Table 8-12). For example, no distribution zones were 

classified as medium exposure for both TTHMs and nitrate nor were any categorised as 

high exposure for both TTHMs and nitrate while only one was classified as low exposure 

for both. 

 

Table 8-12 Matrix of the number of water distribution zones classified by exposure categories 

for trihalomethanes and nitrates 

 TRIHALOMETHANES 

LOW MED HIGH 

N
IT

R
A

T
E

 LOW 1 6 2 

MED 1 0 6 

HIGH 4 4 0 

 

Although a true interaction analysis was impractical, it was possible to explore a simpler 

model of heterogeneity across the two exposure categories. This involved the construction 

of two separate databases. The first database was comprised only of those water 

distribution zones that were classified as low THM (≤117μg/L) exposure areas. This cut-off 

was selected on the basis of results presented earlier in Figure 8-5. Multilevel logistic 

regression was then performed to evaluate the effect of moderate and high nitrate exposure 
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areas within the selected distribution zones on the prevalence of PROM. Table 8-13 

presents the odds of PROM by nitrate exposure within the low THM distribution zones. In 

areas where THM levels were low, the adjusted odds ratios for PROM increased 

significantly with exposure to 0.125-0.35 mg/L of nitrate (OR 2.88; 95%CI 1.14 – 7.32) 

and exposure to > 0.35mg/L of nitrate (OR 1.54; 95%CI 1.24 – 1.90). The wider CIs 

possibly reflect the reduced sample size of this database. 

 

Table 8-13 Adjusted odds ratios for PROM by nitrate exposure within low THM exposure 

areas 

Nitrate (mg/L) 

PROM 

OR* (95% CI) 

≤ 0.125 - 

0.125-0.35 2.88 (1.14 – 7.32) 

> 0.350 1.54 (1.24 – 1.90) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status, maternal age and smoking 

 

The second database extracted those distribution zones that were classified as high THM 

(>117μg/L) exposure areas. Table 8-14 displays the odds of PROM by nitrate exposure 

within the high THM distribution zones. In areas where THM levels were high, the 

adjusted odds ratios for PROM showed an increasing trend with exposure to 0.125-

0.35mg/L of nitrate (OR 1.03; 95%CI 0.70 – 1.51) and exposure to >0.35mg//L of nitrate 

(OR 1.13; 95%CI 0.63 – 2.03) although neither of these relationships attained statistical 

significance. 

 

Table 8-14 Adjusted odds ratios for PROM by nitrate exposure within high THM exposure 

areas 

Nitrate (mg/L) 

PROM 

OR* (95% CI) 

≤ 0.125 - 

0.125-0.35 1.03 (0.70 – 1.51) 

> 0.350 1.13 (0.63 – 2.03) 

Bold denotes significance at the 0.05 level 
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* adjusted for socioeconomic status, maternal age and smoking 

 

As with the Poisson regression analyses in section 8.4.3, several secondary birth outcomes 

were also analysed using multilevel regression for comparative purposes. Table 8-15 

presents the ORs and 95% CIs for the secondary birth outcomes by disinfection by-product 

exposure. After adjustment for socioeconomic status, no association was found for any 

outcome and exposure to TTHMs or nitrate in drinking water. 

 

Table 8-15 Comparison of adjusted odds ratios for secondary birth outcomes by disinfection 

by-product exposure with pPROM  

 
Preterm birth 

Low birth 

weight 

Very low birth 

weight 
pPROM 

RR* (95% CI) RR* (95% CI) RR* (95% CI) RR* (95% CI) 

TTHMS (μg/L) 

≤ 100 - - - - 

100 - 130  0.81 (0.65-1.01) 0.92 (0.70-1.21) 1.07 (0.57-2.00) 0.92 (0.60–1.42) 

≥ 131 0.85 (0.68-1.05 0.93 (0.70-1.22) 1.19 (0.63-2.24) 1.00 (0.65–1.55) 

Nitrate (mg/L) 

≤ 0.125 - - - - 

0.125-0.35 1.08 (0.94-1.24) 0.97 (0.81-1.14) 1.10 (0.74-1.64) 1.17 (0.90–1.52) 

> 0.350 1.09 (0.92-1.28) 0.87 (0.71-1.07) 0.71 (0.44-1.15) 1.10 (0.80–1.50) 

 

As noted, traditional epidemiological methods typically only analyze data at the individual- 

(logistic regression) or group- (Poisson regression) level. Multilevel regression techniques 

allow the simultaneous examination of individual- and group-level effects on individual-

level outcomes. Table 8-16 provides a comparison of the adjusted odds ratios for PROM 

and pPROM using traditional Poisson regression and multilevel logistic regression 

methods. 
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Table 8-16 Comparison of adjusted odds ratios for PROM and pPROM by disinfection by-

products using traditional Poisson regression and multilevel logistic regression methods 

 PROM  pPROM  

Poisson 

Regression 

RR (95% CI)* 

Multi-level 

Logistic 

Regression 

OR (95% CI)
†
 

Poisson 

Regression 

RR (95% CI)* 

Multilevel 

Logistic 

Regression 

OR (95% CI)
†
 

TTHM (μg/L) 

≤ 100 - - - - 

100 - 130  0.91 (0.63 – 1.31) 1.03 (0.72 – 1.49) 0.92 (0.59 – 1.42) 0.92 (0.60 – 1.42) 

≥ 131 1.00 (0.81 – 1.23) 1.07 (0.73 – 1.56) 1.03 (0.83 – 1.27) 1.00 (0.65 – 1.55) 

Nitrate (mg/L) 

≤ 0.125 - - - - 

0.125-0.35 1.22 (1.02 – 1.46) 1.23 (1.03 – 1.23) 1.21 (0.93 – 1.57) 1.17 (0.90 – 1.52) 

> 0.350 1.18 (1.07 – 1.30) 1.47 (1.20 – 1.79) 1.03 (0.88 – 1.21) 1.10 (0.80 – 1.50) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status 

† 
adjusted for socioeconomic status, maternal age and smoking 

 

In general, the nature and direction of associations between pPROM and each water 

contaminant did not notably differ markedly through the use of the different regression 

techniques with slight adjustments to the β coefficients and standard errors the only 

changes. Compared to the negative (non-significant) result produced by Poisson regression, 

exposure to between 100 – 130μg/L of TTHMs now resulted in a small, but still non-

significant, increase in the risk of PROM. Moderate exposure to nitrate in drinking water 

resulted in similar risk estimates but exposure to >0.35mg/L of nitrate resulted in a 

substantially increased risk of PROM using risk estimates provided by the multilevel 

modelling. This increase also had the effect of producing a dose-response trend for nitrate 

exposure which was not evident from Poisson regression estimates. 

 

8.4.5 Bayesian methods 

As discussed in Chapter 7, independent water sampling was conducted for the purposes of 

validating and improving exposure estimates. Six water distribution zones were selected in 
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the Perth metropolitan region and a comprehensive sampling program carried out. The 

information collected was entered into the WinBUGS statistical program and Markov chain 

Monte Carlo (MCMC) simulations performed. This process combined existing exposure 

data from the Water Corporation, which was used as a “prior”, with the independently 

collected data to provide a “posterior” estimate of the mean THM and nitrate 

concentrations for each of the distribution zones sampled. Table 8-17 and Table 8-18 

present summary information for each distribution zone obtained from this process, 

including the reclassification of zones into “high”, “medium” and “low” exposure groups 

using the updated posterior means. 
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Table 8-17 Summary table displaying updated trihalomethane means and exposure categories for six water distribution zones after independent 

sampling 

 Existing data Independent sampling 

Prior 

Mean 

Exposure 

Category 

Posterior 

Mean 

Exposure 

Category SD 

2.5% 

quartile Median 

97.5% 

quartile 

Armadale 71.5 1 41.59 1 5.656 30.73 41.51 53.25 

Foothills 140.7 3 187.0 3 11.17 163.7 187.3 208.3 

Hills Direct 111.9 2 105.8 2 11.29 83.6 105.7 128.6 

Mount Yokine 159.5 3 189.3 3 14.31 159.2 189.8 215.9 

South Perth 144.8 3 146.9 3 10.31 126.5 146.9 167.4 

West Yokine 127.3 2 177.4 3 5.99 165.2 177.4 189.2 
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Table 8-18 Summary table displaying updated nitrate means and exposure categories for six water distribution zones after independent 

sampling 

 Existing data Independent sampling 

Prior 

Mean 

Exposure 

Category 

Posterior 

Mean 

Exposure 

Category SD 

2.5% 

quartile Median 

97.5% 

quartile 

Armadale 0.025 1 0.045 1 0.010 0.025 0.045 0.062 

Foothills 0.225 2 0.570 3 0.216 0.141 0.572 0.987 

Hills Direct 0.100 1 0.117 1 0.039 0.040 0.117 0.195 

Mount Yokine 0.350 3 0.773 3 0.292 0.275 0.744 1.506 

South Perth 0.225 2 0.512 3 0.197 0.118 0.515 0.888 

West Yokine 0.600 3 0.623 3 0.050 0.524 0.623 0.723 
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Once these distribution zones had been reclassified, odds ratios were recalculated in the 

MLwiN statistical program. For areas not subject to independent water sampling, the 

original means (from the Water Corporation dataset) were used. To facilitate comparison 

with previous results, a three-level random intercept model, adjusting for maternal age, 

socioeconomic status and smoking was constructed. Table 8-19 presents the results of 

Bayesian modelling. Adjusted odds ratios for PROM increased with increasing tertiles for 

nitrate exposure (ORmoderate= 1.29, 95% CI 1.00-1.65; ORhigh= 1.34, 95% CI 1.09-1.66) but 

there was no significant relationship with trihalomethanes. Neither nitrate nor 

trihalomethane exposure was associated with the risk of pPROM 

 

Table 8-19 Adjusted odds ratios for PROM and pPROM by disinfection by-product using 

Bayesian methods 

 PROM 

OR* (95% CI) 

pPROM 

OR* (95% CI) 

TTHM (μg/L) 

≤ 100 - - 

100 - 130  1.02 (0.70 – 1.47) 0.90 (0.58 – 1.39) 

≥ 131 1.08 (0.75 – 1.56) 1.02 (0.66 – 1.58) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.29 (1.00 – 1.65) 1.20 (0.89 – 1.61) 

> 0.350 1.34 (1.09 – 1.66) 1.11 (0.85 – 1.45) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status, maternal age and smoking 

 

Table 8-20 compares the odds ratios attained using original exposure estimates with the 

odds ratios using Bayesian exposure estimates. The nature and direction of the relationship 

between each water contaminant and PROM or pPROM remain the same regardless of 

which exposure estimates are used. The association between nitrate and the risk of PROM 

retains statistical significance when using Bayesian exposure estimates although the size of 

the standard error has increased.  
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Table 8-20 Odds ratios from multilevel logistic regression using existing exposure information 

compared to Bayesian exposure estimates  

 PROM – OR* (95% CI) pPROM* - OR (95% CI) 

Original 

exposure 

estimates 

Bayesian  

exposure 

estimates 

Original 

exposure 

estimates 

Bayesian 

exposure 

estimates 

TTHM (μg/L) 

≤ 100 - - - - 

100 - 130  1.03 (0.72 – 1.49) 1.02 (0.70 – 1.47) 0.92 (0.60 – 1.42) 0.90 (0.58 – 1.39) 

≥ 131 1.07 (0.73 – 1.56) 1.08 (0.75 – 1.56) 1.00 (0.65 – 1.55) 1.02 (0.66 – 1.58) 

Nitrate (mg/L) 

≤ 0.125 - - - - 

0.125-0.35 1.23 (1.03 – 1.23) 1.29 (1.00 – 1.65) 1.17 (0.90 – 1.52) 1.20 (0.89 – 1.61) 

> 0.350 1.47 (1.20 – 1.79) 1.34 (1.09 – 1.66) 1.10 (0.80 – 1.50) 1.11 (0.85 – 1.45) 

Bold denotes significance at the 0.05 level 

* adjusted for socioeconomic status, maternal age and smoking 

 

 

8.5 DISCUSSION 

To the author‟s knowledge, this is the first study to assess the relative effects of 

environmental agents, specifically drinking water disinfection by-products, on prelabour 

rupture of membranes. Therefore, the study was exploratory in nature, and the design was 

selected to provide preliminary analyses in this emerging field. Disease mapping was the 

first step in examining the potential role of environmental factors in the risk and 

development of prelabour rupture of membranes, and this spatial analysis illustrated 

substantial regional variation in the incidence of this disease. Standardised morbidity ratios 

confirmed that this variation was statistically significant and subsequent regression 

analyses all indicated that exposure to increasing levels of nitrate in drinking water is 

significantly associated with an increased risk of PROM. 

 

In the initial single-level models, Poisson regression was selected as the preferred method 

of preliminary analyses over logistic regression due to the ecological nature of all the 
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exposure measurements, which reflected an average concentration for an entire water 

distribution zone. In the version of Stata used, it was necessary to aggregate observations of 

prelabour rupture of membranes within each distribution zone and focus on a comparison 

of groups as opposed to individuals. However, a limitation of the Poisson estimation 

process (at least in Stata) was the inability to accommodate small area/individual-level 

inferences, which prevented analysis of confounders at a small-level/ individual level. 

 

The multi-level regression approach with MLwiN allowed the inclusion and subsequent 

interpretation of both group-level and individual-level data in an efficient and accurate 

manner. Interestingly, both methods generated similar results including the statistically 

significant association observed between nitrate in drinking water and PROM. The only 

notable difference was an increase in the risk of PROM associated with the highest tertile 

of nitrate exposure, a modification that also resulted in the relationship appearing to 

become “dose” responsive. The similarity between both sets of regression estimates was to 

be expected given that individual-level variables (such as smoking) did not appear to 

influence the relationship in both analysis (nor in the separate analysis conducted in 

Chapter 6), and that the effect of maternal age and socioeconomic status as confounders 

was limited in the multilevel regression. 

 

In deciding which model best represents the data, the multilevel regression analysis has 

several advantages. Firstly, it does account for individual level confounders, despite their 

seemingly small effect. Multi-level modelling also permits adjustment for similarity within 

groups, including the second-level variable: collection district. This geographically defined 

group is limited to 200 households located in clusters, which, due to the grid-like network 

of the water distribution system, are more likely to receive drinking water of a similar 

quality. Thus, the estimates provided in the multilevel regression analysis are preferable. 

Regardless, the consistency of results using multiple statistical techniques generates 

confidence in the main findings. 

 

Several other birth outcomes - preterm birth, low birth weight, and very low birth weight - 

were also investigated to clarify and validate any possible relationship between water 

quality and pPROM. For example, it would be expected that birth outcomes associated with 

pPROM (e.g. preterm birth, low birth weight and very low birth weight) would exhibit a 
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similar relationship with water quality as the one displayed by pPROM. Neither pPROM 

nor any of the other secondary birth outcomes showed an association with trihalomethane 

or nitrate exposure in drinking water. 

 

The extraction of data on these secondary birth outcomes also provided the opportunity to 

compare results with the international literature. Numerous studies have investigated 

whether an association exists between trihalomethanes and preterm birth, with the vast 

majority finding no association [209, 211-214, 216-218, 225, 226], and two others [208, 

227] suggesting a protective effect. This corresponds with the results from this study, 

where risk estimates trended downwards but did not reach statistical significance. 

Toxicology studies have consistently found an association between THM exposure and low 

birth weight but the results were generally attained at extremely high levels of exposure and 

particularly after exposure to chloroform. No significant relationship was recorded between 

increasing trihalomethane concentrations and low birth weight in this study, reproducing 

the results of several epidemiology studies conducted worldwide [209, 211, 213, 217, 224-

226]. Only three studies [212, 213, 224] have looked at very low birth weight and the effect 

of trihalomethane exposure but none found a significant association, a result replicated in 

this study.   

 

Despite the apparent consistency in results between this study and others with regard to 

these secondary birth outcomes, it is also important to note that comparison between 

studies is limited due to differences in study design, particularly the choice of exposure 

assessment. For example, 100μg/L was the highest exposure group of THM used in any of 

the international studies, which, given Perth‟s high variation in THM values, equates to 

only the medium exposure group in this study. Furthermore, this study used an average 

THM value over a two-year period to determine exposure classification, a marked contrast 

to other researchers: Savitz et al [225] used a quarterly value closest to the 28
th

 week of 

pregnancy, Gallagher et al [209] determined the median of all quarterly measurements 

taken during the 3
rd

 trimester of the pregnancy, Dodds et al [213] used the average of all 

quarterly measurements during the final trimester, and Bove et al [212] averaged quarterly 

THM values over the entire pregnancy. 
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It remains uncertain whether the true exposure measure of interest is exposure to nitrate, or 

to another nitrogenous disinfection by-product not currently tested for by authorities but 

indicated by the presence of nitrogen in the water. Research into disinfection by-products 

focused initially on the halogenated compounds and only recently has evidence begun to 

emerge about the occurrence and potentially greater toxicity of the nitrogen-containing 

DBPs [283]. The USEPA has recommended that DBPs such as halonitromethanes and 

haloacetonitriles should be a priority in future health studies based on their predicted 

adverse health effects [309]. It is also possible that biologically more active, but as yet 

undetected, compounds are present in water supplies and may be the true causative agent. 

Research suggests that known disinfection by-products may account for less than 50% of 

the mass of total organic halide in drinking water [309]. Results reported in Chapter 7 

indicate that there is an extremely high correlation between nitrate and nitrogen in Perth 

waters which lends support to the theory that nitrate may be considered a potential 

surrogate indicator of nitrogen containing DBPs. In order to test the theory that nitrated 

disinfection by-products may be producing an effect, limited analyses of exposure 

interaction were conducted. Results indicated that the association between nitrate and 

PROM was strongest (i.e. was statistically significant) in those areas that had the lowest 

levels of THMs. Although a positive relationship was still noticeable in areas of high THM 

concentrations, the relationship no longer reached statistical significance. This may indicate 

that exposure interaction is less likely to be operating in the water supply. Alternatively, it 

is also possible that THM levels are low in these areas because nitrated disinfection by-

products are produced preferentially to trihalomethanes in the water distribution zones. 

This would suggest an inverse relationship, which also occurs between THMs and other 

classes of DBPs in which formation of one or the other group is favoured. Further study is 

required to clarify the true relationship between water quality and PROM. 

 

A link between disinfection by-products and prelabour rupture of membranes could be at 

least partially explained in terms of an oxidative stress mechanism. Oxidative stress has 

been implicated in over 100 diseases [401], and there is growing evidence that they play a 

role in pathological processes in female reproduction, including prelabour rupture of 

membranes. Reactive oxygen species have been identified as possible initiators of the 

enzyme activity which is responsible for prelabour rupture of fetal membranes [80]. As 

outlined in greater detail in Chapter 4, several disinfection by-products commonly found in 
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drinking water have been associated with the formation of reactive oxygen species and this 

exogenous environmental source may contribute to the incidence and development of 

PROM. 

 

Interpretation of the results must allow for several limitations in the study design. The most 

important source of error and possible bias in this study was the possible misclassification 

of exposure. Maternal exposure to disinfection by-products was estimated based on average 

measures for the entire water distribution zone, and thus did not account for individual 

variations in consumption and exposure to disinfection by-products within the exposure 

categories identified. Essentially the exposure estimates provided only the probability of a 

resident within the distribution zone being exposed to a high or low contaminant level and 

thus in effect measured potential, not actual, exposure. The Poisson regression in particular 

used groups as the unit of analysis and as such was vulnerable to ecological fallacy, defined 

as being a false inference of the association of individual level variables on the basis of the 

observed association of the parallel ecological variables [400]. However, this is not to say 

that studies where some measure of individual exposure to drinking water contaminants is 

incorporated into analysis are not without their own limitations. Variability in personal 

estimates may lead to measurement error and often subsequent attenuation in health risk 

estimates using the classical error model [402]. Attenuation is less likely to occur when 

group estimates are used (e.g. mean estimate of water distribution zone) because of the 

presence of Berkson errors, although less precise risk estimates may be generated. 

Activities such as the ingestion of tap water, and those more specifically related to THM 

exposure (showering, bathing, swimming) will differ from person to person, but studies 

have shown that the mean and distribution of such estimates are likely to be similar on a 

population level [403], although ideally a detailed exposure assessment study should be 

carried out among the study population to confirm this. Thus the difference between water 

distribution zone means may perhaps be the predominant factor in determining exposure. 

Indeed, as noted in Chapter 7, within-zone variability with respect to contaminant 

concentrations was much lower than between-zone variability, a situation which some 

researchers have suggested indicates that water zone means are a valid way of 

differentiating exposure to water contaminants between individuals [174]. 
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Exposure misclassification may also have been introduced because of residential mobility 

during pregnancy or from exposures outside the home. Relocation during pregnancy has 

not been extensively studied in Australia but a survey of 78 pregnant women in Perth 

conducted by colleagues (Kim Chisholm, unpublished data) in 2004-2005 found that 15.6% 

of participants reported moving throughout their pregnancy. This finding is similar to 

international studies which have reported between 12-25% of women may move during 

their pregnancy [228, 404, 405] . However, it is noteworthy that at least one of these studies 

[404] also reported that the majority of moves occurred within a small area. No attempt was 

made to adjust for residential mobility in this study because the critical exposure period 

during pregnancy for PROM is unknown and thus it would not have been possible to 

identify the time at which subjects should be reclassified. Furthermore, trends in migration 

were not expected whereby people consistently preferentially moved from high 

THM/nitrate to low THM/nitrates areas (or vice versa) and thus any misclassification that 

did occur would be non-differential. In addition, because the ecological exposure is stable 

over time (results displayed in section 7.2.2), there is no need to specify lag time between 

exposure and outcome, a factor which can lead to exposure misclassification [400]. 

Exposures outside the home (e.g. at work) were also not accounted for although studies 

have indicated that consumption of water outside the home for pregnant women is unlikely 

to be a major source of exposure misclassification [406]. 

 

Unlike the other disinfection by-products, nitrate has several other exposure pathways 

including food and air pollution. Although air pollution is only a minor factor towards total 

exposure, food is the predominant source of nitrate for adults, contributing between 30-

95% of overall nitrate exposure, depending on the concentration of nitrate in an individuals 

drinking water [253, 256, 407, 408]. It was not possible within the constraints of this study 

to account for individual variations in diet, although any misclassification that may have 

occurred is again likely to be non-differential in nature. 

 

It is suggested that future studies should attempt to estimate the study subject‟s personal 

exposure to disinfection by-products in conjunction with area-wide measures of DBP 

concentrations to improve exposure assessment. The inclusion of dietary exposure to nitrate 

will also help elucidate if the agent of interest is indeed nitrate or another nitrated 

disinfection by-product. With regard to current results, however, where exposure 
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misclassification may have occurred, it is expected to be non-differential misclassification 

and as such, would tend only to attenuate the risk estimates for DBP exposures [409, 410].  

 

The exposure estimates in this study are strengthened by the findings outlined in Chapter 7 

which indicated that spatial variation or within-distribution zone variation was confined 

and significantly less than between-distribution zone variation for both trihalomethanes and 

nitrates. Thus, the average value assigned to each distribution zone can be considered 

representative of the entire area. Independent sampling also verified the use of existing 

Water Corporation data diminishing concerns as to its accuracy. In addition, Bayesian 

methods were employed to utilise the independent water sampling results with prior 

existing information from the Water Corporation. The aim was to examine whether these 

updated estimates caused a significant shift in exposure classifications and subsequent odds 

ratios. Overall, incorporation of the new data did not alter the main finding. Re-analysis 

confirmed the significant association between exposure to nitrate and PROM with a similar 

dose-response trend albeit with somewhat reduced odds ratios. The lack of difference was 

expected given that the results of the earlier validation study indicated that existing data 

was valid and reliable. 

 

In summary, spatial epidemiological analyses provided consistent, albeit preliminary 

evidence to suggest that there is a relationship between exposure to nitrate in drinking 

water and the development of PROM. It is uncertain whether nitrate per se is likely to be 

the agents of interest, or whether this compound primarily acts as an indicator for the 

formation of other nitrogenated compounds, such as halonitromethanes. Despite the 

potential importance of such a finding, interpretation requires caution and the results need 

to be confirmed by a study with a more rigorous exposure assessment at the individual 

level. However, one advantage of examining ecological variables is that it promotes the 

opportunity to lead an intervention focussed on place rather than people.  
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CHAPTER 9: DISCUSSION 

 

The aim of this thesis was to examine the population characteristics of prelabour rupture of 

membrane in Perth, Western Australia, identifying demographic, obstetric and 

environmental risk factors for a defined study population and ascertaining the perinatal 

outcomes associated with it. 

 

The main findings and the implications for both obstetric management and public health 

policy are discussed in relation to the study objectives, followed by a consideration of the 

overall strengths and limitations of the study design. Finally, possible directions for future 

research and conclusions are presented. 

 

9.1 STUDY FINDINGS 

9.1.1 OBJECTIVE 1: Examine risk factors and perinatal 

outcomes associated with prelabour rupture of membranes 

The evidence presented in Chapter 6 provides confirmation of suspected risk factors for 

PROM and pPROM and the identification of several new predictive variables, including 

threatened preterm labour and pre-eclampsia. The results also call attention to the fact that 

different risk factors are associated with term PROM compared to preterm PROM, possibly 

suggesting a divergent aetiological pathway. For example, decreasing maternal age was 

significantly associated with an increased risk of term PROM, whereas increasing maternal 

age was associated with an increased risk of preterm PROM. Future research should 

continue to examine these as separate outcomes.  

 

Currently, there is insufficient literature on the risks and consequences of term PROM, with 

the majority of research focussing on the more serious outcomes related to preterm PROM. 

While acknowledging the severity of complications associated with pPROM, PROM is the 

more common outcome, and as this study demonstrated, is independently associated with 

perinatal complications including fetal distress (OR 1.19; 95%CI 1.00-1.43)  and post-
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partum haemorrhage (OR 1.99; 95%CI 1.60-2.48). Furthermore, analysis indicated that 

increasing gestational age after 37 weeks can increase the risk of these complications, a 

novel finding in this field of research, although uncomplicated post-term pregnancies have 

been associated with a range of outcomes, including an increased risk of fetal distress 

during labour [411, 412], chorioamnionitis [413], Caesarean deliveries [411, 413], and fetal 

mortality [414]. The finding may have important implications for the clinical decision over 

whether or not to induce labour after membrane rupture. The relative benefits of induction 

and expectant management in term PROM is somewhat controversial due to the conflicting 

results of the existing literature. Duff [36] observed a significant increase in Caesarean rates 

in women presenting with PROM who were induced, whereas Wagner et al [148] found 

that Caesarean rates did not increase with induction, and that women in this group were less 

likely to require antibiotics. A large international multi-centre study found no significant 

difference in rates of infection or Caesareans between immediate and delayed induction, 

but observed higher patient satisfaction with immediate induction [40]. Combined with the 

findings in this study demonstrating increased fetal distress and PPH with increased 

gestational age at delivery among PROM patients, it may be prudent to recommend 

immediate induction after membrane rupture. The results have additional implications for 

obstetricians including when to initiate screening for potential problems after the pregnancy 

reaches term and when to initiate delivery plans. More generally, the results also contribute 

to the ongoing debate among obstetricians regarding the gestational age at which 

intervention (i.e. induction of labour) is more appropriate than expectant management 

[413]. In light of these findings, further studies on term PROM, including examination of 

additional risk factors and both perinatal and neonatal outcomes, are highly recommended. 

 

A number of perinatal complications in the study were observed to be associated with the 

presentation of preterm PROM compared to women without prelabour rupture of 

membranes, including prolapsed cord (OR 13.95; 95%CI 4.57-42.61), ante-partum 

haemorrhage (OR 3.29; 95%CI 2.20-4.91), post-partum haemorrhage (OR 2.12; 95%CI 

1.54-2.91), low birth weight (OR 17.79; 95%CI 13.87-22.82), very low birth weight (OR 

20.01; 95%CI 14.12-28.35), and stillbirth (OR 5.42; 95%CI 2.87-10.21). The results 

corroborated previous findings in the international literature, and a significant trend was 

also detected between the decreasing frequency and severity of complications and 

increasing gestational age. However, when the perinatal outcomes were compared between 
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pPROM patients and other preterm deliveries, the risks were noticeably similar, indicating 

that the complications selected for analysis in this study arose due to the timing of the 

delivery and not the actual membrane rupture per se. Therefore, it is important for future 

analyses to compare pPROM patients to both women without prelabour rupture of 

membranes and women with other preterm births to account for this possible overlap. 

However, the risk factors between the two outcomes varied and this may suggest that a 

different aetiological pathway exists between preterm PROM and other preterm deliveries. 

Obstetricians need to be aware of the different risk profiles for these complications. 

 

In conclusion, these results can be extremely useful in guiding and assisting practitioners 

with the diagnoses, management and treatment of both term and preterm prelabour rupture 

of membranes. 

 

9.1.2 OBJECTIVE 2: Examine the prevalence and spatial 

variability of prelabour rupture of membranes 

The identification of spatial variability in the prevalence of prelabour rupture of membranes 

in Perth, Western Australia was the first step in determining whether environmental risk 

factors may play a role in the development of this condition. Geographic Information 

Systems (GIS) provided a visual tool to examine the differences in the spatial distribution 

of PROM and pPROM, which was confirmed statistically through the use of standardised 

morbidity ratios. A thematic map of PROM rates in the Perth metropolitan area indicated 

that women living in the northern suburbs – serviced by groundwater - had a higher 

incidence rate of PROM compared to women residing in the southern suburbs (supplied by 

surface waters). Standardised morbidity ratios further supported this finding. For example, 

the northern water distribution zone of Wanneroo had a significantly higher rate of PROM 

(SMR 1.43; 95%CI 1.08–1.84) than the Perth average, whereas the southern water 

distribution zone of Armadale had a significantly lower rate of PROM (SMR 0.30; 95%CI 

0.1-0.72) than the Perth average. However, it is important to note that this pattern was not 

evident in all of the water distribution zones, and that statistical significance (at 95% 

confidence) was only attained in three of the twenty-four zones. GIS are increasingly used 

in environmental epidemiology studies for preliminary exploratory analysis and to improve 

exposure assessment [415]. Within this study, it was initially employed to spatially define 
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the study population, identify the sources of exposure and ensure that there was sufficient 

variation in exposure and health across the study area. It was then utilised to estimate 

environmental levels of each contaminant and subsequently design the exposure metrics for 

the epidemiological analyses, improving the exposure assessment process. 

  

9.1.3 OBJECTIVE 3: Examine the relationship between water 

quality and prelabour rupture of membranes 

As demonstrated in Chapter 8, women living in areas with moderate (OR 1.23; 95%CI 

1.03-1.23) and high (OR 1.47; 95%CI 1.20-1.79) levels of nitrate in drinking water have an 

increased risk of term PROM, after adjustment for smoking, socioeconomic status and 

maternal age. These preliminary results in no way suggest that nitrate exposure is the 

primary risk factor for PROM, although they do indicate that exposure to nitrate (or those 

contaminants with which nitrate is correlated) in drinking water may contribute to the 

overall risk of PROM. This thesis has argued that the process may occur within the context 

of an established aetiological pathway: oxidative stress. (proposed in Chapter 4 and 

illustrated in Figure 9-1). Oxidative stress has been strongly implicated in the promotion of 

inappropriate MMP activity within the fetal membranes [134-137] and several disinfection 

by-products have been associated with the formation of reactive oxygen species [321-324]. 

 

Figure 9-1 Potential pathways to prelabour rupture of membranes 
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To the author‟s knowledge, this study represents the first attempt to identify the role of 

environmental risk factors (with the exception of cigarette smoke) - in this case disinfection 

by-products - in the development of prelabour rupture of membranes. Further research is 

thus required to corroborate initial findings and to elucidate whether it is nitrate per se that 

is the agent of interest or whether the finding is indicative of another toxin in water related 

to nitrate concentrations. 

 

Despite growing epidemiological and toxicological evidence regarding the effect of 

disinfection by-products, Australia continues to maintain some of the highest guideline 

values in the developed world (outlined in Chapter 3). Furthermore, these guidelines are not 

legally enforceable as Australia does not impose mandatory regulation of drinking-water 

supplies. Instead, a number of voluntary guidelines with different quality requirements are 

used [154]. This is in stark contrast to the United States of America and European 

countries, where continual assessment leads to updated and revised mandatory health 

standard values. Currently, a situation exists whereby Australian standards for 
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trihalomethanes, the most predominant class of disinfection by-products are twice the 

internationally accepted value. 

 

It is explicitly stated in the NHMRC‟s Guidelines for Drinking Water Quality [153] that  

“…in developing national standards, care should also be taken to ensure that 

scarce resources are not unnecessarily diverted to the development of standards 

and the monitoring of substances of relatively minor importance” 

 

The above statement is indicative of the different perspective with which Australian 

authorities have approached the issue of drinking-water. The divergence with international 

opinion can be linked to the severe water shortage in many regions of Australia. Adoption 

of international standards for drinking-water that are too restrictive could limit the 

availability of already scarce water supplies that meet those standards.  

 

Although the over-riding aim of the Australian drinking-water guidelines is undoubtedly to 

ensure the safety of drinking-water supplies and protect public health; it is notable that 

Australia has taken a risk-benefit approach to achieve this objective instead of the harm-

minimisation approach favoured by the US and the EU. The strategy is most evident when 

assessing the guideline values for disinfection by-products, especially given the widely 

acknowledged contribution of disinfection to microbiological protection.  

 

However, despite the risks associated with inadequate disinfection, numerous developed 

countries, many of whom have invested heavily in water quality research, have reviewed 

the continuously emerging evidence and chosen to reduce their standard values. The US 

have based their decision primarily on a plethora of animal toxicology studies, while 

acknowledging that epidemiological research has so far proven ambiguous in corroborating 

these findings for human exposure. However, it is important to remember that so far, 

epidemiological studies have been limited in the area of exposure assessment. As our 

knowledge of exposure pathways increases, and other considerations like the prohibitive 

financial costs of conducting such investigations are resolved, we can expect the quality 

and quantity of research to improve and the findings to become clearer and better 

elucidated. 
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Furthermore, serious questions need to be asked regarding the lack of mandatory regulation 

of drinking-water at either Federal or State level. Boyd [416] argues that strictly voluntary 

approaches to environmental protection are usually unsuccessful. Within Australia, it is 

unlikely that the majority of consumers are aware that there are not national, legally 

enforceable standards for their drinking-water. In general, especially in metropolitan areas, 

populations do not have a choice with regard to who supplies their drinking-water. McKay 

and Moeller [154] have argued that because the risk associated with drinking-water is not 

voluntary, governments and water authorities are morally obligated “to provide the best 

socially achievable water quality”. Thus the argument over whether or not current 

guidelines in Australia are too high is pertinent. If other developed countries can operate 

successfully under more restrictive guidelines, why not Australia? Several questions need 

to be asked and debated in the public domain. Does the community deserve to be consulted 

on the level of risk they are willing to tolerate? Who is making the decisions on what 

contaminants are prioritised in terms of regulation and control? It is strongly recommended 

that federal funding is provided to develop cost-effective, mandatory routine monitoring of 

water treatment processes. 

 

Guideline values are not currently listed in Australia for many of the nitrated disinfection 

by-products identified as of potential health importance in this thesis. Although the weight 

of toxicology evidence, and the results of this study, makes the addition of these 

contaminants into the Guidelines a logical extension, the technology required to test for 

some of these compounds is extremely expensive and often still in the development stage, 

suggesting that routine monitoring of these compounds would be impractical. 

 

The possible health risk of chemical contaminants in drinking-water supplies is a serious 

issue, not least because the potential number of people exposed can be very large. 

Therefore, even small elevated risks can have substantial public health implications. In 

1993, the US Environmental Protection Agency (EPA) ranked the risks associated with 

drinking water as  

“…the highest priority grouping for human health concerns because everyone 

drinks water and because of so many potentially toxic substances could contaminate 

water” 
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Murray et al [417] stated that microbiological and chemical concerns regarding the quality 

and safety of drinking water are not “mutually antagonistic aims”, and can both be achieved 

without comprising the other. A range of interventions is possible that will reduce DBP 

exposure without affecting the microbiological safety of drinking water. These options can 

be categorised according to when in the treatment process they occur. 

1. Pre-treatment 

One option is to remove disinfection by-product precursors before disinfection is 

added, thus eliminating the generation of DBPs. Enhanced coagulation, a process 

whereby particles in water are joined together to help remove organic matter, is 

recognised by the US EPA as the most efficient method to achieve this, although 

other possible technologies include granular activated carbon (GAC) or membranes 

(nano-filtration or reverse osmosis). However, no measure is faultless and each has 

advantages and disadvantages. For example, coagulation and GAC are unable to 

remove bromide which leads to a higher ratio of bromide in the water and 

subsequently the formation of more brominated DBPs. In contrast, reverse osmosis, 

and to some extent, nano-filtration can effectively remove bromide but are 

extremely expensive. 

2. During treatment 

The type of disinfectant used can also influence the range and number of DBPs 

formed. For example, hydrogen peroxide added after chlorine can reduce the 

formation of THMs by 72% and HAAs by 67%, and is particularly useful for the 

often long distribution systems found in Australia as it is a long-acting residual that 

maintains disinfection over an extended period of time [418]. However, while some 

disinfectants may reduce THM and HAA formation, other, potentially more toxic 

DBPs may be preferentially formed [284] and this is an important consideration. In 

general, there is limited information regarding the risks and benefits of alternative 

disinfectants to chlorine. 

3. Post-treatment 

After disinfection, UV direct photolysis may remove NDMA from water [419]. 

Biologically active filters can also remove some HAAs and home distillation and 

reverse osmosis systems can screen out nearly all nitrate [298].  
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Thus, ultimately, the decision of whether or not to reduce DBPs in drinking water is 

unrelated to concerns regarding pathogenic control but instead will be determined by 

financial and economic concerns. It is therefore a policy decision by the State and Federal 

governments regarding how best to balance their duty to improve their contribution towards 

the supply of safe and high-quality drinking water in Australia with the cost of achieving it. 

 

9.2 LIMITATIONS AND STRENGTHS 

Limitations specific to each individual chapter are considered in the discussion of the 

relevant chapter. The following section outlines limitations relevant to the overall study. 

 

The main limitation of the study overall relates to the retrospective nature of the study 

design, in particular the retrospective exposure assessment. It could be argued that a 

prospective, long-term study would allow more precise measures of exposure to be 

included, as well as individual sampling at participant‟s homes during pregnancy prior to 

the reproductive outcome of interest. However, such a comprehensive study design would 

require a substantial sample size to be feasible, and would be extremely expensive and 

time-intensive in comparison. Before such studies can be contemplated, there is a need to 

first explore the issues more generally, often retrospectively, in order to amass sufficient 

evidence to justify more comprehensive studies. The challenge therefore is to improve and 

refine retrospective exposure assessment so that the data collected is of the highest possible 

quality. The validation study conducted in Chapter 7 and the subsequent Bayesian 

modelling in Chapter 8 reflect this approach, and although not as comprehensive as a 

prospective study, provide a significant advance in using retrospective data to accurately 

model exposure. 

 

A major strength of this study was the large number and completeness of birth records and 

individual covariate information. The almost total level of subject ascertainment limited the 

effect of selection biases. In addition, because of the selection criteria, the study population 

was homogenous with respect to ethnicity, parity and singular gestations and thus 

minimised the impact of these possible confounders. Data from the Registry were also used 

to adjust for a number of other potential confounding variables, including maternal age, 

smoking and socioeconomic status. Because the assignment of cases was independent of 
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exposure assessment, information or recall bias was not possible, and the separation of data 

ensured that even if participants were misclassified with regard to their exposure, such 

classification errors were probably non-differential and therefore may have tended to 

underestimate the true effect. There was sufficient variation in both the exposure and 

outcome being studied to explore whether a relationship existed. Finally, the use of a 

multilevel logistic regression models to estimate the odds of prelabour rupture of 

membranes permitted the recognition and adjustment for residual components at each level 

of the hierarchy. Several multilevel studies [420-422] have concluded that the social 

environment or “neighbourhood effect” has an influence on individual health that is 

independent of individual factors, and this potential effect was explicitly accounted for in 

the study.  

 

9.3 DIRECTIONS FOR FUTURE RESEARCH 

The results of the study provide justification for future research into the outcome prelabour 

rupture of membranes, and it is particularly important to establish whether the original 

findings raised in the analysis are corroborated in other study populations. An obvious 

extension of the research would be to conduct a prospective study, with more detailed 

information collected at an individual-level on demographic and obstetric risk factors and 

possible confounders. As this is the first study to explore whether environmental risk 

factors are associated with the prevalence of prelabour rupture of membranes, it provides a 

basis for future research in the area of environmental health. Accurate exposure assessment 

is of great importance in environmental epidemiology, and is able to be refined further in a 

prospective study design. According to Cantor [423], despite the methodological 

constraints often imposed in studies examining environmental factors, epidemiological 

studies must still be pursued as their findings are often are more applicable than equivalent 

toxicology studies in determining population risks. Future research should also address key 

knowledge gaps raised in this thesis, including the lack of literature regarding term PROM, 

and the limited toxicological and epidemiological evidence on the health effects of 

exposure to nitrated disinfection by-products. It is also necessary to consider other aspects 

of human exposure including possible gene-environment interactions, critical exposure 

periods, genetic vulnerability, bioaccumulation, and the interactive effect with other 

chemicals. As the climate moves towards a warming trend and population demands on 



  

 

257 

scarce fresh water resources grows, the pressure to accept lower quality drinking water can 

only increase – thereby adding to the need for accurate epidemiological data. 

 

9.4 CONCLUSION 

The study examined a retrospective cohort of 16,229 nulliparous, Caucasian women 

residing in Perth, Western Australia who gave birth to a single newborn during 2002-2004 

inclusive. Based on the available evidence presented, it was concluded that prelabour 

rupture of membranes is a significant adverse pregnancy outcome. The perinatal 

consequences of the condition can be substantial, with prevalence of these co-morbidities 

dependent on gestational age at delivery. 

 

This study identified several demographic and obstetric risk factors for both term and 

preterm PROM, which may have important implications for diagnosis and management. Of 

particular interest were the differences observed in the risk profiles of term versus preterm 

prelabour rupture of membranes. 

 

In addition, this thesis represents the first attempt to investigate the role of environmental 

risk factors in the development of prelabour rupture of membranes, and demonstrated that 

exposure to increasing levels of nitrate in drinking water was associated with an increased 

risk of term PROM. Exposure assessment was supported by the collection of independent 

environmental data and the application of Bayesian statistical approaches to develop 

enhanced exposure metrics for analysis. The study highlighted the importance of exploring 

the association between environmental exposures and health outcomes to further our 

understanding of a disease, particularly one for which the aetiology remains poorly 

understood. 

  

In conclusion, the results of this thesis provide a substantial contribution to our knowledge 

on prelabour rupture of membranes, including the identification of a potential pathway 

which may be amenable to preventative strategies at the population level. 
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APPENDIX 1: RELIABILITY STUDY 
 

This appendix contains summarised data relating to the small inter-observer reliability 

study which was conducted to investigate the validity of the health outcome data 

provided by the Midwives Notification System (MNS). Data collection and 

corroboration of diagnoses was carried out by an obstetrics physician, Dr Michael 

Brenters and statistical analysis was performed by Dr Brenters in conjunction with 

myself.  

 

A systematic sampling protocol was employed with the sample chosen by selecting a 

random starting point and then picking every ith element in succession from the 

sampling frame. A total of 299 women at Mt Lawley private hospital met the studies 

selection criteria (nulliparous, Caucasian women giving birth to a single newborn) and 

thus every 3
rd

 set of case notes were selected for review. At Joondalup Health Campus, 

4167 women met the selection criteria and so every 49
th

 set of case notes were selected. 

 

A total of 210 cases (110 who experienced prelabour rupture of membranes in their last 

pregnancy and 100 women who did not experience prelabour rupture) were randomly 

selected from Mt Lawley private hospital and Joondalup Health Campus (public 

hospital). 
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  Diagnosis as recorded by Dr Brenters 

  PROM Absence of PROM Total 

Diagnosis as 

recorded on 

the MNS 

PROM 100 10 110 

Absence of PROM 14 86 100 

Total  114 96 210 

 

 

Using the Kappa statistic in the Stata statistical program (version 10.0), we would
 

expect 89.58% of patients with PROM to have PROM recorded by the MNS, while 

87.72% of those with normal labour
 
would be recorded as having normal labour by the 

MNS.
 
Sensitivity (proportion of true positives that are correctly

 
identified by the test), 

specificity (proportion of true negatives that are correctly
 
identified by the test) and 

predictive values, with accompanying 95% confidence intervals, were also calculated. 

The hospital clinical notes/review by Dr Brenters were treated as the “gold standard” in 

this analysis. 

 

  

True D defined as self ~= 0                              [95% Conf. Inter.] 

  

Sensitivity                       Pr( + D)  87.72%       83.28%   92.16% 

Specificity                      Pr( -~D)  89.58%      85.45%   93.71% 

Positive predictive value        Pr( D +)  90.91%       87.02%   94.80% 

Negative predictive value     Pr(~D -)  86.00%     81.31%   90.69% 

 

Prevalence                       Pr(D)      54.29%      47.55%   61.02% 
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APPENDIX 2: INDIVIDUAL MAPS OF WATER 
SAMPLING LOCATONS 

 

 

 

Armadale water distribution zone 

 

 

 

 

             = sampling location 
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Hills Direct water distribution zone 

 

 

 

 

             = sampling location 
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South Perth water distribution zone 

 

 

 

 

 

             = sampling location 
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Foothills water distribution zone 

 

 

 

 

             = sampling location 
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Mt Yokine water distribution zone 

 

 

 

 

             = sampling location 
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West Yokine water distribution zone 

 

 

 

 

                 = sampling location 
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APPENDIX 3: FULL SAMPLING RESULTS 
FROM INDEPENDENT WATER 

SAMPLING 
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Field Trip 1 

Date: 16
th

 November 2006 

 

Location TRIHALOMETHANES (ug/L) NITRATES (mg/L) TOC 

(mg/L) CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM NO3 N_NO3 N_total 

South Perth WEST 5.8 15.0 38.0 24.0 83.0 <0.05 0.01 0.18 <1.0 

South Perth SOUTH 7.8 22.0 59.0 49.0 140.0 1.7 0.38 0.40 <1.0 

South Perth CENTRAL 8.3 23.0 61.0 52.0 140.0 1.8 0.41 0.41 <1.0 

South Perth EAST 8.3 23.0 61.0 54.0 150.0 1.9 0.42 0.48 <1.0 

South Perth NORTH 7.6 21.0 56.0 49.0 130.0 2 0.44 0.44 <1.0 

Armadale NORTH <1.0 2.8 12.0 14.0 29.0 <0.05 <0.01 0.04 <1.0 

Armadale EAST 1.1 5.1 21.0 24.0 51.0 <0.05 0.01 0.03 <1.0 

Armadale SOUTH <1.0 2.1 9.9 10.0 22.0 <0.05 <0.01 0.12 2 

Armadale WEST <1.0 4.0 18.0 24.0 46.0 <0.05 0.01 0.11 <1.0 

Armadale CENTRAL <1.0 2.3 11.0 13.0 26.0 <0.05 <0.01 0.05 <1.0 

West Yokine EAST 17.0 37.0 70.0 39.0 160.0 1.9 0.42 0.44 <1.0 

West Yokine SOUTH 11.0 29.0 69.0 54.0 160.0 1.9 0.43 0.44 <1.0 

West Yokine WEST 16.0 39.0 82.0 53.0 190.0 2 0.44 0.44 <1.0 

West Yokine CENTRAL 10.0 26.0 63.0 51.0 150.0 1.9 0.43 0.43 <1.0 

West Yokine NORTH 18.0 39.0 71.0 38.0 170.0 1.8 0.41 0.44 <1.0 

 



  

 

311 

Field Trip 2 

Date: 2
nd

 February 2007 

 

Location TRIHALOMETHANES (ug/L) NITRATES (mg/L) TOC 

(mg/L) CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM NO3 N_total 

South Perth WEST 7.7 19 46 49 120 <0.05 0.08 <1.0 

South Perth SOUTH 18.0 37 79 61 200 1 0.31 <1.0 

South Perth CENTRAL 17.0 33 69 53 170 1.1 0.34 <1.0 

South Perth EAST 17.0 33 67 50 170 1.2 0.35 <1.0 

South Perth NORTH 17.0 34 69 51 170 1.3 0.37 <1.0 

Armadale NORTH 2.0 6.6 20 16 45 0.09 0.15 <1.0 

Armadale EAST 5.0 9.7 24 15 54 0.13 0.10 <1.0 

Armadale SOUTH <1.0 2.8 11 12 26 <0.05 0.05 <1.0 

Armadale WEST 2.2 9.2 30 32 73 <0.05 0.09 <1.0 

Armadale CENTRAL <1.0 3.6 15 16 35 <0.05 0.07 <1.0 

West Yokine EAST 18.0 35 74 60 190 1.5 0.36 <1.0 

West Yokine SOUTH 29.0 49 73 41 190 1.2 0.39 <1.0 

West Yokine WEST 24.0 46 81 51 200 1.3 0.37 <1.0 

West Yokine CENTRAL 45.0 64 66 16 190 0.84 0.31 <1.0 

West Yokine NORTH 31.0 50 68 29 180 1.2 0.35 <1.0 

 



  

 

312 

Field Trip 3 

Date: 1
st
 March 2007 

 

Location TRIHALOMETHANES (ug/L) NITRATES (mg/L) TOC 

(mg/L) CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM NO3 N_total 

Hills Direct WEST 6 15 40 45 106 <0.05 0.16 <1 

Hills Direct NORTH 9 22 49 44 125 0.40 0.17 <1 

Hills Direct CENTRAL 7 19 50 62 138 0.09 0.17 <1 

Hills Direct SOUTH 8 25 57 33 123 <0.05 0.22 <1 

Hills Direct EAST 9 23 62 60 154 0.22 0.17 <1 

Foothills SOUTH 17 37 82 80 217 1.7 0.47 1 

Foothills EAST 5 22 73 68 168 0.27 0.24 1 

Foothills CENTRAL 15 35 93 99 242 1.7 0.44 2 

Foothills NORTH 18 38 82 75 213 1.8 0.50 <1 

Foothills WEST 17 37 83 75 212 2 0.48 1 

Mt Yokine EAST 18 39 90 81 228 2 0.47 2 

Mt Yokine CENTRAL 18 39 92 92 241 1.8 0.46 2 

Mt Yokine NORTH 19 40 89 88 236 1.9 0.51 2 

Mt Yokine WEST 19 42 98 103 262 1.9 0.53 3 

Mt Yokine SOUTH 20 40 88 84 232 1.9 0.47 5 
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Field Trip 4 

Date: 4
th

 April 2007 

 

Location TRIHALOMETHANES (ug/L) NITRATES (mg/L) TOC 

(mg/L) CHCl3 CHBrCl2 CHBr2Cl CHBr3 TTHM NO3 N_total 

Hills Direct WEST 6.3 16 38 38 98 <0.05 0.07 <1 

Hills Direct NORTH 8.5 19 43 32 102 0.18 0.10 2 

Hills Direct CENTRAL 7.0 16 38 42 103 <0.05 0.09 <1 

Hills Direct SOUTH 1.8 6.4 20 14 42 <0.05 0.09 2 

Hills Direct EAST 2.7 10 31 18 62 <0.05 0.11 2 

Foothills SOUTH 12 28 68 59 167 0.80 0.38 <1 

Foothills EAST 11 28 75 73 187 1.3 0.48 2 

Foothills CENTRAL 11 28 85 83 207 1.1 0.48 2 

Foothills NORTH 13 27 59 53 152 1.5 0.48 1 

Foothills WEST 13 26 55 49 143 1.8 0.49 3 

Mt Yokine EAST 13 27 59 53 152 1.6 0.49 4 

Mt Yokine CENTRAL 12 25 57 53 147 1.6 0.50 3 

Mt Yokine NORTH 13 26 52 44 135 1.9 0.47 2 

Mt Yokine WEST 14 32 81 79 206 1.6 0.49 2 

Mt Yokine SOUTH 14 28 65 57 164 1.7 0.50 2 
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APPENDIX 4: DESCRIPTIVE STATISTICS 
 

The data in this appendix relates to the independent sampling conducted in the six 

selected water distribution zones. Selected descriptive statistics and measures of 

variability are provided for each distribution zone. 
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X = mean; S
2
 = standard deviation; σ

2
 = variance 

 

Measures of trihalomethanes by water distribution zones sourced via surface 

waters 

 
Armadale Hills Direct 

X S
2
 σ

2
 X S

2
 σ

2
 

Chloroform 1.6 1.3 1.6 6.5 2.5 6.2 

Bromodichloromethane 4.8 2.8 7.8 17.1 5.8 33.4 

Dibromochloromethane 17.2 6.6 43.9 42.8 12.4 152.6 

Bromoform 17.6 6.0 47.2 38.8 15.6 243.5 

TTHM 40.7 16 258.2 105.3 33.5 1121 

 

 

 

 

Measures of trihalomethanes by water distribution zones sourced via mixed waters 

 
Foothills South Perth 

X S
2
 σ

2
 X S

2
 σ

2
 

Chloroform 13.2 3.9 14.8 11.4 5.0 25.5 

Bromodichloromethane 30.6 5.6 31.6 26.0 7.5 56.9 

Dibromochloromethane 75.5 11.9 143.6 60.5 11.9 140.9 

Bromoform 71.4 14.9 222.7 49.2 9.6 91.5 

TTHM 190.8 32.3 1044.8 147.3 32.7 1068.5 
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Measures of trihalomethanes by water distribution zones sourced via groundwater 

 
Mt Yokine West Yokine 

X S
2
 σ

2
 X S

2
 σ

2
 

Chloroform 16.0 3.0 9.3 21.9 10.7 113.4 

Bromodichloromethane 33.8 6.8 46.6 41.4 11.2 125.2 

Dibromochloromethane 77.1 17.0 289.9 71.7 6.1 36.9 

Bromoform 73.4 20.0 400.3 43.2 13.4 178.6 

TTHM 200.0 46.3 2144.2 178.0 16.9 284.4 

 

 

 

Measures of nitrate by each water distribution zone 

 Nitrate 

X S
2
 σ

2
 

Armadale 0.08 0.03 0.001 

Foothills 1.40 0.54 0.29 

Hills Direct 0.12 0.17 0.01 

Mount Yokine 1.79 0.15 0.02 

South Perth 1.21 0.70 1.49 

West Yokine 1.55 0.40 0.16 
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APPENDIX 5: EXPOSURE MAPS BY 
EXPOSURE CATEGORY 

 

The data in this appendix relates to the use of exposure tertiles (as calculated in section 

8.4.1) to create thematic maps of water quality exposure in the Perth metropolitan 

region. 
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Map of water distribution zones in the Perth metropolitan region by 

trihalomethane exposure category during 2002-2004 
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Map of water distribution zones in the Perth metropolitan region by nitrate 

exposure category during 2002-2004 
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APPENDIX 6: SELECTION OF POISSON 
REGRESSION MODELS 

 

The data in this appendix provide an indication of why Poisson or negative binomial 

regression models were selected in the analysis. 
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Decision process for selection of THM exposure models (adjusted for SEIFA) 

Outcomes IRR 

Poisson 

p-value 

Goodness-of-

fit test 

NBRM 

p-value 

Likelihood 

ratio test 

Model 

selected Final p-value 

Primary health outcomes 

PROM 

Low - - - - - - - 

Medium 0.913 0.355 0.015 0.622 0.029 NBRM 0.622 

High 0.997 0.970 0.007 0.976 0.033 NBRM 0.976 

pPROM 

Low - - - - - - - 

Medium 0.918 0.702 0.356 - - Poisson 0.702 

High 1.027 0.808 0.093 - - Poisson 0.808 

Secondary health outcomes 

Preterm 

birth 

Low - - - - - - - 

Medium 0.809 0.046 0.856 - - Poisson 0.046 

High 0.939 0.236 0.420 - - Poisson 0.236 

Low 

birth 

weight 

Low - - - - - - - 

Medium 0.966 0.802 0.819 - - Poisson 0.551 

High 0.961 0.551 0.744 - - Poisson 0.551 

Very low 

birth 

weight 

Low - - - - - - - 

Medium 1.268 0.406 0.228 - - Poisson 0.406 

High 1.143 0.351 0.076 - - Poisson 0.351 
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Decision process for selection of nitrate exposure models (adjusted for SEIFA) 

Outcomes IRR 

Poisson 

p-value 

Goodness-of-

fit test 

NBRM  

p-value 

Likelihood 

ratio test 

Model 

selected Final p-value 

Primary health outcomes 

PROM 

Low - - - - - - - 

Medium 1.224 0.022 0.070 -  - Poisson 0.022 

High 1.178 0.001 0.430 - - Poisson 0.001 

pPROM 

Low - - - - - - - 

Medium 1.212 0.148 0.393 - - Poisson 0.148 

High 1.035 0.672 0.425 - - Poisson 0.672 

Secondary health outcomes 

Preterm 

birth 

Low - - - - - - - 

Medium 1.071 0.313 0.233 - - Poisson 0.313 

High 1.042 0.313 0.302 - - Poisson 0.313 

Low 

birth 

weight 

Low - - - - - - - 

Medium 0.954 0.573 0.651 - - Poisson 0.573 

High 0.971 0.575 0.666 - - Poisson 0.575 

Very low 

birth 

weight 

Low - - - - - - - 

Medium 1.012 0.939 0.156 - - Poisson 0.939 

High 0.869 0.194 0.554 - - Poisson 0.194 
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APPENDIX 7: EXTRA STATISTICS FOR 
MULTILEVEL MODELLING 

 

The data in this appendix presents the additional models generated during multilevel 

modelling. 
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Unadjusted odds ratios for single-level logistic regression with a single explanatory 

variable (exposure to disinfection by-products) 

 PROM 

OR (95% CI) 

pPROM 

OR (95% CI) 

TTHM (μg/L) 

≤ 100 - - 

100 - 130  0.96 (0.67 – 1.38) 0.93 (0.60 – 1.42) 

≥ 131 0.99 (0.68 – 1.44) 1.05 (0.68 – 1.62) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.25 (1.03 – 1.52) 1.22 (0.94 – 1.58) 

> 0.350 1.42 (1.15 – 1.76) 1.09 (0.80 – 1.49) 

 

 

It is possible to use the equation of the fitted model to calculate predicted probabilities 

of PROM for each category of nitrate exposure. The equation of the fitted model is 

shown below. 

 

 

 

The logit model can be expressed as: 

logit (πi) = log 








 i

i





1
 = β0 + β1xi 

 

which can be rearranged to the following: 

 

πi = 
1xi))  oexp(-(  1

1

 
 

 

The estimated coefficients from the fitted model can then be used to calculate predicted 

probabilities of PROM for each category of nitrate exposure as illustrated below. 
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Exposure Category Predicted Probability 

Low 0.036 

Moderate 0.045 

High  0.051 

 

 

Odds ratios for two-level random intercept model with term PROM as the outcome 

 OR* 

 (95% CI) 

OR† 

(95% CI) 

TTHM (μg/L) 

≤ 100 - - 

100 - 130  1.00 (0.80 – 1.24) 1.02 (0.70 – 1.49) 

≥ 131 1.05 (0.84 - 1.31) 1.06 (0.72 – 1.57) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.25 (1.05 – 1.50) 1.25 (1.03 – 1.51) 

> 0.350 1.45 (1.19 – 1.76) 1.48 (1.20 – 1.69) 

* adjusted for maternal age, smoking and socioeconomic status 

† adjusted for maternal age, smoking, socioeconomic status, threatened preterm labour and pre-eclampsia 

 

Odds ratios for three-level random intercept model with term PROM as the 

outcome 

 OR* 

 (95% CI) 

OR† 

(95% CI) 

TTHM (μg/L)  

≤ 100 - - 

100 - 130  1.03 (0.72 – 1.49) 1.02 (0.70 – 1.49) 

≥ 131 1.07 (0.73 – 1.56) 1.06 (0.72 – 1.57) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.23 (1.03 – 1.47) 1.25 (1.03 – 1.51) 

> 0.350 1.47 (1.20 – 1.79) 1.48 (1.20 – 1.69) 

* adjusted for maternal age, smoking and socioeconomic status 

† adjusted for maternal age, smoking, socioeconomic status, threatened preterm labour and pre-eclampsia 
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Odds ratios for two-level random intercept model with preterm PROM as the 

outcome 

 OR* 

 (95% CI) 

OR† 

(95% CI) 

TTHM (μg/L)  

≤ 100 - - 

100 - 130  0.92 (0.60 – 1.42) 0.96 (0.62 – 1.49) 

≥ 131 1.00 (0.65 – 1.55) 1.04 (0.67 – 1.62) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.17 (0.90 – 1.52) 1.15 (0.89 – 1.50) 

> 0.350 1.10 (0.80 – 1.50) 1.04 (0.76 – 1.43) 

* adjusted for maternal age, smoking and socioeconomic status 

† adjusted for maternal age, smoking, socioeconomic status, threatened preterm labour and pre-eclampsia 

 

 

Odds ratios for three-level random intercept model with preterm PROM as the 

outcome 

 OR* 

 (95% CI) 

OR† 

(95% CI) 

TTHM (μg/L)  

≤ 100 - - 

100 - 130  0.92 (0.60 – 1.42) 0.96 (0.62 – 1.49) 

≥ 131 1.00 (0.65 – 1.55) 1.04 (0.67 – 1.62) 

Nitrate (mg/L) 

≤ 0.125 - - 

0.125-0.35 1.17 (0.90 – 1.52) 1.15 (0.89 – 1.50) 

> 0.350 1.10 (0.80 – 1.50) 1.04 (0.76 – 1.43) 

* adjusted for maternal age, smoking and socioeconomic status 

† adjusted for maternal age, smoking, socioeconomic status, threatened preterm labour and pre-eclampsia 

 


