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Abstract 
 

Background  

A major factor contributing to continued high under-five mortality in sub-Saharan Africa (SSA), is 

maternal HIV infection, which is associated with adverse birth outcomes such as preterm delivery 

(PTD), small-for-gestational age (SGA) and low birthweight (LBW) infants.  Introduction of 

antiretroviral therapy (ART) during pregnancy has been a successful intervention for promotion of 

maternal and infant health, however it has also been linked to an increased risk of adverse birth 

outcomes.  Consequently, the association between maternal ART use and these adverse outcomes is 

an important area of research in SSA which has the majority of pregnant women living with HIV and 

the highest rates of PTD, SGA and LBW infants.  However, the current state of epidemiologic 

knowledge remains limited because most evidence on this association comes from observational 

studies, which have previously given inconsistent findings.  Accordingly, the overarching aim of this 

PhD was to reliably quantify the relationship between maternal ART use and adverse birth 

outcomes, by addressing the role of methodological factors inherent in observational research in this 

association. 

 

Methods  

This research included pregnant women (aged ≥18 years) seeking antenatal care at a public sector 

midwife obstetric unit in Gugulethu (GMOU), Cape Town, enrolled into two separate dedicated 

research cohort studies.  Enrolled women were followed-up during pregnancy and postpartum with 

their infants, with data obtained from study questionnaires, physical examinations and abstraction 

of clinical and obstetric records.  In parallel, routine electronic data, linked across clinics and data 

sources were obtained for all pregnant women at the GMOU (pregnancy exposure registry (PER)) 

and across the Western Cape province (PHDC).   

 

Findings  

The incidence of gestational age (GA) based birth outcomes and the association between maternal 

ART use and these outcomes, was found to be substantially influenced by method of GA assessment 

used.  While GA based on both last menstrual period (LMP) and measurement of symphysis fundal 

height (SFH) led to under and over estimation (relative to ultrasound), only LMP-based GA gave rise 

to a biased measure of association.   

 

Across data sources used in this research, an overall PTD incidence of 17% was observed which was 

lower than incidences observed in the pre-universal ART era.  In the cohort studies, there was no 
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significantly increased PTD risk in women living with HIV (compared to living without HIV), 

predominantly on the tenofovir + emtricitabine + efavirenz regimen.  However, when assessed in the 

significantly larger population of pregnant women (PHDC), an increased PTD risk in women living 

with HIV was observed.  There did not appear to be differences in PTD risk by ART status in the 

cohort studies or PER.  However, across the province those initiating ART preconception were at 

increased PTD risk compared to those initiating during pregnancy.  Blood pressure, particularly when 

assessed longitudinally played an important role in the association between maternal ART use and 

PTD, high normal and abnormal blood pressure trajectories associated with increased PTD risk.  

There did not appear to be any effect modification in the trajectory groups by HIV status for PTD.   

 

In the cohort study the overall incidence of SGA infants was 9%, with an increased SGA risk observed 

in women living with HIV compared to living without HIV.  While no differences were observed in 

SGA risk by ART status, the highest risk was observed among women initiating in the second 

trimester.  An overall LBW incidence of 13% was observed in the cohort study, with no differences 

observed in risk by HIV status or ART status.  Blood pressure also played a role in the occurrence of 

LBW infants, with abnormal trajectories associated with increased LBW infant risk.  Additionally, 

effect modification among women with abnormal trajectory groups, those living without HIV were at 

increased risk of LBW infants compared to those living with HIV.   

 

Finally, investigating this association using both cohort studies and population based electronic 

health care data proved to be valuable.  The three data sources gave similar effect estimates, with 

varying levels of precision, and each with distinct but complementary benefits.  The cohort studies 

and PER included smaller select groups of women and provided detailed investigation of risk factors 

that could impact the overall association.  In contrast the provincial dataset, had limited risk factor 

data, but provided overall associations with the ability to detect subtle differences.  

 

Conclusion  

Reassuringly, the magnitude of difference in PTD risk by HIV status under policies of universal 

maternal ART use, appears to be smaller than in the past.  Of concern, however, was the finding of 

increased SGA risk.  Taken together, these findings highlight the need to improve mechanistic 

understanding of ART-mediated adverse birth outcomes, in order to ensure optimal maternal and 

infant outcomes.  The methodological findings underscore the importance of considering the 

potential for bias related to selection and measurement when designing and/or evaluating findings 

from studies investigating this association and by extension other medications in pregnancy.  
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Chapter 1: Introduction 

1.1 Introduction  

1.1.1 Overview 

Globally, there were 1.3 million pregnant women with HIV in 2020, of which the overwhelming 

majority reside in sub-Saharan Africa (SSA) (1).  Provision of antiretroviral therapy (ART) as part of 

the continuum of care in pregnancy has been one of the most important interventions implemented 

in response to the HIV epidemic, as part of prevention of mother to child transmission programmes.  

The 2013 WHO treatment guidelines which recommended that all pregnant HIV-infected women 

receive ART for life (Option B+) (2), led to significantly increased proportions of pregnant women 

receiving ART.  Consequently in 2020, 85% of HIV-infected pregnant women had access to ART, 

which has contributed to significantly improved maternal health and substantial decreases in 

perinatal transmission of HIV (3).  However, pregnancy presents a unique situation because both 

maternal and fetal factors require consideration, so while the benefits of ART are indisputable, 

significant concerns remain around fetal exposure to HIV and antiretroviral drugs.  Of particular 

concern is that maternal ART use has been linked with an increased risk of adverse birth outcomes 

which has far-reaching consequences as these outcomes are major contributors of neonatal and 

child mortality and morbidity.  Consequently, at a population level, any excess risks of these adverse 

outcomes is worrying because it is likely to substantially impact the success of meeting the 

Sustainable Developmental Goals (SDG) in sub-Saharan Africa generally and in South Africa 

specifically.   

This chapter introduces the PhD thesis, and covers a broad overview of child and neonatal mortality, 

a major public health concern particularly in low-to-middle income countries (LMIC).  This chapter 

will also cover the main exposures and outcomes of the thesis, which are all major contributory 

factors for the continued high under-five mortality rate (U5MR) in SSA.  The main outcomes of 

interest in this thesis are adverse birth outcomes, namely preterm delivery (PTD), low birth weight 

(LBW) and small for gestation age (SGA); which account for significant proportion of neonatal deaths 

occurring in the first weeks of life.  The main exposure of interest in this thesis is maternal HIV 

infection and ART use, as maternal infections and their treatment play a substantial role in the 

occurrence of adverse birth outcomes particularly in South Africa where there is a high prevalence of 

HIV.  Using the association between maternal ART use and adverse birth outcomes as an example, 

this thesis will touch on several methodological issues that may arise when investigating the 

association between similar exposures and birth outcomes.  The aims and objectives of this thesis, 
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linked to the specific methodological issues, will be highlighted in this chapter together with a 

description of the data sources that will be used.  Lastly this chapter will also set out the papers that 

form the content of this PhD thesis. 

1.1.2 Progress of efforts to reduce neonatal and child mortality in sub-Saharan Africa 

Since 1990 substantial global progress has been made in reducing childhood mortality, with the 

U5MR declining 61% from 93.0 (91.7-94.5) to 37.7 (36.1-40.8) deaths per 1000 livebirths between 

1990 and 2020 (4-6) (Figure 1.1, top panel).  This decline is a reflection of the efforts across many 

platforms, by a range of organisations and governments, in the Millennium Development Goals 

(MDG) era (2000–2015),  and the subsequent SDG era (2016 onwards) (4).  Sub-Saharan Africa 

continues to have the highest rates of U5MR, estimated at 75.8 (70.2–85.9) deaths per 1000 

livebirths in 2019 (5).  Of concern is that SSA (55%) together with South Asia (26%) accounted for the 

majority of global deaths despite only accounting for half of the global U5 population (6).  However, 

encouragingly, SSA has seen declines of 59% from 1990, following the same pattern of decline 

globally: fastest pace of decline between 2000 and 2009, followed by a possible slowdown between 

2010 and 2019 (5).  With declines in the level of U5 mortality, a larger proportion of deaths are 

concentrated in the neonatal period, the riskiest period for child survival, in 2019 (47%).  This is an 

increase from 1990 (40%) and means the neonatal (<28 days) decline is being outpaced by declines 

infancy and childhood (1 – 59 months) (5).   

Between 1990 and 2019 the global neonatal mortality rate (NMR) declined by 53% from 36.6 (35.6-

37.8) to 17.5 (16.6-19.0) deaths per 1000 live births (5, 7) (Figure 1.1, bottom panel).  While this 

NMR decline was not as quick as that for U5MR, the global pattern in decline in NMR followed that 

of U5MR, with a quickening in the pace of decline in the 2000s and possible slowdown in the most 

recent decade (5).  As with U5MR, neonatal mortality is regionally concentrated, with SSA having the 

highest global NMR in 2019, at 27.5 (25.2–31.7) deaths per 1000 livebirths, a 41% reduction since 

1990 (5, 6). 
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Figure 1.1 Global under-5 mortality rate (top panel) and neonatal mortality rate (bottom panel) in 2019 

From: Sharrow D, Hug L, You D, et al. Global, regional, and national trends in under-5 mortality between 1990 and 2019 with scenario-based 
projections until 2030: a systematic analysis by the UN Inter-agency Group for Child Mortality Estimation. Lancet Glob Health. 2022;10(2):e195-e206. 

While significant progress has been made, these declines fell short of the MDG target of a two-thirds 

reduction in U5MR by 2015 (8, 9); with the U5MR only declining by approximately half in the MDG 

period (10).  In the post-MDG era, there was an understanding that continued focus on improving 

child health and survival would be required, particularly in SSA.  This forms the basis of SDG 3 which 

aims to achieve good health and wellbeing for all by 2030, adopted by the United Nations in 2015 

(11).  The second target of SDG3 related to child survival, aims to end preventable newborns and U5 

deaths, by achieving a U5MR of £25 deaths (SDG target 3.2.1) and an NMR of £12 deaths (SDG 

target 3.2.2) per 1000 livebirths (12, 13).  Almost 75% of countries at risk of missing the child survival 

SDG targets are in SSA (5, 12); highlighting the need for increased attention to this early period of 

life and urgent action to prevent newborn deaths (6).   
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1.1.3 Adverse birth outcomes  

1.1.3.1 Contribution of adverse birth outcomes to continued high neonatal and child mortality 

Under-five deaths taking place across different ages have distinct causes requiring varied 

interventions (14).  Consequently disaggregation of deaths by age group is essential, as seen in the 

SDGs where neonatal mortality reductions are explicitly listed as goals, separately from goals of U5M 

reductions (15).  Reducing neonatal mortality is widely considered to be ‘unfinished business’ of the 

SDGs, as these deaths disproportionately occur in LMICs (16).  A major factor contributing to the 

continued high neonatal and U5 

mortality in LMICs is adverse birth 

outcomes in particular 

complications of preterm delivery 

(Figure 1.2), which together with 

other adverse birth outcomes serve 

as markers of newborn 

vulnerability, with short and long-

term outcomes (7).  Vulnerable 

infants who manage to survive the 

neonatal period are not in the clear 

as they are still at increased risk of 

morbidity mortality, and sub-

optimal growth and development 

(17, 18). 

Figure 1.2  Global distribution of causes of under-5 and neonatal mortality 

Of most concern are infants who are born too early, because complications from PTD are the most 

important direct cause of death in the neonatal period accounting for as much as 35% of all neonatal 

deaths (19, 20).  Complications from PTD are also is the second largest cause of under-5 deaths, 

accounting for 18% of all these deaths (19, 20).  The other adverse outcomes which are of interest in 

this thesis also contribute to increased risk of neonatal mortality, with mortality rates increasing 

proportionally with decreasing gestational age or birthweight (21, 22).  Infants that are SGA, likely 

due to intrauterine growth restriction (IUGR), are at a considerably high risk of neonatal morbidity 

and mortality because they are more likely to have morbidities which confer a higher risk of death 

(21).  Additionally, consideration confers further attributable risk, as SGA fetuses are up to four 

times more likely to be stillborn (23).  LBW, which can be due to IUGR and/or infants being born 

preterm, is an indirect cause of neonatal deaths, with 80% of neonatal deaths occurring in this group 
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of infants (17, 24).  Infants with one or more adverse birth outcomes are at a higher risk for neonatal 

mortality, for example infants who are both preterm and SGA are at 15 times increased mortality 

risk than term and appropriate size for gestational age (AGA) infants (17, 21, 25-27).  Advances in 

neonatal health care and collaborative efforts of obstetricians and neonatologists have improved 

survival rates of preterm, LBW and/or SGA infants.  However, these infants remain susceptible to a 

variety of subsequent health and developmental problems particularly related to organ immaturity 

(28), including respiratory, immunologic, nervous system, and behavioural problems (26, 29).   

1.1.3.2 Most common aetiological pathways of adverse birth outcomes in sub-Saharan Africa 

Despite the three adverse birth outcomes of interest being linked, their aetiologies are multifactorial 

and incompletely understood (30).  So while these outcomes may have common risk factors related 

to sociodemographic, obstetric and other health-related factors, their relative importance for PTD, 

LBW and SGA differ (31, 32).  Additionally these risk factors may not be the same across different 

resource settings or socioeconomic statuses within a society.  For example, while maternal 

undernutrition can be related to all three outcomes, hypertensive disorders of pregnancy and 

maternal infections are the immediate risk factors leading to PTD in LMICs (33).   

Maternal infections play a substantial role in the occurrence of adverse birth outcomes in SSA where 

infections such as syphilis, HIV and malaria are widely prevalent (34-37).  A growing body of 

evidence has linked these maternal infections with abnormal placental pathology and altered 

maternal and fetal haemodynamics (38).  A common mechanism underlying adverse birth outcomes 

is inadequate placental and fetal development which can be facilitated by infection-driven 

dysregulation of inflammation at the materno-fetal interface (38-40) (Figure 1.3).   
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Figure 1.3  Pathways leading to infection-associated adverse birth outcomes 

Inflammatory events include secretion of cytokines and chemokines shown to have been associated with adverse 
birth outcomes.  The increased pro-inflammatory environment has been associated with: (1) dysregulated growth 
hormone and vascular factor expression; (2) abnormal placental development; and (3) reduced placental nutrient 

transport contributing to placental insufficiency. 

*  L-arginine promotes intrauterine growth
** Syncytiotrophoblast: placental barrier that allows nutrient exchange and plays vital roles in fetal growth 

Adapted from: Chua CLL, Hasang W, Rogerson SJ, Teo A. Poor Birth Outcomes in Malaria in Pregnancy: Recent Insights Into  
Mechanisms and Prevention Approaches. Front Immunol. 2021;12:621382. 

Additionally, medications used in pregnancy either to treat maternal infections or other conditions 

are also known to cause adverse birth outcomes through the disruption of specific steps in fetal 

development.  While mechanisms through which maternal infections such as HIV are known, the 

mechanisms through which medications such as ART can increase the risks of adverse birth 

outcomes are less well understood (41).  The global adverse birth outcome burden remains high, 

partly because of critical knowledge gaps that exist in our understanding of the mechanisms 

underlying these outcomes, and consequently limited or ineffective mitigation strategies (38).  Given 

that there is no question ART be recommended in pregnancy, and findings that specific ART 
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regimens may be associated with worse adverse birth outcomes, increased efforts will be required 

to undertake prospective studies and birth surveillances as new ART regimens are introduced (42). 

1.1.3.3  Overview of methodological challenges in studying adverse birth outcomes 

Most of the evidence on the impact of exposures in pregnancy such as ART use and adverse 

outcomes comes from observational studies because pregnant women are typically excluded from 

clinical trials.  This introduces complexity in attributing causality in the relationship between 

maternal ART use and the occurrence of adverse birth outcomes, consequently an overview of 

common methodological issues pertinent to the association of interest in this thesis is warranted.  

The main methodological challenges of interest in this thesis are those that can result in selection or 

measurement bias which could impact findings of the association between maternal HIV infection 

and ART use and adverse birth outcomes.  In order to understand the predictors and antecedents of 

any adverse birth outcomes and related biological processes, it would be advantageous to 

investigate these through well designed studies consisting of representative samples of pregnancies 

with robust measurement of preconception and/or pregnancy exposures, covariates and outcomes 

of interest.   

It is implicitly assumed in observational studies that the data are representative of the general 

population.  However, the dynamic and complex nature of study populations in studies investigating 

pregnancy and birth outcomes, which include women who may conceive or who are pregnant, 

fetuses or 

neonates, may 

undermine this 

assumption, 

inducing selection 

bias (43).  This 

can be through 

the processes of 

selection and 

attrition inherent 

in these 

populations 

which render 

them 
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incompletely observable due to the extended process of attrition from embryonic development 

through to birth (43, 44) (Figure 1.4).  Additionally, studies investigating birth outcomes are subject 

to further selection, because women enrolled are usually attending routine care services, meet 

study specific eligibility criteria, have an exposure medication of interest, or have an outcome of 

interest – which does not give a representative sample.   

Measurement tools that are robust, valid, and standardised are critical for the avoidance of 

misclassification bias (45).  However these are not always available for observational studies as such, 

interpretation of findings from the early literature on the association of maternal HIV infection and 

ART use and adverse birth outcomes is complicated by inconsistent definitions and measurements of 

both the exposure and outcomes.  The primary measurement concern in this thesis relates to the 

imprecision surrounding the measurement of gestational age, as this impacts both exposure and 

outcome classification.  Mismeasurement of gestational age has major implications for outcome 

ascertainment with misclassification likely particularly in gestation-based outcomes such as PTD and 

SGA.  Determination of the exact timing of exposures and outcomes is another measurement 

concern which is also linked to gestational age mismeasurement.  Well defined timing of exposure is 

required because the stage of fetal development at which the exposure takes place has implications 

for types of adverse outcomes that could occur (46).  Additionally, some outcome timings such as 

pregnancy losses are difficult to empirically measure (particularly at population levels) and rely on 

proxy markers which increases the risk of outcome misclassification (47).   

The unique features of pregnancy and its outcomes, as well as the complex web of interrelated 

factors surrounding the putative causal effects of maternal HIV/ART  on adverse birth outcomes 

introduce some analytical complexity (48, 49).  Consequently, a considered analytical approach is 

required, involving exploration of the associations between the exposure, outcome, and potential 

third variables (confounders, mediators and effect modifiers).  Failure to account for the 

methodological and analytic challenges of pregnancy through inappropriate adjustment of variables 

which are either measured after the exposure has started or are potential mediators of the causal 

exposure-outcome relationship can introduce bias and hinder the interpretability of results and 

muddy actionable conclusions (50).  

1.2 Problem statement and rationale 

In contrast to other SSA countries, South Africa’s high under-5 and neonatal mortality problem (U5 

rate of 34.5 (30.5-38.8) deaths per 1000 livebirths in 2019), has occurred against a backdrop of 

sustained economic growth (51).  As an upper middle-income country, these rates would be 
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expected to be considerably lower, and this incongruence can at least be attributed to the impact of 

the HIV and tuberculosis epidemics which have derailed progress in the reduction of child mortality.  

HIV directly affects infant survival through mother-to-child HIV transmission (MTCT) and increasing 

the risk of adverse birth outcomes, and indirectly through maternal mortality.    

While the success of ART in pregnancy for improved maternal health and prevention of MTCT is 

indisputable, a major challenge remaining which needs addressing is the ART-associated increased 

risk of adverse birth outcomes as this directly impacts neonatal and child mortality rates.  In recent 

times, there has been an increase in larger studies being conducted in SSA, the region with the 

highest HIV burden, to examine the association between maternal HIV infection and ART use and 

adverse birth outcomes.  Despite this the current state of epidemiological knowledge remains 

limited, because of the use of predominantly observational study designs.  Consequently, data from 

well-designed, sufficiently powered, prospective studies from SSA are still limited.  Previous findings 

for the association between maternal ART use and adverse birth outcomes have been inconsistent 

across different settings, with the presence of selection and measurement bias issues linked to data 

sources, exposure, covariate and outcome ascertainment, and analytical choices thought to 

contribute to this variability.   

In this treat-all era, as there is an expansion of ART options pregnant women will continue to be a 

priority population for the optimisation of treatment in order to promote their own health and that 

of their ART-exposed infants.  Consequently addressing adverse outcomes linked to ART in 

pregnancy is of significant public health importance and will require a deeper understanding of the 

burden of adverse birth outcomes and their associated determinants through well designed reliable 

studies and analyses.  This understanding could also shed light on which actions should be prioritised 

to enable significant reduction of child and neonatal mortality in South Africa and the SSA region at 

large. 

1.3 Aims and objectives 

The overall aim of this PhD research is to more reliably quantify the relationship between maternal 

ART use1 and adverse birth outcomes (preterm delivery2, small for gestational age and low birth 

weight infants), through addressing the role of methodological factors inherent in observational 

1 In this thesis all women living with HIV unless otherwise stated are treated with ART. 
2 Throughout the thesis, the outcome preterm delivery (event taken from the maternal point of view) is predominately 
used, except for Chapter 3 where preterm birth (event taken from the infant point of view) is used. 
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research of birth outcomes in general and specifically for the association of interest.  In particular, 

how measurement and selection related issues impact the observed associations between this 

association of interest, among pregnant women followed from presentation for antenatal care, 

through pregnancy and up to 12 months postpartum.  This research will generate stronger evidence 

for hypothesised associations between maternal infections in general, and HIV specifically, with 

adverse birth outcomes using prospectively collected longitudinal data with robust measures. 

Evidence will also be produced that can be used to inform future research methodology when 

investigating birth outcomes in order avoid bias that can affect study inferences.  Finally, this 

research will also help inform which analytical techniques are best to mitigate bias that cannot be 

avoided during data collection. 

The specific objectives of this thesis are3: 

1. To identify the important methodological (selection and measurement bias) issues in the

epidemiological study of preterm birth and its sequelae in the context of maternal HIV and its

treatment in LMICs.

2. To examine the impact of measurement error related to gestational age assessment methods on

the association between maternal ART use and preterm delivery.

3. To examine the association between maternal ART use, timing of ART initiation and adverse

birth outcomes, with bias adjusted gestational age

4. To describe the natural history of blood pressure throughout pregnancy and assess whether this

mediates the association between ART use and adverse birth outcomes.

5. To determine whether different data sources in the same underlying population impact the

associations between maternal ART use and preterm delivery.

3 Throughout the thesis, women are described as being either living with HIV or living without HIV, with the exception of 
the title of Chapter 6, the tables in Chapters 4-7 and supplementary tables in Chapter 9 where they are described as being 
HIV-infected and HIV-uninfected. 
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1.4 Data sources 

To address the aim and objectives of the proposed PhD research, secondary analyses were 

conducted using a combination of data collected prospectively through two studies: PIMS 

(Prematurity Immunology in HIV-infected Mothers and their Infants Study (PIMS) and B-Positive: A 

population based evaluation of expanded ART access in pregnancy; routine clinical record data, 

routine electronic medical records from the Pregnancy Exposure Register (PER) and the Provincial 

Health Data Centre (PHDC) of the Western Cape Department of Health, obtained retrospectively.    

For all women enrolled in the PIMS cohort, the data sources provided different levels of data that 

was either collected as part of study procedures or as part of routine health services .  Data collected 

during the PIMS study were used for Objectives 2, 3 and 4, and this was combined with parallel 

routine data from the PHDC.  Objective 5 used data from the B-Positive study; as well as routine data 

collected during the study enrolment period from the PER for all pregnant women accessing 

antenatal care from the Gugulethu Midwife Obstetric Unit and PHDC for all pregnant women in the 

Western Cape Province.  These data sources and their contributions are described in detail in Table 

1.1. 

1.4.1 PIMS Study  

1.4.1.1 Overview 

The Prematurity Immunology in HIV-infected Mothers and their Infants Study was a prospective 

observational cohort study which sought to investigating the association between maternal ART use 

and adverse birth outcomes.  This study was conducted at a large public sector primary care facility 

Gugulethu Midwife Obstetric Unit (GMOU) in Cape Town, South Africa.  Between April 2015 and 

October 2016, consecutive pregnant women, regardless of their HIV status, seeking antenatal care at 

GMOU were enrolled into the study and followed up until May 2018. 

The overall prospective, observational study design included two ‘nested’ groups of pregnant 

women. Following clinical assessment, all women who agreed to enrol in the study had their 

routinely collected last menstrual period (LMP)-based gestational age (GA) and symphysis-fundal 

height (SFH)-based gestational age reviewed by the counsellor (Group 1, n=3972); women estimated 

to be ≤24 weeks clinically were referred for a same day ultrasound by a research sonographer using 

standardised assessment protocols and blinded to the midwife GA assessment.  Women who 

identified as living with HIV and ≤24 weeks’ gestation on US were recruited into a nested cohort 
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(Group 2, n=551); approximately half of these had initiated life-long ART prior to conception (n=261) 

and half ART during pregnancy (n=290).  

Study participants in Group 1 were followed through pregnancy until delivery, while the subset 

enrolled into Group 2 were followed up longitudinally until 12 months postpartum.  All research 

activities were conducted by research staff who were separate from routine clinical care which was 

managed as usual by the clinic.  Group 1 participants had data collected through data abstraction 

from routine clinical records through the pregnancy period.  Information abstracted included HIV 

status, previous pregnancy history, results of routine blood tests conducted during pregnancy 

(haemoglobin, ABO blood group, rhesus and syphilis screening), any medications prescribed during 

pregnancy and any maternal diagnoses during pregnancy.  Obstetric outcomes, which included date 

of delivery and birthweight, were abstracted from clinical records at delivery.  In addition to this 

data, at all study visits Group 2 participants had data collected on maternal health (HIV care and ART 

use, clinical care and inter-current clinical history), and through other procedures which included 

physical examinations (anthropometry, blood pressure measurement), phlebotomy; a follow-up 

ultrasound was conducted at 28 weeks to assess fetal growth.   

Figure 1.5 

presents a 

schema of 

these phases 

as well as the 

sample sizes 

into each 

Group.  

Different sub-

samples are 

included in 

different 

analyses of 

this thesis, as 

described in 

each chapter.  

Figure 1.5  Schema of PIMS study 
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1.4.1.2 Contribution of data to thesis 

Women who enrolled into PIMS study were included in the analyses presented in Objectives 2, 3, 4 

of this thesis.  Gestational age, assessed by routine care staff and recorded in maternity case record 

(MCR) booklets during the 1st ANC visit, in conjunction with ultrasound determined gestational age 

by the researcher sonographer, was used to categorise gestational age based outcomes in all PIMS 

analyses.  Explanatory variables such as obstetric history (parity, gravidity, previous pregnancy 

history), body mass index (BMI) and HIV-related parameters collected at the 1st ANC visit were used 

for PIMS analyses.  Pregnancy outcomes (pregnancy loss or live birth) were either self-reported or 

obtained from maternity case record abstraction at delivery.  Blood pressure measurements taken at 

the 1st ANC visit, all subsequent ANC visits and abstracted at delivery was used to examine blood 

pressure trajectories in pregnancy for Objective 4.   

1.4.2 B-Positive Study 

1.4.2.1 Overview 

B-Positive was a population-level study, which sought to explore the population-level impact of the

universal initiation of lifelong ART policy for pregnant women living with HIV based on strengthening

routine data systems.  The study was based on a combination of province-wide surveillance through

harmonisation of existing routine data systems for HIV/AIDS, ART and maternal and child health, and

dedicated sentinel studies in a single geographic area to investigate population-level trends in

greater detail (Figure 1.6).  The sentinel site component of the study explored the impact of

increased ART exposure antenatally and around conception on maternal, perinatal and child health

outcomes.

Figure 1.6  Schematic outline of study activities at both provincial and sentinel site level 

Adapted from B-Positive Protocol, courtesy of Andrew Boulle



38 

GMOU was the designated sentinel site for the B-Positive study, and this site participated in the 

pregnancy exposure registry (PER).  For this all women attending their 1st ANC visit at the GMOU 

were enrolled and followed to 

delivery (approx. 5000/year), with 

their routine operational obstetric 

and medical data digitised from the 

clinical stationery, namely the 

patient-held MCR.  Additional data 

sources included primary-care dating 

ultrasound reports, and clinic 

registers (STI and delivery).  Nested 

within these total annual ANC 

bookings at GMOU that were 

included in the PER, the prospective 

cohort component of B-Positive 

(sentinel sub-cohort) was established 

for a more detailed cohort analysis of pregnancy and infant outcomes (Figure 1.7).  Between January 

2017 and July 2018, consecutive pregnant women, regardless of their HIV status, seeking antenatal 

care at GMOU were enrolled and followed up until March 2020.   

Figure 1.7  Schematic outline of B-Positive sentinel site cohorts 

All women enrolled in the cohort study had their gestational age determined by ultrasound with a 

research sonographer using standardised assessment protocols (n=989).  Approximately half of the 

enrolled women identified as living with HIV (n=479) and the other half living without HIV (n=510).  

Study participants were followed up through pregnancy until 12 months postpartum.  Similar to the 

PIMS study, all research activities were conducted separate from routine clinical care.  Data was 

collected at up to three antenatal study visits (depending on gestational age at enrolment), and four 

post-natal study visits.  The measurements included questionnaires on basic demographic 

information, maternal health (obstetric and medical history, clinical care, and inter-current clinical 

history), dietary intake, mental health measures and risk behaviours.  Other procedures conducted 

included physical examinations (anthropometry, blood pressure measurement), phlebotomy and 

abstraction of clinical data on routine antenatal, postnatal and ART services received.  Obstetric 

outcomes were obtained by a combination of self-report and abstraction of clinical records.  

Different sub-samples were included in the different components of Objective 4 analyses of this 

thesis, as described in each chapter.   
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1.4.2.2 Contribution of data to thesis 

Women who were enrolled into the PER and the cohort study component of B-Positive were 

included in the analyses conducted for Objective 5.  PER used operational data, so variable 

definitions were aligned with operational clinical definitions in the Western Cape Province (52).  

Gestational age data stored in the PER, which was used to categorise gestational age based 

outcomes, was based on a combination of primary-care dating ultrasound reports and clinical 

assessment conducted by routine care staff during the 1st ANC visit.  Medication usage, including 

ART, which was obtained from either the clinical consultation and ward-stock medicines recorded in 

the MCR or electronic dispensing data from public sector pharmacies was used to construct the ART 

exposure variables (53).  Other explanatory variables which could act as confounders for some 

outcomes were also recorded on PER, these include weight gain and substance use. 

1.4.3 Provincial Health Data Centre 

1.4.3.1 Overview 

Numerous electronic record systems are maintained by the Western Cape  Department of Health in 

order to manage clinic and hospital administration, pharmacy and laboratory data (54).  All patients 

in fixed public sector services and facilities (primary care clinics, secondary and tertiary level 

hospitals) in the Western Cape Province are allocated a unique patient identifier, facilitating linkage 

of medical records between a variety of patient registration systems (birth, disease and death 

registers, health facility patient information systems (visits and admissions), National Health 

Laboratory Service and electronic pharmacy management systems) (53-55).  This unique identifier is 

leveraged by the PHDC, a patient-level interlinked health information exchange housed within the 

WCDOH, to centrally combine various routine electronic clinical, clerical and administrative database 

platforms across the province to generate an individual-level population database (53, 56) (Figure 

1.8).  Deduplicating algorithms are used by the PHDC for identification of patients with more than 

one provincial identifier (53, 54, 56). 
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Figure 2 A schematic of the Western Cape Provincial Health Data Centre 

Adapted from: Boulle A, Heekes A, Tiffin N, Smith M, et al. Data centre profile: the provincial 
health data centre of the Western Cape Province, South Africa. Int J Popul Data Sci. 2019;4(2):1-11. 

1.4.3.2 Contribution of data to thesis 

Laboratory, pharmacy and birth outcome data were requested from the PHDC for all women who 

had enrolled into PIMS.  This provided routine care data from between the 1st ANC visit and delivery, 

which was used in conjunction with study data (questionnaires and clinical record data abstraction), 

especially for Group 1 women who were only followed up passively through clinical records after the 

1st ANC visit.  Available data for births outcomes included outcome (livebirth, stillbirth, early 

neonatal death), delivery method, infant date of birth, birthweight and gender)(routinely captured 

by into delivery registers).  Pharmacy dispensing data from the local pharmacy administrative 

databases was used to determine ART regimens; laboratory test data were used to obtain missing 

CD4 cell counts and HIV viral loads from the NHLS database.  These data were used to address 

Objectives 2, 3 and 4.  For Objective 5 where birth outcomes were compared between data sources, 

PHDC data was used for the total population of pregnant women in the Western Cape Province over 

the study enrolment period.  Data requested included HIV/ART status, basic obstetric history 

(gravidity, parity, previous adverse birth outcome), risk factors (infections, substance use, mental 

health), gestational age at delivery, pregnancy outcome, delivery mode and infant birth 

characteristics (gender, birthweight, length and head circumference). 
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1.5 Ethical approvals 

The PIMS study protocol, informed consent documents and data collection tools have been 

approved by the University of Cape Town Faculty of Health Sciences Human Research Ethics 

Committee (UCT-HREC; REF: 739/2014) and the University of Southampton Faculty of Medicine 

Ethics Committee (REF: 12542 PIMS).  Study progress was reviewed annually and the latest annual 

approval is provided in Appendix 9.1.1.  The larger B-Positive protocol (REF: 749/2015, Appendix 

9.1.2) and the sentinel site study protocol (REF: 541/2015, Appendix 9.1.3) for PER and Cohort study 

activities together with informed consent documents and data collection tools were also approved 

by the UCT HREC.  Additionally, permission to conduct the PIMS study (REF: WC_2015RP32_631) and 

the cohort component of B-Positive (REF WC_2016RP6_286) was also granted by the research 

oversight body of the Provincial Government of the Western Cape Department of Health. 

Because of the need for parental consent for younger women, both PIMS and the B-Positive cohort 

studies only enrolled women aged 18 years and older.  All women enrolled in the PIMS and the B-

Positive cohort study provided written informed consent which included consent for the abstraction 

of routine clinical records, as well as linkage to electronic provincial databases.  To facilitate data 

abstraction for these studies, identifying information was collected which included the unique 

provincial patient identification number, name, surname, date of birth and national identification 

number if available.  Linked data was obtained from the PHDC for available data sources for all 

women who enrolled in PIMS and the B-Positive cohort study.  The secondary data analyses 

undertaken for this thesis were approved by the UCT HREC (REF: 019/2020, Appendix 9.1.4). 
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1.6 Overview and structure of the thesis 

This thesis consists of this introductory chapter, a literature review chapter, four results chapters, a 

discussion chapter and an appendix section with supporting supplemental materials.  This 

introductory chapter contextualises the burden of child and neonatal mortality, particularly in sub-

Saharan Africa; and reviews the contribution of maternal infections related adverse birth outcomes 

to this.  Additionally, this chapter provides a brief overview of the methodological issues, related to 

birth outcomes, which this thesis aims to address together with the rationale, aim and objectives is 

included.  Since this thesis involves secondary analysis, a description of the broader studies and data 

sources from which the data arise is included in this chapter. 

Chapter 2 is a literature review that provides the background to this thesis, highlighting  definitions 

and issues that pertain to the epidemiological measurement of pregnancy outcomes within the 

context of maternal ART use.  This is not intended to be an exhaustive review but rather to present 

key aspects of birth outcomes and methodological concerns in their investigation.  Details regarding 

the focus of this review are provided at the beginning of the chapter.  Four results chapters are 

included (Chapters 4 to 7), which present data analyses focusing on the impact of measurement 

and/selection bias on the relationship between maternal ART use and adverse birth outcomes.  They 

present results from a cohort of pregnant women accessing antenatal care at public sector health 

facilities in the Western Cape Province between 2014 and 2018.  All results chapters are manuscripts 

that are either published or being prepared for submission (Table 1):  

• Objective 1 is explored in Chapter 3, which highlights the important selection and

measurement bias issues that need to be considered when studying the epidemiology of

preterm birth and its sequelae in the context of maternal infections and their treatment in

LMICs.

• Objective 2 and 3 are related to gestational age measurement error and are addressed

sequentially in Chapters 4 and 5.  The impact of this measurement error in the association

between maternal ART use and adverse birth outcomes is established in Chapter 4.  These

findings provide novel data that can be used to make bias corrections of gestational age.

Following this, Chapter 5 goes on to use this information to make appropriate adjustments

to gestational age in the analysis in order to more accurately assess the prevalence of

adverse birth outcomes and estimate the associations between HIV status, timing of ART

initiation and adverse birth outcomes
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• Objective 4 is covered in Chapters 6 and focuses on the measurement of maternal blood

pressure using trajectories instead of cross-sectional measurements and the more detailed

insight this methodology provides into the relationship between blood pressure and adverse

birth outcomes in a novel analytical approach.

• Objective 5 is addressed in Chapter 7, with the results showing how using different data

sources impacts the quality of exposure and outcome measure and the impact of this on the

association between maternal ART use and adverse birth outcomes

Chapter 8 provides a summary of the key findings of this combined body of work, with 

interpretation and contextualisation of the results to identifying necessary future actions 

including recommendations for future research.  Supplementary material including inserts from 

each results chapter, follows in Chapter 9.  
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Table 1.1 Summary of thesis results chapters, objectives, manuscripts, and data sources 

Chapter and Objective Manuscript title and status Data Source 

3 To identify the important methodological (selection and 
measurement bias) issues in the epidemiological study of 
preterm birth and its sequelae in the context of maternal 
HIV and its treatment in LMICs. 

Malaba TR, Newell ML, Myer L, Ramokolo V. Methodological 
considerations for preterm birth research.  Front Glob Womens Health. 
2022;2:821064. 

N/A 

4 To examine the impact of measurement error related to 
gestational age assessment methods on the association 
between maternal ART use and preterm delivery. 

Malaba TR, Newell ML, Madlala HP, Perez A, Gray CM, Myer L. Methods 
of gestational age assessment influence the observed association 
between antiretroviral therapy exposure, preterm delivery, and small-
for-gestational age infants: a prospective study in Cape Town, South 
Africa.  Ann Epidemiol. 2018; 28(12):893-900 

PIMS 
PHDC 

5 To examine the association between maternal ART use, 
timing of ART initiation and adverse birth outcomes, with 
bias adjusted gestational age. 

Malaba TR, Mukonda E, Matjila M, Madlala HP, Myer L, Newell ML, PIMS 
Study Group. Pregnancy outcomes in women living with HIV and HIV-
negative women in South Africa: Cohort analysis based on bias-corrected 
gestational age. Paediatr Perinat Epidemiol. 2022;36(4):525-535. 

PIMS 
PHDC 

6 To describe the natural history of blood pressure throughout 
pregnancy and assess whether this mediates the association 
between ART use and adverse pregnancy outcomes. 

Malaba TR, Cois A, Madlala HP, Matjila M, Myer L, Newell ML.  Blood 
pressure trajectories during pregnancy and associations with adverse 
birth outcomes among HIV-infected and HIV-uninfected women in South 
Africa: a group-based trajectory modelling approach. BMC Pregnancy 
Childbirth. 2020;20(1):742-754. 

PIMS 
PHDC 

7 To determine whether different data sources in the same 
underlying population impact the associations between 
maternal ART use and preterm delivery. 

Being prepared for submission B-Positive
PER 
PHDC 

9 Appendix supporting PIMS analyses Malaba TR, Myer L, Gray CM, Newell ML. Cohort profile: Prematurity 
Immunology in Mothers living with HIV and their infants Study (PIMS). 
BMJ Open. 2021;11(9): e047133. 

N/A 
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Chapter 2: Literature Review 

2.1 Overview 

The purpose of this chapter is to establish the conceptual background for this thesis by providing an 

orientation to and summary of existing knowledge pertaining to the epidemiological measurement 

of outcomes that occur over the course of pregnancy (conception to birth and the immediate 

neonatal period).  Important considerations related to pregnancy and perinatal outcome 

assessments will be highlighted.  Particularly as these outcomes are primarily defined according to 

their timing of occurrence or detection, which can either be in utero or in the perinatal period.  The 

occurrence of adverse outcomes is influenced by in utero events and exposures, so this chapter also 

summarises key perinatal epidemiology concepts related to measurement and selection issues that 

may impact findings of associations between exposures and adverse outcomes.  The latter part of 

this chapter is structured according to the objectives of this thesis and address’s themes that are 

relevant to the results chapters which follow.  Specifically, given the importance of maternal 

infections and their treatment in the occurrence of adverse birth outcomes in Sub-Saharan Africa, 

these concepts will be explored within the context of maternal antiretroviral therapy (ART) use in 

pregnancy, which is the main exposure of interest in this thesis.   

This review is not intended to be systematic or exhaustive but rather provides an overview of key 

points and gaps in our understanding of the methodological considerations when investigating 

outcomes of pregnancy.  While discussions of the impact of the highlighted methodological 

considerations on adverse birth outcomes are related to maternal ART use in pregnancy, this review 

also includes a few articles from epidemiological studies of other maternal exposures, infections 

and/or treatments where these contribute important knowledge.  Similarly, the literature reviewed 

is primarily from low to middle income countries (LMIC), since the data on which this thesis is based 

arise from South Africa, however literature from high-income countries (HIC) is included if it 

provides a meaningful contribution.  PubMed was searched for the relevant literature, and reference 

lists were checked for additional key publications.  

Section 2.2 presents an overview of the normal events that occur during the reproductive process 

through a discussion of the measures of pregnancy course and outcomes.  Problems that arise 

during this reproductive process define the adverse outcomes in epidemiologic studies of 

pregnancy, so this section will address the deviations from normal events that occur that result in 

adverse outcomes.  The focus will be on the main outcomes of interest in this thesis, namely those 

related to gestational duration (preterm and post-term delivery) and fetal growth (birthweight and 
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size for gestational age).  Although not the primary focus of this thesis, this section also covers 

pregnancy losses that can occur during the course of pregnancy, ranging from early pregnancy loss 

to miscarriage and stillbirths.  While congenital anomalies are an important adverse outcome of 

pregnancy, they are not covered in this section, as a separate outcome, because they present a 

different set of methodological considerations which fall outside the scope of this thesis. 

Section 2.3 provides a broad overview of important methodological issues which require careful 

consideration when investigating birth outcomes.  The purpose of this section is not to provide an 

extensive review of all methodological issues that apply in perinatal epidemiology but rather to 

briefly describe issues related specifically to outcomes related to gestational duration, fetal growth 

and pregnancy loss.  In addition to these broader concerns, each of the outcomes have their own 

unique challenges linked to study design choices, outcome assessment and potential threats to 

validity that are also reviewed in this section.   

Section 2.4 reviews literature to provide context for the main objectives of this thesis, related to the 

specific cases of bias that are often encountered in perinatal epidemiology.  An overview of 

information bias is covered with a focus on outcome measurement error and misclassification, and 

potential solutions of different types of correction methods, providing a strong basis for the 

methodological approaches taken in this thesis.  Selection bias is also covered with a focus on the 

specific types that are relevant to the study of birth outcomes, with a brief discussion of mitigation 

strategies. 

Section 2.5 contextualises the main area of interest in this thesis, the relationship between maternal 

ART use and adverse birth outcomes.  The data on which this thesis is based on are recent data from 

South Africa, so more weight is given throughout this literature review, to relatively recent studies in 

similar settings with a focus on triple drug antiretroviral therapy.  Finally, this section highlights bias 

related concerns of the current evidence, and points to the future research needs that the 

subsequent results chapters aim to address. 

2.2 Definitions and measures of pregnancy course and outcomes 

Successful reproduction is biologically and epidemiologically complex; because pregnancy comprises 

discrete events which range from implantation, decidualisation, placentation and finally infant birth 

(1, 2).  The completion of each of these events is essential for advancement toward the next stage 

(2).  The path towards a successful pregnancy begins during implantation, approximately 7 days after 

conception, through the initiation of complex but highly organised and precisely timed physiological 
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and molecular processes (3).  This is incidentally also when pregnancy can first be detected through 

monitoring of the human chorionic gonadotropin (hCG) hormone levels in serum and urine (4, 5).  

Normal development following implantation starts with the formation of organ systems, followed by 

fetal growth and development (6).  Organ growth affects the developmental environment, and 

during periods of critical organ growth irrevocable developmental decisions are made (6).  There are 

two critical periods of fetal growth, arising from patterns of growth in cell number and size.  The first 

critical period is the embryonic phase, which lasts from the 5th to the 10th gestational age week (7), 

during which organs are formed in a manner that requires each development stage occurring at the 

correct time (1).  At approximately 4 weeks gestation the first ultrasonographically visible structure 

of pregnancy is the gestational sac, a fluid-filled structure that surrounds the embryo during the first 

few weeks of embryonic development (8).  The diameter and volume of the gestational sac can be 

measured to determine gestational age (9).  The next visible structure, at approximately 5½ weeks’ 

gestation, is the yolk sac a circular structure within the gestational sac that provides early transfer of 

nutrients from the trophoblast to the embryo (before the placenta takes over this function) (10).  By 

6 weeks gestation, the embryo can first be identified as a focal thickening on the outer margin of the 

yolk sac.  As the first trimester progresses the outer layer of the embryo merges with the 

endometrium, forming the placenta, which takes over the nutrient and waste requirements of the 

embryo.  The size of the embryo is determined using the crown-rump length (CRL), which measures 

length from the top of the head (crown) to the bottom of the buttocks (rump).  This measure 

translates to an accurate estimated gestational age in early pregnancy (11).  At the end of the 

embryonic phase most organ systems are in place albeit in undeveloped states (7).   

The second critical period of fetal growth is the fetal phase, which occurs after the completion of 

organogenesis at approximately 10 weeks) (7).  At this stage all major organs have been formed, and 

the embryo has become a fetus, with distinct human features.  During the first half of the fetal phase 

(gestational weeks 11 to 26), organ size increases rapidly, primarily through cell proliferation, and 

become more developed.  The rate of fetal growth varies over gestation – from week 9 to 20 the CRL 

increases ~4-fold, while fetal weight increases ~60-fold.  Subsequently the rate slows, with a 2-fold 

CRL increase and 5-fold fetal weight increase by delivery (10).  Beyond 12 to 14 weeks’ gestation the 

excessive curvature of the fetus may lead to erroneous shortening of CRL measurements, 

consequently in the second and third trimester other fetal measurements are required for 

gestational age assessment (12).  These include the biparietal diameter (BPD), head circumference 

(HC), abdominal circumference (AC) and femur length (FL).  While gestational age can be assessed 

using a single parameter, the use of multiple parameters has been shown to be more accurate (13, 

14).  In the second half of the fetal period (27 weeks to term), organ cell numbers stabilise and there 
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is a shift to the hypertrophic stage of growth where the size of cells increase (1).  After a period of 

relatively constant weight gain in the second trimester, absolute weight increases in the third 

trimester at an average fetal weight increase of 2000 grams (10), linked to the rapid accumulation of 

fat, muscle, and connective tissue (15).  Cellular hypertrophy continues postnatally into childhood 

according to varying schedules for different organs.  During this period of development there is also 

a high placental transfer of essential nutrients required to support the infant during the first 6 

months of life (16).  

Complications or deviations from the normal reproductive process define adverse outcomes in 

epidemiological studies of pregnancy.  Adverse outcomes of pregnancy are either due to the failure 

of a developmental process to occur at the correct gestational time point, or the occurrence of 

normal developmental processes at the incorrect gestational time point.  Additionally, adverse 

outcomes may also follow disruptions during critical periods of development by potentially harmful 

exposures such as infections, medications, and other teratogenic substances.  During the first 

trimester when major structures are formed during organogenesis these disruptions or harmful 

exposures have the greatest chance of causing congenital anomalies.  During the second and third 

trimester where growth is the focus, harmful exposures can result in growth retardation and minor 

congenital anomalies and can be associated with preterm delivery (PTD).  The use of epidemiology 

to identify promising approaches to prevention or development of appropriate interventions 

requires elucidation of the causes of these adverse pregnancy outcomes.  However, to discern causal 

determinants and patterns of associations with predictors and adverse pregnancy outcomes, 

consideration of the underlying methodological nuances of reproductive and perinatal epidemiology 

is of paramount importance.  These are linked to choice of study population and appropriate units of 

analysis, interval censoring and truncation, and hidden or missing data (6, 17), which will be 

discussed in Section 2.3 of this review.   

Although the study of pregnancy includes the determinants of conception and postpartum health 

and development through to infancy, childhood and adulthood, this literature review will be 

restricted to the timeframe between conception and birth and deviations from normal events that 

lead to adverse outcomes specifically related to gestational duration and fetal growth (Figure 2.1).  
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Figure 2.1  Overview of the timeline of pregnancy-related outcomes covered 

Adapted from:  Slama R. Epidemiologic Tools to Study the Influence of Environmental Factors on Fecundity and Pregnancy-related Outcomes. 
Epidemiol Rev. 2014;36(1):148-164. 

2.2.1 Gestational Duration 

Fetal maturation, the process of physiological development, prepares for fetal survival outside the 

uterus (18).  Gestational duration is the most accessible measure of fetal maturation and is 

important for several epidemiological endpoints.  This is because at any given week of gestation, any 

pregnancy can be interrupted.  An example of one such interruption is placental abruption, which in 

turn can trigger labour, and, depending on the severity and gestation when this occurs, lead to 

preterm delivery, stillbirth and/or perinatal death.  Since the initiating event is the same, the 

difference in outcomes can be attributed to the gestational duration at the time of the event (19); 

and therefore, gestational duration is arguably the most important measure in reproductive and 

perinatal epidemiology because it enables outcome classification.  Birthweight is the final product of 

intrauterine growth rate over the duration of gestation, affected by any interruption to either 

growth rate or pregnancy duration.  However, of these two outcomes, gestational age is a better 

short- and long-term outcome predictor than birthweight, which does not consider the 

appropriateness for gestational age.   

Gestational age is the strongest single predictor of perinatal outcomes because of its strong 

correlation with all developmentally regulated processes (20) – with fetal maturity directly related to 

the duration of gestation.  Outcome measures of gestational age are defined by duration of 

competed gestation at the time of delivery expressed in completed weeks or days: preterm, term 

and post-term.  Preterm delivery accounts for the majority of perinatal morbidity, mortality, and 

costs (21), but post-term delivery is also associated with increased neonatal morbidity and mortality 

(22, 23).  Clinically, information on gestational age is critical because accurate interpretation of 

observations, such as fetal size and assessment of appropriateness of intrauterine growth (through 

birthweight as a proxy), require knowledge of the duration of completed gestation at the time of 

measurement.  In addition, clinical decisions in terms of management relate to gestational age, with 
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options depending on whether the fetus is delivered too early (preterm), at term, or too late (post-

term). 

Despite its central importance, gestational age in individual pregnancies can only be estimated 

approximately, and this imprecision has significant consequences for clinical care and pregnancy 

research.  Ideally, gestational age would be measured from the day of conception, however since 

natural conception is unobservable, this can only be determined through hormonal markers of 

ovulation.  These include detecting the luteinising hormone surge preceding ovulation or the sudden 

changes in oestrogen and progesterone following ovulation (24, 25).  While this data is observable it 

is often not available, consequently the less direct standard clinical benchmark for the onset of a 

pregnancy - the first day of the last menstrual period (LMP) is used, which is on average 14 days 

before conception.  Using this estimate, gestational duration corresponds to the time from the first 

day of the LMP to delivery, with an estimated median duration of 40 gestational weeks or 280 days 

(26).  The reliability of this measure depends on several factors which other than accurate LMP 

recall, include cycle regularity, presence of early or light bleeding and factors that could influence 

ovulation timing; consequently, even with the most accurate LMP recall there is still a margin of 

error which could be quite substantial (27). 

Gestational age can also be estimated early in pregnancy using fetal size – since it is assumed at this 

stage in pregnancy, fetal size is a function of age and not growth rate.  The earlier the ultrasound 

(US) measurements are obtained the more accurate gestational age estimates will be, because of 

the limited variability in fetal size in early gestation.  Ultrasound-based gestational age estimates 

may be used in conjunction with LMP estimates, if deemed appropriate (28).  However, in resource-

limited settings US facilities are generally unavailable in public facilities.  This together with low 

literacy rates, high hormonal contraception rates, and nutritional challenges which contribute to 

unreliable LMP dates, mean gestational age assessment typically relies on other antenatal and 

postnatal assessment methods.  Antenatally measurement of the symphysis fundal height (SFH) is a 

commonly practiced non-invasive method of assessing fetal growth using a tape measure (29).  Like 

US, SFH variations in fetal size at a given gestational age can be converted into differences in 

gestational age.  For fetuses growing normally from 24 weeks gestational age, SFH measurements in 

centimetres correspond to gestational weeks.  Postnatal assessment of the newborn gestational 

maturity is based on external (developmental morphology) and/or neurological criteria (30-33); 

these methods are particularly useful in cases where antenatal care (ANC) was either accessed late 

in pregnancy or not at all.   
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Outside of measurement error related to assessment method used, considerable biological variation 

exists in the duration of healthy term pregnancies, with timing of delivery depending on the natural 

course of pregnancy and clinical management (1).  This reflects normal variation in the pace of fetal 

maturation and timing of natural delivery with differences in maternal capacity to carry the fetus as 

term approaches.  Multiple pregnancies are likely to end earlier than singleton pregnancies due to 

the effects of increased physical load in the uterus (6).  Over time, distributions of gestational age at 

delivery have shifted towards early gestational ages with the recent downward shift in gestational 

age distribution, especially in high and middle-income countries, likely a reflection of an increase in 

obstetric interventions.  This is due to clinicians intervening to induce labour and delivery before it 

occurs naturally, related to concerns around maternal and fetal wellbeing and less well-defined 

social factors such as clinician and maternal convenience (34).  

2.2.1.1 Preterm Delivery 

Preterm delivery is defined as delivery before 37 completed weeks of gestation (6).  More stringent 

cut-offs have been applied to define more extreme deviations from the normal 37-41 week 

pregnancy.  This is motivated, in part, by advancements in the quality and efficacy of neonatal care 

with significantly lowered morbidity and mortality risk in marginally preterm infants.  Preterm 

delivery is recognised as a major public health problem because it is the leading cause of infant 

mortality, with the risks for survival and morbidity increasing with delivery at gestational ages below 

37 weeks (35).  This risk increases more steeply as the gestational duration becomes progressively 

shorter (36), consequently cut-offs for very preterm (<32 weeks) and extremely preterm (<28 weeks) 

define severe adverse outcomes.  Preterm delivery reflects a final mutual pathway for numerous 

different clinical and biological processes resulting from a variety of causal mechanisms and risk 

factors (17).  The PTD entity is abnormal in that it is defined by time and not a distinguishing clinical 

phenotype (37), so it requires closer consideration and possible subgrouping in order to study both 

aetiology and prognosis.  Consequently, in addition to classification by gestational age, PTD can also 

be phenotypically classified according to clinical presentation distinguishing spontaneous PTD from 

medically indicated PTD (37).  These two PTD phenotypes have considerable aetiological 

heterogeneity that require distinct prevention and management strategies (35, 38).  Spontaneous 

PTD can be due to preterm labour with cervical dilation or preterm prelabour rupture of 

membranes.  In contrast medically indicated PTD are those in which concerns around the health of 

the pregnancy lead to a clinical judgement that labour should be induced, frequently due to 

maternal and fetal factors such as preeclampsia and fetal distress (35, 39).  Within the spontaneous 

PTD phenotype, further classifications have been developed to enable identification of more specific 

aetiological pathways.  These pathways include infection/inflammation, decidual haemorrhage, 

maternal stress, cervical insufficiency, uterine distention, placental dysfunction, preterm premature 
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rupture of membranes, maternal co-morbidities, and familial factors (40).  This classification is 

better suited to well-resourced settings or research studies because of the human and 

infrastructural capacity required for its application.  

2.2.1.2 Post-term Delivery 

Post-term delivery is defined as delivery that occurs after 41 completed weeks of gestation (41).  

Post-term delivery is not associated with a well-defined physiological condition (42).  Advancing 

gestation increases the risk of conditions such as placental insufficiency, fetal acidemia and 

preeclampsia (17).  Post-term fetuses tend to be larger than term fetuses, increasing the risk of 

intrapartum complications, and also associated with considerable mortality and long-term morbidity 

(42), with gestational age-specific mortality increasing at week 42 onwards after a period of low 

mortality risk between 39-41 weeks (1).  However, the direction and cause of post-term related 

mortality is unclear – either these prolonged pregnancies increase risk of fetal complications or 

fetuses with complications fail to trigger delivery at the appropriate time (1).  

Post-term delivery is most commonly assumed to be because of errors in gestational age 

assessment.  Reliance on standard clinical criteria to estimate the estimated date of delivery tends to 

overestimate gestational age (23, 42).  While inaccurate recall of LMP is known to contribute to 

inaccurate gestational age, irregular menstrual cycles which deviate from the norm of 28-day cycles 

also contribute to these inaccuracies (17).  In any given cycle, ovulation is more likely to be delayed 

than early (43), consequently even with accurate recall of LMP gestation duration can be over-

estimated with post-term pregnancy erroneously diagnosed.  Other clinical methods which 

contribute to inaccurate gestational age include using measurement of SFH, perception of fetal 

movements and fetal heart tone auscultation (44). 

In cases where a post-term pregnancy truly exists the cause is usually unknown because the 

pathogenesis is not clearly understood.  While there has been improved understanding of 

parturition, mechanisms that initiate labour and allow its progression are also still not clear.  Given 

that parturition involves the interaction of hormonal, inflammatory and mechanical processes in the 

placenta, mother and fetus, it is possible that changes in the biological mechanisms regulating 

delivery could lead to post-term delivery (44).  These changes could be linked to hormonal factors 

and/or genetic predisposition (45).  For example, altered levels of circulating hormones, such as 

placental sulphatase, that play a role in spontaneous labour could lead to post-term pregnancy (46).  

Genetic factors may be involved with prolongation of pregnancy, with women who were products of 

prolonged pregnancy at increased risk of post-term pregnancy (47).  
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2.2.2 Fetal Growth 

Fetal growth is heavily modulated by placental function; appropriate fetal growth and development 

reflects fetal health, which in turn predicts infant health, development and lifelong well-being.  

Growth is commonly divided into three stages.  The first stage occurs throughout the first trimester 

up to 20 weeks’ gestation, with limited fetal weight gain with an average growth rate of ~5 

grams/day.  The second stage from 20 to 28 weeks’ gestation, has an average growth rate of ~15-20 

grams/day.  The third stage from 28 weeks until term has the largest weight gain of ~30-35 

grams/day (48).  Given that fetal growth is fundamentally linked to development, any disruptions 

during these periods or aberration in fetal condition can result in growth failure in the form of fetal 

growth restriction or overgrowth.  Patterns of abnormal growth are either symmetric, asymmetric or 

a combination of both (mixed), based on the relative sizes of organs (49).   

Fetal growth restriction occurs when the growth potential of a fetus is not achieved (50), usually a 

result of placental insufficiency (51, 52).  The consequence of this impaired placental function is its 

inability to provide the fetal demands for appropriate growth and development (53).  While this 

growth restriction can occur at any time in pregnancy, the natural history of early and late onset has 

different biochemical, histological and clinical features.  Early onset growth restriction often 

manifests as more severe disease and is associated with maternal hypertensive disorders and 

abnormal umbilical artery Doppler findings.  In contrast, late onset (>32 weeks), which is harder to 

diagnose, is associated with a milder degree of placental dysfunction and more favourable perinatal 

outcomes (54).  Symmetric growth restriction typically occurs relatively early in pregnancy during 

the hyperplastic growth phase with early disruption impacting fetal organs and their development 

proportionally.  This suggests that growth could have been disrupted by a defect or event occurring 

during organogenesis, with common disruptors being congenital abnormalities, genetic disorders, 

and infections (7).  Fetuses undergoing symmetric growth restriction have organs that are relatively 

small but proportional for gestational age (55, 56).  Asymmetric growth restriction, which accounts 

for the majority of growth abnormalities, occurs later in pregnancy leading to disproportionate 

organ growth and development (49).  This disruption of growth typically occurs during the 

hypertrophic growth phase when fetal growth and development are heavily dependent on sufficient 

nutrient and oxygen supply through the placenta (57, 58).  Fetal growth restriction is a major 

contributor of stillbirth, neonatal morbidity and mortality and carries an increased risk of long term 

neurological and neurodevelopmental complications (59-61).  There are indications that 

consequences of growth restriction later in life are associated with asymmetric rather than 

symmetric fetal growth restriction (62). 
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On the opposite end of the spectrum, a fetus can experience growth acceleration leading to 

excessive in utero growth.  Fetal overgrowth or macrosomia is frequently due to maternal obesity 

and/or diabetes or other maternal and placental factors which affect nutrient supply and uptake to 

the fetus could also contribute to overgrowth (48).  Patterns of fetal overgrowth can also be 

subdivided into symmetric and asymmetric (62).  Symmetric overgrowth typically occurs when the 

excessive fetal weight is the result of proportionate growth of all fetal organs (63).  This is usually the 

result of a post-term pregnancy or genetic factors such as parental anthropometric characteristics.  

Fetuses undergoing symmetric overgrowth have fetal parameter ratios within the normal range for 

gestational age and are classified as large-for-gestational-age (63).  Asymmetric overgrowth is 

characterised by disproportionate organ growth (64), and typically originates from an abnormal 

intrauterine environment.  This can be a consequence of maternal hyperglycaemia, which stimulates 

fetal insulin production (63, 65, 66).  Fetal overgrowth is also associated with stillbirth and neonatal 

morbidity and mortality, with asymmetric associated with increased risk of neonatal complications 

as well as long-term health consequences (62, 67-69).   

Different measures are used to identify the determinants of fetal growth, and distinctions are 

required between measures of fetal size and growth as these are not synonymous (70).  Size is a 

single measure taken at a specific timepoint, with repeated measures representing distant variations 

in size.  Conversely, growth is a dynamic process, with a change in the measure per unit of time (71, 

72).  Fetal growth can be measured either directly based on ultrasonographic measurement or 

indirectly based on anthropometric measurement at delivery.  Ultrasound can establish gestational 

age in the first trimester, thereafter, estimated fetal weight (EFW) can be determined in relation to 

gestational age as an indicator of normal fetal growth and well-being (73).  While AC can be used as 

a single parameter, combination of multiple parameters (BPD, HC, AC and FL) to determine EFW 

reduces potential error (74).  Because growth disturbances tend to represent progressive disease, 

measurement at a single time point may not be able to detect any abnormal biometry that may 

develop.  Whereas assessment over time based on the trajectory of individual parameters, provides 

a significant advantage as it enables evaluation of true growth parameters (growth rates) and 

trajectories, particularly in the third trimester when most growth abnormalities occur (75). 

Anthropometric measures at delivery are also used as proxy measures of fetal growth, metrics for 

this include birthweight and size for gestational age.  Birthweight is a reflection of the outcome of 

fetal growth processes and complications (17), as such it is a powerful predictor of infant’s survival 

chances (76).  An infant’s birthweight is the first recorded weight after birth and should ideally be 

measured within the first hours of life before any significant postnatal weight loss occurs (77).  
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At a population level the frequency distribution of birthweight is mound-shaped with heavier tails 

than in a normal distribution.  Deviation exists in the lower and upper residual tails, where there is 

an excess of low and high birthweight infants (78).  The abnormal sized infants in the residual tails 

are at high risk of morbidity and mortality (76).  Several cut-offs, ratios and indices have been 

devised to relate birthweight to morbidity and mortality risk (17).  Birthweight alone as an endpoint 

measure of fetal growth does not provide sufficient information on fetal growth or growth velocity 

in specific gestational periods (79).  Size for gestational age is a more accurate measure as it assesses 

birthweight in relation to measures of central tendency for gestational age.  It is more useful in 

evaluating fetal growth outcomes and more sensitive in indicating growth abnormalities than 

birthweight alone.  Additionally, it can help determine whether an infant is small/large because of 

abnormal growth and consequently at risk of morbidity or mortality; or whether the infant is 

constitutionally small/large and thus likely to be healthy.     

The recognition of abnormal growth is dependent on the existence of reliable birthweight- and 

estimated fetal weight for gestational age growth charts.  The statistical thresholds of these growth 

charts for defining ‘at risk’ fetuses are standardised by convention – with those falling below the 10th 

percentile (or to a lesser extent, the 5th or 3rd) classified as small for gestational age (SGA) and those 

above the 90th percentile large for gestational age (LGA) (80).  There is however substantial variation 

in characteristics of the study populations from which these percentiles are derived.  While there is 

recognition that appropriate unified charts are required, two different approaches have been 

advocated: references and standards (69).  Growth references are descriptive charts of how a 

fetus/infant is actually growing.  These references can be population-specific and are based on the 

premise that fetal growth can be strongly influenced by genetic factors (69, 80).  They are derived 

from representative populations of fetuses/infants from normal and complicated pregnancies 

including those that may have exposures or conditions that could affect growth (17, 80, 81).  In 

contrast, growth standards are proscriptive charts of how a fetus/infant should be growing.  These 

standards are typically not population-specific and are based on the theory that across populations, 

growth potential is similar with any deviation’s indicative of external influences rather than inherent 

biological differences (69).  They are derived from selected populations of healthy low risk 

pregnancies, with the exclusion of cases that have exposures that may affect growth (80).  Recently 

two methodologically rigorous growth standards have been released which were derived from 

multi-country populations, these include the INTERGROWTH-21st and WHO charts (75, 82, 83).  

Careful consideration is required when deciding between using a reference or a standard for fetal 

growth evaluation, given the differences in selection of source population and assumptions.  

Theoretically, standard charts that reflect optimal fetal growth are likely to be better for monitoring 
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growth and identifying ‘at risk’ fetuses who are experiencing abnormal growth than reference 

standards. 

2.2.2.1 Low Birthweight   

Low birthweight (LBW), defined as birthweight below 2500 grams (84), is the most common 

measure used in epidemiological studies and worldwide surveillance (85).  Before 1976, the terms 

LBW and premature were used interchangeably as it was presumed infants were LBW because they 

were born too early (76).  It was for this reason that at the time the standard criteria used to define 

prematurity was based on birthweight below 2500 grams regardless of period of gestation (86). 

Historically the LBW cut-off was used because it represented the level below which birthweight-

specific mortality significantly increased.  Low birthweight is further categorised into very LBW 

(VLBW, <1500 grams) and extremely LBW (ELBW, <1000 grams) (85).  Birthweight is governed by 

two processes: gestational duration and fetal growth rate, as such LBW is the result of shortened 

gestation, impaired fetal growth, or a combination of both.  The underlying causes of shortened 

gestation and impaired fetal growth are multifactorial, and their biological pathways differ.  The 

LBW construct can be limited because it represents a mixture of infants with impaired growth, those 

with normal growth trajectory but delivered early and those small for genetic reasons unrelated to 

viability (constitutionally small).  Consequently, this construct, although easy to measure, is not 

useful when the outcome of interest can be differentially related to shortened gestation and 

abnormal growth (76).  

With advances in perinatal care services, the LBW cut-off is now rendered somewhat arbitrary 

however it is still a valuable indicator of maternal health, nutrition, healthcare delivery and poverty 

(77).  LBW is particularly useful for clinical management in terms of indication for additional 

postnatal clinical surveillance and intervention; especially since LBW may be associated with long-

term neurologic disability, impaired language development and academic achievement, as well as 

increased risk of chronic diseases (77).  

2.2.2.2 High birthweight 

High birthweight (HBW), also termed macrosomia, describes a newborn with an excessive 

birthweight.  Establishing a universally accepted definition has proved challenging, with HBW 

defined as a birthweight of equal to or exceeding 4000, 4500 or 5000 grams, regardless of 

gestational age (66, 81).  An HBW infant may be a result of maternal hyperglycaemia (either due to 

pre-existing or gestational diabetes), maternal obesity and/or excessive gestational weight gain, 

genetic or placental factors (87).  While HBW is a condition of public health concern, this outcome 

has not received the same attention as PTD and LBW, particularly in LMICs even though it has been 
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associated with a range of maternal and perinatal complications (88-90).  Infant complications 

include increased risk of birth asphyxia, traumatic injuries (linked to shoulder dystocia and brachial 

plexus injury) and perinatal mortality (89, 90).  Maternal complications, which may be due to difficult 

labour and delivery, include increased risk of vaginal and perineal trauma, post-partum 

haemorrhage, infection, and hematoma (91-93).  Given these complications, identification of 

pregnant women with macrosomic fetuses before vaginal delivery is attempted is necessary.  This is 

however hampered by imprecise antenatal diagnosis with both clinical and ultrasonographic 

estimates of fetal weight particularly late in pregnancy when ultrasound is more unreliable (67, 94).  

More precise definitions of HBW predictive of morbidity or mortality are required in LMICs because 

there is an increased prevalence of maternal diabetes and obesity which could lead to increased 

prevalence of HBW infants (95, 96).  This raises concern because in resource-limited settings with 

limited obstetric care services, pregnancy and delivery complications related to HBW could lead to 

severe adverse outcomes (88).  Additionally, HBW is linked with increased risk of metabolic 

conditions such as hypertension in childhood (97) and increased risk of developing obesity and type 

2 diabetes later in life (98). 

2.2.2.3 Small for gestational age 

Small for gestational age fetuses/infants are defined as having a weight or length below the 10th 

percentile for their gestational age, or 2 standard deviations below the mean (99, 100).  In addition, 

weight or length less than the 5th or 3rd percentile or 2.5 standard deviation below the mean is used 

to denote severe SGA (101).  The SGA outcome is commonly used as a proxy for growth restriction, 

especially in settings where serial ultrasonography is not readily available (102).  However, despite 

many pathophysiological events being present that may result in growth restriction, SGA and growth 

restriction are not synonymous (103).  This is because SGA only identifies small infants, however, 

appropriate for gestational age (AGA) fetuses/infants can also be growth restricted – since factors 

associated with fetal growth restriction affect the entire distribution (1).  Using the terms 

interchangeably can lead to an overestimation of growth restriction among SGA and an 

underestimation or failure to detect growth restriction among AGA (53).  For this reason, SGA is 

categorised into groups based on its aetiology: SGA due to being constitutionally small or SGA due to 

weight or length lower than expected optimal (104).  When constitutionally small this is due to 

parental factors (e.g. maternal height, weight, ethnicity, parity) so weight/length are less than the 

10th percentile however this is expected and there is likely no increased risk of perinatal mortality 

and morbidity (100).  In contrast, SGA due to abnormal pathological processes are most commonly 

due to maternal (chronic conditions, infections, nutritional status, and substance use) or placental 

(placental haemangiomas, placental previa and chronic placental abruption) (104).  These growth-

restricted fetuses/infants are at increased risk of respiratory complications, hypotension, 
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hypoglycaemia, poor feeding, and hypothermia, which puts them at increased mortality risk (105).  

Later in life, SGA infants are at increased risk of delayed neurodevelopment (106), metabolic 

complications, and impaired reproductive functioning (107).  The majority of SGA infants 

(approximately 70%–90%) show catch-up growth (108, 109).  Failure to achieve appropriate catch-

up growth results in persistent short stature as well as increased health risks and psychosocial 

impairment (110, 111).  In order to distinguish between constitutional and pathologic SGA, 

individualised or customised growth standards should be prioritised because they set up optimal 

fetal and infant growth rates for each pregnancy, based on maternal characteristics such as maternal 

weight and height (112). 

2.2.2.4 Large for gestational age 

The terms LGA and macrosomia, which are often used interchangeably, both represent excessive 

growth however they differ slightly in their specific definitions (113).  Macrosomia is defined as an 

absolute weight above a specified threshold regardless of gestational age while LGA fetuses/infants 

are defined as having a weight or length greater than the 90th percentile for the gestational age or 2 

standard deviations above the mean (114).  Consequently, LGA fetuses/infants could have weights 

less than 4000 grams.  It has however been suggested that a definition of greater than the 97th 

percentile more accurately identifies fetuses/infants at the greatest perinatal morbidity and 

mortality risk (115).  The clinical estimation of fetal size is difficult, so LGA is often not detected 

during pregnancy and labour (116).  This has been highlighted by a comparison of EFW with actual 

birthweight which showed the poor sensitivity and specificity of ultrasound for correct prediction of 

an LGA pregnancy (117). 

Similar to SGA, LGA is also categorised into groups based on its aetiology: LGA due to being 

constitutionally large or LGA due to weight or length higher than expected optimal because of a 

pathologic process (81).  Fetuses/infants that are LGA due to parental factors tend to be healthy and 

likely will not experience adverse effects of their nutritional status (53).  The most common reason 

for LGA fetuses/infants due to pathologic processes is maternal diabetes, however maternal obesity 

and/or excessive maternal weight gain during pregnancy are also contributory factors (118).  

Additionally, other factors such as genetics, intrauterine environment, nutritional status, and 

placental function also play a part (119).  Being LGA, even if not always >4000 grams, is associated 

with an increased risk of adverse maternal and neonatal outcomes, with risks significantly increased 

as the percentile increases (120).  Maternal risks include need to induce labour, caesarean section, 

and postpartum haemorrhage; while neonate risks include asphyxia shoulder dystocia, 

hypoglycaemia, as well as longer hospitalisation (120, 121).  Additionally, long-term consequences of 

being LGA include cardiovascular conditions such as obesity, hypertension, obesity, metabolic 
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syndrome, and type 2 diabetes later in life (119-123).  The growth of LGA infants is thought to slow 

down in infancy (124).  However, after an initial period of compensation through a decrease in 

growth, the growth surfeit is expected to persist with LGA infants remaining around the 70th 

percentile for size through early childhood (125). 

2.2.3 Pregnancy Loss 

Pregnancy loss is defined as a spontaneous end to pregnancy without a live birth occurring between 

conception and the end of labour (1).  However, since there is no marker for the occurrence of 

conception, this window could be narrowed to encompass the heterogeneous and broad spectrum 

of losses from implantation to delivery.  Pregnancy loss can be identified either clinically (by bleeding 

or embryo/fetus expulsion) or ultrasound.  A pregnancy loss that results in the passage of tissue can 

have confirmation of a diagnosis and identification of possible causes through a pathological 

examination (126).  In contrast, if there is vaginal bleeding but no passage of tissue then an 

ultrasound examination will be required for further evaluation (127, 128).  

Accurate classification of pregnancy loss is hampered by the lack of clarity in the nomenclature used. 

Traditionally pregnancy losses occurring before 20 weeks were classified as spontaneous abortions, 

while the losses after this period were classified as miscarriages and stillbirths.  These classifications 

are however arbitrary, outdated, and not clinically useful because there is lumping together of losses 

which have different aetiologies (4).  For instance, this classification separates a ‘spontaneous 

abortion’ at 19 weeks from a ‘stillbirth’ at 21 weeks (definition in some HICs) even though their 

aetiologies are likely to be more similar, while in contrast aetiologies of spontaneous abortions at 6 

weeks and 19 weeks which are lumped together are likely to be different (126).  Additionally, 

despite widespread ultrasound use for accurate clinical assessment and diagnosis of these losses, 

there are poor descriptive terms, such as missed abortion and blighted ovum, from historical 

classification systems which are still used (126).  Use of developmental periods in pregnancy is more 

useful for classification because these are distinguishable (4, 129).  In research studies, the 

combination of sensitive hCG measurements in serum and urine and ultrasonography has improved 

knowledge about early pregnancy development, enabling clearer descriptions of the gestational age 

at which a pregnancy loss occurs (130).  The spectrum of pregnancy loss is subdivided into categories 

defined according to the gestational age at which they occur (Figure 2.2), consequently 

determination of accurate gestational age is essential.   
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Human reproduction has been described 

as an inefficient process with the loss of 

approximately half of all conceptuses 

before the expected menses, with an 

additional loss of 30% after or around the 

time of a missed menses (131-133).  The 

vast majority of pregnancy losses (75%) 

are not from clinically recognised 

pregnancies because they are due to 

implantation failures (133).  After 

implantation the pregnancy loss rate 

decreases to about 15-20% and then 

between 10-13 weeks the pregnancy loss 

rate is approximately 3% (126).  An 

alternative view of human reproduction is 

that it is a very selective system, which is 

intended to optimise the final outcome of pregnancy (134); and so pregnancy losses have been 

thought to be a result of the selection out of fetuses with genetic or structural malformations.  This 

is however not always the case with some losses being a result of maternal or environmental factors 

such as previous pregnancy losses (135).  Correct classification of pregnancy losses enables better 

consideration of aetiology.  Induced abortions and medical terminations of pregnancy are generally 

not considered as pregnancy losses (5). Figure 2.2  Pregnancy loss iceberg: overview of the outcomes 

of conception 

2.2.3.1 Early Pregnancy Loss  

Organogenesis is complete at the end of the ninth gestational week, heralding the end of the 

embryonic period and the start of the fetal period.  Consequently, early (or subclinical) loss (EPL) is 

defined as a loss within 10 weeks of gestation (136).  This type of pregnancy loss was previously 

classified as a spontaneous abortion.  Because of the timing of EPL, an embryo may or may not be 

viable (have a reasonable chance of survival) prior to the loss depending on the developmental stage 

at which the loss occurred.   

EPL can be categorised as either a pregnancy of unknown location (PUL), a peri-implantation loss, a 

pre-embryonic loss, or an embryonic loss (4).  A PUL is defined as a pregnancy that is confirmed by a 

test, but a transvaginal ultrasound shows no signs of an intrauterine or extrauterine pregnancy i.e. 

pregnancy is not in the uterus (137, 138).  Ultrasonography is the best examination method for 

identifying the location of an early pregnancy, and classifying a PUL as a definite ectopic pregnancy, 
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a probable ectopic pregnancy, PUL (with no ultrasound image of an intrauterine or ectopic 

pregnancy), probable intrauterine pregnancy or definite intrauterine pregnancy (138).  Late 

diagnosis of an ectopic pregnancy is concerning because it may increase maternal morbidity and 

mortality and surgical interventions which may be required could negatively affect future fertility 

(139).  The next type of EPL is a peri-implantation loss which occurs prior to 5 weeks gestation during 

the time leading up to and involving implantation and is detected by the absence of a visible 

gestational sac (126, 133).  Following this, a pre-embryonic loss occurs during the 5th week of 

gestation and is detected by the presence of a visible gestational or yolk sac prior to the loss but no 

visible embryonic structure (4, 126).  Lastly, an embryonic loss occurs between the start of the 6th 

week of gestation and the end of the 9th week of gestation and is detected by the presence of a 

visible embryo prior to the loss (126).   

EPL is a very common outcome, with approximately two thirds of all pregnancy losses peri-

implantation losses that often are not recognised as a pregnancy (133) (Figure 2.2).  The majority of 

the remaining one third of pregnancy losses occur before 10 weeks of gestation.   

2.2.3.2 Miscarriage 

Miscarriage is defined as the spontaneous loss of an intrauterine pregnancy that is clinically 

recognised before a gestational age at which the fetus could survive outside the uterus (viability) 

(140).  Challenges exist over the definitions of an unequivocal intrauterine pregnancy and the limit of 

viability, which either be defined according to gestational age or by fetal weight (141, 142).  

Historically, the miscarriage definition was a clinical loss before 28 weeks’ gestation, because of the 

inability of fetuses to survive earlier than this.  Depending on country and setting, the upper bound 

of miscarriages has now shifted to between 20 – 24 weeks (142).  The frequent inclusion of the fetal 

weight criteria (<500 or <1000 grams) to the miscarriage definition is because of concerns around 

gestational age imprecision. 

Three-quarters of pregnancy losses occur in the first trimester – this includes a combination of early 

pregnancy losses and early miscarriages which are frequently combined into one group.  

Miscarriages which occur during the fetal phase (>10 weeks’ gestation) are also referred to as fetal 

deaths.  Miscarriages are considerably less common than EPLs, with the frequency of losses 

decreasing with increasing gestational age (143).  Miscarriages can be subdivided into those 

occurring early (10 - 15 weeks) and late (16 weeks – upper miscarriage limit in that setting) (4).  

While the date of a miscarriage is usually determined by the onset of bleeding and products of 

conception expulsion, this does not necessarily correspond with the date of fetal death which could 

have been much earlier.  Clinical features of miscarriages vary according to when in pregnancy the 



67 

loss occurs, however many miscarriages can be detected by ultrasound before expulsion occurs (1).  

Miscarriages occurring early in pregnancy do not require medical attention as the bleeding is like 

menstrual bleeding, with the occasional passage of clotted tissues.  Ultrasound examination of such 

losses show either an empty amniotic sac or a very disorganised embryo.  In contrast, miscarriages 

occurring later in pregnancy have heavy bleeding and passage of recognisable fetal tissue and may 

require hospitalisation, sometimes with surgery to remove retained tissue (1).  A definite diagnosis 

can be made by ultrasound if either of the following criteria is present: 1) passage of a conceptus 

with a CRL of at least 30 mm, 2) documentation of a dead conceptus with a CRL of at least 30 mm, 3) 

conceptus loss following documented fetal cardiac activity or dead fetus at delivery, with Apgar 

scores of 0 at 1 and 5 min (4).  When the ultrasound is indeterminate and symptoms of miscarriage 

are present then serial hCG assessment could be used for diagnosis, although this is usually only 

available in research studies (144).  

Miscarriage is a heterogeneous condition and the exact pathophysiology resulting in the uterine 

expulsion of early pregnancy remains unknown.  Sporadic miscarriage, the most common 

complication of early pregnancy, primarily represent the failure of progression to viability by 

abnormal embryos.  Fetal chromosomal abnormalities account for approximately 50% of all sporadic 

miscarriages, the other contributory factors include uterine malformations and/or hormonal 

problems (143, 145, 146).  Recurrent miscarriage, a more severe miscarriage phenotype, is a less 

common phenomenon.  It defined as two or three consecutive miscarriages (147), with previous 

definitions including three or more consecutive miscarriages (148).  Recurrent miscarriage is 

considered as a distinct disease entity, with multiple aetiologies, which include maternal and 

paternal chromosomal anomalies, immune dysfunction, maternal thrombophilic disorders and 

various endocrine disturbances (149). 

2.2.3.3 Stillbirth 

Stillbirth is defined as the death of a fetus mature enough to have survived outside the uterus.  

However, the conversion of this definition to specific criteria has proved difficult, with stillbirths 

being the health outcome with the largest number of conflicting and legally mandated definitions 

(150).  WHO previously recommended birthweight to be used as the first line determinant for 

stillbirth (151), however, gestational age has been shown to be a better measure as it gives an 

indication of developmental status (152).  The gestational age cut-off point between miscarriages 

and stillbirths depends on legal and administrative definitions of vital events (livebirth and still birth) 

in different settings (142).  Historically the gestational age criterion for stillbirths was a pregnancy 

loss at 28 weeks or greater.  However, with improvements in medical care, survival outside the 

uterus at earlier ages has become possible, consequently the criterion has also changed.  Multiple 
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definitions are used based on gestational age (minimum gestational age ranging from 20 to 28 

weeks), birthweight (300 grams, 500 grams or 1000 grams), and/or an Apgar score (condition of the 

newborn in the first critical minutes of life) of 0 (153).  The gestational age cut-off point tends to be 

higher in LMICs than in HICs, so depending on setting there could overlap with miscarriage.  Given 

this variability, for the purposes of international comparability, WHO defines stillbirths as all infants 

born with no sign of life weighing ³1000 grams, or after 28 weeks completed weeks of gestation 

(154, 155).   

Stillbirths can be divided into three categories based on gestational age at delivery, into early (20 – 

28 weeks), late (28 - 36 weeks) and term (³37 weeks, particularly in settings where there are lower 

limits of viability (156, 157).  This classification, while arbitrary given advances in neonatal care, 

enables the distinction between stillbirths that could potentially be prevented (late losses) and those 

that would be difficult to prevent (early losses) (156).  Stillbirths can also be classified based on 

timing of fetal death either by whether death occurs before the onset of labour (antepartum) or 

during labour (intrapartum) (157).  This roughly corresponds with the old concept of defining 

stillbirths as macerated or fresh, which helped determine timing of stillbirths before the advent of 

ultrasound and fetal heart rate monitoring (158).  In LMIC approximately 50% of stillbirths occur 

during the intrapartum period and this is linked to inadequate obstetric care, while in HIC they 

usually occur in the antepartum period (159). 

The aetiology of stillbirths depends on the time at which the fetal death occurred.  Early stillbirths 

tend to be linked to infections, placental abruption, and fetal anomalies (160).  Infections lead to 

stillbirths through several mechanisms: 1) severe maternal illness, 2) placental infection leading to 

oxygen and nutrient transfer disruption, 3) fetal infection leading to damaged vital organs or severe 

congenital abnormalities incompatible with life 4) precipitating preterm labour, leading to 

intrapartum death (161).  Late and term stillbirths are frequently classified as unexplained, including 

those associated with growth restriction and placental abruption (162).  Many unexplained stillbirths 

can be attributed to placental dysfunction, through either fetal growth restriction (an indication of 

poor placental functioning) or placental pathological changes.  Fetal growth restriction is strongly 

linked to unexplained stillbirths, with approximately half of these stillbirths having a birthweight less 

than the tenth percentile (163).  Histopathological examination of placenta has shown a relationship 

between maternal vascular malperfusion (MVM), a constellation of gross and microscopic findings 

representing abnormal maternal vascular channels perfusion (164), and stillbirths (165-167).  

Placental MVM which leads to poor placental development and abnormal blood supply, has also 

been associated with stillbirths in the presence of maternal hypertension and placental 
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haemorrhage (168).  Fetal vascular malperfusion has also been implicated in stillbirths, although this 

is to a lesser extent than MVM (169). 

2.3 Epidemiologic considerations for investigating birth outcomes 

Perinatal epidemiology aims to investigate of the impact of factors inherent to the pregnant woman, 

with a goal of determining the causal contribution of these factors to the outcomes of interest (170).  

Events occurring during pregnancy that can influence outcomes include voluntary exposures, 

environmental exposures, diet, genetic constitution, the effects of infections and medical conditions, 

and medication use (171).  The multiplicity of outcomes in this field introduces complexity because 

an understanding of each outcome’s pathophysiology and the factors that affect each one is 

required.  Factors affecting pregnancy outcomes are inter-related (Figure 2.3), and understanding 

this interplay is essential when conducting pregnancy-related research (171, 172). 

Figure 2.3 Inter-relationship of factors affecting the length of gestation, 
birthweight, fetal growth, and congenital anomalies 

* Substances – alcohol, drugs, cigarettes 
** Illness – an experience of ill health which may or may not be related to disease 

*** Medication for illness, or other acute and/or chronic conditions 

Adapted from:  Petitti DB. Perinatal epidemiology: studying the effects of illness and medications during 
pregnancy. Immunol Allergy Clin N Am. 2000; 20:673-685. 
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In order to identify beneficial approaches for prevention or appropriate interventions for adverse 

outcomes, addressing causality through aetiological research is necessary.  This needs to be done 

while fully recognising the challenges associated with accurate causal inferences.  This requires 

discerning and understanding of not just patterns of associations between predictors and adverse 

outcomes, but also causal antecedents (172).  The study of exposures and pregnancy-related 

outcomes is complicated by a number of methodological nuances, which underlie perinatal 

epidemiology specifically linked to the complexity of human reproduction function (1, 6, 173, 174).  

These nuances complicate the design and the interpretation of these studies, and inappropriate 

study conduct can have major implications for the correctness of its conclusions.  Consequently, 

appropriate study design choice including suitable comparison groups, analytic decisions, and 

adequate reporting and interpretation of the results is vital. 

When conceptualising perinatal research, a broader view of health is needed because with 

pregnancy, unlike most acute and chronic conditions, the progression and time course is predictable, 

with a key definable outcome to the health state – delivery of the infant (172, 175).  Collection of 

data related to some outcomes of interest is problematic since many reproductive events are not 

illnesses, consequently systematic engagement with healthcare systems is not always required.  

Differing levels of access to outcome data means there is a wide range in the data quality ranging 

from near perfect to non-existent.  Another challenge is that in the period from initial attempts to 

become pregnant until infant delivery there is an interrelation of events which involves complex 

selection phenomena and competing risks which could be easily mistaken for causal inference (1).  

Related to this reproductive outcome can be linked by common causes creating associations that 

link outwardly unrelated outcomes, if a condition such as subfertility leads to an increased risk of 

preeclampsia (176), treatment for this prior condition can be associated with a subsequent 

outcome.  There are also notable analytical nuances and challenges to be considered.  Identification 

of appropriate denominators i.e. the population at risk is a sine qua non of epidemiology, however 

some perinatal outcomes lack a true observable denominator (1).  For example, conception cohorts 

are the appropriate denominators for many outcomes related to pregnancy loss, however only 

proxy denominators such as hCG detected pregnancies or women presenting for antenatal care are 

available (177).   

The temporal nature of the reproductive process means that in both study design and data analysis 

careful attention needs to be paid to the timing of events.  The time that a pregnancy comes under 

observation is important.  This could either be when a woman first becomes aware of her pregnancy 

and thus potentially aware of a loss; or when the appropriate health care systems are aware of the 

pregnancy (and thus under observation in studies of women in antenatal care) (6).  Explicit 
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recognition is required for the time at which the outcome and any exposures occurs.  For some 

outcomes the timing could be the gestational age at delivery while for others the timing could be 

ambiguous and not observable at the time they are occur.  Consideration of exposure timing is also 

important because while the duration of pregnancy is relatively short, exposures can be time-varying 

and change over the course of pregnancy (6).  Given how specific the timing of embryonic and fetal 

events is, there is likely to be variability in the biologic consequences of exposures that change over 

time.  The consequences of an exposure at one time in pregnancy could differ from exposures 

occurring several weeks earlier or later (178).  Linked to exposure timing is dosage which could lead 

to different outcomes for instance a low dose could increase the risk of congenital anomalies while 

higher doses could increase the risk of fetal loss (179).   

These are a few of the many methodological issues that apply to perinatal epidemiology, which 

require careful consideration.  In addition to these, each of the outcomes have their own unique 

challenges linked to study design choices, exposure and outcome assessment and potential threats 

to validity that also require consideration.  

2.3.1 Gestational Duration  

2.3.1.1 Study Design Choices 

Studies investigating gestational duration are typically focused on outcomes such as PTD and thus 

require accurate gestational age data for correct outcome classification.  Therefore, the most 

appropriate study design for this outcome is a prospective cohort study, with recruitment as early as 

possible in pregnancy.  Use of this study design enables the assessment of numerous exposures and 

risk factors and enables greater analytical flexibility.  Other study designs can be employed when 

there are specific or unique types of outcomes or exposures being explored.  For example, case-

control studies can be useful when rare forms of perinatal outcomes are of interest such as the 

study of perinatal risk factors for necrotising enterocolitis in very preterm infants (180).  Modified 

matched case-control study known as case-crossover can also be used investigating whether 

temporal variation in exposures, can be acute triggers of perinatal outcomes (181).  An example is a 

study of transient factors (such as heavy physical exertion, acute infections, and stressful events) 

during the 72-hour period before the index time that could potentially act as triggers of spontaneous 

preterm labour and premature rupture of membranes (182).   

Another study design that can be used is a time-series analysis, which is useful when the exposure 

(typically environmental) has short-term variations which are expected to have short-term effects 

(183).  An example of such a study was one investigating the association between high apparent 
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temperature and PTD (184).  This design enables elimination of potential confounding by individual 

risk factors that do not change over short time periods.   

2.3.1.2 Outcome Assessment  

While designing and conducting research in which gestational duration is the outcome, or related to 

the outcome of interest, decisions around which gestational assessment methods are used are vital. 

Fertilisation is a silent event, so there are substantial challenges in accurately estimating the 

conception date and by extension gestational duration.  This can be defined either from LMP, 

typically collected retrospectively, either during pregnancy or after delivery; or from early pregnancy 

ultrasound measures, when fetal biometry varies linearly so CRL and BPD can be used as a proxy for 

gestational duration. 

The differing levels of accuracy of gestational age assessment methods mean that studies using 

outcomes related to gestational duration, should whenever possible, collect gestational age data 

from different sources.  This will require consideration of standard practises used.  For instance, 

gestational age recorded in clinical records is expressed as completed weeks (rounded to the closest 

lower integer) rather than ordinal weeks – so for instance week 40 of pregnancy starts on day 280 

which is the beginning of the 41st week.  This clinical approach results in considerable loss of 

information compared to ultrasound measurement where data on weeks and days is available.  

Using ultrasound-determined gestational age allows for gestational duration to be treated as a more 

continuous measure such as days.  This is preferable particularly if gestational duration is to be 

analysed as a continuous outcome or as an adjustment factor in the study of birthweight (5).   

With the increase in obstetric interventions through inductions and caesarean sections, which 

directly impact gestational duration, detailed information on the onset of labour is also important.  

This will enable distinction between spontaneous and medically indicated delivery.  

2.3.1.3 Potential Threats to Validity 

The main source of bias in studies of gestational duration is related to the choice of assessment 

method.  The menstrual dating approach suffers from two distinct problems with LMP-based 

estimates leading to errors in either direction.  First, erroneous recall leads to random errors which 

is reflected most explicitly in digit preference in the recall LMP dates.  This manifests as an over-

reporting of days rounded to the nearest 5 (185); and the more problematic over-reporting of the 

1st, 15th and 28th an indication of rounding to the beginning, middle and end of the month, incurring 

substantially more error (186, 187).  In contrast to this random error, there is a clear directional 

error superimposed that is reflective of inaccuracies due to mid cycle bleeding and/or bleeding early 

in pregnancy occurring after LMP date, making gestational duration seem shorter than it actually is 
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(17).  Conversely long menstrual cycles and delayed ovulation falsely lengthen the apparent 

duration, which appears to account for much of what is classified as post-term deliveries (188).  

Bias can occur if error in LMP-based estimates of gestational age is differential with respect to 

exposure, for instance if the exposure of interest influences the duration of menstrual cycle duration 

or its regularity (6). 

The ultrasound approach relies on the assumption that fetal growth is similar for all fetuses during 

the first trimester, which is why early ultrasound estimates are considered the most accurate 

measure of gestational duration (187).  However, measurement error of fetal measures is possible 

and since any natural variations in fetal growth rate are automatically translated into fetal age 

variations this could introduce bias.  Additionally, systematic errors in fetal measures (and thereby 

gestational age) could be due to the calibration of the ultrasound equipment or the choice of fetal 

measure-gestational age standard both of which can affect estimates.  For most pregnancies, these 

errors may be of minor significance and the misclassification will not affect comparisons of the effect 

of different aetiological factors on gestational age.  However, in some cases this measurement error 

may complicate the interpretation of fetal risk associations when the error is associated with the 

aetiological factor in question.  For instance, an exposure that interrupts fetal growth from as early 

as the first trimester but has no effect on the gestational duration could lead to systematic bias 

being introduced because the smaller fetuses are assigned a lower gestational age than the larger 

normal fetuses even if in actuality, they are the same gestational age (187).  In these cases, the less 

accurate but also less prone to bias measure based on LMP could be preferred (187).  Selection bias 

is another potential problem associated with the use of ultrasound when investigating associations 

with perinatal outcomes – if ultrasound is only available to a proportion of population the benefit of 

ultrasound adjustment will not apply equally across the population, which would potentially 

confound the epidemiological analyses of gestational age-related outcomes.   

The other methods of assessment are also susceptible to errors that can introduce bias.  

Measurement of the SFH suffers from poor reproducibility and its accuracy can be diminished by a 

multiple pregnancy, high body mass index (BMI), IUGR and other maternal or fetal characteristics 

(189, 190).  There has been a proliferation of postnatal assessments, however problems still exist 

with their accuracy and implementation (191), and data suggests that these methods are the least 

accurate – resulting in gestational age overestimation in infants born before 40 weeks GA and GA 

underestimation in infants born at or after 40 weeks (192, 193). 

In addition to issues related to gestational age assessment, bias can also be introduced during the 

analysis phase.  For instance, associations in highly selected populations, such as analyses restricted 
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to preterm deliveries, can complicate interpretations.  In such cases, only certain aetiological 

questions can be explored without incurring selection bias, because while estimates of the 

association between a given exposure and outcome in the restricted population may have 

prognostic value, they do not necessarily reflect causal effects (194).  In assessing the association of 

exposures with a birth outcome, it has long been routine to adjust for gestational age, even though 

adjustment for an intermediate variable can produce bias when unmeasured confounders act on 

both the intermediate and the outcome (195).  When gestation-adjusted associations are calculated 

in the presence of uncontrolled mediator-outcome confounding, collider-stratification bias is 

introduced (196, 197).  There are a few scenarios in which gestational age itself can be a confounder 

– gestational age would have to be a cause of the exposure or outcome of interest (198).  Outside of 

these scenarios, refraining from adjustment is the only sure way to avoid potentially damaging 

collider bias (18).  

2.3.2 Fetal Growth 

2.3.2.1 Study Design Choices 

Birthweight is one of the most accessible epidemiological variables since it is usually precisely 

recorded and widely available.  As with most outcomes, prospective cohorts with antenatal 

recruitment represents the preferred study design option, particularly when exposures with 

toxicological relevant windows are being assessed.  If the outcome of interest is fetal growth rate or 

restriction/overgrowth, then recruitment as early as possible in pregnancy is desirable so that fetal 

size evaluation can take place given that the gestational and yolk sacs are visible from as early as 4 to 

6 weeks gestation.  Unlike other outcomes, birthweight information from clinical records and from 

self-report is of usually of high quality (especially if collected/recorded close to delivery); so, study 

designs employing retrospective data collection are also possible because outcome misclassification 

is limited.  Important to note however is that using retrospective designs makes the studies subject 

to exposure and confounder misclassification, importantly, from heterogeneity and error in 

gestational duration assessment.    

The distinction between fetal size and fetal growth is important because different patterns of fetal 

growth and exposures may result in the same neonatal anthropometric measurement.  

Consequently, a longitudinal study of fetal growth using repeated ultrasound measures would 

enable identification of specific critical periods for the impact of the exposure on fetal growth (199).  

Using this longitudinal approach limits the delay between exposures and fetal growth 

measurements, reducing potential confounding and makes use of exposures concurrent with the 

observed fetal growth pattern (200).  In addition to prospectively collected longitudinal data, 

analytical methods accounting for repeated measurement correlation on a single fetus would need 
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to be employed (201).  An example of a study using this approach investigated the association 

between ambient air pollution and fetal biometry during the second trimester (200). 

2.3.2.2 Outcome Assessment 

While birthweight is a reliable measure, it is not without error or variation depending on the timing 

of measurement.  Consequently, in order to get an accurate measure of birthweight, this should 

ideally be measured within first hours after birth, since birthweight can be affected by meconium, 

urine passage or timing of any feeding relative to weighing which leads to a loss of 3-10% of infant 

weight between 24 to 72 hours after birth (5).  Birthweight is a summary measure that does not 

identify the respective contributions of the different organs.  To address this limitation, in some 

studies other measures of neonatal anthropometry (length, head and abdominal circumference) are 

also taken to provide additional information.  These anthropometric measurements are also affected 

by timing, however unlike birthweight, these measures should be measured from 24 to 48 hours 

after birth to enable correction of labour-related distortion.  For instance, birth length measurement 

can be biased by the infants flexed state, which takes several days to resolve and as the degree of 

flexion decreases the mean measured length can increase by ~0.2 cm within the first 24 hours and 

by a further 0.2 cm by 48 hours (17).  

By using projected growth trajectory through the course of pregnancy, possible periods of fetal 

growth retardation can be identified and quantified through deviations in actual growth relative to 

the projected pattern (202-204).  Assessment of fetal growth by ultrasound can also be useful for 

the detection of possible transitory exposures effects on fetal growth; and accurate identification of 

IUGR could potentially elucidate specific mechanisms related to exposure that led to growth.  In 

studies using ultrasound measurements, consideration should be given to also collect details on 

personnel performing the measurement, and if possible, limiting the number of sonographers and 

devices used.  When not possible, standardisation workshops should be conducted prior to the 

study. 

2.3.2.3 Potential Threats to Validity  

The main source of bias in studies that use size at birth as a proxy for assessing fetal growth, is that 

this measure does not adequately consider the gestational time points during which growth is 

slowed or affected, and consequently a late assessment of growth restriction could potentially 

introduce bias.  Firstly, the common practice of classifying infants at birth as being growth-restricted 

just because they are small for gestational age could bias effect estimates since these two 

phenomena are not synonymous (205).  Secondly, assessing fetal growth at the end of the 

intrauterine period poorly reflects growth restriction because it masks growth patterns throughout 
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fetal life (in particular in the first two trimesters) and lacks consideration of critical periods of growth 

during gestation (206).  This also ignores the possibility that while growth restriction affecting long 

term outcomes could occur at some time, fetal growth could continue and by birth achieve 

population growth standards i.e. various growth trajectories could result in the same birthweight 

(207, 208).  Additionally, low birthweight can result from both growth restriction and shortened 

gestational duration (94), so determining which factor or combination of factors contributed to the 

birthweight is difficult when weight and anthropometric measures are only assessed at birth.  

Studies with recruitment during the postnatal period are subject to potential confounders 

misclassification since these will be measured/assessed after pregnancy when they should have 

been assessed during pregnancy.  An example of such an exposure is maternal smoking which is best 

assessed during pregnancy (5).   

2.3.3 Pregnancy Loss 

2.3.3.1 Study Design Choices 

The study design chosen to investigate pregnancy loss depends on the research focus (category of 

loss), with different options depending on whether it is an early fetal loss, miscarriage, or stillbirth.  

Prospective cohorts with recruitment preconception or early in pregnancy are the most appropriate 

design for establishing risks of pregnancy losses.  When pregnancy ascertainment and study 

recruitment only occur when medical attention is sought, women in these studies enter observation 

at different gestational ages and the earlier this observation commences increases the likelihood of 

fetal loss detection (209).   

For early pregnancy loss questionnaires-based approaches are not ideal because of the select nature 

of the group of women in whom would be available, consequently under ascertainment would be a 

major concern with small proportions of losses identified.  If the outcome of interest is miscarriage, 

recruitment of the majority of women should ideally occur before the end of the first trimester 

(210).  This provides the most accurate estimate of miscarriage risk.  On the other hand, if the 

outcome of interest is stillbirth, although early recruitment is desirable any recruitment before the 

end of the second trimester could be sufficient (210).  For both these outcomes, while prospective 

data is considered to be gold standard, this data is sensitive to the entry time and length of 

observation time of the pregnancies, with early detection leading to longer observation time and 

consequently the higher the cumulative risk of loss (1).  On the other hand, retrospectively collected 

data is subject to under-ascertainment of the earliest recognised losses, because there is a reliance 

on clinical records or self-report, both of which tend to be incomplete.  In addition some losses 

(miscarriages) may be recognised by the mother but never recorded in clinical notes (1).  For both 
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miscarriages and stillbirths, questionnaire-based approaches can be used since these losses usually 

occurs after pregnancy ascertainment and detection is either by the woman, sonographer, or 

clinician (5).  Great care is however needed when designing these questionnaires to ensure that the 

outcomes can be distinguished.   

Analytical considerations are also important when designing studies of pregnancy losses.  Most 

studies of early pregnancy loss and miscarriage are left truncated because of antenatal recruitment 

after conception.  Consequently, women are at different gestational ages at study entry and an 

unknown proportion of the conception cohort are missing because of pre-enrolment pregnancy 

losses (180).  In order to account for these pre-enrolment losses, requires the use of survival analysis 

(211-213).  This approach allows time under observation to be accounted for, through a series of risk 

sets with inclusion of only women who have entered the study by the time of each observed 

pregnancy loss (209, 214).  

In cases of induced abortions or terminations of pregnancy, right censoring (another event occurs 

before an event of interest occurs, or the study ends before the event has occurred) is a possibility 

because these terminations may be precluded by a spontaneous abortion, consequently competing 

risk models are required (215).  

Previous history of miscarriage is often predictive of the outcomes of subsequent pregnancies (211-

213), and so reproductive history variables are typically included as explanatory variables in analytic 

model.  While this approach may be appropriate for predictive models, when the goal is to 

understand aetiology, this should be avoided as it may induce bias (214, 216).  This is because 

reproductive history does not always correspond to a confounder especially if the previous adverse 

outcome was the result of a persistent exposure corresponding to that under study (217).  

2.3.3.2 Outcome Assessment 

Assessment of early pregnancy losses is challenging because outside of in vitro fertilisation 

identification of timing of conception is difficult especially because at women are often unaware of 

their pregnancy.  This is compounded by the fact that these losses do not have any accompanying 

clinical signs besides vaginal bleeding which could be mistaken for menstrual bleeding.  Detection of 

early pregnancy losses would require measurement of biological markers, such as regular urine 

sampling, of women attempting to become pregnant.  These samples will enable a precise detection 

of the post-conception rise in hCG levels (218), followed by the subsequent drop associated with 

embryonic or fetal loss (219).  These types of studies are also appealing because they enable 
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concurrent exposure and outcome measurement thus circumventing the problems of retrospective 

measurement of fetal losses (220).   

Miscarriages are usually self-detected or by a clinician or sonographer.  Clinically, the occurrence of 

vaginal bleeding, abdominal pain and/or the loss of pregnancy symptoms are suggestive of 

miscarriage (128, 221).  Speculum examinations are useful for diagnosing miscarriages when women 

present with heavy bleeding and signs of cardiovascular instability (128).  This examination enables 

detection of placental and/or fetal tissues (retained products) that remain in the uterus after 

spontaneous pregnancy losses and facilitates their immediate removal.  Pelvic examinations 

(including speculum investigation) for miscarriage diagnosis are unreliable, when clinically stable 

women present with mild to moderate vaginal bleeding in early pregnancy (128).  In these cases, 

vaginal and speculum examinations have been shown to be largely inaccurate when compared with 

ultrasound findings (222). 

Ultrasound diagnosis of complete miscarriage is made when there are no signs within the uterine 

cavity of any pregnancy tissue.  This diagnosis can only be definitive if previous ultrasound 

examinations showed clear evidence of intrauterine pregnancy (221).  In the absence of a previous 

scan, serial hCG measurements are required over 48 hours (223), with a decline by 13% or more 

indicative of a failing pregnancy (224).  Other morphological features which are not diagnostic but 

are indications of increased miscarriage risk include presence of a yolk sac without a viable embryo, 

irregular gestational sac with a thin trophoblastic layer, size discrepancies between gestational sac 

and embryo, and bradycardia (221, 225, 226). 

While a pregnant mother may suspect an in utero stillbirth based on absence or decreased fetal 

movement, this is not always indicative of a stillbirth (227).  Likewise physical examinations are of 

limited value in the diagnosis of stillbirths, while inability to obtain fetal heart tones upon 

examination suggests fetal demise; however, this is not diagnostic, and death must be confirmed by 

ultrasonographic examination (228).  Ultrasonography is essential for an accurate stillbirth diagnosis, 

with visualisation of fetal heart and demonstration of the absence of cardiac activity (227).   

2.3.3.3 Potential Threats to Validity 

The main sources of bias in pregnancy loss studies are related to the variations in gestational age at 

pregnancy recognition or at study recruitment/inclusion, which lead to different lengths of 

observation time at risk and the exclusion of some early losses.  Because of these different 

observation times, a problem associated with these studies of pregnancy losses relates to left 

truncation and censoring issues.   
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In general, conception (time zero) is unmeasurable on a relevant timeline (gestational age) and more 

so in prospective pregnancy studies, where women are recruited at varying time intervals including 

after becoming pregnant or after having experienced unrecognised pregnancy losses.  Consequently, 

because of pregnancy losses prior to enrolment an unknown proportion of the source population is 

missing, and women with pregnancies ending in livebirths are more likely to be in the study (214).  

This truncation is further complicated by interval censoring because of the considerable uncertainty 

underlying the exact timing of embryonic or fetal loss.  It is important to be cognisant of left 

truncation and interval censoring when designing and analysing studies related to fetal loss because 

without accounting for these two phenomena bias may be introduced since study entry is 

differential by outcome and potentially also by exposure status (214).  While less prevalent, right 

censoring or competing risks in the form of pregnancy terminations and other outcomes of 

pregnancy such as ectopic pregnancies, also need to be considered.   

In addition to truncation and censoring, pregnancy loss is a challenging end point to ascertain 

because the exact timing of the loss is often unknown with the assigned timing usually based on the 

time of clinical recognition of pregnancy loss, which may occur several weeks after the actual death 

of the fetus.  Because the different pregnancy loss outcomes are classified according to the 

gestational age at which they occurred, depending on gestational age ascertainment method used, 

there could gestational age measurement error, potentially leading to misclassification e.g. 

miscarriage classified as stillbirths.  Additionally, there could be error in the estimation of gestation 

at the time of loss since this usually self-reported, sometimes months after the event. 

2.4 Bias in birth outcomes 

Human reproduction and development by nature is a highly timed and interrelated process 

underscoring the usefulness of prospective studies with longitudinal data collection across sensitive 

windows.  In the hierarchy of study designs, evidence from randomised control trials (RCTs) is 

typically considered to be of the highest grade, because better control over possible bias is provided 

through randomisation and blinding.  Theoretically, randomisation is ideal for drawing strong 

inferences about the effect of an exposure on maternal, fetal, and perinatal outcomes, since it 

ensures that the exposed and unexposed are exchangeable in terms of factors other than the one 

being studied investigated (171, 229).  However, the involvement of pregnant women in clinical 

trials is a complex issue, with several obstacles existing in because randomising women is not always 

feasible for ethical and logistical reasons, particularly in the early stage’s disease or outcome 

aetiology evaluation or when investigating the prognosis of short or long-term consequences of an 

exposure or condition.  Even when an exposure can be randomly assigned, attaining an adequately 
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powered trial able to detect significant differences in clinical outcomes, in a reasonable amount of 

time, can be challenging (172, 230).  Additionally, application of strict inclusion and exclusion criteria 

often lead to the inclusion of a very small and specific proportion of the population of interest, 

meaning the trial population does not reflect the ‘real world’ and results are not generalisable (231).  

Consequently, observational studies play a central role in aetiological and prediction research (232) 

and are becoming increasingly important for causal analysis in perinatal epidemiology given the 

practical and ethical costs of conducting randomised trials. 

In order to assess causal relationships between exposures and outcomes, accurate measurement of 

exposure prevalence, disease occurrence and relevant covariates in representative study 

populations is essential.  However, perinatal epidemiology studies like all epidemiological studies, in 

particular those of an observational nature, are invariably subject to bias.  This is any systematic 

error that occurs during the design, implementation, or analysis phase of the study such as selection 

bias including cases of loss to follow-up, ascertainment and information bias.  The consequence of 

bias is an incorrect estimated association between exposure and outcome of interest leading to 

deviations from the true measure of association (233).  While random error can be reduced by 

increasing sample size, bias can only be reduced by changing the design and implementation of the 

study.  In addition to implementing bias minimising strategies, unavoidable biases need to be 

identified and their potential impact assessed because of the implications this has for validity of the 

study. 

This section will focus on more specific cases of information and selection bias often encountered in 

perinatal epidemiology and typically inadequately addressed.  Because of the difficulty of assessing 

selection bias, this thesis will focus primarily on measurement bias and correction for it, while only 

briefly covering selection bias. 

2.4.1 Information Bias 

Information bias is an umbrella term that includes all biases that result in the inaccurate 

measurement or classification of the exposure status, outcome status or both (234).  The most 

important type of information bias is measurement error or misclassification bias (235), with a 

certain amount of error is intrinsic to any measurement process.  Other information bias subtypes 

exist which include observer/interviewer bias and recall bias (236). 

The systematic measurement error or misclassification of participants on one or more variables 

related to exposure and/or outcome leads to distortion of association estimates between exposures 
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and outcomes.  This can occur in a number of ways during study design, data collection or analysis 

(237).  During the design phase this bias can arise conceptually, when there is discord between study 

definitions and true definitions which can lead to inaccurate operationalisation with respect to dose, 

duration, or induction periods (238).  This definition discord can lead to some participants being 

incorrectly classified with respect to their aetiologically relevant exposure status.  Bias can also occur 

during the conduct of the study when information is not accurately collected or measured through 

the use of faulty instruments, inaccurate measures or reporting and data entering errors (238).  An 

example is assessment of gestational age which can be estimated using various methods that are all 

prone to some degree of mismeasurement, not all of which are at random (236).  Single cross-

sectional measurement of variables, such as blood pressure, that vary over time instead of multiple 

measurements is another example of inaccurate measurement.  Lastly, during the analysis phase 

bias can be introduced through analytical decisions such as the incorrect categorisation of 

continuous data (237, 239).    

2.4.1.1 Measurement error 

Measurement error of exposure, outcome and covariate measures are widespread in 

epidemiological studies.  In perinatal research, gestational age is often included as an outcome or 

covariate in many studies, however accurate measurement is difficult because all methods of 

assessment are subject to a degree of measurement error.  Gestational age estimates are 

particularly prone to error they are based on routinely collected LMP, which can be unreliable 

because of inaccurate recall (240), intentional masking (241), and misinterpretation of early 

pregnancy bleeding as normal menses (242).  Early ultrasound-based gestational age estimates are 

thought to be the most accurate however they could also be biased due to variations in fetal growth 

already evident by the second trimester of gestation (243).   

It is a widely accepted notion that measurement error of important variables such as gestational age 

introduces bias and imprecision in exposure-outcome associations (244).  However, despite this, 

disproportionately little attention is paid to the impact on estimates of effect.  Several textbooks 

(245-248), methodological reviews (249, 250) and toolkits (251) have demonstrated examination, 

quantification, and correction of measurement error in epidemiology however most of this work has 

focused on error in exposure and confounding variables given their perceived greater impact on 

association relationships than measurement error in the outcome (245). 

A fundamental prerequisite for analysing measurement error is specification of the models that 

quantify the relationship between the truth variable (unobserved) and the measured variable 

(observed).  Types of measurement error are considered according to whether the measured 



82 

variables of interest are continuous or categorical because this determines how they will be dealt 

with.   

Continuous Variables 

For continuous variables, the common types of errors are distinguished by how the measured 

variable relates to the truth (244).  The classical error model (Equation 1.1) is the model in which the 

observed variable is the truth measured with additive error; while the Berkson error model 

(Equation 1.2) is a reversal of this, with the truth the observed variable measured with error (246).  

In assessing measurement error careful attention must be given to the type and nature of error and 

the sources of data that allow modelling this error. 

Box 2.1  Equations of classical and Berkson error models 

Within the classical error model, different types of error can occur.  Random measurement is the 

simplest type and occurs when the measured variable can be expressed as the true variable plus a 

random component with zero mean and constant variance (246).  The random nature of these 

errors means that multiple measurements will result in values above and below the true value.  For 

example, with gestational age assessment by ultrasound, random errors are typically due to 

observer inconsistency in selection of measurement plane or placement of measurement callipers; 

and they can be reduced by averaging several measurements (252).   

The other type of measurement error related to the classical error model is systematic error.  This is 

when the measured variable is a biased representation of the true variable to such an extent that 

repeated measurements would not approach the true value (238, 246).  Systematic errors are 

concerning because their consistency in direction and size (either consistently higher or lower than 

the true values) mean they can be difficult to detect; and they can cause bias in the exposure-

outcome association in either direction (246).  LMP and ultrasound-based gestational age measures 

for some subgroups of the population have been shown to be subject to systematic errors (243, 

253).  These types of error often result in somewhat large (>7 days) discrepancies between LMP and 

ultrasound-based measures, which can result in spurious associations between certain covariates 

and outcomes related to pregnancy length (187).  

X*  = X + U  (1.1) 

X =  X* + U  (1.2) 

X  =  Truth Measure 

X* =  Observed Measure 

U = Error structure
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In contrast, with the Berkson error model, because the observed variable remains fixed in repeated 

sampling while the true variable varies, any error is independent of the true or measured exposure. 

Consequently, this type of error reduces power of the study by diminishing precision however 

causes little or no bias in measurement (246). 

Categorical Variables 

Measurement error in categorical variables is referred to as misclassification.  If the true 

categorisation is known with respect to a measured variable (exposure or outcome), the likelihood 

of the classification system correctly grouping participants can be assessed (238).  Four measures 

summarise the performance of the classification system – sensitivity (SE), specificity (SP), positive 

predictive value (PPV) and negative predictive value (NPV) (238).  The probability that a participant 

that truly has the characteristic is correctly classified is the classification systems sensitivity. 

Likewise, the probability that a participant who truly does not have the characteristic is correct 

classified is the classification systems specificity (254).  These two measures give an indication of the 

quality of the classification system.  Once a participant has been classified, the probability that the 

assigned classification was correct is measured by the PPV and NPV. 

In many cases, there is concern that the ability of the classification system to classify participants 

with respect to some variable may depend on the value of another variable and this concern can be 

described as non-differential and differential (238).  Non-differential misclassification occurs when 

errors in exposure or outcome status classification occur with approximately equal frequency in the 

groups being compared.  For instance, exposure status is determined before the occurrence of the 

outcome of interest or when method of assigning exposure is blind to outcome – errors in exposure 

status are not likely to be related to outcome status.  Differential misclassification occurs when 

errors in exposure or outcome status classification occur differently in the groups to be compared. 

Differential exposure misclassification is likely to occur when the exposure is assessed after outcome 

occurrence – having the outcome may trigger more recall of perceived causes than in subjects 

without the outcome.  Differential outcome misclassification is likely to occur if exposed participants 

were more likely to have their outcome ascertained than unexposed participants.  When a binary 

exposure is related to an outcome, random non-differential misclassification present in the exposure 

will result in the attenuation of the exposure-outcome association (255).  However, when a 

polychromous exposure is subject to systematic or differential misclassification, or when 

confounders measured with error are included in analysis models, prediction of the direction of bias 

in the estimate of the true exposure-outcome association bias is difficult (245). 
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2.4.1.2 Outcome measurement error/misclassification 

Both outcome and covariate variables are equally likely to be mismeasured.  However, 

measurement error in covariates has received extensive research interest, with a large body of 

analysis methods, whereas less attention has been paid to mismeasured outcomes.  With a 

continuous outcome variable described by a linear regression model, if a linear form is assumed, 

measurement error increases variability of fitted line and decreases power for detecting effects 

however it does not cause bias (246).  There is a profound and important difference when the 

outcome is binary and subject to misclassification.  Whereas there is a near null impact of error in 

linear regression there is a major impact with outcome misclassification which can lead to major 

biases in parameter estimates thus needs to be accounted for (246).  In addition, when 

measurement error exists in both covariates and outcome variables additional complexity is 

introduced with more complex effects on altering the model structure than measurement error in 

the outcome variable alone (254).  This is of major concern in the study of birth outcomes because 

gestational age is typically categorised into outcomes such as preterm or post-term delivery, as 

reflective of gestations at which there is increased risk of neonatal mortality.  Consequently, the 

implications of inaccurate gestational age could be greater with these outcome variables because of 

the potential for misclassification which could lead to invalid study inferences. 

2.4.1.3 Potential solutions for measurement error 

When assessing any measurement error for possible remedies, one central recommendation is to 

develop and to use more reliable measures.  However, this is not always possible and other solutions 

are required such as correcting for the consequences of measurement error.   

Even with improved measurement, some error will almost always remain in the data.  Despite 

extensive methodological literature on how to mitigate the biases which are introduced to statistical 

estimates by measurement error (248, 256), these methods often not utilised.  There are two 

general approaches which can be employed, and these are estimation-based or imputation-based 

approaches (257).  The goal of the estimation approach is to mitigate coefficient and standard error 

bias within a statistical model; with the original dataset remaining unchanged with only corrections 

to the estimates (257).  Consequently, for these methods the error structure and its mechanism in 

the analytical models needs to be known.  In contrast, imputation approaches generate numerous 

separate datasets which would have been observed if there was no measurement error.  Any 

statistical model can then be used to analyse the datasets.  For this approach, in order to generate 

the imputed datasets, the error structure also needs to be known.  
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It should be noted that despite these differences, for both the estimation and imputation 

approaches approximate information is required about the error structure of the variables in 

question.  The ideal scenario would involve direct measurement error estimation; however since this 

is not always possible even without empirical error structure information, sensitivity analyses with 

different combinations of reasonable best- and worst-case scenarios of measurement error are an 

option (257).  This would still be more appropriate than an analysis based on the premise that no 

measurement error had occurred at all. 

Estimation-based correction 

Many methods have been described for correcting for the effects of measurement error in 

regression models (246).  The most widely used method for correction of continuous variables is 

regression calibration because of its simplicity and applicability in different types of regression 

models.  However, this method is used primarily for adjustment of measurement error in exposures.  

In regression calibration, the true exposure (unobserved) is replaced when fitting the outcome 

regression model by the expected value of the true exposure, conditional on the measured exposure 

and the other error-free covariates for each individual.  This method gives consistent estimates of 

the true associations between the explanatory variables and the outcome in a linear regression 

model, and approximately consistent estimates in non-linear models, including logistic regression 

models (258) and Cox proportional hazards models (259). 

For categorical variables, misclassification can be corrected using six measures of classification: SE, 

SP, PPV, NPV, false negative proportion and false positive proportion (238).  Simple bias adjustment 

is conducted at the summary level and one fixed value is assigned to each bias parameter giving a 

single revised estimate of the association (260).  Multidimensional bias adjustment which is also 

conducted at the summary level provides more information than simple bias analysis, with more 

than one value assigned to each bias parameter giving a range of revised estimates of association 

(238, 260).  This method enables one to determine what combination of bias would be required to 

yield a null result.  The limitations of these two methods are that they do not explicitly incorporate 

uncertainty around the bias parameters in interval estimates or tests of the target parameter and 

are unable to adjust for confounders.  In contrast probabilistic adjustment which can be conducted 

at both the summary and record level, is able to incorporate uncertainty into statistical results by 

assigning probability distributions to each bias parameter giving a frequency distribution of revised 

estimates of association (238, 260). 
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Imputation-based correction 

Multiple overimputation is an appealing alternative to estimation-based error-correction 

approaches (261, 262).  Multiple overimputation extends the idea of multiple imputation of missing 

values to the mitigation of measurement error.  Each observation of a variable is understood to be 

placed on a continuum reaching from perfect measurement, increasing grades of measurement 

error to no measurement at all.  The multiple overimputation procedure creates multiple data sets 

by imputing all values conditional on observation-level priors and all other variables in the dataset 

with an expectation–maximization algorithm (257).  The priors for the mismeasured variables can be 

estimated within the procedure from gold standard or proxy variables.   

Multiple overimputation has some advantages over estimation-based methods.  The procedure is, in 

comparison, quite robust to violations of the random normal error assumption and less dependent 

on the analytical and correction models (261).  After the creation of multiple over-imputed data sets, 

any data transformations can be conducted, and any familiar statistical model can be used as is the 

case with “normal” datasets (262).  An added benefit of this procedure is that it does not only take 

measurement error into account, but also deals with missing values. 

2.4.2 Selection Bias 

Selection bias, like confounding, is a mechanism that generates pathways between the exposure and 

outcome that are non-causal.  The distortion this bias results in can be either towards or away from 

any true association, potentially masking a true association or a true lack of association (263).  The 

existence of selection bias and any impact it might have been more difficult to recognise than 

confounding or measurement error (264).  Selection bias in literature is primarily described in 

relation to where selection of observations into a sample is not independent of the outcome (265).  

However many other scenarios can create this bias so endogenous selection bias has been suggested 

as an umbrella term that includes sample selection and the other biases typically associated with 

selection bias (264, 265).  

Endogenous selection bias can emanate from sources related to both study design and analysis.  The 

first occurs at the beginning of a study when an unrepresentative study population is selected which 

does not reflect the underlying population of interest.  This is of particular concern in perinatal 

epidemiology where study population, which range from preconception to birth stages, are often 

difficult to define.  This is particularly challenging because the underlying populations are 

incompletely observed due to the high natural attrition that occurs from the preconception period 

through to birth (266). 
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Secondly, it can occur during study follow-up through informative censoring from differential loss to 

follow-up, which also results in an unrepresentative study population.  This bias can also occur if a 

sub-set of participants are selected for more detailed investigation based on volunteering for further 

follow-up or having most data available (263).  Lastly it can occur during the analysis stage by 

conditioning on a collider, or a variable influenced by the collider through to restriction (by design or 

analysis), stratification or regression adjustment (267).  A collider (Z) is independently caused by two 

variables (X and Y) i.e. it is a common effect.  Conditioning on Z will bias the estimated causal 

association of X on Y because this action is the same as observing the association in a subset of the 

population where all individuals have the same value of Z (Figure 2.4).   

Figure 2.4  Illustration of selection bias through collider 

When there is no relationship between X and Y, conditioning on Z can lead to selection bias through the opening of the 
backdoor path (Variable 1 → Collider ← Variable 2) which results in a spurious association between X and Y. 

Adapted from: Munafò MR, Tilling K, Taylor AE, Evans DM, Davey Smith G. Collider scope: when selection bias can substantially influence 
observed associations. Int J Epidemiol. 2018;47(1):226-235. 

This bias can either be towards or away from the true association and can distort a true association 

or true lack of association (197, 263).  This type of selection bias is of concern in perinatal 

epidemiology - particularly related to how gestational-age-specific or birth-weight-specific 

associations, that lie on the exposure-outcome causal pathway, should be dealt with (237, 268). 

Endogenous selection bias can result in inaccurate estimation of relationships between variables 

thus affecting the internal validity of study.  External validity of a study is also impacted because 

results from a biased sample may not be generalisable to other populations (269). 

2.4.2.1 Types of selection bias  

Processes of selection and attrition during the human reproduction process render underlying 

populations incompletely observable because gestations are removed from the “at risk” population 

(266).  Consequently there are specific cases of selection bias linked to birth outcomes that are 

encountered (and typically inadequately addressed) in perinatal epidemiology, which will be 

highlighted here (268). 
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Live birth Bias 

Over the gestational period extreme cohort attrition takes place with only 60–70% of all fertilised 

eggs likely to result in a live birth (133, 270).  Under certain conditions this cohort attrition can 

induce selection bias because of the inability to account for the lost fetuses in risk estimation (268, 

271).  When long-term outcomes (infant and/or developmental), which can only be determined 

after birth, are of interest, only live born infants can be included in the at-risk population.  This 

restriction to only live births results in live birth bias, a type of selection bias common in perinatal 

epidemiology that could lead to estimates of exposure on outcomes being biased (271, 272).  There 

are two selection 

mechanisms that can 

result in live birth bias 

(271, 273), these are 

referred to as “depletion 

of susceptibles” and 

“conditioning on a 

collider” (274).  These two 

mechanisms are both 

forms of collider-

stratification bias where 

restriction to live births 

induces a spurious 

association between the 

exposure and the collider 

which in turn which results 

in a biased exposure-

outcome association (275).  

Despite being parameterised differently these mechanisms are indistinguishable on a directed 

acyclic graph (DAG) (Figure 2.5).  

Figure 2.5  Directed acyclic graph illustrating potential live birth bias 

The “depletion of susceptibles” mechanism occurs in the presence of left truncation (also known as 

late or staggered entry); when the exposure preferentially results in the exclusion of fetuses 

(through a pregnancy loss) that are more susceptible to develop the outcome later on (268, 273).  

This essentially is the exposure preventing selection into the study sample (live-born infants that 

survive to the age of outcome diagnosis) of the susceptible fetuses because a live birth does not 

occur (214, 273, 276).  Perinatal epidemiology studies of outcomes such as early pregnancy losses 

are vulnerable to left truncation when participants are already exposed prior to study initiation, such 
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that exposure-induced selection processes likely determine observational cohort formation from 

which exposure-outcomes effects are estimated (274).  The “conditioning on a collider” mechanism 

occurs when the exposure and some other independent factors influence selection.  Specifically, the 

exposure is associated with the outcome and preferentially results in pregnancy loss; and a second 

variable exists which is associated with both pregnancy loss and the outcome of interest.  This 

second variable could be an unobserved, unknown, or simply ignored common cause of pregnancy 

loss and the outcome.  By conditioning on pregnancy loss i.e. only including live born infants, a non-

causal path is created between the exposure and the outcome via the second variable (268, 273).  

The necessary data to mitigate live birth bias, namely data on pregnancy loss in the study population 

and/or all potential common causes between pregnancy loss and outcome of interest, are often not 

available (268).  Consequently, unlike other types of selection bias such as the loss to follow-up or 

the “birthweight paradox”, in the absence of this data this bias is less amenable to being addressed 

analytically because of the difficulty of adjustment for unobservable selection processes (274). 

Immortal Time Bias 

Exposure status follow-up times which are incorrectly handled in the analysis phase could introduce 

immortal time bias in favour of the exposed group (277, 278).  This often takes place in studies in 

which the exposure is a treatment that is prescribed at variable times (with a delay or waiting 

period) after outcome diagnosis (279).  Immortal time refers to period of follow-up in which, by 

design, the study outcome cannot occur in the exposed group because individuals ending up in the 

exposed group have to survive until the treatment definition is fulfilled (277).  In pregnancy, this bias 

arises when entry into the exposed group depends on remaining pregnant long enough to have the 

opportunity for exposure or to start treatment (280).  There are two scenarios in which immortal 

time bias occurs that can lead to either measurement bias or selection bias if immortal time is not 

appropriately accounted for in analysis.  The first scenario is when the entire follow-up time of the 

exposed is assigned as exposed even though there were periods which were theoretically unexposed 

(before treatment was started) which can lead to misclassification (277, 278).  The second scenario is 

when there is inappropriate exclusion of immortal times with the discarding of the unexposed 

follow-up periods of the exposed from the analysis which can lead to selection bias (196, 279, 281) 

(Figure 2.6).  This can happen when the exposed cohort is formed from all participants who have 

received the treatment under study, thus they enter the cohort when treatment starts.  All other 
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participants are 

considered unexposed 

with an arbitrarily 

defined cohort entry 

based on some ‘entry 

event’.  These two sets 

of participants are 

then followed up from 

cohort entry until the 

outcome event occurs.  

The exposed 

participants could also 

have had the same 

‘entry’ event before their exposure-defined cohort entry time, so the period between this prior 

‘entry’ event and the cohort entry for the exposed group is immortal and needs to be accounted for.  

‘Exposed’ participants who previously had this entry event during the immortal period would have 

been classified in the unexposed group.  Exclusion of this immortal person-time generated by the 

exposed participants introduces bias, because it should have been accounted for as unexposed.  

Ordinarily this period would add person-time to the denominator of the unexposed while not adding 

any new events to the numerator.  By excluding this immortal time, the outcomes in the unexposed 

group will be artificially increased, because part of the denominator is missing so that the estimate is 

biased downwards (279, 282, 283).  

Figure 2.6 Illustration of immortal time bias 

Insufficient consideration of immortal time can 

result in significant bias by conferring a spurious 

survival advantage to the treated group, which 

could potentially reverse the direction of the 

association (268, 277).  The impact of this bias can 

be demonstrated in Figure 2.7.  The DAG shows the 

null hypothesis of no association between the 

exposure and the outcome (no arrow from X→Y). 

With exclusion of the immortal time in analysis (by 

conditioning the collider), the exposure and 

outcome become associated because an open path 

has been created between the exposure and 

outcome (X→E←U→Y).  Consequently, the 
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unexposed group (X = 0) with the unmeasured protective cause of the outcome (U = 1) is more likely 

to be excluded from the analysis (E = 1) than those without unmeasured protective cause (X = 0 and 

U = 0).  This is because the exposed have a higher probability of the exposure than the latter, as they 

are more likely to survive the waiting time (279). 

In an attempt to mitigate this selection bias, a person-time exposure definition that accounts for the 

immortal person-time as unexposed until the start of treatment can be used instead of the exclusion 

approach.  This can be done by emulating the immortal times for the unexposed group from the 

distribution of exposed group immortal times, effectively recalibrating the follow-up times for the 

unexposed subjects.  It should be noted that this can only partly remedy the selection bias problem 

in the exclusion scenario, so if the exposure is protective or has no effect the bias would be away 

from the null, and towards the null was a risk factor (279). 

Conditioning on intermediates 

In order to estimate direct effects of the exposure on the outcome 

without bias, the assumption of no unmeasured confounding for 

the exposure and outcome, and any intermediate variable and 

outcome needs to hold (195).  Conditioning on an intermediate 

variable (I) (Figure 2.8a) or a descending proxy for an intermediate 

variable (Figure 2.8b), which can be both be viewed as a form of 

overadjustment, means that the total causal effect of X→Y 

association cannot be consistently estimated (255, 284).  If the 

adjustment for the intermediate variable (or proxy/descendent 

variable) occurs in the presence of unmeasured confounder (U) 

between I→Y, then the X→Y relationship will be subject to “collider 

stratification bias” (Figure 2.8c) (197).  Conditioning/adjustment can 

be done through restriction, stratification, matching (on the 

intermediary variable) or regression-based adjustment (285).   

Figure 2.8  Scenarios for variables acting as intermediates 

This is of particular concern in perinatal epidemiology, because of a 

unique tension that exists (286).  On one hand there is the desire to 

obtain gestational age or birthweight specific associations (18, 287-

289); while on the other there is an increased awareness that this 

conditioning action can result in severe biases (285).  This issue was 

first highlighted in perinatal epidemiology research with the 

birthweight ‘paradox’ a controversial subject for many years (76).  
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In the relationship between maternal smoking 

and mortality in LBW infants, smoking appeared 

to be protective with LBW infants of smokers 

having lower mortality rates than those of non-

smokers (18, 290-292).  This was despite the 

widely accepted notion that infants of smokers 

had lower birthweights and were at increased 

neonatal mortality risk (76).  Because of the 

accessibility of birthweight, data stratified on 

birthweight was frequently stratified on, which 

often produced a crossover of the birthweight-

specific mortality curves (290).  This action of 

conditioning on birthweight, a potential 

intermediate, induces collider bias that leads to 

an inverse association between the exposure 

and outcome among a subset of the infants, 

LBW infants in this case (268, 290).  It is 

hypothesised that different pathways exist to 

achieve LBW, and only the LBW type caused by 

certain factors such as birth defects, and not 

others such as smoking increase mortality (76, 293) (Figure 2.9).  

Figure 2.9  Causal structure of birthweight paradox 

This “paradox” is not limited to the smoking and infant mortality relationship.  When the association 

between any pre-pregnancy variable and any postnatal outcome is being studied, conditioning on 

any variable affected by the exposure can introduce bias if the causal relation between the variables 

is similar to that represented in Figure 2.9 (290).  While there is increased attention being paid to 

overadjustment and the potential for collider bias (particularly in relation to birthweight), many 

studies are still conditioning for gestational age, without clear rationale for doing so (294-297).  This 

could be because gestational age is often conceptualised as a confounder because early delivery 

unquestionably contributes to morbidity and mortality (18).  However, gestational age is a potential 

mediator of exposure–outcome relationship if timing of delivery is affected by the exposure in 

addition to the outcome (285).  Conditioning will result in removal of some of the effect of interest 

or introduction of collider bias by opening the pathway between the exposure, intermediate, 

unmeasured factor, and the outcome (X→I←U→Y). 
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Preterm delivery as an endpoint is also appealing because in addition to being strongly associated 

with mortality, it is also a more common outcome than mortality.  Despite this, it is typically 

conditioned on 

because preterm 

infants carry the 

burden of the 

factor/s that 

triggered early 

delivery (18); 

which 

coincidentally 

tend to be poorly 

characterised or 

unmeasured.  Bias 

can be induced by 

the unmeasured 

factors that 

contribute to early 

delivery which also impact the outcome this makes PTD a collider.  Conditioning on PTD blocks the 

effect of preterm on the outcome and opens a path between the exposure and outcome (Figure 

2.10). 

Figure 2.10  Causal association of preterm delivery and outcome 

Mitigation of this problem is through careful consideration of research question and the 

assumptions before decisions are taken about the necessity of conditioning on an intermediate 

(268).  Conditioning on intermediates should not be done when the total effect or causal effects are 

the parameters of interest.  Conversely, in cases where a specific pathway is of interest then 

conditioning could be warranted however this needs to be explicitly stated and the assumption that 

the effect of interest is more or less a direct effect requiring no unmeasured mediator–outcome 

confounding, needs to be met (268).  If prediction rather than causation is of interest, restricting the 

population to specific subgroups of interest (e.g. preterm or low-birthweight categories) would not 

necessarily be problematic, and the estimated associations would still be of value (194, 268). 
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2.5 Discussion 

2.5.1 Medication use in pregnancy  

Pregnancy is a normal physiological process however it is often associated with pathological 

processes that necessitate the use of medications, which play important roles in promoting maternal 

well-being (194).  There are however concerns around medication use in pregnancy because 

pregnancy physiology can affect the pharmacokinetics of medications used, and some medications 

can harm the fetus because of potential teratogenicity (298, 299).  Despite these concerns, total 

avoidance of medication in pregnancy is not possible because some women enter pregnancy with 

co-morbid conditions that require ongoing and/or episodic treatment such as hypertension, diabetes 

mellitus, asthma, and epilepsy (298).  Additionally, the presence of infections in pregnancy, for 

instance HIV, increases the need for anti-infective agents such as ART (194).   

Given that events that occur during pregnancy have important influences on the outcome of 

pregnancy, as well as the health and wellbeing of newborns, it is essential to understand the safety 

of maternal medication use.  However, safety of medications in pregnancy is often unknown/poorly 

understood, because of the ethical issues surrounding research in pregnancy linked to the 

uncertainties around the effects of medications on fetal development.  Evidence on medication 

efficacy and safety, in the general population, is primarily based on randomised controlled trials. 

However, these trials routinely exclude pregnant women, with medication safety data coming from 

reproductive toxicity studies in animals and observational studies in humans (300).  In the past, the 

majority of studies on the risks of maternal medication use were small field studies that had small 

sample sizes, lacked statistical power, or had sub-optimal study designs to pregnancy or infant 

outcomes (301).  To circumvent these limitations, in recent years, this association has been assessed 

using data from larger cohort studies (302), and large national pregnancy medication exposure 

registries (303, 304) and administrative databases (305-307).  While these new data sources have 

improved the data quality, this routinely collected data is not originally intended for research.  So it 

is conceivable that bias, one of the many key challenges to making valid inferences, is becoming 

increasingly prevalent in the study of birth outcomes.   

2.5.2 Example: Maternal antiretroviral use and adverse birth outcomes 

The relationship between maternal ART use and adverse birth outcomes has been an area of 

research for many years, with conflicting results from multiple studies across both HICs and LMICs. 

Maternal HIV infection, in the pre-ART era, was associated with adverse birth outcomes including 

PTD, LBW and SGA infants and stillbirth; with the highest risk among women with advanced HIV 

disease or immunosuppression (308-313).  The proposed mechanisms for these adverse birth 
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outcomes were poor maternal health, increased risk factors for co-infections and acute fetal HIV 

infection.   

Provision of ART to pregnant and breastfeeding women has been successful in prevention of 

mother-to-child transmission of HIV (PMTCT) and improving maternal health and survival (314).  

However, despite these successes, concerns about increased risk of adverse birth outcomes among 

pregnant women living with HIV on ART were first raised in European studies (315, 316).  Latin and 

North American studies, at the time, observed no associations(317-320).  The majority of early data 

on this association came from cohorts in high income countries (HIC) (315, 321-324), with little to no 

data from LMICs where the majority of women requiring ART during pregnancy resided.  The 

epidemiology of this association has been challenging, because of the competing forces that exist.  

ART may decrease some adverse birth outcomes by improving maternal health and reducing acute 

fetal infection.  Conversely, ART has also been observed to increase the risk of these adverse 

outcomes, with risk greater than with nucleoside reverse transcriptase inhibitors (NRTI) 

monotherapy or dual therapy (325, 326).  The proposed mechanisms for this increase, include ART-

induced disruption or increased inflammatory response following ART initiation because of immune 

reconstitution syndrome (327). 

Despite these ART-related increases of potential adverse outcomes, ART is unequivocally 

recommended in pregnancy because healthier women have better pregnancy and birth outcomes, 

and early initiation of ART is preferred for long-term health in any person living with HIV.  While in 

the past HIV treatment research focused on vertical transmission and congenital anomalies, PMTCT 

programme successes and increasingly safe ART regimens have resulted in the focus shifting to other 

outcomes.  These include PTD, which is the leading cause of neonatal and under-five mortality 

globally (328, 329); and has poor long-term outcomes in those that survive, particularly the very 

preterm infants (330, 331).  Further, LBW and SGA infants are also at significant higher morbidity 

and mortality risk, particularly in LMIC (332, 333).  High-quality data on the safety and efficacy of 

most antiretrovirals in pregnancy is limited, which is concerning because the presence and 

magnitude of the association between maternal ART use and adverse birth outcomes has been 

shown to differ according not just setting but also ART regimens and timing of initiation (334).  In the 

PROMISE trial, triple drug ART was associated with an increased rate of preterm and low birthweight 

infants compared to zidovudine (ZDV) monotherapy; with those randomised to ritonavir-boosted 

lopinavir (LPV/r) + tenofovir disoproxil fumarate (TDF) having a significantly higher risk of adverse 

outcomes (325).  These findings highlighted the need to focus on the role of ART regimens, in 

particular protease inhibitors (PIs).  Prior to PROMISE, PIs were implicated in the increased risk of 

adverse birth outcomes in both observational (335, 336) and randomised (337) studies.  The 
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proposed mechanism of action is linked to adrenal system interference implicated in the 

spontaneous onset of labour (323) and/or reductions in progesterone levels during pregnancy which 

could affect fetal growth (338).  In more recent times, the Tsepamo study in Botswana, also showed 

that birth outcomes differed by maternal ART regimen (336).  Women on TDF + emtricitabine (FTC) + 

efavirenz (EFV) had the lowest proportion of adverse outcomes compared to those on other ART 

regimens which included ZDV + lamivudine (3TC) + nevirapine (NVP) and ZDV+3TC+LPV/r (336, 339).  

This study based on national surveillance data found that severe outcomes such as stillbirth also 

differed by regimen, with an increased risk among women on ZDV+3TC+NVP compared with other 

ART regimens (336). 

While the older more toxic regimens are no longer in use, early experiences with these regimens 

need to be considered when dealing with contemporary maternal ART regimens.  In 2018, WHO 

treatment guidelines recommend the replacement of EFV in the first-line treatment with 

dolutegravir (DTG), an integrase inhibitor that is potent, well tolerated and has a high genetic barrier 

to resistance (340).  The VESTED trial investigated the safety and efficacy of newer ART regimens, 

likely to be used by many women initiating ART during pregnancy, but for which limited rigorous 

pregnancy safety and efficacy data exist (341).  The DTG + FTC + tenofovir alafenamide fumarate 

(TAF) arm of the trial had the lowest proportion of composite adverse birth outcomes compared to 

the other regimens (DTG + FTC +TDF and TDF + FTC + EFV); primarily driven by lower rates of 

preterm and to a lesser extend small for SGA infants in this group (341).  This collectively 

underscores the importance of evaluating birth outcomes with newer ART regimens.   

Timing of ART initiation with respect to gestation also appears to be critical, however there is limited 

data, so uncertainties remain around its role in the occurrence of increased risks of adverse birth 

outcomes (334).  With increasing numbers of women conceiving on ART, more information is 

required on the safety of regimens and the impact of timing of initiation.  A meta-analysis showed 

that women on preconception ART were at increased risk of delivering preterm, very preterm and 

LBW infants, compared to those who initiated during pregnancy (342).  The data on the role of 

timing of ART initiation are not conclusive, with some studies finding no difference (343, 344).  These 

results may depend on regimens used, as demonstrated by an analysis of subsequent pregnancies in 

PROMISE.  Women on their second pregnancies who were now conceiving on ART (mostly PI) had a 

higher proportion of miscarriages and stillbirth compared to women who initiated during pregnancy 

(345).  There are concerns previous studies investigating the timing of ART initiation and adverse 

birth outcomes did not account for gestational age at ART initiation, which could induce selection 

bias because of the unequal opportunities of experiencing the outcome in women who initiating ART 

later in pregnancy compared to those who initiated earlier or before pregnancy (346).  Based on 
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these selection concerns a simulation trial that assessed the impact of the exclusion of women 

delivering pre-ART initiation, showed that the exclusion decreased the risk of women included in 

studies investigating this association (347).  When the simulated randomised data was compared to 

an analysis that mimicked previous observational studies, the randomised data showed no increased 

risk with preconception initiation, while the other analysis showed an increased risk with 

preconception initiation (347).   

Interpretation of observational data on ART safety is complicated by changing treatment guidelines 

and comparator groups, low quality gestational age data in some studies and other bias related 

concerns that are common with all observational research.  In the treat-all era, as more women will 

conceive on ART, high quality data are required that are relevant to the changing population of 

pregnant women living with HIV and to new antiretroviral drugs, and that address limitations in the 

existing evidence base (334). 

2.5.2.1 Bias related concerns 

Putative explanations for the conflicting and inconsistent findings across different settings, in the 

association between maternal ART use and adverse birth outcomes, have been linked to numerous 

factors linked to bias 

and confounding.  

These include bias 

due to differences in 

study designs (case 

ascertainment and 

inclusion criteria), 

study populations 

(different baseline 

rates of outcomes of 

interest) and 

analytical 

approaches (differences in choices for reference groups, lack of adjustment for risk factors) (Figure 

2.11).   

Figure 2.11  Bias related concerns in the association between maternal ART use and adverse birth outcomes 

Other bias-related concerns such as differences in the quality of measurement of exposure timing 

and outcome ascertainment persist in perinatal epidemiology generally and specifically when 

investigating this association.  This is in part because in the majority of studies investigating this 

association, the birth outcomes analyses tend to be planned or unplanned secondary analyses. 
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Consequently, data collection procedures are not designed to examine varies aspects of this 

association and so the best high-quality measures and procedures are not always utilised.  This 

predominantly the case with gestational age assessment, where measurement error due to 

menstrual dating and/or clinical examination may introduce bias where an imprecise gestational age 

can result in outcome misclassification.  Given that many adverse birth outcomes are defined by 

gestational duration, it is critical that high quality measures of gestation are used to ensure an 

accurate degree of exposure and outcome ascertainment.   

The definition of exposure and the presence of exposure misclassification is linked to research 

objectives, if the objective is to evaluate association of any ART use in pregnancy, then the exposure 

assessment based on self-report may not suffer from much misclassification - measurement error 

could still occur however estimates would be unbiased (under the null hypothesis).  In contrast, 

when the objective is to evaluate more nuanced aspects of the association such as duration of ART 

use or specific regimens, misclassification with biased estimates is likely if there is a reliance on self-

report.  Even when exposure information is available from other sources such as medical records or 

biological assays, unless data is collected specifically for the purposes of the study there are no 

assurances that the data is any more accurate than self-report (5).  Additionally, this association is 

also affected when information on participant characteristics is missing or unavailable, as is common 

in observational data.  This can be seen as an extreme form of measurement error, which impacts 

the ability to adjust for important confounders such as demographics, substance use, HIV factors 

(degree of immunosuppression, indication for treatment) and coinfection.  When assessing this 

association, there are several factors linked to the exposure and outcomes and each of these can 

potentially be measured incorrectly and thus affect the findings.  The exposure maternal ART use is a 

function of 

the regimen 

type used, 

duration of 

use and 

adherence 

(Figure 2.12); 

and each of 

these factors 

independently 

contribute to 

the risk of an outcome of interest.  Misclassification of these factors can occur leading to incorrect 

assignment to an exposure group, which could lead to incorrect inferences.  For instance, in the case 
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of a women who is classified as being on ART, based on self-report or because clinic records indicate 

ART use, is not adherent and has missed all her doses – if she were to deliver preterm this would be 

unrelated to ART however this could incorrectly be attributed to ART use.  Preterm delivery as an 

outcome is a function of a delivery event and the gestation at which this delivery occurred.  The 

delivery event is not subject to error, however the GA at which this delivery event occurred which 

determines classification of the delivery as preterm or not is subject to measurement error and the 

type and magnitude depends on the GA assessment method used.   

2.5.3 Need for future research 

From a public health perspective, the ability to generalise causal effects from both observational and 

randomised studies is fundamental.  To achieve this, high-quality data are essential so that evidence 

from well-designed studies can be incorporated in public health decision making and treatment 

guidelines.  This will require optimisation of current study designs and analytical techniques to study 

adverse birth outcomes and their risk factors more accurately, by taking into account the important 

methodological considerations briefly described in this review.  While well-designed randomised 

trials remain the scientific gold standard, they are frequently limited by sample sizes lacking the 

statistical power to detect changes in important maternal, fetal, or neonatal outcomes.  They 

typically do not target the enrolment of "conception" cohort, with the trials tending to randomise 

after the first trimester (>14 weeks).  Additionally, it is not always feasible to incorporate 

randomisation or blinding into research involving pregnant women (348).  Consequently, birth 

outcome is typically investigated through the analysis of existing data from observational studies or 

routinely collected data.  While this may produce information that accurately reflects maternity care 

processes and outcomes, this data is not specifically focused on birth outcomes.  This likely affects 

data quality, particularly related to measurement error in gestational age which is an important 

variable for all outcomes discussed in this review.   

In the context of aetiological research, the common view is that random measurement error will 

result in attenuation (bias towards the null) of the estimated exposure-outcome association.  A 

recent systematic review found that ‘attenuation of effect’ remains a prevailing notion and this 

almost always remains unsubstantiated by statistical analyses (244).  Under this assumption of effect 

attenuation, estimated exposure-outcome associations are considered conservative estimates of the 

counterfactual scenario where measurement error is absent.  Paradoxically this leads to the notion 

that any significant findings achieved in the presence of measurement error provide evidence that 

the underlying effect is strong and robust (349), even though statistical significance conveys little 

information when there is measurement error since poor measurement can exaggerate effect size 
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estimates.  It has now been demonstrated that random measurement error in the exposure and/or 

confounder does not automatically result in attenuation, with situations where exaggeration has 

occurred (350).  This highlights the difficulty in estimating the magnitude and direction of 

measurement error related bias without applying specialised analytical methods.  Various methods 

have been proposed that provide quantitative estimates of the direction, magnitude and uncertainty 

arising from systematic errors; as well as enabling identification of sources of systematic error and 

their quantification (260).  With the increasing use of routinely collected data, renewed attention for 

the complex impact of measurement error and approaches for dealing with measurement error in 

perinatal epidemiology are vital.  In particular, how to account for measurement error during 

analysis, when it cannot be prevented during data collection.  Despite its importance, it is unclear to 

what extent measurement error related issues are currently considered in research.  Measurement 

error correction methods have been developed, which could be used to address gestational age 

measurement error (351).  It is however evident from the literature that these correction methods 

are currently performed to a very limited degree particularly in relation to birth outcomes research. 

The impact of endogenous selection bias has not appeared to be a concern of equal importance to 

that of confounding and measurement error/misclassification.  This is likely reflection of the 

difficulty in investigating the impact of selection bias on internal validity compared to that of other 

biases; particularly amidst the dynamic, hidden, and interconnected populations of pregnancy, birth, 

and childhood (266).  Despite the potential for selection bias studies, it is not uncommon for results 

to be considered as though internally valid and generalised to a (usually undefined) target 

population.  To achieve generalisability, the first step is to identify causal effects in the presence of 

selection bias, followed by the application of appropriated analytical methods (264).  However, while 

there has been a movement towards quantifying potential bias in epidemiology studies, this is 

difficult to accomplish for selection bias because, by definition, data on those not included are 

unavailable (260).  Further, there are few analyses of associations between survival to livebirth and 

potential exposures to inform quantitative bias analyses (260, 264, 352, 353).  So while adjusting 

away selection may not always be possible in perinatal epidemiology, vigilance will be required in 

seeking to understand these processes and how they affect our results.  Analytical approaches need 

to be formulated that conform to the foundational tenets of epidemiology.  This involves 

confronting bias related to selection processes and competing risks, in order to understand and 

address these biases (266). 

A better understanding and quantification of the error introduced when using commonly used, but 

error prone, assessment methods, is necessary so that adverse birth outcome rates can be 

appropriately adjusted for when necessary.  Additionally, a nuanced understanding of data 

limitations is required, without which, results of global estimates or aetiologic research need to be 
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interpreted with caution to avoid incorrect conclusions.  New data analysis approaches should be 

explored as they may provide more efficient ways to use existing data to inform policy and practice.  

2.5.4 Conclusion 

In conclusion, this review has summarised the important knowledge about the epidemiological 

measures of pregnancy and the various interlinked outcomes that span from conception to birth, 

specifically pregnancy loss, gestational duration, and fetal growth.  In general, the importance of bias 

in epidemiology is well known; however more high-quality evidence is needed about methodological 

concerns, related to measurement and selection, that may arise during the study of pregnancy and 

birth outcomes and potential mitigation strategies.   

Using quantitative data from a combination of well-designed cohort studies, a pregnancy exposure 

registry and provincial health database, this thesis aims to contribute to the evidence base related to 

the association between maternal ART use and adverse birth outcomes.  This will be done while 

addressing some of the limitations inherent in research of this association to date.  Specifically, 

gestational age measurement error will be assessed by assessment method, to determine the extent 

and impact of bias from the misclassification of preterm versus term versus post-term deliveries.  

Building on this the aim is to explore imputation based and estimation based bias correction 

methods to reduce the impact of this bias on findings of this association.  The impact of study 

population selection from an underlying population alongside differing quality of variables of 

interest on the association will also be explored.  Lastly, in order to better inform understanding of 

underlying mechanisms, this thesis intends to produce evidence that can be used to inform future 

research methodology, through the examination of alternative analytical approaches for improving 

the accuracy of exposure and/or risk factor status classification to avoid misclassification which 

could introduce bias and affect study inferences.   
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Chapter 3: Methodological considerations for preterm birth research 

Malaba TR, Newell ML, Myer L, Ramokolo V. Methodological considerations for preterm 

birth research.  Front Glob Womens Health. 2022;2:821064. 

Relevance of this paper to the thesis 

This chapter provides a review that expands on the methodological issues highlighted in the 

literature review chapter of this thesis and highlights the important selection and measurement bias 

issues that need to be considered for population-level estimations and epidemiological studies of 

preterm birth and its sequelae.  Many etiological pathways for preterm birth exist, however this 

paper focuses on maternal infections as this is the most common pathway in low-to-middle income 

countries.  Given the relationship between maternal HIV infection, antiretroviral therapy (ART) and 

adverse birth outcomes in sub-Saharan Africa, this paper further illustrates the impact of specific 

selection and measurement biases on the findings and interpretations of previous studies 

investigating the relationship between HIV/ART and preterm births.  This chapter addresses 

Objective 1, and based on the findings of this review, subsequent analyses in this thesis attempted 

to mitigate the impact of these biases where possible or consider during interpretation as possible 

explanations for observed findings.  

Contribution of the student and co-authors 

TRM conceptualised the perspective presented in this review and wrote the first draft of the 

manuscript, under the guidance of VR.  VR and MLN revised the manuscript and interpretation of 

findings.  All authors reviewed and approved the final manuscript.  
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3.1 Abstract 

Complications from preterm birth are a leading cause of infant mortality, with long-term 

implications for morbidity and quality of life of preterm infants.  There are many important risk 

factors for preterm births however in this article, we focus on the maternal infection etiological 

pathway, given its significance in low-to-middle income countries.  In high preterm birth settings 

such as sub-Saharan Africa, maternal HIV infection and antiretroviral therapy (ART) use have been 

associated with an increased risk of preterm births.  Consequently, we highlight methodological 

considerations related to selection and measurement bias in preterm birth research.  We further 

illustrate the potential impact of these biases in studies investigating the relationship between 

HIV/ART and preterm births.  We also briefly discuss issues related to population-level estimations 

based on routinely collected clinical or civil registration data.  We conclude by emphasising the 

importance of strengthening of antenatal care services to improve quality of population data as well 

as optimising current and future study designs, by taking into account the important methodological 

considerations described in this article. 

3.2 Introduction 

Preterm birth (PTB) is defined by the duration of gestation at the time of delivery with a cut-off of 37 

weeks distinguishing preterm from term infants.  As the leading cause of neonatal and child 

mortality and its impact on child development it has possible long-term implications for quality of 

life.  An estimated 14.8 million PTB occur globally each year (1), however they are not equally 

distributed.  Low-to-middle income countries (LMICs) have a higher burden than other countries; in 

particular sub-Saharan Africa and South Asia which account for 60-80% of global PTB (1, 2).  

Addressing PTB in LMICs is therefore essential for accelerating progress towards achieving 

Sustainable Development Goal (SDG) 3 “Ensuring healthy lives and wellbeing for all at all ages” partly 

by ending preventable deaths of newborns and children under five by 2030 (3).  Continued focus on 

improving the survival and quality of life of these infants born too soon is needed - with an emphasis 

on optimising appropriate evidence-based PTB prevention and mitigation interventions in LMICs.  

High-quality epidemiologic data are necessary to determine current and emergent modifiable risk 

factors during the preconception, pregnancy and peripartum period.  This is best achieved through 

well-designed studies which take into account important methodological considerations.  In this 

article we briefly discuss some of these considerations. 
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3.3 Epidemiologic study of preterm in low-to-middle income countries 

Preterm birth is a complex syndrome with varying phenotypes and multifactorial aetiologies, each 

with distinct biological pathways.  In addition to gestational age classification, PTB can also be 

classified phenotypically according to clinical presentation into spontaneous or medically indicated 

PTB (4).  At the individual level accurate PTB identification is important for appropriate clinical 

management, while at the population level it is crucial for informing policy formulation and resource 

allocation (5).   

The epidemiologic study of PTB requires robust methods of quantifying population-level estimates, 

through national civil registration and vital statistics (CRVS) systems that report PTB (1).  However, 

many LMICs still have inadequate health information systems and sub-standard statistical capacity 

(6).  This is demonstrated by the fact that the regions with the highest PTB burden, sub-Saharan 

Africa and South Asia, contributed little to no CRVS data in the latest global PTB estimates (1).  Most 

data used to estimate PTB in these settings is not nationally representative.  Instead, the data come 

from surveys (e.g. Demographic and Health Surveys), poorly designed small-scale research studies 

and/or secondary and tertiary care facilities which cater to specific subsets of the total population.  

Consequently, in these settings, high-quality real-time data from prospective studies and secondary 

analyses of robust existing data are critical.  This is important for standard analyses as well as novel 

artificial intelligence techniques like machine learning (ML), which are being increasingly used.  The 

best ML models use high quality real time and existing data for predictive modelling and early 

diagnosis of health outcomes such as PTB (7).  Unlike traditional statistical models, ML can handle 

complex data structures.  Furthermore their ability to incorporate different types of data (e.g. 

laboratory tests, imaging and clinical notes) can provide better outcome phenotyping (8).  

Pathways to spontaneous PTB include decidual haemorrhage, maternal/fetal hypothalamic-pituitary-

adrenal activation, pathologic uterine overdistension or cervical) and infection/inflammation the 

most common pathway in LMICs (9, 10).  Accordingly, understanding the overall contribution of 

infections (and their treatment) to PTB is essential.  Given that PTB is a common outcome, small 

increases in risk can have substantial public health impact in settings where neonatal care services 

are limited.  This is particularly important in sub-Saharan Africa, the epicentre of the HIV infection 

pandemic (11) and where HIV is one of the leading complications of pregnancy.  It should be noted 

that antiretroviral therapy (ART) for HIV treatment, while essential for improving maternal health 

and survival, has also been implicated in increased PTB risk (12-14).   
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3.4 Methodological Considerations 

In cases where the practical and ethical costs of conducting randomised trials in pregnant women 

are high, observational study designs are desirable, however they are subject to a variety of 

potential biases (15).  When considering study design, data collection and analytical procedures for 

these studies, taking selection and information bias into account is critical.  Preterm birth analyses 

are further subject to bias because they are not usually the primary objective of the study but are 

rather planned or unplanned secondary analyses.  Consequently data collection procedures are 

often not designed to examine important aspects of PTB, so the best high-quality measures and 

procedures are not always utilised.  To strengthen the validity of associations drawn from these 

observational studies of PTB, it is important to identify and evaluate potential sources of bias – 

especially those common and unique to perinatal research. 

3.4.1 Maternal antiretroviral use and preterm birth: methodological example  

In LMICs numerous studies have investigated the infection pathway to PTB, given its contribution to 

PTB in these settings.  As an example, we draw on the vast body of literature on the relationship 

between HIV/ART and preterm birth in high HIV burden settings.  We also highlight some 

methodological nuances that underlie these epidemiologic investigations.  It should be noted that 

these concepts can be extended to other infections and/or exposures.   

The relationship between maternal ART use and PTB has been an area of research for many years, 

with conflicting results from multiple studies.  HIV infection has been shown to increase the risk of 

PTB through poor maternal health, increased risk factors for coinfections and fetal HIV infection(16).  

ART use introduces complexity to deciphering associations with PTB and other adverse birth 

outcomes, because it improves maternal health and reduces acute retroviral fetal infection.  It would 

seem logical that healthier women have better birth outcomes; however, ART could also increase 

adverse birth outcomes through other mechanisms.  This complicates the understanding of these 

competing forces and makes the epidemiology of this challenging.   

In studies of among women receiving ART in pregnancy, some have suggested increased risk of PTB 

while others have found no evidence of associations with PTB.  Putative explanations for these 

inconsistent findings have been linked to differences in study designs, study populations, HIV 

treatment guidelines and analytical approaches.  The exposure (maternal ART use) and outcome 

(PTB) are both significantly impacted by selection and measurement bias (Figure 3.1).   
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Using examples of recent studies, we highlight instances where selection and measurement bias 

impacted study findings. 

Figure 3.1  Methodological perspective: association between maternal ART use and preterm birth 

3.4.1.1 Selection Bias 

This is the distortion of an association due to the omission or inclusion of specific groups of women, 

such that the sample no longer reflects the population of interest (17).  Perinatal study populations 

are dynamic and complex because the reproductive process spans from fertilisation and 

implantation to clinically recognised pregnancy, and further to birth and early childhood.  Processes 

of selection (e.g. implantation failure, early pregnancy losses) and attrition (e.g. stillbirths, neonatal 

deaths) render these populations incompletely observable (18, 19).  Studies investigating outcomes 

of pregnancy are subject to further selection, because recruitment is often based on a convenient 

sample of women willing and able to access routine care services early in pregnancy.  Given that 

early antenatal care initiation is sub-optimal in LMICs (20), the women recruited likely represent 

those with better health seeking behaviours.  During enrolment, additional selection can occur if 

women do not meet study specific eligibility criteria.  This is often related to gestational age and/or 

the absence of an exposure or outcome of interest.  Clinical interventions delivered during 

pregnancy (e.g. elective terminations, activity restriction or induction) can also directly influence PTB 

incidence and impact study findings.  

Inappropriate analytical decisions can also introduce selection bias and impact the association 

between an exposure and PTB.  For example, only including live born preterm infants, as often 

happens in such analyses, essentially selects for pregnancy loss.  However, if an unmeasured 

confounder is associated with both pregnancy loss and preterm birth (Figure 3.2A), a non-causal 
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pathway will be created potentially biasing estimates (19).  Selection bias can also be induced 

through inappropriate variable treatment.  Because PTB pathology is incompletely understood and 

unmeasured confounders cannot be adjusted for, it is important to ensure independent risk factors 

are not treated 

as potential 

confounders, 

as they could 

potentially be 

intermediate 

variables.  For 

example, 

previous PTB is 

often adjusted 

for because of 

its strong ties 

with future 

PTB risk (21).  However, if unmeasured confounders are associated with both the intermediate 

variable and PTB, then this adjustment will create a non-causal pathway and potentially bias 

estimates (Figure 3.2B)(19). 

Figure 3.2  Directed acyclic graph illustrating selection bias examples 

Selection Bias: HIV/ART and preterm birth examples 

An analysis of birth outcomes including PTB was conducted in Malawi (22) among healthy women 

living with and without HIV.  The authors hypothesised that ART use in pregnancy would eliminate 

previously observed differences in pregnancy outcomes by HIV status.  Study enrolment occurred at 

delivery, with GA assessed postnatally (Ballard score).  The overall PTB rate was 10%, with no 

differences observed by HIV status or ART status (initiation before or during pregnancy).  The 

authors concluded that their results were consistent with their hypothesis that the efavirenz-based 

ART regimen eliminates differences previously attributed to HIV infection without introducing 

additional risk.  However, these results differ from recent studies using similar ART regimens which 

found an increased risk of PTB by HIV/ART status (12, 14, 23).  Although the authors dismissed the 

possibility of selection bias, there is a potential concern around the puerperium recruitment from a 

few facilities.  This strategy likely excluded women with serious pregnancy complications, preterm 

infants, acutely ill neonates and/or neonatal deaths (24).  The absence of very preterm (<32 weeks) 

and very low birth weight (<1500 grams) infants in the study provides evidence for this.  In 

additional to This unrepresentative study population could have led to bias towards the null 

resulting in the lack of difference observed by HIV and ART status (24).   
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Another example can be found in a systematic review conducted among women living with HIV 

initiating ART before or during pregnancy, at a time when few women in LMICs conceived on ART 

(25).  Preterm birth, reported in 10 studies, showed an increased risk among preconception 

initiators.  It was hypothesised to be due to confounding by indication, with women on 

preconception ART likely to be at a more advanced HIV stage.  The authors acknowledged the 

possibility of selection bias, emanating from the unequal opportunity for PTB between women 

starting late in pregnancy compared to those initiating ART preconception or early.  Based on the 

selection concerns of this systematic review, a simulation trial was conducted to quantify the impact 

of the exclusion of women delivering pre-ART initiation, which shows that this exclusion lowered the 

risk of women included in studies investigating this association (26).  In this simulation women were 

“recruited” preconception and randomised 1:1 to immediate ART (i.e. preconception) or delayed 

ART (i.e. during pregnancy).  Gestational age at ART initiation and at delivery were based on 

previously collected Zambian data (27).  Preterm birth rates were compared in intention-to-treat 

(ITT) and naïve analyses.  The ITT analysis compared all randomised women by ART initiation timing.  

While the naïve analysis, mimicking previous observational studies, compared all women 

randomised to immediate ART to a subset of women randomised to delayed ART (excluding those 

delivering pre-ART initiation).  The ITT analysis showed no association with preconception initiation, 

while the naïve analysis showed an increased risk with preconception initiation.  

The selection biases highlighted here apply to all analyses investigating PTB and time-dependent 

exposures, because there will always be exclusion of women who deliver before experiencing or 

receiving the exposure later in pregnancy (26). 

3.4.1.2 Information Bias 

A certain amount of error is intrinsic in any measurement process.  Information bias is the distortion 

of an association caused by the inaccurate measurement of key variables (28).  This bias arises when 

information is either not accurately collected/measured or there is discord between study 

definitions and true definitions, leading to exposure or outcome misclassification (29).  Gestational 

age (GA) is central in PTB studies; however it can only be estimated approximately because 

fertilisation is a silent event.  All methods of GA assessment (last menstrual period (LMP), symphysis 

fundal height measurement (SFH), and ultrasonography) are prone to varying degrees of error, 

primarily based on timing of assessment during pregnancy (30-32).  Ultrasound is generally 

considered most reliable; however it is less accurate if carried out >24 weeks of pregnancy (32).  SFH 

assessment is difficult early in pregnancy (33), and LMP reliability is limited by irregular menstrual 

cycles and inaccurate recall of dates (31).  Postnatal assessments of the newborn by physical 
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examination and neuromuscular assessment are even less precise (e.g. Ballard score)(34).  Use of 

imprecise GA may introduce bias, with misclassification of preterm and term infants or preterm and 

small-for-gestational age infants.  

Another major measurement issue relates to the timing of exposure.  Human reproduction and 

development by nature is a highly timed and interrelated process (35).  It spans across a spectrum of 

critical windows ranging from pre-pregnancy through to the early neonatal period (36), with any 

harmful exposures during these critical windows can increase PTB risk.   Given this, quantification of 

the level and timing of exposures is essential for accurate classification of adverse outcomes.  Some 

events are unobservable, so exposure quantification is further complicated by GA imprecision.  

Inappropriate treatment of exposures in analyses can also introduce bias.  Although exposures are 

typically averaged over the entire pregnancy (by trimester or predefined lag period) in time-fixed 

analyses, this fails to capture the exposure windows of etiological importance (37).  With time-

varying exposures such as treatment in pregnancy (38), there is movement in and out of exposure 

states.  Incorrectly treating the exposure as time-fixed ignores actual timing of treatment initiation, 

and person-time from the study start until delivery contributes wholly to the exposure classification 

(19, 39).  This misclassification of the unexposed time before treatment initiation as exposed, 

considered as immortal time, can lead to biased estimates (40, 41).   

Information Bias: HIV/ART and preterm birth examples 

Two studies investigating this association have shown the impact of gestational age measurement 

error.  In South Africa, a birth outcomes study enrolled routine-care women living with and without 

HIV, with gestational age assessed antenatally using LMP, SFH and ultrasound (42).  In a secondary 

analysis, PTB rates were compared based on assessment methods and their impact on the 

association with HIV/ART was examined (43).  LMP-based GA was found to underestimate gestation 

relative to ultrasound-based gestational age, contributing to significant differences in preterm birth 

incidence estimates.  An increased risk of PTB by HIV status was observed when GA was assessed 

using ultrasound, but associations were smaller and not statistically significant when GA assessment 

was by LMP and SFH.  The discrepancy observed in findings between the GA assessment methods 

was considered to be due to random measurement error.  This analysis highlights that the 

association between maternal ART use and preterm birth may be substantially influenced by GA 

assessment methods.  

In Zambia, a study in routine care enrolled women living with and without HIV, with gestational age 

assessed using LMP and ultrasound (44); an increased incidence of PTB was observed when GA was 

assessed using LMP.  The study also showed that LMP-based GA estimates were subject to under- 
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and over-estimation depending on the timing of antenatal care presentation.  Error in GA 

measurement is often thought to be random, as highlighted in the previous study, however these 

findings showed that LMP-based estimates of preterm among pregnancies may suffer from bias 

from systematic errors.  This suggests that studies that rely on LMP alone are likely to falsely elevate 

the risk of preterm among groups of women who present later in pregnancy. 

Subsequently, the authors of the previously discussed South African and Zambian cohorts conducted 

a combined analysis showing that ultrasound-based GA estimated PTB incidence was similar in both 

studies.  However, substantial differences were observed in PTB incidence between the two cohorts, 

when using LMP-based GA: in the Zambian cohort (20.2%) PTB incidence was half of that in the 

South African cohort (39.7%) (Malaba, personal communication, 2018).  In addition to recall issues, 

factors related to menstrual cycle variations and irregularities also contribute to LMP dating 

inaccuracies.  The authors hypothesised that cohort differences could explain the differences seen 

with LMP-based estimates, in particular BMI profiles, with a significantly higher proportion of 

overweight/obese women in the South African cohort than in Zambia cohort (74% vs 41%).  Women 

with higher BMI tend to experience increased menstrual irregularity.  This comparative analysis also 

highlights the need to improve understanding of maternal and fetal factors leading to biased GA 

estimates.   

These examples of studies with unexpected or counterintuitive results highlight the importance of 

considering and addressing selection and measurement bias when designing and analysing studies 

investigating the association between PTB and infections and/or their treatments.   

3.5 Conclusion 

In this article, we briefly reflected on some important methodological considerations that should be 

regarded when designing studies or information systems for the monitoring or study of PTB, and the 

interpretation of findings.  We described selection and information biases that can arise from 

inadequate study design, data collection, and analyses procedures, leading to inaccurate findings.  

The current approach for quantifying the estimates of PTB entails some necessary simplification, 

because of the limitations related to data availability.  As part of achieving SDG 3, reducing PTB and 

its sequelae in LMICs is essential.  We therefore advocate for the strengthening of antenatal care 

services to improve pregnancy outcomes and the quality of population data, particularly gestational 

age.  The accuracy of this data is contingent on the availability of robust measurements tools such as 

ultrasound.  However in LMICs availability is limited, therefore novel low-cost measurement tools 

need to be developed for improving gestational age assessment at the individual level.  At the 

population level, leveraging the strengths of novel ML algorithms can strengthen the  accuracy of 
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PTB prediction and diagnosis (5).  These efforts need to be coupled with improvements in birth 

registration systems, with the use of standardised definitions and classification by gestational age, 

and/or clinical presentation (spontaneous or medically indicated PTB) in collection and reporting of 

data.  Furthermore, continued capacity building of healthcare staff and researchers is critical, for the 

strengthening of data collection, management and analytic procedures.   

We also need to optimise current study designs to study PTB and its risk factors more accurately, by 

taking into account the important methodological considerations described in this article.  In 

particular, a better understanding and quantification of the error introduced when using commonly 

used, but error prone, assessment methods, so that PTB rates can be appropriately adjusted when 

necessary.  Additionally, a nuanced understanding of data limitations is required, without which, 

results of global estimates or etiological research need to be interpreted with caution to avoid 

incorrect conclusions.  New data analysis approaches should be explored as they may provide more 

efficient ways to use existing data to inform policy and practice.   

Preterm birth remains a central public health issue, particularly in LMICs which bear the highest 

global burden.  Despite this, the contribution of these populations to PTB data and research is 

limited.  Further research efforts will require high quality epidemiologic and clinical data from these 

settings to inform development of context-specific interventions for PTB prevention and 

management. 
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Relevance of this paper to the thesis 
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incidence of preterm delivery and small for gestational age infants.  Additionally, there is exploration 
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4.1 Abstract 

4.1.1 Background 

Heterogeneous findings exist on the association between maternal antiretroviral therapy (ART) use 

and preterm delivery (PTD), or infants born small-for-gestational age (SGA).  Whether reported 

differences may be explained by methods used to ascertain gestational age (GA) has not been 

explored. 

4.1.2 Methods 

We enrolled consecutive pregnant women attending a large primary care antenatal clinic in South 

Africa.  Public-sector midwives assessed GA by last menstrual period (LMP) and symphysis-fundal 

height (SFH).  Separately, if clinical GA was <24weeks, ultrasound (US) was performed by a research 

sonographer blinded to midwife assessments.  In analysis, the impact of measurement error on the 

association between HIV/ART status and birth outcome by GA method was assessed, and factors 

associated with clinical GA under- or over-estimation identified. 

4.1.3 Results 

In 1787 women included overall, estimated PTD incidence was 36% by LMP, 17% by SFH and 11% by 

US.  PTD risk was higher for women living with HIV than those without HIV using US-GA (adjusted 

odds ratio (AOR) 1.95; 95% CI 1.10-3.46); for LMP/SFH-GA the associations were smaller and not 

significant.  These findings persisted after adjustment for age, parity, height and previous PTD. PTD 

risk did not vary by timing of ART initiation (before or during pregnancy) for any method.  Elevated 

BMI and older age were associated with decreased risk of under-estimation by both LMP and SFH; 

HIV status and obesity were associated with increased risk of over-estimation by SFH.  There were 

no differences in SGA incidence across GA methods. 

4.1.4 Conclusions 

Findings for an association between HIV/ART and birth outcomes are substantially influenced by GA 

assessment method.  With growing public health interest in this association, future research efforts 

should seek to standardise optimal measures of gestation. 
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4.2 Introduction 

Increasing numbers of pregnant women living with HIV use lifelong antiretroviral therapy (ART); in 

high prevalence HIV countries ART may be the most common drug exposure in pregnancy (1, 2).  

While ART is invaluable for the health of women living with HIV and their infants, some studies have 

reported associations between ART use in pregnancy and adverse birth outcomes such as preterm 

delivery (PTD) and small-for-gestational age (SGA) infants (3-5).  PTD and SGA substantially increase 

the risk of infant mortality, with PTD accounting for the highest proportion of deaths in the critical 

neonatal period (6).  Thus in high HIV prevalence settings it is essential to understand how ART use 

may influence the risk of preterm delivery.  Findings on the association between ART use and 

adverse birth outcomes, including PTD, are conflicting and possibly associated with ART regimen 

used (7, 8), timing of initiation and ART eligibility criteria.   

Studies investigating ART use in pregnancy are heterogeneous in their gestational age (GA) 

assessment method.  GA assessment is challenging in resource-limited settings where 

ultrasonography is usually unavailable, and instead routinely based on clinical assessment via dating 

the last menstrual period (LMP) and/or measurement of the symphysis-fundal height (SFH).  

Although generally considered most reliable, ultrasound (US) is less accurate for pregnancy dating if 

carried out after 24 weeks, when biological variability of fetal biometry increases (9, 10).  The 

reliability of LMP-GA is limited by errors related to irregular menstrual cycles of varying duration or 

accurate recall of LMP dates, and variation in timing of ovulation (11, 12).  SFH-GA assessment is 

difficult early in pregnancy (<12 weeks); and even when measurable its accuracy can be diminished 

by multiple gestations, high body mass index (BMI), intrauterine growth restriction and other factors 

(13, 14).  

Differences in GA assessment could provide an important methodological explanation for the 

observed heterogeneity in findings but has not so far been evaluated.  Measurement error of GA 

could lead to biased estimates of the association between HIV/ART and the GA-based outcomes PTD 

and SGA, with the severity and nature of this bias depending on the form of the error.   

We set out to examine the impact of GA assessment method, and any measurement error therein, 

on the association between HIV/ART status and adverse birth outcomes among a population of 

pregnant women undergoing routine antenatal care at a large public sector primary care facility in 

Cape Town, South Africa. 
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4.3 Methods 

Between April 2014 and October 2016, consecutive pregnant women (aged ≥18 years) were enrolled 

in a prospective cohort (n=3972).  All women seeking antenatal care (ANC) at a large public sector 

primary care facility serving a low-income, high HIV prevalence sub-district of Cape Town South 

Africa (15).  Eligibility was regardless of their HIV status and included women living with HIV who 

conceived while on ART continued their current regimen, and those newly diagnosed or not on ART 

were initiated on the WHO recommended first-line regimen.  Women clinically assessed (LMP 

and/or SFH) during routine ANC services to be ≤24 weeks gestation were referred for a same day 

ultrasound by a research sonographer using standardised assessment protocols and blinded to the 

midwife GA assessment.  The study was reviewed and approved by the University of Cape Town 

Faculty of Health Sciences Human Research Ethics Committee and the University of Southampton 

Faculty of Medicine Ethics Committee.  Written informed consent was obtained for study 

participation, including data abstraction from routine clinical records through the pregnancy and 

post-partum period.   

Following their first ANC visit, enrolled women had data abstracted on HIV status, pregnancy history 

(previous and index pregnancies), medications prescribed during pregnancy and any maternal 

diagnoses during pregnancy.  Obstetric outcomes, including date of delivery and birthweight, were 

abstracted following delivery.  HIV status was categorised as living without HIV or living with HIV; 

ART status was categorised as initiation before or during pregnancy.  The primary outcome was GA 

at delivery based on completed weeks by LMP, SFH and US.  PTD was defined as delivery at <37 

weeks’ gestation, late to moderate preterm as delivery 32 to 37 weeks and post-term as delivery at 

>42 weeks (16).  Using the gender-specific Intergrowth Standards-21st project standards (17), infants

with birthweights <10th percentile for GA were classified as SGA, between 10th and 90th percentile as

appropriate-for-gestational age (AGA), and >90th percentile as large-for-gestational age (LGA).

Statistical analyses were performed using STATA version 14.0 (Stata Corporation, College Station, TX, 

USA).  Analyses focused on two comparisons: women living with HIV vs living without HIV; and 

among women living with HIV ART initiation before pregnancy vs initiation during pregnancy.  

Outcome variables (PTD and SGA) were created for each assessment method (LMP, SFH and US), 

using GA at booking and date of delivery.  Analyses compared GA estimated by each assessment 

method in live singleton births.  Further analyses were restricted to women with GA estimated by all 

three assessment methods and to women with both a clinical GA estimate (LMP and/or SFH) and an 

ultrasound GA estimate.  Comparisons of proportions were based on chi-squared tests. 
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In women with GA by all three assessment methods the associations between HIV/ART status and 

PTD were examined by each assessment method using logistic regression.  Results were presented 

as odds ratios (OR) with 95% confidence intervals (CI), and adjusted for age, parity, BMI and previous 

PTD based on their association with adverse birth outcomes (3,5).  BMI, assessed at the first ANC 

visit, was classified as underweight (≤18.5 kg/m2), normal (18.6-24.9 kg/m2), overweight (25.0-29.9 

kg/m2), or obese (≥30kg/m2) (18).  To inform understanding of GA under- or over-estimation by LMP 

and SFH compared to US, multinomial logistic regression was conducted.  Concordance was defined 

as <7 days difference which is deemed to be clinically relevant; however for US conducted in the 

second trimester LMP concordance was defined according to American College of Obstetricians and 

Gynaecologists recommendations: <7days between 14-15 weeks GA, <10 days between 16-21 weeks 

and <14 days between 22-27 weeks (19).  Results were presented as risk ratios (RR) with 95% CI, and 

adjusted for age, parity, previous PTD, BMI and ART regimen (in ‘living with HIV’ only comparisons). 

4.4 Results 

4.4.1 Demographics 

A total of 1787 women with live singleton births were included:  1014  living without HIV (57%) and 

773 living with HIV (43%), of whom 368 (48%) initiated ART before pregnancy and 405 (52%) during 

pregnancy.  In line with local and WHO treatment guidelines, all enrolled women living with HIV 

were on ART, and most (94%) were on a regimen of two NRTIs [tenofovir (TDF) and emtricitabine 

(FTC)], with the NNRTI efavirenz (EFV).  Women living with HIV were older and less likely to be 

primigravid than women living without HIV (Table 4.1).  Women living with HIV who initiated ART 

before pregnancy were older and less likely to be primigravid than those who initiated during 

pregnancy.  Overall, 28% of women were overweight and 46% obese; there were no significant 

differences by HIV status or timing of ART initiation.  

In total, 88% (n=1585) of women had an LMP-based GA, 68% (n=1220) SFH-based, and 67% (n=1204) 

US-based, with estimated median GA at enrolment varying by assessment method (Table 4.1).  Of 

the ultrasounds 719 (60%) were conducted in the second trimester with 140 resulting in dating of 

>24 weeks GA.
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Table 4.1 Description of enrolled women (n=1787) at 1st ANC Visit 

*among women with a previous pregnancy 

All variables, with the exception of height, BMI and haemoglobin had <1% missing data. For height, 6% (n=111) of data was 
missing and for BMI, 7% (n=126) was missing, for both there were similar proportions across all comparison groups.  For 
Haemoglobin, 14% (n=57) of data was missing with similar proportions across all comparison groups.  For ART status 2% 
(n=36) were missing regimen data   

4.4.2 Adverse birth outcomes 

4.4.2.1 Incidences of adverse birth outcomes 

Among all women   

The estimated incidence of PTD using LMP-GA was 36% (95% CI 33-39%), 17% (95% CI 15-19%) by 

SFH and 11% (95% CI 9-13%) by US; with no significant difference by HIV status using LMP-GA (37% 

vs 36%) or SFH-GA (18% vs 17%).  However, US-GA estimated PTD incidence was significantly higher 

in women living with HIV than those living without HIV (14% vs 8%) (Table 4.2; Figure 4.1a).  No 

significant differences in PTD incidence were observed between women living with HIV initiating ART 

before or during pregnancy by LMP-GA (35% vs 39%), SFH-GA (18% vs 17%) and US-GA (12% vs 15%) 

(Table 4.2; Figure 4.1a). 
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Table 4.2 Birth outcomes in overall cohort (n=1787) 

* Any Preterm consists of the subset of Late Preterm, Moderately Preterm and Very Preterm deliveries 

For Size for GA data missing for women whose GA is not within Intergrowth standard limits (<24w and >42w) and those 
missing either GA or birthweight 

Among women with GA assessed by all three methods (Restricted Group) 

Among the 35% (n=629) of women with GA assessed by all three methods, estimated median (IQR) 

GA at enrolment was 17 weeks (14-21) by LMP, 20 weeks (16-23) by SFH and 19 weeks (15-23) by US 

(Supp. Table 9.2.1a).  HIV status was the only variable associated with having been assessed by all 

three methods, with increased odds for women living with HIV (OR 1.54; 95% CI 1.22 - 1.84).  In this 

group, estimated PTD incidence was 42% (95% CI 38-46%) using LMP-GA, 14% (95% CI 12-17%) using 

SFH-GA and 10% (95% CI 7-12%) using US-GA (Supp. Table 9.2.2).  As before for the whole group, 

estimated PTD incidence was significantly higher in women living with HIV than in those living 

without HIV using US-GA (12% vs 7%) but not significantly different using LMP-GA (40% vs 44%) or 

SFH-GA (16% vs 12%) (Supp. Table 9.2.2; Figure 4.1b).  In women living with HIV (n=320), no 

significant differences were observed between women initiating ART before or during pregnancy for 

LMP-GA (39% vs 41%), SFH-GA (17% vs 15%) or US-GA (10% vs 15%) (Supp. Table 9.2.2; Figure 4.1b).  
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Figure 4.1  Incidence of preterm deliveries (<37weeks) by HIV/ART Status 

A in all enrolled women (n=1787), and B in all women living with HIV (n=773), C in women 
assessed by all three methods (n=629), and D in women living with HIV assessed by all three 

methods (n=320) 

Adjusting for age, parity and BMI, women living with HIV had increased odds of US-GA PTD (AOR 

1.98, 95% CI 1.12-3.52) compared to women living without HIV.  This was also seen with SFH-GA 

although not statistically significant (AOR 1.34, 95% CI 0.83-2.15); associations seen with LMP-GA 

were small and not significant (Table 4.3).  In women living with HIV, the odds of PTD did not vary 

appreciably by timing of ART initiation across the three assessment methods (Table 4.3). Similar 

results were seen in the overall cohort (Supp. Table 9.2.3). 
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Table 4.3 Adjusted association between HIV/ART status and 
preterm delivery in women 

*Adjusted for age, parity, BMI and previous PTD 
**Adjusted for age, parity, BMI, previous PTD and ART regimen4

4.4.2.2 Factors associated with under- and over-estimation of GA 

In women with both an US estimate and a clinical estimate LMP (n=1057) or SFH (n=732), the 

estimated concordance with US-GA estimates was 29% (n=308) for LMP and 36% (n=261) for SFH. 

LMP under-estimated US-GA in 484 cases (46%), and over-estimated in 265 cases (25%).  The 

percentages of under- and over-estimation for SFH were 21% (n=153) and 43% (n=318) respectively. 

Comparing LMP-GA to US-GA, HIV status was not significantly associated with under-estimating (risk 

ratio (RR) 0.96, 95% CI 0.71-1.27), but was associated with over-estimating (RR 1.33, 95% CI 0.95-

1.64) GA, although not statistically significant.  These associations persisted in adjusted models 

(Table 4.4).  No other factors were associated with under- or over-estimating by LMP-GA. 

In women living with HIV, timing of ART initiation was not significantly associated with either under- 

(RR 0.87, 95% CI 0.53-1.45) or over-estimating (RR 1.34, 95% CI 0.78-2.31) GA by LMP and this 

persisted in the adjusted models (Table 4.4).   

Comparing SFH-GA to US-GA, there was no association with HIV status for either under- (RR 1.21, 

95% CI 0.80-1.83) or over-estimating (RR 1.33, 95% CI 0.94-1.87) GA.  In the adjusted model, obese 

women (aRR 1.72, 95% CI 1.09-2.73) were at increased risk of over-estimation by SFH; while being 

older (>30yrs) was associated with decreased risk of under-estimation by SFH (aRR 0.58, 95% CI 

0.32-1.03).  Among women living with HIV there was no association with timing of ART initiation for 

either under- or over-estimating GA by SFH and this persisted with adjustment (Table 4.4).   

4 Analysis re-run excluding previous preterm delivery as an adjustment variable, new table included in supplementary 
material of thesis (Suppl Table 9.2.5). 
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Table 4.4 Adjusted association between HIV/ART status and concordance with US-based measures in 
women with both an US estimate and a clinical estimate 

*Adjusted for age, parity, BMI 
**Adjusted for age, parity, BMI and ART regimen
Figure 4.2  Birthweight and gestational age according to GA assessment method (boys and girls separately)

4.4.2.3 Small for gestational age deliveries 

The incidence of SGA was similar according to LMP, SFH and US (10% vs 13% vs 11%); however 

differences were observed by assessment method for AGA and LGA. . Much wider GA estimate 

variations were observed when using LMP-GA and SFH-GA than using US-GA, leading to more in the 

distribution of the tails 

which in turn would 

result in more AGA and 

LGA infants (Figure 2).  

The incidence of AGA 

was significantly higher 

with SFH-GA (73%) and 

US-GA (80%) than with 

LMP-GA (59%).  

Correspondingly, the 

incidence of LGA was 

significantly higher 

when LMP-GA was used 

(32%) than when SFH-

GA (14%) and US-GA 

(9%) was used (Table 

4.2; Figure 4.2).   

When the incidence of 

SGA was compared 

according to HIV status, SGA incidence was higher for women living with and without HIV across all 

three assessment methods.  Using LMP-GA or US-GA, SGA estimated did not differ by timing of ART 

initiation.  However, using SFH-GA, women initiating before pregnancy appeared to have a lower 

SGA incidence than those initiating during pregnancy (11% vs 19%) (Table 4.2).  In women with GA 
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by all three assessment methods, overall SGA was slightly higher when SFH-GA (14%) was used 

compared to LMP-GA (9%) and US-GA (11%).  Similar patterns to those seen overall were seen in this 

restricted group with the incidence of AGA and LGA.  

By all three assessment measures, SGA incidence was higher in women living with and without HIV.  

No differences were observed according to timing of ART initiation for LMP-GA and US-GA, however 

a lower incidence of SGA was observed in women initiating before pregnancy for SFH-GA (Supp. 

Table 9.2.2). 

4.5 Discussion 

In this prospective cohort of pregnant women seeking ANC at a large public sector primary care 

facility in South Africa, we found that estimated GA varied by the measurement employed and that 

differences in GA resulted in significant differences in the occurrence of PTD.  Where analysis of 

safety of ART use in pregnancy by timing of ART initiation is focused on outcomes such as PTD or 

SGA, our work highlights the need for standardised GA ascertainment methods in these analyses.   

Using US-GA, PTD risk was associated with maternal HIV infection, with women living with HIV, all on 

ART, almost twice as likely to deliver preterm than women living with HIV.  A weaker association was 

observed with SFH-based GA; and minimal differences with LMP-GA.  We did not find any 

appreciable differences in PTD risk for women living with HIV by timing of ART initiation by all three 

assessment methods.  Our findings (in both the overall cohort and in women with all three 

assessments) suggest that GA ascertainment methods could partially explain the heterogeneity of 

findings from previous studies on the association between ART use and adverse birth outcomes, 

suggesting that care should be taken when comparing results from different studies that use 

different GA measurement methods.  

Our finding for a higher PTD incidence in women living with HIV  than those living without HIV when 

using US-GA is consistent with several studies, using different assessment methods, across different 

settings with the incidence of any PTD (<37 weeks) ranging from 13% to 37% (3, 7, 8, 20, 21).  Using 

US-GA we found an incidence of 11% (95% CI 9-13%) among women living with HIV overall, similar 

to findings from a Nigerian study (21); but significantly lower than findings from other studies (3, 7, 

8, 20, 21).  In addition to differences in assessment methods, this could also be due to underlying 

differences in maternal (HIV disease stage and clinical characteristics) and behavioural risk factors 

(alcohol and substance abuse).  

Using LMP-GA and SFH-GA, we found estimated PTD incidence to be higher than with US-GA, and 

similar to findings from previous studies, which primarily used LMP-based measures.  However, in 
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adjusted analyses the difference in PTD risk by HIV status was marginal and not significant using 

either method.  The most plausible explanation for the discrepancy in findings between US and 

LMP/SFH measures is random measurement error.  When stratified by HIV and BMI status, the 

proportions of PTD observed by each assessment method remained similar to the overall, pointing 

to non-differential misclassification of PTD status due to random measurement error in the GA 

estimated by LMP and SFH.  In previous studies, GA measurement error resulted in an over-

estimation of preterm and post-term delivery incidence (9, 12, 22), consistent with our findings of 

over-estimation by both LMP-GA and SFH-GA compared to US-GA.  Our findings show that PTD over-

estimation by LMP/SFH was driven primarily by the inflation of the tails of the GA distribution, 

where estimates were more extreme than the likely true-data estimates.  

In our setting, LMP-GA estimates varied widely with measurement error resulting predominantly in 

under-estimated GA contributing to the substantially higher PTD incidence, in contrast over-

estimation would have led to higher frequencies of post-term delivery classification.  While we 

expected some differences between LMP-GA and US-GA (23), the degree of discrepancy was greater 

than previous reports from high-income countries and other resource-limited settings (23, 24); it 

was, however, in keeping with previous South African data (25, 26).  These inconsistencies suggest 

the degree and type of error in LMP-GA may depend on demographic characteristics of the study 

population and data collection methods.  For example, errors in GA estimates due to delayed 

ovulation usually leads to GA over-estimation, whereas GA errors due to recall issues can lead to 

errors in either direction.  Additionally, women with non-normal BMI (<19 or >29kg/m2) may 

misreport their LMP due to menstrual irregularities (27, 28).  In our study population, numerous 

factors could have played a part in the under- and over-estimation of LMP-based PTD frequencies 

(relative to US).  In addition to BMI, other socio-demographic factors, known to be associated with 

reduced accuracy of LMP-GA, are prevalent in our setting.  This includes high level of injectable 

contraception use (29), long-term use of which affects return to menses and fertility, limiting LMP 

reliability (30).  Additionally younger, primigravid women and women with lower educational levels 

are more likely to misreport LMP (12, 27).  Since women living without HIV were more likely to be 

younger and primigravid it is possible they misreported their LMP more than women living with HIV, 

which could explain why the expected association by HIV status was not observed with LMP-GA.  

In contrast to LMP-GA, in our study SFH-GA was predominantly over-estimated, possibly a reflection 

of study participants BMI profile.  Similar to a previous South African study, SFH-GA performed 

better than LMP-GA, with accuracy worsening with increasing BMI presumably due to increased 

maternal adiposity interfering with SFH measurement (25).  This is consistent with reports that high 

BMI affects the accuracy of SFH-GA estimates (13, 31); a Mozambican study demonstrated that 

among women of the same GA, the fundal height of obese women was higher than that of normal-
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weight women resulting in GA over-estimation (31).  Accuracy in overweight and obese women is 

compromised because GA calculation is based on fundal height growth curves derived from normal 

weight women (32).  SFH measurements are also subject to intra- and inter-observer errors, a 

particular problem with single measurements (32).  Multiple SFH measurement models have been 

shown to have a higher level of accuracy when repeated measurements are used (33).  While the 

association between HIV status and PTD was in the expected direction, attenuation by BMI-related 

measurement errors could have resulted in non-significant associations. 

In women living with HIV, we did not observe any significant association between timing of ART 

initiation and PTD by any of the assessment methods.   An explanation for this is that our sample size 

was not sufficiently large enough to enable detection of small to moderate differences between 

these groups of women, however our results are consistent with findings from a previous South 

African cohort (20), and findings from other settings (34).  This suggests that in our study population 

there might be minimal differences across the comparison group and that any GA measurement 

errors were equally distributed.  

Overall, SGA incidence did not differ greatly by assessment method, which was surprising given GA 

differences observed according to assessment method.  In contrast, LGA estimates differed by 

assessment methods, with larger than expected proportions of LGA by LMP-GA and SFH-GA, which 

would misclassification due to inaccurate GA.  These results suggest that in our setting, in the 

absence of ultrasound facilities, SFH-GA is substantially more reliable than LMP-GA. 

A major strength of our study was the prospective data collection and GA assessment by a research 

sonographer, who was blinded to other measures, ensuring a high-quality measure of gestation. 

Further, US was conducted in women ≤24 weeks, when US is highly reproducible and accurate to 

date pregnancy duration (35).  While there is a possibility that our US-GA estimates may be biased 

due to systematic under-estimation of GA for smaller fetuses, these errors have been shown to be 

relatively small compared to the larger errors seen when using LMP- and SFH-based measures for GA 

estimation (12).  While we did not directly measure LMP and/or SFH as part of study procedures and 

relied instead on data abstraction from routine records, we believe any measurement errors were 

random rather than systematic.  Study limitations include the absence of data on pre-pregnancy BMI 

and other factors that can influence GA estimate accuracy, such as maternal education which is 

known to impact LMP-GA estimate accuracy.  In addition to measurement error, selection bias is 

also likely to have contributed to the attenuation of associations in the group of women with three 

measures.  Moreover, given that clinical estimates, which we showed are subject to substantial 

measurement error, were used to determine which women were referred for ultrasounds there is a 
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possibility of selection bias which could have led to inaccurate estimate of the true association.  

Additionally, while it was intended that the sonographer be blinded, this was only partial since by 

study protocol only women with ≤24 weeks GA were referred for ultrasound assessment. 

4.6 Conclusion 

The relationship between ART and adverse birth outcomes is complex: it is well established that ART 

can improve birth and child health outcomes by improving maternal health, but ART may also 

contribute to worsening outcomes through mechanisms that have not been fully elucidated.  With 

widespread use of ART in pregnancy and growing public health interest in this association, 

understanding and addressing adverse birth outcomes is vitally important. This study makes an 

important contribution to this emerging science by demonstrating that inaccurate GA measurement 

can distort associations between maternal characteristics, including HIV/ART, and adverse birth 

outcomes.  In settings where LMP and SFH-based measures are widely used, bias due to GA 

ascertainment methods employed should be considered as an alternative explanation for observed 

associations or null findings.  Additionally, given that there appear to be systematic differences in GA 

estimates according to BMI status, future research efforts should consider the BMI profile of study 

populations and seek to standardise optimal measures of GA.  While early US should be encouraged 

whenever possible, simple and novel methods that accurately measure GA are required particularly 

in settings where ultrasound is unavailable; and this should include postnatal assessments to 

confirm GA based on antenatal determination.  Furthermore, quantitative bias analytic techniques 

that account for measurement error in GA and/or missing data should be considered in future 

analyses. 
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Chapter 5: Pregnancy outcomes in women living with HIV and HIV-negative 

women in South Africa: Cohort analysis based on bias-corrected gestational 

age 

Malaba TR, Mukonda E, Matjila M, Madlala HP, Myer L, Newell ML, PIMS Study Group. Pregnancy 

outcomes in women living with HIV and HIV-negative women in South Africa: Cohort analysis based 

on bias-corrected gestational age. Paediatr Perinat Epidemiol. 2022; 36(4):525-535. 

Relevance of this paper to the thesis 

This chapter builds on the findings of the analyses in chapter 4, and reports on the association 

between maternal ART use, timing of ART initiation and adverse birth outcomes.  Quantifying 

adverse birth outcome related to ART exposure in fetal life is essential because an increasing 

number of women are receiving lifelong antiretroviral therapy, particularly in sub-Saharan Africa, 

where HIV infection is most common.  This chapter ensures that the estimates of preterm delivery, 

small for gestational age and low birth weight were the most accurate possible, with gestational age 

based on last menstrual period corrected using multiple overimputation to reduce measurement 

bias and outcome misclassification.   

Contribution of the student and co-authors 

TRM conceptualised and conducted all analyses, led data interpretation and drafted the manuscript. 

TRM also directed data collection, with assistance from HM.  EM assisted with part of the data 

analysis related to multiple overimputation.  MLN and LM conceptualised the study from which 

these data arise, were responsible for funding, implementation and overall leadership, and assisted 

with data interpretation.  All authors reviewed and approved the final manuscript.   
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5.1 Abstract 

5.1.1 Background 

Studies of antiretroviral therapy (ART) use during pregnancy have suggested that ART exposure may 

be associated with a range of adverse outcomes.  Efforts to reliably quantify the association 

between HIV/ART status and adverse birth outcomes have been hampered by inconsistent findings 

linked to gestational age (GA) assessment bias related issues.   

5.1.2 Methods 

Pregnant women, HIV-negative or living with HIV (WLHIV), were enrolled at first antenatal care visit 

and followed through delivery.  Ultrasound assessed gestational age was deemed the gold standard. 

Based on quantitative bias analysis for outcome misclassification, gestational age by non-ultrasound 

assessment was corrected using multiple overimputation, which deals with missing data and 

measurement error simultaneously.  Using bias-corrected gestational age, birth outcomes were 

compared between WLHIV and HIV-negative women, and among WLHIV who initiated ART before 

versus during pregnancy, further divided into trimesters.   

5.1.3 Results 

Of 3952 women enrolled, 37% were WLHIV (mostly using tenofovir + emtricitabine + efavirenz).  Last 

menstrual period (LMP)-based gestational age was identified to be biased and LMP measures were 

thus corrected using multiple overimputation.  Comparing WLHIV and HIV-negative women, 

adjusted risk ratio (ARR) of overall pregnancy loss was 1.26 (95% Confidence Interval (CI) 0.98, 1.61); 

ARR of preterm delivery (PTD) was 1.02 (95% CI 0.88, 1.20); ARR of small for gestational age infants 

was 1.43 (95% CI 1.14, 1.80).  Among WLHIV, outcomes were similar by ART initiation timing.  

5.1.4 Conclusions 

In this routine care cohort, risk of SGA, and possibly of pregnancy loss, was increased in WLHIV 

compared to HIV-negative women, with no evidence of increased risk of PTD.  Further research is 

needed to improve mechanistic understanding of the contribution of ART to adverse birth outcomes 

to optimise treatment for pregnant WLHIV and ensure optimal maternal and infant outcomes. 
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5.2 Introduction 

Sustainable Development Goal 3 target 3.2 aims to reduce deaths of newborns and children under 5 

years (1) and continued focus on preterm delivery (PTD), low birthweight (LBW), and small for 

gestational age (SGA) is warranted.  PTD is the second largest cause of under-5 mortality and the 

most important direct cause of neonatal death, while LBW and SGA are indirect causes of neonatal 

death (2). 

Increasing numbers of women living with HIV (WLHIV), pregnant or not, receive lifelong 

antiretroviral therapy (ART)(3).  HIV status with or without ART use from before or during pregnancy 

may be associated with adverse birth outcomes.  Consequently, quantifying adverse birth outcome 

possibly relating to ART exposure in fetal life remains vital, particularly in sub-Saharan Africa, where 

HIV infection is common (4).  Increased risk of PTD (5-8), LBW (7-9), and/or SGA (5, 10) infants for 

WLHIV were reported from some, but not all, studies in sub-Saharan Africa.  Reported differences 

have been posited to arise from ART regimen complexity, drug classes and timing of ART initiation.  

However, birth outcomes were mostly not the primary study aim, which may have affected data 

quality, particularly pertinent for gestational age assessment.   

First trimester ultrasound is considered the gold-standard for gestational age assessment but is not 

routinely available in resource-limited settings.  We previously showed last menstrual period (LMP) 

to be an unreliable gestational age measure, with any association between HIV status and ART use 

with birth outcomes substantially influenced by assessment method (11).  Recently, the value of 

using multiple overimputation to address LMP-based gestational age measurement error was 

highlighted in a study in Zambia (12).  Using this correction method, we aimed to more accurately 

assess PTD and SGA prevalence and estimate the associations between HIV status, timing of ART 

initiation and adverse birth outcomes in pregnant women undergoing routine antenatal care at a 

large public sector primary care facility in Cape Town, South Africa.   

5.3 Methods 

We conducted an observational cohort study among pregnant women in Cape Town, South Africa 

from April 2015-October 2016 (PIMS) (13).  Briefly, women aged ≥18 years were enrolled 

consecutively and followed from their 1st antenatal care (ANC) visit to delivery through review and 

abstraction of routine clinical antenatal and obstetric records. 

5.3.1 HIV and treatment  

At the 1st ANC visit, women without previous HIV diagnosis were routinely tested.  WLHIV who 

conceived while on ART continued their current regimen; those newly diagnosed and those WLHIV 



160 

not on ART were initiated on a fixed dose combination of tenofovir (TDF), emtricitabine (FTC) and 

efavirenz (EFV).  Women testing negative were retested prior to or at delivery; all WLHIV enrolled in 

PIMS received ART from before pregnancy or from initiation during pregnancy.   

5.3.2 Gestational age assessment  

At the 1st ANC visit, public sector midwives estimated gestational age for all women using self-

reported LMP and/or measurement of the symphysis-fundal height (SFH).  LMP gestational age was 

not assessed in women with uncertain dates, while those without SFH gestational age were assessed 

at <12 weeks when palpation is difficult.  Following study procedures, women clinically assessed to 

be ≤24 weeks were referred for a same day ultrasound (GE LOGIQ C3 Premium) by a research 

sonographer to determine an ultrasound-based gestation.  Using standardised assessment protocols 

and blinded to the gestational age estimated by the midwife, gestational age from the ultrasound 

machine estimation was abstracted.   

5.3.3 Cohort selection 

We included all pregnant WLHIV and HIV-negative women (Figure 5.1).  Women with non-singleton 

pregnancies (n=58) and missing outcomes (n=188) were excluded. 

5.3.4 Exposure 

The exposure of interest was HIV-infection and timing of ART initiation.  HIV status was categorised 

as HIV-negative or living with HIV; ART status as initiation preconception or during pregnancy, 

further divided into first (≤13 weeks), second (14-26 weeks) or third (≥27 weeks) trimester.  ART 

regimens were categorised as TDF+FTC+EFV, other non-nucleoside reverse transcriptase inhibitors 

(NNRTI) regimens (TDF+FTC+NVP or regimens containing other NNRTIs) or protease inhibitors (PI).   

5.3.5 Outcomes 

Outcomes were pregnancy loss among all pregnant women, and gestational age at delivery, 

birthweight, and size for gestational age among all live singleton births. 

Pregnancy loss was defined as any loss before delivery, with the composite variable including non-

viable and ectopic pregnancy as determined by research sonographer; miscarriage defined as loss 

<28 weeks of a clinically recognised pregnancy (14); stillbirths as fetal death occurring before or 

during labour/delivery (with 1-minute APGAR score of 0).   

Gestational age was defined as completed weeks at delivery, categorised as a preterm (<37), normal 

(≥37-<42) or post-term (≥42) delivery (15).  Preterm delivery was also classified as spontaneous or 

clinician-initiated.  Size for gestational age was defined by birthweight percentiles: birthweights 
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<10th percentile for gestational age as SGA, between 10th and 90th percentile as appropriate for 

gestational age (AGA), and >90th percentile as large for gestational age (LGA) (16).  Secondary 

outcomes of interest included late/moderately preterm (32–<37), very preterm (28-<32), extremely 

preterm (<28) delivery.  Infant birth weight is commonly used in LMICs, since gestational age at birth 

is often unknown; we, thus, included this as a supplementary outcome of interest, categorised as 

low (<2500 grams), normal (2500–4000 grams) or high (HBW, >4000 grams); and very LBW (VLBW, 

<1500 grams). 

5.3.6 Statistical analysis 

5.3.6.1 Gestational age bias analysis  

Quantitative bias analysis (QBA) is a sensitivity analysis quantifying the magnitude, direction, and 

effect of any bias (17).  Given concerns around LMP and SFH-based gestational age and their 

potential impact on our association of interest (11), we performed a QBA to estimate the extent to 

which misclassification of PTD status due to these measures may have over- or under-estimated the 

association with HIV status, using well-described methods (17).  Women with ultrasound-based 

gestational age, the gold standard measure, were included in an internal validation dataset if they 

also had a gestational age estimated by either LMP and/or SFH.  Preterm delivery variables based on 

each gestational age assessment method were created, using estimated gestational age at 

enrolment and date of delivery, to inform this bias analysis.   

To address misclassification bias, QBA sensitivity and specificity of the LMP-/SFH-based were 

calculated in relation to the gold-standard classified ultrasound-based PTD status (Table S1, Part A).  

These bias parameters are then used to calculate the expected number of PTD cases in each cell of 

the contingency table (Table S1, Part B); enabling the calculation of measures of association 

corrected for misclassification bias using the specified equations (Table S1, Part C).  We tested three 

correction strategies for any LMP- and SFH-based outcome misclassification using the overall bias 

parameters and strata specific bias parameters (assuming non-differential and differential 

misclassification) (18). To explore the impact of a range of misclassification probabilities on our 

association of interest we undertook probabilistic bias analysis (PBA), which enables values assigned 

to the bias parameter to be varied (17).  Detailed descriptions of the QBA analyses can be found in 

Supplemental File 9.3.1. 

The association between HIV status and PTD was estimated using ultrasound-based gestational age 

to determine the “true” PTD status; and also using LMP- and SFH-based gestational age.  The 

magnitude and extent of misclassification bias was assessed by comparing the LMP and SFH risk 

ratio distribution with the “true” risk ratio (18).  To enable accounting for misclassification bias while 
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using multivariable models, gestational age measurement error was corrected using a multiple 

overimputation (12).  Mismeasured gestational ages were replaced (overimputed) based on 

observed covariates; mismeasured values were used to create observational level Bayesian priors 

and variance (due to measurement error) for the imputation model.  Five imputation datasets were 

created, and regression models run for each dataset individually, with the estimated model 

parameters pooled and summarised (19, 20).  Bias corrected gestational age measures were used for 

the categorisation of PTD and SGA status.  Details of multiple overimputation can be found in 

Supplemental File 9.3.2. 

Multiple overimputation and pooling of imputed datasets was performed using the Amelia II and 

Zelig packages in R (R Foundation for Statistical Computing, Vienna, Austria); all other analyses used 

STATA version 16.0 (Stata Corporation, College Station, Texas, USA).  HIV-negative women and 

WLHIV were compared; among WLHIV those initiating ART preconception were compared to those 

initiating ART during pregnancy by trimester.  Proportions were compared using chi-squared tests.  

Associations between HIV status and ART initiation time with adverse birth outcomes were 

examined using modified Poisson regression with robust error variance, adjusted for maternal age, 

parity, hypertension and previous PTD as confounders identified a priori.   

5.3.6.2 Missing data 

To account for missing data (>5%), we conducted a sensitivity analysis where we multiply imputed 

(n=50 imputations) with predictive mean matching for continuous variables (height (8%), BMI (9%), 

haemoglobin (21%)) and Bayesian polytomous regression for categorical variables (pregnancy 

outcome (6%)) (21).  

5.3.6.3 Sensitivity analysis 

To reduce dependency between gestational duration and treatment and ensure all women initiating 

ART during pregnancy had equal opportunities of experiencing a PTD, only women initiating <35 

weeks were included. 

5.3.6.4 Ethical approval  

Ethical approval was provided by University of Cape Town Faculty of Health Sciences Human 

Research Ethics Committee and University of Southampton Faculty of Medicine Ethics Committee.  

Written informed consent was obtained from all women. 
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5.4 Results 

Of 3952 enrolled women, 2507 were HIV-negative (63%) and 1445 living with HIV (37%), of whom 

717 (50%) initiated ART before and 728 (50%) during pregnancy (Figure 5.1).   

Figure 5.1  Birth outcomes by HIV status and timing of antiretroviral therapy initiation 
among women in the cohort 

  ART – antiretroviral therapy, TOP – termination of pregnancy 

Women living with HIV were older and less likely to be primigravid than HIV-negative women, as 

were those who initiated ART before pregnancy compared to those initiating during pregnancy 

(Table 5.1).  ART regimen was nearly always TDF+FTC+EFV, only 2% of women used a PI regimen.  

Results of imputed baseline variables can be found in Table 9.3.2. 
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Table 5.1 Baseline characteristics of all enrolled pregnant women at 1st antenatal care visit (n=3952) 

ART – antiretroviral therapy, WLHIV – women living with HIV

* best available measure: ultrasound used when available followed by symphysis fundal height then bias-corrected last menstrual period 
** hypertension at any point in pregnancy
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5.4.1 Gestational age assessment bias analysis 

Overall, 88% (n=3475) of women gestational age estimated by LMP, 62% (n=2433) by SFH, and 59% 

(n=2340) US (Table 9.3.1).  Estimated median gestational age at the 1st ANC visit varied by 

assessment method; however within each assessment method differences were limited to 

differences of up to one week by HIV status (Suppl. Table 9.3.3).  Women with ultrasound-based 

gestational age did not differ substantially in the variables available from those without ultrasound-

based assessment, any unmeasured differences were likely driven by their reasons for attending 

ANC late (Suppl. Table 9.3.4).  Estimated incidence of PTD was 36% based on LMP derived 

gestational age, on 20% based on SFH gestational age, and 15% based on ultrasound measured 

gestational age.  Estimated PTD incidence was similar for HIV-negative, preconception or initiating 

ART women using SFH or ultrasound gestational age, with a lack of association with HIV status.  

Using LMP gestational age, PTD was more common in WLHIV initiating during pregnancy than HIV-

negative women or WLHIV initiating preconception (Suppl. Table 9.3.5).  

In bias analyses, the observed associations between HIV status and PTD based on SFH and 

ultrasound were weak, for both these measure.  After adjustment for misclassification by QBA, using 

overall and non-differential strata-specific bias parameters, there was a slight change in SFH 

estimates (Suppl. Table 9.3.6), suggesting the SFH gestational age measure did not produce a biased 

association.  In contrast, the observed association between HIV status and PTD using LMP 

gestational age showed increased PTD risk for WLHIV.  Following covariate adjustment, with all three 

misclassification scenarios final estimates were biased in either direction in relation to the null, with 

non-differential strata-specific bias parameters producing the most biased estimates (Suppl. Table 

9.3.6).  Given the magnitude of bias observed in the estimates using LMP gestational age, multiple 

overimputation was used for LMP gestational age, with the overimputed gestational age used in 

birth outcome analyses. 

5.4.2 Adverse birth outcomes by HIV status and timing of ART initiation  

3706 women were included in the pregnancy loss analysis (Figure 5.1).  Eight percent (n=280) of 

pregnancies ended in a loss: nonviable pregnancy (14%), miscarriages (49%) and stillbirths (31%) 

(Figure 5.1; Table 5.2).  In adjusted analyses, there was a suggested modest increase in risk by HIV 

status (adjusted risk ratio (ARR) 1.26, 95% CI 0.98, 1.61); risk was similar by timing of ART initiation 

(ARR 1.09, 95% CI 0.77, 1.54).  
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Table 5.2 Birth Outcomes by HIV status and timing of antiretroviral therapy initiation among enrolled women with singleton pregnancies (n=3894) 

Following exclusions 3426 women were included in the PTD and SGA analyses (Figure 5.1).  Overall, 

78% (n=2656) of deliveries were term, 17% preterm and 5% post-term, with little difference by HIV 

status and ART initiation timing (Table 5.2).  Adjusted PTD risk was similar by HIV status (ARR 1.02, 

95% CI 0.89, 1.20) (Table 5.3, comparison A), and by ART status among WLHIV (ARR 1.12, 95% CI 

0.88, 1.43) (Table 5.3, comparison B).  Compared to HIV-negative women, PTD risk in WLHIV with 

preconception ART and those initiating during pregnancy was similar (Table 5.3, comparison C).  

Among WLHIV there appeared to be a trend of increasing PTD risk by trimester, with highest risk in 

the third trimester (Table 5.3, comparison D; Suppl. Table 9.3.7).  Women with longer gestations 

have increased opportunity to initiate ART treatment, but in analysis restricted to women initiating 

<35 weeks gestational age, results did not change.  Of the 593 PTD cases, 82% (n=486) were 

late/moderate, 13% very preterm (n=80) and 4% extremely preterm delivery (n=21), with little 

difference by HIV and ART initiation timing status (Table 5.2).   

Overall 9% of infants were classified as SGA, higher in WLHIV (11%) than HIV-negative women (8%) 

(Table 5.2).  In adjusted analyses, infants of WLHIV were at increased risk of being SGA (ARR 1.37, 
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95% CI 1.10, 1.72) (Table 5.3, comparison A), both for preconception and during pregnancy ART 

initiators (Table 5.3, comparison C).  Among initiators of ART during pregnancy, infants of first 

trimester initiators had a similar risk of being SGA to HIV-negative women; while second trimester 

initiators were at increased risk of having SGA infants compared to HIV-negative women (Suppl. 

Table 9.3.4; Table 5.3, comparison D).  The lowest proportion of SGA infants was seen among third 

trimester initiators (Suppl. Table 9.3.7).   

Overall, 13% of infants were LBW; slightly higher among WLHIV (14%) than HIV-negative (12%) 

women.  No differences were observed by HIV status or timing of ART initiation (Suppl. Table 9.3.9 

and 9.3.10, Supplemental File 9.3.3). 
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Table 5.3 Associations between HIV and ART exposure groups and adverse birth outcomes 

WLHIV – women living with HIV
†Comparison A (WLHIV vs HIV-negative), ††Comparison B (WLHIV ART initiated during pregnancy vs WLHIV ART initiated before conception ), †††Comparison C (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy vs

HIV-negative), ††††Comparison D (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy (1st trimester) vs WLHIV ART initiated during pregnancy (2nd  trimester) vs WLHIV ART initiated during pregnancy (3rd trimester)
vs HIV-negative) 
* adjusted for age, preeclampsia, parity, hypertension 
** adjusted for age, maternal height, hypertension, BMI, parity, preeclampsia
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5.5 Discussion 

5.5.1 Principal findings  

We evaluated birth outcomes in a routine care cohort of women seeking ANC at a primary care 

facility, using multiple overimputation to correct for measurement error in gestational age.  

Compared to HIV-negative women, there was no appreciable difference in risk of PTD in WLHIV on 

ART from before or during pregnancy; however, WLHIV were at increased risk of having an SGA 

infant (regardless of ART initiation timing).  While these results are reassuring and indicate relative 

safety of the TDF+FTC+EFV regimen, in this treat-all era, with increasing treatment duration and ART 

regimen options, optimisation of HIV treatment choices for pregnant and reproductive age women 

should remain a priority.  

5.5.2 Strengths of the study  

Strengths of this study include recruitment of a large community-based cohort.  Accurate gestational 

age is essential in birth outcomes studies, as use of imprecise methods can affect quantification of 

associations (11).  Use of a research sonographer for gestational age assessment in women ≤24 

weeks when ultrasound is highly reproducible and accurate for dating is another strength.  In 

women with less reliable gestational age measures, our analysis was strengthened by the use of QBA 

to give an estimate of the magnitude, direction and uncertainty arising from gestational age 

assessment by SFH and, especially, LMP, and subsequently using multiple overimputation to address 

measurement error.  Additionally, our study provides quantification of adverse birth outcome risk, 

and insights into potential mechanisms underlying outcomes.  

5.5.3 Limitations of the data 

Although routinely collected data was used to confirm birth outcomes, several other variables were 

self-reported, which could have introduced measurement error.  Because recruitment occurred at 

the 1st ANC visit, earlier pregnancy losses were not documented.  There may be potential residual 

confounding of our results due to unmeasured factors: ultrasound was available for women 

assessed as being ≤24 weeks by LMP/SFH, and due to limited socio-demographic data, differences 

between those attending care before or after that cut-off could not be explored in detail.  Further, 

we only had basic maternal characteristics for use in adjusted analyses of the impact of timing of 

ART on birth outcomes; we lacked detailed data on other potential confounding factors such as 

maternal nutritional status, substance use, ART adherence and mental health.  We were unable to 

address immortal time bias using a “time-varying” approach to allow for actual timing of ART use 

because we did not have an untreated WLHIV cohort.  Lastly, few women received a PI-based ART 
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regimen, more commonly initiated in advanced HIV, and our sample size was thus insufficient to 

detect increased PTD risk associated with PI.   

5.5.4 Interpretation 

Our finding of a similar frequency of PTD in WLHIV and HIV-negative women is consistent with 

recent results in similar settings (22), including one study with an ultrasound examination at ≤24 

weeks (23).  Conversely, other studies have reported an increased risk of PTD in WLHIV (6, 10, 24); 

including a previous analysis in the same clinic using ultrasound-based gestational age, where WLHIV 

were twice as likely to deliver preterm (25).  Differences between studies have been suggested to be 

at least partially due to exposure to specific ART regimens (26).  Increasingly safer and efficacious 

regimens have been introduced, initiated at or soon after HIV diagnosis while still asymptomatic, 

and WLHIV initiating preconception are now likely to be using the same regimen as those initiating 

during pregnancy.  This can be seen when comparing regimens in our previous and current analysis; 

previously approximately 34% of WLHIV initiating ART preconception were on TDF+FTC+EFV (25), 

compared with 90% currently.  Improved immunologic status of WLHIV as a consequence of higher 

and earlier uptake of ART could explain the lack of differences by HIV status seen here.  Evidence of 

this improved immunologic status could possibly be demonstrated by comparing PTD incidence in 

our previous (23%) analysis, when early treatment was less widespread (25), and our current 

analysis (18%) during the treat-all era.  Support for this suggestion also comes from other studies 

(10, 27), and a study showing an improvement in birth outcomes with increased coverage of 

TDF+FTC+EFV (6).  

WLHIV had increased risk of SGA infants compared to HIV-negative women.  Although SGA may be 

due to advanced HIV infection (28), studies from the ART era (5, 9) show treated WLHIV to be at 

increased risk of SGA infants compared to HIV-negative women, suggesting ART is also involved.  Our 

finding that women initiating before or in early pregnancy were at increased risk of having SGA 

infants, could point to placenta-mediated mechanisms.  Fetal growth and development depend on 

robust placental functioning (29), with maternal infections able to disrupt placenta development 

(30).  In a subset of HIV-infected women in PIMS with placentas collected (13), we found 

substantially increased maternal vascular malperfusion in placentas from women initiating ART 

preconception, suggestive of placental dysfunction, in turn associated with adverse birth outcomes 

(31).  Maternal HIV infection with ART exposure has also been associated with reduced placental 

growth factor levels and a subsequent increased SGA risk (32).  We hypothesise that the increased 

SGA risk we observed was due to placental functioning compromised by preconception or early ART 
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exposure through disruption of vasculogenesis and angiogenesis, with dysregulation of pro-

angiogenic mediators. 

Pregnancy is associated with increased immune activation (33), while ART aims to reduce HIV-

related immune activation, which in pregnancy may potentially alter regulatory pathways required 

for a healthy pregnancy (34).  Our initial hypothesis that ART initiation before pregnancy would be 

associated with PTD and during pregnancy with SGA risk was not confirmed, and we did not observe 

differences in outcomes by ART initiation timing.  This differed from a meta-analysis (35) which 

showed increased PTD and LBW risk among women on preconception ART, but no differences in 

SGA by timing of initiation.  A key confounder in the relationship between ART initiation timing and 

adverse outcomes is maternal disease stage; previously women initiating ART preconception-

initiated treatment because of advanced HIV disease status.  In the era of our cohort, ART had 

become common from before or early pregnancy; we showed in a case-control subset of women in 

our PIMS cohort that early and prolonged ART use may lead to correction of the immediate 

immunological response following ART initiation (36). 

5.6 Conclusion 

Using quantitative bias analyses and multiple overimputation to detect and correct for 

measurement error in gestational age, we show increased ART-associated SGA risk but not increased 

PTD risk.  Mechanistic understanding of the contribution of ART to adverse birth outcomes needs to 

be improved to optimise treatment for pregnant WLHIV and ensure optimal maternal and infant 

outcomes.  Monitoring potential risks associated with HIV status and ART initiation timing in a 

population with very high HIV levels remains required, especially with the introduction of new 

antiretroviral agents.   
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Chapter 6: Blood pressure trajectories during pregnancy and associations 

with adverse birth outcomes among HIV-infected and HIV-uninfected women 

in South Africa: a group-based trajectory modelling approach.  
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during pregnancy and associations with adverse birth outcomes among HIV-infected and 

HIV-uninfected women in South Africa: a group-based trajectory modelling approach.  
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Relevance of this paper to the thesis 

This chapter presents data on blood pressure assessed longitudinally over pregnancy, as high blood 

pressure late in pregnancy has been associated with adverse birth outcomes and is also associated 

with HIV and antiretroviral therapy.  This chapter presents one of the first exploration of discrete 

latent class assignment of blood pressure trajectory groups during pregnancy and their relationship 

with adverse birth outcomes, in a population-based study.  There is also investigation of whether 

blood pressure modifies the association between maternal HIV and antiretroviral therapy and 

adverse birth outcomes.   
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6.1 Abstract 

6.1.1 Background 

High blood pressure (BP) late in pregnancy is associated with preterm delivery (PTD); BP has also 

been associated with HIV and antiretroviral therapy (ART), but whether the relationship between BP 

assessed longitudinally over pregnancy and PTD and low birthweight (LBW) is modified by HIV/ART is 

unclear.  We hypothesise the presence of distinctive BP trajectories and their association with 

adverse birth outcomes may be mediated by HIV/ART status. 

6.1.2 Methods 

We recruited pregnant women at a large primary care facility in Cape Town.  BP was measured 

throughout pregnancy using automated monitors.  Group-based trajectory modelling in women with 

≥3 BP measurements identified distinct joint systolic and diastolic BP trajectory groups.  Multinomial 

regression assessed BP trajectory group associations with HIV/ART status, and Poisson regression with 

robust error variance was used to assess risk of PTD and LBW.   

6.1.3 Results 

Of the 1583 women in this analysis, 37% were living with HIV.  Seven joint trajectory group 

combinations were identified, which were categorised as normal (50%), low normal (25%), high 

normal (20%), and abnormal (5%).  A higher proportion of women in the low normal group were living 

with HIV than without HIV (28% vs. 23%), however differences were not statistically significant (RR 

1.27, 95% CI 0.98-1.63, reference category: normal).  In multivariable analyses, low normal trajectory 

(ARR0.59, 0.41-0.85) was associated with decreased risk of PTD, while high normal (ARR1.48, 1.12-

1.95) and abnormal trajectories (ARR3.18, 2.32-4.37) were associated with increased risk of PTD, and 

abnormal with increased risk of LBW (RR2.81, 1.90-4.15).   

6.1.4 Conclusions 

While HIV/ART did not appear to mediate the BP trajectories and adverse birth outcomes association, 

they did provide more detailed insights into the relationship between BP, PTD and LBW for women 

living with and without HIV. 
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6.2 Introduction 

Highly elevated blood pressure (BP) levels during pregnancy affect 10-15% of all pregnancies (1, 2).  

Hypertensive disorders in pregnancy (HDP), including gestational and chronic hypertension, pre-

eclampsia and eclampsia, are associated with increased risk of maternal and neonatal morbidity and 

mortality (1, 3, 4); specifically increased risk of adverse pregnancy outcomes including fetoplacental 

insufficiency, preterm delivery (PTD) and low birth weight (LBW) infants (5, 6).  Differential HDP risk 

has been theorised to exist in immunocompromised states, such as HIV-infection in pregnancy 

especially with antiretroviral therapy (ART) use.  This was demonstrated in a recent systematic 

review showing increased HDP risk in women living with HIV on ART, particularly those using 

protease inhibitors (PI) based regimens, compared to untreated women living with HIV (7).  In 

addition to concerns around increased HDP risk, both untreated advanced HIV infection (8, 9) and 

ART use (10-12) have also been associated with increased risk of adverse pregnancy outcomes. 

Accurate blood pressure measurement is vital to identify HDP, guiding diagnosis, antihypertensive 

treatment and timing of delivery.  Clinically, BP is routinely measured throughout the antenatal 

period (13), with the expectation that BP will decrease steadily until mid-pregnancy and then 

increase slightly again until delivery (30).  However, in population-based research studies BP is 

typically analysed using discrete, cross-sectional assessments at arbitrary time points (such as at the 

first antenatal care (ANC) or enrolment visit) (14), with high BP defined by cut-off points used in non-

pregnant adults.  Characterising BP trajectories during pregnancy in population-based studies may 

better inform understanding of the mechanisms driving BP changes in pregnancy and development 

of HDP, and their timing, than cross-sectional assessments.  BP trajectories may also provide more 

accurate insights into the relationship between BP and maternal, perinatal and neonatal outcomes 

than cross-sectional assessments and could thus inform development of interventions for 

improvement in HDP management.  

Elucidating the HIV/ART and HDP relationship is critical to understanding the etiology of HDP; 

however studies investigating this association have generally used traditional hypertension cut-offs 

from BP readings at first ANC visit.  Contrary to the use of serial BP measurements in clinical care, 

few studies have assessed BP trajectories across pregnancy to identify women at risk of developing 

HDP and/or adverse pregnancy outcomes.  We hypothesised that within a cohort of pregnant 

women there are groups of individuals that follow distinctive BP trajectories that may not be 

identifiable using traditional cross-sectional hypertension cut-offs; and that these may differ 

according to HIV/ART status.  The aim of this analysis was to describe the natural history of blood 



178 

pressure throughout pregnancy in women living with and without HIV and assess whether this 

mediates the association between ART use and adverse pregnancy outcomes.  

6.3 Methods 

6.3.1 Study Population 

Between April 2014 and October 2016, consecutive pregnant women (aged ≥18 years), regardless of 

their HIV status, making their first ANC visit at a large public sector primary care facility in Cape 

Town, South Africa were enrolled in a prospective cohort (15).   

As part of routine ANC services all women had systolic (SBP) and diastolic (DBP) blood pressure 

measured using automated monitors (Edan M3A Vital Signs Monitor), at the first and subsequent 

ANC visits.  For BP, there was a minimum of 5 minutes rest before a single measurement took place 

and women were seated upright with the arm supported and the use of appropriately sized cuffs for 

arm circumference (25-35 cm and 35.5-46 cm cuffs used).  BP and GA were measured by regularly 

trained ANC midwives and recorded in the clinical records.  Gestational age (GA) was routinely 

established at the first ANC visit based on last menstrual period (LMP) and symphysis-fundal height 

(SFH), with any woman clinically assessed (LMP and/or SFH) to be ≤24 weeks gestation referred for a 

same day ultrasound by the PIMS research sonographer using standardised assessment protocols 

and blinded to the midwife GA assessment.   

Women living with HIV all on ART either initiated ART pre-conception, continuing their current 

regimen throughout pregnancy, or initiated ART during pregnancy; with the predominant regimen 

being a fixed-dose combination of TDF+FTC+EFV.   

6.3.2 Data Collection 

Following the first ANC visit, data from enrolled women were abstracted from clinical records 

including HIV status, pregnancy history (previous and index pregnancies), medications prescribed, 

and any maternal diagnoses during pregnancy.  Following delivery, all BP recordings during 

pregnancy (including measurement date) and obstetric outcomes (including date of delivery and 

birthweight), were abstracted from clinical records.  To avoid inclusion of spuriously high values, all 

measurements occurring during labour in inpatient settings were excluded because BP medications 

may be temporarily withheld or because labour-related stress or other emergent conditions may 

cause temporary elevations in BP.  Because of repeated BP measurements during acute and unstable 

periods throughout pregnancy, 13 GA time point windows were set up with intervals corresponding 

with ANC visit intervals (4 week intervals until 32 weeks GA after which 2 week intervals until 41 
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completed weeks).  Within each of the 13 GA time point windows, the BP measurement was 

allocated based on the first available measurement, discarding any remainder in that window. 

6.3.3 Outcomes 

Prehypertension was defined as BP readings with SBP from 120 to 139mmHg and/or DBP from 80 to 

89 mmHg; hypertension was defined as SBP ≥140 mmHg and/or diastolic pressure ≥90 mmHg on 

more than two occasions (16) and classified according to gestational age at onset.  Hypertension 

classification was according to ISSHP guidelines (17) but based only on BP measurements (i.e. not 

taking into account proteinuria).  BP was classified as chronic if assessed <20 weeks GA (assuming 

this existed pre-conception); and as gestational when initially normotensive at <20 weeks and then 

hypertensive >20 weeks or assessed for the first time >20 weeks hypertension.  Non-severe 

hypertension was defined as SBP from 140-159 mmHg and/or DBP from 90-109 mmHg) and severe 

hypertension defined as SBP ³160 and/or DBP ³110 mmHg).  Mean arterial pressure (MAP) was 

calculated using the formula: MAP = (SBP + 2 x DBP)/3 (18).  

Secondary outcomes included PTD and LBW.  PTD was defined as delivery at <37 weeks’ gestation, 

categorised as late preterm (34–37 weeks), moderately preterm (32-34 weeks) or very preterm (<32 

weeks), as assessed by the most reliable available GA assessment method at baseline (ultrasound, 

SFH or LMP).  LBW was defined as birthweight <2500 grams and very low birth weight (VLBW) as 

<1500 grams.  Pregnancies not resulting in the delivery of a live born infant were defined as a 

pregnancy loss.  

6.3.4 Statistical Analyses 

Sample characteristics are described as median and interquartile range for numerical variables and 

frequency for categorical measures.  Group-based trajectory modelling (GBTM) was used to analyse 

changes in participants’ SBP and DBP during pregnancy (19).  GBTM is an application of finite 

mixture modelling, allowing the identification of population subgroups (classes) characterised by 

statistically distinct trajectories for one or more outcomes of interest.  In each class, the outcomes 

trajectories are summarised by polynomial functions of time (21).  Model parameters are calculated 

by maximising a likelihood function and include estimates of individual probabilities of class 

membership and of the polynomial coefficients which define the shape of the trajectories for each 

class (20).  In addition to estimates of class membership probability, the joint model also estimates 

conditional probability linking membership across the trajectory classes of both outcomes of interest 

(20).  We applied GBTM to identify classes of pregnant women characterised by different joint 

trajectories for SBP and DBP during pregnancy.  We chose the optimal number of classes and the 
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degree of the polynomials used to represent the trajectories by fitting multiple models with 

different combinations of these parameters and comparing their fit to the data through the Bayesian 

information criterion (BIC), which balances model fit and complexity, with smaller BIC values 

indicating a better fit (21).  Linear, quadratic and cubic polynomial were tested, and number of 

classes varying between 1 and 7. 

After fitting the chosen model, women were assigned to SBP and DBP classes based on the highest 

class membership probability.  The probability matrix of joint class membership and considerations 

of clinical significance of the observed differences were then used to assign women to ‘joint groups’ 

(groups hereafter) characterised by different combinations of  SBP and DBP trajectories, with 

descriptive labels assigned based on the visual patterns of BP changes throughout pregnancy.  

Multinomial regression was then used to identify predictors of group membership, and Poisson 

regression with robust error variance (22), to investigate the association between the group 

membership and adverse birth outcomes (PTD and LBW).  

Statistical analyses were performed using STATA version 14.0 (Stata Corporation, College Station, TX, 

USA) and its TRAJ plugin to perform GBTM (20). Two-tailed chi-squared and rank-sum tests were 

used, as appropriate, to compare participants characteristics across baseline categories and 

trajectory groups. Tests were conducted at the level of significance α=5%. 

6.4 Results 

A total of 1538 women with at least three antenatal BP readings (median number of measurements 

5, interquartile range, IQR 4-8) and a live singleton birth were included in this analysis:  967 living 

without HIV (63%) and 571 living with HIV (37%); 54% of the latter group initiated ART pre-

conception (n=306) and 46% during pregnancy (n=265) (Table 6.1).  Women living with HIV were 

older, less likely to be primigravid and more likely to be anaemic than women living without HIV 

(Table 6.1).  Women living with HIV who initiated ART before pregnancy were older, less likely to be 

primigravid and anaemic than those who initiated during pregnancy.  Overall, 25% of women were 

overweight and 50% obese, similar by HIV status and timing of ART initiation (Table 6.1).  

At the first ANC visit, 31% of women were classified as prehypertensive and 5% hypertensive, with 

no differences by HIV status.  Differences were however observed by ART status with a higher 

proportion of women initiating ART in pregnancy classified as hypertensive compared to those 

initiating preconception (7% vs 4%).  Using the cross-sectional hypertension assessments at multiple 

time points antenatally, 22% of women were classified as being hypertensive at least once with no 
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differences according to HIV/ART status.  For all those who were hypertension at any point, 13% 

were hypertensive <20 weeks GA and thus classified as having chronic hypertension; 87% were 

either initially assessed to be normotensive at <20 GA and were subsequently hypertensive or were 

assessed >20 weeks GA as hypertensive and classified as having gestational hypertension (Table 6.1). 

Table 6.1 Baseline description of women with at least 3 pre-labour blood pressure readings 



Table 6.1  Baseline description of women with at least 3 pre-labour blood pressure readings cont. 

*  Comparison between HIV-uninfected vs HIV-infected 
**       Comparison between HIV-uninfected vs HIV-infected (Initiated before pregnancy) vs HIV-infected (Initiated during pregnancy) 
***     Best available measure (USS, SFH, LMP) 
**** Chronic hypertension incidence estimated among women who were assessed at <20 weeks’ gestation.  Gestational hypertension incidence will be estimated among 
women previously assessed as normotensive at <20 weeks or assessed for the first time at 20 weeks. 



6.4.1 Joint blood pressure trajectory groups  

Preliminary analysis was conducted using single trajectory models, in order to identify the optimal 

degree of the polynomials; based on the lowest BIC criterion, the quadratic function fit the data best.  

For the joint SBP and DBP models using the lowest BIC criterion, the 5-class model was the best fitting 

(Suppl. Table 9.4.2), with model fit statistics indicating this to be an adequately fitting model (Suppl. 

Table 9.4.3).  When assessing the probability matrix of membership for the five SBP and five DBP classes 

combinations, only seven of the possible 25 combinations had at least one individual with that joint 

trajectory (Suppl. Table 9.4.4).  Based on clinical input, these seven SBP and DBP combinations were 

grouped and classified according to the longitudinal trend and the mean start BP.  The four joint groups 

created were: consistent normal (SBP values persistently around 110mmHg, DBP values persistently 

around 70 mmHg; n=767 (44.3%)), consistent low normal (SBP values persistently around 100mmHg and 

DBP values persistently around 60mmHg; n=384 (23%)), consistent high normal (SBP values either 

around 110 mmHg or slightly increasing to between 120 -140 mmHg and DBP values either around 70 

mmHg or slightly increasing to between 75-80 mmHg; n=316 (24%)), and increasing abnormal (both SBP 

and DBP values 

initially at normal 

levels then 

increasing (with 

differing 

magnitudes) during 

observation period; 

n=71 (9%)) BP 

(Figure 6.1).  

The abnormal 

trajectory group 

likely contains 

women who 

experience pre-

eclampsia, which is characterised by a sudden, substantial increase in BP during the latter parts of 

pregnancy, along with evidence of end-organ and/or placental dysfunction (which we were unable to 

assess). Figure 6.1  Joint trajectory group combinations 
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6.4.2 BP trajectory group predictors 

Using the normal trajectory group as reference, women living with HIV were more likely to be in the low 

normal trajectory group (ARR 1.24, 95% CI 0.94-1.64) than women living without HIV (Suppl. Table 

9.4.5).  A higher proportion of older women (>30 years) were in the high normal and abnormal 

trajectory groups.  Body mass index (BMI) status appeared to be associated with trajectory groups: 

women who were moderately and severely obese were more likely to be in the high normal (27% and 

34% respectively) or abnormal (25% and 39% respectively) trajectory groups, compared to normal and 

overweight women who were more likely to be in the low normal (27% and 31% respectively) group 

(Suppl. Table 9.4.5).  In multivariable analysis (adjusted for age, BMI, HIV status and gravidity), with the 

normal trajectory group as reference, older (ARR 1.52, 1.11-2.10) and obese (ARR 2.06, 1.31-3.25) 

women were at increased risk of being in the high normal group.   

Among women living with HIV, no differences were observed according to timing of initiation in the 

normal, low normal and high normal trajectory groups.  However among the women with abnormal 

trajectories, they were more likely to have initiating ART during pregnancy compared to initiating 

preconception (20% vs 10%) (Suppl. Table 9.4.6).  

About a third of women in the high normal (35%) and abnormal trajectory groups (31%) were classified 

as being normotensive at their first ANC, highlighting the problem with only using cross-sectional BP 

assessments.  A significant proportion of women in the high normal and abnormal trajectory groups 

were classified as being pre-hypertensive at the first ANC, 53% and 42% respectively (Suppl. Table 9.4.6). 

The majority of women classified as being hypertensive at the first ANC were in the high normal (11%) 

and abnormal (27%) trajectory groups; with a third of women in abnormal trajectory group also 

classified has having a high mean arterial pressure.   

When hypertension was assessed throughout the antenatal period, the majority of women in the high 

normal (51%) and abnormal (97%) trajectory group met the conventional hypertensive cut off at least 

once (Table 6.2).  When grouped according to onset of hypertension the majority of women with 

hypertension in all trajectory groups were classified as having gestational hypertension.   



Table 6.2 Hypertension description by trajectory group 

* Chronic hypertension incidence estimated among women who were assessed at <20 weeks’ gestation.  Gestational hypertension incidence 
will be estimated among women previously assessed as normotensive at <20 weeks.  Unknown = assessed for the first time at 20 weeks. 

6.4.3 BP Trajectory groups and adverse birth outcomes  

Comparing outcomes overall between the joint trajectory groups, a higher incidence of any PTD (unadjusted, 

RR3.13, 95% CI 2.35-4.17; 50%) and any LBW (RR 2.81, 95% CI 1.90-4.15; 32%) was observed among women 

in the abnormal trajectory group.  The lowest risk of PTD was observed in the consistent low normal group 

(RR 0.67, 95% CI 0.48-0.94; 11%) (Table 6.3; Table 6.4).  There was a fairly even split between late and 

moderately preterm among the normal (37% vs 43%) and low normal (46% vs 34%); trajectory groups, but in 

contrast there was a higher incidence of moderate than late preterm in the high normal (53% vs 25%) and 

abnormal (46% vs 26%) trajectory groups.  Further, 29% of the preterm deliveries in the abnormal trajectory 

group were classified as very preterm (Table 6.3).  Among women with PTD, there was no appreciable 

difference in delivery mode of women in the normal and high normal trajectory groups; however in contrast 

in the low normal and abnormal trajectory groups PTD was commonly associated with emergency caesarean 

section, indicating a suspicion of adverse pregnancy outcome necessitating preterm delivery.   



Table 6.3 Birth Outcomes by joint trajectory groups 

All the variables had <4% missing data, with similar proportions of missing data across the comparison groups

In the normal, low normal and high normal trajectory groups the incidence of LBW was similar (12% vs 11% vs 14%), 

whereas a significantly higher incidence was observed in the abnormal trajectory group (32%).  In the normal, low 

normal and high normal trajectory groups, of the LBW neonates, 12% and 23% were VLBW, whereas in the 

abnormal trajectory group 44% were VLBW (Table 6.3).  In multivariable analyses allowing for other variables 

potentially associated with PTD or LBW, with the normal group as reference, a low normal trajectory (ARR0.59, 

0.41-0.85) was associated with decreased risk of PTD, high normal (ARR1.48, 1.12-1.95) and abnormal trajectories 

with increased risk of PTD (ARR3.18, 2.32-4.37).  The abnormal trajectory was also significantly associated with 

increased LBW risk (ARR1.78, 1.22-2.59) (Table 6.4). 

Table 6.4 Adjusted Associations between joint trajectory groups and adverse birth outcomes 

*  adjusted for age, body mass index and previous preterm delivery 
** adjusted for age, body mass index and gestational age at delivery
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In stratified analyses to explore potential effect modification by HIV status, with the normal group as 

reference, among women living without HIV low normal trajectory was associated with significantly 

decreased risk of PTD (ARR0.48, 0.29-0.81) while high normal (ARR1.53, 1.08-2.16) and abnormal 

trajectories (ARR3.42, 2.31-5.05) were associated with significantly increased risk of PTD.  Among 

women living with HIV these associations were similar but did not reach statistical significance (low 

normal and PTD: ARR 0.74, 95% CI 0.44-1.26; high normal and PTD: ARR1.40 95% CI 0.90- 2.19; 

abnormal and PTD: ARR2.66 95% CI 1.49-4.76) (Table 6.5).  The limited sample size of women living 

with HIV could have contributed to the imprecision of the stratified estimates. 

There appeared to be evidence of effect measure modification on the relative risk scale by HIV 

status in the relationship between the abnormal trajectory group and LBW infants: among women 

living without HIV in the abnormal trajectory group there was an increased risk of LBW (ARR2.01, 

95% CI 1.33-3.02), while in the women living with HIV this effect was attenuated and did not reach 

statistical significance (ARR1.08, 95% CI 0.43-2.72) (Table 6.5). 

Table 6.5 Adjusted Associations between joint trajectory groups and adverse birth outcomes 
stratified by HIV status 

*  adjusted for age, body mass index and previous preterm delivery 
** adjusted for age, body mass index and gestational age at delivery
†   p-value for the association between adverse birth outcome and trajectory group categories among HIV-uninfected women  
††  p-value for the association between adverse birth outcome and trajectory group categories among HIV-infected women

6.5 Discussion 

In this prospective cohort of pregnant women living with and without HIV at a large public sector 

primary care antenatal facility in South Africa, we identified groups with distinct antenatal BP 

trajectories, which were not associated with HIV status; both high consistent and increasing 

abnormal BP trajectories were associated with subsequent risk of PTD and LBW.  Understanding 

different BP trajectories in pregnancy, especially in areas with high HIV prevalence, which has been 

shown to be associated with BP, will inform efforts to identify women at increased risk of developing 

HDP and adverse birth outcomes.  
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Research studies tend to use stringent criteria (traditional cut-offs), with a strong emphasis on 

correctly ruling out those without hypertension from being classified as hypertensive.  Additionally, 

these studies usually predict subsequent HDP development based on BP measured at a single time 

point such at the first ANC visit (23, 24).  Using such a cross-sectional approach, 5% of women in our 

cohort met the hypertension cut-off at their first ANC visit while 22% were classified as hypertensive 

at any point in pregnancy; substantially higher than levels observed in a trial conducted in southern 

Asia and sub-Saharan Africa (25).  In contrast, clinically all-encompassing and practical criteria are 

predominantly used to classify HDP, even if they have higher false positivity rates, because the 

ultimate goal is to identify women with a higher-than-average risk to themselves or their fetuses in 

order to guide clinical management (26).  This approach is more informative as it differentiates 

between new onset HDP, which can affect maternal and infant morbidity and mortality (27), and 

isolated new-onset SBP and/or DBP elevation, which is quite common during pregnancy (28).   

The GBTM approach is well-suited to explore trajectories for outcomes that are commonly 

categorised, such the natural history of BP in pregnancy.  Using this approach, we identified distinct 

trajectory groups which we classified according to the mean BP values relative to clinical definitions 

of BP levels and the pattern of change throughout the antenatal period (consistent or increasing). 

The patterns observed in the low normal, normal and high normal trajectory groups resembles 

patterns seen in clinically healthy women, where BP decreases steadily until mid-pregnancy then 

rises again returning to preconception levels in late pregnancy until delivery (30).  In contrast, clinical 

reports show that in women who develop gestational hypertension, BP remains stable until mid-

pregnancy then increases until delivery (29, 30) – the abnormal trajectory group resembles this 

pattern.  This group appeared to be a combination of women with chronic hypertension (likely 

classified as hypertensive at baseline (27%)), and women with gestational hypertension (42% 

prehypertensive, 31% normotensive at baseline).  These findings suggest that similar to the 

approach applied clinically, a better approach for risk assessment in research studies would be 

incorporation of BP measurements throughout pregnancy to assess trajectory of BP before delivery 

rather than the traditional cross-sectional measures. 

We found that BP characteristics were similar in women living with and without HIV, half of whom 

were on ART from before pregnancy and half from ~16 weeks of pregnancy, with no differences in 

the incidence of hypertension at baseline or throughout pregnancy.  Studies investigating the 

association between HIV and HDP have shown conflicting results with either increased risk (7), or no 
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difference in risk (31, 32).  Though limited, data on specific ART drug classes has shown exposure to 

PIs to be strongly associated with hypertension (7, 33); in our setting nucleoside reverse 

transcriptase inhibitors regimens are predominantly used rather than PIs which could explain lack of 

difference by HIV status.  Our findings by HIV status are similar to a retrospective cohort study of 

two overlapping pregnancy cohorts (34) but differed according to ART status.  We found that 

women classified as hypertensive or as having abnormal trajectories were more likely to have 

initiated ART in pregnancy; and this could possibly be linked to immune reconstitution, a hyper-

inflammatory state associated with ART initiation (35, 36), vascular dysfunction and alterations in 

sympathetic nervous outflow (37).  This process is exacerbated by the presence of well-known risk 

factors including extreme reproductive ages, obesity and genetic predisposition.  In our cohort, we 

confirm increased maternal age and BMI to be associated with hypertension, consistent with other 

studies (38, 39).  

High blood pressure in pregnancy is associated with adverse pregnancy outcomes for both mother 

and infant.  Similar to findings from Ethiopia, we found that approximately a third of women 

classified as hypertensive at 1st ANC visit delivered preterm and LBW infants (40).   

However, given that only 5% of women were classified as hypertensive at first ANC (using traditional 

cut-offs) this cross-sectional assessment approach may not correctly identify women at increased 

adverse birth outcome risk.  In contrast, using GBTM enabled identification of women who were not 

classified as hypertensive but who were at increased risk, as such the HDP and adverse birth 

outcomes association is likely to be more accurate using this approach. 

We found that women with high normal and abnormal trajectories were at increased risk of PTD, 

while those with abnormal trajectories were at increased LBW risk.  This is consistent with previous 

data showing that among women without pre-existing hypertension or preeclampsia, higher 

maternal blood pressure levels were associated with impaired fetal growth from the third trimester 

onward as well as increased risks of adverse birth outcomes (29, 41).  Increased PTD incidence 

among women with abnormal BP levels is expected because of pre-emptive clinical management 

protocols that prioritise maternal safety, and thus may necessitate preterm delivery to prevent 

severe complications of HDP, which could explain the association between PTD and emergency 

caesarean sections in our cohort.  The association between LBW and HDP has been postulated to be 

attributable to both the effect of early delivery and/or fetal growth restriction (42).  The mechanisms 

by which maternal blood pressure levels can affect fetal growth are unclear, with suggestions that it 

could be related to placental dysfunction or adverse maternal cardiovascular adaptations to 

pregnancy (29).  Separately, associations between HIV/ART and BP and adverse birth outcomes have 
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been observed, however in our study where we assessed HIV status as an effect modifier of the 

relationship between BP trajectories and adverse birth outcomes, we observed no differences by 

HIV status.  While associations were attenuated for women living with HIV, we hypothesise that 

limited sample size rather than an HIV effect are the explanation - an assumption further 

substantiated by the lack of BP differences by HIV status.  

This analysis is among the first to explore discrete latent class assignment of BP trajectory groups 

during pregnancy and their relationship with adverse birth outcomes, in a population-based study.  

Strengths of the study include the use of prospectively collected blood pressure and gestational age 

measurements at baseline and throughout pregnancy, which enabled the distinction between 

women with chronic and gestational hypertension based on gestation-dependent BP changes.  

Additionally, GBTM is an advantageous analytic approach because it does not rely on predefined 

categorisation of trajectories, removing subjectivity regarding class assignment, and enabling 

capturing of within-class heterogeneity that might be missed with analyses based on class-averaged 

means (20).  It should however be noted that the trajectory grouping using this approach depends 

on the data, and while the trajectory groups may provide a general trend of BP control over time, 

they may not accurately characterise each individual’s actual BP trajectory.   

A limitation of this analytical approach is that it does not enable interpretation of blood pressure in 

pregnancy by clinicians in the light of international gestational age-specific centiles.  An alternate 

approach to be used in future studies determining gestational hypertensive disorders would involve 

defining centiles for systolic and diastolic blood pressure across healthy pregnancies.  Additional 

limitations include the availability of only basic maternal characteristics for use in adjusted analyses 

with no data on other pre-pregnancy risk factors for HDP such as hypertension family history, 

previous HDP in multipara women; and no proteinuria data to establish whether the women in 

abnormal trajectory group had preeclampsia.  Lacking detailed preconception and early pregnancy 

maternal data, we were unable to find significant association with baseline characteristics and 

trajectory, except for maternal BMI and gravidity.   Additionally, blood pressure measurements were 

collected during routine clinical practice, where the use of a single BP measure may have greater 

measurement error than standardised measures.  This analysis provides some of the first insights 

into the relationships between BP trajectory levels and their association with adverse birth 

outcomes, in particular the use of trajectories enables identification of women at increased risk of 

adverse birth outcomes who would not be picked up using the traditional approach currently 

employed in studies investigating this association. 



191 

6.6 Conclusion 

Globally, HDP incidence has increased over time and as obesity increases in low- and middle-income 

countries, high blood pressure during pregnancy has the potential to adversely impact maternal and 

child health outcomes.  It is important for public health to monitor trends in pregnancy outcomes by 

HDP.  We detected heterogeneity in general relationship between HDP and PTD/LBW outcomes, by 

identifying five groups with distinctive patterns of BP trends over the pregnancy.  Further 

methodology work is required with larger datasets in order establish where precisely divergence 

between trajectories occurs in order to inform optimum timing of BP measurements in studies 

investigating HDP.  Larger datasets would also enable identification of heterogeneity within 

trajectory groups particularly among the high normal and abnormal trajectories.  Further work is 

also required to inform understanding of different BP trajectories in pregnancy, particularly in high 

HIV prevalent settings where ART use is linked to weight gain which may extenuate BP levels, in 

order to provide appropriate surveillance and counselling to pregnant women living with HIV and 

those with pregnancy intentions.  
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Chapter 7: Impact of data sources and selection bias on the association 

between maternal ART use and preterm delivery   

Malaba TR, Kalk E, Madlala HP, Davies MA, Boulle A, Myer L.  Impact of data sources and 

selection bias on the association between maternal ART use and preterm delivery.  

Manuscript to be submitted in 2022. 

Relevance of this paper to the thesis 

This chapter presents data on the impact of different data sources on the reported incidence of 

preterm delivery.  There is exploration of the potential impact of bias related to participant selection 

and data quality from different data sources on the association between maternal HIV and 

antiretroviral therapy use and preterm delivery.  While bias has been hypothesised as a 

methodological issue that could explain the heterogeneity in findings in previous studies, bias 

related to the factors investigated in this chapter have not previously been explored in relation to 

this association.  

Contribution of the student and co-authors 

TRM conceptualised and conducted all analyses, led data interpretation and drafted the manuscript. 

HM directed data collection, with assistance from TRM.  AB, LM and MAD conceptualised the study 

from which these data arise, were responsible for funding, implementation and overall leadership, 

and assisted with data interpretation.  All authors have contributed to this draft manuscript.   
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7.1 Abstract 

7.1.1 Background 

The majority of studies investigating the association between maternal antiretroviral therapy (ART) use 

and preterm delivery (PTD) tend to be observational and thus subject to bias.  This is thought to be one 

factor contributing to the heterogeneity, with bias related to participant selection and data quality from 

different data sources not explored in relation to this association.  

7.1.2 Methods 

Pregnant women at public sector antenatal facilities in the Western Cape Province were enrolled into a 

multi-component study, which collected data from the same underlying population over the same time 

period.  The three related data sources were based on a province-wide pregnancy surveillance, a facility-

based pregnancy exposure registry (PER) and a prospective cohort study.  Each study component had 

different levels of data availability and quality depending on the data sources.  Surveillance data was 

based on routine electronic health records which were linked across health services by the Provincial 

Health Data Centre (PHDC).  Data for the PER data was based on the digitalisation of the patient held 

booklet containing medical and obstetric history, and all pregnancy-related clinical consultations and 

investigations throughout pregnancy.  The cohort study data was based on active follow up of women 

throughout pregnancy with questionnaire-based data collection as well as data abstraction of clinical 

records.  The impact of the different data sources on the associations between maternal ART use with 

preterm delivery was examined separately using modified Poisson regression with robust error variance. 

7.1.3 Results 

The three data sources included 183 593 women in the PHDC population (19% living with HIV), 9476 in 

the PER population (32% living with HIV) and 989 in the prospective cohort study (48% living with HIV).  

Among women with live singleton births, adjusted risk ratio (ARR) of preterm delivery was 1.15 (95% 

Confidence Interval (CI) 1.11 - 1.18) among women living with HIV compared to their counterparts living 

without HIV in the PHDC population.  The associations observed in the PER and cohort study populations 

were less pronounced, with no significant differences seen by HIV status and timing of ART initiation.  

Differences in the representativeness of women living with HIV seen across the data sources and 

differing data quality did not appear to impact the association estimates observed.   

7.1.4 Conclusion 

In this comparison of routine care cohorts across different data sources, the risk of PTD was increased in 

women living with HIV in the larger PHDC population.  These findings demonstrate that in future 

investigations of the association between HIV/ART status and adverse birth outcomes it will be important 

to include both population level data and data from follow-up studies in order to leverage the benefits of 

both sets of data sources. 
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7.2 Introduction 

Inconsistent findings, across different settings, in the association between maternal antiretroviral 

therapy (ART) use and adverse birth outcomes, especially preterm delivery (PTD), are at least 

partially explained by study designs used.  Pregnant women have generally been excluded from 

clinical trials, so data investigating possible ART-associated adverse birth outcomes comes primarily 

from observational studies, which can be subject to substantial bias and confounding (1, 2).  

Selection bias is one such bias which, like confounding, generates pathways between the exposure 

and outcome that are non-causal, and this distortion can result in the masking of a true association 

or a true lack of association (3).  Any such bias is a major concern in studies where the aim is to 

provide the information that informs the identification of target groups in order to guide clinical care 

or inform understanding of why there is an association. 

To understand the predictors and antecedents of any adverse birth outcomes and related biological 

processes, it would be advantageous to study these in representative samples of pregnancies (4).  

However, unrepresentative study populations are common in perinatal epidemiology, because of 

the high natural attrition that occurs from the preconception period through to birth.  Consequently 

underlying populations are incompletely observed complicating the identification of the study 

population (5).  The process of recruiting women into studies investigating maternal ART use and 

adverse birth outcomes can induce bias, because of natural attrition as well as the propensity to 

enrol women at convenient time points such as during visits to antenatal care services.  If the 

exposure, outcome, and/or their correlates, influence study eligibility or study participation, the 

resulting exposure–outcome association may not be a true reflection of the causal effect in the 

underlying population (6).  Selection bias can also manifest when population subgroups have varying 

participation rates and differing exposure-outcome associations (7).  For example, pregnant women 

who do not access any health care during pregnancy including at delivery, as well as those who only 

access these facilities at delivery, are typically excluded from study populations, which could also 

lead to unrepresentative study samples. 

While observational studies enable inclusion of populations in a “real-world” context, the presence 

of selection bias, unmeasured confounding, and inappropriate effect definition and estimation could 

hamper the ability to make reliable inferences regarding causality from their findings (8).  In recent 

years, in an effort to circumvent the limitations of smaller observational studies and simultaneously 

improve data quality through larger datasets, the safety of medications in pregnancy such as ART 

has increasingly been assessed on a population level using electronic health data from large national 
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pregnancy medication exposure registries (9, 10) and administrative databases (11-13).  Accurate 

determination of the contribution of an exposure to an outcome depends on the robust 

measurement of preconception and/or pregnancy exposures, outcomes of interest and relevant 

covariates.  These new population level data sources, through inclusion of people who are not 

typically enrolled in epidemiological studies, have improved the data quality, albeit on a limited set 

of variables, and are valuable for public health, where the focus is picking up on patterns and trends 

rather than establishing causal links.  It should however be noted that this routinely collected data is 

not intended for research, and it is conceivable that bias (selection and information), one of the 

many key challenges to making valid inferences, is becoming increasingly prevalent in the study of 

birth outcomes using these data sources.  This would have a profound effect on the results and their 

interpretation because bias impacts both the internal and external validity (14). 

Since not all sources of bias in studies threaten the validity of findings, it is essential to investigate 

the potential impact of biases in relation to effect estimates (8).  In a recent study, where we 

accounted for gestational age measurement error, we found no association between maternal ART 

(predominantly with a regimen of tenofovir (TDF), emtricitabine (FTC) and efavirenz (EFV)) and 

preterm delivery (15).  It is not clear, however, whether these results are a reflection of the truth or 

whether it could be due to limited sample size and/or bias impacting effect estimates with 

movement towards the null.  The existence of selection bias and any impact it might have can at 

times be more difficult to recognise than known confounding or measurement error (16), because, 

by definition, data on those not included are unavailable so selection bias can typically only be 

hypothesised (17, 18).  One method that has been used to investigate selection bias is through the 

comparison of exposure-outcome associations from study participants to similar associations 

obtained from the underlying population using registry data or administrative databases available 

for both populations (18-21).  Since these data are collected independently with no regard for 

potential participation in future epidemiological studies, any presence of bias in effect estimates 

likely reflects selection bias.  Additionally, since cohort studies are usually intended to reflect the 

underlying population, this approach could also serve as a direct measure of generalisability of the 

study results (18).  

The Western Cape Provincial Health Data Centre (PHDC) is a health information exchange leveraged 

on the use of a unique patient identifier allocated to users of public sector health services.  Patient 

records are linked across health services which provides a valuable opportunity to investigate 

whether cohort formation induces any selection bias.  Using different data sources in the same 



199 

population over the same time period, with different availability and quality of exposures, outcome 

and confounding variables; we investigated the association between maternal ART on PTD in Cape 

Town, South Africa. 

7.3 Methods 

7.3.1 Data sources 

Data for these analyses were drawn from B-Positive, apopulation-level study, which sought to 

explore the population-level impact of the universal initiation of lifelong ART policy for pregnant 

women living with HIV while strengthening routine data systems (Figure 7.1).  B-Positive was a multi-

component study, with data from population of women included coming from different but related 

sources (provincial and sentinel site level) over the same time period.  Pregnant women (>18 years) 

accessing 

health care at 

fixed public 

sector services 

and facilities 

(primary care 

clinics, 

secondary and 

tertiary level 

hospitals) in 

the Western 

Cape Province 

were enrolled 

into the 

various 

components of the study between January 2017 and July 2018.  Figure 7.1  Relationship between three 

data sources: Provincial health data centre, pregnancy exposure registry and cohort study 

One study component of the B-Positive study was the province-wide surveillance of the pregnancy 

and perinatal outcomes of pregnant women (data source 1).  This was facilitated by the Western 

Cape PHDC, a patient-level interlinked health information exchange leveraged on the WC’s unique 

patient identifier allocated to all patients accessing public sector health services to facilitate linkage 

of individual patients across electronic record systems (22).  Using this identifier, various routine 

electronic clinical, clerical and administrative database platforms across the province were centrally 
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combined to generate an individual-level population database which was used in this analysis (PHDC 

population) (22, 23).  An algorithm was used by the PHDC to identify pregnancy events based on 

antenatal clinic visit attendance, presence of rhesus antibody test, pregnancy or abortive outcome 

of pregnancy indicated by an International Classification of Diseases code, pregnancy termination 

drugs dispensed, or recording of a birth on the facility birth register (24).  Based on this information, 

pregnancy outcomes and the corresponding outcome dates were inferred, where possible.  To 

distinguish between a missing outcome and a non-pregnancy event, a pregnancy confidence score 

was calculated in order to measure the degree of confidence that a pregnancy had truly occurred 

(24).   

The other two components of the B-Positive study were dedicated sentinel studies, which were 

linked and paired with province-wide surveillance activities (Figure 7.1).  These study activities were 

conducted in a single geographic area to investigate population-level trends in greater detail.  The 

sentinel surveillance activities were conducted at the Gugulethu Midwife’s Obstetric Unit (GMOU), a 

large public sector primary care facility that provides antenatal care and serves a peri-urban 

community with predominantly low-income, high HIV prevalence sub-district of Cape Town, South 

Africa.  These activities include the establishment of a pregnancy exposure registry (PER) and a 

prospective cohort study, which both enrolled pregnant women accessing antenatal care (ANC) at 

the GMOU.  The PER, which served as a proposed provincial site for a national pregnancy registry 

and birth defects surveillance, digitised data elements from the maternity case record (MCR).  This is 

a patient-held booklet that records medical and obstetric history, and all pregnancy-related clinical 

consultations and investigations at the first ANC visit, updated at all subsequent ANC visits (25).  

Women were entered into the PER at their first visit to GMOU, with data collected using the 

electronic primary care information system that is present in all WC public health facilities (PER 

population) (data source 2).  The prospective cohort study conducted at GMOU enrolled consecutive 

pregnant women regardless of HIV status attending their first antenatal visit at the facility.  

Participants in the cohort study were actively followed up through up to three intensive antenatal 

study visits, depending on the gestational age at enrolment.  In addition to data abstraction from 

antenatal, obstetric, medical and laboratory records, data was also collected through 

questionnaires, administered by trained study interviewers, which included maternal demographics, 

pregnancy history and healthcare information (data source 3).  Data collected through the 

questionnaires provided more detailed and nuanced information.   
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7.3.2 Exposures and Outcomes  

The exposures of interest were HIV status, categorised as living with or without HIV , and ART status 

categorised as ART initiation before or during pregnancy.  Exposure status categorisation the PHDC 

population was based a combination of the presence of a record of a positive enzyme-linked 

immunosorbent assay (ELISA), a CD4+ T-cell count, a viral load test result, dispensing of combination

ART, and/or registration on databases for the management of individuals living with HIV (24).  The 

date of ART initiation was determined by taking the earlier of the first recorded date on dispensing 

of ART as date of ART initiation (24).  For the PER and cohort study populations, exposure status was 

based on assessments conducted and recorded in the MCR during the first ANC visit, including HIV 

testing for women without a previous HIV diagnosis.  In the cohort study, study questionnaires were 

able to determine which ART regimens the women were using.  During the study period, women 

newly diagnosed with HIV infection and those previously diagnosed but not on ART were initiated on 

a fixed-dose combination of TDF+FTC+EFV at the first ANC visit (ART initiation during pregnancy).  

Women who conceived while on ART continued their current regimen throughout pregnancy (ART 

initiation before pregnancy).   

The primary outcome of interest was gestational age at delivery, with birthweight a secondary 

outcome of interest.  Among all live singleton births, gestational age was defined as completed 

weeks at delivery, categorised as a preterm (<37), term (≥37-<42) or post-term (≥42) delivery (26).  

Preterm delivery was further subdivided into late/moderately preterm (32–<37), very preterm (28-

<32), extremely preterm (<28) delivery.  As part of routine care services, all pregnant women have 

their gestational age clinically assessed by a midwife through last menstrual period (LMP) and/or 

measurement of symphysis fundal height (SFH); in facilities with ultrasound a small subset of women 

may be referred for an ultrasound assessment when estimated dates of delivery between LMP and 

SFH do not match.  For the PHDC population, gestational age at delivery was calculated based on the 

best available measures.  In cases where there were concerns around the quality of the gestational 

age data, a back calculation was used based on birthweight before the data was obtained.  For the 

PER population, gestational age at delivery was calculated based on routine antenatal care 

ultrasound or the combination of LMP/SFH, particularly at later gestations, or on what was 

documented at delivery.  For the cohort study, gestational age at delivery was calculated based on 

the ultrasound examinations conducted by an experienced research sonographer, who used 

standardised assessment protocols and was blinded to the midwife GA assessment.   
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For all three study components, obstetric outcomes, including date of delivery and birthweight, 

were abstracted or digitised following delivery from the delivery record.  Pregnancy loss was defined 

as any loss before delivery, with the composite variable including non-viable and ectopic pregnancy 

as determined by research sonographer; miscarriage was defined as loss <28 weeks of a clinically 

recognised pregnancy (27); stillbirths as fetal death occurring before or during labour/delivery (with 

1-minute APGAR score of 0).

7.3.4 Covariates 

For the PHDC and PER populations, data on risk factors for adverse birth outcomes were limited to 

data collected as part of routine care.  For PHDC this included basic obstetric history and ART 

exposure history constructed from pharmacy dispensing data.  While for PER this included more 

detailed data collected as part of routine care procedures such as body mass index (BMI) which was 

categorised as underweight (<18.5 kg/m2), normal (18.5 - <25 kg/m2), overweight (25 - 30 kg/m2), 

obese (>30 kg/m2) using weight at enrolment into ANC.  Blood pressure was also measured at 

baseline as a part of routine care and categorised as normal (<120/80 mm Hg), prehypertensive 

(systolic 120–139 and diastolic 80–89 mm Hg Hg), and hypertensive (systolic ≥140 or diastolic ≥90 

mm Hg) (28, 29).  For the cohort study additional detailed data on possible risk factors for adverse 

birth outcomes were collected.  This included a composite poverty score, based on current 

employment, housing type and access to household assets.  This score was used as a proxy for 

socioeconomic status (SES) and categorised women as ‘lowest’, ‘medium’ or ‘highest’(30).  Alcohol 

use was measured using the 3-item Alcohol Use Disorders Identification Test-Consumption (AUDIT-

C; range 0-12).  For women, an AUDIT-C score >3 indicates hazardous drinking in the previous 12 

months (31).  Depressive symptoms were measured using the Edinburgh Postnatal Depression Scale 

(EPDS)(32), which has been validated for use in pregnancy (33).  Our research group has previously 

used EPDS as a measure of self-reported depressive symptoms, rather than as a diagnostic tool (34).  

Threshold values of ≥13 indicated elevated depressive symptoms (32). 

7.3.5 Statistical Analyses 

Statistical analyses were performed using STATA version 14.0 (Stata Corporation, College Station, TX, 

USA), with the three data sources analysed separately.  PHDC analyses were restricted to “probable 

pregnancies” classified based on having at least one high confidence event considered to be 

indicative of pregnancy (Rhesus test, pregnancy test, antenatal visit, maternal discharge summary), 

or combined moderate-confidence events (registration on mobile health messaging service 

(MomConnect)(35), antenatal booking visit, diagnosis or procedure codes indicating pregnancy, pap 
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smear test with pregnancy duration).  These probably pregnancies had a pregnancy confidence score 

of 0.75 or greater (24).   

Analyses across the three data source populations focused on two comparisons: women living with 

HIV vs those living without HIV, and among women living with HIV those initiating ART before 

pregnancy vs those initiating ART during pregnancy.  The PHDC had an additional subset of 

untreated women living with HIV included in the ART status comparison.  Maternal baseline 

characteristics and birth outcomes in each of the study components (PHDC, PER and cohort study) 

were stratified by HIV status and timing of ART initiation, with comparisons of proportions by 

Wilcoxon test, χ2 test or Fisher exact test as appropriate.  Associations between HIV/ART status with 

PTD were examined using modified Poisson regression with robust error variance.  Because of the 

different levels and quality of data, the adjustment variables for each of the cohorts varied.  

Consequently, to facilitate a direct comparison, an additional analysis was conducted with 

adjustment by variables that were present in all three data sources. 

7.3.6 Ethical Approvals  

The study was reviewed and approved by the University of Cape Town Faculty of Health Sciences 

Human Research Ethics Committee and the Western Cape Department of Health.  The PER and 

PHDC are resources of the Western Cape Provincial Government, as such they fall within its ethical 

and legal authority.  The relevant PHDC and PER datasets were requested and issued to the 

investigators under the study number with no identifiers included.  Written informed consent was 

obtained for study participation in the cohort study and included permission to abstract data from 

routine clinical records as well as permission to access linked electronic health data through the 

pregnancy and post-partum period.  As data were collected through routine health services for the 

PHDC and PER, anonymised data was obtained so informed consent was not sought. 
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7.4 Results 

7.4.1 Baseline characteristics 

During the study enrolment period, 183 593 pregnant women aged ³18 years formed the PHDC 

population following exclusion of duplicate, moderate and low confidence pregnancy events.  Of 

these 148 593 were living without HIV (81%) and 35 353 living with HIV (19%) (Figure 7.2a).  

Figure 7.2  Relationship between three data sources 

Among those living with HIV, 1859 (5%) were classified as untreated as they did not have electronic 

evidence of an ART start date at any point before delivery.  Women living with HIV were older and 

less likely to be primigravid than women living without HIV, which was driven primarily by those who 

initiated ART before pregnancy (Table 7.1).   
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Table 7.1 Baseline characteristics of pregnant women (>18 years) in the provincial health data centre 
population (n=183 593) 

Total 
N = 183 593 

HIV-uninfected 
N = 148 593 

HIV-infected 
N= 35 353  

HIV-infected 
N= 35 353 

No ART  
initiated  
N=1 634  

ART initiated  
before pregnancy  

N=19 842 

ART initiated  
during pregnancy 

N=13 877  
Age, years 

<24 67 410 (37) 59549 (40) 7861 (22) 465 (28) 3035 (15) 4361 (31) 

25-29 52 646 (29) 42 119 (28) 10527 (30) 494 (30) 5777 (29) 4256 (31) 

>30 63 890 (35) 46 925 (32) 16965 (48) 675 (41) 11 030 (56) 5260 (38) 

Median, IQR 27 (23-31) 26 (22-31) 29 (25-33) 28 (24-33) 30 (26-34) 27 (23-32) 

Gravidity 

1 97 925 (53) 81 144 (55) 16 781 (48) 955 (58) 7343 (37) 8483 (61) 

2 56 376 (31) 44 644 (30) 11 732 (33) 471 (29) 7533 (38) 3728 (27) 

≥3 29 644 (16) 22 804 (15) 6840 (19) 208 (13) 4966 (25) 1666 (12) 

Missing 1 (0) 1 (0) 0 0 0 0 

Median, IQR 1 (1-2) 1 (1-2) 2 (1-2) 1 (1-2) 2 (1-2) 1 (1-2) 

Parity 

0 109 335 (59) 90 086 (61) 19 249 (54) 1083 (66) 9210 (46) 8956 (65) 

1 49 051 (27) 38 767 (26) 10 284 (29) 374 (23) 6458 (33) 3452 (25) 

≥2 25 560 (14) 19 740 (13) 5820 16) 177 (11) 4174 (21) 1469 (11) 

Median, IQR 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 0 (0-1) 

Tuberculosis* 
Yes 1131 (0.61) 563 (0.4) 568 (2) 36 (2) 336 (2) 196 (1) 

Isoniazid preventive 
therapy*  

Yes 6512 (4) 62 (0.04) 6450 (18) 58 (4) 3608 (18) 2784 (20) 
Diabetes*  

Yes 6432 (4) 5527 (4) 905 (3) 34 (2) 587 (3) 284 (2) 

Drug exposure 
(teratogen)  

Yes 17 057 (9) 11 826 (8) 5231 (15) 153 (9) 3415 (17) 1663 (12) 

CD4, cells/mm3 

<200 3258 (9) - 3258 (9) 180 (11) 1441 (7) 1637 (12) 

201-350 5412 (15) - 5412 (15) 274 (17) 2208 (11) 2930 (21) 

351-500 5764 (16) - 5764 (16) 221 (14) 2614 (13) 2929 (21) 

>500 8469 (24) - 8469 (24) 333 (20) 4609 (23) 3527 (25) 

Median, IQR 422 (273-591) 422 (273-591) 387 (246-575) 455 (290-624) 397 (262-556) 

Missing 12450 (35) 12 450 (35) 626 (38) 8970 (45) 2854 (21) 

Viral load, copies/ml 

<400 3702 (10) 3702 (11) 134 (8) 2016 (10) 1552 (11) 

401-1000 1502 (4) 1502 (4) 51 (3) 820 (4) 631 (4) 

>1000 4569 (13) 4569 (13) 225 (14) 2236 (11) 2108 (15) 

Median, IQR 806 (196-13980) 805 (196-13980) 1614 (256-22391) 693 (187-12331) 937 (201-15291) 

Missing 25580 (72) 25580 (72) 1224 (75) 14 770 (74) 9586 (69) 

* In pregnancy
ART – antiretroviral therapy
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The PER population included 9476 women and of these 6473 were living without HIV (68%) and 

3003 (32%) living with HIV (Figure 7.1b).  Maternal age and gravidity were similar across the 

exposure groups as seen in the PHDC (Table 7.2).   

Table 7.2 Baseline characteristics of pregnant women (>18years) in the pregnancy exposure registry 
population (n=9476) 

Total 
N=9476 

HIV-uninfected 
N=6473 

HIV-infected 
N=3003 

HIV-infected 
N= 3003 

ART initiated  
before pregnancy  

N=1986 

ART initiated  
during pregnancy 

N=1017 
Age, years 

<24 3334 (35) 2690 (42) 644 (21) 352 (18) 292 (29) 

25-29 2741 (29) 1848 (29) 893 (30) 545 (27) 348 (34) 

>30 3401 (36) 1935 (30) 1466 (49) 1089 (55) 377 (37) 

Median, IQR 27 (23-32) 26 (22-31) 29 (25-34) 30 (26-34) 28 (24-32) 

Gravidity 
1 2401 (25) 1904 (29) 497 (17) 261 (13) 236 (23) 

2 3039 (32) 2051 (32) 988 (33) 617 (31) 371 (36) 

≥3 3973 (42) 2486 (38) 1487 (50) 1094 (55) 393 (39) 

Missing 63 (1) 32 (1) 31 (1) 14 (1) 17 (2) 

Median, IQR 2 (1-3) 2 (1-3) 2 (2-3) 3 (2-3) 2 (2-3) 

Parity 
0 1914 (20) 1383 (21) 531 (18) 307 (15) 224 (22) 

1 3256 (34) 2172 (34) 1084 (36) 682 (34) 402 (40) 

≥2 4188 (44) 2842 (41) 1346 (45) 974 (49) 372 (37) 

Missing 118 (1) 76 (1) 43 (1) 23 (1) 19 (2) 

Median, IQR 1 (1-2) 1 (1-2) 1 (1-2) 1 (1-2) 1 (1-2) 

Height, cm 

≤155 2538 (27) 1800 (28) 738 (25) 450 (23) 288 (28) 

156-161 2589 (27) 1807 (28) 782 (26) 497 (25) 285 (28) 

≥162 1886 (20) 1366 (21) 520 (17) 339 (17) 181 (18) 

Missing  2463 (26) 1500 (23) 963 (32) 700 (35) 263 (26) 

Median, IQR 158 (153-162) 158 (153-162) 158 (153-162) 158 (154-162) 157 (153-161) 

Body mass index, kg/m2* 
Underweight (≤18.5) 132 (1) 123 (2) 9 (0.30) 5 (0.2) 4 (0.4) 

Normal (18.6-24.9) 1640 (17) 1231 (19) 409 (14) 249 (13) 160 (16) 

Overweight (25.0-29.9) 1781 (19) 1205 (19) 576 (19) 350 (18) 226 (22) 

Obese (≥30.0) 3172 (33) 2202 (34) 970 (32) 636 (32) 334 (33) 

Missing  2751 (29) 1712 (26) 1039 (35) 746 (37) 293 (29) 

Median, IQR 29 (24-35) 29 (24-35) 30 (26-35) 30 (26-35) 29 (25-35) 

Wasting (<22 cm MUAC) 412 (4) 339 (5) 73 (2) 42 (2) 31 (3) 

Median, IQR 87 (57-122) 87 (51-122) 96 (68-122) 96 (68-125) 87 (57-122) 
Blood pressure, mmHG* 

Normal 
(Sys <120 or Dia <80) 

4908 (52) 3192 (49) 1716 (57) 1167 (59) 549 (54) 

Prehypertensive 
(Sys 120-139 and Dia 80-89) 

3416 (36) 2448 (38) 968 (32) 630 (32) 338 (33) 

Hypertensive  
(Sys >140 or Dia >90) 

741 (8) 570 (8) 171 (6) 97 (5) 74 (7) 

Missing 411 (4) 263 (4) 148 (5) 92 (5) 56 (6) 

ART – antiretroviral therapy, MUAC – mid upper arm circumference, Sys – systolic, Dia - diastolic 
*1st antenatal care visit
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The prospective cohort study enrolled 989 pregnant women, with similar proportions of living 

without HIV (n=510, 52%) and living with HIV (n=479, 48%) women (Figure 7.1c, Table 7.3).  

Compared to women living without HIV, women who were living with HIV were older, less likely to 

be primigravid, less educated and of a lower socioeconomic status, and more likely to have mild 

anaemia.  Gestational age at first ANC visit, BMI, blood pressure at booking, employment status, 

depressive symptoms and hazardous drinking did not vary systematically by HIV status (Table 7.3).  

Table 7.3 Baseline characteristics of pregnant women (>18years) enrolled in the cohort study 
(n=989) 

Total 
N=989 

HIV-uninfected 
N=510 

HIV-infected 
N=479 

HIV-infected 

ART initiated  
before pregnancy  

N=337  

ART initiated  
during pregnancy 

N=142 
Age, years 

<24 267 (27) 185 (36) 82 (17) 44 (13) 38 (27) 

25-29 294 (30) 161 (32) 133 (28) 82 (24) 51 (36) 
>30 428 (43) 164 (32) 264 (55) 211 (63) 53 (37) 
Median, IQR 28 (24-33) 26 (23-32) 30 (26-35) 32 (27-35) 27 (24-32) 

Education (finished high school) 343 (35) 204 (40) 139 (29) 93 (28) 46 (32) 
Employment status  

Employed 423 (43) 221 (43) 202 (42) 135 (40) 67 (47) 
Socioeconomic status 

Lowest 325 (33) 146 (29) 179 (37) 135 (40) 44 (31) 
Medium 281 (28) 147 (29) 134 (28) 84 (25) 50 (35) 
Highest 381 (39) 215 (42) 166 (35) 118 (35) 48 (34) 
Missing  2 (0.2) 2 (0.4) 0 0 0 

Gravidity 

1 205 (21) 136 (27) 69 (14) 34 (10) 35 (25) 

2 287 (29) 161 (32) 126 (26) 76 (23) 50 (35) 
≥3 497 (50) 213 (42) 284 (59) 227 (67) 57 (40) 
Median, IQR 3 (2-3) 2 (1-3) 3 (2-3) 3 (2-4) 2 (2-3) 

Parity 

0 251 (25) 168 (33) 83 (17) 43 (13) 40 (28) 

1 331 (33) 169 (33) 162 (34) 101 (30) 61 (43) 
≥2 407 (41) 173 (34) 234 (49) 193 (57) 41 (29) 
Median, IQR 1 (0-2) 2 (1-3) 1 (1-2) 3 (2-4) 2 (2-3) 

Body mass index, kg/m2* 

Normal (≤24.9) 163 (16) 84 (16) 79 (16) 54 (16) 25 (18) 

Overweight (25.0-29.9) 260 (26) 127 (25) 133 (28) 98 (29) 35 (25) 

Obese (≥30.0) 473 (45) 246 (48) 227 (47) 160 (47) 67 (47) 

Missing  93 (9) 53 (10) 40 (8) 25 (7) 15 (11) 

Median, IQR 30 (26-36) 31 (26-37) 30 (26-35) 30 (26-35) 30 (26-35) 

Wasting (MUAC <22 cm) 18 (2) 10 (2) 8 (2) 5 (2) 3 (2) 

Median, IQR 

Gestational age, median, IQR*e  20 (14-25) 21 (15-26) 19 (13-23) 20 (14-24) 17 (12-22) 

Singleton pregnancy 971 (98) 504 (99) 467 (97) 329 (98) 138 (97) 
Blood pressure, mmHG* 

Normal (Sys <120 or Dia <80) 617 (62) 305 (60) 312 (65) 227 (67) 85 (60) 

Prehypertensive (Sys 120-139 and Dia 80-89) 271 (27) 153 (30) 118 (25) 80 (24) 38 (27) 

Hypertensive (Sys >140 or Dia >90) 39 (4) 17 (3) 22 (5) 13 (4) 9 (6) 

Missing 
62 (6) 35 (7) 27 (6) 17 (5) 10 (7) 

ART – antiretroviral therapy, MUAC – mid upper arm circumference, Sys – systolic, Dia – diastolic
*completed weeks 
* measured 1st antenatal care visit 
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Table 7.3  Baseline characteristics of pregnant women (>18years) enrolled 
in the cohort study (n=989) cont. 

Total 
N=989 

HIV-uninfected 
N=510 

HIV-infected 
N=479 

HIV-infected 

ART initiated  
before pregnancy  

N=337  

ART initiated  
before pregnancy  

N=337  
Haemoglobin, g/dl* 

Normal (≥11.0) 
399 (40) 216 (42) 183 (38) 128 (38) 55 (39) 

Mild anaemia (9.0-10.9) 233 (24) 105 (21) 128 (27) 94 (28) 34 (24) 

Moderate/severe anaemia (<8.9) 37 (4) 20 (4) 17 (4) 13 (4) 4 (3) 

Missing 320 (32) 169 (33) 151 (32) 102 (30) 49 (35) 

Previous preterm delivery 19 (2) 11 (2) 8 (2) 5 (2) 3 (2) 

Alcohol use§ 

Hazardous drinking 34 (7) 37 (7) 34 (7) 21 (6) 13 (9) 

Perinatal depression‡ 

Depressive symptoms 129 (13) 66 (13) 63 (14) 42 (13) 21 (16) 

Current ART regimen 

TDF-3TC-EFV 417 (87) - 417 (87) 277 (82) 140 (98) 

TDF-3TC-NVP 14 (3) - 14 (3) 13 (4) 1 (1) 

Other NNRTI-based 4 (1) - 4 (1) 4 (1) 0 

PI-based 24 (5) - 24 (5) 23 (7) 1 (1) 

Missing 20 (4) - 20 (4) 20 (6) 0 

TDF – tenofovir, 3TC – lamivudine, EFV – efavirenz, NVP- nevirapine, PI – protease inhibitor, NNRTI - Non-nucleoside reverse transcriptase inhibitors,  
* measured 1st antenatal care visit 
‡Based on Edinburgh Postnatal Depression Scale (range 0-30); a score of >13 indicates depressive symptoms. 
§Based on the AUDIT-C (range 0-12); a score of ≥3 indicates hazardous drinking.

7.4.2 Birth outcomes 

In the PHDC population, following exclusions of missing outcome data (n=7874, 4%) and multiple 

pregnancies (n=3728, 2%), 13% of pregnancies ended up in a loss (n=23 027), with the majority of 

losses due to pregnancy terminations (55%), other losses included miscarriages (34%) and stillbirths 

(11%) with no differences by HIV status.  However, when assessed by ART status, women who 

initiated ART during pregnancy had a lower proportion of pregnancy terminations, stillbirths and 

miscarriages than women who either initiated before pregnancy or were untreated (Table 7.4).  

Among the 149 317 live singleton births, 14% were preterm with slight difference by HIV status 

(Table 7.4).  The group of women who were untreated had the highest proportion of preterm 

deliveries (20%), however the majority of these were late and moderate preterm deliveries.  It is 

possible that they were unable to initiate ART because they delivered preterm.  
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Table 7.4 Birth outcomes by HIV/ART status among pregnant women with singleton pregnancies 
in the provincial health data centre population (n=172 344) 

Outcomes Total 
N=172 344 

HIV-uninfected 
N=32 677 

HIV-infected 
N=139 667 

HIV-infected 

No ART 
initiated 
N=1 519 

ART initiated 
before pregnancy 

N=18 424 

ART initiated 
during pregnancy 

N=12 734 

Pregnancy outcome 
Pregnancy loss 23 027 (13) 18 778 (13) 4249 (13) 353 (23) 2 819 (15) 1 077 (8) 

Termination 12 683 (7) 10 453 (7) 2230 (7) 190 (12) 1538 (8) 502 (4) 
Miscarriage 7755 (5) 6284 (5) 1471 (4) 133 (9) 993 (5) 345 (2) 
Stillbirth 2574 (1) 2030 (1) 544 (1) 30 (2) 287 (2) 227 (2) 
Other 12 (0.01) 8 (0.01) 4 (0.01) 0 1 (0.01) 3 (0.02) 

Live births/delivered 149 317 (87) 120 889 (87) 28 428 (87) 1 166 (77) 15 605 (85) 11 657 (92) 
Gestational duration (weeks) 

Post-term (≥42) 179 (0.1) 123 (0.1) 56 (0.2) 0 31 (0.2) 25 (0.2) 
Term (37-41) 128 836 (86) 104 878 (87) 23 958 (84) 931 (80) 13 076 (84) 9951 (85) 
Any preterm (gestational age <37) 20 302 (14) 15 888 (13) 4414 (16) 235 (20) 2 498 (16) 1 681 (14) 

Late/Moderate preterm (32-37) 19 577 (13) 15 446 (12) 4131 (15) 228 (19) 2328 (15) 1575 (13) 
Very preterm (28-31) 305 (0.2) 189 (0.2) 116 (0.4) 2 (0.2) 61 (0.3) 53 (0.5) 
Extremely preterm (<28) 420 (0.3) 253 (0.2) 167 (0.6) 5 (0.4) 109 0.7() 53 (0.5) 

ART – antiretroviral therapy 
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Adjusted PTD risk was higher in women living with HIV (ARR 1.15, 95% CI 1.11 - 1.1.18) (Table 7.5).  

Compared to women living with HIV, PTD risk in untreated women living with HIV was higher (ARR 

1.53, 95% CI 1.37 - 1.72) than among those who were on preconception ART (ARR 1.15, 95% CI 1.11 - 

1.20) and initiated during pregnancy (ARR 1.10, 95% CI 1.05 - 1.15) (Table 7.5).  Among those who 

initiated ART, those who initiated during pregnancy were at lower risk of PTD compared to living 

without HIV reference group (Suppl. Table 9.5.1). 

Table 7.5 Adjusted associations between HIV/ART exposure groups and preterm delivery among 
women with live singleton deliveries in the provincial health data centre population (n=149 317) 

Outcome 
Measure 

Comparison A† 
(Ref category: HIV-uninfected) 

Comparison B†† 
(Ref category: HIV-uninfected) 

ARR [95% CI] P value ARR [95% CI] P value 

Preterm 
delivery 
(<37 weeks)* 

HIV-
infected 

1.18 (1.15–1.22) X 
1.15 (1.11-1.18) XX 

<0.0001 
<0.0001 

No ART initiated§ 1.53 (1.37-1.72) 
1.51 (1.35-1.69) 

<0.0001 
<0.0001 

ART initiated 
before 
pregnancy 

1.22 (1.17-1.27) 
1.15 (1.11-1.20) 

<0.0001 
<0.0001 

ART initiated 
during 
pregnancy 

1.10 (1.05-1.15) 
1.10 (1.05-1.15) 

<0.0001 
<0.0001 

ART – antiretroviral therapy, ARR – adjusted risk ratios 
†Comparison A (HIV-uninfected vs HIV-infected), ††Comparison B (HIV-uninfected vs HIV-infected - ART initiated during pregnancy vs HIV-
infected - ART initiated during pregnancy (PHDC includes additional subset of women who did not initiate ART before delivery§))
* adjusted for age, gravidity, TB, smoking

X unadjusted analysis, XX adjusted analysis 

In the PER population, 479 pregnancies (5%) had no outcome data with women living with HIV 

having a slightly higher proportion of missing data (6% vs 4%).  Following exclusions of these missing 

outcomes and multiple pregnancies (n=57), 3% of pregnancies (n=254) ended up in a loss with the 

majority being miscarriages (63%) followed by stillbirths (23%).  No differences were observed by 

HIV status or by timing of ART initiation (Table 7.6).   
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Table 7.6 Birth outcomes by HIV/ART status among pregnant women with singleton pregnancies in the pregnancy exposure registry population (n=8940) 

Outcomes Total HIV-uninfected HIV-infected HIV-infected 

No ART 
initiated 

ART initiated 
before pregnancy 

ART initiated 
during pregnancy 

Pregnancy outcome N=8940 N=6152 N=2788 N=1845 N=943 
Pregnancy loss 254 (3) 155 (3) 99 (4) 65 (4) 34 (4) 

Miscarriage 160 (2) 97 (2) 63 (2) 38 (2) 25 (3) 
Stillbirth 58 (0.6) 38 (0.6) 20 (1) 16 (1) 4 (0.5) 
Other 36 (0.4) 20 (0.4) 16 (1) 11 (1) 5 (0.5) 

Live Birth 8686 (97) 5997 (97) 2788 (96) 1780 (96) 909 (96) 
Gestational duration (weeks) 

Post-term (≥42) 26 (0.3) 14 (0.2) 12 (0.5) 7 (0.4) 5 (1) 
Term (37-41) 7139 (82) 4940 (82) 2199 (82) 1467 (82) 732 (81) 
Any preterm (<37) 1258 (15) 845 (14) 404 (15) 260 (15) 144 (16) 

Late/Moderate preterm (32-37) 1002 (12) 675 (11) 327 (12) 211 (12) 116 (13) 
Very preterm (28-31) 176 (2) 120 (2) 56 (2) 35 (2) 21 (2) 
Extremely preterm (<28) 80 (1) 59 (1) 21 (1) 14 (1) 7 (1) 

Missing 263 (3) 189 (3) 74 (3) 46 (3) 28 (3) 
ART – antiretroviral therapy 
* By design, the pregnancy exposure registry did not have women who did not initiate ART before delivery
Other – ectopic and/or terminations 
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Among 8686 live singleton births, 15% of deliveries were preterm, with no differences by HIV status 

(ARR 1.01, 95% CI 0.89 - 1.15) or ART status (those initiating ART before pregnancy ARR 0.96, 95% CI 

0.83 - 1.11) and during pregnancy ARR 1.12, 95% CI 0.93 - 1.34) (Table 7.7).   

Table 7.7 Adjusted associations between HIV/ART exposure groups and preterm delivery among 
women with live singleton deliveries in the pregnancy exposure registry (n=8686) 

Outcome 
Measure 

Comparison A† 
(Ref category: HIV-uninfected) 

Comparison B†† 
(Ref category: HIV-uninfected) 

ARR [95% CI] P value ARR [95% CI] P value 

Preterm delivery 
(<37 weeks)* 

HIV-
infected 

1.05 (0.90–1.16) X 
1.01 (0.89-1.15) XX 

0.353 
0.841 

ART initiated 
before pregnancy 

1.02 (0.90-1.16) X 
0.96 (0.83-1.11) XX 

0.746 
0.601 

ART initiated 
during pregnancy 

1.02 (0.90-1.16)X 
1.12 (0.93-1.34) XX 

0.186 
0.233 

ART – antiretroviral therapy, ARR – adjusted risk ratios 
†Comparison A (HIV-uninfected vs HIV-infected), ††Comparison B (HIV-uninfected vs HIV-infected - ART initiated during pregnancy vs HIV-infected - 
ART initiated during pregnancy 
*adjusted for age, gravidity, wasting 
X crude xx adjusted

In the cohort study, following exclusions of multiple pregnancies (n=18, 2%) and missing data (n=20, 

2%), 5% of pregnancies ended up in a loss (n=48).  Of these the majority of losses were classified as 

stillbirths (46%) and miscarriages (40%) (Table 7.8).  Among the 903 live singleton pregnancies, 11% 

of pregnancies were preterm with no differences by HIV and ART status.   
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Table 7.8 Birth outcomes by HIV/ART status among pregnant women with singleton pregnancies in the cohort study (n=951) 

Outcomes Total HIV-uninfected HIV-infected HIV-infected 

No ART 
initiated 

ART initiated 
before pregnancy 

ART initiated 
during pregnancy 

Pregnancy outcome N=951 N=496 N=455 N=323 N=132 
Pregnancy loss 48 (5) 28 (6) 20 (4) 11 (4) 9 (7) 

Miscarriage 19 (2) 12 (2) 7 (1) 5 (2) 2 (2) 
Stillbirth 22 (2) 13 (3) 9 (2) 3 (1) 6 (4) 
Other§ 7 (1) 3 (1) 9 (1) 3 (1) 1 (1) 

Live Births 903 (95) 468 (94) 435 (96) 312 (96) 123 (93) 
Gestational duration (weeks) 

Post-term (≥42) 6 (1) 0 6 (1) 6 (2) 0 
Term (37-41) 788 (87) 415 (89) 373 (87) 264 (84) 109 (89) 
Any preterm (<37) 101 (11) 49 (10) 52 (12) 39 (13) 13 (10) 

Late/Moderate preterm (32-37) 85 (9) 42 (9) 43 (10) 32 (10) 11 (8) 
Very preterm (28-31) 13 (1) 6 (1) 7 (2) 6 (2) 1 (1) 
Extremely preterm (<28) 3 (0.3) 1 (0.2) 2 (0.5) 1 (0.3) 1 (1) 

Missing 8 (1) 4 (1) 8 (1) 3 (1) 1 (1) 
ART – antiretroviral therapy 
* By design, cohort study did not have women who did not initiate ART before delivery
§Other – ectopic (n=3) and terminations (n=4)
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The lack of difference observed persisted in adjusted analyses, with no differences in the risk of PTD 

in HIV-infected women (ARR 0.95, 95% CI 0.61 - 1.47), or among those initiating before (ARR 0.93, 

95% CI 0.57 - 1.52) and during pregnancy (ARR 0.99, 95% CI 0.52 - 1.87) (Table 7.9). 

Table 7.9 Adjusted associations between HIV/ART exposure groups and preterm delivery among 
women with live singleton deliveries in the cohort study (n=903) 

Outcome 

Measure 

Comparison A† 

(Ref category: HIV-uninfected) 

Comparison B†† 

(Ref category: HIV-uninfected) 

ARR [95% CI] P value ARR [95% CI] P value 

Preterm delivery 

(<37 weeks)*** 

HIV-

infected 

1.14 (0.77–1.69) X 

0.95 (0.61-1.47) XX 

0.503 

0.551 

ART initiated 

before pregnancy 

1.20 (0.78-1.82) 

0.93 (0.57-1.52) 

0.406 

0.769 

ART initiated 

during pregnancy 

1.01 (0.55-1.86) 

0.99 (0.52-1.87) 

0.977 

0.973 

ART – antiretroviral therapy, ARR – adjusted risk ratios 
†Comparison A (HIV-uninfected vs HIV-infected), ††Comparison B (HIV-uninfected vs HIV-infected - ART initiated during pregnancy vs HIV-infected - 
ART initiated during pregnancy)
*** adjusted for age, gravidity, BMI, hypertension, hazardous drinking, depressive symptoms, PI regimen 
X crude xx adjusted

7.4.3 Data source comparisons 

Because of the differences in baseline characteristics available for the three populations it was only 

possible to assess differences in the distributions of the baseline characteristics age, gravidity and 

parity.  Unsurprisingly the proportions by age group were similar between the PHDC and PER 

populations by HIV status, however in the cohort study where women were recruited based on 

numerous factors the proportions differed with an over-representation of women living with HIV 

who were aged >30 years.  In contrast, for gravidity and parity the proportions by HIV status were 

similar between the PER population and cohort study with an under-representation of women who 

were primigravid and nulliparous compared to women in the PHDC population (Suppl. Table 9.5.2).  

Age is a risk factor for PTD, so we assessed overall PTD rates across the three data sources within 

each stratum of age and found that women in the cohort study had substantially lower rates of PTD 

than women from the PER and PHDC.  When we stratified PTD by HIV status within age stratum, we 

found that women living without HIV age >30 years in the PER and cohort had a higher or similar 

proportion of PTD than their counterparts living with HIV suggesting that cohort selection could have 

played a part in attenuated findings in these two cohorts.   
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There was also a difference in the distribution of the different exposure groups.  There was a 

significantly higher proportion of HIV-uninfected than women living with HIV in the PHDC (82% vs 

18%) and PER (70% vs 30%) populations, reflecting the true population level distribution, than in the 

cohort study.  By design there was a deliberate over-representation of women living with HIV (48%) 

and a corresponding under-representation of women living without HIV (52%) in the cohort (Suppl. 

Table 9.5.2).  However, despite these differences in exposure group representation, the effect 

estimates for the association between HIV status and ART status and PTD were essentially the same 

in the PHDC, PER and cohort study with the main difference being the precision of the estimates 

(Table 7.3).  When the effect estimates were adjusted for by the common variables age and 

gravidity, the estimates were also similar across the three data sources (Suppl. Table 9.5.3).  

7.5 Discussion 

Using data from a population level pregnancy surveillance, a pregnancy exposure registry and an 

observational cohort study, we evaluated the impact of cohort selection on internal validity and 

generalisability by comparing the association between HIV/ART status and PTD.  Using data from the 

PHDC we found a 15% increased risk of PTD in women living with HIV compared to their 

counterparts living without HIV.  The association was less pronounced in the pregnancy exposure 

registry and in the cohort study, with no significant differences seen by HIV status and timing of ART 

initiation.  High-quality data on the safety and efficacy of most antiretrovirals in pregnancy is limited, 

because of the study designs or data sources typically used to generate evidence.  Research on 

medications such as ART and other exposures in pregnancy is critical for public health, and so 

understanding the potential biases that may be seen in data from different sources is vital. 

Electronic health data, such as PHDC data, are desirable because they are readily available and have 

a wide coverage of large portions of the target or underlying population, and thus provide useful 

public health information, even though they may lack in the number of variables collected (36).  It 

has also been suggested that studies with larger sample sizes are more reliable than smaller studies 

because of their ability to detect clinically relevant differences, which can also increase the internal 

and external validity of findings (37).  With the increased interest in “big data” analyses that 

incorporate data from large population groups and/or different data sources these larger sample 

sized studies are being advocated for (38).  There are concerns around larger sample sizes since 

analysis power is substantially increased which could lead to an exaggerated tendency to reject null 

hypotheses with clinically negligible differences (37).  This could be evident in our analyses, where 
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we found that the effect estimates between the three different sized populations were similar, with 

the effect only reaching statistical significance with the PHDC population.  This is likely due to the 

large sample size in the PHDC, with narrow 95% confidence intervals and decreased variance of the 

estimates compared to the PER and cohort study.  A recent cohort analysis conducted in the same 

research facility over a different time period, found no statistically significantly increased risk of PTD 

by either HIV status or timing of ART initiation (15).  Other recent studies in similar settings also 

found similar findings (39, 40); likely because all these studies had smaller sample sizes, relative to 

the PHDC population.  Sample sizes of the studies looking at this association now plays a more 

important role, and could serve as a possible explanation for findings, because differences in birth 

outcomes by HIV status have decreased in recent times.  This is related to improvements in birth 

outcomes due to the increased coverage of maternal ART in particular the TDF+FTC+EFV regimen 

(41).  Alongside this, the introduction of safer and efficacious regimens leading to higher and earlier 

ART uptake, has in turn improved the immunologic status of women living with HIV.  Consequently, 

while these factors may explain part of the difference between the older and more recent studies, 

the main explanation for the difference seen here between PHDC and PER/cohort likely relates to 

the sample size.  So significantly larger sample sizes will be required to investigate this association in 

the future, and this is likely to only come from the use of larger population level data from databases 

or registries, as seen here.  Caution will however need to be exercised because the larger sample 

sizes may only allow more precise biased estimates (38).    

Another possible explanation for the differences in our findings by data source could be related to 

bias.  In the cohort study, we observed a lower-than-expected PTD rate and an attenuated, non-

significant association between HIV status and PTD.  This suggests that women recruited into the 

cohort study when compared to those accessing ANC in the same facility (PER) or those accessing 

ANC across the whole province (PHDC) appeared to be at inherently lower PTD risk.  We speculate 

that these findings could in part be related to selective inclusion of healthier women in the PER and 

the cohort study arising from initial participation and self-selection.  In the cohort study, where 

women were recruited and had to agree to be enrolled in the study, this selective inclusion may be 

related to self-selection with women more psychologically invested in their pregnancies more likely 

to enrol in studies and have better birth outcomes (42).  While the catchment area for the women 

enrolled in the cohort study is a low-income area, a large proportion of women in the cohort study 

were classified as being of a higher socioeconomic status within that setting.  Lower socioeconomic 

status is a well-known risk factor of adverse birth outcome so this could serve as another indication 

that the women enrolled in the cohort were at a relatively decreased risk of adverse outcomes (43).  

In the PER where all women accessing ANC in the facility were included, the selective inclusion 
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would be related to different factors than in the cohort study.  The GMOU, which served as the 

sentinel site for the pregnancy registry, is a primary care facility which provides antenatal and 

obstetric care for low-risk pregnancies.  Women with history of pregnancy complications or those 

requiring specialist review and/or interventions are referred to secondary or tertiary level obstetric 

facilities either at the first ANC visit or during pregnancy.  Consequently, the women in the PER could 

also be a decreased risk of adverse birth outcomes.   

Another important selection factor is the exclusion of women who had not initiated ART before they 

delivered from the group of women living with HIV in both the PER and cohort study does not give a 

true reflection of the underlying population.  This group of women unsurprisingly had the highest 

PTD risk, consistent with findings from pre-ART era studies where HIV-infection was associated with 

increased PTD risk (44, 45).  Their exclusion could have contributed to the attenuated associations, 

which were likely biased towards the null in the study cohort and PER when compared to PHDC.  It 

should be noted that despite the initial participation and self-selection issues, which could have led 

to marginally biased estimates of the association between HIV/ART status, we found little indication 

of selection bias.  We cannot, however, rule out the possibility of all or some of our findings being 

due to simple stochastic variation.  We acknowledge that adjusted risk ratios have been presented 

despite the possibility that adjustment for potential confounders may remove some selection bias if 

the covariates are also associated with selection (46).  While in general we do not have a good grasp 

of the predictors of pregnancy outcomes, making it difficult to know if we have adjusted 

appropriately, this scenario is possible in this analysis.  Given that we adjusted for obstetric history 

even though women with a history of poor obstetric outcomes, by virtue of being referred out of the 

GMOU, could be excluded from the PER and cohort study.  By adjusting for covariates that could 

influence selection the result could be closing of the open collider path that would otherwise induce 

a spurious association between HIV/ART and PTD (47, 48).   

Despite the advantages of studies with larger sample sizes, prospective epidemiological studies 

which relate exposures or potential risk factors to the risk of the outcome of interest are still an 

important way of determining or investigating the etiology of outcomes (49).  This is because robust 

measurement procedures can be used to measure exposure, risk factors at baseline so gold-

standard data, determined by a definitive assessment, can be available for the whole study 

population (50).  This may include important covariates for adjustment.  This is evident in the cohort 

study where more detailed, complete and reliable information is collected on substance use, 

depression and ART regimen type, all which have been shown to be independently associated with 

PTD.  Consistent, with findings from studies that include the protease inhibitor regimen (51-54), we 
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found that women living with HIV on this regimen were at almost three-fold the risk of delivering 

preterm compared to other, currently more commonly, used regimens namely TDF+FTC+EFV.  We 

also found that women in the cohort study, who reported depression and/or hazardous drinking in 

the past 12 months, were also at increased risk of delivering preterm.  Additionally, there appeared 

to be effect modification of the relationship between HIV status and PTD, with a higher incidence of 

PTD among the women living with HIV (compared to living without HIV) among the women 

exhibiting depressive symptoms.  The use of prospective study designs also enables more accurate 

measurement of outcome incidence or precise timing of outcome events through observations at 

regular intervals over time can be achieved (55).  In our cohort study we were able to ascertain a 

higher proportion of outcomes than with the other data sources.  With electronic health data where 

data are collected for the purposes of the clinical encounter rather than being driven by research 

needs, the amount of time under observation (person-time) is determined by other factors, which 

could impact calculation of prevalence, incidence, and risk ratios (56).  

A limitation of this analysis is that we were unable to assess and compare immortal time bias across 

the three data sources because the subset of women living with HIV who did not initiate ART was 

only present in the PHDC population not the PER and cohort study.  Future studies investigating this 

association with this subset of women should utilise the proportional hazards regression modelling 

approach, treating ART initiation as a time dependent covariate which will enable partitioning of risk 

time relative to the events.  The unique contribution of this study is the comparison of effect 

estimates between women enrolled in the cohort study and women accessing antenatal care at a 

sentinel site and across the Western Cape province, during the same time period.  Many studies 

addressing the potential impact of cohort selection in epidemiologic studies usually assess difference 

in incidence estimates of exposures and outcome between participants and non-participants, and 

not the differences in the estimates of exposure-outcome associations.  Although differences in 

incidence may point to the direction of non-representativeness, such findings are generally not 

adequate to reliably determine whether selection bias has affected the effect estimates.  Further, 

through use the detailed data collection in the cohort study we were able to ascertain other 

potential modifying risk factors for PTD in our setting.   
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7.6 Conclusion 

Despite the overrepresentation of the women living with HIV in the PER (to a lesser extent) and in 

the cohort study, bias in risk estimates appeared to be minimal.  These findings also demonstrate 

the importance of including both population level data and prospective studies in future 

investigations of the association between HIV/ART status and adverse birth outcomes.  Given the 

limited scope of clinical trials and cohort studies to detect safety signals in pregnant women, robust 

surveillance systems making use of routinely collected healthcare data at the broader population 

level will be essential to monitor trends of adverse birth outcomes.  Simultaneous cohorts, in 

selected facilities, that use more robust measurements will also be necessary to improve 

understanding of the driving forces of the findings at population level.  Additionally, as we move into 

an era of using big data to study medications in pregnancy, it will be important to not only focus on 

sample size but also on minimising bias through thoughtful study design, meticulous data collection, 

and use of appropriate statistical analyses.   
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Chapter 8: Discussion and recommendations

8.1 Introduction 

Introduction of the triple-drug antiretroviral therapy (ART) during pregnancy, as an intervention to 

promote the health of women living with HIV and their infants, represents one of the most 

important achievements of the public health response to the HIV epidemic (1).  Following 2013 WHO 

recommendations that all pregnant women living with HIV receive ART for life (Option B+), there 

was a significant increase in the global proportion of pregnant women receiving ART (2).  This 

widespread use of ART in pregnancy led to significant reductions in new paediatric HIV infections as 

well as improvements in the long-term health of women living with HIV (3).  In 2015, WHO 

recommended initiation of lifelong ART as soon as possible after diagnosis (universal test and treat), 

for all people living with HIV including pregnant women (4), leading to a substantial increase in the 

proportion of pregnant women receiving ART at the time of conception (5).  The data from studies in 

this thesis relate to the previously recommended first line regimen (EFV+FTC+TDF); which was 

recently changed in the 2018 WHO treatment guidelines, with replacement of EFV with dolutegravir 

(DTG) (6). 

Maternal ART use has been linked to with increased risk of preterm delivery (PTD), small-for-

gestational age (SGA) and low birthweight (LBW) infants.  This increased risk is concerning because 

these outcomes are major contributors to neonatal and child mortality and morbidity.  

Consequently, the association between maternal ART use and these adverse outcomes has been a 

prominent area of research in the field, especially in sub-Saharan Africa, where the vast majority of 

pregnant women living with HIV reside (7), and where rates of PTD, SGA and LBW are high.  Most of 

the evidence on a possible association between ART in pregnancy and adverse outcomes comes 

from observational studies, despite their known limitations in establishing causality on the impact of 

exposures such as maternal HIV/ART on outcomes.  Indeed, results from observational studies 

investigating this association are conflicting (8-14), with inconsistencies, particularly across the 

different income settings, possibly attributable to the stark baseline health and health-care 

disparities, and partly mediated through other health factors or factors related to low 

socioeconomic status (15-17).   

A randomised control trial, PROMISE, showed ART exposure to be associated with adverse birth 

outcomes (18), however generalisability was affected by the use of ART regimens that are not 

commonly used across sub-Saharan Africa, and/or the use of monotherapy regimens as comparison 

groups.  The Tsepamo study was conducted following the rollout of lifelong ART for all pregnant 
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women living with HIV using EFV+FTC+TDF (19).  This study highlighted the importance of regimen 

type, with birth outcomes differing by regimen group.  Women on the EFV-based regimens had the 

lowest proportion of adverse outcomes compared to women on the nevirapine -based and 

lopinavir/ritonavir-based regimens even when adjusted for age and other factors.  More recently, 

the IMPAACT 2010/VESTED trial conducted to compare the safety of DTG and tenofovir alafenamide 

fumarate (TAF) containing ART initiated in pregnancy, encouragingly affirmed the current WHO 

recommendations to use DTG, with the newer DTG+FTC+TAF regimen showing a lower risk of 

adverse birth outcomes compared with either DTG+FTC+TDF or EFV+FTC+TDF regimens (20).  

Collectively these studies underscore the importance of the ongoing evaluation of birth outcomes 

with new ART regimens or HIV treatment options that are likely to be used in pregnancy.   

Much of the literature on this association comes from studies conducted in LMICs, particularly sub-

Saharan Africa.  While health disparities may exist within sub-Saharan Africa across regions, within 

countries, and between different segments of the population, with improvements in PMTCT 

programmes the treatment and care profile of women living with HIV regionally and within countries 

has improved drastically everywhere.  Consequently, any inconsistencies reported on the association 

with ART exposure in studies conducted in sub-Saharan Africa are now more likely to be linked to 

methodological issues.  So going forward researchers investigating this association will need to think 

more deeply and critically about study design and analytical approaches used to ensure the studies 

are methodological sound. With this in mind, the overarching aim of this PhD research was to more 

reliable quantify the relationship between maternal ART use and adverse birth outcomes, by 

addressing the role of methodological factors inherent in observational research in this association.  

This chapter provides a discussion of key findings of this PhD thesis as a collective body of work, 

overall limitations, and recommendations for future research.   

8.2 Discussion of key findings 

Key methodological and clinical findings are summarised, divided into those related to the 

methodological factors and approaches explored (Table 8.1) and clinical findings related to the 

association between maternal ART use and adverse birth outcomes (Table 8.3).  The PhD specific 

research objectives are addressed as appropriate (Chapter 1, Table 1.1), first in the methodological 

findings section and then in the clinical findings section.  Throughout, preterm delivery is defined as 

delivery before 37 completed weeks of gestation, and small-for-gestational age as birthweight below 

the 10th centile for gestational age, and low birthweight as birthweight below 2500 grammes.  The 

association of interest refers to the association between maternal ART use and adverse birth 

outcomes.   
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Table 8.1 Summary of key findings related to methodological approaches by research objective 

Chapter and Objective Summary of key findings 

3 To identify the important 
methodological (selection and 
measurement bias) issues in the 
epidemiological study of preterm 
birth and its sequelae in the 
context of maternal infections and 
their treatment in LMICs. 
(Review Paper). 

• Selection bias
• Study in Malawi found no difference in PTD by HIV status or timing of ART initiation

• Selection concern: postpartum recruitment leading to exclusion of high-risk pregnancies and infants could have biased estimates
towards the null 

• Systematic review of PTD by timing of ART initiation found increased risk with preconception ART
• Selection concern: exclusion of women delivering before ART initiation lowered risk estimates of women initiating during

pregnancy 
• Measurement bias

• Studies in SA and Zambia found that gestational age assessment method impacted on estimates of risk of PTD
• Differences by assessment could be due to random measurement error
• Depending on timing of antenatal care presentation, LMP estimates errors could also be systematic

4 To examine the impact of 
measurement error related to 
gestational age assessment 
methods on the association 
between maternal ART use and 
preterm delivery. 

• Method of gestational age assessment impacted estimated PTD incidence:
• PTD incidence using LMP-GA (36%) was double the incidence when using SFH-GA (17%) and triple when using US-GA (11%)
• Similar incidences were observed by HIV status using LMP-GA or SFH-GA; however, using US-GA PTD incidence was higher in women

living with HIV (vs living without HIV) 
• Method of gestational age assessment impacted observed PTD risk

• In both unadjusted and adjusted analyses, increased PTD risk in living with HIV (vs living without HIV)women using US-GA (AOR1.95,
95% CI 1.10-3.46), risk in women living with HIV less pronounced with LMP/SFH-GA 

• PTD risk was similar by timing of ART initiation for all methods
• Maternal factors influenced risk of gestational age under and over-estimation by both LMP and SFH (relative to US)

• Elevated BMI and older age were associated with decreased risk of under-estimation
• HIV status and obesity were associated with increased risk of over-estimation by SFH

5 To examine the association 
between maternal ART use, timing 
of ART initiation and adverse birth 
outcomes, with bias adjusted 
gestational age. 

• In bias analyses, observed association between HIV status and PTD differed by gestational age assessment method
• Observed association similar and weak for SFH and ultrasound, but LMP showed increased PTD risk for women living with HIV

• Last menstrual period gestational age was identified to be biased
• LMP measures corrected using multiple overimputation
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Chapter and Objective Summary of key findings 

6 To describe the natural history of 
blood pressure throughout 
pregnancy and assess whether this 
mediates the association between 
ART use and adverse pregnancy 
outcomes. 

• Blood pressure assessed using longitudinal approach more informative than with cross-sectional approach
• Identification of systolic and diastolic trajectory groups enabled identification of high risk women in the trajectory group classified

as abnormal (likely containing women experiencing pre-eclampsia) 
• Trajectory groups an appropriate analytical approach for assessing the association between HIV and blood pressure status in

pregnancy 
• Approach identified that abnormal blood pressure trajectories could be associated with ART initiation

7 To determine whether different 
data sources in the same 
underlying population impact the 
associations between maternal ART 
use and preterm delivery. 

• Three data sources with different data availability
• Provincial data based on all pregnant women in Western Cape (PHDC), pregnancy exposure registry (PER) in one antenatal clinic

and a dedicated research cohort based in same clinic 
• Province data covered all births but with limited maternal and pregnancy variables, register more data information with most

information from cohort with smallest sample size 
• Similar effect estimates by data source

• Estimated risk ratio of PTD by HIV status similar with only PHDC reaching statistical significance with a large sample size
• Precision of estimates differed by data source, highest in PHDC followed by PER then cohort study

• Some differences in women enrolled could explain differences in estimated association between data sources
• Women living with HIV in PHDC included women untreated before delivery
• Women of lower PTD risk could have been included in the pregnancy registry and cohort study populations
• Exclusion of high-risk women who were untreated throughout pregnancy
• Little indication of selection bias

• Data from both large population-based sources and smaller prospective cohort studies complementary
• Larger sample size in provincial dataset useful for overall association and see trends, whereas more detailed information in registry

and cohort allows association with other variables that may impact the overall association at the cost of sample size 
• More detailed information collected on important covariates identified variables for adjustment that were independently associated

with preterm delivery 
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8.2.1 Key findings related to methodological approach used 

A key skill for epidemiologists and clinical decision-makers, when evaluating relationships between 

exposures and outcomes of public health significance, is the ability to weigh up the different sources 

of evidence.  This is especially important because a false ‘conflict’ has been created between the 

proponents of randomised control trials (RCT) and observational studies, despite both study types 

often being complementary and able to provide evidence not supplied by the other.  As such this 

section will focus on illustrating the value of observational data using findings from this thesis to 

challenge the idea of fixed hierarchies of design and the perception that RCTs are the panacea in the 

study of exposures such as antiretroviral therapy use in pregnancy.  Linked to this, this section will 

also address the broad underlying themes which may impact investigations of the relationship 

between maternal ART use and adverse birth outcomes.   

Firstly, the nuances of epidemiological investigations of pregnancy and its outcomes complicate the 

design and interpretation of studies, so decisions around how we decide to undertake research by 

way of appropriate choices in design and data sources, exposure and outcome ascertainment and 

analytical approaches are vital.  Secondly, what we research is important so if outcomes, exposures 

and important covariates are not adequately measured, we cannot address their potential impacts 

on adverse birth outcomes.  Chapters 4-7 reported on what has been measured most notably 

gestational age, hypertension, obesity and depressive symptoms.  This thesis demonstrated that bias 

and other methodological factors could impact the validity of inferences and make findings from an 

otherwise persuasive study difficult to interpret at best and irrelevant at worst.  This may preclude 

finding the true association between maternal ART use and adverse birth outcomes through an 

inaccurate estimate (under- or over-estimate).  This thesis also highlighted that a full appreciation of 

the many challenges inherent in perinatal epidemiology is essential in order to understand key 

elements involved particularly since there is limited scope for the adjustment or correction of most 

forms of bias during the analysis phase.  

8.2.1.1 Study Design 

Determining and understanding the aetiology of, and factors associated with, adverse birth 

outcomes and any related biological mechanisms, requires evidence be generated from well-

designed studies with high quality study procedures and exposure, outcome and covariate 

measurement.   In clinical research settings a common paradigm exists with a strong emphasis on 

hierarchies of research design, so RCTs are seen as the best source of evidence.  The common view is 

that these trials are the gold standard strategy for assessment and/or cause-effect research of 

therapeutic agents.  Consequently, findings from a single RCT are considered to provide the “truth”, 
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while findings from observational studies are typically viewed suspiciously.  In the epidemiology 

field, while not always bereft of trials, evidence is predominantly generated from observational 

sources (21).  Therefore the view is that while RCTs should be  conducted whenever possible or 

appropriate, when this isn’t the case, important evidence coming from other sources should not be 

dismissed.  This is particularly important in pregnancy research because, as briefly discussed in 

Chapter 2, RCTs are not always possible with the association of interest because of the known 

challenges of conducting RCTs in pregnant women. 

The scarcity of RCTs investigating the association of interest is fairly well established, however it was 

only recently quantified through a systematic review and network meta-analysis of clinical trials 

assessing maternal ART regimens and adverse birth outcomes (22).  Despite all antiretroviral (ARV) 

drugs and drug combinations being eligible for inclusion, regardless of whether they were 

recommended in current treatment guidelines or not, only seven unique studies were included with 

6285 pregnant women living with HIV.  Despite the limitation of external validity of RCTs, these trials 

could form an important part of the evidence base informing policy.   

Despite the limitation of external validity of RCTs, conducting these trials in pregnant women 

remains essential and will still form an important part of the evidence base informing policy.  These 

trials provide a controlled environment in which the safety and efficacy of medications to be used in 

pregnant women or women with pregnancy intentions can be monitored.  However, the main issue 

is that they are not conducted often enough, and so given the number of women living with HIV 

using ART in pregnancy, this low number of women included in RCTs raises questions regarding the 

ability of these trials alone to appropriately inform policy.  This means that for the foreseeable 

future the majority of policy decisions will be based on evidence from observational studies, so there 

needs to be a shift in our way of thinking about the evidence produced by these studies.  While the 

hierarchy of study designs is useful for providing a checklist for the evaluation of clinical studies, 

there also needs to be an understanding that rigid application of this hierarchy, when evaluating 

studies, is not always appropriate.  The complexities of clinical research mean that the hierarchy 

could be overly simplistic, and efforts should be made to ensure that observational data is evaluated 

alongside trial data to inform policy. 

Contemporary criticism of observational studies is likely based on features of weaker poorly 

designed observational studies mistakenly used to criticise all observational research.  Conventional 

wisdom suggests observational studies consistently provide biased results in comparison to those of 

RCTs, without taking into account the observational study type or how well it has been conducted. 

This could be why discussions of the conflicting data in earlier studies of maternal ART use and 
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adverse birth outcomes are frequently ascribed to the use of data from observational studies with 

no further exploration of their methodological qualities.  This is issue is not unique to perinatal 

epidemiology or to investigations of the association of interest, similar concerns have been raised in 

other fields.  This has been most notable with nutritional epidemiology where the reliance on 

observational data for addressing etiologic questions has recently been criticised.  This criticism has 

emerged because several questionably designed and poorly executed recent meta-analyses have 

reached erroneous or misleading conclusions, reigniting arguments over nutrition debates that have 

already been settled (23).  It should however be noted that nutritional epidemiology, like perinatal 

epidemiology, has design and analysis issues unique to the field.  A misunderstanding of these issues 

can result in non-constructive and at times naïve criticism of observational studies. 

Contrary to prevailing beliefs, average results from well-designed and well-conducted observational 

studies do not systematically overestimate the magnitude of exposure-outcome associations 

reported in RCTs (24, 25).  While this was not the focus of this thesis, we were however, by 

addressing some of the methodological issues of past observational studies investigating the 

association of interest, able to demonstrate in this thesis the value and importance of using different 

types of observational data generated through the robust measurement of exposures, outcomes 

and important covariates.  In perinatal epidemiology and other epidemiology fields (for example 

nutritional and chronic disease epidemiology), many research questions related to aetiological 

hypotheses which cannot typically be answered by RCTs can be answered well through prospective 

research studies and/or through use of existing data collected from different sources as 

demonstrated in Chapter 7.   

8.2.1.2 Data sources 

Appropriate sample size is a vital component for reliable, reproducible, and valid results and so 

decisions around data sources need to take sample size requirements into consideration.  A 

disadvantage of purposively sampled prospective cohort studies is that significant amounts of time 

and resources are typically required to get large sample sizes.  Additionally, even if sufficient 

participants can be recruited into these prospective studies there are always concerns around 

attrition and losses-to-follow up.  All these factors often lead to decreased statistical power, with 

possible selection bias impacting validity and study inferences (26).  As the immunologic status of 

women living with HIV improves with earlier initiation of safer ART regimens, we hypothesize that 

differences in adverse birth outcomes by HIV and ART status will become more subtle.  

Consequently, future investigations will need to consider the correct  sample sizes needed to rule 

out any relevant differences between the groups, relative to the benefit of new treatment options.
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An advantage of the use of substantially larger sample sizes will be enhanced precision in estimating 

overall trends in outcomes (27).  The impact of sample size was evident in Chapter 7, where the 

effect estimates between the different data sources were similar, with only the estimates based on a 

large sample size reaching statistical significance.  Additionally, special attention will need to be paid 

to the clinical relevance of reaching statistical significance.  For example, in investigations of new 

treatment options such as the use of long-acting drugs in pregnancy, we may be willing to accept a 

2% increase in the risk of PTD, in which case we would not need to power for a 1% increase, in the 

attempt to see a statistical difference.  It is also important to note that as researchers strive to 

achieve these larger sample sizes to address the association of interest – there is recognition that 

this feature is less valuable if the sample does not represent the population to which the results will 

be generalised or if key information is missing on a non-random basis.  

Realistically, in order to achieve the kinds of sample sizes required, data sources other than 

purposively sampled prospective studies will need to be explored.  It will, however, be necessary to 

ensure that larger sample sizes improve generalisability and not just precision otherwise there could 

be misleading scenarios when there are spurious estimates with tight confidence intervals (28).  

Generalisability and precision of estimates in population-based data sources were explored in the 

different data sources used in this thesis.  One data source that will offer unique opportunities in 

studies investigating the association of interest is electronic health records (EHRs), as they will 

enable answering of research questions requiring large sample sizes or obtaining detailed data on 

hard-to-reach populations (29).  Over an extensive period, linkage of the different types of  records 

(e.g. routinely collected health care records and disease-specific registries) will ensure high statistical 

power, in so doing lessening methodological issues related to attrition, recall bias and losses-to-

follow up (30, 31).  

As discussed in Chapter 7, data from the Provincial Health Data Centre (PHDC) of the Western Cape 

Department of Health (32), generated evidence at population level of all pregnant women accessing 

healthcare services in the province.  This data source provided a substantially larger sample size than 

other studies that typically investigate the association of interest.  Additionally, this data source 

provided a high level of external validity through inclusion of important population subgroups, such 

as women of reproductive age or individuals with multimorbidity’s, who are often under-

represented in such studies (31).  Evidence generated from this province wide data is essential for 

policy making because it provides guidance as to which population groups may find a particular 

intervention clinically meaningful.  One such group identified In Chapter 7, was women who did not 
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initiate ART before they delivered.  By design, these women were not included in the cohort study 

because enrolment into the study only took place among women who attended their first antenatal 

care visit at the Gugulethu midwife’s obstetric unit (GMOU), where untreated women would have 

been immediately initiated on ART.  In order to achieve UNAIDS 90-90-90 HIV treatment targets, 

identification of pregnant women living with HIV remaining untreated will remain essential in public 

health programmes (33, 34).   

With the expansion of novel therapies and treatment options for widely prevalent diseases, such as 

HIV, the lack of robust safety data for many medications used in pregnancy is concerning (35).  EHR 

databases from large national pregnancy exposure registries (PERs) (36, 37), in combination with 

administrative databases (38-40), are being increasingly used in observational research on 

pregnancy and pregnancy outcomes related to medication use.  Data obtained from such a registry 

based at the GMOU (41), which enrolled all women attending antenatal care services at the facility, 

was used in Chapter 7.  Despite similarities in overall estimates with the cohort study, the larger 

sample size in the PER unsurprisingly improved the precision of the estimates with narrower 

confidence intervals.  However, this increased sample size was of relatively limited value when 

compared to that of the cohort study because generalisability was not improved, as both these data 

sources “enrolled” from the same underlying population that excluded high risk women who were 

transferred to secondary or tertiary levels of care.  An advantage the PER had over the PHDC as a 

data source was that despite being parsimonious by design, its prospective nature enabled collection 

of additional exposure or risk factor data during pregnancy than is possible with the PHDC.  

8.2.1.3 Exposure ascertainment and definitions 

A key component of exposure ascertainment and definition in pregnancy, is the time window of 

exposure, because this window should reflect the period when the exposure is having its effects 

relevant to the outcome of interest (42). Consequently, a thoughtful approach is required for 

ascertainment of exposure timing in pregnancy because of the unique features of pregnancy that 

exist related to it being time-limited, frequently unplanned and initially undetected (43).  Further 

complexity can be introduced to ascertainment because different study designs provide differing 

data quality because of compromises made often with respect to measurement quality.  With 

observational data sources such as those included in this thesis, there is a reliance on routinely 

available data, which at times may include proxy indicators, to identify exposure status, unlike with 

clinical trials in which mechanisms exist to ensure good quality exposure status data as well as the 

collection of relevant characteristics of exposure (44).  As highlighted in Chapter 2, exposure 

definition and the potential for exposure misclassification can be linked to research objectives.  
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When the exposure status is maternal HIV infection this is typically a binary classification of exposed 

versus unexposed.  In the two cohort studies in this thesis, women were recruited from antenatal 

clinics where there is widespread and reliable antenatal HIV testing in our setting (45, 46), so any 

misclassification would be minimal and not likely to bias estimates.   

When the exposure status is ART use, similar to other medication exposure, this is typically classified 

as a binary of exposed versus unexposed during the pregnancy or by trimester (43, 47).  It should 

however be noted that this approach to classification is not always a reflection of real-world 

exposure patterns so exposure status misclassification is likely (43).  These misclassification concerns 

are well established in perinatal pharmacoepidemiologic studies investigating medications in 

pregnancy such as antidepressants (48).  Despite the various complexities associated with ART use, 

misclassification is rarely highlighted as a concern in studies.  A considered approach is required for 

ART status definition and classification because as highlighted in Chapter 2, maternal ART use is a 

function of duration of use, regimen type used and adherence, with each independently contributing 

to the adverse birth outcome risk.  Misclassification of any of these factors can result in incorrect 

exposure group assignment, which in turn could lead to incorrect inferences.  While the first two 

components are subject to some degree of misclassification, they are at least important 

considerations for the majority of researchers investigating the association of interest.  This is not 

the case with the third component adherence (a proxy measure of drug levels) which is critical in 

pregnancy, as missed ART doses may lead to virological failure, increasing the risk of adverse 

outcomes.  In observational studies an assumption is often made in analysis that a women classified 

as being on ART is fully adherent, mostly likely linked to the difficulties of measuring adherence.  In 

clinical trials adherence can be objectively monitored (e.g. pill counts or limited medication 

dispensing), while this is less straightforward with observational data where adherence is often 

measured through self-report measures or pharmacy dispensing records as was seen with the PER 

and PHDC data sources in Chapter 7.  So in a non-adherent woman classified as ART exposed, based 

on these measures, misclassification would be a major concern if she experienced an adverse birth 

outcome which could be incorrectly attributed to ART exposure.   

Another important aspect to consider during the development of exposure definitions, is whether 

there are any known or hypothesised biological mechanisms of action between the exposure and 

the outcome of interest (44).  Growing evidence suggests that the risk of adverse birth outcomes 

varies by ART regimen (19), consequently exposure definitions could be tailored to specific ART 

regimens or ARV classes due to differences in the mechanisms of action of the various medications. 

The ability to define exposures based on these factors depends on the available data, which needs to 
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be taken into account creating an operational definition of exposure (44).  Antenatal medication 

exposure is usually determined based on self-report, clinical records and/or electronic pharmacy 

data.  Some data sources may be more informative for different types of medication by improving 

the ability to precisely characterise usage, while others may just be a reflection of prescriptions 

and/or dispensing records but not actual use.  Concerns are frequently raised about the possibility of 

misclassification with self-report, however in our settings, self-report measures for ART regimen 

have been shown to be reliable (49).  A factor associated with accurate recall of medication that 

likely contributed to this is that there tends to be better recall when there is recent and repeated 

use of a medication as is the case with daily ART.  In Chapter 7, ART regimen data was not available 

for the PER and PHDC data at the time of analysis, while in the cohort study this data was available 

based on self-report.  The availability of this data enabled a valuable comparison between protease 

inhibitor (PI)-based and efavirenz (EFV)-based regimens, which will be discussed further in the 

clinical findings section below. 

8.2.1.4 Outcome definitions 

The choice of outcomes of interest drives important study design considerations such as data 

sources, frequency and length of follow-up assessments in the study following initial exposure, and 

sample size (50).  To ensure comparability between exposure groups with as little outcome 

misclassification (or measurement error) as possible, clear and objective definitions of the outcomes 

of interest are required.  Perinatal outcomes, which can be influenced by in utero events and 

exposures, are primarily defined according to when they occur or are detected during pregnancy or 

perinatally (51). 

Interpretation of outcome status may need to vary depending on the time period under 

consideration.  Preterm delivery (Chapters 4-7), size for gestational age (Chapters 4-5) and low birth 

weight (Chapters 5-6), were defined according to standardised clinical definitions, so there are no 

concerns with unclear definitions which could lead to misclassification.  Definitions for the 

pregnancy loss outcomes were less straightforward because of differences in limits of viability in 

different settings, as discussed in Chapter 2.  This was especially the case with the distinction 

between miscarriage and stillbirth, where legal and administrative definitions differ, so for ease of 

comparison with other resource limited settings where HIV is most prevalent, a definition was used 

that would enable international comparability (28 weeks). 

An important issue that relates to perinatal outcome definitions that is typically not considered by 

researchers is the differentiation between processes and outcomes, as exemplified by the frequent 
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use of caesarean section as an outcome.  Caesarean section can either be a process by way of being 

a delivery method or it can be an outcome of intrapartum care (52).  Within the context of our 

association of interest, caesarean section was used as an intermediate measure as it did not give an 

indication of health status.  Rather, because PTD is a complex syndrome with varying phenotypes 

(53), in addition to the traditional classification by gestational age, in Chapter 6 we also used a 

phenotype-based classification (53, 54).  Preterm delivery was classified as spontaneous or clinically 

indicated given considerable etiological heterogeneity. 

While the definitions of the outcomes in this thesis did not vary, this was not the case with different 

measurement methods used which had differing degrees of accuracy, depending on the data source. 

Measurement of perinatal outcomes can be challenging, as the relevant denominators (and 

numerators) are not always available (55).  For the estimation of the risk of outcomes that were of 

interest in this thesis, namely preterm delivery, pregnancy complications, and obstetric intervention, 

pregnancies can serve as an appropriate denominator with the important consideration of time (i.e. 

gestational age) (56).  The importance of time is related in part to the windows of exposure 

vulnerability for many outcomes of interest, which in studies of medication in pregnancy, can be 

narrow and specific, prolonged or unknown (43).  Additionally, as highlighted in Chapter 2, the 

ambiguous timing of events in pregnancy means that some outcomes are unobservable at the time 

of occurrence (51).  This uncertainty around the timing of onset can complicate establishment of 

temporality of the exposure-outcome relation. 

In perinatal epidemiology, one of the most important measures is gestational age but it is well 

established that it is difficult to assess accurately.  Expectedly the main source of bias in studies of 

outcomes based on gestational age relates to the choice of gestational age assessment methods.  So 

it is quite surprising that in studies investigating maternal ART use and adverse birth outcomes little 

to no attention is paid to the impact of gestational age measurement error on the association.  Of 

particular concern is that in the high HIV prevalence areas, where the majority of studies 

investigating this association take place, the best high-quality measures and procedures are more 

often than not used.  Consequently, it is critical that researchers understand the extent and sources 

of misclassification in outcome measurement in order to determine their potential impact on 

estimates of the association of interest.  This is especially important because while it was previously 

only hypothesised, this thesis provided definitive evidence that the associations between maternal 

ART and preterm delivery and size-for-gestational age have in part been inconsistent because of the 

heterogeneity gestational age assessment methods employed.  Findings in Chapter 4 demonstrated 

that decision-making processes around gestational assessment methods should involve 
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consideration of the measurement properties specific to the population and setting in which the 

measures are to be used (50), and that bias due to mismeasured gestational age should be 

considered as an alternative explanation for null findings. 

8.2.1.5 Analytical approaches  

To ensure appropriate analytical choices are made for observational studies that minimise the 

effects of confounding and bias, thoughtfulness during data collection and analysis is required.  For 

the most part, the form of the primary outcome of interest (continuous variable, dichotomous or 

polychotomous categorical variable) is used to determine the analytical methods.  However the 

unique features of pregnancy mean that conventional analyses are not always appropriate so other, 

more sophisticated methodologies, may be necessary (57).  Failure to account for the 

methodological and analytical challenges of pregnancy could hinder interpretability of results and 

muddy actionable conclusions.  Several analytical factors need to be considered when investigating 

the association of interest. 

Comparison groups 

Construction of different exposure groups can not only result in different conclusions to the same 

research question but can also result in the introduction of bias (58).  The use of different and/or 

inappropriate exposure group comparisons in the past is another factor that has contributed to 

conflicting data in earlier studies on maternal ART use and adverse birth outcomes.  It is therefore 

critical that definitions or groupings reflect actual exposure status with as little misclassification as 

possible.  Unlike in the past, studies investigating the association of interest now typically use one or 

both of the following binary exposure groups: women living without HIV versus women living with 

HIV on ART (HIV status), or, among women living with HIV, ART initiated preconception versus ART 

initiated during pregnancy (ART status).  

In this thesis, the two binary exposure groups of HIV status and ART status (timing of ART initiation) 

comparisons were used in Chapters 4 to 7 (Table 8.2).  Misclassification of ART exposure status as 

either before or during pregnancy is possible because of a combination of factors which include 

immediate ART initiation under the universal test and treat HIV treatment strategy and the fact that 

a pregnancy can go undetected for weeks or months.  Consequently ART initiated outside the 

context of antenatal care (ANC) services could be classified as being before pregnancy even though it 

could actually have been initiated during the early stages of an as yet undetected pregnancy.  This 

misclassification could potentially underestimate any true associations between ART status and 

adverse birth outcomes.  Additional exposure group classifications included in Chapters 5 and 7 were 
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the categorical comparison of women living without HIV versus women living with HIV initiating ART 

before pregnancy versus women living with HIV initiating ART during pregnancy.  In Chapter 5, a 

further group included the expanded ART initiation in pregnancy by trimester (Table 8.2).  The binary 

classification of ART status, including women untreated in pregnancy (compared to ART treated 

women), is typically not an appropriate comparison for etiological research on the impact of ART.  

Untreated HIV infected women are likely significantly immunocompromised, with an inherently 

increased underlying risk of adverse birth outcomes, affecting comparability.  Inclusion of this group 

of untreated women, as part of the ART status comparison group in Chapter 7 is important for public 

health purposes where trends and patterns are important.  Additionally, as highlighted in Chapter 2 

inclusion of this group of women are needed to gain a greater understanding of immortal time bias 

in the context of this association of interest.  Particularly since lack of consideration of this immortal 

time can confer spurious benefit to the treated group.  Consequently, their exclusion from recent 

studies could also be contributing to the attenuated findings observed, as discussed in Chapter 7 and 

in the section above. 

Table 8.2 HIV/ART exposure comparison groups by objective/chapter 

Chapter Living without 
HIV vs living 
with HIV 

Living without HIV vs 
living with HIV (ART 
before) vs living with 
HIV (ART during) 

Living with HIV (ART 
before) vs living with 
HIV (ART during) 

Living without HIV vs 
living with HIV (ART 
before) vs living with HIV 
(ART during) by semester 

4 ü ü 
5 ü ü ü ü 
6 ü ü 
7 ü ü ü 

Time varying exposures  

As previously discussed, the binary exposure classification approach does not always reflect real-

world exposure patterns because there is no distinction between exposure patterns that are 

constant or varying over time (58).  With the pregnancy exposure approach (Figure 8.1A), there is an 

assumption of constant effect and a failure to account for the exposure variability throughout 

pregnancy (59).  This approach could induce etiologically inadequate conclusions because of the 

introduction of bias if the exposure effect differs over time (60, 61).  To account for the exposure 

effect varying over time (Figure 8.1B and 8.1C), a commonly used approach is the trimester-specific 

exposure averaging approach (61).   
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Figure 8.1 Examples of trajectories of association between an exposure to the subsequent outcome 

(A) constant association, (B) time-varying with remote association or (C) time-varying with opposing remote and recent 
associations. The dashed horizontal lines represent no association 

Adapted from: Wagner M, Grodstein F, Leffondre K, Samieri C, Proust-Lima C. Time-varying associations between an exposure history and a 
subsequent health outcome: a landmark approach to identify critical windows. BMC Med Res Methodol. 2021;21(266):1-15. 

Alternative exposure modelling approaches exist that can summarise time-varying exposures that 

are not typically used in analyses of adverse birth outcomes (43, 58).  Our primary exposure 

maternal ART use was not measured in a way that we could assess it’s time varying nature i.e. 

different adherence patterns.  So to explore an alternative approach to exposure modelling we used 

blood pressure (BP) as the main exposure in Chapter 6, which was modelled longitudinally in line 

with the natural history in pregnancy which typically decreases steadily until mid-pregnancy and 

then increases slightly again until delivery (62).  Despite this pattern, BP is typically analysed using 

discrete, cross-sectional assessments at arbitrary time points (such as at the first ANC or enrolment 

visit) (63), with high BP defined by cut-off points used in non-pregnant adults.  Using group-based 

trajectory modelling (GBTM), we were able to identify distinct trajectory groups which we classified 

according to the pattern of change throughout the antenatal period.  When we assessed the 

association between BP and adverse birth outcomes, we found that the cross-sectional assessment 

approach, which classifies women as hypertensive using traditional cut-offs at first ANC, may not 

correctly identify women at increased adverse birth outcome risk.  In contrast, GBTM enabled 

identification of women who were not classified as hypertensive but who were at increased risk, and 

thus the HDP and adverse birth outcomes association is likely to be more accurate using this 

approach.  This analysis demonstrates that as researchers we need to think more critically about 

how we model exposure variables so that they can mirror real-world exposure patterns. 

Bias Analyses 

If the results of observational epidemiological studies are to be valid and applicable to decision-

making about medication use in pregnancy, then it is of paramount importance that proper account 

be taken of biases to ensure that they are correctly controlled for (64).  The current practices around 
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dealing with biases are at best acknowledgement and discussion of the possibility of bias impacting 

findings (typically in the limitations section of a manuscript) and at worst no mention at all.  

However no attempts are made to quantify biases through a series of sensitivity analyses to 

determine the possible direction and magnitude of any bias (65).  In this thesis we applied a novel 

approach to ensure we had reliable gestational age estimates in the PIMS cohort where gestation 

was estimated using only LMP and SFH in some women.  This was facilitated by the quantitative bias 

analysis we undertook to quantify the magnitude, direction, and effect of any bias induced by 

gestational age measurement error.  Followed by multiple overimputation to address the bias in the 

LMP gestational age (Chapter 5).  With observational studies involving both prospectively collected 

and medical record data, which both afford an excellent opportunity for research, more researchers 

investigating the association of interest in settings where ultrasound facilities are not readily 

available need to be encouraged to pay more attention to the potential impact of any bias that may 

be present.   

8.2.1.7 Summary 

The importance of studying perinatal health is matched by its unique challenges.  Issues such as the 

extreme cohort attrition that occurs between conception and birth, the delimited nature of 

pregnancy duration, and accessing exposures and outcomes give rise to special cases of bias in 

perinatal epidemiology studies.  The recommended principles discussed in this section will also be 

useful in understanding the strengths and limitations of new publications and for determining the 

risk of bias.  Increasing the methodological rigour in the design and analysis of research on adverse 

birth outcomes will greatly improve the inferences that can be drawn from this work and ensure 

that future clinical and public health recommendations can be informed by the best possible 

estimates of the causal effects of maternal ART use on adverse birth outcomes. 

In summary, the rigorous methodological approach applied to the observational data in this thesis, 

enabled reliable quantification of the association between maternal ART use and adverse birth 

outcomes findings of which will be presented in the next section.  With a better understanding and 

quantification of errors introduced when using common error prone methods, the methodological 

findings in this thesis enabled identification and correction of potential biases in the association of 

interest.   
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8.2.2 Key clinical findings related to relationship between maternal ART use and adverse birth 
outcomes 

8.2.2.1 Overview 

With the programmatic successes of ART in pregnancy, leading to dramatic maternal health 

improvement and mother-to-child HIV transmission reduction, current concerns around ART 

exposure relate to the relationship with these adverse birth outcomes.  This thesis set out to reliably 

examine and quantify the association between maternal ART use, timing of ART initiation and 

adverse birth outcomes, as well as any potential mediating effect of blood pressure on this 

association. 

Over the past decade, study findings have suggested that HIV infection and ART use may be 

associated with an increased risk of adverse birth outcomes.  However, a combination of 

methodological challenges, changing treatment guidelines and ART regimen, and sporadic clinical 

data has left the question unresolved, especially for pregnant women living with HIV in LMICs.  This 

is also complicated by the fact that each new ARV drug in a new population requires a new 

investigation and hence a new question.  In Chapter 3, the reflection of the important 

methodological considerations underlying perinatal epidemiological investigations that could apply 

to this association, highlighted that both the exposure and outcome could be significantly impacted 

by selection and measurement bias.  Based on this, we addressed some of the methodological 

concerns in the methodological component of this thesis, in order to minimise and correct for any of 

the highlighted biases where possible.  By ruling out the selection bias in the formation of the 

cohorts (Chapter 7) and accounting for outcome misclassification due to gestational age 

measurement error (Chapter 6), this thesis makes a substantial contribution by adding 

methodologically sound data to the literature around the association of interest in the context of 

WHO recommended treatment guidelines in the universal test and treat era.  Because of the 

different aetiologies, the findings related to PTD, and fetal growth outcomes (SGA and LBW) will be 

discussed separately.    



242 

Table 8.3 Summary of key clinical findings related to relationship between maternal ART use and adverse birth outcomes by research objective 

Chapter and Objective Summary of key findings 

5 Examine association 
between maternal ART 
use, timing of ART 
initiation and adverse 
birth outcomes, with bias 
adjusted gestational age. 

• Association between maternal HIV/ART status and preterm delivery 
• Risk of PTD did not differ by HIV status (ARR1.02, 95% CI 0.89-1.20)
• Risk of PTD by timing of ART initiation (compared to living without HIV), was similar in women initiating during pregnancy (ARR 1.07, 95% CI 0.89-1.31) or before 

pregnancy (ARR 0.97, 95% CI 0.79-1.18) 
• Among women living with HIV, those initiating during pregnancy (compared to preconception initiation) did not differ in risk of preterm delivery (ARR 1.12, 95% CI 

0.88-1.43) 
• Association between maternal HIV/ART status and small for gestational age infants 

• Women living with HIV at increased risk of SGA (ARR1.37, 95% CI 1.10-1.72)
• Among women living with HIV, initiation in the second trimester associated with highest SGA risk (ARR1.53, 95% CI 1.11-2.12)

• Association between maternal HIV/ART status and low birth weight infants 
• Similar risks were observed by HIV status and timing of ART initiation 

6 Describe natural history 
of blood pressure and 
assess whether this 
mediates association 
between ART use and 
adverse pregnancy 
outcomes.  

• Blood pressure trajectory groups associated with adverse birth outcomes 
• High normal (ARR 1.48, 95% CI 1.12-1.95) and abnormal groups (ARR3.18, 95% CI 2.32-4.37) associated with increased risk of PTD 
• Abnormal groups (RR 2.81, 95% CI 1.90-4.15) associated with increased risk of LBW infants

• Effect modification 
• No effect modification by HIV status for PTD 
• For LBW in the abnormal group, HIV status appeared to be an effect modifier with increased risk observed in uninfected women 

7 Determine whether 
different data sources in 
the same underlying 
population impact the 
associations between 
maternal ART use and 
preterm delivery. 

• Association between maternal HIV/ART status and preterm delivery 
• Provincial health data centre 

• Increased risk of PTD by HIV status (ARR 1.15, 95% CI 1.11-1.18), with highest risk among untreated HIV-infected women (ARR 1.53, 95% CI 1.37-1.72)
• Women living with HIV (compared to living without HIV), had increased PTD risk, which was similar whether initiation occurred preconception (ARR 1.15, 95% CI 

1.11-1.20) or during pregnancy (ARR 1.10, 95% CI 1.05-1.15) 
• Among those living with HIV, those initiating during pregnancy (compared to preconception initiation) were at decreased risk of preterm delivery (ARR 0.93, 95% CI 

0.88-0.99), but this did not reach statistical significance 
• Pregnancy exposure registry 

• No difference observed in risk of PTD by HIV status (ARR 1.01, 95% CI 0.89-1.15) 
• Risk of PTD by timing of ART initiation (compared to living without HIV), was higher in women initiating during pregnancy (ARR 1.12, 95% CI 0.93-1.34) than before 

pregnancy (ARR 0.96, 95% CI 0.83-1.11), but not statistically significant 
• Women living with HIV initiating during pregnancy (compared to preconception initiation) were at increased risk of preterm delivery ARR 1.12, 95% CI 0.91-1.38)

• Cohort study 
• No difference observed in risk of PTD by HIV status (ARR 0.95, 95% CI 0.61-1.47)
• Risk of PTD by timing of ART initiation (compared to living without HIV), slightly higher in women initiating during pregnancy (ARR 0.99, 95% CI 0.52-1.87) than 

before pregnancy (ARR 0.93, 95% CI 0.57-1.87) 
• those initiating during pregnancy (compared to preconception initiation) were at non-significant increased risk of preterm delivery (ARR 1.08, 95% CI 0.53-2.18)
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8.2.2.2 Association between maternal ART use and preterm delivery  

Among the women enrolled into the two cohort studies (PIMS and B-Positive) and accessing 

antenatal care at the GMOU included in the registry (PER), we observed an overall PTD incidence 

which was not as high as we had anticipated.  Alongside this, we found no appreciable difference in 

risk by HIV status and timing of ART initiation in the cohort studies, however in the provincial dataset 

both were associated with increased risk (Chapter 5 and 7, Table 8.3).  There are numerous factors 

that likely contributed to the difference between the PTD findings presented in this thesis, and 

findings in the past.  Previously, an increased risk in PTD was observed among women living with HIV 

in the pre-ART era (i.e. untreated) (66), as well as those on ART (vs women living without HIV), and 

among women initiating ART preconception (vs women initiating ART during pregnancy (67-71). 

With the universal test and treat guidelines being implemented, ART is now initiated at HIV diagnosis 

regardless of pregnancy status.  So women living with HIV accessing antenatal care services, during 

the course of the cohort studies included in this thesis, were all on lifelong ART initiated before or 

during pregnancy, with the safe and efficacious TDF+FTC+EFV regimen as the preferred regimen 

option.  We hypothesise that both of these factors played a significant role in the improvements in 

maternal health and infant outcomes seen in recent times, including in this thesis.  The finding of no 

statistically significant differences in risk of PTD by HIV status and by timing of ART initiation shown 

in this thesis, lends weight to speculation that important drivers of adverse birth outcomes in the 

past may not be as prevalent.  These include HIV-related immunological characteristics, timing of 

treatment initiation and the use of ART regimens now less commonly used.  Previous guidelines 

based treatment eligibility on CD4 cell count thresholds or WHO staging.  So women eligible for 

treatment before they became pregnant because they were at advanced HIV stage.  In more recent 

times, the pool of women initiating preconception has become diluted through the inclusion of 

women living with HIV who could be considered healthy and are on preconception ART because of 

current test and treat guidelines not because they were at advanced disease stage.  This dilution 

means the group of women on preconception ART are likely to more closely resemble those 

initiating ART during pregnancy. 

While there is no question that pregnant women living with HIV should receive ART, questions do 

remain around specific ART regimens and their association with increased risk of PTD.  Before WHO 

recommended TDF+FTC+EFV as the first-line regimen, national guidelines varied across sub-Saharan 

Africa on the recommended regimens for use during pregnancy.  At the time comparability of study 

findings were hampered because regimens used in some studies were not always widely used within 

the region.  This was seen with the PROMISE study, which provided randomised trial data on the 

risks and benefits of triple drug ART, however the regimens compared were zidovudine-based ART 
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(zidovudine (AZT)+ lamivudine (3TC) +lopinavir–ritonavir (LPV/r)) and TDF-based ART 

(TDF+FTC+LPV/r ) (18). 

Conventional wisdom is that the use of a wide range of regimens used in studies such as PROMISE 

explains why findings on the impact of different ART regimens on adverse birth outcomes reported 

from different studies have been conflicting (22).  However, a major issue linked to this school of 

thought is that ART is often been thought of as a single strategy, which is not appropriate, rather 

each ART regimen needs to be considered separately, and with this an understanding that results 

may vary by regimen comparison.  An observational birth outcomes surveillance study in Botswana 

recently confirmed that specific ART regimens were associated with worse adverse birth outcomes 

(19), with PIs more commonly implicated in the occurrence of PTD than nucleoside and non-

nucleoside reverse transcriptase inhibitors (NRTIs and NNRTIs).  In Chapter 7, the impact of regimen 

type was demonstrated by the finding that the limited number of women living with HIV on a PI 

regimen were at almost three-fold the risk of delivering preterm compared to women using other, 

currently more commonly, used regimens namely TDF+FTC+EFV.   

What is the significance of these findings? 

The PTD findings in this thesis are an important contribution to understanding the current state of 

this association, because they demonstrate that concerns around HIV-infection and ART exposure in 

pregnancy remain valid as they still play a role in the occurrence of PTD, particularly when PI-based 

regimens are involved.  Encouragingly the majority of preterm infants in our cohorts were classified 

as being appropriate-for-gestational age (AGA), and they are considered healthier than their SGA 

preterm counterparts  and will likely experience catch-up growth that will put them on par with term 

infants within the first two years of life if they have adequate nutritional support (72).  While this is 

encouraging for short and long term child health outcomes there is still an urgent need for additional 

research on among specific groups of women in our context who are at increased risk of delivering 

preterm and subsequent adverse outcomes.  For instance, we found that women initiating ART later 

in pregnancy were at increased PTD risk which is of great concern because by virtue of them 

accessing ANC later in pregnancy they are already at increased risk of adverse maternal and infant 

outcomes.  Public health approaches in collaboration with diverse stakeholders will be required to 

identify high risk women who need more attention during pregnancy which may involve transfers to 

higher levels of care.   

Another important take home point from this research is that with future investigations of this 

association, a more circumspect approach to decisions around data sources and sample sizes will be 

necessary depending on the main objective.  On one hand the objective could be to establish the 
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estimates of risk by HIV/ART status, or on the other establish potential modifiable risk factors.  In the 

past, there was no question that a prospective cohort study was the most appropriate data source 

choice for both of these study objectives.  However, when the goal is risk estimates by HIV/ART 

status this may no longer not always be the case because the differences in maternal health are now 

less stark than previously observed as mentioned in section 8.2.2.2.  Consequently, for comparisons 

of PTD risk by HIV status and/or ART status, the smaller sized prospective studies that were typically 

used will now struggle to detect subtle but clinically relevant differences between these groups of 

women.  As demonstrated in Chapter 7, detection of any potential increased PTD risk by HIV and/or 

ART status, will now require the use of significantly larger sample sized data sources such as the 

population-level EHRs.   

However, when the goal is a more comprehensive exploration of risk factor, then prospective studies 

are still the best option because they enable detailed collection of risk factor data which could be 

useful in elucidating study findings.  So for example with ART regimen types, specifically PIs, 

appearing to be associated with increased PTD risk, it will be essential to monitor other regimens 

using this study design as well as thoroughly investigating any potential drug mediated mechanisms 

as new treatment options are introduced through smaller mechanistic studies.  Longitudinal data on 

blood pressure and maternal weight changes throughout pregnancy is another example of 

important risk factor data that could be collected.   

Factors related to data sources, sample size and ART regimen will also need to be important 

considerations when evaluating findings from studies evaluating ART and other medication safety in 

pregnancy.  Inaccurate conclusions from studies can have far-reaching consequences, as 

demonstrated by the fall-out from two important HIV treatment studies.  First, based largely on the 

PROMISE trial findings, a panel of healthcare providers, researchers, and patient representatives 

issued controversial recommendations regarding ART in pregnancy, advocating for AZT+3TC-based 

regimens over a TDF+FTC containing regimen for pregnant women living with HIV (73), despite this 

regimen being less well tolerated.  The guidelines committees and the PROMISE study team 

disagreed with these recommendations, with the PROMISE team, in particular, encouraging a 

biological reason for the increase in infant death to be determined before such assertions, this has 

never been found.  Second, the early analysis of the Tsepamo study birth defects data has meant 

that despite a more holistic understanding of the risks versus benefits of DTG, following initial 

concerns, disparities in DTG uptake still exist affecting women of reproductive age.  A recent study 

had demonstrated the extent and persistence of disparities despite WHO recommendations to 

expand DTG access (74).  This could have implications for HIV treatment outcomes because of the 
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superior efficacy and tolerability of DTG (75) as well as its anticipated population health benefits 

(76).  

So in summary, as new regimens and treatment options become available, an important 

contribution this thesis makes is the demonstration of the necessity of the inclusion of both 

prospective studies, which collect more detailed risk factor data, and large population level data 

sources, which can detect the smallest magnitude of the effect, for safety evaluations as they 

provide complementary data.  

8.2.2.3 Association between maternal ART use and fetal growth outcomes  

Among the women enrolled into the PIMS cohort study, we observed an increased risk of SGA by HIV 

status, but not by timing of ART initiation (Chapter 5, Table 8.3).  While the LBW outcome is less 

informative, we evaluated it as a supplementary outcome for comparison purposes, because of the 

absence of reliable GA assessment in some studies conducted in LMICs precluding SGA from being 

diagnosed.  We found no difference in the risk of LBW by HIV status or timing of ART initiation (Table 

8.3).  The highest proportion of LBW was observed among women initiating ART in the second 

trimester, which could give an indication of the aetiological pathway.   

What is the significance of these findings? 

The SGA findings in this thesis are a valuable addition to the body of evidence because studies 

exploring the occurrence of SGA within the context of maternal ART use are scarce.  These findings 

also point out the need for more nuanced investigations of fetal growth outcomes.  The limited data 

on SGA is largely due to the difficulties in studying fetal growth outcomes because they are a result 

of complex interactions between growth potential that is genetically pre-determined and numerous 

pregnancy-related factors (maternal, placental and fetal) (77).  Furthermore, pinpointing infants at 

increased risk of perinatal morbidity or mortality because they are SGA is complicated because SGA 

infants can differ from growth-restricted infants principally because SGA also encompasses 

constitutionally small but healthy infants at lower risk of abnormal outcomes.  As a result of these 

complexity, studies in LMICs have tended to focus on PTD as the outcome of interest.  However as 

discussed in section 8.2.2.2, maternal health improvements and current ART regimens mean that as 

the incidence of PTD related to HIV infection and maternal ART use decreases, heightened focus will 

be required on SGA risk linked to maternal ART use.  This is critical because SGA is clinically worse 

than PTD per se, as SGA infants are at significantly increased risk of child morbidity and mortality 

than AGA preterm infants (78-80).  
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Fetal growth disruptions leading to SGA and LBW infants are of particular concern because they are 

associated with both linear growth stunting and undernutrition among young children, which can 

have far reaching long-term health and developmental consequences (81). From our findings, it is 

unclear what the proportion of infants classified as SGA were growth restricted, and this is because 

like most clinical and epidemiological research investigating this outcome, we used birthweight-for-

gestational-age references.  The problem with this approach is these population references, which 

provide birthweight percentiles by each gestational week, tend to be developed using with very 

large mostly population-based databases (82).  However, there robust evidence that shows that 

preterm infants are more likely to be growth-restricted (83-85), meaning that their birthweights are 

not representative of all infants at a given gestational week in preterm.  Therefore, there is likely to 

be a significant under diagnosis of SGA infants among PTD infants when population birthweight 

references are used (82).  Given that these infants are the ones of most concern, in future 

investigations of this association it will be essential to use methods that identify which infants have 

experienced some form of abnormal growth that is precluding them from meeting their growth 

potential and putting them at increased risk of morbidity or mortality. 

In order to gather more robust epidemiological and mechanistic data on the association between 

maternal ART use and fetal growth outcomes such as SGA careful consideration will be required for 

how studies ascertain and classify outcomes.  For starters investigations of SGA as an outcome 

should include data collected throughout pregnancy  fetal growth patterns not just a definition 

based on size at delivery.  Next  classification system of fetal growth needs to be utilised which can 

accurately distinguish between normal and abnormal growth which is based on the risk of perinatal 

morbidity and mortality and/or life-course morbidity.  Given that fetal size alone cannot accurately 

provide insight on whether an SGA infant is constitutionally small or growth-restricted, integration of 

other indicators of maternal, placental and fetal health will be also essential.  Ideally a definition of 

growth restriction should consider  fetal growth potential, current fetal size, maternal, placental and 

fetal health, and, if available, fetal growth velocity (82).   

Lastly, while we did not find any increased LBW risk associated with the main exposures of interest, 

we did find an increased risk was associated with abnormal blood pressure trajectory over 

pregnancy.  These findings reiterated the importance of ensuring that women with pre-eclampsia 

that is either new onset or superimposed on chronic hypertension have comprehensive plans of 

management with regular maternal review and strict blood pressure control and close surveillance 

of fetal growth and wellbeing, particularly in high HIV-settings. 
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8.2.2.4 What are the potential aetiological pathways for preterm delivery, small for gestational age 

and low birth weight infants linked to maternal ART use? 

An understanding of the processes underlying adverse birth outcomes is essential because these 

may facilitate improved clinical management.  However, the ongoing search to elucidate the 

underlying causes and pathophysiological mechanisms that exist as a result of HIV-infection and 

maternal ART use, is hampered by several challenges.  First, the basic physiological and 

pathophysiological mechanisms that underlie the timing of onset of human parturition and adverse 

birth outcomes (PTD, SGA and LBW), respectively, are not yet well understood.  Second, the study of 

infection processes in pregnancy is complicated by the effects that pregnancy-related alterations in 

maternal immunology.   

Successful pregnancy, including optimal fetal growth, depends the immune tolerance and 

suppression processes being carefully balanced (Figure 8.2).  The main mechanism operating 

concurrently to maintain pregnancy include shifts between pro-inflammatory and anti-inflammatory 

dominant environments during different phases (86-88), and the numerous placental processes 

which include progesterone production to inhibit uterine contractions (89). 

Figure 8.2  Immune environment during pregnancy 
 

Adapted from: Förger F, Villiger PM. Immunological adaptations in pregnancy that modulate rheumatoid arthritis disease activity.  
Nat Rev Rheumatol. 2020;16(2):113-122. 

Given the importance of the inflammatory profile, placental functioning and progesterone during 

pregnancy, we speculate that immune and placentation dysregulation could be linked to the 

aetiology of the adverse birth outcomes investigated in this thesis.  The basis for our hypotheses is 

that HIV has been associated with chronic inflammation (90) and placental insufficiency features 

such as maternal vascular malperfusion (MVM) (91, 92).  So irrespective of the mechanisms that 

During pregnancy Delivery phaseEarly pregnancy

Implantation Placentation Fetal growth Tolerance Parturition

Pro-inflammatory evironment

Anti-inflammatory evironment



249 

underlie inflammation, it is likely that associations observed between maternal ART use and adverse 

birth outcomes are driven to some extent by chronic inflammation.  This is evidenced by 

inflammatory changes observed in the placentae of untreated and treated women living with HIV 

(93, 94). 

Preterm delivery pathways 

Across the analyses presented in this thesis, the highest proportions of PTD were found to be among 

untreated women and women initiating ART preconception (Chapter 7) as well as among women 

initiating in the 3rd trimester (Chapter 5).  Put together these divergent findings suggest that in each 

of these groups of women different PTD aetiological pathways may be at play.  Given that PTD, as 

discussed in Chapter 3, is a complex syndrome with multiple aetiologies that converge upon the final 

common pathway of early delivery (95), the findings of increased PTD proportions among these 

three groups of women are not surprising.  The PTD classification is predominantly based on 

gestational age thresholds, however more nuanced phenotypic classifications exist which are based 

on physiological and pathophysiological pathways (53, 96).  These other classification systems, which 

are focused on proposed aetiologies, are likely to be more useful for understanding and 

distinguishing between the pathways leading to PTD with initiation preconception and those leading 

to PTD with initiation in the third trimester.  

We hypothesise that ART-mediated immune reconstitution was responsible for the majority of 

preterm deliveries we observed in the women initiating in pregnancy.  This pathway has long been 

speculated to be linked to changes to T-helper (Th) cell environments when ART initiation occurs 

during pregnancy with an early shift back to a pro-inflammatory Th1  dominant environment (97).  

This disruption of the regular immune programme of pregnancy is not optimal for the maintenance 

of pregnancy, because it leads to increased levels of cytokines associated with early initiation of 

uterine contractions and thus an early delivery could occur (97-99).  We also speculate that it is 

biologically plausible that among women initiating in the third trimester, the occurrence of the ART-

mediated immune reconstitution at this time could be the reason for us observing the highest 

proportion of PTD in this trimester (Chapter 5).  We suspect that this interference of the normal 

pregnancy environment could trigger early labour of an otherwise appropriately sized fetus that has 

is developmentally mature enough to survive post-delivery. 

Given that ART results in viral replication control which in turn dramatically reduces inflammation 

and immune activation over time (100), we do not think that this pathway lead to increased risk of 

PTD among preconception ART initiators (Chapter 7).  As highlighted in Chapter 3, selection bias has 

previously been put forward as a reason for increased risks associated with preconception ART 
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initiation (100, 101).  Following investigation we excluded this as an explanation because the 

increased risk in preconception initiators was still observed (albeit at a reduced level) when the 

untreated women were grouped with those initiating during pregnancy.  A recent analysis we 

conducted of a subset of women in the PIMS cohort with placentas collected at delivery, has helped 

cement our belief that the increased risk of PTD in preconception initiators is linked to ART exposure 

during placental implantation and development.  We found an increased risk of MVM in placentas 

from women who had initiated ART preconception, but not those initiating during pregnancy (102).  

In turn, MVM was associated with increased risk of PTD (102).  

Lastly, another pathway that could contribute to increased risks in preconception initiators is the use 

of ART regimens associated with increased PTD risks such as PI-based regimens.  We also observed a 

significantly increased risk of PTD in a small subset of women on a PI-based regimen compared to 

women using other more commonly used regimens namely TDF+FTC+EFV.  It has previously been 

hypothesised that the PI ritonavir may directly reduce progesterone levels which could trigger early 

delivery (103).  This could provide a potential mechanistic link between PI-based regimens and the 

increased risk of PTD we observed. 

Fetal growth outcomes (small for gestational age and low birth weight) 

As discussed in Chapter 2, optimal placental vasculature growth and function is essential to support 

in utero development.  Consequently, we hypothesise that the abnormal fetal growth outcomes we 

report in this thesis, were a result of disruptions to the placental development process.  The placenta 

is known to be the main source of pro- and anti-angiogenic factors which participate in 

vasculogenesis and feto-placental angiogenesis (104).  Vasculogenic processes in the first trimester, 

regulate de novo formation and growth of blood vessels through remodelling of the uterine spiral 

arteries (105-107).  Angiogenic processes beginning in the second trimester induce remodelling of 

the underlying placental architecture to allow for increased blood flow and surface area for nutrient 

exchange (108, 109).  Both of these processes mediate placental villi development and maturation, 

which leads to formation of the materno-fetal interface.  An imbalance in pro- and anti-angiogenic 

factors has been implicated in the occurrence of pregnancy complications such as IUGR (110, 111).  

Systemic maternal infection and the resultant inflammation has been shown to disrupt the balance 

of angiogenic factors (112), therefore the consequent placental haemodynamic alterations impact 

fetal growth and increase the risk of SGA and LBW infants.   

While we are unable to distinguish SGA phenotypes (constitutionally small vs growth restricted), we 

believe that because we observed an increased risk of SGA infants in women living with HIV 

compared to their -uninfected counterparts (Chapter 5), the SGA we observed was predominantly 
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due to abnormal pathological processes.  The basis for this is that growth restricted SGA infants are 

most commonly due to maternal factors (HIV infection, hypertension) interacting with placental 

factors (113).  Our findings were regardless of timing of ART initiation, which suggests that different 

pathways are being triggered by initiation before or during pregnancy.  

Our finding of an increased risk of SGA infants among women initiating ART preconception suggests 

a specific effect on fetal growth during the first trimester through a dysregulation of vasculogenesis. 

A recent mouse pregnancy model has shown that exposure to preconception ART was associated 

with excessive small diameter vessel branching in the feto-placental arterial tree that correlate with 

fetal growth restriction (114).  Consequently, we hypothesise that a similar pathway is responsible 

for women initiating ART preconception being at increased risk of SGA infants, linked to 

progesterone levels in these women.  In addition to inhibiting uterine contractions, progesterone is 

also a critical regulator of vasculogenesis (107), with lower progesterone levels resulting in 

disruptions of vasculogenesis (112).  Progesterone levels have been shown to be lower in women 

living with HIV particularly those on PI-based regimens, increasing the risk of adverse birth outcomes 

related to reduced fetal growth such as SGA (115).  Given that in the PIMS cohort only women who 

initiated ART preconception were the only ones who were on PI-based regimens in the PIMS cohort, 

this suggests that this proposed pathway likely contributed to the SGA infants seen in this group of 

women.  

In contrast, the increased risk we observed among women initiating during pregnancy was likely 

linked to dysregulation of angiogenesis.  This is because among all women in the PIMS cohort who 

were Initiating during pregnancy, the majority initiated on ART during the second trimester which 

coincides with the period of angiogenetic processes.  We hypothesise that the ART-mediated 

immune reconstitution could result in dysregulation of the pathways mediating the placenta being 

remodelled to support the rapidly growing fetus.  Dysregulation these processes has previously been 

shown to lead to IUGR if the placenta cannot support this rapid fetal growth (112).  Further 

supporting our hypothesis is the observation that maternal HIV infection has been associated with a 

shift towards an anti-angiogenic state, in the presence of ARV treatment, and this in turn was 

associated with increased risk of SGA infants (105).   

Lastly, our finding of an increased LBW risk linked to abnormal blood pressure trajectories, suggests 

these findings are attributable to both the effect of early delivery and/or fetal growth restriction 

(116).  While the mechanisms by which maternal blood pressure impact fetal growth are unclear, it 

has been postulated that it could be linked to placental dysfunction or adverse maternal 

cardiovascular adaptations to pregnancy (117).  These findings as well as our speculation on 
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potential aetiological pathways points to an urgent need for more mechanistic studies to be 

conducted alongside epidemiological studies (randomised and observational) providing detailed 

work on other potential modifiable risk factors, as well as the potential impact that different ART 

regimens could have on the occurrence of these fetal growth outcomes.  

8.2.2.5 Summary 

Using methodologically robust data which minimised bias and measurement error, we were able to 

provide reliable estimates of the risk of adverse birth outcomes associated with HIV and ART status.  

This thesis presents compelling evidence showing that the risk of PTD in women living with HIV is 

lower than it previously was, particularly among those using the TDF-FTC-EFV regimen.  There also 

now appears to be little or no increased risk associated with timing of ART initiation.  We also 

provide important evidence pointing to SGA now appearing to be the main problem associated with 

maternal ART use.  The finding that overall there now is a greater risk of SGA infants than of PTD in 

women living with HIV on ART suggests the importance of drug-specific mechanism occurring at the 

placental level (19), which warrants further investigation in more focused, mechanistic studies.  

Findings from this thesis also highlight the importance of efforts to investigate this association using 

different data sources, through a combination of data from smaller sized prospective studies and 

larger well-designed population level surveillance databases.  Prospective studies will be important 

for identifying modifiable risk factors and elucidation of aetiological pathways, through the 

collection of robust and detailed obstetric and safety data.  Alongside this, incorporation of 

population-level surveillance data will be essential to monitor trends in pregnancy outcomes and 

improve generalisability by including broader populations more reflective of the underlying 

populations as well as by ensuring sample sizes are sufficiently large to be able to detect clinically 

relevant differences. 
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8.3 Strengths and limitations 

This thesis has contributed significantly to a greater understanding of the association between 

maternal ART use and adverse birth outcomes.  In addition to the clinical findings, this thesis also 

contributes to a deeper understanding of the methodological issues that require consideration when 

designing and interpreting studies investigating not just this association but also other associations 

involving medication use in pregnancy.  However, all findings generated in this thesis need to take 

into account several important strengths and limitations.  While each results chapter included a brief 

discussion of strengths and limitations related to the specific analyses presented, this section will be 

a discussion of the overarching strengths and limitations of the body of work presented in this 

thesis. 

The primary strengths of this thesis relate to the robust methodological approaches explored and 

implemented, with several design features incorporated in order to address some of methodological 

limitations apparent in previous research of the association of interest.  While the majority of 

analyses used data from the PIMS study, the inclusion of cohort, pregnancy exposure registry and 

provincial data from the B-Positive study from the same high HIV prevalence setting, enabled 

confirmation of the results from the PIMS study, as well as a valuable comparison between data 

sources.  The inclusion of women living without HIV from the same communities, who were followed 

in parallel to their counterparts living with HIV was also a strength, because previous studies 

investigating this association have been hampered by the absence of an appropriate comparator 

group women living without HIV.  Despite the known concerns around observational studies, the 

observational nature of the included prospective studies provided good external validity of the 

experiences of a public sector primary care (low risk) population in pregnancy.  The consecutive 

nature of the two cohort studies, which arose from a single population of pregnant women 

accessing antenatal care at the GMOU in Cape Town South Africa, enabled a unique opportunity to 

estimate of the risk of adverse birth outcomes over a longer period of time, while focusing on 

different aspects (large sample size vs detailed measurement).  The PIMS overall cohort enrolled 

3952 women with collection of basic cross-sectional and longitudinal clinical data, enabling the 

detection of trends and patterns of exposures and outcomes.  While the B-positive cohort enrolled 

989 women and collected additional detailed and robust cross sectional and longitudinal data on 

psycho-social, economic and behavioural factors which are also risk factors of adverse outcomes, 

enabling detection of potentially modifiable factors.  These sampling and data collection strategies 

improved the internal validity by minimising confounding.  The inclusion of these cohort studies also 

enabled a valuable direct comparison with previous data for studies investigating the association of 

interest in the pre-universal ART era from the same facility which enabled us to see the 

improvements over time which informed interpretation of the findings.   
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Another strength of this thesis was the use of validated tools with repeated quality assurance for 

both exposure and outcome assessment, to minimise measurement errors.  In the cohort studies 

included, gestational age was predominantly assessed through ultrasound by a research 

sonographer using standardised assessment protocols.  When ultrasound based measures were not 

available, gestational age based on SFH measurement was used, which as we determined in Chapter 

5 was a reliable alternative method of assessment.  This ensured that we were able to minimise the 

risks of misclassification of PTD and SGA at birth, a necessity when investigating birth outcomes as 

bias can affect the detection true associations.  During the course of the cohort studies, loss to 

follow-up was minimised by extensive retention measures, while access to routine health care 

databases enabled outcome ascertainment of women who were lost from face-to-face study follow-

up.  A further strength of this thesis was the inclusion of routine health care data, especially since 

the data came from the PHDC, a well-established health information exchange.  A beneficial feature 

of the PHDC is that it also collects valuable clinical data, unlike the administrative claims databases 

often used to study medication use in pregnancy even though they are created for administrative 

and billing purposes and have numerous limitations (39).  The linkage and de-duplication process of 

health records employed by the PHDC, as well as the use of a unique provincial patient identifier, 

strengthened the quality of the data used in this thesis.  The comparison of the association of 

interest across women enrolled in the cohorts’ studies, the pregnancy exposure registry (n=9476), 

and provincial sample (n=183 593), in the same underlying population was illuminating because the 

similar effect was observed, with the cohort studies and the pregnancy exposure registry providing 

more details on the associated factors, while the larger province-wide data provided improved 

precision and enabled the detection of differences between groups.  The use of the pregnancy 

exposure registry and the province wide data not only improved the internal validity of this study by 

limiting selection bias (whole populations sampled), but also improved external validity of the 

overall findings because data was available for subsets of women who are typically excluded from 

prospective studies.  Examples of these women include those who did not access antenatal care 

services during pregnancy and thus were untreated; as well as those with complicated pregnancies 

which needed specialist care who would have been transferred out of the GMOU, a primary care 

facility.   

The robust methodological approach used in all analyses, where we applied several advanced 

analytical techniques, such as group-based trajectory modelling, quantitative bias analysis and bias 

correction of gestational age, is another key strength of this thesis.  This allowed us to obtain the 

least biased effect estimates possible, which would have been unachievable with traditional 

approaches.  Based on prior knowledge of the independent causal relationships between 
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hypertension, HIV infection and adverse birth outcomes, the blood pressure analysis in this thesis, 

enabled us to account for this important variable in the main association of interest.  We also used 

exploratory analyses to ensure we identified the best form and expression of blood pressure over 

the course of pregnancy, and the subsequent approach in which trajectory membership was used as 

both a dependent (identifying predictors of trajectories) and independent (exploring their impact on 

future health outcomes) variable provided more accurate insights into the relationships.  It should 

be noted that in its current state GBTM is useful for the type of exploratory analyses conducted in 

this thesis, however there is limited utility in clinical practice as there is no way to establish the 

groups at the beginning of follow-up.  In recognition of the complex relationships between the 

primary and secondary exposures, covariates and outcomes, numerous sensitivity analyses were 

conducted and transparently presented.   

Notwithstanding these strengths, there are several key limitations of this thesis which could impact 

interpretation of our findings and could also contribute to improved study methodology for future 

investigations of the association between maternal ART and other medications in pregnancy and 

adverse birth outcomes.  The main limitation of the cohort studies was sample size which was 

insufficient and lead to lack of statistical power, as demonstrated in Chapter 7, to enable us to 

detect significant, but subtle, differences in PTD risk by HIV status.  While the sample sizes were 

specifically calculated for the PTD outcome measured, particularly in the case of the PIMS study, 

these calculations were based on much higher expected PTD proportions.  This was a combination of 

the evidence coming from data before the shift to universal test and treat treatment guidelines 

when delayed ART treatment initiation meant differences by HIV status were much larger; as well as 

the fact that the majority of the data was from studies using LMP which could have overestimated 

the PTD proportions.   

While the high proportion of women exposed to the WHO recommended TDF+FTC+EFV regimen, 

particularly among those initiating in pregnancy, is a strength, it also limited the applicability of 

these findings to settings where women are predominantly receiving the recommended first line 

DTG-based regimen.  Particularly since recent findings from the IMPAACT 2010/VESTED trial showed 

that DTG+FTC+ TAF was associated with a lower risk of adverse birth outcomes than with TDF-FTC-

EFV regimen, so it is possible future studies could find even lower rates of PTD associated with ART 

use (20).  Additionally, the absence of regimen data in the PER and PHDC datasets meant that we 

were unable to assess the impact of regimens on PTD in the underlying populations where there are 

likely to be a higher proportion of women who initiated ART preconception using older less safe 

regimens.   
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Another limitation is that the observational nature of all the data included in this thesis means that 

some forms of bias and confounding were still likely.  To counteract this we were, as part of the 

methodological component of this thesis, able to mitigate bias as much as possible in the various 

analyses.  The potential for residual and unmeasured confounding remains likely, despite the 

multiple measures of potential confounders, with detailed analyses focusing on adjustment and 

stratification.  The lack of precision because of the limited sample size of several subgroups of the 

stratified analyses also complicated interpretation of results.  The reliance of several of the 

measurement tools on maternal recall, was another limitation, because despite previously being 

validated, there was still a risk for misclassification.   

Lastly, we were unable to further explore any associations in detailed immunological/mechanistic 

studies.  So while we are confident in the quantification of the associations of interest we can only 

speculate on the reasons for the results we observed.  



257 

8.4  Recommendations  

As highlighted throughout this thesis, events occurring during pregnancy have important influences 

on pregnancy outcomes, and in turn newborn health and wellbeing, so understanding the safety of 

maternal medication use is a public health and moral imperative.  Throughout this thesis several 

recommendations for policy, research practice and future research priorities have been alluded to 

which could address gaps in the literature of the association of interest.  This section summarises 

these and provides a series of overarching recommendations.  Alongside this, additional 

recommendations will be made related to methodological aspects of perinatal research.  

8.4.1 Recommendations for policy  

Treatment guidelines are a vital process in the interpretation of research and surveillance evidence 

and the subsequent transformation into recommendations or policies.  Over time more tolerable 

ARV drugs have been recommended first-line HIV treatment options because evidence has been 

generated demonstrating their improved safety and efficacy profiles.  As discussed in this thesis, 

pregnant women continue to be excluded from phase I–III studies of investigational agents that do 

not directly address obstetric conditions (118-120), so evaluation of the safety of new ARVs or 

treatment options in pregnancy will remain limited to small post-authorisation and cohort studies.  

While single studies can make valuable contributions to the evidentiary base for treatment 

guidelines, data from one setting will not provide sufficient evidence of efficacy and/or safety (121).  

Replication across multiple studies and multiple settings is advantageous and this will only be 

possible with observational data so HIV treatment guidelines will primarily be based on evidence 

generated from observational data sources.  As highlighted in this Chapter, different regimens have 

different levels of risk however a main challenge for observational studies in sub-Saharan Africa is 

the lack of diversity in ART regimens.  Consequently, in the future in order to appropriately support 

guideline changes, head-to-head comparison of specific ART regimens will be required without 

which it will be difficult to help inform policy. 

There is a tendency in some segments of the research community to value novel information over 

stronger evidence accumulated over time, even though health policies and treatment guidelines 

require strong evidence.  We contend that when evaluating different sources of evidence researchers 

and policy makers should not only focus on the results, but should also evaluate the methodological 

qualities of studies by judging the quality of questions, quality of data collection, definition of 

comparison groups and soundness of analyses.  The implications of only focusing on results with no 

consideration of other methodological components of a study, could have far-reaching 

consequences as was seen when an early unplanned analysis of the Tsepamo birth outcomes study 

was conducted.  The unexpected identification of a neural tube defect (NTD) safety signal with 
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preconception DTG caused understandable concern (122).  However, despite Botswana’s lack of 

folate supplementation programs (which could have impacted baseline NTD prevalence’s), these 

findings resulted in regulatory reactions that created uncertainty around the most suitable 

approaches to DTG use among women of reproductive potential (123).  Even though subsequent 

analyses with increased sample size showing the prevalence of NTD’s to be lower than in the first 

analysis, there is still hesitation in some settings to initiate DTG in adolescent girls and women of 

reproductive age.   

The fallout from the Tsepamo study brought into sharp focus the need for reliable data from 

appropriately designed, studies with excellent data quality and analytical approaches that are 

planned from study onset (123).  Additionally, efforts to strengthen pharmacovigilance around 

adverse birth outcomes were boosted with recognition of the need for high quality prospective data 

post-marketing and sentinel site surveillances which can rapidly evaluate safety in pregnancy. 

While pharmacovigilance systems are well established in high income countries, these are limited in 

LMICs because there is little budgetary support for these activities from national governments with a 

heavy reliance on donor support (124, 125).  For pharmacovigilance activities to be successful 

political-will will be necessary to enable establishment of sustainable budgets to develop national 

pharmacovigilance infrastructure and polices (126).  After a number of regional harmonisation 

efforts (Figure 8.3), the African Medicines Agency has recently been established (127), and it is 

hoped that this will improve the regulatory and post-marketing surveillance systems across the 

region.  The next steps will need to be significant investment in electronic health information 

systems enable creation of large healthcare databases capable of using unique individual identifiers 

for linkage of medication use data with adverse outcomes data (124). 

Multisectoral collaboration will be required between key stakeholders including researchers (HIV, 

maternal and child health and pharmacovigilance), industry and affected communities, to create a 

common framework for determining the generation and critical evaluation of evidence on the safety 

of ARVs in pregnancy (123), which will in due course be used to inform policy and clinical care. 
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Figure 8.3  Key milestones in the development of pharmacovigilance systems 
in low- and middle-income countries 

Adapted from: Kiguba R, Olsson S, Waitt C. Pharmacovigilance in low-and middle-income countries: A review with particular focus 
on Africa. Brit J Clinical Pharma. 2021; Dec 22. 

8.4.2 Recommendations for research practice  

Inclusion of pregnant women in clinical trials of medications to be used in pregnancy 

Alongside multiple stakeholders, we also call for the inclusion of pregnant women into earlier phases 

of trials of therapies that will be used by women who are either of reproductive potential or 

pregnant to avoid their exclusion from receiving new medication or therapy.  Despite recent 

improvements in the regulatory area (128), the current state of research in pregnancy related to 

medication use has not significantly improved.  Even in the face of global pandemics, pregnant 

women remained excluded from academic-and industry-sponsored investigations critical to the 

advancement of treatments (129, 130).  Therefore these calls apply not only to ART but also other 

medications for the prevention or treatment of many other serious conditions such as tuberculosis, 

malaria, and epilepsy (131).  

In order to safely and ethically include pregnant women into earlier phases of clinical trials, it will be 

imperative that these studies are well designed, catering specifically to pregnancy and its unique 

characteristics as highlighted throughout this thesis.  There will also need to be a conceptual shift in 

how pregnant women are viewed in the context of this type of research (Figure 8.4).  Firstly, a 

change in the designation of pregnant women as being a “complex population” instead of as a 

“vulnerable population” (132, 133).  Secondly, the notion that women should be protected “through 

research” instead of protected “from research” should be promulgated (134).  In recent times, rapid 

advances in SARS-CoV vaccines and therapeutics occurred, however pregnant women had limited 
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access to these beneficial healthcare interventions because of lack of efficacy, safety and dosing data 

(135, 136).  Lastly, as it is a requirement of justice in research, a shift to striving for “fair inclusion” in 

research instead of “presumptive exclusion” (137).   

Figure 8.4. Conceptual shift in how pregnant women should be viewed 

Actualisation of these conceptual shifts will require future studies to either be opportunistic by 

keeping women in treatment trials when they become pregnant; or interventional and conducted in 

pregnant women to identify for the optimal dosages (138).  Fast-tracking inclusion rates of women in 

high prevalence settings, will require research infrastructure strengthening through global 

collaborations and multisectoral partnerships.  An example of a successful collaboration between 

academia and pharmaceutical industry, is the recent Dolphin-2 trial, where a consortium of 

researchers and pharmaceutical partners in sub-Saharan Africa and Europe, investigated the 

superiority of DTG-based regimen to EFV-based regimens in women initiating ART late in pregnancy 

(139, 140). 

Improving research harmonisation and reporting guidelines for adverse birth outcomes 

Our second recommendation relates to the need for research harmonisation, because of the 

growing recognition that variability in ascertainment and definitions of exposures and outcomes can 

undermine the consistent synthesis of the evidence.  Lack of consistency in methodology and 

reporting in research studies investigating adverse birth outcomes, in general, and the association of 

interest, specifically, has contributed to conflicting findings.  This, at times, has been linked to badly 

designed studies or critical methodological differences which have hampered comparisons across 

settings and studies (141).  This harmonisation can be accomplished through the identification of a 

core set of variables that should be include in any prospective study on adverse birth outcomes, in 
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order to improve study consistency independent of primary hypotheses to be evaluated.  In addition 

to outcomes, exposure variables should also be standardised with a need for recognition that studies 

not considering other key variables associated with adverse birth outcomes, such as blood pressure 

trajectories and maternal BMI (as highlighted in this thesis), may be short of contextual information 

required to assess generalisability.  The offshoot of this would be improved quality of studies, 

decreased risk of bias and confounding and the ability to merge numerous datasets that are 

uniformly structured (141).   

As the majority of research investigating the association of interest will utilise observational study 

design, we would encourage more journals to require the use of the STrengthening the Reporting of 

OBservational studies in Epidemiology (STROBE) guidelines (142), to ascertain high-quality reporting 

of observational studies.  These guidelines aid in ensuring adequate reporting of study procedures 

(what was planned and what was done), results, assessment of the strengths and weaknesses and 

conclusions of the study (142, 143).  To facilitate the harmonisation proposed, there will need to be 

the development of more specialised reporting guidelines for prospective observation studies of the 

outcomes of medication use in pregnancy building on the STROBE guidelines.  Similar to the 

extension of the guidelines for longitudinal observational drug studies in rheumatology (144), this 

proposed specialised guideline development process would include conducting Delphi surveys, 

consensus and research team meetings and piloting the checklist.  In addition to improving the 

ability of journal editors, reviewers and readers to critically appraise studies (142), specialised 

STROBE guidelines will also increase the chances of study’s being included in future meta-analyses 

(28). 

8.4.3 Recommendations for future research priorities 

This thesis provides good quality observational data from prospective cohorts and routine health 

care data sources, and also highlights the need for additional observational studies.  The priorities of 

these future studies should focus on assessing the reproducibility of the findings in this thesis, 

extending generalisability by producing further evidence with other ART regimens or treatment 

options and providing long-term maternal and infant outcome data following exposure to the new 

ART regimens.  This is particularly important given that the landscape of ART in pregnancy is 

changing, with the increasing popularity of integrase strand inhibitors (INSTIs) such as DTG and the 

newer, more potent prodrug of TDF, TAF (145).  Additionally, with the use of pre-exposure 

prophylaxis (PrEP) there will be growing ARV exposure among women living without HIV, which will 

also need to be monitored (146).  Therefore, in addition to smaller prospective studies with detailed, 

individual-level data, there is also a clear need for ongoing surveillance for ART safety in pregnancy, 

particularly in LMICs, where the majority of women living with HIV reside.   
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Another priority will be to have a greater understanding of the changing patterns of ART regimens, 

patient demographics and risk factors to inform clinical care, intervention development and public 

health policy (31).  This can be facilitated by the improvements in the availability and quality of EHR 

data and advances in study designs and analytical approaches.  These factors have broadened the 

value of EHR data, by providing a low-cost means of accessing valuable longitudinal data on large 

populations for surveillance and research purposes (27).  The use of larger collaborative studies 

utilising these routinely collected data sources will be essential since, as highlighted in Chapter 7, 

population level data will likely now be required to detect differences in adverse birth outcomes, 

particularly PTD, by HIV status.  Another important source of data will be through systematic 

surveillance for adverse effects, which has essentially been non-existent in LMICs because of poor 

medication exposure in pregnancy documentation, high proportion of deliveries outside the health 

care setting, and the lack of sufficient resources to prospectively follow women and their children 

when little to no research infrastructure exists (145).  Consequently, more investment will be 

required into systems such as the PHDC in the Western Cape, which are well designed and 

maintained, to ensure high quality population level surveillance data, which with appropriate linkage 

could potentially allow for thelong-term follow up of exposed children. 

There is an unmet clinical need to improve accurate prediction of blood pressure-related adverse 

outcomes early in pregnancy.  This could be improved clinically and epidemiologically through two 

lines of research and clinician application which have shown promise and will need to be prioritised in 

future research work.  Clinically, the traditional care pathway can be transformed through remote 

monitoring of the blood pressure, clinical symptoms, and urine protein levels in high-risk pregnant 

women (147).  Epidemiologically, trajectory modelling enables the identification of subgroups of 

individuals with similar trajectory patterns which can be useful to inform prevention and clinical 

practice (148).  To improve this modelling approaches’ utility for prediction of pregnancy related 

conditions, several updates could be made to the current group based trajectory models.  The most 

natural approach will be to update the trajectory modelling as a function of gestational age either in 

a time dependent covariates model or through use a of a causal inference approach.  Another 

approach could be the incorporation of gestational age specific blood pressure centiles into the model.  

Predictive models for complex conditions are also improving through the adoption of machine 

learning approaches.  While there has been limited evidence generated using machine learning to 

predict the risk of blood pressure related outcomes in pregnancy these techniques have great 

potential to improve the diagnostic process and treatment of preeclampsia and possibly other 

obstetric conditions (149).  These machine learning approaches are often superior to “traditional” 

analytic approaches because they are able to infer complex, highly non-linear relations between 
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statistical inputs (147).  Consequently future research efforts should seek to utilise these approaches 

in order to increase the evidence base around their use to ultimately improve care in pregnancy. 

This thesis has also highlighted the need for a clearer understanding of immunological pathways 

involved in normal pregnancy.  The generalisation of pregnancy as a condition of immune 

suppression has created a myth of pregnancy as a state of immunological weakness and therefore of 

increased susceptibility to infectious diseases (150).  Consequently, it will be important to tease out 

how specific endocrinological, physiological and immunological factors increase the risk of infection 

and in turn adverse birth outcomes will require careful considerations (151).  Additionally, further 

immunological research will be required into the relationship between maternal HIV and ART use 

and the cytokine environment during pregnancy, in order to decipher the biological pathway 

between ART exposure, and SGA infants.  The immunological mechanisms underlying other 

pregnancy complications in women living with HIV, such as pre-eclampsia and stillbirth, also need to 

be determined.   

There is currently limited data on placental development processes, in the context of HIV infection, 

which as discussed in this Chapter could lead to persistent dysregulation of inflammatory and 

angiogenic pathways.  Given that these pathways are critical to placental vascular development, 

HIV/ART mediated disruptions of these process could potentially provide an explanation for why, 

even in the face of appropriate antiretroviral therapy, rates of adverse birth outcomes remain high 

more placenta studies will be required, especially in settings where the highest rates adverse birth 

outcomes occur (114).  This suggests that alternative strategies may be required for infections in 

pregnancy, with a shift from those that only target the pathogen, to those that focus on modifying 

host response pathways that may be the driving force behind the occurrence of adverse birth 

outcomes (112).  

8.5 Conclusions 

In this thesis exploring the association between maternal ART use and adverse birth outcomes in 

Cape Town, South Africa, we applied a methodological robust approach in order to minimise the 

biases, where possible, that likely affected previous studies and impacted interpretation of findings.  

Using bias-corrected gestational age, we found that the previously observed excess risks of PTD 

among women living with HIV compared to their counterparts living without HIV now appear to be 

reduced, however this may not be fully ameliorated, under policies of universal maternal ART use.  

Another important finding was the increased risk of SGA infants among women living with HIV on 

ART, which is particularly concerning given that these infants are at significantly increased risk of 

short- and long-term health outcomes.  These findings point to the need for additional research on 
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the immunological pathways through which maternal HIV infection and ART exposure influence the 

fetal environment, with the view to design treatment options that may benefit both mother and 

fetus, while minimising risks.   

The benefits of ART for maternal and infant health are indisputable.  However, given continued 

questions around the risk of adverse birth outcomes, particularly with newer ART regimens, future 

research and surveillance will need to evaluate the comparative safety of specific ART regimens 

alongside the strengthening of the systems to assess medication safety.  This thesis is an important 

packaging of reproductive and perinatal issues which tend to only be focused on by perinatal 

epidemiologists, which need to be more widely considered and applied when designing studies or 

routine surveillance systems investigating medications use in pregnancy.  
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9.2 Supplementary materials for Chapter 4 

 

Supplementary Table 9.2.1a  Description of women with all three GA assessment methods (n=629) 

  Total 
n=629 

HIV-uninfected 
n=309 

HIV-infected 
n=320 

HIV infected 

Initiated before 
pregnancy 

n=134 

Initiated during 
pregnancy 

n=186 
Maternal Characteristics    

Age, years      
 <24 173 (28) 109 (35) 64 (20) 18 (13) 46 (25) 

 25-29 164 (26) 94 (30) 70 (22) 18 (13) 52 (28) 

 >30 292 (46) 106 (34) 186 (58) 98 (74) 88 (47) 

 Median 29 (24-33) 27 (23-31) 31 (26-34) 33 (29-36) 29 (25-32) 

Height, cm      
 ≤155 188 (30) 92 (30) 96 (30) 34 (25) 62 (33) 

 156-161 232 (37) 111 (36) 121 (38) 57 (43) 64 (35) 

 ≥162 209 (33) 106 (34) 103 (32) 43 (32) 60 (32) 

 Median 158 (154-163) 158 (154-163) 158 (154-162) 158 (155-163) 157 (153-162) 

Gestation at enrolment, weeks      
 Determined by LMP       
  Median 17 (14-21) 18 (15-21) 17 (13-20) 16 (12-20) 17 (13-20) 
 Determined by SFH      
  Median 20 (16-23) 21 (17-24) 18 (15-22) 18 (14-21) 19 (15-23) 
 Determined by US      
  Median 19 (15-23) 20 (17-24) 18 (14-22) 18 (14-21) 19 (14-22) 
Body Mass Index      

 Underweight 6 (1) 5 (2) 1 (0.3) 0 1 (0.5) 

 Normal 122 (19) 57 (18) 65 (20) 25 (19) 40 (24) 

 Overweight 178 (28) 86 (28) 92 (29) 39 (31) 53 (28) 

 Obese 290 (46) 146 (47) 144 (45) 63 (50) 81 (44) 

Gravidity      

 1 127 (20) 78 (25) 49 (15) 16 (12) 33 (18) 

 2 231 (37) 115 (37) 116 (36) 43 (33) 72 (39) 

 ≥3 271 (43) 116 (38) 155 (48) 70 (54) 81 (44) 

 Median 2 (2-3) 2 (1-3) 2 (2-3) 3 (2-3) 2 (2-3) 

Parity      
 0 153 (24) 88 (28) 65 (20) 23 (17) 42 (23) 

 1 247 (39) 121 (39) 126 (39) 49 (37) 77 (41) 

 ≥2 229 (37) 100 (33) 129 (40) 62 (46) 67 (36) 

 Median 1 (1-2) 1 (0-2) 1 (1-2) 1 (1-2) 1 (1-2) 

Previous Preterm*      

 Yes 44 (9) 18 (8) 26 (10) 12 (10) 14 (9) 

Haemoglobin g/dl      

 Normal (≥11.0) 260 (41) 150 (49) 110 (34) 56 (43) 51 (28) 
 

Mild Anaemia (9-10.9) 
233 (37) 104 (34) 129 (40) 44 (34) 82 (46) 

 Moderate Anaemia (7-8.9) 39 (6) 11 (4) 28 (9) 10 (8) 16 (9) 
 Severe Anaemia (<7g) 1 (0.2) 1 (0.3) 0 0 0 

ART Regimen      
 TDF-3TC-EFV 290 (46) - 290 (95) 111 (93) 179 (97) 

 TDF-3TC-NVP 2 (0.3) - 2 (1) 0 2 (1) 

 Other NNRTI 6 (1) - 6 (2) 4 (3) 2 (1) 

 PI regimen 7 (1) - 7 (2) 5 (4) 2 (1) 

*among women with a previous pregnancy 
All variables, with the exception of height, BMI and haemoglobin had <1% missing data. For height, 5% (n=30) of data was missing and for BMI, 5% (n=34) 
was missing, for both there were similar proportions across all comparison groups.  For Haemoglobin, 15% (n=96) of data was missing with similar 
proportions across all comparison groups.  For ART status 2% (n=15) were missing regimen data  
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Supplementary Table 9.2.1b Description of women with all three GA assessment 
methods (n=629) vs women without all three GA assessment methods (n=1158) 

  Overall Cohort 
n=1787 

<3 measures 
n=1158 

3 measures 
n=629 

Maternal Characteristics   

Age, years    

 <24 536 (30) 363 (31) 173 (28) 

 25-29 500 (28) 336 (29) 164 (26) 

 >30 751 (42) 459 39) 292 (46) 

 Median 28 (24-32) 28 (23-32) 29 (24-33) 

Height, cm    

 ≤155 500 (28) 312 (27) 188 (30) 

 156-161 651 (36) 419 (36) 232 (37) 

 ≥162 636 (36) 427 (37) 103 (32) 

 Median 158 (155-163) 159 (155-163) 158 (154-163) 

Gestation at enrolment, weeks    

 Determined by LMP  1585 956 629 

  17 (12-22) 17 (14-21) 16 (11-25) 17 (14-21) 

 Determined by SFH 1219 590 629 

  23 (18-28) 20 (16-23) 27 (22-231) 20 (16-23) 

 Determined by US 1204 575 629 

  16 (12-21) 19 (15-23) 13 (9-17) 19 (15-23) 

Body Mass Index    

 Underweight 16 (1) 10 (1) 6 (1) 

 Normal 329 (18) 207 (19) 122 (20) 

 Overweight 494 (28) 317 (30) 178 (30) 

 Obese 823 (46) 533 (50) 290 (49) 

Gravidity    

 1 383 (21) 256 (22) 127 (20) 

 2 639 (36) 408 (35) 231 (37) 

 ≥3 765 (43) 494 (43) 271 (43) 

 Median 2 (2-3) 2 (2-3) 2 (2-3) 

Parity    

 0 472 (26) 319 (28) 153 (24) 

 1 700 (39) 453 (39) 247 (39) 

 ≥2 615 (35) 386 (33) 229(36) 

 Median 1 (0-2) 1 (0-2) 1 (1-2) 

Previous Preterm*    

 Yes 127 (9) 83 (7) 44 (7) 

Haemoglobin g/dl    

 Normal (≥11.0) 792 (44) 532 (53) 260 (49) 

 Mild Anaemia (9-10.9) 613 (34) 380 (38) 233 (44) 

 Moderate Anaemia (7-8.9) 122 (7) 83 (8) 39 (7) 
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  Overall Cohort 
n=1787 

<3 measures 
n=1158 

3 measures 
n=629 

 Severe Anaemia (<7g) 3 (0.2) 2 (0.2) 1 (0.2) 

HIV Status    

 HIV-uninfected 1014 (57) 705 (61) 309 (49) 

 HIV-infected 773 (43) 453 (39) 320 (51) 

ART Status    

 Initiated before pregnancy 368 (48) 234 (52) 134 (42) 

 Initiated during pregnancy 405 (52) 219 (19) 186 (58) 

ART Regimen    

 TDF-3TC-EFV 691 (39) 401 (35) 290 (46) 

 TDF-3TC-NVP 4 (0.2) 2 (0.2) 2 (0.3) 

 Other NNRTI 20 (1) 14 (1) 6 (1) 

 PI regimen 22 (1) 15 (1) 7 (1) 

*among women with a previous pregnancy 
All variables, with the exception of height, BMI and haemoglobin had <1% missing data. For height, 6% (n=111) of data was missing and for BMI, 7% 
(n=124) was missing, for both there were similar proportions across all comparison groups.  For Haemoglobin, 14% (n=257) of data was missing with 
similar proportions across all comparison groups.  For ART status 2% (n=36) were missing regimen data   
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Supplementary Table 9.2.2  Birth outcomes in women with all three GA assessment methods (n=629) 

  Total 
n=629 

HIV-
uninfected 

n=309 

HIV-
infected 
n=320 

HIV-infected 
Initiated before 

pregnancy 
n=134 

Initiated during 
pregnancy 

n=186 

Gestational Age (weeks) LMP      
 Post-term >42 36 (6) 15 (5) 21 (7) 12 (9) 9 (5) 
 Term (37-42) 329 (52) 159 (51) 170 (53) 70 (52) 100 (54) 
 Any Preterm (<37)* 264 (42) 135 (44) 129 (40) 52 (39) 77 (41) 
  Late to Mod Preterm (32-37) 186 (70) 101 (75) 85 (66) 32 (62) 53 (69) 
  Very Preterm (28-32) 78 (30) 34 (25) 44 (34) 20 (38) 24 (31) 

Gestational Age (weeks) SFH      
 Post-term >42 42 (7) 24 (8) 18 (6) 6 (5) 12 (7) 
 Term (37-42) 498 (79) 247 (80) 251 (78) 104 (83) 147 (85) 
 Any Preterm (<37)* 89 (14) 38 (12) 51 16) 24 (17) 27 (15) 
  Late to Mod Preterm (32-37) 68 (76) 32 (84) 36 (71) 20 (83) 16 (59) 
  Very Preterm (28-32) 21 (24) 6 (16) 15 (29) 4 (17) 11 (41) 

Gestational Age (weeks) US      
 Post-term >42 3 (0.5) 3 (1) 0 0 0 
 Term (37-42) 565 (90) 285 (92) 280 (88) 121 (90) 159 (85) 
 Any Preterm (<37)* 61 (10) 21 (7) 40 (12) 13 (10) 27 (15) 
  Late to Mod Preterm (32-37) 48 (79) 19 (90) 29 (73) 9 (69) 20 (74) 
  Very Preterm (28-32) 13 (21) 2 (10) 11 (27) 4 (31) 7 (26) 

Size for Gestational Age LMP n=578 n=287 n=291 n=117 n=174 
Small (SGA) 51 (9) 17 (6) 34 (12) 12 (10) 22 (13) 
Appropriate (AGA) 320 (55) 159 (55) 161 (55) 68 (58) 93 (53) 
Large (LGA) 208 (36) 111 (39) 96 (33) 37 (32) 59 (34) 
Size for Gestational Age SFH n=581 n=284 n=297 n=125 n=172 
Small (SGA) 84 (14) 33 (11) 51 (17) 14 (12) 37 (22) 
Appropriate (AGA) 440 (76) 224 (79) 216 (73) 99 (80) 117 (68) 
Large (LGA) 57 (10) 27 (10) 30 (10) 12 (8) 18 (10) 

Size for Gestational Age US n=618 n=305 n=313 n=130 n=183 
Small (SGA) 65 (11) 22 (7) 43 (14) 17(13) 26 (14) 
Appropriate (AGA) 505 (82) 258 (85) 247 (79) 105 (81) 142 (78) 
Large (LGA) 48 (7) 25 (8) 23 (7) 8 (6) 15 (8) 

 
*    Any Preterm consists of the subset of Late Preterm, Moderately Preterm and Very Preterm deliveries  
For Size for GA data missing for women whose GA is not within Intergrowth standard limits (<24w and >42w) and those missing either GA or 
birthweight 
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Supplementary Table 9.2.3  Adjusted association between HIV/ART status and preterm delivery in women 
with singleton deliveries (n=1787) 

Assessment 
Method 

HIV-infected vs  
HIV-uninfected (Ref)* 

Initiated before pregnancy (Ref) vs  
Initiated during pregnancy** 

 AOR (95% CI) P-value  AOR (95% CI) P-value 

Last menstrual 

period (LMP) 

(n=1470) 

HIV-

infected 

 

1.12 (0.90-1.39) 0.325 During 

pregnancy 

0.81 (0.57-1.13) 0.252 

Symphysis Fundal 

Height (SFH) 

(n=1122) 

HIV-

infected 

 

1.07 (0.78-1.46) 0.666 During 

pregnancy 

1.15 (0.70-1.89) 0.587 

Ultrasound (US) 

(n=1198) 

HIV-

infected 

 

1.53 (1.04-2.26) 0.030 During 

pregnancy 

0.79 (0.47-1.33) 0.371 

*Adjusted for age, parity, BMI and previous PTD   
**Adjusted for age, parity, BMI, previous PTD and ART regimen 
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Supplementary Table 9.2.4a  Gestational Age at 1st ANC visit and delivery according to different 
assessment methods women with all three GA assessment methods (n=629): HIV and ART status 

Assessment Method Total 
n=629 

HIV-
uninfected 

n=309 

HIV- 
infected 
n=320 

HIV-infected 
n= 320 

Initiated before 
pregnancy 

n=134 

Initiated during 
pregnancy 

n=186 
LMP      

 Median GA*  17 (14-21) 18 (15-21) 17 (13-20) 16 (12-20) 17 (13-20) 

 Median GA**  38 (34-39) 37 (34-39) 38 (34-39) 38 (34-40) 37 (34-39) 

SFH      

 Median GA*  20 (16-23) 21 (17-24) 18 (15-22) 18 (14-21) 19 (15-23) 

 Median GA**  39 (38-40) 39 (38-40) 39 (37-40) 39 (37-40) 39 (38-40) 

US      

 Median GA*  19 (15-23) 20 (17-24) 18 (14-22) 18 (14-21) 19 (14-22) 

 Median GA**  39 (38-40) 39 (38-40) 39 (38-40) 39 (38-40) 39 (38-40) 

*Gestation at 1st ANC Visit 
**Gestation at delivery  

 

 

Supplementary Table 9.2.4b  Gestational Age at 1st ANC visit and delivery according to different 
assessment methods women with all three GA assessment methods (n=629): BMI status 

Assessment Method Underweight 

n=6 

Normal  

n=122 

Overweight  

n=178 

Obese   

n=290 

Unknown  

n=33 

LMP      

 Median GA*  19 (17-20) 17 (14-19) 18 (15-21) 17 (14-21) 17 (13-20) 

 Median GA**  36 (33-38) 36 (33-39) 38 (34-40) 38 (34-39) 37 (35-39) 

SFH      

 Median GA*  22 (19-23) 19 (15-23) 20 (16-23) 20 (15-23) 21 (15-22) 

 Median GA**  37 (36-38) 39 (37-40) 39 (38-40) 39 (38-40) 39 (38-40) 

US      

 Median GA*  23 (21-25) 19 (16-22) 19 (16-23) 20 (15-23) 19 (14-22) 

 Median GA**  38 (37-39) 38 (37-39) 39 (38-40) 39 (38-40) 38 (38-39) 

*Gestation at 1st ANC Visit 
**Gestation at delivery 



 288 

Supplementary Table 9.2.5 Adjusted association between HIV/ART status and preterm delivery in 

women with all three assessment methods (n=629) 
 

Assessment 

Method 

HIV-infected vs  

HIV-uninfected (Ref) 

Initiated before pregnancy (Ref) vs  

Initiated during pregnancy  

 aOR (95% CI) P-value  aOR (95% CI) P-value 

Last Menstrual 

Period (LMP) 

HIV-

infected 

 

0.90 (0.64-1.26) 0.532 
During 

pregnancy 
0.92 (0.55-1.55) 0.757 

Symphysis Fundal 

Height (SFH) 

HIV-

infected 

 

1.34 (0.84-2.15) 0.216 
During 

pregnancy 
1.37 (0.72-2.63) 0.341 

Ultrasound (US) 

HIV-

infected 

 

2.00 (1.13-3.53) 0.017 
During 

pregnancy 
0.67 (0.32-1.43) 0.303 

*Adjusted for age, parity, BMI  

**Adjusted for age, parity, BMI, and ART regimen 
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9.3 Supplementary materials for Chapter 5 

 

Supplementary Table 9.3.1  Preterm delivery misclassification bias 

PART A: Ultrasound based preterm delivery status contingency table* 

 HIV+ HIV- 

PTD+ A B 

PTD- C D 

* ultrasound considered gold standard therefore ultrasound-based measure 
is assumed to give the true classification 
PTD – preterm delivery 

 

PART B: LMP/SFH based preterm delivery status contingency table* 
 
 HIV+ HIV- 

PTD+ a b 
PTD- c d 
Total a+c  

HIV+
Total 

b+d 
HIV-

 Total 
Sensitivity (SE) of assessment method for true outcome status 

= a/(a+c) 
 

Specificity (SP) of assessment method for true outcome status 
= b(b+d) 

 

* Observed preterm delivery status with biased classification scheme known, with 
bias parameters (SE and SP) calculated  

 

Part C: Corrected contingency table cell values  
 
 HIV+ HIV- 

PTD+ a (corrected) 
 

[a – HIV+
Total (1 – SPHIV+)] 

[SE HIV+ – (1 – SP HIV+)] 
 

b (corrected) 
 

[b – HIV-
Total (1 – SPHIV-)] 

[SE HIV- – (1 – SP HIV-)] 
 

PTD- c (corrected) 
 

HIV+ 
Total – c (corrected) 

d (corrected) 
 

HIV-
 Total – d (corrected) 

Corrected Risk Ratio: 
 

a (corrected)/HIV+
Total 

                                  b (corrected)/HIV-
Total 
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Supplementary Table 9.3.2  Imputed baseline characteristics of all enrolled pregnant women at 1st 
antenatal care visit in variables with missing data >5% (n=3952) 

  WLHIV 
N = 1445 

HIV-negative 
N = 2507 

WLHIV 
N= 1445 

 

Initiated ART 
before pregnancy  

N = 717 

Initiated ART 
during pregnancy 

N = 728 
 

Height (cm)     
 ≤155 433 (30) 707 (28) 208 (29) 225 (31) 
 156-161 609 (42) 1104 (44) 308 (43) 301 (41) 
 ≥162 403 (28) 695 (28) 201 (28) 202 (28) 
 Median (IQR) 158 (154, 162) 158 (154, 162) 158 (154, 162) 158 (154, 162) 
Haemoglobin (g/dl)      
 Normal (≥11.0) 713 (50) 1430 (57) 408 (57) 305 (42) 
 Mild anaemia (9.0-10.9) 556 (38) 876 (35) 234 (33) 322 (44) 
 Moderate anaemia (7.0-8.9) 175 (12) 197 (8) 75 (10) 100 (14) 
 Severe anaemia (<7.0) 1 (0.1) 5 (0.2) 0 1 (0.1) 
 Median (IQR) 11 (10, 12) 11 (10, 12) 11 (10, 12) 11 (10, 12) 
Body Mass Index (kg/m2)      
 Normal (≤24.9) 305 (21) 532 (21) 141 (20) 162 (23) 
 Overweight (25.0-29.9) 420 (29) 684 (27) 217 (30) 203 (27) 
 Obese (≥30.0) 720 (50) 1291 (52) 358 (50) 363 (50) 
 Median (IQR) 30 (26, 35) 30 (26, 36) 30 (26, 35) 30 (25, 35) 
      

WLHIV – women living with HIV, ART – antiretroviral therapy 
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Supplementary Table 9.3.3  Gestational age at 1st antenatal care visit according to different 
assessment methods women by HIV status and timing of ART initiation 

Assessment method WLHIV  HIV-negative 

 

WLHIV 

Initiated ART 

before pregnancy  

 

Initiated ART 

during pregnancy  

 

Last menstrual period 1259 2216 643 616 

 Median gestational age (weeks) 16 (11, 22) 17 (12, 23) 15 (11, 22) 17 (12, 22) 

Symphysis fundal height  924 1509 414 510 

 Median gestational age (weeks) 22 (17, 27) 23 (19, 28) 22 (16, 27) 23 (18, 28) 

Ultrasound 929 1411 437 492 

 Median gestational age (weeks) 15 (11, 20) 16 (12, 21) 14 (10, 19) 17 (12, 21) 

WLHIV – women living with HIV, ART – antiretroviral therapy 
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Supplementary Table 9.3.4  Baseline characteristics of all enrolled pregnant women at 1st antenatal 
care visit by assessment method (n=3885) 

  Ultrasound 
N = 2340 

Symphysis fundal height  
N = 1151 

Last menstrual period 
N = 394 

 
Age (years)    
 ≤24 690 (30) 483 (38) 129 (33) 

 25-29 678 (29) 295 (26) 111 (28) 

 ≥30 972 (42) 418 (36) 154 (39) 

 Median (IQR) 28 (24, 32) 27 (22, 32) 27 (23, 33) 

Height (cm)    

 ≤155 717 (31) 349 (30) 104 (26) 

 156-161 834 (36) 394 (34) 125 (32) 

 ≥162 621 (27) 315 (27) 123 (31) 

 Missing  168 (7) 93 (8) 42 (11) 

 Median (IQR) 158 (154, 162) 158 (154, 162) 159 (155, 163) 

Body Mass Index (kg/m2)    
 Normal (≤24.9) 468 (20) 195 (17) 83 (21) 

 Overweight (25.0-29.9) 579 (25) 339 (29) 88 (22) 

 Obese (>30.0) 1108 (47) 519 (45) 178 (45) 

 Missing  185 (8) 98 (9) 45 (11) 

 Median (IQR) 30 (26, 35) 30 (26, 35) 30 (25, 36) 

Gravidity    

 1 551 (24) 296 (26) 109 (28) 

 2 822 (35) 387 (34) 128 (33) 

 ≥3 930 (40) 467 (41) 156 (40) 

 Missing 37 (2) 1 (0.1) 1 (0.3) 

Parity    
 0 714 (31) 331 (29) 136 (35) 
 1 884 (38) 428 (37) 138 (35) 
 ≥2 704 (31) 391 (34) 119 (30) 
 Missing  38 (2) 1 (0.1) 1 (0.3) 
Previous preterm*    
 Yes 187 (11) 74 (9) 24 (9) 
Haemoglobin (g/dl)    
 Normal (≥11.0) 1096 (47) 393 (34) 195 (50) 
 Mild anaemia (9.0-10.9) 680 (29) 404 (35) 72 (18) 
 Moderate anaemia (7.0-8.9) 132 (6) 105 (9) 12 (3) 
 Severe anaemia (<7.0) 2 (0.1) 2 (0.2) 1 (0.3) 
 Missing 430 (18) 247 (22) 114 (29) 
Gestational age at 1st antenatal care visit* 
(weeks) 

   

 Median (IQR) 16 (11, 21) 26 (22, 31) 13 (9, 19) 

Booking blood pressure (mmHG) (%)    

 Normal 
(Systolic <120 or Diastolic <80) 

1533 (63) 714 (63) 202 (63) 

 Prehypertensive 
(Systolic 120-139 and Diastolic 80-89) 

672 (31) 383 (31) 255 (31) 

 Hypertensive  
(Systolic >140 or Diastolic >90) 

85 (4) 47 (4) 28 (4) 

 Missing 50 (2) 7(0.6) 9 (2) 
Any hypertension** 242 (10) 103 (9) 34 (9) 

HIV Status    
 Negative 1411 (60) 779 (68) 279 (71) 
 Positive  929 (40) 372 (32) 115 (29) 
  ART initiated before pregnancy 437 (19) 190 (16) 79 (20) 
  ART initiated during pregnancy 492 (21) 182 (16) 36 (9) 

ART – antiretroviral therapy 
* best available measure: ultrasound measure used when available, followed by symphysis fundal height then bias corrected last menstrual 
period. 
** hypertension at any point in pregnancy  
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Supplementary Table 9.3.5  Gestational length according to different assessment methods women  
by HIV status and timing of ART initiation 

 

  WLHIV HIV-negative WLHIV 
 

Initiated ART 
before pregnancy  

 

Initiated ART 
during pregnancy  

Gestational age (weeks) LMP 1028 1857 526 502 

 Post-term >42 46 (5) 102 (5) 22 (4) 24 (5) 

 Term (37-42) 558 (54) 1130 (61) 301 (57) 257 (51) 

 Any preterm (<37)* 424 (41) 625 (34) 203 (39) 221 (44) 

Gestational age (weeks) SFH 811 1338 357 454 

 Post-term >42 53 (6) 121 (9) 22 (6) 31 (7) 

 Term (37-42) 591 (73) 247 (72) 266 (75) 325 (72) 

 Any preterm (<37)* 167 (21) 252 (19) 69 (19) 98 (22) 

Gestational age (weeks) US 813 1210 382 431 

 Post-term >42 0 8 (0.7) 0 0 

 Term (37-42) 690 (85) 1031 (85) 325 (85) 365 (85) 

 Any preterm (<37)* 123 (15) 171 (14) 57 (15) 66 (15) 

WLHIV – women living with HIV, ART – antiretroviral therapy 
LMP – last menstrual period, SFH – symphysis fundal height, US - ultrasound 
*  Any preterm consists of the subset of late preterm, moderately preterm and very preterm deliveries  
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Supplementary Table 9.3.6  Misclassification bias correction by quantitative bias adjustment 

Assessment Method  Conventional RR 
(95% CI) 

QBA  
(overall bias 
parameters) 

QBA  
(strata specific  

parameters)  
ND* 

QBA  
(strata specific  

parameters)  
D** 

Last menstrual period  
(n=2716) 

HIV-negative 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
 

Living with HIV 1.21 (1.10, 1.33) 1.35 (1.22, 1.5) 1.44 (1.28, 1.62) 1.35 (1.11, 1.64) 
 

Sensitivity = 63.38 HIV+ Sensitivity = 60.61 
 

HIV- Sensitivity = 67.50 
 

Specificity = 86.32 HIV+ Specificity = 82.32 
 

HIV- Specificity = 89.24 
 

Symphysis fundal height  
(n=1961) 

HIV-negative 1.00 (reference) 1.00 (reference) 1.00 (reference) 1.00 (reference) 
 

Living with HIV 1.06 (0.89, 1.27) 1.09 (0.91, 1.30) 1.08 (0.93, 1.28) 0.79 (0.59, 1.07) 
 

Sensitivity = 76.92 HIV+ Sensitivity = 87.50 
 

HIV- Sensitivity = 60.00 
 

Specificity = 95.06 HIV+ Specificity = 95.65 
 

HIV- Specificity = 94.29 
 

Ultrasound  
(n=1981) 

HIV-negative 1.00 (reference) 
 

   

Living with HIV 1.06 (0.86, 1.32) 
 

QBA – quantitative bias analysis, RR – risk ratio 
*ND – nondifferential  
**D – differential  
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Supplementary Table 9.3.7  Birth outcomes in women living with HIV by  
timing of ART initiation (n=1424) 

 

  WLHIV 

N = 1424 

 

Initiated ART  
before pregnancy  

 
N = 710 

Initiated ART 
during pregnancy 

1st trimester 
N = 197 

Initiated ART 
during pregnancy 

2nd trimester 
N = 377 

Initiated ART  
during pregnancy 

3rd trimester 
N = 126 

Pregnancy outcome     

 Live births 622 (91) 157 (82) 344 (95) 118 (98) 

 Miscarriage 30 (4) 17 (9) 8 (2) 0 

 Stillbirth 13 (2) 6 (3) 9 (3) 3 (2) 

 Nonviable  16 (2) 6 (3) 2 (0.6) 0 

 x Other losses 2 (0.3) 5 (3) 0  0 

 Missing  27 (4) 26 (4) 26 (4) 26 (4) 

 622 157 344 118 

Gestational length (weeks)     

 Post-term (≥42) 23 (4) 4 (3) 5 (2) 5 (4) 

 Term (37-41) 491(79) 125 (80) 276 (80) 87 (74) 

 Preterm (<37)* 108 (17) 28 (19) 63 (18) 26 (22) 

  Late/moderate preterm (32-<37) 84 (14) 22 (14) 52 (15) 24 (16) 

  Very preterm (28-31) 19 (3) 6 (4) 5 (1) 2 (2) 

  Extremely preterm (<28) 3 (0.5) 0 6 (1) 0 

  Clinical presentation at labour      

   Spontaneous 54 (9) 13 (10) 35 (10) 16 (10) 

   Clinician-initiated 48 (7) 14 (8) 25 (8) 9 (8) 

   Unknown  6 (1) 1 (1) 3 (1) 1 (1) 

 Missing  6 (1) 2 (2) 2 (1) 0 

Size for gestational age (centile)     

 LGA (>90th) 82 (13) 31 (20) 47 (14) 15 (13) 

 AGA (10th – 90th) 442 (71) 104 (66) 247 (72) 90 (76) 

 SGA (<10th) 72 (12) 16 (10) 41 (12) 8 (7) 

 Missing 26 (4) 6 (4) 9 (2) 5 (4) 

WLHIV – women living with  HIV, ART – antiretroviral therapy 
LGA – Large for Gestational Age, AGA – Appropriate for Gestational Age, SGA – Small for Gestational Age 
* preterm deliveries not classified because there was no defined gestational age (n=2) 
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Supplementary Table 9.3.8  Pregnancy outcomes by HIV status and timing of ART initiation status among enrolled 
women with singleton pregnancies with imputed outcome data (n=3894) 

  WLHIV 
N = 1424 

HIV-negative 
N = 2470 

WLHIV 
N = 1424 

 

Initiated ART before 
pregnancy  

N = 710 
 

Initiated ART during 
pregnancy 

N = 714 

Pregnancy outcome     
 Miscarriage 67 (5) 114 (5) 37 (5) 31 (4) 
 Stillbirth 37 (3) 74 (3) 15 (2) 22 (3) 
 Nonviable  34 (2) 15 (0.6) 19 (3) 14 (2) 
 Otherx 10 (0.7) 12 (0.5) 3 (0.4) 7 (1) 
 Live Births 1276 (90) 2255 (91) 636 (90) 640 (90) 
      

WLHIV – women living with  HIV, ART – antiretroviral therapy 
x other losses include abortion, ectopic pregnancy and maternal death  

 

 



 

 297 

Supplementary Table 9.3.9  Birthweight outcomes by HIV status and timing of ART initiation among enrolled women with singleton pregnancies (n=3426) 

  WLHIV 
N = 1247 

HIV-negative 
N = 2179 

WLHIV 
N = 1247 

 
Initiated ART 

before pregnancy  
N = 625 

Initiation during pregnancy 
N = 622 

 
 Initiated ART  

during pregnancy 
1st trimester 

N = 197 
 

Initiated ART  
during pregnancy 

2nd trimester 
N = 377 

Initiated ART 
during pregnancy 

3rd trimester 
N = 126 

Birthweight (grams)       
 High (≥4000) 45 (4) 108 (5) 16 (3) 4 (3) 23 (7) 2 (2) 
 Normal (2500-3999) 1011 (81) 1795 (82) 513 (83) 127 (80) 260 (76) 107 (91) 
 Low (<2500) 175 (14) 253 (12) 91 (14) 18 (12) 54 (16) 8 (7) 
  LBW (2500-1500) 153 (12) 216 (10) 79 (12) 16 (11) 38 (11) 8 (7) 
  Very LBW (<1500) 22 (2) 37 (2) 12 (2) 2 (1) 8 (2) 0 
 Mean (SD) 3061 (590) 3154 (594) 3042 (578) 3097 (592) 3050 (640) 3157 (466) 
 Missing  16 (1) 23 (1) 2 (0.3) 6 (4) 7 (2) 1 (1) 

WLHIV – women living with  HIV, ART – antiretroviral therapy 
LBW – low birthweight  
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Supplementary Table 9.3.10  Associations between HIV and ART exposure groups and low birthweight among women with live singleton deliveries (n=3426) 

Outcome 
measure 

Comparison A†  Comparison B††  Comparison C††† 
 

Comparison D††††  

 
RR  
(95% CI) 

ARR  
(95% CI) 

 
RR  
(95% CI) 

ARR  
(95% CI) 

 RR  
(95% CI) 

ARR  
(95% CI) 

 
RR  
(95% CI) 

ARR  
(95% CI) 

Low birth 
weight 
(<2500g)* 
 

HIV-
negative 

1.00 
(reference) 
 

1.00 
(reference) 

Before 
pregnancy 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

WLHIV 1.21  
(0.99, 1.47) 

1.13 
(0.91, 1.39) 

During 
pregnancy 

0.94  
(0.70, 1.26) 

0.91 
(0.66, 1.25) 

Before 
pregnancy 

1.25  
(0.98, 1.59) 

1.19 
(0.92, 1.54) 

Before 
pregnancy 

1.25  
(0.98, 1.59) 

1.19 
(0.92, 1.54) 

During 
pregnancy 

1.17 
(0.92, 1.50) 

1.07 
(0.82, 1.39) 

1st 
trimester 

1.13 
(0.72, 1.78)  

0.93 
(0.57, 1.53)  

2nd 
trimester 

1.35 
(1.02, 1.83)  

1.34  
(0.99, 1.83)  

3rd 
trimester 

0.58 
(0.99, 1.83)  

0.46  
(0.22, 0.98)  

WLHIV – women living with HIV, ART – antiretroviral therapy, RR – risk ratio, ARR – adjusted risk ratio, Cl – confidence interval  
†Comparison A (WLHIV vs HIV-negative) 
††Comparison B (WLHIV ART initiated during pregnancy vs WLHIV ART initiated before conception ) 
†††Comparison C (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy vs HIV-negative) 
††††Comparison D (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy (1st trimester) vs WLHIV ART initiated during pregnancy (2nd  trimester) vs WLHIV ART initiated during pregnancy (3rd trimester)  vs HIV-
negative) 
* adjusted for age, maternal height, hypertension, BMI,  gestational age at delivery 
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Supplementary Table 9.3.11  Associations between HIV and ART exposure groups and preterm delivery among women with live singleton deliveries by assessment method 

Preterm Delivery  
(<37 weeks)  

Comparison A† Comparison B†† Comparison C††† Comparison D††††  
RR  
(95% CI) 

ARR  
(95% CI) 

 
RR  
(95% CI) 

ARR  
(95% CI) 

 RR  
(95% CI) 

ARR  
(95% CI) 

 
RR  
(95% CI) 

ARR  
(95% CI) 

Last menstrual 
period* 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

Before 
pregnancy 

1.00 
(reference) 
 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

WLHIV 1.21  
(1.07, 1.37) 

1.19  
(1.07, 1.31) 

During 
pregnancy 

1.15 
(0.94, 1.39) 

1.14 
(0.98, 1.33) 

Before 
pregnancy 

1.13  
(0.97, 1.33) 

1.11  
(0.97, 1.26) 

Before 
pregnancy  

1.13  
(0.97, 1.33) 

1.10  
(0.97, 1.26) 

During 
pregnancy 

1.30  
(1.11, 1.51) 

1.27 
(1.12, 1.42) 

1st 
trimester 

0.80  
(0.57, 1.12) 

0.81 
(0.61, 1.08) 

2nd 
trimester 

1.41  
(1.17, 1.70) 

1.36 
(1.18, 1.56) 

3rd  
trimester 

1.66 
(1.25, 2.20) 

1.60 
(1.33, 1.94) 

Symphysis fundal 
height* 

HIV-
negative 

1.00 
(reference) 
 

1.00 
(reference) 

Before 
pregnancy 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

WLHIV 1.06  
(0.87, 1.29) 

1.08  
(0.89, 1.32) 

During 
pregnancy 

1.12 
(0.83, 1.53) 

1.08 
(0.82, 1.43) 

Before 
pregnancy 

0.99  
(0.76, 1.30) 

1.02 
(0.80, 1.30) 

Before 
pregnancy  

0.99 
(0.76, 1.30) 

1.02 
(0.80, 1.30) 

1st 
trimester 

0.79  
(0.37, 1.67) 

0.80 
(0.40, 1.59) 

During 
pregnancy 

1.12 
(0.89, 1.41) 

1.13 
(0.92, 1.39) 

2nd 
trimester 

1.15 
(0.88, 1.51) 

1.17 
(0.92, 1.49) 

3rd  
trimester 

1.17  
(0.78, 1.76) 

1.17 
(0.83, 1.65) 

Ultrasound* HIV-
negative 

1.00 
(reference) 
 

1.00 
(reference) 

Before 
pregnancy 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

HIV-
negative 

1.00 
(reference) 

1.00 
(reference) 

WLHIV 1.06  
(0.84, 1.34) 

0.98 
(0.78, 1.23) 

During 
pregnancy 

1.03 
(0.72, 1.46) 

1.05 
(0.75, 1.49) 

Before 
pregnancy 

1.05  
(0.78, 1.42) 

0.94  
(0.70, 1.26) 

Before 
pregnancy  

1.05  
(0.78, 1.42) 

0.94 
(0.70, 1.26) 

During 
pregnancy 

1.08 
(0.81, 1.43) 

1.02 
(0.70, 1.33) 

1st 
trimester 

1.05 
(0.67, 1.65) 

0.96 
(0.62, 1.47) 

2nd 
trimester 

1.14  
(0.81, 1.59) 

1.09 
(0.79, 1.49) 

3rd  
trimester 

0.70 
(0.22, 2.20) 

0.72 
(0.24, 2.20) 

WLHIV – women living with HIV, ART – antiretroviral therapy, RR – risk ratio, ARR – adjusted risk ratio, Cl – confidence interval 
†Comparison A (WLHIV vs HIV-negative)  ††Comparison B (WLHIV ART initiated during pregnancy vs WLHIV ART initiated before conception )  †††Comparison C (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy vs HIV-negative) 
††††Comparison D (WLHIV ART initiated during pregnancy vs WLHIV ART initiated during pregnancy (1st trimester) vs WLHIV ART initiated during pregnancy (2nd  trimester) vs WLHIV ART initiated during pregnancy (3rd trimester) vs HIV-negative) 
* adjusted for age, parity, hypertension  
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Supplemental File 9.3.1  Quantitative Bias Analyses 

To explore the impact of a range of misclassification probabilities on our association of interest we undertook 

probabilistic bias analysis (PBA), which enables values assigned to the bias parameter to be varied (1).  We 

chose the triangular distribution as the closest to a normal distribution, and because there was no evidence 

to suggest that the data was not normally distributed.  This distribution was assigned to each bias parameter 

using calculated sensitivity and specificity as the mode and the upper and lower bounds as ±0.50 of the 

mode.  Each parameter was randomly sampled 1000 times, calculating 1000 risk ratios (RR), summarised as 

the median RR and 95% simulation interval (SI), the 2.5th and 97.5th percentile of the RR distribution.  

To establish if LMP- and SFH-based outcome misclassification was non-differential we conducted three QBA 

analyses.  The initial QBA iteration (‘overall bias parameters’) used one overall sensitivity and specificity for 

the entire LMP/SFH cohort; subsequent analyses used ‘strata-specific bias parameters’ with separate 

sensitivity and specificity parameters by HIV status with misclassification assumed to be non-differential or 

differential (2).   

References 

1. Lash TL, Fox MP, Fink AK. Applying quantitative bias analysis to epidemiologic data: Springer Science & 

Business Media; 2011. 

2. Walraven C. A comparison of methods to correct for misclassification bias from administrative 

database diagnostic codes. International Journal of Epidemiology. 2018;47(2):605-16. 
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Supplementary File 9.3.2  Multiple overimputation 
 

Multiple overimputation is an extension of multiple imputation (MI) of missing values (in partially 

observed variables) to the mitigation of measurement error.  Multiple overimputation, an alternative to 

estimation-based error-correction approaches (1), allows data values to be placed on a continuum 

ranging from observed without error (perfect measurement) to increasing levels of measurement error 

and missingness to no measurement at all (2).  This method treats measurement error as partially 

missing information and completely missing values as an extreme form of measurement error.  Missing 

values are multiply imputed based on observed covariates. Mismeasured values are used to generate 

observation-level Bayesian priors for the imputation model and are then replaced (overimputed) with 

multiply imputed values.  The priors are specified to incorporate prior knowledge (in the form of the 

observed mismeasured value), as well as appropriate uncertainty into the imputation model and can be 

estimated within the procedure from gold standard or proxy variables (3). 

 

In our study, the overimputation model contained variables to be used in the analysis model which 

included the exposure (HIV status and timing of ART initiation), gestation-based outcomes (preterm 

delivery and small for gestational age) and confounders.  Additionally, variables that were highly 

correlated with gestational age were also included, namely maternal age, body mass index, parity, 

anaemia and birthweight.  The ultrasound based gestational age, which was measured in women 

determined to be <24 weeks gestation by public sector midwives using last menstrual period (LMP) 

and/or measurement of the symphysis fundal height, was considered the gold standard measure.  The 

variance of measurement error in the LMP based measure was estimated using the ultrasound based 

gestational age, with proxy values for the “true” value assigned based on expected values of gestational 

age.   

 

The multiple overimputation procedure creates multiple imputation datasets (we chose 5).  Multiple 

overimputation and the combination of estimates from multiple data sets is implemented the R package 

Amelia II while further analysis was conducted using another R package, Zelig, which allows pooling of 

the estimates from the separate analyses on the multiple overimputed data sets following Rubin’s rules. 

 

References 

1. Blackwell M, Honaker J, King G. A unified approach to measurement error and missing data: 

Details and extensions. Sociol Methods Res. 2017;46(3):342-369. 

2. Blackwell M, Honaker J, King G. A unified approach to measurement error and missing data: 

overview and applications. Sociol Methods Res. 2017;46(3):303-341. 

3. Bachl M, Scharkow M. Some suggestions on dealing with measurement error in linkage analyses. 

2017.  
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Supplementary File 9.3.3  Birthweight Findings  

 

The overall incidence of high birthweight (HBW) was 4%; infants of preconception ART initiators 

were less likely to be HBW than infants of HIV-negative and initiating ART during pregnancy women.  

Among pregnancy initiators, third trimester initiators had a higher proportion of HBW infants (7%) 

than first (3%) and second (2%) trimester initiators.   

 

Overall, 13% of infants were low birthweight (LBW); slightly higher among WLHIV (14%) than HIV-

negative (12%) women.  In adjusted analyses, LBW risk was similar for infants of WLHIV (ARR 1.12, 

95% CI 0.91 - 1.38).  LBW risk did not differ by ART status.  Infants of preconception initiators (ARR 

1.18, 95% CI 0.94, 1.50) and those initiating during pregnancy (ARR 1.06, 95% CI 0.82 - 1.39) were at 

similar LBW risk compared to infants of HIV-negative women.  Among pregnancy initiators, LBW was 

higher with initiation in second (16%) trimester than first (12%) or third trimester (7%).  In adjusted 

analyses, first (ARR 0.92, 95% CI 0.57 - 1.53) and third trimester (ARR0.46, 95% CI 0.22 - 0.99) 

initiators were at decreased risk of an LBW infant than HIV-negative women, but second trimester 

initiators (ARR1.35, 95% CI 0.99 - 1.83) were at increased risk of LBW.   
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9.4 Supplementary materials for Chapter 6 
 

Supplementary Table 9.4.1  Baseline description of women with at least 3 pre-labour BP 
measurements vs those with <3 BP measurements 

  Total 
N=3866 

³3 BP measures 
N=1538 

<3 BP measures 
N=2328 

P 
value** 

Age, years (%)    <0.0001 

 <24 1247 (32) 429 (28) 818 (35)  

 25-29 1080 (28) 454 (30) 626 (27)  

 >30 1581 (40) 655 (43) 884 (38)  

 Median (IQR) 28 (23-32) 28 (24-32) 27 (23-32)  

Height, cm (%)    0.160 

 ≤155 1140 (29) 470 (31) 670 (29)  

 156-161 1359 (35) 533 (35) 826 (35)  

 ≥162 1105 (29) 412 (27) 693 (30)  

 Missing  262 (7) 123 (8) 139 (6)  

 Median (IQR) 158 (154-163) 158 (154-162) 158 (154-163)  

Body Mass Index, kg/m2 (%)    0.003 

 Underweight (<18.5) 26 (0.7) 9 (0.6) 17 (0.7)  

 Normal (18.5-24.9) 722 (19) 246 (16) 476 (20)  

 Overweight (25.0-29.9) 1015 (26) 386 (25) 629 (27)  

 Moderately Obese (30.0-34.9) 897 (23) 364 (24) 533 (23)  

 Severely Obese (>35.0) 914 (24) 397 (26) 517 (22)  

 Missing  292 (8) 136 (9) 156 (7)  

 Median (IQR) 30 (26-36) 31 (26-36) 29 (25-35)  

Gravidity (%)    <0.0001 

 1 953 (25) 291 (19) 662 (28)  

 2 1343 (35) 575 (37) 768 (33)  

 ≥3 1560 (40) 666 (43) 894 (38)  

 Missing 10 (0.3) 6 (0.4) 4 (0.2)  

 Median (IQR) 2 (2-3) 2 (2-3) 2 (1-3)  

Parity (%)    <0.0001 

 0 1178 (30) 383 (25) 795 (34)  

 1 1452 (38) 644 (42) 808 (35)  

 ≥2 1226 (33) 505 (33) 721 (31)  

 Missing  10 (0.3) 6 (0.4) 4 (0.2)  

 Median (IQR) 1 (0-2) 1 (1-2) 1 (0-2)  

Previous Preterm (%)    0.251 

 Yes 286 (7) 127 (8) 159 (7)  

Haemoglobin g/dl (%)    0.790 

 Normal (≥11.0) 1457 (38) 567 (37) 890 (38)  

 Mild Anaemia (9-10.9) 1065 (28) 401 (26) 664 (29)  

 Moderate Anaemia (7-8.9) 229 (6) 94 (6) 135 (6)  

 Severe Anaemia (<7) 5 (0.1) 2 (0.1) 3 (0.1)  
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  Total 
N=3866 

³3 BP measures 
N=1538 

<3 BP measures 
N=2328 

P 
value** 

 Missing 1110 (29) 474 (33) 636 (27)  

Gestational Age Assessment*     

 Median (weeks) (IQR) 18 (13-24) 18 (13-24) 18 (12-25) 0.089 

Booking Blood Pressure (mmHG) (%)    0.095 

 Normal (Sys <120 or Dia <80) 2478 (64) 989 (64) 1489 (64)  

 Prehypertensive (Sys 120-139 and Dia 80-89) 1223 (32) 471 (31) 752 (32)  

 Hypertensive (Sys >140 or Dia >90) 165 (4) 78 (5) 87 (4)  

Booking Mean arterial pressure (mmHG) (%)    0.768 

 Low (<65) 72 (2) 26 (2) 46 (2)  

 Normal (65-99) 3572 (92) 1428 (93) 2144 (92)  

 High (>100) 216 (5) 84 (5) 132 (6)  

 Missing 6 (0.2) 0 6 (0.3)  

*     Best available measure (USS, SFH, LMP) 
** Chi squared test/ rank-sum test for the presence of statistically significant difference between groups. 
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 Supplementary Table 9.4.2  Average posterior probabilities of joint trajectory class assignments 
 

Classes                                        Model 1                                       Model 2 
 

 Number of 
subjects (%) 

Average Posterior 
Probability (%) 

 Number of 
Subjects (%) 

Average Posterior 
Probability (%) 

 

 

1 1118 (73) 94.23 0.998 (0.953-0.999) 1122 (73) 94.38 0.998 (0.954-0.999) 
 

2 420 (27) 89.86 0.977 (0.842-0.999) 416 (27) 89.59 0.977 (0.840-0.999) 
 

 

Classes                                        Model 1                                            Model 2 
 

 Number of 
subjects (%) 

Average Posterior 
Probability (%) 

 Number of 
Subjects (%) 

Average Posterior 
Probability (%) 

 

 

1 611 (40) 85.58 0.919 (0.741-0.988) 810 (53) 90.10 0.981 (0.863-0.999) 
 

2 810 (52) 90.10 0.981 (0.863-0.999) 611 (40) 85.80 0.921 (0.745-0.989) 
 

3 117 (8) 91.26 0.981 (0.875-0.999) 117 (7) 97.45 0.975 (0.846-0.999) 
 

 

Classes                                        Model 1                                         Model 2 
 

 Number of 
subjects (%) 

Average Posterior 
Probability (%) 

 Number of 
Subjects (%) 

Average Posterior 
Probability (%) 

 

 

1 391 (26) 85.51 0.914 (0.749-
0.991) 

775 (50) 81.83 0.866 (0.722-0.951) 
 

2 775 (50) 82.24 0.868 (0.725-
0.952) 

391 (26) 85.51 0.913 (0.749-0.991) 
 

3 310 (20) 86.62 0.866 (0.703-
0.981) 

310 (20) 83.22 0.874 (0.705-0.983) 
 

4 62 (4) 89.46 0.987 (0.832-
0.999) 

62 (4) 89.46 0.988 (0.832-0.999) 
 

 

Classes                                         Model 1                                    Model 2 
 

 Number of 
subjects (%) 

Average Posterior 
Probability (%) 

 Number of 
Subjects 
(%) 

Average 
Posterior 

Probability (%) 
 

 

1 384 (25) 85.24 0.914 (0.749-0.990) 9 (0.2) 99.80 0.999 (0.999-1.000) 
 

2 9 (1) 94.48 0.973 (0.947-0.999) 768 (50) 81.53 0.863 (0.716-0.948) 
 

3 768 (50) 81.80 0.865 (0.722-0.950) 384 (25) 85.24 0.914 (0.749-0.990) 
 

4 318 (20) 83.32 0.866 (0.714-0.976) 318 (20) 80.49 0.852 (0.671-0.960) 
 

5 59 (4) 82.39 0.890 (0.672-0.974) 59 (4) 85.93 0.938 (0.683-0.997) 
 

 

 

Supplementary Table 9.4.3  Model fit statistics of joint trajectory classes 

Model BIC (N=73074) BIC (n=10276) AIC >5% per group 
 

2 Classes  -97870.52  -97849.93 -97773.93 Yes 
 

3 Classes  -94728.19 -94694.84 -94571.80 Yes 
 

4 Classes  -93533.43 -93485.36 -93308.04 Yes 
 

5 Classes  -93135.40 -93070.67 -92831.83 No 
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Supplementary Table 9.4.4  Joint Systolic and Diastolic blood 

Joint group membership 

combinations* 

Prevalence 

Combination 

Present 

 Model 1 

(Systolic BP) 

Model 2 

(Diastolic BP) 

1 1 1 0.0% No 

2 2 1 0.0% No 

3 3 1 0.0% No 

4 4 1 1.4% Yes 

5 5 1 0.0% No 

6 1 2 0.0% No 

7 2 2 0.0% No 

8 3 2 44.3% Yes 

9 4 2 0.0% No 

10 5 2 0.0% No 

11 1 3 22.9% Yes 

12 2 3 0.0% No 

13 3 3 0.0% No 

14 4 3 0.0% No 

15 5 3 0.0% No 

16 1 4 0.0% No 

17 2 4 0.0% No 

18 3 4 0.2% Yes 

19 4 4 24.1% Yes 

20 5 4 0.0% No 

21 1 5 0.0% No 

22 2 5 1.1% Yes 

23 3 5 0.0% No 

24 4 5 0.0% No 

25 5 5 6.1% Yes 

*trajectory groups for both outcomes (systolic and diastolic BP)  
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Supplementary Table 9.4.5 Adjusted associations between baseline predictors and joint 

Trajectory Group 
(Ref cat: Normal) 

Predictor ARR (95% CI) P-value 

Low Normal Living with HIV  (Ref cat: HIV negative) 1.24 (0.94 - 1.64) 0.123 
Age (Ref cat: <24 years)   
 25-29 0.83 (0.57 - 1.12) 0.320      
 >30 0.79 (0.53 - 1.17) 0.240      
Body Mass Index (Ref cat: normal)   
 Overweight 0.65 (0.45 - 0.92) 0.016      
 Obese 0.32 (0.22 - 0.45) <0.0001      
Gravidity (Ref cat: 1)   
 2 1.87 (1.24 - 2.83) 0.003       
 >3 2.14 (1.35 - 3.39) 0.001      

High Normal  Living HIV (Ref cat: HIV negative) 1.16 (0.87 - 1.56) 0.317      

Age (Ref cat: <24 years)   

 25-29 0.71 (0.47 - 1.09) 0.121      

 >30 1.45 (0.95 - 2.22) 0.087      

Body Mass Index (Ref cat: normal)   

 Overweight 1.44 (0.87 - 2.40) 0.159      

 Obese 2.14 (1.34 - 3.40) 0.001      

Gravidity (Ref cat: 1)   

 2 0.69 (0.46 - 1.06) 0.091      

 >3 0.65 (0.41 - 1.03) 0.068      
Abnormal  Living with HIV (Ref cat: HIV negative) 0.96 (0.54 - 1.68) 0.875       

Age (Ref cat: <24 years)   

 25-29 1.28 (0.60 - 2.75) 0.523 

 >30 1.77 (0.77 - 4.04) 0.177      

Body Mass Index (Ref cat: normal)   

 Overweight 0.79 (0.29 - 2.20) 0.656      

 Obese 2.10 (0.91 - 4.89) 0.084      

Gravidity (Ref cat: 1)   

 2 0.50 (0.24 - 1.05) 0.065      

 >3 0.35 (0.15 - 0.81) 0.014      
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Supplementary Table 9.4.6 Baseline description of women with at least 3 pre-labour blood pressure 
readings according to trajectory group 

  Total 

N=1538 

Group 1: 

Normal  

N=767 

Group 2:  

Low Normal  

N=384 

Group 3: 

High Normal 

N=316 

Group 4: 

Abnormal  

N=71 

P-value 

Age, years (%)      0.002 

 <24 429 (28) 219 (29) 113 (29) 80 (25) 17 (24)  

 25-29 454 (30) 246 (32) 119 (31) 69 (22) 20 (28)  

 >30 655 (43) 302 (39) 152 (40) 167 (53) 34 (48)  

 Median (IQR) 28 (24-32) 28 (24-32) 28 (23-32) 30 (24-34) 29 (25-34)  

Height, cm (%)      0.023 

 ≤155 470 (30) 222 (29) 139 (36) 85 (27) 24 (34)  

 156-161 533 (35) 277 (36) 134 (35) 102 (32) 20 (28)  

 ≥162 412 (27) 210 (27) 83 (22) 100 (32) 19 (27)  

 Missing  123 (8) 58 (8) 28 (7) 29 (9) 8 (11)  

 Median (IQR) 158 (154-162) 158 (154-162) 157 (153-161) 159 (155-163) 157 (153-163)  

Body Mass Index, kg/m2 (%)      <0.0001 

 Underweight (<18.5) 9 (0.6) 4 (0.5) 3 (0.8) 2 (0.6) 0  

 Normal (18.5-24.9) 246 (16) 110 (14) 104 (27) 25 (8) 7 (10)  

 Overweight (25.0-29.9) 386 (25) 192 (25) 120 (31) 65 (21) 9 (13)  

 Moderately Obese (30.0-34.9) 364 (24) 177 (23) 83 (22) 86 (27) 18 (25)  

 Severely Obese (>35.0) 397 (26) 218 (28) 42 (11) 109 (34) 28 (39)  

 Missing  136 (9) 66 (9) 32 (8) 29 (9) 9 (13)  

 Median (IQR) 31 (26-36) 31 (27-37) 28 (24-32) 33 (29-38) 34 (30-40)  

Gravidity (%)      0.019 

 1 291 (19) 151 (20) 53 (14) 67 (21) 20 (28)  

 2 575 (37) 293 (38) 157 (41) 102 (32) 23 (32)  

 ≥3 666 (43) 320 (42) 173 (45) 145 (46) 28 (39)  

 Missing 6 (0.4) 1 (0.1) 5 (0.9) 2 (0.6) 0  

 Median (IQR) 2 (2-3) 2 (2-3) 2 (2-3) 2 (2-3) 2 (1-3)  

Parity (%)      0.028 

 0 383 (25) 199 (26) 75 (20) 85 (27) 24 (34)  

 1 644 (42) 330 (43) 173 (45) 116 (37) 25 (35)  

 ≥2 505 (33) 235 (31) 135 (35) 113 (36) 22 (31)  

 Missing  6 (0.4) 1 (0.1) 5 (0.9) 2 (0.6) 0  

 Median (IQR) 1 (1-2) 1 (0-2) 1 (1-2) 1 (0-2) 1 (0-2)  

Previous Preterm (%)      0.030 

 Yes 127 (8) 51 (7) 31 (8) 35 (11) 10 (14)  

Haemoglobin g/dl (%)      0.105 

 Normal (≥11.0) 567 (37) 297 (39) 126 (33) 116 (37) 28 (39)  

 Mild Anaemia (9-10.9) 401 (26) 196 (26) 112 (29) 76 (24) 17 (24)  

 Moderate Anaemia (7-8.9) 94 (6) 39 (5) 36 (9) 15 (5) 4 (6)  

 Severe Anaemia (<7) 2 (0.1) 2 (0.3) 0 0 0  

 Missing 474 (32) 233 (30) 110 (29) 109 (34) 22 (31)  

HIV/ART status (%)      0.204 

 HIV negative 967 (63) 494 (64) 226 (59) 197 (62) 50 (70)  

 Living with HIV, preconception ART 306 (20) 149 (20) 83 (22) 67 (21) 7 (10)  

 Living with HIV, initiating ART 265 (17) 124 (16) 75 (19) 52 (17) 14 (20)  

Gestational Age Assessment*      0.0344 
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  Total 

N=1538 

Group 1: 

Normal  

N=767 

Group 2:  

Low Normal  

N=384 

Group 3: 

High Normal 

N=316 

Group 4: 

Abnormal  

N=71 

P-value 

 Median (weeks) (IQR) 18 (13-24) 18 (13-23) 18 (12-24) 20 (13-25) 17 (11-22)  

Booking Blood Pressure (mmHG) (%)      <0.0001 

 Normal 

(Sys <120 and Dia <80) 

989 (64) 517 (67) 338 (88) 112 (35) 22 (31)  

 Prehypertensive 

(Sys 120-139 and Dia 80-89) 

471 (31) 228 (30) 44 (11) 169 (53) 30 (42)  

 Hypertensive  

(Sys >140 or Dia >90) 

78 (5) 22 (3) 2 (0.5) 35 (11) 19 (27)  

Booking Mean arterial pressure (mmHG) 

(%) 

     <0.0001 

 Low (<65) 26 (2) 10 (1) 15 (4) 1 (0.3) 0  

 Normal (65-99) 1428 (93) 732 (95) 369 (96) 279 (88) 48 (68)  

 High (>100) 84 (5) 48 (3) 0 36 (11) 23 (32)  

*    Best available measure (USS, SFH, LMP) 
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9.5 Supplemental materials for Chapter 7 

 

Supplementary Table 9.5.1  Adjusted associations between timing of ART initiation and preterm 
delivery among women with live singleton deliveries all 3 data sources 

Data source Outcome measure Comparison C† 

(Ref category: ART Initiated before pregnancy) 
 

ARR [95% CI] P value 

PHDC Preterm delivery  

(<37 weeks)* 

ART initiated during 

pregnancy  

 

0.90 (0.85–0.95) X 

0.93 (0.88-0.99) XX 

 

<0.0001 

0.021 

PER Preterm delivery  

(<37 weeks)** 

ART initiated during 

pregnancy  

 

1.09 (0.91-1.32) X 

1.12 (0.91-1.38) XX 

 

0.356 

0.297 

Cohort Preterm delivery  

(<37 weeks)*** 

ART initiated during 

pregnancy  

 

0.84 (0.45-1.58) X 

1.08 (0.53-2.18) XX 

 

0.841 

0.597 

ART – antiretroviral therapy, PHDC – Provincial health data center, PER – pregnancy exposure registry, ARR – adjusted risk ratio 
 
* adjusted for age, gravidity, TB, smoking  
** adjusted for age, gravidity, wasting 
*** adjusted for age, gravidity, BMI, hypertension, hazardous drinking, depressive symptoms, PI regimen 
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Supplementary Table 9.5.2  Baseline comparisons of common variables across the three data sources 

  PHDC 

N=183 593 

PER 

N=9476 

Cohort Study 

N=989 

HIV-uninfected 

N=148 593 

HIV-infected 

N=35 353 

HIV-uninfected 

N=6473 

HIV-infected 

N=3003 

HIV-uninfected 

N=510 

HIV-infected 

N=479 

Age, years       

 <24 59549 (40) 7861 (22) 2690 (42) 644 (21) 185 (36) 82 (17) 

 25-29 42 119 (28) 10527 (30) 1848 (29) 893 (30) 161 (32) 133 (28) 

 >30 46 925 (32) 16965 (48) 1935 (30) 1466 (49) 164 (32) 264 (55) 

 Median 26 (22-31) 29 (25-33) 26 (22-31) 29 (25-34) 26 (23-32) 30 (26-35) 

Gravidity       

 1 81 144 (55) 16 781 (48) 1904 (29) 497 (17) 136 (27) 69 (14) 

 2 44 644 (30) 11 732 (33) 2051 (32) 988 (33) 161 (32) 126 (26) 

 ≥3 22 804 (15) 6840 (19) 2486 (38) 1487 (50) 213 (42) 284 (59) 

 Missing 1 (0) 0 32 (1) 31 (1) 0 0 

 Median 1 (1-2) 2 (1-2) 2 (1-3) 2 (2-3) 2 (1-3) 3 (2-3) 

Parity       

 0 90 086 (61) 19 249 (54) 1383 (21) 531 (18) 168 (33) 83 (17) 

 1 38 767 (26) 10 284 (29) 2172 (34) 1084 (36) 169 (33) 162 (34) 

 ≥2 19 740 (13) 5820 16) 2842 (41) 1346 (45) 173 (34) 234 (49) 

 Median 0 (0-1) 0 (0-1) 76 (1) 43 (1) 2 (1-3) 1 (1-2) 

HIV status 161 634 (82%) 35 879 (18%) 6961 (70%) 3049 (30%) 510 (52%) 479 (48%) 

ART status       

 No ART initiated - 1 668 (5%) - 0 - 0 

 Initiated before 

pregnancy 

- 19 966 (55%) - 2014 (66%) - 337 (70%) 

 Initiated during 

pregnancy 

- 14 245 (40%) - 1035 (34%) - 142 (30%) 

ART – antiretroviral therapy, PHDC – Provincial health data center, PER – pregnancy exposure registry 
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Supplementary Table 9.5.3  Adjusted associations between HIV/ART exposure groups and preterm delivery 
among women with live singleton deliveries in all three data sources adjusted by common variables  

(age and gravidity) 
 

Data 
source 

Outcome 
measure 

Comparison A† 
(Ref category: HIV-uninfected) 

Comparison B†† 
(Ref category: HIV-uninfected) 

 
ARR [95% CI] P value  ARR [95% CI] P value 

PHDC 
 

Preterm delivery 
(<37 weeks) 

HIV-
infected 

1.16 (1.12–1.19)  <0.0001 No ART initiated 1.53 (1.37-1.72) <0.0001 
 

ART initiated 
before pregnancy  
 

1.17 (1.12-1.21)  
 

<0.0001 
 

ART initiated 
during pregnancy 
 

1.10 (1.05-1.16) 
 

<0.0001 
 

PER 
 

Preterm delivery 
(<37 weeks) 

HIV-
infected 

1.03 (0.92-1.15) 0.656 ART initiated 
before pregnancy  
 

0.98 (0.86-1.12) X 
 

0.734 
 

ART initiated 
during pregnancy 
 

1.12 (0.95-1.32) X 
 

0.168 
 

Cohort 
 

Preterm delivery 
(<37 weeks) 
 

HIV-
infected 

1.03 (0.69-1.55) 0.869 ART initiated 
before pregnancy  
 

1.04 (0.67-1.63)  0.848 
 

ART initiated 
during pregnancy 
 

1.01 (0.55-1.87)  0.973 

ART – antiretroviral therapy, PHDC – Provincial health data center, PER – pregnancy exposure registry, ARR – adjusted risk ratio 

 

  



 

 313 

9.6 PIMS Cohort Profile 

 

Malaba TR, Gray CM, Myer L, Newell ML, for the PIMS Study Group. Cohort profile: Prematurity 

Immunology in HIV-infected Mothers and their infants Study (PIMS). 

BMJ Open. 2021;11(9): e047133. 

 

Relevance of this paper to the thesis 

 

This chapter presents data on the impact of different gestational age assessment methods on the 

incidence of preterm delivery and small for gestational age infants.  Additionally, there is exploration 

of the impact of these methods on the association between maternal HIV and antiretroviral therapy 

use and adverse birth outcomes.  The use of different assessment methods has previously been 

hypothesised as a methodological issue that could explain the heterogeneous findings in previous 

studies. 

 

 

Contribution of the student and co-authors 

TRM conceptualised and conducted all analyses, led data interpretation and drafted the manuscript.  

TRM directed data collection, with assistance from HM and AP.  MLN and LM conceptualised the 

study from which these data arise, were responsible for funding, implementation and overall 

leadership, and assisted with data interpretation.  All authors reviewed and approved the final 

manuscript. 

TRM, LM, CG and MLN: Conceptualization and design of the study 

TRM: Study conduct, data collection and statistical analysis. 

TRM and MLN: Interpretation of data and writing the manuscript 

TRM, LM, CG and MLN review and editing   
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9.6.1 Abstract 

9.6.1.1 Purpose 

PIMS is a prospective cohort study in South Africa investigating the association between 

antiretroviral therapy (ART) use, preterm delivery (PTD) and small-for gestational age (SGA) live 

births.  PIMS main hypotheses are that ART initiation in pregnancy and ART-induced hypertension 

are associated with PTD and SGA respectively and that reconstitution of cellular immune responses 

in women on ART from before pregnancy results in increases in PTD of appropriate-for-gestational 

age (AGA) infants. 

9.6.1.2 Participants 

Pregnant women (n=3972) aged ≥18 years regardless of HIV status recruited from 2015 to 2016 into 

the overall PIMS cohort (2517 living without HIV, 1455 living with HIV).  A nested cohort contained 

551 women living with HIV who were ≤24 weeks’ GA on ultrasound: 261 initiated ART before 

pregnancy, 290 initiated during pregnancy. 
 

9.6.1.3 Findings to date  

Women in the overall cohort were followed antenatally through to delivery using routine clinical 

records; further women in the nested cohort were actively followed up until 12 months postpartum, 

with data collected on maternal health (HIV care and ART use, clinical care and inter-current clinical 

history).  Other procedures conducted on the nested cohort included physical examinations 

(anthropometry, blood pressure measurement), assessment of fetal growth (ultrasound), maternal 

and infant phlebotomy for storage of plasma, RNA and peripheral blood mononuclear cells, 

collection of delivery specimens (placenta and cord blood), and infant 12 month developmental 

assessment.  Preliminary findings have contributed to our understanding of risk factors for adverse 

birth outcomes, and the relationship between pregnancy immunology, HIV/ART and adverse birth 

outcomes. 

9.6.1.4 Future plans 

Using specimens collected from study participants living with HIV throughout pregnancy and first 

year of life, the PIMS provides a valuable platform for answering a variety of research questions 

focused on temporal changes of immunology markers in women whose immune status is altered by 

HIV infection, and how ART initiated during pregnancy affects immune responses.  The relationship 

between these immunological changes with adverse birth outcomes as well as possible longer-term 

impact of exposure to ART in fetal and early life will be explored.  Additionally, further active, and 

passive follow-up of mothers and their infants is planned at school-going age and beyond to chart 

growth, morbidity, and development, as well as changes in family circumstances.    
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9.6.2 Introduction 

Antiretroviral drugs in pregnant women living with HIV prevent mother-to-child transmission 

(PMTCT) and delay HIV disease progression.  WHO guidelines now recommend antiretroviral therapy 

(ART) for all, immediately upon HIV diagnosis, including for women living with HIV during pregnancy 

and breastfeeding, to be continued lifelong (1).  However infants born to mothers living with HIV 

would be exposed to multi-drug ART regimens for prolonged periods at a crucial time during their 

development (2), which could result in decreased health, developmental, and survival outcomes (3, 

4).  In high maternal HIV prevalence settings the increasing population of ART-exposed infants could 

make the goal of under-five mortality reduction less likely. 

 

Adverse birth outcomes contribute significantly to under-five mortality, as well as infant health and 

developmental problems (5).  There is an ongoing debate regarding the association between 

exposure to maternal ART during fetal life and adverse birth outcomes, following reports from 

Europe (6-9), USA (10) and Africa (11-14) of possible ART-associated increased risk of preterm 

delivery (PTD), small-for-gestational age (SGA) or low birthweight (LBW) infants.  Furthermore, these 

exposed infants are also at increased risk of acquiring viral infections (15, 16), as well as the negative 

impact of ART on fetal brain development and function (17).  Interpretation of findings from various 

studies, especially from African settings, is hindered by the reliability of gestational assessment, with 

ultrasound dating in early pregnancy usually unavailable.   

 

There is limited understanding of general pregnancy-related immune changes in high HIV prevalence 

settings.  Successful pregnancies require intricate fetal-maternal (FM) immune balances, to enable 

maternal tolerance of the semi-allogeneic fetus; this FM tolerance is primarily maintained by the 

placenta (18, 19).  Consequently, adverse birth outcomes could be hypothesized to be due to 

placental interface FM tolerance disruption because of cytokine shifts associated with ART initiation 

causing early initiation of uterine contractions (20).  Additionally, there are suggestions that adverse 

birth outcomes could also be associated with ART-induced dysregulation of maternal and infant 

metabolism.  In order to meet the specific needs during pregnancy and infancy the metabolism is 

tightly regulated, however ART is known to interfere with lipid metabolism (21).  The emerging field 

of immune metabolism has shown that alterations in the lipid profile increases susceptibility to viral 

infections by skewing immune responses.  The complex interplay between pregnancy, HIV/ART, host 

immunity, adverse birth outcomes and long-term child health is poorly understood as detailed data 

are few, and related to drug combinations which may no longer be in use.  Further research is 
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required to examine epidemiologic and immunological associations and inform understandings of 

underlying biological mechanisms.   

 

An increase in PTD rates, especially of SGA infants, could impact on the long-term growth and 

development of children, and would have consequences for the health and wellbeing of their 

families and population more widely.  We therefore aimed to improve understanding of maternal 

immune profiles during pregnancy in the context of ART use during gestation, adverse birth 

outcomes and long-term child health in Cape Town, South Africa, an area of high HIV prevalence.   

This manuscript presents the details of the setting up of the cohort, including aims and objectives 

and a description of baseline findings along with other preliminary findings.  

 

9.6.3 Aim and Objectives 

The primary focus of the PIMS study was to investigate and quantify the risk of preterm and SGA 

deliveries; with underlying hypotheses that (i) timing of ART use (from before or during pregnancy) is 

associated with increased risk of PTD, (ii) ART-induced hypertension during pregnancy results in 

increased risk of SGA and (iii) reconstitution of cellular immune responses during ART in pregnancy 

results in increases in PTD of appropriate-for-gestational age (AGA) infants.  Our secondary focus 

was to determine long-term (first five years of life) child health outcomes of PTD infants (by weight 

at gestational age and maternal HIV/ART status).  Our hypotheses are that (i) throughout childhood 

SGA infants are disadvantaged in terms of growth and development compared to preterm AGA 

infants and (ii) ART use alters maternal and fetal lipid metabolism resulting in susceptibility to 

infections and alterations in vaccine responses in childhood. 

 

9.6.4 Cohort Description 

 

9.6.4.1 Setting  

Between April 2015 and October 2016, we enrolled pregnant women (aged ≥18 years) at their first 

antenatal care (ANC) visit in a prospective cohort study, at a single large public sector primary care 

facility (Gugulethu Midwife Obstetric Unit (MOU)) in a low-income high HIV-prevalence sub-district 

of Cape Town, South Africa.   
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9.6.4.2 Study Design  

The overall prospective, observational design includes two ‘nested’ groups of pregnant women: 

• Group 1: the overall population of pregnant women (≥18 years) seeking ANC services at 

Gugulethu MOU during a 18-month period; within this group, a subset of women 

thought to be ≤24 weeks’ gestation based on history or examination (clinical GA) 

underwent ultrasound scan by a research sonographer for more accurate gestation 

estimation; enrolled into observation group. 

• Group 2: all pregnant WLHIV seeking ANC who are ≤24 weeks’ gestation at US at their 

first ANC visit, regardless of current ART use at the first ANC visit (nested within Group 

1). Enrolled into longitudinal cohort with data collection through questionnaires, clinical 

assessments and phlebotomy spanning pregnancy to early infancy.  

 

This study design enables quantification of the risk of adverse birth outcomes in the overall cohort, 

as well as the more detailed Group 2 group also enabling investigation of the consequences of the 

immune response following ART initiation in pregnancy for onset of labour and preterm delivery.   

 

9.6.4.3 Ethical Approval  

The study was reviewed and approved by the University of Cape Town Faculty of Health Sciences 

Human Research Ethics Committee (UCT HREC 739/2014) and the University of Southampton Faculty 

of Medicine Ethics Committee (12542 PIMS).   

 

9.6.4.4 Routine Care Services 

As part of routine ANC services, gestational age (GA) was estimated based on date of last menstrual 

period (LMP) and symphysis-fundal height (SFH) by public sector midwives.  All women without a 

previous HIV diagnosis underwent HIV testing, with universal ART eligibility.  Women living with HIV 

conceiving while on ART continued their current regimen throughout pregnancy; regimens included 

NNRTIs such as efavirenz (EFV) or protease inhibitor (PI, predominantly used after failure of first-line 

therapy).  For women initiating ART in pregnancy, a fixed-dose combination of tenofovir (TDF) + 

emtricitabine (FTC) + efavirenz (EFV) was used throughout.  

 

9.6.4.5 Recruitment  

Following screening of all women attending their first ANC visit, those ≥18 years were eligible and 

approached to participate in the study.  Following screening, ineligible women were referred back to 

their ANC clinics in line with the Western Cape Department of Health’s health care model.  Women 
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who agreed to participate had their routinely collected LMP-based GA and SFH-based GA reviewed 

by the counsellor; women estimated to be ≤24 weeks were referred for a research ultrasound scan 

(US) for formal pregnancy dating by a research sonographer blinded to the midwife assessment.  

Women living with HIV who were ≤24 weeks’ gestation on US were then recruited into a nested 

cohort (Group 2); half of these had initiated life-long ART prior to conception and half initiated ART 

during pregnancy.  

 

All participants provided written informed consent prior to study participation, with re-consenting of 

mother-infant pairs at the first postpartum visit for paediatric follow-up.  Consent for study 

participation included data abstraction from routine clinical records through the pregnancy and 

post-partum period.   

 

9.6.4.6 Participant Baseline Characteristics 

A total of 4431 women registered for ANC during the study recruitment period, of whom 4111 (93%) 

were screened for the study and 3972 (90%) enrolled; all delivered by May 2017 (Figure 9.6.1).  Main 

reasons for being screened out were under-age, referrals from Basic Antenatal Clinics (BANC) or not 

being interested.  Of the enrolled women, 2517 (63.4%) were  living without HIVand 1455 (36.6 %) 

WLHIV (Table 9.6.1); 2199 (55.4%) were referred for ultrasound based on their clinical GA, 1327 

(60.3%) were living without HIV and 872 (39.7%) living with HIV.   

 

Median age at enrolment was 28 years (IQR 23-32), with women living without HIV younger than 

WLHIV women, and those initiating ART preconception older than WLHIV initiating ART during 

pregnancy.  In line with age differences, WLHIV were of higher gravidity than women living without 

HIV, but the difference in parity was small; women who initiated ART pre-pregnancy were of a 

higher gravidity than those initiating during pregnancy.  A quarter (25%) of all women were 

overweight, while over half (55%) were obese, with little or no difference between groups.  Having 

previously had a preterm delivery was more common among WLHIV than women living without HIV.  

Mild anaemia was relatively common in all groups, especially in women initiating ART during 

pregnancy (Table 9.6.1). Overall, 3479 (87.6%) women had gestation estimated by LMP, 2327 

(58.6%) by SFH and 2334 (58.8%) by ultrasound; with estimated median GA at enrolment visit 

varying by assessment method (Table 9.6.1).   
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Figure 9.6.1  Cohort profile 

AGA - appropriate-for-gestational age, ART - antiretroviral therapy, GA - gestational age, PTD – preterm delivery, SGA - small-for-
gestational age 

* BANC – basic antenatal clinic 

 

 

There were 1455 WLHIV in Group 1; 718 (49.3%) were ≤24 weeks on ultrasound, of whom 551 were 

enrolled into Group 2 (Figure 9.6.1).  The likelihood of inclusion into Group 2 did not differ by 

baseline characteristics (Table 9.6.2).  In comparison to Group 1 participants, Group 2 participants 

differed in age, gravidity, parity and previous PTD, likely driven by the women living without HIV 

(Table 9.6.3).  In multivariable regression allowing for HIV infection, the only difference that 

persisted between these groups was age (Table 9.6.4). When Group 2 women were compared to 

other WLHIV (not enrolled in Group 2), they were slightly older, more likely to have normal 

haemoglobin levels (≥11g/dl) and lower gestational age (Table 9.6.3).  In multivariable regression the 

only difference between these groups that persisted was gestational age, which was a Group 2 

inclusion criterion (Table 9.6.4).   
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Of the 551 WLHIV in Group 2, 261 (47%) initiated before pregnancy and 290 (53%) initiated during 

pregnancy (Table 9.6.5).  Women who initiated ART during pregnancy were on average younger, and 

of lower gravidity.  Overall, three-quarters of Group 2 women were overweight or obese, with little 

difference by ART status. Of the women who initiated ART during pregnancy, the majority (64%) had 

tested HIV positive in the index pregnancy; the rest had previously tested positive although were not 

on ART at conception.  In line with local and WHO treatment guidelines, most women (91%) were on 

a regimen of two NRTIs (TDF +FTC), plus NNRTI EFV.  PI usage in this cohort was low, at only 9% of 

women who initiated pre-pregnancy and 1% of women who initiated during pregnancy.  Median CD4 

count was 433 cells/µl overall, 527 cells/µl in women who initiated ART before pregnancy and 373 

cells/µl in women initiating at the first antenatal visit. There were no differences in smoking or drug 

usage between these two groups of women, but women who initiated during pregnancy were more 

likely to have ever consumed alcohol or consumed in the last 30 days (Table 9.6.5). 

 

9.6.4.7 Study Follow-up 

At baseline, all women (Group 1) had clinical and medical history, routine first ANC visit physical 

examination, screening tests and GA assessment data collected via abstraction of the Maternity Case 

Record (MCR) booklet (Table 9.6.5), which is a standardised patient-held maternity record used by 

all facilities providing maternity services to record clinical data from the antenatal through to 

postpartum period, including labour.  The MCR also serves as a referral letter, thus serving as a link 

between antenatal and labour care.  In addition, the National Health Laboratory Services (NHLS) 

database was searched for CD4, Viral load results and other laboratory values not recorded in the 

MCR.  Further follow-up for women in Group 1, not eligible for Group 2, was through data 

abstraction of the MCR following discharge from the postnatal ward (MCR retained at delivery 

facility).  Data was abstracted from follow-up ANC notes, clinical notes during labour and newborn 

assessments (Table 9.6.5). 

 

Women in Group 2 participated in up to eight scheduled study visits, from the start of ANC through 

to 12 months postpartum.  Women on ART from before pregnancy had three antenatal visits at <24 

weeks, 28 and 34 weeks; women who initiated ART during pregnancy had an additional study visit 

two weeks after the ART initiation (which in most women took place on the same day, or close to, 

the first study visit).  Following delivery, women were re-consented for infant participation, and 

study visits were conducted <7days, 10 weeks, 6 months and 12 months postpartum.  At all study 

visits, data were collected on maternal health (HIV care and ART use, clinical care and inter-current 
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clinical history).  Other procedures included physical examinations (anthropometry, blood pressure 

measurement), phlebotomy (50ml) for storage of plasma, peripheral blood mononuclear cells 

(PBMC) and RNA; a follow-up ultrasound was conducted at 28 weeks to assess fetal growth (Table 

9.6.5). 

 

At postpartum study visits, additional data was collected on infant health (including infant feeding 

and inter-current clinical history) and physical examination of infants was conducted (basic 

anthropometry).  At the 12 month visit, developmental assessment was conducted using the Ages 

and Stages questionnaire (22) – a general developmental screening tool testing five key areas: 

personal social, gross motor, fine motor, problem solving and communication skills.  Infant specimen 

collection included Dried Blood Spot (DBS) sampling and storage at 10 weeks study visit, and 

phlebotomy (2ml) for measurement of immunological functioning and antibody responses to routine 

childhood immunisations (rotavirus and measles) at 12 month study visit.  In addition, data on infant 

health status, including vaccinations, chemoprophylaxis use (including nevirapine and co-

trimoxazole) and routine HIV PCR testing, was abstracted from Road-to-Health Booklets - patient-

held booklet taken to all clinical and immunisation visits used to monitor infant growth and 

development until age 5 years (Table 9.6.6).   

 

Further active follow-up of the women and their infants will occur at school-going age and beyond to 

chart growth, morbidity and development, as well as changes in family circumstances.  It is 

envisaged that subsequent to this, longer term follow-up will be passive through the use of routinely 

collected data.  The Western Cape Provincial Department of Health’s public-sector patient 

administration systems all share unique health identifier (23); data relating to participants health 

service contacts, health conditions and health outcomes for specific conditions will be obtained from 

the Provincial Health Data Centre, which consolidates person-level clinical data across government 

services (24).  
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9.6.4.8 Data Collection 

An overview of the main included data collection instruments is presented in Table 9.6.6, covering 

self-reported information on clinical history, ART use and adherence, and medical events; as well as 

information obtained from routinely collected data.  

 

9.6.4.9 Specimen Collection  

To investigate the proposed hypothesis that immunological changes resulting from maternal ART 

exposure are associated with adverse birth outcomes, women enrolled into the follow-up cohort 

were intensively sampled, with repeated phlebotomy throughout pregnancy and the postpartum 

period for immunological investigations (Table 9.6.7).  Using samples from all antenatal plasma, 

inflammatory markers (C-reactive Protein, Serum Amyloid A and CCL10 (IP-10) in women are being 

measured.  Further, following a nested case-control design in Group 2 (n=90), investigations 

compare women who delivered preterm (PTD cases) or had small-for-gestational age infants (SGA 

cases) and those from appropriate controls (term AGA) (matched for GA and ART status) (Figure 

9.6.1).  Investigations include longitudinal quantification of plasma cytokine profiles, phenotypic and 

functional characterisation of regulatory T cells (Tregs), antigen-presenting cells and metabolites 

associated with mitochondrial functioning and lysophospholipids (Figure 9.6.2).  The combined 

studies of these immune parameters will inform understanding of ART use during pregnancy on the 

areas of the immune system that have been shown to be critically involved in regulating maternal 

immune tolerance to the fetus, and their associations with onset of labour and preterm delivery. 

 

At delivery, placentas and cord bloods were collected whenever possible, a scoring algorithm was 

developed which graded placentas and dictated specimen processing according to membrane 

completeness and time received in laboratory relative to delivery time (Table 9.6.8).  Using flow 

cytometry and tissue immunostaining techniques the following investigations will be conducted:  

examination of the effect of HIV infection/ART exposure on the phenotypic characteristics and 

functionality of placental macrophages (Hofbauer cells and decidual macrophages) at the maternal-

fetal interface and placental Tregs and their association with adverse birth outcomes.  

Characterization of cord blood Tregs and correlation of their frequency, function, and phenotype 

with placental Tregs and birth outcomes (Figure 9.6.2). 

 

9.6.4.10 Study Retention 

Loss to follow-up was categorised based on the last visit before the woman was lost; in total 158 

(29%) women were lost to follow-up (LTFU) (Figure 9.6.3).  Women lost before the post-delivery 
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study visit (n=88), either experienced pregnancy losses (n=37), were no longer interested in 

participating (n=24) or relocated out of the study area (n=17).  For women LTFU between delivery 

and the 6 month postpartum visit (n=24), reasons included relocation (n=8), not contactable (n=6), 

no longer interested in participating (n=5) and maternal/infant death (n=5) (Figure 9.6.2).  For 

women LTFU between 6 month and 12 month postpartum (n=46), reasons included relocation 

(n=15), not contactable (n=26), no longer interested in participating (n=2) and maternal/infant death 

(n=3).  

There were no appreciable differences by ART status in women LTFU before post-delivery visit (RR 

0.81, 95% CI 0.55 – 1.19).  However, women who initiated ART before pregnancy were less likely to 

be LTFU between delivery and 6 months postpartum (RR0.44, 95% 0.19 – 1.04) and between 6 

month and 12 month postpartum (RR0.58, 95% 0.33 – 1.02).  No baseline characteristics were 

associated with LTFU. 

 

9.6.5 Findings to date 

9.6.5.1 Gestational Age Assessment  

In the overall cohort, 1787 women with live singleton births were included in the analysis of the 

association between HIV status and timing of ART initiation and PTD by GA assessment method used 

(last menstrual period (LMP), measurement of symphysis fundal height (SFH) and ultrasound (US).  

Using US-GA, PTD risk was associated with maternal HIV infection and ART use, with WLHIV, on ART 

from before or early pregnancy, almost twice as likely to deliver preterm than women living without 

HIV (25).  A weaker association was observed when GA assessment was based on SFH, while with 

LMP-GA the difference by HIV status was minimal.  We did not find any appreciable differences in 

the PTD risk for WLHIV by timing of ART initiation across all three assessment methods (25).  Our 

findings (in both the overall cohort and in women with all three assessments) suggest that methods 

of GA assessment explain at least partially the heterogeneity of findings from previous studies on the 

association between ART use and adverse birth outcomes, suggesting that care should be taken 

when interpreting results from such studies. 

 

9.6.5.2 Obesity 

In the overall cohort, 2921 women with live singleton births were included in the analysis of the 

association between maternal body mass index and adverse birth outcomes.  In a subset cohort the 

association between gestational weight gain (GWG) and adverse birth outcomes was examined.  

Maternal obesity was associated with increased likelihood of having high birthweight and large size 
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for gestational age infants. In the subset cohort, GWG was associated with increased likelihood of 

spontaneous PTD and high birth weight infants (26).  Obesity during pregnancy is prevalent in this 

setting and appears associated with increased risk of adverse birth outcomes in both WLHIV and 

women living without HIV.  

 

9.6.5.3 Placental Pathology 

Preliminary analysis of placental histopathology from a sub-set of women enrolled in the prospective 

cohort showed significant associations between placental pathology and adverse birth outcomes: 

presence of focal infarction was associated with increased risk of low birthweight (LBW); the lower 

the weight of the basal plate weight led to increased risk of LBW, PTD and SGA; and prolonged 

meconium exposure was associated with increased risk of SGA.  These findings suggest that adverse 

birth outcomes are driven primarily by placental abnormalities which do not appear to be associated 

with the ART initiation timing (27).  Immunofluorescence and immunohistochemistry staining were 

performed on these wax blocks to identify regulatory T cells along with macrophages. Further 

analysis is ongoing. 

 

Within the placenta, investigation of the distribution of pro-inflammatory (M1) and anti-

inflammatory (M2) placental macrophages at the maternal-fetal interface showed no differences in 

the tissue density of these macrophages within the decidual membranes and villous tissue according 

to timing of ART initiation. Data suggest that the Hofbauer Cells (which are fetal macrophages) are 

not polarized into M1/M2 phenotypes but are rather “intermediate” types (28). 

9.6.6 Strengths and limitations 

Key strengths of the PIMS study include the recruitment of a large community-based cohort in an 

area of high HIV prevalence; the observational nature of the study provides good external validity of 

experiences of a public sector primary care population over pregnancy.  A further strength lies in the 

use of a research sonographer for the GA assessment in women ≤24 weeks when US is highly 

reproducible and accurate (while routinely used clinical assessments are less reliable) which is 

particularly important when studying associations with adverse birth outcomes, as compromises in 

outcome ascertainment methods can affect the detection of the magnitude of associations. 

Additionally, the maternal biological specimen from Group 2 at three or four times (depending on 

ART status group) throughout pregnancy and at delivery is an important strength because it enables 

immunological, metabolomic and placental investigations to inform understanding of mechanisms 
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underlying adverse birth outcomes in in women living with HIV.  As pregnancy is a state of 

immunoregulation requiring tolerance of a semi-allogeneic fetus, the assessment of placentas of 

enrolled women provides a unique opportunity to investigate the link between HIV, ART and adverse 

birth outcomes.  Collection of infant specimens further strengthens the study as it is one of the first 

studies combining metabolomic and immunologic assessments. This will provide an integrated 

model of the immune-metabolism association in HIV-exposed infants and the consequences of 

maternal metabolic dysregulation for the immune responses of the infant.  Furthermore, the 

developmental assessments carried out in the infants provides the opportunity to consider the 

association between maternal immune function during pregnancy and early childhood 

immunological and developmental outcomes.  

PIMS has valuable sub-designs in addition to the observational study design with the overall cohort 

stratified by maternal HIV status, ART use, and related risk factors, with all details to be analysed by 

timing of ART initiation in line with the main PIMS objectives.  One sub-design is the cohort study in 

women living with HIV, who have data collection through questionnaires, clinical assessments and 

phlebotomy spanning pregnancy to early infancy.  This study design enables quantification of the risk 

of adverse birth outcomes in the overall cohort, as well as the more detailed Group 2 group also 

enabling investigation of the consequences of the immune response following ART initiation in 

pregnancy for onset of labour and preterm delivery.  Another sub-design is the nested case–control 

study which will enable immunological investigations in women who did and did not delivery 

preterm/SGA infant.  The ability to track patients using the Western Cape unique identifier across 

different health and laboratory services, enables the passive long term follow-up of the Group 2 

women and their infants; with available data including patient level data (administrative, 

demographic and clinical), visit level data (clinical observations and findings), laboratory tests and 

medication.   

 

A limitation of the study is while women living without HIV are included in Group 1, providing a 

comparison group for birth outcome and various maternal characteristics, Group 2 did not include 

living without HIV or ART-unexposed comparator groups.  As such the detailed immunological 

analyses over pregnancy are limited to WLHIV, with timing of ART initiation a main explanatory 

variable.  Additionally, we do not have full detailed information on all Group 1 women and were 

instead limited by routinely collected data in medical notes some information relating to maternal 

characteristics was based on self-report and thus subject to potential biases. In order to address this 

limitation, routinely collected data was also collected to confirm data on birth outcomes.  
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9.6.7 Findings to date 

Using data collected from study participants living with HIV throughout pregnancy and first year of 

life, PIMS provides a valuable platform for answering a variety of research questions related to 

maternal and child health. In particular, PIMS well equipped to investigate temporal changes of 

immunology markers in women whose immune status is altered by HIV infection, and how ART 

initiated during pregnancy affects immune responses.  The relationship between these 

immunological changes with adverse birth outcomes as well as possible longer-term impact of 

exposure to ART in fetal and early life will be explored.  Additionally, through use of the Western 

Cape Department of Health unique identifier further active and passive follow-up of mothers and 

their infants is planned at school-going age and beyond to chart growth, morbidity and 

development, as well as changes in family circumstances.   
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