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Pregnancy outcome in South Australia: 
Population and Cohort Studies

i A quarter of first pregnancies are affected by adverse pregnancy outcomes, including spontaneous preterm 
birth (sPTB), fetal growth restriction (FGR)/small for gestational age (SGA), gestational diabetes mellitus (GDM) 
and hypertensive disorders of pregnancy (HDP)[1]. The aim of the studies presented in this thesis was to 
describe adverse pregnancy outcomes in South Australia in population and cohort studies with a particular 
focus on filling in gaps of knowledge of hitherto understudied predictive or associated factors.

Preterm birth
Preterm birth (PTB) is defined as birth before 37 weeks of gestation and can be further subdivided in early PTB 
(less than 34 weeks of gestation) and late PTB (34-36 6/7 weeks of gestation). PTB birth may be spontaneous 
or iatrogenic[2]. Common indications for an early iatrogenic birth may be because of conditions of the mother 
[e.g. preeclampsia (PE), eclampsia, placental abruption and placenta praevia] or of the fetus [e.g. FGR or fetal 
distress][2]. The incidence of PTB and the contribution of iatrogenic PTB varies between regions and countries[2], 
but globally the incidence of PTB is estimated at 11%[3,4] and still increasing[2]. Due to underreporting, 
specifically in undeveloped countries, it is likely that the exact number of PTB is much higher, reflecting a huge 
global burden on health care systems. sPTB is a heterogeneous syndrome, in which multiple pathways lead to 
the common endpoint we recognize as PTB. Not surprisingly many risk factors have been identified, such as 
ethnicity, adolescent pregnancies, advanced maternal age, stress, drug use, ascending infections, low maternal 
education, household smoking, cervical surgery and PTB in a previous pregnancy[2]. Currently, researchers are 
seeking simple and inexpensive methods to predict PTB, but thus far there is not a sensitive prediction model 
available[5]. PTB has huge implications for the neonate. Neonatal mortality and morbidity is increased in infants 
born preterm versus those born at term[2]. Short term implications of prematurity include increased risk of 
neonatal respiratory conditions, necrotizing enterocolitis, sepsis, neurological conditions, feeding difficulties 
and visual and hearing problems[2]. PTB has been linked to poorer neurodevelopmental outcomes, higher 
hospital admission rates, and behavioural, social-emotional and learning difficulties in childhood[2]. Later in 
life, former-preterm born neonates have higher risk of cardiovascular, metabolic and psychiatric disorders[6,7]. 

Fetal growth restriction and small for gestational age infants
Fetal growth restriction (FGR), also referred to as intra-uterine growth restriction, refers to an insufficient 
rate of fetal growth in relation to an infants’ ethnic and sex-specific growth potential and is present in 3-7% 
of pregnancies[8]. Those neonates whose birthweight is less than the 10th population-based, sex-specific 
birthweight percentile, for gestational age are considered small for gestational age (SGA)[8]. In the literature 
the definitions of FGR and SGA are often used interchangeably, despite dissimilarities between their definitions. 
Underlying mechanisms that result in FGR are not fully understood, but as a consequence of maternal, 
placental or fetal pathology the fetus cannot fully achieve its growth potential[8]. FGR/SGA are therefore very 
heterogeneous conditions. Growth restricted neonates have an increased risk for acute problems including 
perinatal asphyxia, hypothermia, hypoglycaemia and polycythemia[8]. Later in life, individuals born SGA have 
higher risk of renal, cardiovascular and metabolic disease[6,9,10].

Gestational diabetes mellitus
Gestational diabetes mellitus (GDM) is carbohydrate intolerance, with onset or first recognition during 
pregnancy. It is an important contributor to fetal and neonatal morbidity and mortality. Women who develop 
GDM are also at increased risk for HDP and giving birth by caesarean section[11,12]. In a hyperglycemic woman, 
excess transport of glucose through the placenta forces the fetus to increase its own insulin production[13]. 
This puts the fetus at an increased risk of perinatal metabolic disturbances, potentially resulting in stillbirth, 
macrosomia, or birth-related problems[14]. Following a GDM complicated pregnancy, both mother and 
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ineonate have increased long-term risk of cardiovascular disease (CVD), type 2 diabetes mellitus and metabolic 
syndrome[13,15,16]. The pathophysiology of GDM is not completely understood, but most data indicate that 
the additional insulin resistance caused by some of the major placental hormones, including human placental 
lactogen (hPL) and oestrogen, are superimposed in pre-existing insulin resistance[17]. When the combined 
degree of pre-existing plus pregnancy-induced insulin resistance due to these hormones exceeds the pancreatic 
capacity, hyperglycaemia ensues. Therefore, the risk factors for GDM include the typical risk factors for type 
2 diabetes mellitus, including maternal overweight and obesity, low maternal birth weight, specific ethnicity 
(Indian or Australian indigenous descent), advanced maternal age, family history of type 2 diabetes mellitus, 
history of previous fetal death and previous birth of a macrosomic infant[18,19]. For many years, there has been 
a continuing controversy regarding associated risk, diagnostic criteria, screening, and treatment of GDM and 
to date, there is still no global clinical consensus[14,19]. Regardless of the used criteria of GDM, its incidence 
is increasing worldwide[14]. Globally, GDM is present in around 7% of all pregnancies, but the incidence of 
GDM is population-specific, varying from 1-10%[20]. GDM and its long-term risks stresses health care systems 
significantly[14].

Hypertensive disorders of pregnancy
Preeclampsia (PE) is a systemic syndrome that occurs during pregnancy or shortly postpartum. It is traditionally 
diagnosed by the combined presentation of hypertension (≥140mmHg systolic and ≥90mmHg diastolic blood 
pressure) and proteinuria (spot urine protein/creatinine ≥30mg/mmol [0.3mg/mg] or ≥300 mg/day or at 
≥1g/L [‘2+’] on dipstick testing) in the second half of pregnancy, in previously normotensive women[21,22]. 
The International Society for the Study in Hypertension in Pregnancy (ISSHP)‘s definition for PE also includes 
maternal organ dysfunction, such as renal insufficiency, liver involvement, neurological or haematological 
complications or uteroplacental dysfunction, including FGR/SGA[23]. PE affects 3-5% of pregnancies and is one 
of the main causes of maternal, fetal and neonatal morbidity and mortality[22,24]. Maternal complications 
include placental abruption, pulmonary oedema, eclampsia, liver failure or liver haemorrhage, stroke or death 
(both rare) and long-term cardiovascular morbidity[21,22]. Possible neonatal complications are iatrogenic 
PTB, FGR/SGA, and long-term cardiovascular morbidity associated with low birthweight[21,22]. Numerous 
risk factors for PE have been identified, including genetic predisposition, primiparity, primipaternity, limited 
sperm exposure, advanced maternal age, ethnicity, metabolic risk factors and infections[21,22], but the exact 
pathophysiology of PE remains unclear. Since PE is present in pregnancies only, it has been hypothesised that 
PE is caused by the presence of the placenta or by the maternal response to placentation[21,22]. Currently, the 
only cure for PE is delivery of the placenta[22,24].

Apart from PE, another common HDP is gestational hypertension (GH). GH is defined as de novo hypertension 
in second half of pregnancy, in the absence of proteinuria or other maternal organ dysfunction as described 
above[23]. GH affects 5-8% of pregnancies and has important similarities and differences in risk factors and 
pathophysiology to PE[25]. It is likely that many GH cases reflect chronic hypertension first diagnosed in 
pregnancy[23]. In a quarter of GH cases, the condition progresses to PE. Both GH and PE are associated with 
increased risk of subsequent CVD[25,26], and the highest risk is for those with hypertension combined with 
FGR and/or PTB[25].

Part 1 – Trends, sexual dimorphism and seasonality of pregnancy outcome.

The first part of this thesis describes a series of four population studies in South Australia. Each of the 
studies used data from the South Australian Perinatal Statistics Collection (SAPSC), a state-wide registry of all 
characteristics and clinical outcomes of all South Australian births notified by hospital and home birth midwives 
and neonatal nurses. 
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i Long-term trends in adverse pregnancy outcome
As described previously, in summary, adverse pregnancy outcome, like sPTB, FGR/SGA, GDM and HDP, are 
common heterogeneous conditions of which the pathophysiology is not fully understood. These four pregnancy 
complications combined affect 25-40% of pregnancies[27–30]. They have serious potential short- and long-
term consequences for both mother, fetus and neonate and therefore form a significant burden on healthcare 
systems[27–30]. In order to study the long-term trends in the prevalence of PTB and rates of PTB in singleton 
pregnancies complicated by HDP, SGA and preterm prelabor rupture of the membranes (PPROM) in South 
Australia, we conducted a population wide study (Chapter 1). 

Sexual dimorphisms in adverse pregnancy outcome
The ‘developmental origins of health and disease’ (DOHaD) hypothesis suggests that the foundation of life-
long health in both women and men is established in utero. Therefore, an adverse intrauterine environment 
has long-term health consequences for the offspring[6]. The National Institutes of Health has highlighted the 
importance of evaluating sex differences in health and disease. Fetal sex has been suggested as an independent 
risk factor for adverse pregnancy outcomes[31–33]. Chapter 2 describes the presence of sexual dimorphisms 
for PTB, birthweight, HDP and GDM in a retrospective population-based cohort study. It presents a coherent 
frame-work based on two analytical approaches to assess and interpret the sexual dimorphisms for these 
major adverse pregnancy outcomes at a population level.

Seasonal variation of adverse pregnancy outcome
Some of the identified risk factors for adverse pregnancy outcomes are not condition-specific. The presence of 
advanced maternal age, maternal obesity, complicated medical (obstetric) history, ethnicity and male fetal sex 
increase the risk of all previously described adverse pregnancy outcomes[2,8,14,21,24]. In addition to these 
traditional risk factors, multiple environmental and lifestyle factors have also been associated with adverse 
pregnancy outcome[18,34–45].

Increased ambient temperature[34], lack of physical activity in the period before pregnancy and in early 
pregnancy[38], high dietary intake of fat at the time of diagnosis[18,39] and vitamin D deficiency[40] are 
associated with an increased risk for GDM. Similarly, vitamin D deficiency[41–43], reduced intake of calcium[44], 
folic acid[45] and zinc[35] and lack of physical activity[36,37] are associated with an increased risk of HDP. 
These risk factors for GDM and HDP have periodicity in common[46–48]. In an effort to increase the knowledge 
of mechanisms regarding early pregnancy exposures that may influence the development of GDM and HPD, 
we aimed to assess the seasonal variation of these two conditions. The seasonality of GDM and HDP in South 
Australia are described in Chapters 3 and 4, respectively.

Part 2 - Maternal haemodynamics in pregnancy

The second part of this thesis describes the first results of the Screening Tests to predict poor Outcomes of 
Pregnancy (STOP) study, a prospective observational cohort study aiming to establish and validate sensitive 
prediction models for sPTB, SGA, GDM and HDP. Dr Verburg coordinated the STOP study and was responsible 
for patient recruitment, blood sampling throughout, conducted all of the haemodynamics studies at 11 and 34 
weeks’ gestation and database management.

Maternal haemodynamics in hypertensive disorders of pregnancy
The full etiology of HDP is still elusive but some of its pathological mechanisms may have their origin in early 
pregnancy and it is likely that the etiology involves exposures that occur before HDP is clinically recognized. HDP 
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iis thought to be caused by both vascular and immune maladaptation, two processes intimately associated with 
inflammation[21]. Pregnancy is a physiological stress-test. To meet the demands of pregnancy, most maternal 
organ systems undergo complex adaptations and dramatically increase their functionality. Haemodynamic 
changes occur to ensure adequate placental perfusion, as well as nutrient and gaseous transport, to sustain 
fetal growth and development[49]. Altered maternal haemodynamic adaptation has been identified in women 
who develop pregnancy complications, specifically in those who develop PE[50–54]. In Chapter 5 we describe 
the maternal haemodynamic adaptation throughout gestation in uncomplicated pregnancies versus those 
complicated by HDP.
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ABSTRACT

objective

To describe long-term trends in the prevalence of preterm birth and rates of preterm birth in singleton 
pregnancies complicated by hypertensive disorders of pregnancy, small for gestational age (SGA), and 
preterm prelabor rupture of the membranes (PROM) in South Australia. 

Methods 

We conducted a retrospective population study including all singleton live births in the state of South 
Australia from 1986 to 2014. Long-term trends for preterm birth, hypertensive disorders of pregnancy, 
SGA, preterm PROM as well as stillbirth were assessed using joinpoint regression analyses. Trends in 
maternal age, body mass index (BMI), ethnic diversity, parity and smoking over time were also assessed.

Results 

From 1986 to 2014, with a total of 539,234 singleton births, the overall preterm birth rates increased 
from 5.1% to 7.1% (p<0.001), and for iatrogenic preterm birth increased from 1.6% to 3.2% (p<0.001). 
The incidence of hypertensive disorders of pregnancy decreased from 8.7% to 7.2%. Among pregnancies 
complicated by hypertensive disorders of pregnancy, the proportion of preterm birth increased (10.4%-
17.5%, p<0.001). The incidence of SGA decreased from 11.1% to 8.0%. Among pregnancies complicated 
by SGA, the proportion of preterm birth increased (2.9% to 5.4%, p<0.001). The incidence of preterm 
PROM increased from 1.4% to 2.2%. Among pregnancies complicated by preterm PROM, the proportion of 
preterm birth remained stable. Preterm stillbirth rates declined (4.23‰-2.32‰, p<0.001). Maternal age, 
BMI and ethnic diversity have all increased since 1986, while maternal smoking decreased.

Conclusion

In South Australia, the preterm birth rate among singletons increased from 1986 to 2014 by 40%, with 
iatrogenic preterm birth being responsible for 80% of this increase. Incidence of hypertensive disorders 
of pregnancy and SGA declined. Among pregnancies complicated by hypertensive disorders of pregnancy 
and SGA, the proportions of preterm birth increased, indicating earlier interventions in these women. 
The diagnosis of preterm PROM increased from 1% to 2% and greater than 80% of preterm PROM was 
associated with preterm birth after 1990. Increasing iatrogenic delivery may be attributable, in part, 
to changing maternal phenotype and to altered clinicians’ behavior. However, improvements in fetal 
surveillance, particularly ultrasonography, and advanced neonatal care may underpin perinatal clinical 
decision-making and the likelihood of iatrogenic birth. 
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Introduction

Preterm birth is an important cause of perinatal morbidity and mortality worldwide[1]. Children born both 
early preterm (less than 34 weeks of gestation) and late preterm (34-36 6/7 weeks of gestation) show higher 
rates of morbidity and mortality than those delivered at term[1]. Prematurity is associated with poorer child 
cognitive and neurodevelopment at school entry[2,3]. Additionally, neonates born preterm are at increased risk 
for long-term chronic disease such as obesity, metabolic syndrome, diabetes mellitus type 2 and cardiovascular 
disease[4]. Every additional week in utero, even up until term, is associated with improved outcomes[5]. 

Preterm birth rates vary between 4 and 15% in developed countries and are stable, declining or increasing 
across time in different countries[6-12]. In addition to these contradictory results wordwide, there are no 
reports of long-term trends in Australian women.

We aimed to describe the long-term trends in spontaneous and iatrogenic preterm birth as well as those in 
pregnancies complicated by hypertensive disorders of pregnancy, small for gestational age (SGA) and preterm 
prelabor rupture of the membranes (PROM) in South Australia from 1986 to 2014. Population data like these 
are required to identify real-world trends that will inform future randomized trials and guidelines to improve 
perinatal, and potentially long-term, health outcomes.

Methods

We performed a retrospective population-based cohort study among all singleton live births with a gestation 
greater than 22 weeks and a birth weight greater than 500g in South Australia, Australia, between January 
1986 and December 2014 recorded in the South Australian Perinatal Statistics Collection maintained by the 
Pregnancy Outcome Unit of South Australia Health. The South Australian Perinatal Statistics Collection collects 
information regarding the characteristics and clinical outcomes of all South Australian births notified by 
hospital and home birth midwives and neonatal nurses using a standardized Supplementary Birth Record. The 
Supplementary Birth Records are checked manually for completeness and data discrepancies and go through 
a series of automated validation procedures during data entry. Validation studies by the South Australian 
Perinatal Statistics Collection have shown that notifications of all birth in South Australia on the Supplementary 
Birth Record were robust for the parameters studied[13].

Gestational age was determined by the first day of the last menstrual period, confirmed by first trimester 
ultrasonography when available. The database does not indicate how gestational age was determined for 
individual women. Data on antenatal ultrasonography was recorded since 1998. Over this 17-year period 96.8% 
of the women had an antenatal ultrasound. Preterm birth was defined as birth before 37 weeks’ gestation and 
was further divided into early preterm birth [less than 34 weeks] and late preterm birth [34-36 6/7 weeks]. 
Spontaneous birth was defined as an onset of birth without any obstetrical intervention. Iatrogenic birth was 
defined as induction of labor or cesarean delivery without labor. Both methods of iatrogenic birth were also 
analysed separately. 

The pregnancy outcomes analyzed were hypertensive disorders of pregnancy, SGA and preterm PROM. 
Hypertensive disorders of pregnancy was defined as blood pressure 140/90 mmHg or greater on two occasions 
at least four hours apart, or 170/110 mmHg or greater on one occasion. The South Australian Perinatal Statistics 
Collection does not record information on proteinuria, so pre-eclampsia reports could not be confirmed. SGA 
was defined as a neonate born with a birth weight below the 10th percentile of the expected birth weight for 
the Australian population[14] in normotensive pregnancies only. Preterm PROM was defined as confirmed 
rupture of the amniotic sac before 37 weeks’ gestation without progression into labor within 6 hours. 
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Stillbirth was defined as fetal death after 22 weeks of gestation and with a birth weight greater than 500 g. Data 
on stillbirth was sourced from the South Australian Perinatal Statistics Collection. Trends in stillbirth rates were 
calculated in relation to all births (both live and stillborn) in South Australia. 

Maternal risk factors potentially contributing to changing trends in complications included: maternal age, 
body mass index (BMI, calculated as weight (kg)/[height (m)]2), ethnicity, parity and smoking. Maternal age 
was divided in 6 groups: younger than 20 years; 20-24; 25-29; 30-34 and 35 years old or older. Body mass 
index was categorized according to standard guidelines: underweight-less than 18.5, normal weight-18.5-24.9, 
overweight-25.0-29.9, obese-30.0-39.9 and morbidly obese-40.0 or greater. Parity was defined as nulliparous: 
never have given birth; multiparous: previously have given birth one or more times.

Time trends were assessed using Joinpoint regression analyses (version 4.4.0.0, 2017)[15,16]. This is a statistical 
method that divides the assessed time period in several continuous linear time periods. These line segments are 
joined at several time points and called change points, or joinpoints. Joinpoint regression analysis identifies the 
best fitting piecewise continuous log-linear model. Average annual percentage change for the line segments, 
or time periods, were calculated. Average annual percentage change is a method to assess the relative change 
in proportion between populations across a time period according to the following formula:

Differences were considered significant when the p-value was <0.05. All data preparation and descriptive 
analyses were performed using IBM SPSS 23.

The study protocol was approved by the Human Research Ethics Committee of the South Australian Department 
of Health [HREC/13/SAH/97]. The South Australian Perinatal Statistics Collection database does not contain any 
individual personal information ensuring total confidentially of all patient records. 

Results

From 1986 to 2014, there were 539,234 liveborn singleton births recorded in the South Australian Perinatal 
Statistics Collection. There were 32,770 (6.1%) singleton live preterm births (8,703 pregnancies ended in early 
preterm birth and 24,067 in late preterm birth; Table 1). The incidence of preterm birth increased from 5.1% in 
1986 to 7.1% in 2014 (average annual percentage change 1.2%, p<0.001). The early preterm birth rate showed 
a small but significant 13.0% increase (trend: 1.5-1.7% average annual percentage change 0.5%, p<0.001), 
whereas the late preterm birth rate increased from 3.7% in 1986 to 5.4% in 2014 (46% increase; average annual 
percentage change 1.4%, p<0.001). Overall, from 1986 to 2014, spontaneous preterm birth increased from 
3.5% to 3.8% (average annual percentage change 0.3, p=0.002) and iatrogenic preterm birth doubled from 
1986 to 2014, with rates of 1.6% in 1986, 2.3% in 1995 and 3.2% in 2014 (average annual percentage change 
1.1, p<0.001 and average annual percentage change 1.9, p<0.001, respectively). Over this time, there was a 
reduction in pregnancy duration (Figure 1, Appendix 1). The proportion of pregnancies resulting in birth at 36 
weeks of gestation increased from 2.1% in 1986-1990 to 3.1% in 2011-2014 (46.6% increase). The shift was 
also noticeable at term. The proportion of pregnancies resulting in birth at 40 weeks of gestation reduced from 
48.2% in 1986-1990 to 26.6% in 2011-2014. 
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Table 1. Long-term trends in preterm birth in singleton pregnancies in South Australia from 1986 to 2014

                AAPC, Average Annual Percent Change
                * Trends in proportion presented were calculated as a proportion of all singleton live births. 
                    Fitted trends in proportion as a result of Joinpoint regression analysis are presented.

Figure 1. Pregnancy duration in singleton pregnancies in South Australia, 1986-2014. Proportion of singleton 
live births at each week of gestation from 32 weeks’.

The incidence of hypertensive disorders of pregnancy decreased from 8.7% in 1986 to 7.2% in 2014 (Figure 2A) 
with a significant decrease in 1988-1992 (trend: 9.3-7.8%, average annual percentage change -4.5, p=0.020), 
and 1996-2007 (trend: 9.0-7.0%, average annual percentage change -2.3, p<0.001). The rate of preterm birth 
in pregnancies complicated with hypertensive disorders of pregnancy has increased from 10.4% in 1986 to 
17.5% in 2014 (average annual percentage change 1.9, p<0.001, Figure 3A and Table 2). The proportion of 
spontaneous birth in this group was stable, while iatrogenic preterm birth showed an increasing trend in 1986-
1994 (trend: 6.8-11.3%, average annual percentage change 6.5, p=0.002), followed by a smaller increase in 
1994-2014 (trend: 11.3-14.7%, average annual percentage change 1.3, p=0.007). The proportion of cesarean
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Figure 2. Long-term trends in complicated singleton pregnancies in South Australia, 1986-2014. 
The histogram represents the observed incidence of hypertensive disorders of pregnancy (A), small for 
gestational age (B) and preterm prelabor rupture of the membranes (C) by year of birth. The bold line represents 
the significant and the dashed line the non-significant joinpoint fit for the incidence with markers indicating 
the joinpoints. Results of joinpoint regression analyses are presented for identified time periods. *Significant 
average annual percent change (AAPC) is indicated in bold.
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deliveries performed preterm for hypertensive disorders of pregnancy increased over the period 1986-1992 
(trend: 5.1-7.4%, average annual percentage change 6.4, p=0.011). Preterm induction of labor in this subgroup 
increased from 1986-1995 (trend: 1.5-4.5%, average annual percentage change 13.0, p<0.001) and 1995-2014 
(Trend: 4.5-6.8%, average annual percentage change 2.2, p=0.021). 

The incidence of SGA in normotensive pregnancies decreased from 11.1% in 1986 to 8.0% in 2014 (Figure 2B) 
with a significant decrease in 1997-2014 (trend: 9.3-8.0%, average annual percentage change -0.9, p<0.001). 
The rate of preterm birth in pregnancies complicated by SGA has increased from 2.9% in 1986 to 5.4% in 
2014 (average annual percentage change 2.3, p<0.001, Figure 3B and Table 2). The proportion of spontaneous 
preterm birth was stable, whereas iatrogenic preterm birth showed an increasing trend for two time periods: 
1986-2007 (trend: 1.3-2.3%, average annual percentage change 2.6, p<0.001) followed by a greater increase 
in 2007-2014 (trend: 2.3-4.8%, average annual percentage change 11.4, p=0.002). The proportion of preterm 
cesarean delivery in pregnancies complicated by SGA increased over the period 1986-2014 (trend: 0.8-1.9%, 
average annual percentage change 3.0, p<0.001), whereas preterm induction of labor increased from 2003-
2014 (trend: 0.6%-2.3%, average annual percentage change 13.2, p<0.001). 

The incidence of preterm PROM increased from 1.4% in 1986 to 2.2% in 2014 (Figure 2C), with a significant 
increase from 1991-2002 (trend 1.1-2.1%, average annual percentage change 6.7, p<0.001). The rate of 
pregnancies complicated by preterm PROM that also resulted in a preterm birth was stable (Figure 3C and 
Table 2). The proportion of spontaneous preterm birth was stable, while iatrogenic preterm birth in preterm 
PROM showed an increasing trend for the time period 1991-2014 (trend: 21.6-27.6%, average annual 
percentage change 1.1, p=0.004). The proportion of preterm cesarean delivery in pregnancies complicated 
by preterm PROM increased over the period 1986-1993 (trend: 4.1-9.6%, average annual percentage change 
13.1, p=0.006), while preterm induction of labor increased from 1986-2014 (trend: 8.0-21.3%, average annual 
percentage change 3.6, p<0.001).
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Figure 3. Long-term trends in preterm birth in complicated singleton pregnancies in South Australia, 
1986-2014. Observed and fitted incidence of hypertensive disorders of pregnancy (A), small for gestational 
age (B) and preterm prelabor rupture of the membranes (C) by year of birth. The histograms represent the 
observed incidence by year of birth. The bold line represents the significant and the dashed line the non-
significant joinpoint fit for the incidence with markers indicating the joinpoints. Fitted trend in proportions for 
identified time periods and p values are presented in Table 2.
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Table 2. Long-term trends in preterm births in singleton complicated pregnancies in South Australia 
from 1986 to 2014

              AAPC, Average Annual Percent Change 
              *Trends in proportion presented were calculated as a proportion of all singleton live births. 
                Fitted trends in proportion as a result of Joinpoint regression analysis are presented.

Hypertensive disorders of pregnancy              42,776    

     Preterm birth                 5,814         1986 – 2014             10.1 % - 17.5 %                  1.9            < 0.001

     Spontaneous preterm birth                   846         1986 – 2014     2.1 % - 1.7 %                 -0.8               0.220

     Iatrogenic preterm birth                4,968         1986 – 1994   6.8 % - 11.3 %                  6.5               0.002

               1994 – 2014              11.3 % - 14.7%                  1.3               0.007

     Preterm sarean delivery                2,999         1986 – 1992     5.1 % - 7.4 %                  6.4               0.011

               1992 – 2001     7.4 % - 6.2 %                 -2.0               0.164

               2001 – 2004     6.2 % - 8.6 %                11.9               0.397

               2004 – 2014     8.6 % - 7.1 %                 -2.0               0.063

             Preterm induction of labor                1,969         1986 – 1995     1.5 % - 4.5 %                13.0            < 0.001

               1995 – 2014     4.5 % - 6.8 %                  2.2                0.021

Small for gestational age               50,631    
     Preterm birth                 2,033         1986 – 2014     2.9 % - 5.4 %                  2.3            < 0.001

     Spontaneous preterm birth                    941         1986 – 2014     1.8 % - 1.9 %                  0.2               0.683

     Iatrogenic preterm birth                1,082         1986 – 2007     1.3 % - 2.3 %                  2.6            < 0.001

               2007 – 2014     2.3 % - 4.8 %                11.4               0.002

              Preterm cesarean delivery                   663         1986 – 2014     0.8 % - 1.9 %                  3.0            < 0.001

              Preterm induction of labor                   419         1986 – 2003     0.5 % - 0.6 %                  1.7               0.239

               2003 – 2014     0.6 % - 2.3 %                13.2            < 0.001

Preterm Prelabor Rupture of the membranes               9,902    
     Preterm birth                 7,872         1986 - 1988              61.8 % - 45.7 %              -14.0               0.186

                1988 - 1991 45.7 % - 83.1 %               22.1                0.085

                1991 - 2014 83.1 % - 86.0 %                 0.1                0.556

     Spontaneous preterm birth                5,632          1986 - 1988             49.3 % - 36.5 %              -14.0               0.263

                1988 - 1991 36.5 % - 61.6 %               19.0                0.196

                1991 - 2014            61.6 % -  58.4 %                -0.2                0.433

     Iatrogenic preterm birth                 2,240          1986 - 1988               12.3 % - 9.2 %              -13.2                0.350

                1988 - 1991   9.2 % - 21.6 %                32.7               0.070

                1991 - 2014 21.6 % - 27.6 %                  1.1               0.004

     Preterm cesarean delivery                   847          1986 - 1993     4.1 % - 9.6 %                13.1               0.006

                1993 - 2014     9.6 % - 8.9 %                 -0.4               0.616

     Preterm induction of labor                1,393         1986 – 2014   8.0 % - 21.3 % 3.6            < 0.001
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Figure 4. Maternal risk factors in South Australia, 1986 to 2014. Observed proportion of maternal age groups 
(A), ethnicity (B) and body mass index (BMI) category (C) by year of birth or birth year category. BMI data are 
only available since 2007.
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Figure 5. Maternal smoking in South Australia, 1998-2014. The proportion of women smoking at first antenatal 
visit, women who ceased smoking before first antenatal visit and women smoking in second half of pregnancy 
by year of birth. Smoking data are only available since 1998.

The stillbirth rates in all singleton births from 1986-2014 showed a significant decline (Trend: 5.90-3.43‰, 
average annual percentage change -1.92, p <0.001, Appendix 2). Among stillbirths, 69.9% were preterm and 
this was stable throughout the study period (p=0.332). The preterm stillbirth rate declined from 4.23‰ in 1986 
to 2.32‰ in 2014 (average annual percentage change -2.12, p <0.001).

Maternal age, ethnicity, BMI, parity and smoking contribute to risk for pregnancy complications. From 1986-
2014 maternal age has increased as 33.5% of birthing women were over 30 years old in 1986-1990, while from 
2011-2014 approximately half (50.2%) the pregnant population was over 30 years of age (Figure 4A). Also, the 
ethnic composition of the South Australian pregnant population has changed from 92.2% of women being 
Caucasian in 1986-1990 to 76.4% in 2011-2014 (Figure 4B). Maternal BMI was stable from 2007 to 2014: 28.7% 
of women had a BMI above 30 kg/m2 (Figure 4C). Overall, in the pregnant population, parity has fluctuated, 
but there are no trends in parity in those women who delivered preterm (data not shown). In 1998 one fourth 
of the women were smoking at the first antenatal appointment and 21.6% continued to smoke throughout 
pregnancy, while in 2014 this had fallen to 10.1% of women who smoked at the first antenatal appointment 
and 9.0% continued to smoke (Figure 5).
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Discussion

In singleton pregnancies in South Australia from 1986 to 2014, there was a clear reduction in pregnancy duration 
with a 40% increase of preterm birth (5.1% to 7.1%), mainly as a result of late preterm birth. The majority of the 
increase was the result of iatrogenic delivery. Preterm birth rates in other developed countries over a similar 
timeframe are varied and population specific (4.3-14.7%)[10,12,17]. Like South Australia, Canada, Denmark 
and Finland have also seen increased iatrogenic preterm birth rates[12]. In USA and Canada, the incidence of 
hypertensive disorders of pregnancy increased[18,19], suggesting this may contribute to increased preterm 
birth rates. However, in our population, for all births at any gestation, the incidence of hypertensive disorders 
of pregnancy and SGA declined, while that of preterm PROM increased. For each pregnancy complication, the 
proportion resulting in preterm birth has increased as a result of iatrogenic delivery.

Innovations in antenatal care since 1986 are likely to have contributed to changing pregnancy complication 
and stillbirth rates. South Australia does not have structured preconception care. The small number of women 
receiving preconception care tends to be those attending fertility and recurrent miscarriage clinics. However, 
pregnancy guidelines have evolved in the last decade. Vaginal progesterone to prevent spontaneous preterm 
birth in women with a short cervix and previous preterm birth[20] has been used since 2007. However, the 
efficacy of progesterone to prevent preterm birth and poor child outcomes has recently come into question[21]. 
Tocolytic therapy changed from salbutamol before 1999 to nifidipine. These extend pregnancy for 2-3 days[22] 
and are unlikely to affect the preterm birth rate. Biochemical testing for preterm PROM and routine use of 
antibiotics have improved outcomes[23]. Low-dose aspirin in those at increased risk for hypertensive disorders 
of pregnancy has increasingly been prescribed since the mid-1990s[24]. Although third-trimester growth scans 
are not routine for all women in South Australia, detection of fetal growth restriction has significantly increased 
by serial ultrasound scanning with greater appreciation of stillbirth risk in growth restricted fetuses[25]. Our 
data suggests that iatrogenic delivery of growth restricted fetuses may improve outcomes. 

Improvements in markers of disease severity and fetal growth permit informed decision-making on the 
timing of birth and may partly explain the increase of iatrogenic preterm birth in complicated pregnancies. 
Both expectant management and induction of labor appear to be safe approaches for suspected fetal growth 
restriction greater than 36 6/7 weeks of gestation[26], but because stillbirth is known to increase with gestation, 
there is good rationale for induction of labor after 38 weeks of gestation[27]. The optimal timing for induction 
of labor for preterm fetal growth restriction is unknown. Expectant management is preferred in pregnancies 
complicated by nonsevere hypertensive disorders of pregnancy or preterm PROM between 34 and 36 weeks 
of gestation in the absence of signs of infection or fetal compromise[5,28,29]. Long-term effects of expectant 
management in these pregnancy complications are unknown.

Advanced neonatal intensive care regimes, neuro-prophylaxis with magnesium sulphate[30] and routine 
glucocorticoid therapy prior to preterm induction of labor may have alleviated clinicians’ concerns about 
acute neonatal morbidities associated with preterm birth, in particular respiratory distress syndrome. Indeed, 
preterm stillbirth rates in South Australia were 4.23‰ in 1986 declining to 2.32‰ in 2014 (p<0.001). It is likely 
that early intervention and therefore increased iatrogenic preterm birth has contributed to this decline.

Several other maternal and pregnancy related risk factors may contribute to population differences in preterm 
birth, including maternal age, BMI and ethnicity[10,31-33]. Body mass index in women of reproductive age 
is increasing globally[34] and in Australia, maternal obesity increased from 5% to 19% in 1980-2013[35,36]. 
Currently, more than one fourth of the South Australian pregnant population is obese or morbidly obese. 
Additionally, more than half are 30 years or older and almost one fourth are non-Caucasians, both of which 
increase risk. Smoking cessation is strongly recommended to reduce preterm birth[10]. Maternal smoking rates 
in South Australia have more than halved since 1998. 
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Our study is limited by the data available. Some potentially relevant factors were not collected during the 
entire study period, such as maternal smoking, ultrasonography (both since 1998), BMI (since 2007). However, 
the South Australian Perinatal Statistics Collection records data on all births in South Australia, so the data 
herein for 539,234 births should be considered as a true representation of the South Australian and Australian 
populations.

Conclusion

In singleton pregnancies in South Australia from 1986-2014, pregnancy duration has reduced with both early 
and late preterm birth rates increasing since 1986. Overall, the proportions of iatrogenic preterm birth in 
pregnancies complicated by hypertensive disorders of pregnancy, SGA and preterm PROM have increased. 
Increasing iatrogenic delivery may be attributable, in part, to changing maternal phenotype and to altered 
clinicians’ behaviour. However, improvements in technologies to monitor pregnancy and advanced neonatal 
care may underpin clinical decision-making and reduce stillbirth risk. Randomized clinical trials to evaluate the 
optimal method and timing of delivery for the growth restricted fetus at 34-36 weeks of gestation and studies 
to determine long-term health effects of preterm interventions in the offspring are needed. 
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 Appendix 1. Pregnancy duration in singleton pregnancies in South Australia, 1986-2014.

  Proportion of singleton live births at each week of gestation from 32 weeks’ by birth year category.
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1.19

2.71
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18.38

20.90

35.59
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0.00
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29,788 
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6.28

19.64

24.25
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26.55
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Appendix 2. Stillbirth rates in South Australia, 1986 to 2014. Observed and fitted incidences of overall stillbirth 
(A) and preterm stillbirth (B) by year of birth. Overall and preterm stillbirths were divided by all (live and still 
born) births regardless of their gestation. The histograms represent the observed stillbirth rate by year of 
birth. The bold line represents the significant joinpoint fit for the stillbirth rate. Results of Joinpoint regression 
analyses and significant Average Annual Percent Change (AAPC) are presented for 1986-2014. 
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ABSTRACT

objectives

Sexual inequality starts in utero. The contribution of biological sex to the developmental origins of health 
and disease is increasingly recognized. The aim of this study was to assess and interpret sexual dimorphisms 
for three major adverse pregnancy outcomes which affect the health of the neonate, child and potentially 
adult. 

Methods 

Retrospective population-based study of 574,358 South Australian singleton live births during 1981-2011. 
The incidence of three major adverse pregnancy outcomes [preterm birth (PTB), pregnancy induced 
hypertensive disorders (PIHD) and gestational diabetes mellitus (GDM)] in relation to fetal sex was 
compared according to traditional and fetus-at-risk (FAR) approaches.

Results 

The traditional approach showed male predominance for PTB [20-24 weeks: Relative Risk (RR) M/F 1.351, 
95%-CI 1.274-1.445], spontaneous PTB [25-29 weeks: RR M/F 1.118, 95%-CI 1.044-1.197%], GDM [RR M/F 
1.042, 95%-CI 1.011-1.074], overall PIHD [RR M/F 1.053, 95%-CI 1.034-1.072] and PIHD with term birth [RR 
M/F 1.074, 95%-CI 1.044-1.105]. The FAR approach showed that males were at increased risk for PTB [20-
24 weeks: RR M/F 1.273, 95%-CI 1.087-1.490], for spontaneous PTB [25-29 weeks: RR M/F 1.269, 95%-CI 
1.143-1.410] and PIHD with term birth [RR M/F 1.074, 95%-CI 1.044-1.105%].

The traditional approach demonstrated female predominance for iatrogenic PTB [25-29 weeks: RR M/F 
0.857, 95%-CI 0.780-0.941] and PIHD associated with PTB [25-29 weeks: RR M/F 0.686, 95%-CI 0.581-
0.811]. The FAR approach showed that females were at increased risk for PIHD with PTB [25-29 weeks: RR 
M/F 0.779, 95%-CI 0.648-0.937].

Conclusion

This study confirms the presence of sexual dimorphisms and presents a coherent framework based on 
two analytical approaches to assess and interpret the sexual dimorphisms for major adverse pregnancy 
outcomes. The mechanisms by which these occur remain elusive, but sex differences in placental gene 
expression and function are likely to play a key role. Further research on sex differences in placental 
function and maternal adaptation to pregnancy is required to delineate the causal molecular mechanisms 
in sex-specific pregnancy outcome. Identifying these mechanisms may inform fetal sex specific tailored 
antenatal and neonatal care.
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Introduction

The foundation for the health of children and both women and men is established during intrauterine life when 
the fetus is said to be programmed by the intrauterine environment. The “developmental origins of health and 
disease” hypothesis indicates long-term health consequences for individuals with a low birth weight[1]. 
Adverse pregnancy outcomes, such as preterm birth (PTB), pregnancy induced hypertensive disorders (PIHD) 
and gestational diabetes mellitus (GDM) do not only have an immense influence on the mother, but also on 
the baby. Pregnancy complications are associated with impaired development of the fetus, neonate and infant. 
Both women who had preeclampsia and the babies born to them are at increased risk for later adult onset 
diseases such as hypertension, cardiovascular disease and type 2 diabetes[2]. Preterm born babies are more 
likely to die or suffer significant long-term health problems including cerebral palsy, vision impairment and lung 
disease[3]. Offspring from mothers with GDM are at increased risk of developing obesity, impaired glucose 
tolerance, Type 2 Diabetes and cardio-vascular disease in adulthood[4]. 

The National Institutes of Health (NIH) recently highlighted the importance of evaluating the sex differences 
in health and disease. This forms one of the main goals of the NIH strategic plan ‘Moving into the Future with 
New Dimensions and Strategies for Women’s Health Research: A Vision for Women’s Health Research’ (http://
orwh.od.nih.gov/research/priorities.asp).

Adverse pregnancy outcomes are heterogeneous conditions and their pathophysiology is not fully understood. 
During the last few decades interest has grown in identifying risk factors for adverse pregnancy outcome to 
help understand the underlying mechanisms and potentially prevent them in the future. Several themes have 
emerged, including the importance of the placenta and the presence of sexual dimorphism in progression 
and development of child and adult diseases. It has been suggested that male fetal sex is an independent risk 
factor for adverse pregnancy outcome and that female fetuses have an advantage over male fetuses[5]. Several 
studies have found an association between male fetal sex and excess perinatal mortality and morbidity[6-13]. 
Women carrying a male fetus appear to be at an increased risk for PIHD[7,8,10,13], PTB[6-8,10,12-15] and 
GDM[10,13,15].

However, the literature is not consistent. Although spontaneous PTB is more prevalent in male fetuses, 
iatrogenic PTB is more prevalent in female fetuses[8,11,12]. Also, some studies suggest that preeclampsia 
complicated with PTB is more prevalent in female fetuses[7-10]. And, some recent studies found no sexual 
dimorphism for overall PIHD[10,12,13,15], for PIHD complicated by PTB[13], nor for GDM[12]. 

Incidence, prevalence, pathophysiology and health outcomes for a number of common diseases are different 
between the sexes. Sex inequality starts in utero and the contribution of biological sex to the ”developmental 
origins of health” and disease is increasingly recognized[1]. 
In neonatal and pediatric care, studies have shown sex specific differences in the response to maternal 
conditions, such as asthma[16] and to antenatal glucocorticoid treatment for women with threatened preterm 
birth[17,18].
Also, sex differences in lung development, disease course and response to treatment have been well 
documented[19]. These differences are present as early as 16-24 weeks of gestation. Females have a lower 
number of bronchioles compared with males, but females mature faster. Also, surfactant is produced earlier 
in gestation by females compared to males. In neonates, females have higher expiratory flow rates corrected 
for size compared to males and this difference remains present throughout the life span[19]. Childhood lung 
conditions, such as asthma, atopy and allergic rhinitis are more common in boys versus girls[20]. A number of 
intrinsic and environmental risk factors for asthma are known, but early life events, such as preterm birth, may 
contribute.



42

Sexual dimorphism in adverse pregnancy outcomes - 
A retrospective Australian population study 1981-2011

2

Traditionally, population studies have determined the incidence and therefore risk of a perinatal outcome, as the 
number of cases in a certain gestation group divided by the number of births at that gestation[7,21] or divided 
by all births in the population[6,8-10,12,13,15]. Other studies have used variations on this approach[11,22,23].

However, the incidence of any pregnancy related event at any gestation is defined as the number of new 
cases of the event that occurs within that gestational week divided by the number of candidates at risk for the 
event at that gestation [24].Therefore, the so-called “fetuses-at-risk” (FAR) approach has been suggested for 
use in perinatal research[24,25]. This approach identifies fetuses as the candidates at risk for perinatal events 
rather than neonates. Similar to a survival analysis it takes into account the remaining fetuses at risk such that 
as gestation proceeds and babies are born preterm, only outcomes for the remaining fetuses are analysed. 
Therefore, it is thought that the FAR approach may provide more insight into the causal links between length of 
gestation and perinatal outcomes. The FAR approach is recognized and accepted in the literature for stillbirth, 
but to our knowledge this approach has not been used in studies on sexual dimorphism in perinatal outcome 
before[24].

By using a well-curated Australian database, this study aims to present both traditional and FAR approaches to 
analysis providing a coherent framework to assess and interpret the sexual dimorphism for three major adverse 
perinatal outcomes. 

Materials and Methods

Study population
This retrospective population-based cohort study included all singleton live births in South Australia (SA), 
Australia, between January 1981 and December 2011, recorded in the South Australian Perinatal Statistics 
Collection (SAPSC) maintained by the Pregnancy Outcome Unit (POU) of SA Health. The SAPSC collects 
information regarding the characteristics and outcome of all births with a gestation of 20-42 weeks and a birth 
weight ≥ 400 grams in South Australia, notified by hospital and homebirth midwives and neonatal nurses using 
a standardised Supplementary Birth Record (SBR).
Gestational age was based on dating ultrasound (performed at 8-13 weeks’ gestation) supported by the first 
day of the last menstrual period or by review of other ultrasonography and reported as completed weeks. 

Study Outcomes
The studied maternal variables were age, parity, gravidity and ethnicity. The neonatal variables included infant 
sex, birth weight, gestational age at birth, and pregnancy outcome, defined as PTB, PIHD and GDM.
Analyses were performed on six gestational age categories, as defined in a previous large Norwegian population 
study[7] with four PTB categories (20-24, 25-29, 30-33 and 34-36 weeks), and two term categories (37-39 
and 40-42 weeks). Spontaneous birth was defined as birth without any pharmacological, surgical or other 
intervention undertaken to stimulate the onset of labor. Iatrogenic preterm birth was defined as preterm 
induction of birth and/or caesarean section due to other pregnancy morbidities, mainly preeclampsia or 
intrauterine growth restriction (IUGR).
PIHD was defined as blood pressure ≥ 140/90 on two occasions at least four hours apart, or ≥ 170/110 on one 
occasion, ± proteinuria. GDM was listed in the SAPSC when the clinician documented that the woman had GDM 
based on the criteria of the hospital or laboratory where the test was performed. Routine glucose challenge 
testing for GDM was introduced in SA in the early 1980’s. GDM defined as a fasting glucose ≥ 5.5. mmol/L 
and/or 2hr value ≥ 8 mmol/L was uniformly reported from 1987. For the analyses of GDM, all births recorded 
between 1987 and 2011 were used. 
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Statistical Analyses
Data analysis was performed with SPSS version 21.0 (SPSS inc., 2013). The Student t-test was used to compare 
continuous variables, and χ2-test was used for categorical variables. Differences were considered significant 
when the p-value was less than 0.05. 

Sexual dimorphisms in adverse pregnancy outcomes were calculated according to two approaches as defined 
by Joseph[24] (Figure 1). The traditional approach employs the incidence of births with the adverse pregnancy 
outcome divided by the number of births at that gestation. The FAR approach employs the incidence of births 
with the adverse pregnancy outcome divided by the number of fetuses at risk of birth at that gestation. Fetal sex 
ratios in both approaches were calculated as relative risks for males versus females (RR M/F). 95% Confidence 
Intervals (95%-CI) were tabulated to demonstrate variability of the estimate.

Figure 1. Schematic depiction of pregnancy course and options for calculating the gestational age-specific 
disease rate in 10 hypothetical pregnancies. Traditional approach: Number of affected births in a gestational 
group divided by the number of total births within that gestation group = 1/3. Fetuses at risk approach: Number 
of affected births at gestational group divided by the number of fetuses at risk for a disease at that gestation 
group = 1/5. Modified after Joseph et al[24].

Legend
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Ethical approval
The Human Research Ethics Committee (HREC) of the South Australian Department of Health [HREC/13/
SAH/97] approved the study protocol. The existence of personal identifying information in the SAPSC was 
eliminated to ensure that confidentially of all patient records was maintained.

Results

Of a total of 596,600 births recorded in the SAPSC during the study period, 574,358 (96.3%) births were eligible 
for the study, including 295,724 (51.5%) male and 278,634 (48.5%) female neonates. The overall M/F-ratio 
was 1.06. The demographics and obstetric characteristics are presented in Table 1. There were no significant 
differences between the groups regarding maternal age, parity, gravidity, and ethnicity. Overall, male fetuses 
had a lower mean gestational age at birth (p <0.001) and a higher mean birth weight (p <0.001).

Table 1. Demographics and obstetric characteristics by fetal sex.

                 Values are presented as mean ± SD or n (%). 
                * Analysis of 574,340 births [295,714 (51.5%) males versus 278,626 (48.5%) females].

Preterm birth
The sexual dimorphism for length of gestation is shown in Table 2 and Figure 2. The traditional approach showed 
a male predominance for PTB [RR M/F 1.351, 95%-CI 1.274-1.445 (20-24 weeks)] and term birth [RR 1.052, 
95%-CI 1.051-1.054 (37-39 weeks)]. The FAR approach showed an increased risk of PTB in women carrying a 
male fetus [RR M/F 1.273, 95%-CI 1.087-1.490 (20-24 weeks)]. At term unity in RR M/F was reached.
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Table 2. Sexual dimorphism for length of gestation in categories

                Births in South Australia 1981-2011.
                * RR M/F denotes the relative risk for the proportion male fetuses versus female fetuses.
                ** CI denotes Confidence Interval. Results of univariate analyses. Bold values indicate statistical significance.
                *** FAR denotes Fetuses-at-risk

 

Figure 2. Sexual dimorphism for length of gestation in categories. Births in South Australia 1981-2011. 
Marked points represent significant RR M/F.

1.351

1.205

1.207

1.172

1.052

1.056

1.273

1.135

1.139

1.107

0.998

1.000
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Spontaneous preterm birth
The traditional approach showed a male predominance for spontaneous PTB [RR M/F 1.118, 95%-CI 1.044-
1.197 (25-29 weeks)] (Table 3 and Figure 3). At term, a “cross-over” was observed. In the gestation category 
37-39 weeks spontaneous birth showed a male predominance (RR M/F 1.025, 95%-CI 1.018-1.033), whereas 
spontaneous birth was more prevalent in female bearing pregnancies between 40-42 weeks gestation (RR M/F 
0.989, 95%-CI 0.985-0.994).

Using the FAR approach, males were at increased risk for spontaneous PTB [RR M/F 1.269, 95%-CI 1.143-1.410 
(25-29 weeks)]. At term a “cross-over” was observed and male fetuses were at increased risk for spontaneous 
birth between 37-39 weeks (RR M/F 1.023, 95%-CI 1.013-1.033), whereas female fetuses were at increased at 
risk for spontaneous birth between 40-42 weeks (RR M/F 0.989, 95%-CI 0.985-0.994).

Table 3. Sexual dimorphism for spontaneous birth by length of gestation in categories.

              Births in South Australia 1981-2011. 
              * RR M/F denotes the relative risk for the proportion male fetuses versus female fetuses.
              ** CI denotes Confidence Interval. Results of univariate analyses. Bold values indicate statistical significance.
              *** FAR denotes Fetuses-at-risk

Iatrogenic preterm birth
The traditional approach observed a female predominance for iatrogenic PTB [RR M/F 0.857, 95%-CI 0.780-
0.941 (25-29 weeks)] (Table 4 and Figure 4). At term, a “cross-over” was observed. In the gestation category 
37-39 weeks iatrogenic birth showed a female predominance (RR M/F 0.969, 95%-CI 0.960-0.978), whereas in 
the 40-42 gestation group, iatrogenic birth was more prevalent in male bearing pregnancies (RR M/F 1.022, 
95%-CI 1.012-1.032).
The FAR approach showed that iatrogenic PTB had a pattern close to unity. At term, a ‘cross-over’ was observed. 
Females were at increased risk for iatrogenic birth at 37-39 weeks gestation [RR M/F 0.967, 95%-CI 0.956-
0.978], whereas males were at increased risk for iatrogenic birth at 40-42 weeks [RR M/F 1.022, 95%-CI 1.012-
1.032].
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Figure 3. Sexual dimorphism for spontaneous birth by length of gestation. Births in South Australia 1981-
2011. Marked points represent significant RR M/F. 

Table 4. Sexual dimorphism for iatrogenic birth by length of gestation in categories.

                 Births in South Australia 1981-2011. 
                 * RR M/F denotes the relative risk for the proportion male fetuses versus female fetuses.
                 ** CI denotes Confidence Interval. Results of univariate analyses. Bold values indicate statistical significance.
                 *** FAR denotes Fetuses-at-risk.
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Figure 4. Sexual dimorphism for iatrogenic birth by length of gestation. Births in South Australia 1981-2011. 
Marked points represent significant RR M/F.

Pregnancy Induced Hypertensive Disorders and Gestational Diabetes Mellitus
The rates for hypertensive disorders and diabetes are shown in Table 5. There were no significant differences 
between the groups regarding pre-gestational diabetes and chronic hypertension. GDM showed a male 
predominance (RR M/F 1.042, 95%-CI 1.011-1.074) and overall PIHD showed a male predominance (RR M/F 
1.053, 95%-CI 1.034-1.072).

Table 5. Diabetes and hypertensive disorders according to fetal sex.

                 Births in South Australia 1981-2011. Values are presented as n (%).  
                * RR M/F denotes the relative risk for the proportion male fetuses versus female fetuses.
                ** CI denotes Confidence Interval. Results of univariate analyses. Bold values indicate statistical significance.               
                *** Analysis of 460,749 subjects [237,333 males (51.5%) vs. 223,416 females (48.5%)]
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In the traditional approach, PIHD associated with PTB showed a female predominance [RR M/F 0.686, 95%-
CI 0.581-0.811 (25-29 weeks)], while PIHD associated with term birth was more prevalent in males [RR M/F 
1.074, 95%-CI 1.044-1.105 (40-42 weeks)] (Table 6 and Figure 5). Using the FAR approach, female fetuses were 
at increased risk for PIHD associated with very PTB [RR M/F 0.779, 95%-CI 0.648-0.937 (25-29 weeks)]. Male 
fetuses were at increased risk for PIHD associated with term birth [1.074, 95%-CI 1.044-1.105 (40-42 weeks)].

Table 6. Sexual dimorphism for PIHD by length of gestation in categories.

                  Births in South Australia 1981-2011.  
                  * RR M/F denotes the relative risk for the proportion male fetuses versus female fetuses.
                  ** CI denotes Confidence Interval. Results of univariate analyses. Bold values indicate statistical significance.
                  *** FAR denotes Fetuses-at-risk

Gestation
 (weeks)

25-29

30-33

34-36

37-39

40-42

Fetuses-at-risk approach

 

Gestation 

(weeks)

25-29

30-33

34-36

37-39

40-42

 
PIHD births

           205 

           592 

        1,844 

     10,703 

        9,610 

All birth 

1,331

3,288

12,891

114,701

163,151

PIHD births

           248 

           562 

        1,702 

        9,556 

        8,472 

All birth 

1,105

2,723

11,000

109,002

154,536

95%-CI**

0.581 - 0.811

0.786 - 0.968

0.870 - 0.982

1.037 - 1.093

1.044 - 1.105

RR M/F*

0.686

0.872

0.925

1.064

1.074

PIHD births

           205 

           592 

        1,844 

     10,703 

        9,610 

FAR***

295,362

294,031

290,743

277,852

163,151

PIHD births

           248 

           562 

        1,702 

        9,556 

        8,472 

FAR***

278,366

277,261

274,538

263,538

154,536

95%-CI**

0.648 - 0.937

0.885 - 1.115

0.958 - 1.092

1.034 - 1.091

1.044 - 1.105

RR M/F*

0.779

0.993

1.023

1.062

1.074

Males (n) Females (n)

Males (n) Females (n)

Traditional approach
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Figure 5. Sexual dimorphism for PIHD by length of gestation in categories. Births in South Australia 1981-2011. 
Marked points represent significant RR M/F.

Discussion

This large 30-year South Australian population study confirms the presence of clear sexual dimorphisms for 
PTB, PIHD and GDM.

Sexual dimorphisms

Preterm birth
Both the traditional and the FAR approaches demonstrated a male predominance for all PTB. The traditional 
approach showed that, of all births at 20-24 weeks’ gestation, PTB was 35.1% more common in male-bearing 
pregnancies. The FAR approach showed that, of all ongoing pregnancies at 20-24 weeks’ gestation, the male-
bearing pregnancies were at 27.3% increased risk for PTB. 

Both the traditional and the FAR-approaches also showed a male predominance for spontaneous PTB. The 
traditional approach showed that of all births at 25-29 weeks’ gestation, spontaneous PTB was 11.8% more 
common in male-bearing pregnancies. The FAR approach showed that of all ongoing pregnancies at 25-29 
weeks’ gestation the male-bearing pregnancies were at 26.9% increased risk of a spontaneous PTB at 25-29 
weeks’ gestation. The pattern for iatrogenic PTB was not as consistent between approaches. The traditional 
approach showed that of all births at 25-29 weeks’ gestation, iatrogenic PTB was 14.3% more common in 
female-bearing pregnancies. In contrast, the FAR approach showed that of all ongoing pregnancies at 25-29 
weeks’ gestation the risk of iatrogenic PTB at 25-29 weeks’ gestation was equal in both sexes. 
The male predominance for spontaneous PTB was observed in previous relatively small studies[8,11,12] and 
the female predominance for iatrogenic PTB was observed in two of these studies[8,11].
The observation that using the FAR approach the risk for iatrogenic PTB was equal for both sexes at this gestation 
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suggests that the susceptible male fetuses were lost earlier in pregnancy and therefore were lost to the analysis 
in subsequent gestation groups, hence elevating the proportion of females remaining at this stage of gestation.

A higher male/female ratio for PTB was previously described in both large population studies[6,7,9,21], and in 
relatively smaller studies[8,10-13]. A pronounced male predominance has also been documented in pregnancy 
losses occurring before 20 weeks’ gestation where the overall sex-ratio was 1.25, with the highest male excess 
in first trimester losses (sex-ratio 2.00-2.50)[22]. Interestingly, in this particular study, in the first trimester, 
fetuses with normal chromosomal morphology showed a sex-ratio of 1.50-1.80[22]. We observed that fetuses 
were at greatest risk for birth, prior to the age of viability (<24 weeks) if they were male. This was of a similar 
magnitude reported in the study by Byrne and Warburton[22].

Pregnancy Induced Hypertensive Disorders
Overall PIHD showed a male predominance. Previous studies have shown conflicting results. The majority of 
previous studies documented no sexual dimorphism for overall PIHD[10,12,13,15], whereas others documented 
a female predominance[23] or similar results to our study[7,9]. Some[7-10], but not all, studies[12,13,15] 
distinguished between PIHD resulting in PTB and PIHD resulting in term birth. The reason the female 
predominance disappears in the overall PIHD group, is most likely because the vast majority of PIHD is at term.

Both traditional and FAR approaches demonstrated that female fetuses showed a higher incidence of PIHD 
associated with PTB. The traditional approach showed that of all births at 25-29 weeks’ gestation, pregnancies 
complicated by PIHD were 31.4% more common in female-bearing pregnancies. The FAR approach showed that 
of all ongoing pregnancies at 25-29 weeks’ gestation, female-bearing pregnancies were at 22.1% increased risk 
of PIHD. In addition, male fetuses showed a higher prevalence and an increased risk for PIHD with term birth. 
Interestingly, the “cross-over” from female to male predominance in both approaches was different, suggesting 
that fetal sex may not be a risk factor for PIHD resulting in birth between 30 and 36 weeks of gestation.

Gestational Diabetes Mellitus
Women were at increased risk for GDM when carrying a male fetus. Previous studies have shown conflicting 
results. A relatively small study found no sexual dimorphism for GDM[12], while another study showed a 
greater maternal insulin resistance in female bearing pregnancies[26] and others reported similar findings to 
those for this cohort[10,13,15].

Biology 
The mechanisms by which sexual dimorphisms in PTB, PIHD, and GDM occur are unclear. Pregnancy is a 
physiological challenge for both mother and fetus. By secreting a number of hormones and growth factors 
into the maternal circulation, the placenta largely orchestrates maternal adaptations to pregnancy that result 
in markedly enhanced function of all her organs including kidneys, liver and cardiovascular system. These 
adaptations enable provision of an optimal environment for the fetus to grow and develop. However, they can 
unmask women already at cardiovascular and metabolic risk and compromise their and their babies’ health in 
the short and long terms[27]. Clifton presented a summary of several sex-specific strategies by which the fetus 
copes with adversity in utero[28]. Male and female fetuses adapt differently to developmental stressors and 
sex steroids have a profound influence on the development and progression of developmentally programmed 
disease states[1,28]. It is thought that the placenta plays an important role in obstetric complications, including 
PTB[28-30], PIHD[28,29,31] and GDM[28,32]. Placental gene expression in normal male versus female 
bearing pregnancies at term is significantly different[33] and may also be different in those with a pregnancy 
complication. 
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Preterm birth
Defective trophoblast invasion and colonization of the uterine spiral arterioles has been associated with a 
number of obstetrical complications, including PTB[29]. Incomplete remodeling of the spiral arterioles, a lesion 
classically associated with preeclampsia and IUGR, is also present in many cases of PTB[29]. Placentation 
is controlled, in part, by maternal-fetal immune interactions[34] and normal pregnancy is known to be an 
inflammatory state. In preterm birth before 32 weeks’, male fetal sex has been associated with an increase in 
placental lesions, suggestive of a more aggressive maternal immune response against the invading interstitial 
trophoblast[30]. The interstitial trophoblast and maternal decidua are the most affected tissues, suggesting a 
local inflammatory response induced by the maternal immune system[35]. This aggressive maternal immune 
response could explain the male excess in spontaneous PTB but the exact mechanisms are unknown.

Pregnancy Induced Hypertensive Disorders
Defective placental invasion has also been associated with preeclampsia[29,34]. In general, in preeclampsia, 
remodeling of the utero-placental spiral arterioles fails mainly in the myometrial segments. In preeclampsia 
with intrauterine growth restriction the failure of myometrial segment remodeling is often associated with 
occlusive arterial lesions[29].

The “cross-over” in the sexual dimorphism for PIHD by length of gestation we have observed in our study was 
different for each analytic approach. According to the FAR approach, fetal sex was not a risk factor for PIHD 
resulting in birth between 30 and 36 weeks of gestation unlike observed sex-dependent early-onset and late-
onset PIHD.

Most previous placenta studies have failed to consider sex bias in placental differentiation and function. Sex 
biases include different expression of genes, proteins and steroid pathways in response to an adverse maternal 
environment, including maternal asthma and preeclampsia[28]. In an adverse maternal environment the 
male fetus maintains his growth trajectory placing him at risk of PTB or stillbirth if an additional insult occurs. 
The female fetus adapts to an adverse maternal environment by slowing her growth trajectory. This allows 
her to survive if an additional insult occurs[28]. Also, since induction of labor is the only remedy for severe 
preeclampsia, the female predominance of iatrogenic PTB suggests that female fetuses are somehow able 
to induce hypertension in their mothers who suffer more severe PIHD than women carrying male fetuses. In 
response to adversity, the female feto-placental-unit may be able to increase maternal blood pressure and 
thereby improve placental perfusion pressure with the attendant maternal risk of PIHD. However, we are yet 
to understand how the female feto-placental unit can raise maternal blood pressure in mid gestation relatively 
more than that of the male.

We have recently shown in a meta-analysis of studies of genome-wide placental gene expression that there are 
142 genes that are differentially expressed between placentas from male and female bearing non-pathological 
term pregnancies, with 75 genes more highly expressed in female placentas and 67 genes more highly expressed 
in male placentas. Genes were autosomal (60%), X-linked, as well as some Y chromosome genes[33]. The sex-
specific differences in the placental transcriptome may explain sex differences in placental function, length of 
gestation and pregnancy outcomes.

An alternative explanation for the female excess in PIHD associated with PTB is a theory based on the influence 
of human chorionic gonadotropin (hCG). Circulating hCG is more abundant in pregnancies with preeclampsia[8], 
and high concentrations in the second and third trimesters have been associated with an increased risk for 
preeclampsia[36]. Interestingly, high concentrations of free β-hCG in the mother have also been associated 
with female fetal sex[37]. Furthermore, our meta-analysis of placental microarray data found that the CGB 
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cluster of genes that encode β-hCG, are also more highly expressed in female placentas than in male placentas 
in uncomplicated pregnancies[33].

Gestational diabetes mellitus
Differences in the levels of steroid hormones in male and female fetuses may be expected to alter placental and 
fetal gene expression. This could also contribute to sex differences in fetal growth. Interestingly, sex differences 
in gene expression, glucose uptake, and metabolism are already apparent in embryos from as early as the 8-cell 
to blastocyst stages, long before the gonads differentiate[38]. At birth, cord arterial blood glucose levels are 
significantly higher in males than in females[21]. This is consistent with the view that male fetuses grow more 
rapidly and invest as little as possible in placental growth, while female fetuses invest in placental growth to 
protect them from a potentially poor maternal environment. The male growth strategy places males at greater 
risk in adversity[28,32]. Although insulin resistance is a feature of normal pregnancy[39], the male placenta 
may cause the mother to become relatively more insulin resistant and in association with other factors, this 
may increase the risk of GDM and macrosomia in male bearing pregnancies. However, if this is the case it is yet 
to be determined.

Despite the compelling findings of the current study, much remains unclear regarding the impact of biological 
sex on mechanisms underlying developmentally programmed responses[1].

The Different Approaches to Analysis
The ambiguity in the results from other studies of sexual dimorphism of pregnancy outcomes compared to this 
study is mostly due to methodological differences, which this study aimed to address by using both traditional 
and FAR approaches.

The traditional approach is considered to be a descriptive approach towards perinatal outcome, since it 
assesses the relative difference in proportion of a perinatal event at a certain gestation compared to all the 
births at that gestation[24]. A disadvantage of the traditional approach is that it does not take into account that 
it is also the unborn fetuses that are at risk for the pregnancy outcome at a particular time in gestation. The 
FAR approach identifies fetuses as the candidates at risk for perinatal events. Therefore, it is thought that the 
FAR approach gives more insight into the causal links between length of gestation and perinatal outcomes[24].

In our opinion, both approaches are useful for perinatal research but it has to be clear that they measure 
different things. The traditional approach is suited for setting prognosis from early gestation and provides 
population prevalence, while the FAR approach provides a causal framework and the basis for obstetric 
intervention.

Strengths and limitations
With 574,359 analysed births, this study is one of the largest to date on sexual dimorphism in pregnancy 
outcomes. The major strength of this type of population-based study lies in the unbiased statistical power that 
it provides. 

As this was a retrospective design, we could only use variables that were included in the dataset. PIHD included 
both gestational hypertension and preeclampsia, as data on proteinuria were not collected by the SAPSC. It 
is however reasonable to assume that PIHD leading to (mostly iatrogenic) PTB would reflect preeclampsia. 
That is, the observed female predominance in PIHD with PTB likely reflects female predominance in preterm 
preeclampsia associated with labour induction.

Routine glucose challenge testing was introduced in South Australia in the early 1980s. GDM was uniformly 
reported from 1987 and therefore we were able to report data for a significant length of time. We are of course 
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aware that there have been recent changes to the criteria for diagnosis of GDM as recommended by WHO that 
will increase the number of women diagnosed[40]. 

The SAPSC utilises notifications of births in South Australia made by hospital and homebirth midwives and 
hospital neonatal nurses on the SBR. The SBRs are checked manually for completeness and data discrepancies 
and go through a series of automated validation procedures during data entry. Validation studies by the 
SAPSC have shown that notifications of all births in South Australia on the SBR were robust for the parameters 
studied[41]. The subjects analysed in this study could therefore be considered as a true representation of the 
South Australian and Australian population. 

Conclusion and Future Directions
This large population based dataset covering 30 years of births in South Australia confirms the presence of 
marked sexual dimorphisms for PTB, PIHD, and GDM. We report that women carrying a male fetus are at 
increased risk for all PTB, spontaneous PTB, overall PIHD and GDM. Women carrying a female fetus are more 
at risk for PIHD complicated with PTB. Most interestingly, male fetuses show a 27% increased risk for extreme 
early PTB (20-24 weeks). Female fetuses have a 22% increased risk for PIHD complicated by PTB (25-29 weeks). 
In a clinical setting, fetal sex is important in determining the obstetric risks for pregnant women and perinatal 
outcomes for infants.

This study suggests that fetal sex should be taken into account in further studies on obstetric complications 
and their mechanisms. Further research on sex differences in placental function and maternal adaptation 
to pregnancy is required to delineate the causal molecular mechanisms in sex-specific pregnancy outcome. 
Identifying these mechanisms may inform fetal sex specific tailored antenatal care and infant care in the 
neonatal nursery and on into childhood.
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ABSTRACT

objective
To investigate whether there is a seasonal variation in the incidence of Gestational Diabetes Mellitus 
(GDM).

Research design & methods

This retrospective cohort study of 60,306 eligible South Australian live born singletons during 2007-2011 
recorded in the South Australian Perinatal Statistics Collection (SAPSC) examined the incidence of GDM 
in relation to estimated date of conception (eDoC). Fourier series analysis was used to model seasonal 
trends.

Results 

During the study period, 3,632 (6.0%) women were diagnosed with GDM. Seasonal modeling showed 
a strong relation between GDM and eDoC (p <0.001). Unadjusted and adjusted models [adjusted for 
maternal age, body mass index (BMI), parity, ethnicity, socio-economic status and chronic hypertension] 
demonstrated the presence of a peak incidence occurring among pregnancies with eDoC in winter (June/
July/August), with a trough for eDoc in summer (December/January/February). As this was a retrospective 
study, we could only use variables that had been collected as part of the routine registration system, the 
SAPSC.

Conclusions

This study is the first population-based study to demonstrate a seasonal variation for GDM. Several 
maternal life style and psychosocial factors associated with seasonality and GDM may be influential in 
the pathophysiologic mechanisms of GDM. Ambient temperature, physical activity, nutrient intake and 
vitamin D levels may affect maternal physiology, fetal and placental development at the cellular level and 
contribute to the development of GDM. The mechanisms underlying these possible associations are not 
fully understood and warrant further investigation. 
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Introduction

According to current guidelines, Gestational Diabetes Mellitus (GDM) is defined as carbohydrate intolerance, 
with onset or first recognition during pregnancy[1]. The incidence of GDM has increased several fold over the 
years from 1.9% in 1989-1990 to 4.2% in 2003-2004[2]. Currently, GDM is present in ~7% of all pregnancies, 
varying from 1% to 10% depending on the studied population[1]. The increase of GDM represents a significant 
economic burden on society, with direct medical costs of GDM in the United States in 2007 estimated at $636 
million[3]. 

GDM is an important contributor to maternal morbidity. Women with GDM have a 1.5-fold increased risk of 
hypertensive disorders of pregnancy[4], a 1.1-fold risk of delivery by elective caesarean section[5], a 7.4-fold 
risk of later Type 2 Diabetes (T2D)[6] and a 2.2-fold increased long-term risk of cardio-vascular disease (CVD)[7] 
compared to those women who had a normoglycaemic pregnancy.

GDM has also important offspring health effects, causing fetal morbidity and mortality. In GDM, the mother 
and the fetus are hyperglycaemic due to free transport of glucose through the placenta. The fetus is forced to 
increase its own insulin production[8]. Increased maternal glucose levels in pregnancy have been associated 
with increased frequencies of preterm birth, birth injury, a 5.0-fold increased risk of large for gestational age 
babies, a 2.2-fold increased risk of neonatal hypoglycaemia, requirement for intensive neonatal care and 
hyperbiliburinemia[5]. Pre-existing diabetes is has been associated with increased frequencies of congenital 
abnormalities[9]. In adulthood, offspring from mothers with GDM are at increased risk of developing obesity, 
impaired glucose tolerance, T2D and CVD[8].

The pathophysiology of GDM is not fully understood, but a number of risk factors have been implicated, such 
as maternal overweight and obesity, low maternal birth weight, race, increased maternal age, family history of 
T2D, history of previous fetal death and previous birth of a macrosomic infant[10,11]. Also, the recurrence rate 
of GDM in subsequent pregnancies has shown to be as high as 47.2%[12].

Other risk factors associated with GDM are nutrient intake, specifically high intake of saturated fat[10], high 
ambient temperature[13,14] and a low maternal vitamin D status[8,15–22]. Physical activity before and during 
pregnancy is associated with a significantly lower risk of developing GDM[23]. Since some of these risk factors 
have shown a seasonality[24–26], we hypothesized that the incidence of GDM may differ over the seasons. A 
seasonal trend of GDM could provide more insight on its pathophysiology. So far, only one study has reported  
seasonal changes in the prevalence of GDM[27].

In an effort to increase the knowledge of mechanisms regarding early pregnancy exposures that may influence 
the development of GDM, we aimed to assess the seasonal variation of GDM in a large population database. 
We focused on the estimated date of conception (eDoC) based on the hypothesis that the etiology of GDM 
lies early in pregnancy (and often pre-pregnancy), weeks to months before the clinical presentation of GDM.

Research design and methods

Study design and setting
This was a retrospective cohort study investigating the incidence of GDM in relation to eDoC in South Australia 
during 2007-2011. The majority of the state’s population lives within the metropolitan area of the state capital, 
Adelaide. Adelaide (situated 34⁰S 138⁰E) is a coastal city with a Mediterranean climate, with long hot dry 
summers (December, January, February) and short cold rainy winters (June, July, August). 
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Database
Data was sourced from the South Australian Perinatal Statistics Collection (SAPSC), maintained by the Pregnancy 
Outcome Unit (POU) of SA Health. The SAPSC collects information regarding the characteristics and outcome 
of all births, of any gestation, and stillbirths and terminations of pregnancy of at least 400 g birth weight or 
20 weeks of gestation, in South Australia. The data were notified by hospital and homebirth midwives and 
neonatal nurses using a Supplementary Birth Record (SBR).

Data selection
The study included live born singleton births in women with a known Body Mass Index (BMI) with a gestation of 
20-42 weeks and a birth weight ≥400 grams. Terminations of pregnancy and women with pre-existing diabetes 
were excluded from the analyses. 

When the clinician documented that the woman had GDM this was listed in the SAPSC. This was based on 
universal screening for GDM. All patients underwent a 50g glucose challenge test at 28 weeks. Patients with an 
abnormal glucose challenge test (≥7.8 mmol/l) underwent a Glucose Tolerance Test (GTT); fasting ≥5.5 mmol/l 
and/or 2 hours value ≥8 mmol/l were the constant cut-off values to diagnose GDM in 2007-2011 in South 
Australia. 

The eDoC was estimated based on the birth date and gestational age at birth. Gestational age was determined 
by best obstetric estimate and reported as completed weeks. This estimate was based on the dating ultrasound 
(performed at 8-13 weeks’ gestation) supported by the known first day of the last menstrual period or by review 
of other ultrasonography. The database did not indicate how gestational age was specifically determined for 
each woman, but 99.1% of the women had an antenatal ultrasound. 

Variables
The variables included were maternal age, BMI, parity, ethnicity, socio-economic status (SES), civil status, 
smoking status at time of conception and in the second half of pregnancy, chronic hypertension, asthma and 
fetal sex. BMI was calculated before 20 weeks of gestation with the formula BMI = weight in kg / (height in m)2. 
Underweight was defined as <18.5 kg/m2, normal weight 18.5-24.99 kg/m2, overweight 25.00-29.99 kg/m2, 
obese 30.00-39.99 kg/m2 and morbidly obese >40.00 kg/m2.  The Australian Bureau of Statistics’ Socioeconomic 
Index for Areas (SEIFA) population based quintile scores, derived from home address postcode, were used to 
indicate the SES[28]. For the civil status the participants were divided into those with a stable partner (married/
de facto) and those without a stable partner.

Statistical analysis
Data analysis was performed with SPSS version 21.0 (SPSS inc, 2013). Fisher’s exact test and chi square test 
were used to compare categorical variables. Differences were considered significant when the p-value was less 
than 0.05.

In the primary analysis, eDoC was studied as a continuous variable using Fourier series methods (single cosinor 
analysis)[29]. Fourier series are considered to be the natural mathematic models for seasonality. To model the 
underlying seasonality of eDoC the first p pairs of term of the Fourier series was employed:
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In this series θi is the point in the annual cycle that the ith day on which eDoC occurred. Denoting the number 
of days between 1 January 1950 and the ith day of woman’s eDoC as Di, we calculated this angle in radians thus: 
θi= 2π (Di mod 365.25)/365.25. Thus, seasonal effect of the eDoC on the binary pregnancy outcome is modelled 
by adding S(θi , p) to the linear predictor of a logistic regression model so that βi and γi become parameters in 
a simple linear model. In these data, the first pair of Fourier terms (F1 model: sine and cosine) was significant 
based on a likelihood ratio test (α =0.10), allowing us to use these in this study.

Seasonality of GDM was initially investigated using a univariate logistic regression analysis using eDoC divided in 
months as predictor. Subsequently, the model was run with and without adjustment for potential confounders 
defined a priori (maternal age, BMI, parity, ethnicity, SES, civil status, smoking status, chronic hypertension, 
asthma and fetal sex) using effects coding. The average of all months together was the reference in the model 
when using effects coding.

Subsequently, multivariate logistic regression models (Fourier series analysis) were fit by specifying a full model 
with all available data on potential modifiers and confounding variables defined a priori (see above). Covariates 
were considered not to be influential and were removed from the model via backward elimination if their 
contribution to the model was not significant (p>0.05). Coefficient correlation tests were performed after every 
step of the model fitting process to test the goodness of fit.

Ethics
The existence of personal identifying information in the SAPSC was eliminated from the data file for analysis 
to ensure that confidentially of all patient records was maintained. The study protocol was approved by the 
Human Research Ethics Committee of the South Australian Department of Health [HREC/13/SAH/97].

Results   

Study population
Of a total of 99 973 births registered between January 2007 and December 2011, 60 306 (60.3%) births were 
eligible for the study. We excluded 25 (0.03%) births with a gestational age of <20 weeks or >42 weeks, 269 
(0.27%) births in which the neonate had a birth weight <400 grams, 121 (0.12%) terminations of pregnancy 
because of chromosomal and/or congenital anomalies, 357 (0.36%) stillbirths, 2 961 (2.96%) non-singleton 
births, 35 542 (35.55%) births with inadequately recorded maternal BMI and 392 (0.39%) births in which 
pregnancy was complicated by pre-existing diabetes. 

Incidence of GDM
During the study period, a total of 3 632 (6.0%) women were diagnosed with GDM. The incidence of GDM 
increased significantly over the years from 4.9% in 2007 to 7.2% in 2011 (p <0.001 (Table 1)). The characteristics 
of the study population are presented in Table 2. Compared to non-GDM pregnancies, risk factors for GDM 
included age >30 years, multiparity, increased BMI, Asian ethnicity, low and very low SES and a history of 
chronic hypertension.
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Table 1. Incidence of GDM 2007-2011.

                     GDM, gestational diabetes mellitus
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Table 2. Characteristics of the study population.

               * Torres Strait Islander
               † Analysis of 59,881 subjects (4 243 smoking vs. 55 638 non-smoking) 

               ‡ Analysis of 59,411 subjects (4 213 smokers vs. 55 198 non-smokers)

Age (in years)

   < 20

   20-25

   25-30

   30-35

   35-40

   > 40

BMI

   < 18.5 Underweight

   18.5-25 Normal weight

   25-30 Overweight

   30-40 Obese

   > 40 Morbid obese

Parity

   Nulliparous

   Multiparous

Ethnicity

   Caucasian

   Aboriginal or TSI*

   Asian

   Other

Socio-Economic Status

   Very low (0-20%)

   Low (20-40%)

   Medium (40-60%)

   High (60-80%)

   Very high (<80-100%)

Civil status

   With stable partner

   Without stable partner

Smoking

   at time of conception†

   2nd half of pregnancy‡

Medical complications

   Chronic hypertension

   Asthma

Fetal sex

   Male

   Female

 

45

288

876

1,265

876

281

 

61

1,091

923

1,155

401

 

1,452

2,179

 

986

94

695

197

 

1,074

786

695

549

505

 

3,296

335

 

633

403

 

121

270

 

1,737

1,895

 

1.2

7.9

24.1

34.8

24.1

7.7

 

1.7

30.0

25.4

31.8

11.0

 

40.0

60.0

 

27.2

2.6

19.1

5.4

 

29.6

21.6

19.1

15.1

13.9

 

90.8

9.2

 

17.4

11.1

 

3.33

7.44

 

47.84

52.19

 

2,653

9,941

17,593

16,480

8,298

1,710

 

1,837

27,022

15,217

10,675

1,924

 

24,775

31,900

 

9,069

1,426

5,186

2,457

 

14,660

12,020

11,811

9,352

8,621

 

49,905

6,770

 

11,314

7,780

 

546

3,643

 

27,631

29,044

 

4.7

17.5

31.0

29.1

14.6

3.0

 

3.2

47.7

26.8

18.8

3.4

 

43.7

56.3

 

16.0

2.5

9.2

4.3

 

25.9

21.2

20.8

16.5

15.2

 

88.1

11.9

 

20.0

13.7

 

0.96

6.43

 

48.75

51.25

 

2,698

10,229

18,469

17,745

9,174

1,991

 

1,898

28,113

16,140

11,830

2,325

 

26,227

34,079

 

10,055

1,520

5,881

2,654

 

15,734

12,806

12,506

9,901

9,126

 

53,201

7,105

 

11,947

8,183

 

667

3,913

 

29,368

30,939

 

4.5

17.0

30.6

29.4

15.2

3.3

 

3.1

46.6

26.8

19.6

3.9

 

43.5

56.5

 

16.7

2.5

9.8

4.4

 

26.1

21.2

20.7

16.4

15.1

 

88.2

11.8

 

19.8

13.6

 

1.11

6.49

 

48.70

51.30

Characteristic n % n % n %

GDM complicated births Non-GDM births All births
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Seasonal models of GDM
The observed, unadjusted and adjusted probabilities for GDM by eDoC are shown in Figure 1. Both unadjusted 
and adjusted predicted probabilities were based on the logistic regression model fitting the first pair of Fourier 
series terms and showed that GDM was significantly related to season of eDoC (p <0.001). 

The highest incidence of GDM was observed among pregnancies with eDoC in June (6.74%). Unadjusted 
seasonal modelling showed peak incidence of GDM for pregnancies with eDoC in July (6.55%), while adjusted 
seasonal modelling showed a peak incidence of GDM for pregnancies with eDoC in August (6.60%).

The lowest incidence of GDM was observed among pregnancies with eDoC in January (5.17%). Seasonal 
modelling showed a corresponding pattern. Both unadjusted and adjusted predicted incidence showed a nadir 
for pregnancies with eDoC in January (5.46% and 5.41%, respectively).

Figure 1. Fitted seasonality for GDM by estimated date of conception (eDoC). The histogram represents the 
observed probability of GDM by eDoC (divided in calendar months). The dashed line represents the unadjusted 
Fourier fit for the incidence of GDM by eDoC. The bold line represents the adjusted Fourier fit for the incidence 
of GDM by eDoC. The adjusted Fourier fit was adjusted for: maternal age, BMI, parity, ethnicity, socio-economic 
status and chronic hypertension. 
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Conclusions 

Increasing incidence of GDM 
The incidence of GDM in South Australia increased significantly from 4.9% in 2007 to 7.2% in 2011. This is 
consistent with the trend in the United States, where incidence increased from 1.9% in 1989-1990 to 4.2% 
in 2003-2004[2]. This increase in incidence is not surprising giving the parallel rise in prevalence of T2D and 
obesity[8] and also increased focus on detection of GDM in pregnancy in recent decades.

Seasonality of GDM
In this large South Australian birth cohort, we observed a clear seasonality in the incidence of GDM based on 
eDoC. The peak incidence was observed for pregnancies with eDoC during winter and the lowest incidence for 
pregnancies with eDoC during summer. 

So far, only one study reported a seasonal pattern in the prevalence of GDM[27]. The study, carried out in 
Wollongong (coastal city, 34 ⁰S), Australia, in 2010-2014, studied the results of 7,343 oral glucose tolerance 
tests performed between 24 and 28 weeks’ gestation and a total of 516 (7.0%) women were diagnosed with 
GDM. The study found that in winter the median 1-hour- and 2-hour glucose results were significantly lower 
compared to the overall 1-hour- and 2-hour results. A post-hoc analysis indicated that the prevalence of GDM 
based on the 1-hour- and 2-hour results was higher in summer (respectively 4.6% and 4.4%) and lower in 
winter (respectively 2.6% and 2.4%) compared to the overall prevalence of GDM. Interestingly, they did not 
find a seasonal variation in fasting glucose levels. Diagnosis in summer corresponds with eDoC in winter, which 
concurs with our data. 

Two previous studies reported that there was no seasonal pattern in the incidence of GDM[30,31]. An older 
and small study, carried out by the same group in Wollongong, Australia, in 1993-1994, studied a total of 2,749 
subjects with an overall incidence of GDM of 6.7% (183 subjects). The seasonal fluctuation of GDM showed 
an incidence of 7.4% (5.6-9.2) in autumn (March to May), corresponding with a conception in late winter/
early spring (August to October). An incidence of 5.5% (3.5-7.5) was observed in winter, corresponding with 
a conception in late spring/early summer (November to January). However, this seasonal fluctuation was not 
statistically significant[30]. 

Another small study was conducted in Plymouth (coastal city, 50 ⁰N), United Kingdom, in 1996-1997. A 
total of 4,942 pregnant women were studied, with an overall prevalence of GDM of 1.8% (90 women). The 
incidence of GDM ranged from 2.3% (1.5-3.2) in spring, corresponding with conception in autumn and the 
lowest incidence of GDM of 1.4% (0.8-2.3) in winter, corresponding with conception in summer. However, this 
seasonal fluctuation was also not statistically significant[31].

Small sample size (183 and 90 women with GDM, respectively) and therefore lack of statistical power is the 
most likely reason these two prior small studies could not detect significant seasonality. Also, Plymouth has a 
very mild climate, with little fluctuation in temperature and sun exposure and therefore seasonality is expected 
to be less distinct than in more extreme climates. The actual trends were similar to the findings in this large 
South Australian cohort. Inconsistencies in the magnitude of GDM incidence is not surprising in this type of 
study, since population composition, environmental exposures and climates differ in different regions of the 
world.

Seasonality of Type 2 Diabetes
Previous studies have analysed the seasonal variation in T2D. A Hungarian study, investigating 26,695 cases of 
T2D from 1999-2004 in Csongrad County, Hungary (46 ⁰N), demonstrated a sinusoidal pattern for the incidence 
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of T2D in both males and females, with a peak incidence in Spring and a trough in Summer[32]. This finding in 
T2D diagnosis is not in line with what we found in our GDM data. However, there are multiple potential reasons 
for this apparent discrepancy. Standardized testing in pregnancy between 24-28 weeks’ gestation eliminates 
patient’s and doctor’s delay in diagnosing GDM, versus T2D. Also, even though T2D and GDM are associated, 
the timelines to diagnosis are quite different.

Considering the Developmental Origins of Health and Disease concept[33,34], suggesting prenatal programming 
of physiology, it can be hypothesized that T2D might show a seasonal variation depending on month of birth of 
the individual. Several studies have investigated this relationship with conflicting results[35,36]. An Ukranian 
study in three regions: Charnigov (51 ⁰N), Kherson (46 ⁰N) and Rivne (50 ⁰N) of 17,510 male and 34,704 female 
type 2 diabetic patients showed a seasonal pattern with a peak in births in April for both males and females, 
and a nadir of births for males in November and for females in December[35]. However, a large Danish cohort 
study, investigating 223,099 people, of whom 12,468 developed T2D, did not find a relationship between 
season of birth and the incidence of T2D[36]. However, as this study used time of birth to indicate season it 
did not account for the fact that there was a range of gestational ages from preterm to term, possibly leading 
to confounding. 

Possible mechanisms underlying the seasonality of GDM
In our analyses we observed a seasonal variation of GDM after adjusting for maternal age, BMI, parity, ethnicity, 
SES and chronic hypertension. These characteristics change relatively little from month to month and are not 
or barely modifiable. Owing to the retrospective character of the present study we could not adjust for several 
other meteorological, maternal life style and psychosocial factors associated with seasonality, such as ambient 
temperature, physical activity[24], nutrient intake[25] and vitamin D status[26]. Several studies have shown 
that these factors have been associated with the risk of GDM[13,21,23,37,38].

Meteorological factors 
Studies suggest that the incidence of GDM can be associated with variable seasonal meteorological factors, 
specifically ambient temperature. A study in Porto Alegre (temperate climate 30⁰S), Brazil, of 1030 pregnant 
individuals compared serum glucose in glucose tolerance tests performed between 24 and 28 weeks’ gestation 
with ambient temperature. For every degree increase in ambient temperature, serum glucose increased by 
0.07 mmol/L[13]. The Brazilian study suggests that the incidence of GDM may be highest in summer. GDM is 
generally diagnosed between 24 and 28 weeks of gestation[39], which corresponds with conception in winter. 
This is consistent with our findings that the highest incidence was seen when eDoC occurred in winter. 

Physical activity
A systematic review and meta-analysis of 34,929 participants and 2,813 cases of GDM showed that pre-
pregnancy and early pregnancy physical activity were significantly protective against GDM (55% and 24%, 
respectively, lower risk of GDM)[23]. During pregnancy, the body is subject to metabolic changes, especially 
during the third trimester, when GDM is typically diagnosed. GDM is thought to reflect an impaired capacity of 
the woman to adjust to these metabolic changes, due to relative β-cell dysfunction, i.e. insulin secretion not 
keeping up with the exaggerated state of insulin resistance, resulting in abnormal glucose tolerance. An inverse 
association is plausible and it can be suggested that pre-pregnancy and early pregnancy exercise may improve 
overall fitness and glucose tolerance[23]. 

A systematic review has shown seasonal variation in the levels of physical activity in non-pregnant study 
populations. In general, the highest levels of physical activity were seen in spring and summer, while the lowest 
levels were seen in winter[24]. 
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These results are also consistent with our findings that the lowest incidence of GDM occurred with summer 
conceptions when women were more likely to be physically active. However, we know of no studies reporting 
seasonal variation in levels of activity in pregnancy. 

Nutrient intake
Seasonal variation of nutrient intake may affect metabolism and this may also provide clues to understand the 
seasonal variation of GDM. Prospective[25] and retrospective[40] studies have demonstrated a seasonal trend 
in nutrient intake in pregnant women. Unfortunately, data are not completely consistent. Previous studies have 
shown that a high total fat intake at time of diagnosis, in most cases at 24-28 weeks’ gestation, is associated 
with an increased risk for GDM[10,37]. Interestingly, the total fat intake in one study was shown to be highest 
in Spring[25], whereas the other showed the highest fat intake in Summer[40]. The latter corresponds to 
conception in autumn and winter, which is consistent with our findings. 

Vitamin D
Serum vitamin 25(OH)D

3 levels have a seasonal variation, with highest concentrations in summer and autumn 
and lowest concentrations in winter and spring[26]. This is not surprising, since vitamin D is mainly derived from 
skin exposure to sunlight and dietary intake[41]. The lowest dietary intake of vitamin D was seen in autumn and 
the highest in spring[25,40].

A recent meta-analysis of studies published between 2008 and 2015 with over 9200 women showed that low 
vitamin D status associates with GDM[42]. A vitamin D response element in the human insulin receptor gene 
promoter has been identified[43], suggesting a potential role for vitamin D in enhancing insulin secretion. 
Wang et al. demonstrated that higher vitamin D levels stimulate increased β-cell mass and as such potentially 
also β-cell insulin secretion capacity[44]. However, other studies have reported conflicting results. The 
association between vitamin D and its specific role in the development of GDM is contentious and merits 
further investigation. 

Strengths and weaknesses of the study
A major strength of this population-based study lies in the large number of analysed births. The SAPSC collects 
information regarding the characteristics and outcome of all births in SA, notified by hospital and homebirth 
midwives and neonatal nurses. 
As this was a retrospective study, we could only use variables that were already listed on the dataset. GDM 
was listed in the SAPSC when the clinician documented that the women had GDM. In the study period there 
were stable criteria for diagnosis and a consistent approach used by all care providers. This study included only 
the live born babies during the study period. However, third trimester stillbirth is not very common, so it is 
unlikely that this has influenced the seasonal variation of GDM observed in this study. Since 2007 SAPSC began 
collecting data on BMI of the pregnant women. We used BMI as one of our inclusion criteria, which meant we 
had to exclude 35.55% of the total births between January 2007 and December 2011. SAPSC validation studies 
have shown that notifications of births in SA made by hospital and homebirth midwives and hospital neonatal 
nurses on the SBR were robust for the parameters studied[45]. The pregnancies analysed in this study could 
therefore be considered as a proper representation of the South Australian and Australian population.
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Conclusion and further research

This representative study has identified a statistically significant seasonal variation in the incidence of GDM. 
The etiology of GDM involves exposures that occur before it is clinically recognised. This suggests that the 
pathophysiologic mechanisms explaining (the seasonality of) GDM may have their origin early in pregnancy. 
These epidemiological data also support exploring the contributions of exposures with seasonal periodicity to 
GDM, such as environmental and life style differences.

The effect size of seasonality of GDM presented in this paper is statistically significant, but unlikely to have 
direct clinical implications. However, our data point to specific biological mechanism(s) that warrant further 
investigation that may provide potential targets for the prevention of GDM. In particular, exposure(s) early in 
pregnancy deserve attention. These may include season of conception and vitamin D.  
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ABSTRACT

objectives
To investigate the seasonal variation of hypertensive disorders of pregnancy (HDP) in South Australia.

Study design 

Retrospective population study including 107,846 liveborn singletons during 2007-2014 recorded in the 
South Australian Perinatal Statistics Collection. Seasonal trends in incidence of HDP in relation to estimated 
date of conception (eDoC) and date of birth (DoB) were examined using Fourier series analysis.

Main outcome measures

Seasonality of HDP in relation to eDoC and DoB.

Results 

During 2007-2014, the incidence of HDP was 7.1% (n = 7,612). Seasonal modeling showed a strong 
relationship between HDP and eDoC (p<0.001) and DoB (p<0.001). Unadjusted and adjusted models 
(adjusted for maternal age, body mass index, ethnicity, parity, type of health care, smoking and gestational 
diabetes mellitus) demonstrated the presence of a peak incidence (7.8%, 7.9% respectively) occurring 
among pregnancies with eDoC in late Spring (November) and a trough (6.4% and 6.3% respectively) among 
pregnancies with eDoC in late Autumn (May). Both unadjusted and adjusted seasonal modelling showed 
a peak in the incidence of HDP for pregnancies with DoB in August (8.0%, 8.1% respectively) and a nadir 
among pregnancies with eDoB in February (6.2%).

Conclusion 

The highest incidence of HDP was associated with pregnancies with eDoC during late spring and summer 
and birth in winter, while the lowest incidence of HDP was associated with pregnancies with eDoC during 
late autumn and early winter and birth in summer. Nutrient intake, in particular vitamin D, sunlight 
exposure and physical activity may affect maternal, fetal and placental adaptation to pregnancy and are 
potential contributors to the seasonal variation of HDP.
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Introduction

Hypertensive Disorders of Pregnancy (HDP), including gestational hypertension, preeclampsia and eclampsia, 
are common heterogeneous complications of pregnancy and important contributors to maternal and perinatal 
morbidity and mortality worldwide[1]. From 2007 to 2014, HDP affected 7.1% of the South Australian pregnant 
population[2]. The pathophysiology of HDP is not completely understood[1], but risk factors are primipaternity, 
multifetal gestation, chronic hypertension, family or personal history of preeclampsia, gestational diabetes 
mellitus (GDM) and thrombophilias[3]. Environmental factors are also likely to play a role in the pathogenesis 
of HDP[3].

Seasonal trends in incidence of HDP have been investigated in an effort to contribute to the knowledge of 
environmental risk factors for HDP. Seasonal variability of antenatal blood pressure[4] and HDP[5,6] have been 
studied with conflicting results. There is a great diversity in studies on seasonality of HDP and dissimilarities 
between study populations, regions of the world, climates, environmental exposures and statistical methods 
make it hard to interpret and harmonize results[5–7].

The aim of this South Australian study was to assess the seasonal variation in the prevalence of HDP for women 
in a large population birth registry according to estimated date of conception (eDoC) and date of birth (DoB) 
for each pregnancy.

Materials and methods 

This was a retrospective population study among all singleton live births of at least 400 g birth weight or 20 
weeks of gestation in women without pre-existing hypertension, with a known body mass index (BMI) in South 
Australia from 2007 to 2014. Data was sourced from the South Australian Perinatal Statistics Collection (SAPSC), 
maintained by the Pregnancy Outcome Unit (POU) of SA Health. The SAPSC collects information regarding the 
characteristics and outcome of all births in South Australia, notified by hospital and homebirth midwives and 
neonatal nurses using a Supplementary Birth Record (SBR). The majority of the South Australian population 
resides in the metropolitan area of Adelaide, the state capital. Adelaide is a coastal city at latitude 34° 55’ 
South with a temperate climate, with long hot dry summers (December, January, February) and short cold rainy 
winters (June, July, August).

Hypertensive disorders of pregnancy included all types of clinically reported hypertensive disorders of 
pregnancy, defined as blood pressure ≥140/90 on two occasions at least four hours apart, or ≥ 170/110 on one 
occasion ± proteinuria. The SAPSC does not record information on proteinuria, so preeclampsia reports could 
not be confirmed. The eDoC was DoB and gestational age at birth. Gestational age was determined by best 
obstetric estimation and based on the dating ultrasound (performed at 8-13 weeks’ gestation) supported by 
the first day of the last menstrual period or by review of other ultrasonography. The database does not indicate 
how gestational age was determined for individual women, but in the studied time period 98.5% of the women 
had an antenatal ultrasound.

Other studied variables included maternal age, body mass index (BMI), ethnicity, type of health care, civil status, 
parity, gravidity, and smoking at conception and in the second half of pregnancy. BMI was calculated before 20 
weeks’ gestation with the formula BMI = weight in kg / (height in m)2. Underweight was defined as <18.5 kg/m2, 
normal weight 18.5-24.9 kg/m2, overweight 25.0-29.9 kg/m2, obese 30.0-39.9 kg/m2 and morbidly obese >40.0 
kg/m2. BMI was recorded in the SAPSC since 2006 and was complete for 70.1% of cases between 2007 and 
2014. Ethnicity was divided in Caucasian, Aboriginal or Torres Strait Islander (ATSI), Asian and other. Medical 
and obstetric conditions studied were pre-existing diabetes mellitus, asthma and GDM. GDM was listed in the 
SAPSC when the clinician documented that the woman had GDM. All patients had a glucose challenge test at 



78

Seasonality of hypertensive disorders of pregnancy: 
a South Australian population study

4

28 weeks’. Patients with an abnormal glucose challenge test [≥ 7.8 mmol/L) underwent a glucose tolerance test 
(GTT); fasting glucose ≥ 5.5. mmol/l and/or 2 hour value ≥ 8 mmol/L were the cut-off values used to diagnose 
GDM over these 7 years]. Birth and fetal variables studied were fetal sex, birth weight in grams and gestation 
at birth. Term birth was defined as birth between 37-42 weeks of gestation. Early preterm birth (ePTB) was 
defined as birth before 34 weeks of gestation, and preterm birth (PTB) was defined as birth before 37 weeks 
of gestation. Small for gestational age (SGA) was defined as a neonate born with a birth weight below the 10th 

percentile of the expected birth weight for the Australian population[8].

Data analyses
Data analysis was performed with SPSS version 21.0 (SPSS inc, 2013). Differences were considered significant 
when the p-value was less than 0.05. Fisher’s exact test and chi square test were used to compare categorical 
variables.

Seasonality of HDP in relation to eDoC and DoB was initially investigated using an univariate regression analysis. 
The model was run with and without adjustment for potential confounders defined a priori (maternal age, BMI, 
ethnicity, parity, type of health care, tobacco use in second half of pregnancy and gestational diabetes using 
effects coding). The average of all months together was used as the reference in the model. Covariates were 
removed from the model via backward elimination if their inclusion was non-significant (p>0.05). Subsequently, 
multivariate logistic regression models were fit by specifying a full model with all available data on potential 
modifiers and confounding variables defined a priori (see above).

In the primary analysis, seasonal patterns in HDP were investigated using Fourier series methods (single cosinor 
analysis)[9]. Fourier series are considered to be the natural mathematic models for seasonality. Borrowing the 
following equation [10,11] to model the underlying seasonality of eDoC and DoB the first p pairs of term of the 
Fourier series was employed:

In this series θ
i is the point in the annual cycle that the ith day on which conception/birth occurred. Denoting 

the number of days between 1 January 1950 and the ith day of conception/birth as Di, we calculated this angle 
in radians thus: θi= 2π (Di mod 365.25)/365.25. Thus, seasonal effect of the eDoC and DoB on the binary 
pregnancy outcome is modelled by adding S(θi , p) to the linear predictor of a logistic regression model so that 
βi and γi become parameters in a simple linear model. In these data, the first pair of Fourier terms (F1 model: 
sine and cosine) was significant based on a likelihood ratio test (α =0.10), permitting their use in the model. 
Akaike information criterion was used to compare models for best fit.

Ethics

The existence of personal identifying information in the SAPSC was eliminated to ensure that confidentially of 
all patient records was maintained. The study protocol was approved by the Human Research Ethics Committee 
of the South Australian Department of Health [HREC/13/SAH/97].
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Results 
Incidence of HDP and study characteristics
Between 2007 and 2014, South Australia had 107,846 live, singleton births of a gestation 20-42 weeks and a 
birthweight ≥400 grams in women without pre-existing hypertension, with a known body mass index (BMI). 
The incidence of HDP was stable throughout the study period at 7.1% (n=7,612, p=0.890, Table I). 

Table I. Incidence of pregnancy hypertensive disorders in South Australia from 2007-2014.

             HDP, Hypertensive Disorders of Pregnancy

Compared to normotensive pregnancies, risk factors for HDP included maternal age <30 years or >40 years, 
BMI >30, nulliparity, Caucasian and ATSI descent, public patients, no fixed partner and a history of pre-existing 
diabetes or asthma. HDP was less common in women who smoked during their pregnancy and Asian women 
(Table II). HDP was associated with GDM, iatrogenic birth, ePTB, PTB and SGA babies.
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Table II. Characteristics of the study population

 * Analysis of 107,612 subjects (18,582 smoking vs. 89,030 non-smoking)
 ** Analysis of 107,719 subjects (12,488 smoking vs. 95,231 non-smoking) 
 *** SGA, Small-for-gestational age, 10th percentile of the expected birth weight for the Australian population.
 **** Early preterm birth, birth before 34 weeks of gestation
 ***** Preterm birth, birth before 37 weeks of gestation. 
 HDP, Hypertensive Disorders of Pregnancy; BMI, Body Mass Index; ATSI, Aboriginal or Torres Strait Islander.

Maternal age (in years)   < 

20

20-25

25-30

30-35

35-40

> 40

BMI

< 18.5 Underweight

18.5-25 Normal weight

25-30 Overweight

30-40 Obese

> 40 Morbid obese

Parity

Nulliparous

Multiparous

Ethnicity

Caucasian

ATSI

Asian

Other

Type of healthcare

Public patient

Private patient

Civil status

With stable partner

Without stable partner

Smoking

At time of conception*

Second half of pregnancy**

Medical complications

Pre-existing diabetes

Asthma

Fetal sex

Male

Female

Onset of labor

Spontaneous

Iatrogenic

Obstetric complication

GDM

SGA***

Early preterm birth****

Preterm birth***** 

 

416 

1,418 

2,358 

2,033 

1,091 

296 

 

89 

2,194 

2,118 

2,532 

679 

 

4,644 

2,968 

 

6,558 

236 

522 

296 

 

6,264 

1,348 

 

6,652 

960 

 

1,260 

733 

 

108 

773 

 

3,955

3,657

 

1,341

6,271

 

702

889

290

1,075

 

5.5

18.6

31.0

26.7

14.3

3.9

 

1.2

28.8

27.8

33.3

8.9

 

61.0

39.0

 

86.2

3.1

6.9

3.9

 

82.3

17.7

87.4

12.6

 

16.6

9.6

 

1.4

10.2

 

52.0

48.0

 

17.6

82.4

 

9.2

11.7

3.8

14.1

 

3,883 

15,849 

30,625 

31,164 

15,380 

3,333 

 

3,148 

47,905 

27,204 

18,652 

3,325 

 

42,178 

58,056 

 

80,910 

2,593 

11,518 

5,213 

 

79,478 

20,756 

89,533 

10,701 

 

17,322 

11,755 

 

592 

6,642 

 

51,472

48,762

 

55,853

44,381

 

6,795

8,065

1,127

5,583

3.9

15.8

30.6

31.1

15.3

3.3

 

3.1

47.8

27.1

18.6

3.3

 

42.1

57.9

 

80.7

2.6

11.5

5.2

 

79.3

20.7

89.3

10.7

 

17.3

11.7

 

0.6

6.6

 

51.4

48.6

 

55.7

44.3

 

6.8

8.0

1.1

5.6

 

4,299 

17,267 

32,983 

33,197 

16,471 

3,629 

 

3,237 

50,099 

29,322 

21,184 

4,004 

 

46,822 

61,024 

 

87,468 

2,829 

12,040 

5,509 

 

85,742 

22,104 

96,185 

11,661 

 

18,582 

12,488 

 

700 

7,415 

 

55,427

52,419

 

57,194

50,652

 

7,497

8,954

1,417

6,658

 

4.0

16.0

30.6

30.8

15.3

3.4

 

3.0

46.5

27.2

19.6

3.7

 

43.4

56.6

 

81.1

2.6

11.2

5.1

 

79.5

20.5

89.2

10.8

 

17.2

11.6

 

0.6

6.9

 

51.4

48.6

 

53.0

47.0

 

7.0

8.3

1.3

6.2

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

0.057

< 0.001

< 0.001

< 0.001

0.312

 

 

< 0.001

 

 

 

< 0.001

< 0.001

< 0.001

< 0.001

Characteristic n % n % n %

All births pNormotensiveHDP

  7,612    100,234   107,846 
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Seasonal variation of HDP
The highest incidence of HDP was observed among pregnancies with eDoC in November (7.90%) and the lowest 
in May (5.61%, Figure 1A). Unadjusted and adjusted Fourier modelling showed that HDP was significantly 
related to season of eDoC (p<0.001). Both unadjusted and adjusted seasonal modelling showed a peak in the 
incidence of HDP for pregnancies with eDoC in November (7.88% and 7.95% respectively) and a nadir in May 
(6.26% and 6.25%, respectively).

In addition, the highest incidence of HDP was observed among pregnancies with DoB in September (8.36%) and 
the lowest in February (6.04%, Figure 1B). Unadjusted and adjusted Fourier modelling showed that HDP was 
significantly related to season of DoB (p<0.001). Both unadjusted and adjusted seasonal modelling showed the 
peak in the incidence of HDP for pregnancies with DoB in August (7.96% and 8.08% respectively) and a nadir 
among pregnancies with eDoB in February (6.23% and 6.19%, respectively).

Unadjusted models showed a better fit when seasonality of HDP was assessed based on DoB [-2log likelihood: 
54967.090 (DoB) versus 54976.600 (eDoC)], and also adjusted models showed a better fit for seasonality of 
HDP based on DoB [-2log likelihood: 51978.032 (DoB) versus 54987.699 (eDoC).



82

Seasonality of hypertensive disorders of pregnancy: 
a South Australian population study

4

Figure 1. Fitted seasonality for Hypertensive Disorders of Pregnancy (HDP) by date of conception (A) and 
date of birth (B). The histograms represent the observed probability of HDP by estimated date of conception 
and date of birth (divided into calendar months). The dashed line represents the unadjusted Fourier fit for 
the incidence of HDP. The bold line represents the adjusted Fourier fit for the incidence of HDP by eDoC. The 
adjusted fit was adjusted for maternal age, BMI, ethnicity, parity, type of health care, tobacco use in second half 
of pregnancy and gestational diabetes mellitus.
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Discussion

Seasonality of HDP
The incidence of HDP in South Australia demonstrates a seasonal variation related to eDoC and DoB. The peak 
incidence of HDP was observed among pregnancies with an eDoC at the end of spring (November) and a DoB 
at the end of winter (August). The lowest incidence of HDP was seen among pregnancies with an eDoC during 
late autumn (May) and a DoB at the end of summer (February). Published data on seasonality of HDP is highly 
diverse and differences between study populations, regions of the world, climates, environmental exposures 
and statistical methods make it difficult to interpret and harmonize results[5–7]. Additionally, in small studies 
with low numbers of eclampsia and preeclampsia, misclassification could temper the seasonal effect. Studies 
from areas with a temperate climate with dry summers like the South Australian climate, similarly show 
seasonality of HDP [12–14].

Date of birth showed a better model
We identified a seasonal variation in HDP related to eDoC and DoB. Significant and adequate seasonal 
modelling of incidence of HDP in relation to both eDoC as DoB was shown but the ‘DoB model’ provided 
a better fit, the difference was however small. This is in contrast with a previous study observing that date 
of conception showed stronger correlation to the risk of preeclampsia than date of birth[15]. In our cohort 
the majority of the pregnancies complicated with HDP resulted in term birth (85.8%), representing late-onset 
HDP. In the study by Phillips et al. of primiparous women only, the majority of patients (63.4%) had preterm 
preeclampsia[15] representing early-onset HDP and a group of women with more severe disease compared to 
our study population. The pathogenesis of early onset and term preeclampsia are likely to be different[1,3].

Possible explanations
We found seasonal variation in the incidence of HDP after adjusting for maternal age, BMI, ethnicity, parity and 
type of health care, tobacco use in second half of pregnancy and gestational diabetes. Some of these known 
risk factors for HDP may alter the vascular and/or immune adaptation to pregnancy. However, they change 
relatively little between seasons and are not or barely modifiable, while seasonal variation of tobacco use[16] 
and gestational diabetes[17] have been described in the literature previously. This suggests that other factors 
may contribute to seasonality of HDP. 

Pregnancy is a physical stress-test. Most maternal organs must adapt and elevate their function to meet the 
demands of pregnancy. Many factors are involved to ensure appropriate adaptation. The etiology of HDP 
is still elusive, but it involves exposures that occur before HDP are clinically recognized. Pathophysiological 
mechanisms explaining (the seasonality of) HDP may have their origin prior to, early or late in pregnancy. HDP 
are thought to be caused by both vascular and immune maladaptation, two processes intimately associated 
with each other that lead to inflammation[3]. Vascular maladaptation associated with pre-pregnancy higher 
blood pressure, overweight/obesity leads to inflammation and endothelial cell dysfunction, while maternal-
paternal immune maladaptation may lead to poor spiral artery remodeling by the invading cytotrophoblasts, 
followed by inflammation and ischemia/reperfusion affecting the syncytiotrophoblast[3].

Vitamin D status is seasonal and may explain the seasonal variation in HDP. Vitamin D is involved in many 
physiological processes that regulate blood pressure and placentation. Firstly, vitamin D enhances dietary 
calcium absorption[18], which in turn has an inverse relationship with blood pressure and suppression of 
vascular smooth muscle cell proliferation[19]. Additionally, it has been suggested that vitamin D may be a 
potent endocrine suppressor of renin biosynthesis and thus regulates the renin-angiotensin system, which 
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plays a critical role in the regulation of blood pressure[19]. Thirdly, vitamin D may have an immune-modulatory 
effect by balancing T helper cells[20] and it promotes induction of T regulatory cells (Tregs)[21,22]. Tregs play 
a role in placentation and are essential for pregnancy success[21]. It is therefore plausible that vitamin D may 
contribute to placentation and the required maternal vascular adaptation to pregnancy.

Sunlight, specifically ultraviolet B radiation, is important for synthesis of vitamin D in the skin with diet and 
supplements also contributing[23,24]. The dietary intake of vitamin D in pregnancy has been shown to be 
highest in spring and lowest in autumn[25]. It is therefore not surprising that serum vitamin D levels show 
periodicity, with highest concentrations in summer and autumn and lowest in winter and spring[26]. In some 
populations, but not all, vitamin D deficiency is associated with pregnancy and birth outcomes, including HDP, 
GDM and SGA infants[27–31]. Low vitamin D levels in both early and late pregnancy have been associated 
with the development of preeclampsia[28–30], while a study of Irish and New Zealand women showed that 
preeclampsia has been associated with season, but not with vitamin D levels at 15 weeks’ gestation[31]. Results 
on the efficacy of vitamin D supplements for the prevention of preeclampsia of randomized controlled trials 
(RCTs) is equivocal and high quality RCTs are required[32,33]. 

However, other factors that vary by season may also contribute to the seasonal variation of HDP. The intake 
of other nutrients that have been associated with the development of HDP, including calcium[34], folate[35] 
and zinc[36], also have been shown to differ by season[25]. Interestingly, studies from areas with a distinct dry 
season in their climate show more consistent seasonality in HDP than those from areas without a distinct dry 
season. Meteorological factors, including ambient temperature, humidity, barometric pressure and sunlight 
exposure have been suggested to contribute to the periodicity of HDP[37]. Other risk factors for HDP with 
known periodicity are leisure-time physical activity[38,39], depression and anxiety[40,41] as well as illicit 
drug-use[42]. Unfortunately, due to the retrospective character of the present study, we lacked sufficient 
information to explore potential mechanisms explaining the seasonal variation in HDP we observed. Although 
the difference between eDoC and DoB models was small, the better fit with the DoB model may suggest that 
seasonality in particular late-onset HDP is a late gestation effect.

Strengths and limitations
A major strength of population-based studies, such as the current study, lies in the large number of cases 
(107,846 subjects) that we have analysed and the overall representation that these provide. Our study is limited 
by the available data. Some potential relevant factors were not collected during the study period. Data on BMI 
has been recorded since 2007 but is not complete for the studied years. Validation studies have shown that 
notifications of births in SA made by hospital and homebirth midwives and hospital neonatal nurses on the SBR 
were robust for the parameters studied[43]. The SAPSC records data on all births in South Australia, so the data 
herein for 107,846 births should be considered as a true representation of the South Australian population.

Conclusion
We identified a seasonal variation in HDP related to eDoC and DoB. We found that seasonal variation in HDP was 
more strongly related to DoB than to eDoC. The variation that we have observed may provide further insights 
into exposures that may be relevant for the pathophysiology of this heterogeneous syndrome. Exposure(s) early 
and late in pregnancy in relation to season and HDP deserve attention. These may include measuring nutrient 
levels (i.e. vitamin D, calcium, folate and zinc), monitoring meteorological factors (i.e. ambient temperature, 
humidity, barometric pressure and sunlight exposure) in pregnant women by season.
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ABSTRACT

objectives

Evaluating maternal haemodynamics across pregnancy in uncomplicated pregnancies and those 
complicated by hypertensive disorders of pregnancy (HDP).

Study design 

Prospective cohort study from 2015-2018 of healthy, nulliparous, singleton-bearing women. Maternal 
haemodynamics assessed by Uscom BP+ at 11+2 and 34+2 weeks’ gestation in pregnancies complicated by 
HDP [preeclampsia with severe (sPE) and without severe features (nsPE), gestational hypertension (GH), 
intermittent hypertension (IH)] were compared to uncomplicated pregnancies using mixed-effects linear 
modelling.

Main outcome measures

Maternal haemodynamic adaptation in women with uncomplicated pregnancies and those 
complicated by HDP.

Results 

Between the two measurements, haemodynamic adaptation in women with sPE and nsPE was significantly 
different compared to those with uncomplicated pregnancies. An additional increase was observed for 
peripheral systolic blood pressure [SBP; 14.3mmHg, 8.6-20.1 (sPE)], peripheral diastolic blood pressure 
[DBP; 7.7mmHg, 3.3-12.1 (sPE); 2.6mmHg, 3.3-12.1 (nsPE)] peripheral mean arterial pressure [MAP; 
10.6mmHg, 5.8-15.5 (sPE); 3.4mmHg, 0.8-6.0 (nsPE)], peripheral pulse pressure [PP; 6.6mmHg, 2.1-11.1 
(sPE)], central SBP [15.8mmHg, 10.4-21.2 (sPE)]; 2.9mmHg, 0.1-5.8 (nsPE)], central DBP [8.3mmHg, 3.9-
12.6 (sPE); 2.5mmHg, 0.2-4.8 (nsPE), central MAP [10.8mmHg, 6.4-15.2 (sPE); 2.6mmHg, 0.3-5.0 (nsPE)] 
and central PP [7.6mmHg, 3.9-11.3 (sPE)]. Augmentation index (AIx) decreased less (15.5%, 6.3-24.6 
(sPE); 9.0%, 4.2-13.6 (nsPE)] compared to uncomplicated pregnancies. Haemodynamic adaptation across 
pregnancy in women with GH and IH was not different from those with uncomplicated pregnancies.

Conclusion 

Women who develop preeclampsia show an altered, while those who develop GH or IH demonstrate a 
comparable haemodynamic adaptation compared to uncomplicated pregnancies. Monitoring central 
blood pressure and AIx in pregnancy provides additional value.
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Introduction

During pregnancy, substantial maternal haemodynamic changes take place to ensure adequate placental 
perfusion, as well as nutrient and gaseous transport, to sustain fetal growth and development[1]. Early maternal 
haemodynamic maladaptation to pregnancy can signal an increased risk for preeclampsia (PE)[1].

In recent years, sophisticated non-invasive equipment has become available to assess the maternal 
haemodynamic state, allowing safe monitoring of haemodynamic changes throughout pregnancy[2]. Altered 
haemodynamics have been identified in women who develop pregnancy complications, particularly in those 
who develop PE[3,4,2,5–8]. Increased pulse wave velocity (PWV) and augmentation index (AIx), measures of 
arterial stiffness, have been reported as early as 11 weeks’ gestation in women who subsequently develop 
PE[5–7,9]. Also, these women demonstrate an increase in central systolic blood pressure (cSBP), PWV and AIx 
at time of PE diagnosis[3,4,2].

The aim of this study was to compare maternal haemodynamic adaptation at 9-16 and 32-36 weeks’ gestation 
in uncomplicated pregnancies and those complicated by HDP.

Methods 

The Screening Tests to predict poor Outcomes of Pregnancy (STOP) study is a prospective multicentre cohort 
study of healthy, nulliparous, singleton-bearing women across three Hospitals in Adelaide, South Australia 
(Lyell McEwin Hospital, Elizabeth Vale; Modbury Hospital, Modbury and Women’s and Children’s Hospital, 
North Adelaide) from 2015-2018. Women were excluded from participation if they had ≥3 miscarriages or 
≥3 terminations of pregnancy, major fetal anomalies, pre-existing hypertension on medication, Type I or Type 
II diabetes mellitus, renal disease, systemic lupus erythematosus, anti-phospholipid syndrome, known major 
uterine anomaly or previous cervical cone biopsy.

At time of recruitment, between 9+0 and 16+0 weeks’ gestation, participants were interviewed. Comprehensive 
baseline information regarding demographics, family medical and obstetric history, dietary supplementation 
and nutrition was collected. In addition, anthropometric measurements and maternal haemodynamic 
measurements (explained below) were performed. All women participating in the STOP study were invited to 
attend a follow-up between 31+5 and 37+2 weeks’ gestation. During this follow-up, participants had an interview 
regarding current pregnancy issues, medication use, dietary supplements and nutrition. Anthropometric and 
maternal haemodynamic measurements were repeated.

At both study visits, brachial oscillometric pulse wave analysis (Uscom BP+) was used to ascertain maternal 
haemodynamic state. Uscom BP+ is a validated method to measure peripheral blood pressures [BP; peripheral 
systolic BP (pSBP); peripheral diastolic BP (pDBP); peripheral mean arterial pressure (pMAP); peripheral 
pulse pressure (pPP)]; central BP [central systolic BP (cSBP); central diastolic BP (cDBP); central mean arterial 
pressure (cMAP); central pulse pressure (cPP)] and measure AIx and heart rate (HR)[10,11]. Uscom BP+ is a 
fully-automated device with a pneumonic cuff. During an initial inflation and deflation period it measures pBP. 
Then, it reinflates approximately 30mmHg above the pSBP, occluding the brachial artery for 10 seconds, while 
the device records the suprasystolic BP waves and determines cBP[12–14]. Peripheral AIx is estimated using 
the following equation[10]:

Peripheral maternal haemodynamics across pregnancy 
in hypertensive disorders of pregnancy
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All measurements were performed under standardized conditions, in a semi-recumbent position, using an 
appropriate cuff size and following a 5-minutes period of physical inactivity. The quality of the measurements 
was ensured by an in-built quality control feature, expressed as a signal-to-noise ratio (SNR) on a logarithmic 
scale in decibels. Signal quality score was classified into 5 groups: invalid (SNR<0), poor (0≤SNR<6), acceptable 
(6≤SNR<9), good (9≤SNR<12) and excellent (12≤SNR)[15]. Measurements with an invalid or poor quality score 
were repeated, until an at least acceptable score was obtained. Where no acceptable measurement could be 
obtained, data were excluded from the analyses.

Fetal and maternal outcomes were obtained directly from clinical records. The diagnosis of HDP was made 
according to the criteria of the International Society for the Study in Hypertension in Pregnancy (ISSHP)[16]. 
Gestational hypertension (GH) was defined as (peripheral) hypertension [systolic BP (SBP) ≥140 mmHg or 
diastolic BP (DBP) ≥90 mmHg] after 20 weeks of gestation in previously normotensive women. PE was defined as 
GH associated with one or more of the following new-onset conditions: 1. Proteinuria (protein/creatinine ≥ 30 
mg/mmol [0.3 mg/mg] or ≥ 300 mg/day; 2. Other maternal dysfunction (renal insufficiency, liver involvement, 
neurological complications or haematological complications); 3. Uteroplacental dysfunction (small-for-
gestational age infant with a birth weight less than the 10th customised centile)[16]. PE with severe features 
(sPE) was defined as PE with one or more of the following features: BP of ≥160/110 or hypertension requiring 
intravenous therapy with an antihypertensive agent or magnesium sulphate after 20 weeks of gestation, HELLP 
syndrome or eclampsia at any gestation. PE without any of these severe features was classified as non-severe 
PE (nsPE). In addition to the ISSHP classification ‘intermittent hypertensive’ (IH) was defined as non-persisting 
hypertension on one or two occasions, not formally meeting the definitions of GH. Uncomplicated pregnancies 
were defined as uneventful pregnancies with normal fetal and maternal outcomes, specifically, the absence of 
any of the above mentioned complications, and additionally, the absence of preterm birth before 37 weeks’, 
small-for-gestational-age <10th customised birth weight centile, gestational diabetes mellitus, placental 
abruption and cholestasis.

Statistical analyses were performed with SPSS version 24.0 (SPSS Inc. 2016). One-way ANOVA analyses were 
used for comparisons between continuous variables and Chi-square for categorical variables. Differences were 
considered significant when the p-value was less than 0.05. Simple linear modelling was used to compare 
means of the haemodynamic parameters at the two individual time points between the HDP groups. Descriptive 
means and standard deviations (SDs) were reported along with the Bonferroni adjusted post-hoc p-values. 
To assess change in haemodynamic parameters across gestation analyses of repeated measures with mixed-
effects linear models (fixed effects and random effects) were performed. Residuals of each individual model 
were assessed for normality, allowing interpretation of the models. The random effect component consisted of 
a random intercept for each patient. The fixed-effect component included HDP groups, timing of measurement 
(first measurement at ~11 or second measurement at ~34 weeks’ gestation), baseline measurement at 11 
weeks’, maternal age and body mass index (BMI) and interaction between timing of measurement and the 
different HDP groups. The latter was used to assess the change over time. The mean estimated difference and 
95%-confidence intervals (CIs) of the interaction term are also reported to describe the additional change in the 
mean differences between HDP groups across the two measurements. 

Written informed consent was obtained from all participants. Personal identifying information in the STOP 
study database was eliminated to ensure that confidentiality of all patients’ records was maintained. The STOP 
study protocol was approved by the Human Research Committee of the Women’s and Children’s Hospital 
Adelaide Australia (HREC/14/WCHN/90), dated 16/10/2014.
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Results 

Both study visits were attended by 551 participants and pregnancy outcome variables were available for 
544 (98.7%) women. Twelve women (2.2%) had sPE, 49 (9.0%) had nsPE, 25 (4.6%) had GH, 33 (6.1%) had 
IH and 286 (52.8%) an uncomplicated pregnancy. A further 138 (25.4%) women were diagnosed with other 
complications of pregnancy. The mean gestational age for the first measurement was 11+2 (± 1+3) weeks’ and for 
the second measurement it was 34+2 (± 1+4) weeks’. There were no differences between the groups regarding 
the gestational age at which these measurements were performed (p=0.603 and p=0.102 respectively). 

The 5 groups were comparable in terms of maternal age, ethnicity, marital status, education, employment, 
(household) smoking, alcohol and drug use, mode of conception and fetal sex (Table 1). There were differences 
between the HDP groups regarding maternal BMI and family history for HDP and chronic hypertension. Women 
with GH were on average heaviest (mean BMI 32.4 ± 10.3), while women with uncomplicated pregnancies had 
on average the lowest BMI (mean BMI 27.2 ± 6.5). A family history of HDP was increasingly more common 
between HDP groups, with 11.5% in uncomplicated pregnancies versus 33.3% in women with sPE. A family 
history of chronic hypertension was more common in all HDP groups (varying from 41.7% to 51.5%) compared 
to the uncomplicated group (33.6%). There were no significant differences in incidence of GDM, preterm birth 
and SGA between the HDP groups (by ISSHP definition GH pregnancies do not result in SGA neonates).
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                IH, intermittent hypertensive; GH, gestational hypertension; nsPE, preeclampsia without severe features; 
                sPE, preeclampsia with severe features; HDP, Hypertensive disorders of pregnancy; CS, Caesarean Section; 
                GDM, Gestational diabetes mellitus; PTB, Preterm birth (<37 weeks); SGA, Small for gestational age.
              * Expressed as mean ±SD

Table 1. Maternal demographics, pregnancy and neonatal outcome

Maternal age

< 20 years

20-25

25-30

30-35

> 35 years

BMI at booking

<18.5 - Underweight

18.5 -< 25.0 - Normal weight

25.0 -< 30.0 - Overweight

30.0 -< 40.0 - Obese

>40.0 - Morbidly obese

Ethnicity

Caucasian

Asian

Other

Marital status

Stable relationship

Single

Same sex

Substance use @ booking

Smoking

Alcohol

Recreational drug use

Family history

HDP

Chronic hypertension 

Pregnancy characteristics

Male fetal sex

Birthweight (g)*

Gestation at delivery (weeks)*

Nursery admission

GDM

Preterm birth (<37 weeks)

SGA

19 (6.6)

87 (30.4)

123 (43.0)

45 (15.7)

12 (4.2)

3 (1.0)

122 (42.7)

88 (30.8)

56 (19.6)

17 (5.9)

246 (86.0)

21 (7.3)

19 (6.6)

 

259 (90.9)

24 (8.4)

2 (0.7)

43 (15.0)

41 (14.3)

6 (2.1)

33 (11.5)

96 (33.6)

 

154 (53.8)

3553 ±379

40.0 ±1.0

43 (15.0)

N/A

N/A

N/A

2 (6.1)

10 (30.3)

13 (39.4)

8 (24.2)

0 (0.0)

1 (3.0)

10 (30.3)

5 (15.2)

14 (42.4)

3 (9.1)

 

30 (90.9)

2 (6.1)

1 (3.0)

 

28 (84.8)

5 (15.2)

0 (0.0)

4 (12.1)

6 (18.2)

0 (0.0)

6 (18.2)

17 (51.5)

 

17 (51.5)

3411 ±531

39.5 ±1.5

11 (33.3)

7 (21.2)

2 (6.5)

8 (24.2)

1 (4.0)

8 (32.0)

8 (32.0)

6 (24.0)

2 (8.0)

 

0 (0.0)

5 (20.0)

9 (36.0)

6 (24.0)

5 (20.0)

 

23 (92.0)

1 (4.0)

1 (4.0)

 

21 (84.0)

4 (16.0)

0 (0.0)

6 (24.0)

7 (28.0)

1 (4.0)

7 (28.0)

12 (48.0)

  

17 (68.0)

3378 ±350

38.9 ±1.3

6 (24.0)

4 (16.0)

2 (8.0)

N/A 

3 (6.1)

17 (34.7)

21 (42.9)

5 (10.2)

3 (6.1)

0 (0.0)

11 (22.4)

14 (28.6)

19 (38.8)

5 (10.2)

 

45 (91.8)

2 (4.1)

2 (4.1)

 

43 (87.8)

6 (12.2)

0 (0.0)

6 (12.2)

10 (20.4)

2 (4.1)

11 (22.4)

25 (51.0)

32 (65.3)

3204 ±539

39.1 ±1.4

15 (30.6)

10 (20.4)

4 (8.2)

15 (30.6)

2 (16.7)

4 (33.3)

 2 (16.7)

1 (8.3)

3 (25.0)

0 (0.0)

3 (25.0)

3 (25.0)

5 (41.7)

1 (8.3)

 

12 (100.0)

0 (0.0)

0 (0.0)

 

7 (88.6)

4 (10.6)

1 (0.7)

 

3 (25.0)

4 (33.3)

0 (0.0)

4 (33.3)

5 (41.7)

  

6 (50.0)

2962 ±668

38.1 ±2.2

7 (58.3)

2 (16.7)

5 (41.7)

3 (25.0)

0.173

 

 

 

 

 

0.009

 

 

 

 

 

0.840

 

 

 

0.010

0.565

0.180

0.702

0.021

0.049

 

0.385

<0.001

<0.001

0.000

0.952

0.555

0.799

Demographics n (%)n (%)n (%) n (%) n (%) p

(n=286) (n=33) (n=25) (n=49) (n=12)

Uncompli-
cated IH GH nsPE sPE
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Maternal haemodynamics at 11 and 34 weeks’ gestation
In the 5 HDP groups combined, there were a total of 810 paired measurements were performed in 405 women. 
At 11 weeks’ gestation, women with uncomplicated pregnancies showed mean pSBP 113.3mmHg, pDBP 
66.9mmHg, pPP 46.4mmHg, pMAP 79.8mmHg, cSBP 104.3mmHg, cDBP 69.9mmHg, cPP 34.4mmHg, cMAP 
81.4mmHg, AIx 48.0% and HR 78.1bpm (Table 2, Figures 1 and 2). At 11 weeks’, women who subsequently 
developed any HDP subtype showed an increased mean pDBP, pMAP and cDBP compared to those with 
uncomplicated pregnancies. Women who later developed nsPE, GH and IH, but not those who subsequently 
developed sPE, had also an increased mean pSBP, cSBP and cMAP at 11 weeks’ compared to those with 
uncomplicated pregnancies. Additionally, pPP was increased in those who subsequently developed nsPE and 
GH, but not in those who later developed IH and sPE. Compared to uncomplicated pregnancies, cPP, AIx and HR 
were not different in women who developed HDP. 

 

Figure 1. Means of peripheral (A) and central (B) measurements at 11 and 34 weeks of gestation for different 
HDP groups. SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure, PP, pulse 
pressure.
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Figure 2. Means of augmentation index (A) and heart rate (B) at 11 and 34 weeks’ gestation for 
different HDP groups.

At 34 weeks’ gestation, women with uncomplicated pregnancies showed mean pSBP 116.1mmHg, pDBP 
68.9mmHg, pPP 47.2mmHg, pMAP 81.6mmHg, cSBP 103.8mmHg, cDBP 72.3mmHg, cPP 31.5mmHg, cMAP 
82.8mmHg, AIx 29.8% and HR 92.6bpm. At 34 weeks’, women from all HDP groups showed significantly 
increased mean pSBP, pDBP, pMAP, cSBP, cDBP and cMAP compared to those with uncomplicated pregnancies. 
An increased pPP at 34 weeks’ was seen in those who subsequently developed GH, but not in those who 
developed sPE, nsPE or IH. Furthermore, cPP was increased in those who later develop GH and sPE, but not in 
those who developed nsPE and IH, compared to those with uncomplicated pregnancies. AIx was increased in 
women who developed nsPE (38.4%, p=0.007) and sPE (43.8%, p=0.040). There were no differences between 
HDP groups in PR at 34 weeks’.

Maternal haemodynamics across gestation in HDP groups.
Across gestation, regardless of HDP group, there was a mean increase in pSBP (2.9mmHg), pDBP (2.1mmHg) and 
pMAP (1.8mmHg), cDBP (2.4mmHg), cMAP (1.4mmHg), HR (14.5bpm) and a mean decrease in cPP (-2.9mmHg) 
and AIx (18.2%) while pPP and cSBP did not change (Supplementary Table 1 and 2). 
After adjusting for baseline measurement, maternal age and BMI, women who developed sPE showed a 
significant additional increase in pSBP, pDBP, pMAP, pPP, cSBP, cDBP, cMAP and cPP compared to those with 
uncomplicated pregnancies (Figure 3). Women who developed nsPE showed a significant additional increased 
pDBP, pMAP, cSBP, cDBP and cMAP, but not pSBP, pPP and cPP, compared to uncomplicated pregnancies. The 
change across gestation, after adjustment, for pSBP, pDBP, pMAP, pPP, cSBP, cDBP, cMAP and cPP in women who 
developed GH and IH was not different from those with uncomplicated pregnancies. The adjusted AIx decrease 
was lower in women who developed sPE (15.5%) and nsPE (9.0%), while the GH and IH women demonstrated a 
similar Alx decrease to uncomplicated pregnancies (Figure 4). The increase in HR across gestation in each HDP 
group was similar to uncomplicated pregnancies.
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Figure 3. Differences in estimated marginal means in blood pressure across gestation in each hypertensive 
disorder of pregnancy (HDP) group. Data are presented as corrected mean difference (mmHg) across gestation 
compared to uncomplicated pregnancies. Values with an asterix indicate significant mean differences compared 
to women with uncomplicated pregnancies. Mean differences in the model were corrected for mean maternal 
age (26.1 years), mean maternal BMI (28.2kg/m2) and their mean baseline measurement [pSBP: 116.2mmHg 
(A); pDBP: 68.8mmHg (C), pMAP: 81.9mmHg (E); pPP: 47.7mmHg (G); cSBP: 105.9mmHg (B); cDBP: 71.4mmHg 
(D); cMAP: 82.9mmHg (F); cPP: 34.6mmHg(H)].
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Figure 4. Differences in estimated marginal means in augmentation index across gestation in each 
hypertensive disorder of pregnancy (HDP) group. Data are presented as mean difference in augmentation 
index (AIx in %) compared to women with uncomplicated pregnancies. Values with an asterix indicate significant 
mean differences compared to women with uncomplicated pregnancies. Mean differences in the model were 
corrected for mean maternal age (26.1 years), mean maternal BMI (28.2kg/m2) and baseline measurement 
(47.9%). 

Discussion 

This study observed differences in haemodynamic parameters at 11 weeks’ and 34 weeks’ gestation and across 
gestation in women who developed HDP, compared to women with uncomplicated pregnancies. 

Maternal haemodynamics in pregnancies complicated by HDP
Compared to women with uncomplicated pregnancies, those who developed sPE had increased pDBP, pMAP 
and cDBP at 11 weeks’, while pSBP, pDBP, pMAP, cSBP, cDBP, cMAP, cPP and AIx were increased at 34 weeks’. 
They showed increased adjusted mean difference across gestation for pSBP, pDBP, pMAP, pPP, cSBP, cDBP, 
cMAP, cPP and AIx. Women who developed nsPE had increased pSBP, pDBP, pMAP, pPP, cSBP, cDBP and cMAP 
at 11 weeks’, while pSBP, pDBP, pMAP, cSBP, cDBP, cMAP and AIx were increased at 34 weeks’. Across gestation 
they had an increased adjusted mean difference for pDBP, pMAP, cSBP, cDBP, cMAP and AIx, compared to 
women with uncomplicated pregnancies. In addition to having a higher blood pressure at 11 weeks’, these 
data demonstrate that women who developed sPE and nsPE failed to haemodynamically adapt to pregnancy.

Women who subsequently developed GH, showed increased haemodynamic parameters at 11 and 34 weeks’ 
gestation, compared to those with uncomplicated pregnancies. At 11 weeks’ these women had increased 
pSBP, pDBP, pMAP, pPP, cSBP, cDBP and cMAP. These parameters, as well as cPP, were also increased at 34 
weeks’. The corrected mean difference across gestation was however comparable to those with uncomplicated 
pregnancies. Women who developed GH have increased haemodynamic parameters throughout pregnancy 
while the haemodynamic adaptation, specifically AIx, is quite similar to uncomplicated pregnancies, indicating 
this is often essential hypertension diagnosed during pregnancy. 
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Women with IH showed increased pSBP, pDBP, pMAP, cSBP, cDBP and cMAP at 11 and 34 weeks’ gestation, 
but the mean adjusted difference across gestation was comparable to those with uncomplicated pregnancies. 
This suggests that women who develop IH have increased haemodynamic parameters throughout pregnancy. 
Also, like GH, maternal haemodynamic adaptation to pregnancy is of similar magnitude as for women with 
uncomplicated pregnancies. The elevated haemodynamic parameters and increased risk of SGA in women with 
IH suggests that IH is not a benign condition, a risk often not recognized by clinicians.

Central blood pressure and augmentation index
It is suggested that cBP reflects accurately the loading conditions of the left ventricular myocardium, coronary 
arteries, and cerebral vasculature[2]. Theoretically, it is a better reflection of potential risk of cardiovascular 
organ damage and cardiovascular events than pBP[2]. Non-invasively determined cPP is more strongly related 
to vascular hypertrophy, extent of atherosclerosis, and cardiovascular events than pBP[2]. In the present study, 
cPP was increased at 34 weeks’ in women who developed sPE and GH. The SDs during both measurements 
were less for cBP, than pBP, indicating a lesser variation in cBP than pBP. Now cBP can be measured non-
invasively, reliably[11], and cost-effectively[17], in addition to the previous mentioned benefits, it should be 
considered in the clinic for the monitoring of women at risk of HDP.

AIx is considered to be a measure of arterial stiffness, influenced by wave reflections from the arterial vessel 
tree[18,19]. It is likely that AIx depends on the diameter and elasticity of the small muscular arteries/arterioles 
at the major sites of pressure wave reflection. Therefore, it will be affected by alterations in vascular smooth 
muscle tone, affecting mainly the small muscular arteries but to a lesser extent in the elastic aorta[18]. An 
increased AIx is considered to be an indicator of increased work by the left ventricle during systole and may 
be a more direct measure of vascular tone or vasoconstriction than PWV[18]. Arterial stiffness better reflects 
chronic damage to blood vessels form aging, hypertension and diabetes than pBP or even cBP. In our study, AIx 
decreased less in women who developed sPE and nsPE, while the GH and IH women demonstrated a similar 
Alx decrease to those with uncomplicated pregnancies. This agrees with data from other studies and indicates 
that women with PE fail to haemodynamically adapt to pregnancy[20–22].

Strengths and limitations
A strength of this study is its prospective character and extensive amount of data collected on a low-risk 
population. The study was large enough to identify differences in maternal haemodynamics across gestation 
in women with HDP compared to those with uncomplicated pregnancies, but larger numbers of women are 
necessary to identify if there are differences between HDP groups. Due to the design of this study, we were 
unable to assess maternal haemodynamics across gestation in women who suffered from early-onset PE, 
resulting in delivery before 32 weeks’. Uscom BP+ provides a comprehensive assessment of the haemodynamic 
state, including cBP and AIx, but does not assess PWV.

Conclusion  

This study demonstrates that GH and PE have a different vascular pathophysiology and are two different disease 
entities. Women who developed sPE and nsPE fail to haemodynamically adapt to pregnancy, while already 
starting from a higher blood pressure at baseline. Women who developed GH had increased haemodynamic 
parameters in first and third trimester, but their haemodynamic adaptation to pregnancy was comparable 
to those with uncomplicated pregnancies. Despite haemodynamic adaptation to pregnancy comparable to 
uncomplicated pregnancies, women who developed IH had elevated haemodynamic parameters in first and 
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third trimester and higher risk of SGA, indicating that IH is not a benign condition and deserves attention in 
antenatal care. Measurements of cBP and AIx give additional information on haemodynamic state and should 
be considered in the clinic for the monitoring of women at risk of HDP.
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            Supplementary table 2: Summary of multilevel linear mixed-effect models for augmentation 
            index and pulse rate

                 AIx, augmentation index; HR, heart rate. Data are presented as Estimates (95%-Confidence interval). 
                 Estimates in the model were corrected for mean maternal age (26.1 years), mean maternal BMI (28.2kg/m2) 
                 and their mean baseline measurement (AIx: 47.9%, HR: 78.7 bpm). 
                 Intercepts were random for each characteristic. 
             *, Mean of the two measurements together per HDP group compared to uncomplicated pregnancies. 
           **, Mean difference between the two measurements per HDP group compared to uncomplicated pregnancies
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The studies presented in this thesis were aimed to describe adverse pregnancy outcomes in South Australia in 
population and cohort studies. Adverse pregnancy outcomes, including sPTB, FGR/SGA, GDM and HDP affect a 
quarter of first pregnancies[1] but their pathophysiology is not fully understood. Adverse pregnancy outcomes 
have serious potential short- and long-term consequences for both mother, fetus and neonate and form a 
significant burden on healthcare systems[27–30]. The aim of this thesis was to address knowledge gaps for 
predictive or associated factors to inform better strategies for the prevention and the monitoring of adverse 
pregnancy outcomes. 

Part 1 – Trends, sexual dimorphism and seasonality of pregnancy outcome.

The first part of this thesis describes a series of four population studies in South Australia. Each of the 
studies used data from the South Australian Perinatal Statistics Collection (SAPSC), a state-wide registry of all 
characteristics and clinical outcomes of all South Australian births notified by hospital and home birth midwives 
and neonatal nurses. 

Long-term trends in adverse pregnancy outcomes
In Chapter 1 we explored the long-term trends in the prevalence of PTB and rates of PTB in singleton pregnancies 
complicated by HDP, SGA and PPROM in South Australia in a population wide study. From 1986 to 2014, the 
incidence of preterm birth in South Australia increased by 40%, with iatrogenic preterm birth being responsible 
for 80% of this increase. The incidence of HDP and SGA, two common pregnancy complications that may result 
in iatrogenic PTB, declined over the same time period. However, among pregnancies complicated by HDP and 
SGA, the proportion of PTB increased, indicating earlier intervention in these women. The incidence of another 
common indication for early (iatrogenic) birth, PPROM, increased from 1% to 2%. After 1990 greater than 80% 
of PPROM was associated with PTB. Overall stillbirth rates declined and preterm stillbirth rates halved from 
1986 to 2014. Several maternal and pregnancy-related risk factors may contribute to population differences in 
PTB. Increased iatrogenic delivery may be attributable, in part, to changing maternal phenotype and to altered 
clinician’s behaviour. Improvements in pregnancy guidelines, fetal surveillance, and advances in neonatal care 
may underpin perinatal clinical decision-making.

Sexual dimorphism in adverse pregnancy outcome
Fetal sex has been suggested as an independent risk factor for adverse pregnancy outcomes but the results 
are conflicting[31–33]. The National Institutes of Health has highlighted the importance of evaluating sex 
differences in health and disease. In Chapter 2 we described the presence of sexual dimorphisms for PTB, 
birthweight, HDP and GDM in a retrospective study of the South Australian population from 1981 to 2011. 
We used two analytical approaches to assess and interpret the sexual dimorphisms for these major adverse 
pregnancy outcomes. According to both approaches, women carrying a male fetus were at increased risk 
for all PTB, spontaneous PTB, overall HDP and GDM. Additionally, women carrying a female fetus were at 
increased risk for HDP complicated with PTB. Fetal sex should be taken into account in future studies on 
obstetric complications and their pathophysiology. Study on sex differences in placental function and maternal 
adaptations to pregnancy are required to define the molecular mechanisms in sex-specific pregnancy outcome.

Seasonality of adverse pregnancy outcome
The majority of the traditional risk factors for adverse pregnancy outcome are not condition-specific. Advanced 
maternal age, maternal obesity, complicated medical (obstetric) history, ethnicity and male fetal sex, for 
example, all increase the risk of all previously described adverse pregnancy outcomes[2,8,14,21,24]. In addition 
to these well known risk factors, multiple environmental and lifestyle factors have also been associated with 
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adverse pregnancy outcome[18,34–45]. Lack of physical activity[36–38], nutritional status[18,35,39,44,45] 
and vitamin D deficiency[40–43] are all associated with both GDM and HDP. These factors have periodicity in 
common[46–48]. In an effort to increase the knowledge of mechanisms regarding early pregnancy exposures 
that may influence the development of GDM and HPD, we assessed the seasonal variation of these two 
conditions. 

In Chapter 3 we showed that the incidence of GDM in South Australia increased from 4.9% in 2007 to 7.2% in 
2011. During 2007-2014, there was a clear seasonality of GDM based on estimated date of conception (eDoC). 
After adjusting for maternal age, BMI, parity, ethnicity, socioeconomic status and chronic hypertension the 
seasonality of GDM remained significant. The peak incidence of GDM was observed for pregnancies with eDoC 
during winter and the lowest incidence of GDM for pregnancies with eDoC during summer. 

Next, in Chapter 4 we described that the incidence of HDP in South Australia from 2007-2014 remained stable 
at 7.1%. During these years there was a strong relationship between season and HDP. After adjusting for 
maternal age, BMI, ethnicity, parity, type of health care, tobacco use in second half of pregnancy and GDM, the 
seasonality of HDP remained significant. The peak incidence of HDP was observed for pregnancies with eDoC 
during late spring and birth in winter, while the lowest incidence of HDP was associated with pregnancies with 
eDoC during late autumn and early winter and birth in summer. 

The seasonality of GDM and HDP helps with improving the knowledge of mechanisms regarding when 
pregnancy exposures, including lack of physical activity, nutrition and vitamin D deficiency, may profoundly 
influence the development of GDM and HPD.

Part 2 - Maternal haemodynamics in pregnancy

The second part of this thesis describes the first results of the Screening Tests to predict poor Outcomes of 
Pregnancy (STOP) study, a prospective observational cohort study aiming to establish and validate sensitive 
prediction models for sPTB, SGA, GDM and HDP. Dr Verburg coordinated the STOP study and was responsible 
for patient recruitment, blood sampling throughout, conducted all of the haemodynamics studies at 11 and 34 
weeks’ gestation and database management.

Maternal haemodynamics in hypertensive disorders of pregnancy
The full etiology of HDP is still elusive, but HDP is thought to be caused by both vascular and immune 
maladaptation[21]. To meet the demands of pregnancy, most maternal organ systems undergo complex 
adaptations and increase their functionality. Haemodynamic changes occur to ensure adequate placental 
perfusion, as well as nutrient and gaseous transport, to sustain fetal growth and development[49]. Altered 
maternal haemodynamic adaptations have been identified in women who develop pregnancy complications, 
specifically in those who develop PE[50–54]. Last, in Chapter 5 we described the maternal haemodynamic 
adaptation throughout gestation in uncomplicated pregnancies versus those complicated by HDP. 
Haemodynamic adaptation in women with sPE and nsPE was significantly different compared to those with 
uncomplicated pregnancies. While women with GH and intermittent hypertension (IH) also had elevated 
blood pressures at 11 and 34 weeks of gestation compared to women with uncomplicated pregnancies, the 
haemodynamic adaptation to pregnancy was comparable to women with uncomplicated pregnancies. PE and 
GH have a different pathophysiology and are two different disease entities. Women who developed IH also 
showed increased rates of SGA, suggesting that this condition is not benign. We also showed that monitoring 
central blood pressure and augmentation index in pregnancy provides additional value and its use should be 
considered in the clinic for the monitoring of women at risk of HDP and detection of HDP early.
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A quarter of first pregnancies are affected by adverse pregnancy outcomes, including sPTB, FGR/SGA, GDM and 
HDP[1]. The pathophysiology of these common adverse pregnancy outcomes is not fully understood. They form 
a significant burden on healthcare systems and, despite efforts, their incidence is region-specific but overall 
increasing worldwide[2–6]. Increasing rates of adverse pregnancy outcomes have increased the necessity 
to identify (new) risk factors for an improved understanding of the pathophysiology of adverse pregnancy 
outcome. The studies presented in this thesis were aimed to describe pregnancy outcome in South Australia in 
population and cohort studies with a particular focus on filling in gaps of knowledge of hitherto understudied 
predictive or associated factors.

Part 1 – Trends, sexual dimorphism and seasonality of pregnancy outcome.

The first part of this thesis describes a series of four population studies in South Australia. Each of the 
studies used data from the South Australian Perinatal Statistics Collection (SAPSC), a state-wide registry of all 
characteristics and clinical outcomes of all South Australian births notified by hospital and home birth midwives 
and neonatal nurses. 

Long-term trends in adverse pregnancy outcome
As described in Chapter 1, in singleton pregnancies in South Australia from 1986 to 2014, there was a clear 
reduction in pregnancy duration, with a 40% increase of PTB. The majority of the increase was a result of late 
PTB, and a result of iatrogenic delivery. One would expect that the increase of PTB would parallel common 
indications for early iatrogenic delivery, such as FGR/SGA, HDP and PPROM. However, the incidence of both 
SGA and HDP in the same time period declined, while that of PPROM increased. Also, the overall stillbirth 
rate decreased significantly and the preterm stillbirth rate almost halved. Maternal and pregnancy-related risk 
factors that may contribute to population differences in PTB have changed from 1986-2014. While in 1980 
maternal obesity was present in 5%[7,8], currently, more than one fourth of the South Australian pregnant 
population is obese or morbidly obese. Additionally, more than half are 30 years of age or older and almost 
a quarter are non-Caucasians. All of these increase risk of, not only PTB, but also of GDM and HDP. Maternal 
smoking rates in South Australia have more than halved since 1998, which is protective for PTB.

Since 1986, there have been improvements in technologies to monitor pregnancy and to treat those at risk for 
adverse pregnancy outcomes. Innovations that are likely to have contributed to changing adverse pregnancy 
outcome and stillbirth rates are biochemical testing and prophylactic use of antibiotics for PPROM[9], low-
dose aspirin for women with an increased risk for HDP[10] and increasing, albeit not-routinely, use of serial 
ultrasound scanning in FGR fetuses[11]. Tocolytic therapy to prevent sPTB[12] extends pregnancy on average 
by 2-3 days[12]. Although it is likely that this does not affect the overall PTB rate, it does allow adequate lung 
maturation therapy with corticosteroids, which subsequently improves neonatal outcome. 

Improvements in screening for disease severity and fetal growth permits clinicians to identify disease in an 
earlier stage and allow informed decision-making on timing of birth. This may partly explain the increase of 
iatrogenic PTB in complicated pregnancies. Optimal timing of birth in pregnancies complicated by FGR[13,14], 
HDP[15] and PPROM[16,17] between 34-36 weeks’ gestation have been identified by well-respected studies 
published after 2010. Trends in adverse pregnancy outcome after 2014, specifically iatrogenic PTB, could have 
changed as the results of these large RCTs have changed pregnancy guidelines. It is very useful to continuously 
assess the trends in the incidence of adverse pregnancy outcome to examine the implementation of influential 
RCTs in daily clinical practice. Rather than using simple linear regression modelling to assess trends, Join point 
regression modelling[18,19] should be considered. Join point regression modelling, a statistical method not 
often used in obstetrics, is very useful in identifying time points where change in trend(s) have occurred, 
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enabling us to link directly to influential RCTs and health care policy changes. It may provide us with an improved 
insight on when and why trends have changed.

Sexual dimorphism in adverse pregnancy outcome
The ‘developmental origins of health and disease’ (DOHaD) hypothesis suggests that the foundation of life-
long health in both women and men is established in utero. Therefore, an adverse intrauterine environment 
has long-term health consequences for the offspring[20]. This theory has been supported by studies showing 
that offspring of malnourished women during the Dutch famine, who were born with a low birth weight, have 
increased risk of CVD[20] and metabolic disease[21,22] and cancer[23] in later life. Chinese famine studies 
support these findings[24,25] and have shown that exposure to famine during early life increases the risk 
of hyperglycemia in female adults, but may reduce the risk of type 2 diabetes mellitus in males[25]. These 
sex-specific risks are not surprising, because adult diseases, specifically CVD, also shows sex-differences in 
prevalence[26,27]. In epigenetic studies fetal/neonatal sex is often neglected as a risk factor for disease[26]. 
Therefore, the National Institutes of Health (NIH) has highlighted the importance of evaluating sex differences 
in health and disease. Fetal sex has been identified as an independent risk factor for adverse pregnancy 
outcome[28–31]. 

In Chapter 2 we showed the presence of sexual dimorphisms for PTB, birth weight, GDM and HDP. Women 
carrying a male fetus are at increased risk for all PTB, sPTB, GDM and overall HDP. Male fetuses showed a 27% 
increased risk for extreme early PTB (20-24 weeks’ gestation). Women carrying a female fetus are at increased 
risk for HDP requiring iatrogenic PTB. Female fetuses showed a 22% increased risk for HDP complicated by PTB 
(25-29 weeks’ gestation). We also presented a coherent framework based on two analytical approaches to 
assess and interpret the sexual dimorphism for PTB, birth weight, GDM and HDP. In obstetric epidemiology, a 
descriptive, ‘traditional approach’, is suited for setting prognosis from early gestation and provides population 
prevalence, while the ‘Fetus At Risk (FAR) approach’ provides a causal framework and the basis for obstetric 
intervention. In a clinical setting, fetal sex is often not recognized as a risk factor for adverse pregnancy 
outcome. The data presented in chapter 2 and various other large population studies[30,32–40] indicate the 
importance of recognising fetal sex as a risk enhancing/reducing factor for adverse pregnancy outcome. In 
further studies on obstetric complications and their mechanisms, fetal/neonatal sex should therefore be taken 
into account as a risk factor for disease, because the mechanisms by which sexual dimorphisms of adverse 
pregnancy outcome occur are still unclear. There are several sex-specific strategies identified by which the fetus 
copes with adversity in utero[41]. Developmental stressors and sex steroids have a profound influence on the 
development and progression of long-term disease[41,42]. Sex biases include different expression of genes, 
proteins and altered steroid pathways in response to an adverse maternal environment, including maternal 
asthma and PE[41].
 

Seasonality of adverse pregnancy outcome

Preterm birth
In 2008, Bodnar et al. showed that in Pittsburgh (USA) PTB was associated with season of conception[43], 
while others had shown seasonal variation in timing of birth in pregnancies complicated with PTB[44]. They 
observed a peak incidence of PTB in conceptions in winter/spring, while the lowest incidence of PTB was shown 
in conceptions in late summer and early autumn. The fluctuation of the seasonal variation of PTB was relatively 
small, 11.3% versus 10.3% for all PTB and 6.9% versus 6.0% for sPTB[43]. Seasonal periodicity of exposures 
already associated with PTB, including viral infections, allergies, sunlight and life style variables, were proposed 
as contributing factors for seasonal variation of PTB[43]. In Sydney (Australia) a similar pattern was observed 



118

Pregnancy outcome in South Australia: 
Population and Cohort Studies

d

for seasonal variation in PTB based on date of conception and both negative, as well as positive influences of 
ambient air pollution were observed[45]. 

It should be determined whether there is also seasonality in incidence of PTB based on eDoC as well as date of 
birth in South Australia. PTB is a very heterogeneous disorder and the pathophysiology of iatrogenic PTB and 
sPTB are not at all comparable. Therefore, these two sub-groups of PTB should be assessed individually. Future 
research should also take into account the effect of the exposures mentioned above, as well as others, such as 
fetal sex, physical activity, dietary intake of macronutrients and maternal (influenza) vaccinations.

Gestational diabetes mellitus
In Chapter 3 we showed that the incidence of GDM in South Australia increased from 4.9% in 2007 to 7.2% 
in 2011. This increase is parallel to the rise in prevalence of type 2 diabetes mellitus and obesity[46]. During 
2007-2014, there was a clear seasonality of GDM based on eDoC. The peak incidence of GDM was observed 
for pregnancies with eDoC during winter and the lowest incidence of GDM for pregnancies with eDoC during 
summer. After adjusting for maternal age, BMI, parity, ethnicity, socioeconomic status and chronic hypertension 
the seasonality of GDM remained significant. These risk factors vary little to none with season and imply that 
other factors may contribute to the seasonality of GDM. Meteorological factors, specifically increased ambient 
temperature[47], lack of physical activity in the period before pregnancy and in early pregnancy[48], high 
dietary intake of fat at time of diagnosis[49,50] and vitamin D deficiency[51] are associated with an increased 
risk for GDM and have periodicity in common[52–54]. The association between vitamin D deficiency and GDM 
has been reported in many studies with conflicting results, but the majority showed that low vitamin D status is 
associated with increased risk of GDM[51]. It is likely that vitamin D is able to enhance insulin secretion[55,56], 
but its specific role in the pathophysiology of GDM is contentious. Supplementing women with vitamin D alone 
to prevent GDM, does not seem to be effective[57,58]. Co-supplementing with magnesium, zinc, calcium and 
vitamin D has shown to improve glycemic control and even some cardio metabolic factors in women with 
GDM[59]. The roles of vitamin D, magnesium, zinc and calcium, as well as the other mentioned risk factors 
associated with periodicity, in the pathophysiology of GDM merit further investigation. 

Hypertensive disorders of pregnancy
In Chapter 4 we showed that the incidence of HDP in South Australia from 2007-2014 remained stable at 
7.1%. During these years there was a strong relationship between season and HDP. The peak incidence of HDP 
was observed for pregnancies with eDoC during late spring and birth in winter, while the lowest incidence of 
HDP was associated with pregnancies with eDoC during late autumn and early winter and birth in summer. 
After adjusting for maternal age, BMI, ethnicity, parity, type of health care, tobacco use in second half of 
pregnancy and GDM, the seasonality of HDP remained significant. Of these risk factors, only tobacco use[60] 
and GDM[61,62] also show clear seasonal variation, suggesting that additional factors may contribute to the 
seasonality of HDP. Vitamin D deficiency[58,63–65], reduced intake of calcium[66], folic acid [67] and zinc[68] 
and lack of physical activity[69,70] are associated with an increased risk of HDP and these risk factors also have 
periodicity in common[52–54]. 

Adequate levels of certain nutrients are essential for maternal adaptation to pregnancy and subsequently 
pregnancy success and the prevention of adverse pregnancy outcome[71]. Vitamin D, in addition to its 
involvement in insulin secretion[55,56], is also involved in many physiological processes that regulate blood 
pressure, immune-modulation and placentation[72–76]. Vitamin D enhances dietary calcium absorption[72]. 
Calcium has in turn an inverse effect on blood pressure and vascular smooth muscle cell proliferation[73] and 
is associated with HDP[66]. Dietary intake of nutrients, other than vitamin D and calcium, also have been 
associated with HDP, including folic acid[67] and zinc[66,68].
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Results of efficacy of vitamin D supplements for prevention of PE of RCTs is equivocal[77,78]. Supplementation 
with vitamin D alone or with vitamin D combined with calcium appears to reduce the risk of PE[78]. High-dose 
calcium supplementation, particularly in those with low dietary intake or high risk of pre-eclampsia, reduce the 
risk for hypertension, pre-eclampsia, preterm birth and maternal death or severe morbidity[79]. There is very 
little evidence that calcium combined with antioxidants in second half of pregnancy can reduce the incidence of 
PE[77]. Well-conducted and adequately-powered RCTs assessing the most effective and safe dosage, timing of 
initiation and optimal dosing regimen of supplementation with vitamin D and calcium, either or not combined 
with other vitamins/minerals are necessary to inform policy-making[77,78].

Part 2 - Maternal haemodynamics in pregnancy

The second part of this thesis describes the first results of the Screening Tests to predict poor Outcomes of 
Pregnancy (STOP) study, a prospective observational cohort study aiming to establish and validate sensitive 
prediction models for sPTB, SGA, GDM and HDP. Dr Verburg coordinated the STOP study and was responsible 
for patient recruitment, blood sampling throughout, conducted all of the haemodynamics studies at 11 and 34 
weeks’ gestation and database management.

Maternal haemodynamics in hypertensive disorders of pregnancy
Women who experience adverse pregnancy outcomes have an increased risk of CVD in later life [20–22,46,80–
84]. The highest pregnancy-related risk for future CVD is hypertension in pregnancy (either PE or GH) combined 
with FGR and/or PTB[83,84]. These long-term implications associated with adverse pregnancy outcomes make 
one wonder whether this is due to haemodynamic malfunction present prior to pregnancy or the intrinsic 
adverse effects of altered haemodynamic adaption during pregnancy. The International Working Group on 
Maternal Haemodynamics has indicated that functional haemodynamic testing in pregnancy is currently 
understudied[85]. 

HDP is thought to be caused by both vascular and immune maladaptation, two processes intimately associated 
with each other with inflammation as a unifying theme[86]. Pregnancy is a physiological stress-test. To meet 
the demands of pregnancy, most maternal organ systems have to undergo complex adaptations and increase 
their functionality. Haemodynamic changes occur to ensure adequate placental perfusion, as well as nutrient 
and gaseous transport, to sustain fetal growth and development[87]. This results in systemic vasodilation, 
concomitant with an increase in blood volume and cardiac output[87]. Altered maternal haemodynamic 
adaptation has been identified in women who develop pregnancy complications, specifically in those 
who develop PE[88–92]. Sophisticated non-invasive equipment has become available to assess maternal 
haemodynamic state. This enables safe monitoring of haemodynamic adaptation throughout pregnancy[88]. 
Uscom BP+ is one of the haemodynamic state monitors that uses brachial oscillometric pulse wave analysis 
and is a validated method to measure peripheral blood pressures, central blood pressures, augmentation 
index and heart rate[93,94]. In Chapter 5 we described the maternal haemodynamic adaptation assessed 
by Uscom BP+ throughout gestation in uncomplicated pregnancies versus pregnancies later complicated by 
HDP. The haemodynamic adaptation in women with PE was significantly different compared to those with 
uncomplicated pregnancies, as early as 11 weeks’ gestation. Blood pressures at 11 and 34 weeks’ and the 
change in augmentation index across gestation in women with PE were increased, indicating lack of vascular 
adaptation. Also, women with GH or IH had increased blood pressures at 11 and 34 weeks’ gestation, compared 
to women with uncomplicated pregnancies, but their haemodynamic adaptation was of similar magnitude to 
those with uncomplicated pregnancies. Women with IH were also noted to have an increased risk for SGA, 
showing that IH is not necessarily a benign condition, a risk often not recognized by clinicians. Despite obvious 
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similarities regarding blood pressure, GH and PE have a different vascular pathophysiology and should be 
considered two different disease entities.

To fully understand how altered maternal haemodynamics relate to adverse pregnancy outcome, it is pivotal 
to understand the physiological maternal haemodynamic adaptation in healthy pregnancies[85]. We also 
showed in Chapter 5 that measurements of central blood pressure and augmentation index provide additional 
information on haemodynamic state and should be considered in the clinic when monitoring women at risk 
for HDP. Large scale studies of healthy pregnant women will allow the establishment of normal values for 
each week of gestation[85,95]. Simple and time-efficient, sophisticated non-invasive equipment to assess 
maternal haemodynamic state, such as USCOM BP+, enables safe monitoring of haemodynamic adaptation 
throughout pregnancy[88]. The measurements with devices such as these are easy to perform and as time-
efficient as manual or automated blood pressure measurements. It can therefore be suggested to perform 
these haemodynamic measurements at antenatal visits regularly in women deemed at risk for HDP. 

Strengths, limitations and future perspectives
A major strength of the population-based studies presented in chapters 1-4 lies in the large number of analysed 
births. The data of these studies were sourced from the South Australian Perinatal Statistics Collection (SAPSC). 
Since 1981, the SAPSC collects information regarding the characteristics and clinical outcomes of all South 
Australian births notified by hospital and home birth midwives and neonatal nurses using a standardized 
supplementary birth record. These supplementary birth records are checked manually for completeness and 
data discrepancies and go through a series of automated validation procedures during data entry. The data of 
the SAPSC is maintained by research doctors, research midwives and statisticians from the pregnancy outcome 
unit. Validation studies by the SAPSC have shown that notifications of all births in South Australia on the 
supplementary birth record were robust for the parameters studied in the studies presented in this thesis[96]. 
The SAPSC records data on all births in South Australia, so the pregnancies analysed in chapters 1-4 should be 
considered as a true representation of the South Australian and Australian populations.

Due to the retrospective character of the studies presented in chapters 1-4 our data are limited by the data 
available in the SAPSC. Some of the relevant variables were not collected during the assessed study periods. 
There was limited data available for maternal smoking, ultrasonography (both collected since 1998) and, 
most importantly, maternal BMI (collected since 2007). We also lacked data on maternal vitamin D status, 
nutrient intake (e.g. calcium, zinc, folate), leisure-time physical activity, depression and anxiety rates as well 
as illicit drug-use, preventing explanation of long-term trends and sexual dimorphism in adverse pregnancy 
outcomes and seasonal variation of GDM and HDP with respect to these risk factors. As mentioned previously, 
the seasonal variation of sPTB and SGA in South Australia should also be investigated in an effort to increase 
the knowledge of mechanisms regarding pregnancy exposures that may influence sPTB and SGA. Continuously 
assessing trends in incidence of adverse pregnancy outcome, with statistical methods like join point regression 
modelling, identifies time points where change in trend(s) have occurred[18,19]. This improved insight on 
when trends have changed makes it possible to link directly to influential RCTs and health care policy changes. 
Only large epidemiological studies have sufficient power to identify long-term trends and seasonal variations 
and may provide clues to inform future RCTs and pregnancy guidelines.

The data presented in Chapter 5 were sourced from the Screening Tests to predict poor Outcomes of 
Pregnancy (STOP) study. The prospective character of this multi-center observational cohort study and the 
extensive volume of data collected on a low-risk population is its strength. The study was large enough to 
identify differences in maternal haemodynamics across gestation in women with HDP compared to those 
with uncomplicated pregnancies. To identify differences between the individual HDP groups, e.g. PE with 
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severe features versus GH versus IH, a larger number of women is necessary. Large-scale studies monitoring 
haemodynamics at each week of gestation in healthy pregnant women will allow the establishment of normal 
values throughout pregnancy[85,95].

We also showed that women with IH also had an increased risk for SGA, indicating that IH is not a benign 
condition, a risk often not recognized by clinicians. Therefore IH deserves more structured investigation to 
identify the true risk and implications of IH for maternal, fetal and neonatal health.

The STOP study, of which a part of its results was presented in chapter 5, is an ongoing study. In total, 1,373 
women, partners and babies were recruited. The final results of this study are expected to be available by the 
end of 2018. Since the risk of CVD is increased in women who developed GDM, had a PTB or a FGR infant, 
one could speculate whether or not these women show altered haemodynamic adaptation during pregnancy, 
similarly to women with HDP. Future work of our research group will look into these potential relationships. 

The overarching aim of the STOP study is to determine whether maternal haemodynamic state in first trimester, 
together with other antenatal factors, including demographics, family medical and obstetric history (including 
depression and anxiety), medication and dietary supplement use, nutrition, physical activity, anthropometric 
measurements, biomarkers and ultra-sonographic measurements can aid in establishing and validating sensitive 
prediction models for sPTB, SGA, GDM and HDP. The richness of the data from the STOP study will also enable 
us to determine whether maternal vitamin D deficiency and decreased calcium levels, together with a range of 
other nutrient levels in blood/urine, in either first or third trimester are most associated with sPTB, SGA, GDM 
and HDP. We will also assess which of the previously identified antenatal risk factors are associated with altered 
haemodynamic adaptation to pregnancy. The large volume of data collected in the STOP study enables us to 
assess these relationships and associations in future studies.

Conclusion 

The studies presented in this thesis described adverse pregnancy outcomes in South Australia in population 
and cohort studies. Our goal was to fill in gaps of knowledge of hitherto understudied predictive or associated 
factors in order to plan better strategies for prevention and monitoring of adverse pregnancy outcomes.

Population and cohort data such as those presented in this thesis are necessary to identify real-world trends 
and associations. They can elucidate risk factors for adverse pregnancy outcome and inform future randomized 
trials and guidelines to improve perinatal, and potentially long-term health outcome for both mother and 
neonate.  
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Een kwart van de eerste zwangerschappen wordt gecompliceerd door spontane prematuriteit, foetale 
groeivertraging en dysmaturiteit, diabetes gravidarum of hypertensieve aandoeningen van de zwangerschap. 
Deze aandoeningen kunnen serieuze korte- en lange termijn gevolgen hebben voor de moeder en neonaat, 
terwijl de pathofysiologie van deze obstetrische aandoeningen nog niet volledig zijn begrepen. Wereldwijd 
neemt de incidentie van deze aandoeningen toe en vormen een aanzienlijke belasting voor zorgstelsels. Het 
doel van de studies in dit proefschrift was om obstetrische complicaties in Zuid Australië te beschrijven in 
populatie- en cohort studies, met specifieke aandacht voor het opvullen van kennishiaten over een selectie 
aan, tot nu toe onvoldoende bestudeerde, voorspelende en geassocieerde factoren.

Prematuriteit
Prematuriteit, ofwel vroeggeboorte, wordt gedefinieerd als geboorte voor de 37e zwangerschapsweek en kan 
verder worden onderverdeeld in vroege (geboorte voor de 34e zwangerschapsweek) en late prematuriteit 
(geboorte vanaf de 34e en tot 37e zwangerschapsweek). Prematuriteit kan spontaan of iatrogeen ontstaan, waar 
in het laatste geval de geboorte door medisch handelen wordt opgewekt. De indicaties voor vroege iatrogene 
geboorte kunnen een maternale oorsprong hebben [bijvoorbeeld pre-eclampsie, eclampsie, placenta loslating 
en placenta praevia (wanneer de placenta te laag innestelt, over de ingang van de baarmoedermond)] of een 
foetale [bijvoorbeeld foetale groeivertraging of foetale nood]. De incidentie van prematuriteit en de verdeling 
tussen spontane en iatrogene vroeggeboorte varieert per regio en land. Wereldwijd is de incidentie geschat op 
11% en hierin is een toenemende trend zichtbaar. Onderrapportage, met name in onderontwikkelde landen, 
maakt het aannemelijk dat de daadwerkelijke incidentie veel hoger ligt en dat prematuriteit mogelijk een 
zwaardere belasting vormt op de gezondheidszorg. Spontane prematuriteit is een heterogeen syndroom, waarin 
verscheidene pathofysiologische mechanismen leiden tot vroeggeboorte. Er zijn dan ook veel risicofactoren 
geïdentificeerd, zoals etniciteit, zwangerschappen in de adolescentie, gevorderde maternale leeftijd, stress, 
drugsgebruik, opstijgende infecties, laag maternaal opleidingsniveau, meeroken, cervicale chirurgie en 
vroeggeboorte in een vorige zwangerschap. Momenteel zijn onderzoekers op zoek naar een eenvoudige, 
kosten-efficiënte manier om prematuriteit te voorspellen, maar er is tot nu toe nog geen goede sensitieve 
test beschikbaar. Prematuriteit heeft een grote impact op de neonaat. Neonatale mortaliteit en morbiditeit is 
verhoogd bij te vroeg geboren neonaten vergeleken met a-term geboren neonaten. Korte termijn gevolgen van 
prematuriteit zijn toegenomen risico op neonatale respiratoire condities, necrotiserende enterocolitis, sepsis, 
neurologische condities, voedingsproblemen en visuele- en auditieve problemen. Prematuriteit wordt in de 
kinderleeftijd in verband gebracht met slechtere neurologische uitkomsten, toegenomen ziekenhuisopnames, 
en gedrags-, sociaal-emotionele en leerproblematiek. Op latere leeftijd hebben ex-prematuur geboren 
neonaten een hoger risico op hart- en vaatziekten, metabole en psychiatrische stoornissen.

Foetale groeivertraging en dysmaturiteit
Foetale groeivertraging, ook wel intra-uteriene groeivertraging genoemd, verwijst naar een insufficiënte 
groeisnelheid van de foetus in relatie tot het etnische en geslachtspecifieke groeipotentieel van de baby. Dit 
wordt in 3-7% van de zwangerschappen gezien. Er is sprake van dysmaturiteit wanneer een pasgeborene een 
geboortegewicht heeft die minder is dan het tiende geslacht specifieke populatie geboortegewichtpercentiel 
voor de zwangerschapsduur. Ondanks de verschillen tussen deze definities worden foetale groeivertraging en 
dysmaturiteit in de literatuur vaak door elkaar gebruikt. Onderliggende mechanismen die leiden tot foetale 
groeivertraging zijn divers en worden niet volledig begrepen, maar als gevolg van maternale-, placentaire- 
of foetale pathologie kan de foetus zijn groeipotentieel niet volledig bereiken. Foetale groeivertraging en 
dysmaturiteit zijn daarom zeer heterogene aandoeningen. Groeivertraagde neonaten hebben een verhoogd 
risico op acute problemen, waaronder perinatale asfyxie (zuurstofgebrek rondom de geboorte), hypothermie, 
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hypoglycemie en polycythaemia (toegenomen volume percentage rode bloedcellen). Op latere leeftijd hebben 
dysmature kinderen een hoger risico op nier-, cardiovasculaire- en metabole aandoeningen.

Diabetes gravidarum
Diabetes gravidarum is koolhydraatintolerantie die ofwel begint ofwel voor het eerst herkend wordt tijdens 
de zwangerschap. Diabetes gravidarum heeft een belangrijke invloed op foetale en neonatale morbiditeit en 
mortaliteit. Vrouwen die diabetes gravidarum ontwikkelen, hebben ook een verhoogd risico op hypertensieve 
aandoeningen van de zwangerschap en bevallen vaker met keizersnede. Bij een hyperglycemische vrouw dwingt 
het overmatig transport van glucose door de placenta de foetus om zijn eigen insulineproductie te verhogen. 
Hierdoor heeft de foetus een verhoogd risico op perinatale metabole stoornissen, mogelijk resulterend in 
intra-uteriene vruchtdood, macrosomie of complicaties gedurende de geboorte. Zowel de moeder als de 
neonaat hebben op de lange termijn een verhoogd risico op hart- en vaatziekten, diabetes mellitus type 2 en 
metabool syndroom. De pathofysiologie van diabetes gravidarum is niet volledig ontrafeld, maar de meeste 
studies wijzen erop dat de extra insulineresistentie die wordt veroorzaakt door enkele van de belangrijkste 
placentaire hormonen, waaronder humaan placenta-lactine (hPL) en oestrogeen, wordt gesuperponeerd op 
reeds bestaande insulineresistentie. Hyperglycemie treedt op wanneer de combinatie van bestaande en door 
de zwangerschap geïnduceerde insulineresistentie groter is dan de pancreascapaciteit. De risicofactoren voor 
diabetes gravidarum omvatten daarom de typische risicofactoren voor diabetes mellitus type 2, waaronder 
maternaal overgewicht en obesitas, laag geboortegewicht van de moeder, etniciteit (met name Indiase of 
Australische inheemse afkomst), gevorderde maternale leeftijd, familiegeschiedenis van diabetes mellitus type 
2, intra-uteriene vruchtdood of een macrosome zuigeling in een vorige zwangerschap. Er is een voortdurende 
controverse met betrekking tot het geassocieerd risico, diagnostische criteria, screening en behandeling van 
diabetes gravidarum en tot op heden is er nog geen wereldwijde klinische consensus. Ongeacht de gebruikte 
criteria van diabetes gravidarum neemt de incidentie wereldwijd toe. Wereldwijd is diabetes gravidarum 
aanwezig in ongeveer 7% van alle zwangerschappen, maar de incidentie is populatie-specifiek, variërend van 
1-10%. Diabetes gravidarum en de gevolgen op lange termijn drukken aanzienlijk op de kosten en gebruik van 
de gezondheidszorg.

Hypertensieve aandoeningen tijdens de zwangerschap
Pre-eclampsie is een systemisch syndroom dat optreedt tijdens de zwangerschap of kort na de bevalling. 
Per definitie wordt het gediagnosticeerd door de gecombineerde presentatie van hypertensie (≥140 mmHg 
systolische en ≥90 mmHg diastolische bloeddruk) en proteïnurie (spoturine-eiwit / creatinine ≥30 mg / mmol 
[0,3 mg / mg] of ≥300 mg / dag of bij ≥1 g / L [‘2+’] op dipsticktesten) in de tweede helft van de zwangerschap 
in voorheen normotensieve vrouwen. De definitie van de International Society for the Study in Hypertension 
in Pregnancy (ISSHP) voor pre-eclampsie omvat ook maternale orgaanstoornissen, zoals nierinsufficiëntie, 
leverfunctiestoornissen, neurologische of hematologische complicaties of utero-placentaire dysfunctie, 
waaronder foetale groeirestrictie en dysmaturiteit. Pre-eclampsie is aanwezig in 3-5% van de zwangerschappen 
en is één van de hoofdoorzaken van maternale-, foetale- en neonatale morbiditeit en mortaliteit. Maternale 
complicaties omvatten placentaloslating, longoedeem, eclampsie, leverfalen of leverbloeding, beroerte of 
overlijden (beide zeldzaam) en langdurige cardiovasculaire morbiditeit. Mogelijke neonatale complicaties zijn 
iatrogene prematuriteit, foetale groeivertraging en dysmaturiteit en langdurige cardiovasculaire morbiditeit 
geassocieerd met dysmaturiteit. Talrijke risicofactoren voor pre-eclampsie zijn geïdentificeerd, zoals genetische 
aanleg, primipariteit (eerste bevalling), primipaterniteit (eerste bevalling van een neonaat van een nieuwe 
partner), beperkte blootstelling aan sperma, gevorderde maternale leeftijd, etniciteit, metabole risicofactoren 
en infecties, maar de exacte pathofysiologie van pre-eclampsie blijft onduidelijk. Aangezien pre-eclampsie 
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alleen in zwangerschappen aanwezig is, is de hypothese dat het wordt veroorzaakt door de aanwezigheid van 
een placenta of door de maternale respons op de placenta. Momenteel is de enige remedie voor pre-eclampsie 
om de placenta geboren te laten worden.

Naast pre-eclampsie, is zwangerschapsgeïnduceerde hypertensie een andere veel voorkomende hypertensieve 
aandoening tijdens de zwangerschap. Zwangerschapsgeïnduceerde hypertensie wordt gedefinieerd als de novo 
hypertensie in de tweede helft van de zwangerschap, in de afwezigheid van proteïnurie of andere maternale 
orgaanstoornissen zoals hierboven beschreven. Zwangerschapsgeïnduceerde hypertensie beïnvloedt 5-8% van 
de zwangerschappen en vertoont belangrijke overeenkomsten en verschillen in risicofactoren en pathofysiologie 
met pre-eclampsie. Het is aannemelijk dat een deel van de vrouwen met zwangerschapsgeïnduceerde 
hypertensie eigenlijk chronische hypertensie hebben, die voor het eerst werd gediagnosticeerd tijdens de 
zwangerschap. In een kwart van de gevallen met zwangerschapsgeïnduceerde hypertensie gaat de aandoening 
over in pre-eclampsie. Zowel zwangerschapsgeïnduceerde hypertensie als pre-eclampsie zijn geassocieerd 
met een verhoogd risico op hart- en vaatziekten. Het risico is het hoogst voor vrouwen met hypertensie in 
combinatie met foetale groeivertraging en/of vroeggeboorte.

Deel 1 – Trends, sekse verschillen en seizoensvariatie van obstetrische aandoeningen

In het eerste deel van dit proefschrift worden een viertal populatie studies in Zuid-Australië beschreven. Elk van 
de studies heeft data gebruikt van de South Australian Perinatal Statistics Collection (SAPSC), een registratie 
van alle karakteristieken en klinische uitkomsten van alle bevallingen in Zuid-Australië.

Trends in obstetrische aandoeningen
Samenvattend: Obstetrische aandoeningen, zoals spontane prematuriteit, foetale groeivertraging en 
dysmaturiteit, diabetes gravidarum en hypertensieve aandoeningen van de zwangerschap zijn veel voorkomende 
heterogene aandoeningen waarvan de pathofysiologie niet volledig wordt begrepen. Deze vier obstetrische 
complicaties gecombineerd komen in 25-40% van de zwangerschappen voor. Ze hebben aanzienlijke potentiële 
gevolgen op korte- en lange termijn voor zowel moeder, foetus als neonaat en vormen daarom een zware 
belasting voor de gezondheidszorg. 

In hoofdstuk 1 hebben we in een populatie studie in Zuid-Australië de lange-termijn trend in de prevalentie 
bestudeerd van prematuriteit en het voorkomen van prematuriteit bij eenlingzwangerschappen, gecompliceerd 
door hypertensieve aandoeningen van de zwangerschap, dysmaturiteit of prematuur gebroken vliezen. Van 
1986 tot 2014 steeg de incidentie van prematuriteit in Zuid-Australië met 40%, waarbij iatrogene prematuriteit 
verantwoordelijk was voor 80% van deze toename. De incidentie van hypertensieve aandoeningen van de 
zwangerschap en dysmaturiteit, twee veel voorkomende obstetrische complicaties die kunnen leiden tot 
iatrogene prematuriteit, daalden in dezelfde periode. Echter, bij zwangerschappen gecompliceerd door 
hypertensieve aandoeningen van de zwangerschap en dysmaturiteit, nam het aandeel prematuriteit toe, wat 
wijst op eerdere interventies bij deze vrouwen. De incidentie van prematuur gebroken vliezen, een andere 
algemene indicatie voor vroege (iatrogene) geboorte, nam toe van 1% tot 2%. Na 1990 was meer dan 80% van 
prematuur gebroken vliezen geassocieerd met prematuriteit. Het totale aantal intra-uteriene vruchtdood daalde 
en de premature sterftecijfers halveerden in dezelfde tijdsperiode. Verscheidene maternale- en zwangerschap-
geassocieerde risicofactoren kunnen bijdragen aan populatieverschillen in prematuriteit. Toegenomen 
iatrogene geboortes kunnen gedeeltelijk te wijten zijn aan veranderingen in het maternale fenotype en in 
gedrag van de clinicus. Verbeteringen in obstetrische richtlijnen, foetale bewaking en geavanceerde neonatale 
zorg kunnen de basis vormen voor klinische perinatale besluitvorming.
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Geslachtsverschillen in obstetrische aandoeningen
De hypothese van de ‘developmental origins of health and disease’ (DOHaD, vrij vertaald: ‘de oorsprong van 
de ontwikkeling van gezondheid en ziekte’) suggereert dat het fundament van een levenslange gezondheid 
in zowel vrouwen als mannen in utero wordt bepaald. Een inferieure intra-uteriene omgeving kan daarom 
gezondheidsproblemen op de lange termijn voor het nageslacht opleveren. De National Institutes of Health 
(Nationaal instituut van gezondheid, de Amerikaanse medisch onderzoek organisatie) heeft het belang 
benadrukt van het evalueren van geslachtsverschillen in gezondheid en ziekte. 

Het is gesuggereerd dat foetaal geslacht een onafhankelijke risicofactor is voor obstetrische aandoeningen, 
echter met tegenstrijdige resultaten. Hoofdstuk 2 beschrijft de aanwezigheid van geslachtsverschillen 
voor prematuriteit, geboortegewicht, hypertensieve aandoeningen tijdens de zwangerschap en diabetes 
gravidarum in een retrospectieve populatiestudie in Zuid-Australië van 1981 tot 2011. Het presenteert een 
coherent kaderwerk gebaseerd op twee analytische benaderingen voor het beoordelen en interpreteren van 
de geslachtsverschillen voor deze belangrijke obstetrische aandoeningen. Volgens beide benaderingen hadden 
vrouwen die zwanger waren van een mannelijke foetus een verhoogd risico op het totaal aan prematuriteit 
(spontaan en iatrogeen), spontane prematuriteit, alle hypertensieve aandoeningen tijdens de zwangerschap 
en diabetes gravidarum. Vrouwen die zwanger waren van een vrouwelijke foetus hadden een verhoogd risico 
op hypertensieve aandoeningen tijdens de zwangerschap die geleid hadden tot premature geboorte. Foetaal 
geslacht zal in de toekomst moeten worden meegenomen in onderzoek naar obstetrische complicaties en 
hun pathofysiologie. Het is nodig om geslachtsverschillen in de placenta functie en de maternale aanpassing 
daarop te onderzoeken, om moleculaire mechanismen in de geslachts-specifieke obstetrische aandoeningen 
te definiëren.

Seizoenvariatie van obstetrische aandoeningen
De meerderheid van de geïdentificeerde risicofactoren voor obstetrische complicaties zijn niet zeer specifiek 
voor de aandoening. De aanwezigheid van gevorderde maternale leeftijd, maternale obesitas, gecompliceerde 
medische (obstetrische) voorgeschiedenis, etniciteit en mannelijk foetaal geslacht verhogen het risico 
van alle eerder beschreven obstetrische aandoeningen. Naast deze traditionele risicofactoren, zijn er ook 
meerdere omgevings- en leefstijlfactoren in verband gebracht met obstetrische complicaties. Toegenomen 
omgevingstemperatuur, gebrek aan lichaamsbeweging in de periode vóór de zwangerschap en in het begin 
van de zwangerschap, toegenomen inname van vet ten tijde van de diagnose en vitamine D-deficiëntie gaan 
gepaard met een verhoogde risico op diabetes gravidarum. Vitamine D-deficiëntie, verminderde inname van 
calcium, foliumzuur en zink en gebrek aan lichaamsbeweging zijn eveneens geassocieerd met een verhoogd 
risico op hypertensieve aandoeningen tijdens de zwangerschap. Deze risicofactoren voor diabetes gravidarum 
en hypertensieve aandoeningen tijdens de zwangerschap hebben een mate van periodiciteit in het jaar gemeen. 
Om de kennis van de ontstaansmechanismen van diabetes gravidarum en hypertensieve aandoeningen tijdens 
de zwangerschap te vergroten, is de seizoenvariatie van deze twee aandoeningen beoordeeld. In hoofdstuk 3 
werd helder aangetoond dat de incidentie van diabetes gravidarum in Zuid-Australië steeg van 4,9% in 2007 tot 
7,2% in 2011. Gedurende 2007-2014 was er een duidelijke seizoenvariatie van diabetes gravidarum op basis van 
de geschatte conceptiedatum. Na correctie voor maternale leeftijd, body mass index, pariteit, etniciteit, sociaal-
economische status en chronische hypertensie bleef de seizoenvariatie van diabetes gravidarum significant. 
De piekincidentie van diabetes gravidarum werd waargenomen voor zwangerschappen met geschatte 
conceptiedatum in de winter en de laagste incidentie van diabetes gravidarum voor zwangerschappen met 
geschatte conceptiedatum tijdens de zomer. 

Vervolgens werd in hoofdstuk 4 beschreven dat de incidentie van hypertensieve aandoeningen tijdens 
de zwangerschap in Zuid-Australië van 2007-2014 stabiel bleef op 7,1%. Gedurende deze jaren was er een 



138

obstetrische complicaties in Zuid Australië: 
populatie- en cohort studies

s

sterke relatie tussen het seizoen en hypertensieve aandoeningen tijdens de zwangerschap. Na correctie voor 
maternale leeftijd, body mass index, etniciteit, pariteit, type gezondheidszorg, tabaksgebruik in de tweede helft 
van de zwangerschap en diabetes gravidarum, bleef de seizoenvariatie van hypertensieve aandoeningen tijdens 
de zwangerschap significant. De piekincidentie van hypertensieve aandoeningen tijdens de zwangerschap was 
geassocieerd met zwangerschappen met een geschatte conceptiedatum tijdens de late lente en de geboorte 
in de winter, terwijl de laagste incidentie van hypertensieve aandoeningen tijdens de zwangerschap was 
geassocieerd met zwangerschappen met een geschatte conceptiedatum tijdens de late herfst en vroege winter 
en de geboorte in de zomer. 

De aangetoonde seizoenvariatie van diabetes gravidarum en hypertensieve aandoeningen tijdens de 
zwangerschap helpt bij het verbeteren van de kennis van mechanismen die leiden tot de ontwikkeling van 
deze aandoeningen. Naast de seizoenale periode waarin de zwangerschap ontstaat kan worden geïdentificeerd 
wanneer in de zwangerschap een gebrek aan lichaamsbeweging, voeding en vitamine D-tekort, de incidentie 
van diabetes gravidarum en hypertensieve aandoeningen tijdens de zwangerschap het sterkst verhogen.

Deel 2 – Maternale hemodynamiek gedurende de zwangerschap

Het tweede deel van dit proefschrift beschrijft de eerste resultaten van de Screening Tests to predict poor 
Outcomes of Pregnancy (STOP) studie, een prospectieve observationele cohort studie met als doel om 
sensitieve predictie modellen te ontwikkelen en valideren voor spontane vroeggeboorte, foetale groeivertraging 
en dysmaturiteit, diabetes gravidarum en hypertensieve aandoeningen van de zwangerschap. Dr. Verburg 
coördineerde de STOP studie en was verantwoordelijk voor data verzameling en data management.

Maternale haemodynamiek in hypertensieve aandoeningen tijdens de zwangerschap.
De volledige etiologie van hypertensieve aandoeningen tijdens de zwangerschap is nog steeds niet ontrafeld, 
maar sommige van de pathologische mechanismen zullen hun oorsprong vroeg in de zwangerschap hebben. 
De etiologie van hypertensieve aandoeningen tijdens de zwangerschap omvat mechanismen die optreden 
voordat het klinisch herkend wordt. Men neemt aan dat hypertensieve aandoeningen tijdens de zwangerschap 
veroorzaakt worden door zowel vasculaire als immuun-maladaptatie, twee processen die nauw met elkaar 
verbonden zijn en die tot inflammatie kunnen leiden. Zwangerschap is een fysiologische stresstest. Om een 
zwangerschap te kunnen voldragen, ondergaan de meeste maternale orgaansystemen complexe aanpassingen 
en verhogen ze hun functionaliteit. Hemodynamische adaptaties vinden plaats om adequate perfusie van 
de placenta te verzekeren, evenals nutriënt en gasvormig transport, om foetale groei en ontwikkeling te 
ondersteunen. 

Maternale hemodynamische maladaptatie is aangetoond bij vrouwen die zwangerschapscomplicaties 
ontwikkelen, met name bij pre-eclampsie. In hoofdstuk 5 zijn deze maternale hemodynamische adaptaties 
gedurende de zwangerschap in ongecompliceerde zwangerschappen versus zwangerschappen gecompliceerd 
met hypertensieve aandoeningen tijdens de zwangerschap. Vrouwen met pre-eclampsie met ernstige symptomen 
en pre-eclampsie zonder ernstige symptomen vertoonden haemodynamische maladaptatie vergeleken met 
vrouwen met ongecompliceerde zwangerschappen. Vrouwen met zwangerschapsgeïnduceerde hypertensie 
en intermitterende hypertensie hadden verhoogde bloeddrukken bij de 11e en 34e zwangerschapsweek in 
vergelijking met vrouwen met ongecompliceerde zwangerschappen. De hemodynamische adaptatie gedurende 
de zwangerschap bij vrouwen die zwangerschapsgeïnduceerde hypertensie en intermitterende hypertensie 
ontwikkelden was vergelijkbaar met vrouwen met ongecompliceerde zwangerschappen. Pre-eclampsie en 
zwangerschapsgeïnduceerde hypertensie hebben een andere pathofysiologie en zijn twee verschillende 
ziektebeelden. Vrouwen die intermitterende hypertensie ontwikkelden, hadden een toegenomen prevalentie 
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van dysmaturiteit, wat suggereert dat deze aandoening niet onschuldig is. Daarnaast is aangetoond dat het 
monitoren van de centrale bloeddruk en de augmentatie-index tijdens de zwangerschap van toegevoegde 
waarde is. Het gebruik hiervan in de kliniek zou moeten worden overwogen voor de monitoring van vrouwen 
met een verhoogd risico en voor vroege opsporing van hypertensieve aandoeningen tijdens de zwangerschap.
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Een kwart van de eerste zwangerschappen wordt beïnvloed door obstetrische aandoeningen, waaronder 
spontane prematuriteit, foetale groeivertraging en dysmaturiteit, diabetes gravidarum en hypertensieve 
aandoeningen tijdens de zwangerschap. De pathofysiologie van deze vaak voorkomende obstetrische 
complicaties wordt nog niet volledig begrepen. De incidentie neemt wereldwijd toe en ze vormen daardoor een 
aanzienlijke belasting voor de gezondheidszorg. Toenemende incidentie van obstetrische complicaties hebben 
de noodzaak om (nieuwe) risicofactoren te identificeren verhoogd. 

De in dit proefschrift gepresenteerde onderzoeken waren gericht op het beschrijven van deze obstetrische 
aandoeningen in Zuid-Australië in populatie- en cohortonderzoeken met als doel de kennis te verbeteren 
van mechanismen met betrekking tot blootstellingen tijdens de zwangerschap die de ontwikkeling van een 
obstetrische complicaties kunnen beïnvloeden.

Deel 1 – Trends, sekse verschillen en seizoensvariatie van obstetrische aandoeningen

In het eerste deel van dit proefschrift worden een viertal populatie studies in Zuid-Australië beschreven. Elk van 
de studies heeft data gebruikt van de South Australian Perinatal Statistics Collection (SAPSC), een registratie 
van alle karakteristieken en klinische uitkomsten van alle bevallingen in Zuid-Australië.

Trends in ongunstige zwangerschapsuitkomsten
Zoals beschreven in hoofdstuk 1 was in eenlingzwangerschappen in Zuid-Australië van 1986 tot 2014 sprake 
van een duidelijke afname van de gemiddelde zwangerschapsduur, met een 40% toename van prematuriteit. 
Het grootste deel van de toename was ten gevolge van late prematuriteit en iatrogene geboortes. Men zou 
verwachten dat de toename van prematuriteit een parallel vertoonde met algemene indicaties voor vroege 
iatrogene geboorte, zoals foetale groeivertraging en dysmaturiteit, hypertensieve aandoeningen tijdens 
de zwangerschap en prematuur gebroken vliezen. Echter, de incidentie van dysmaturiteit en hypertensieve 
aandoeningen tijdens de zwangerschap in dezelfde periode daalde, terwijl die van prematuur gebroken 
vliezen toenam. Ook daalde het totale cijfer voor intra-uteriene vruchtdood aanzienlijk, waarbij het premature 
sterftecijfer bijna halveerde. 

Maternale- en zwangerschapsgerelateerde risicofactoren die hebben kunnen bijdragen aan populatieverschillen 
in prematuriteit, zijn veranderd sinds 1986. In 1980 werd 5% maternale obesitas gezien, momenteel is meer 
dan een kwart van de Zuidaustralische zwangere populatie zwaarlijvig of morbide obees. Bovendien is meer 
dan de helft 30 jaar of ouder en bijna een kwart niet-Kaukasische. Al deze factoren zijn gerelateerd met een 
hoger risico op prematuriteit, diabetes gravidarum en hypertensieve aandoeningen tijdens de zwangerschap. 
In tegenstelling, de percentages van maternale tabaksgebruik tijdens de zwangerschap in Zuid-Australië zijn 
sinds 1998 meer dan gehalveerd en dit is beschermend voor prematuriteit.

Sinds 1986 zijn technologieën verbeterd om zwangerschap te monitoren en om vrouwen met een risico op 
obstetrische complicaties te behandelen. Het is waarschijnlijk dat de veranderende trends van obstetrische 
aandoeningen en intra-uteriene sterftecijfers het gevolg zijn van innovaties in obstetrische zorg, zoals 
biochemisch onderzoek en profylactisch gebruik van antibiotica in het geval van prematuur gebroken 
vliezen, lage dosis aspirine voor vrouwen met een verhoogd risico op hypertensieve aandoeningen tijdens de 
zwangerschap en toenemende, hoewel niet-routinematig, gebruik van seriële echografie bij groei vertraagde 
foetussen. Tocolytische (weeën remmende) behandeling, om spontane prematuriteit te voorkomen, kan 
gemiddeld de tijd tot een bevalling met 2-3 dagen rekken. Hoewel het waarschijnlijk is dat dit de algehele 
prematuriteit cijfers niet beïnvloed, staat het wel een adequate longrijpingstherapie met corticosteroïden toe, 
die vervolgens de neonatale uitkomst verbetert.
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Verbeteringen in het identificeren van de ernst van de aandoening en groei van de foetus stelt clinici in staat 
om in een eerder stadium beslissingen te nemen over wanneer de geboorte het beste kan plaatsvinden. Dit 
kan voor een deel de toename van iatrogene prematuriteit bij gecompliceerde zwangerschappen verklaren. 
Optimale timing van geboorte bij zwangerschappen gecompliceerd door foetale groeivertraging, hypertensieve 
aandoeningen tijdens de zwangerschap en prematuur gebroken vliezen tussen 34-36 weken zwangerschap 
zijn vastgesteld door gerespecteerde studies gepubliceerd na 2010. Trends in obstetrische complicaties na 
2014, met name iatrogene prematuriteit, zouden veranderd kunnen zijn, omdat deze grote gerandomiseerde 
gecontroleerde onderzoeken de zwangerschapsrichtlijnen hebben verbeterd. Het is nuttig om de trends in de 
incidentie van obstetrische aandoeningen voortdurend te beoordelen om de implementatie van invloedrijke 
gerandomiseerde gecontroleerde onderzoeken in de dagelijkse klinische praktijk te onderzoeken. In plaats van 
eenvoudige lineaire regressiemodellering te gebruiken om trends te beoordelen, moet puntregressiemodellering 
worden overwogen. Puntregressiemodellering - een statistische methode die niet vaak wordt gebruikt in 
de obstetrie - is zeer nuttig bij het identificeren van tijdpunten waar veranderingen in trend(s) zich hebben 
voorgedaan, waardoor dit direct kan worden gekoppeld aan invloedrijke gerandomiseerde gecontroleerde 
onderzoeken en wijzigingen in het gezondheidszorgbeleid. Kortom: Het kan ons een beter inzicht geven in 
wanneer en waarom trends zijn veranderd, waarbij wijzigingen in het gezondheidszorgbeleid kunnen worden 
overwogen.

Geslachtsverschillen in obstetrische aandoeningen
De hypothese van de ‘developmental origins of health and disease’ (DOHaD, vrij vertaald: ‘de oorsprong van 
de ontwikkeling van gezondheid en ziekte’) suggereert dat het fundament van een leven lang gezondheid 
in zowel vrouwen als mannen in utero wordt bepaald. Een inferieure intra-uteriene omgeving kan daarom 
gezondheidsproblemen opleveren op de lange termijn voor het nageslacht. Deze theorie werd ondersteund 
door studies die aantoonden dat nakomelingen van ondervoede vrouwen tijdens de Nederlandse hongersnood, 
die werden geboren met een laag geboortegewicht, op latere leeftijd een verhoogd risico hadden op hart- en 
vaatziekten, metabool syndroom en kanker. Chinese hongersnoodstudies ondersteunen deze bevindingen en 
hebben vastgesteld dat blootstelling aan hongersnood tijdens het vroege leven het risico op hyperglycemie bij 
vrouwelijke volwassenen verhoogt, maar het risico op diabetes mellitus type 2 bij mannen kan verlagen. Andere 
ziekten op volwassen leeftijd, met name hart- en vaatziekten, laten in hun voorkomen ook geslachtsverschillen 
zien. In epigenetische studies wordt het foetale / neonatale geslacht vaak ten onrechte niet meegenomen als 
een risicofactor voor complicaties. Daarom heeft het National Institute of Health (NIH) het belang benadrukt 
van het evalueren van geslachtsverschillen in gezondheid en ziekte. Foetaal geslacht is geïdentificeerd als een 
onafhankelijke risicofactor voor ongunstige zwangerschapsuitkomsten.

Hoofdstuk 2 onderbouwd de aanwezigheid van geslachtsverschillen voor prematuriteit, geboortegewicht, 
diabetes gravidarum en hypertensieve aandoeningen tijdens de zwangerschap. Vrouwen die een mannelijke 
foetus dragen, hebben een verhoogd risico op alle prematuriteit, spontane prematuriteit, diabetes gravidarum 
en de algehele hypertensieve aandoeningen tijdens de zwangerschap. Mannelijke foetussen vertoonden 
een met 27% toegenomen kans op extreem vroege prematuriteit (20-24 zwangerschapsweken). Vrouwen 
die een vrouwelijke foetus dragen, hebben een verhoogd risico op hypertensieve aandoeningen tijdens de 
zwangerschap gecompliceerd met prematuriteit. Vrouwelijke foetussen vertoonden een met 22% toegenomen 
kans op hypertensieve aandoeningen tijdens de zwangerschap gecompliceerd door prematuriteit (25-
29 zwangerschapsweken). We presenteerden ook een coherent raamwerk op basis van twee analytische 
benaderingen voor het beoordelen en interpreteren van de geslachtsverschillen voor prematuriteit, 
geboortegewicht, diabetes gravidarum en hypertensieve aandoeningen tijdens de zwangerschap. In de 
obstetrische epidemiologie is een beschrijvende ‘traditionele benadering’ geschikt om een prognose tijdens 
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de vroege zwangerschap te stellen en de populatie prevalentie te bepalen, terwijl de ‘Fetus At Risk’ (FAR) 
benadering een causaal kader biedt en de basis vormt voor obstetrische interventie. In een klinische setting 
wordt foetaal geslacht vaak niet herkend als een risicofactor voor een obstetrische complicatie. De gegevens 
gepresenteerd in hoofdstuk 2 en verscheidene andere grote populatiestudies benadrukken hoe belangrijk het 
is om foetaal geslacht te erkennen als een risico-verhogende, danwel -verlagende factor voor obstetrische 
aandoeningen. In vervolgstudies naar obstetrische complicaties en hun ontstaansmechanismen moet daarom 
rekening gehouden worden met foetaal / neonataal geslacht als risicofactor voor ziekte. Er zijn verschillende 
geslacht-specifiek strategieën geïdentificeerd hoe de foetus omgaat met een inferieure uteriene omgeving. 
Stressfactoren en geslachtshormonen hebben een grote invloed op de ontwikkeling en progressie van 
langdurige ziekten. Geslachtverschillen omvatten een andere expressie van genen, eiwitten en steroïde routes 
in reactie op een inferieure intra-uterien milieu, waaronder maternale astma en pre-eclampsie.

Seizoenvariatie van obstetrische aandoeningen

Prematuriteit
In 2008 toonde Bodnar et al. aan dat in Pittsburgh (Verenigde Staten) prematuriteit geassocieerd was met 
het seizoen wanneer de conceptie plaatsvond, terwijl anderen seizoenvariatie in timing van geboorte hadden 
getoond. Ze observeerden een piekincidentie van prematuriteit in concepties in de winter / lente, terwijl de 
laagste incidentie van prematuriteit werd getoond in concepties in de late zomer en vroege herfst. De fluctuatie 
van de seizoenvariatie van prematuriteit was relatief klein, 11,3% versus 10,3% voor alle prematuriteit en 6,9% 
versus 6,0% voor spontane prematuriteit. Periodiciteit van factoren die geassocieerd zijn met prematuriteit, 
waaronder virale infecties, allergieën, zonlicht en levensstijlvariabelen, werden voorgesteld als verklarende 
factoren voor seizoenvariatie van prematuriteit. In Sydney (Australië) werd een vergelijkbaar patroon 
waargenomen voor seizoenvariatie in prematuriteit op basis van de conceptiedatum en werden zowel 
negatieve- als positieve associaties met luchtverontreiniging waargenomen.

Er zal moeten worden beoordeeld of in Zuid-Australië ook sprake is van seizoenvariatie in de incidentie van 
prematuriteit op basis van de geschatte conceptie- en geboortedatum. Prematuriteit is een zeer heterogene 
stoornis en de pathofysiologie van iatrogeen en spontane prematuriteit zijn niet vergelijkbaar. De seizoenvariatie 
van deze twee subgroepen van prematuriteit zouden afzonderlijk beoordeeld moeten worden, rekening 
houdend met het effect van onder andere foetaal geslacht, lichaamsbeweging, inname van macronutriënten 
en vaccinaties van de moeder (influenza).

Diabetes gravidarum 
Hoofdstuk 3 illustreert dat de incidentie van diabetes gravidarum in Zuid-Australië steeg van 4,9% in 2007 tot 
7,2% in 2011. Deze toename is parallel aan de stijging van de prevalentie van diabetes mellitus type 2 en obesitas. 
In de periode 2007-2014 was er een duidelijke seizoenvariatie van diabetes gravidarum op basis van geschatte 
conceptiedatum. De piekincidentie van diabetes gravidarum werd waargenomen bij zwangerschappen met 
een geschatte conceptiedatum in de winter en de laagste incidentie voor zwangerschappen met geschatte 
conceptiedatum tijdens de zomer. Na correctie voor maternale leeftijd, body mass index, pariteit, etniciteit, 
sociaal-economische status en chronische hypertensie bleef de seizoenvariatie van diabetes gravidarum 
significant. Deze risicofactoren variëren echter nauwelijks met de seizoenen en impliceren dat andere 
factoren kunnen bijdragen aan de seizoenvariatie van diabetes gravidarum. Meteorologische factoren, met 
name verhoogde omgevingstemperatuur, gebrek aan lichaamsbeweging in de periode vóór de zwangerschap 
en vroeg in de zwangerschap, een hoge inname van vet ten tijde van de diagnose en vitamine D-deficiëntie 
zijn factoren die geassocieerd zijn met een verhoogd risico op diabetes gravidarum, maar ook periodiciteit 
gemeen hebben. De associatie tussen vitamine D-deficiëntie en diabetes gravidarum is in vele onderzoeken 
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met tegenstrijdige resultaten aangetoond, maar de meerderheid toonde aan dat een lage vitamine D-status 
geassocieerd is met een verhoogd risico op diabetes gravidarum. Het is waarschijnlijk dat vitamine D de 
insulinesecretie kan verbeteren, maar de specifieke rol in de pathofysiologie van diabetes gravidarum is 
omstreden. Suppletie van vrouwen met alleen vitamine D om diabetes gravidarum te voorkomen, lijkt niet 
effectief. Co-suppletie met magnesium, zink, calcium en vitamine D heeft aangetoond dat het de glycemische 
controle en zelfs sommige cardio-metabolische factoren bij vrouwen met diabetes gravidarum verbetert. De rol 
van vitamine D, magnesium, zink en calcium, evenals de andere genoemde risicofactoren die geassocieerd zijn 
met periodiciteit, in de pathofysiologie van diabetes gravidarum, verdient nader onderzoek.

Hypertensieve aandoeningen tijdens de zwangerschap 
In hoofdstuk 4 is aangetoond dat de incidentie van hypertensieve aandoeningen tijdens de zwangerschap in 
Zuid-Australië van 2007-2014 stabiel bleef op 7,1%. Gedurende deze jaren was er een sterke relatie tussen 
het seizoen en hypertensieve aandoeningen tijdens de zwangerschap. De piekincidentie van hypertensieve 
aandoeningen tijdens de zwangerschap werd waargenomen voor zwangerschappen met een geschatte 
conceptiedatum tijdens de late lente en geboorte in de winter. Dit terwijl de laagste incidentie van hypertensieve 
aandoeningen tijdens de zwangerschap werd gezien in zwangerschappen met een geschatte conceptiedatum 
tijdens de late herfst en vroege winter en geboorte in de zomer. Na correctie voor maternale leeftijd, body 
mass index, etniciteit, pariteit, type gezondheidszorg, tabaksgebruik in de tweede helft van de zwangerschap 
en diabetes gravidarum, bleef de seizoenvariatie van hypertensieve aandoeningen tijdens de zwangerschap 
significant. Van deze risicofactoren vertonen alleen tabaksgebruik en diabetes gravidarum ook duidelijke 
seizoensgebonden variatie, wat suggereert dat extra factoren kunnen bijdragen aan de seizoenvariatie van 
hypertensieve aandoeningen tijdens de zwangerschap. Vitamine D-deficiëntie, verminderde inname van 
calcium, foliumzuur en zink en gebrek aan lichaamsbeweging zijn geassocieerd met een verhoogd risico op 
hypertensieve aandoeningen tijdens de zwangerschap en deze risicofactoren hebben ook periodiciteit.

Adequate niveaus van bepaalde voedingsstoffen zijn essentieel voor de aanpassing van de moeder aan 
de zwangerschap. Dit is nodig om de zwangerschap te kunnen voldragen en obstetrische complicaties te 
voorkomen. Vitamine D is, naast de betrokkenheid bij insulinesecretie, ook betrokken bij veel fysiologische 
processen die de bloeddruk, immuunmodulatie en placentatie reguleren. Vitamine D verbetert de opname 
van calcium in de voeding. Calcium heeft op zijn beurt een bloeddrukverlagend effect door de proliferatie 
van vasculaire gladde spiercellen. Hypocalciemie is geassocieerd met hypertensieve aandoeningen tijdens 
de zwangerschap. Inadequate inname van andere voedingsstoffen dan vitamine D en calcium, waaronder 
foliumzuur en zink, is ook in verband gebracht met hypertensieve aandoeningen tijdens de zwangerschap.

De resultaten van de werkzaamheid van vitamine D supplementen ter preventie van pre-eclampsie  van 
gerandomiseerde gecontroleerde onderzoeken zijn twijfelachtig. Suppletie met vitamine D alleen of met 
vitamine D in combinatie met calcium lijkt het risico op pre-eclampsie te verlagen. Calcium suppletie in een hoge-
dosering, met name voor vrouwen met een lage inname of een verhoogd risico op pre-eclampsie, reduceert 
het risico op hypertensie, pre-eclampsie, prematuriteit en maternale sterfte of ernstige morbiditeit. Er is weinig 
bewijs dat calcium in combinatie met antioxidanten in de tweede helft van de zwangerschap de incidentie 
van pre-eclampsie kan verminderen. Goed uitgevoerde en voldoende onderbouwde gerandomiseerde 
gecontroleerde onderzoeken die de meest effectieve en veilige dosering, tijdstip van starten en een optimale 
dosering van suppletie met vitamine D en calcium beoordelen, al dan niet in combinatie met andere vitamines 
en/of mineralen, zijn noodzakelijk om beleidsvorming te ondersteunen.
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Deel 2 – Maternale hemodynamiek gedurende de zwangerschap

Het tweede deel van dit proefschrift beschrijft de eerste resultaten van de Screening Tests to predict poor 
Outcomes of Pregnancy (STOP) studie, een prospectieve observationele cohort studie met als doel om 
sensitieve predictie modellen te ontwikkelen en valideren voor spontane vroeggeboorte, foetale groeivertraging 
en dysmaturiteit, diabetes gravidarum en hypertensieve aandoeningen van de zwangerschap. Dr. Verburg 
coördineerde de STOP studie en was verantwoordelijk voor data verzameling en data management.

Maternale haemodynamiek in hypertensieve aandoeningen tijdens de zwangerschap.
Vrouwen die obstetrische complicaties doormaken, hebben een verhoogd risico op hart- en vaatziekten op 
latere leeftijd. Het hoogste zwangerschapsgeassocieerde risico voor hart- en vaatziekten op latere leeftijd 
is in geval van hypertensieve aandoeningen tijdens de zwangerschap (pre-eclampsie of zwangerschap-
geïnduceerde hypertensie) in combinatie met foetale groeivertraging en/of prematuriteit. Deze lange termijn 
implicaties geassocieerd met ongunstige zwangerschapsuitkomsten doen vermoeden dat dit mogelijk te 
wijten is aan maternale hemodynamische maladaptatie, aanwezig voorafgaand aan de zwangerschap, of de 
intrinsieke nadelige effecten van hemodynamische maladaptatie tijdens de zwangerschap. De International 
Working Group on Maternal Haemodynamics (internationale werkgroep voor maternale hemodynamica) heeft 
vastgesteld dat functioneel hemodynamisch onderzoek tijdens de zwangerschap momenteel onvoldoende is 
onderzocht.

Men vermoedt dat hypertensieve aandoeningen tijdens de zwangerschap veroorzaakt worden door zowel 
vasculaire als immuun-maladaptatie; twee processen die nauw verbonden zijn met inflammatie. Zwangerschap 
is een fysiologische stresstest. Om een zwangerschap te kunnen voldragen, moeten de meeste maternale 
orgaansystemen complexe aanpassingen ondergaan en hun functionaliteit vergroten. Hemodynamische 
adaptaties vinden plaats om adequate perfusie van de placenta te verzekeren, evenals nutriënt en gasvormig 
transport, om foetale groei en ontwikkeling te ondersteunen. Dit resulteert in systemische vaatverwijding 
met een gelijktijdige toename van het bloedvolume en hartminuutvolume. Maternale hemodynamische 
maladaptatie is geïdentificeerd bij vrouwen die zwangerschapscomplicaties ontwikkelen, met name bij 
diegenen die pre-eclampsie ontwikkelen. Geavanceerde niet-invasieve apparatuur is beschikbaar gekomen 
om de maternale haemodynamische staat te beoordelen. Dit maakt het mogelijk om de hemodynamische 
staat gedurende de zwangerschap op veilige manier te monitoren. Uscom BP+ is een hemodynamica monitor, 
die gebruik maakt van brachiale oscillometrische pulsgolfanalyse, en dit is een gevalideerde methode voor 
het meten van perifere bloeddruk, centrale bloeddruk, augmentatie-index en hartfrequentie. In hoofdstuk 5 
is de maternale hemodynamische adaptatie beschreven die Uscom BP+ tijdens de zwangerschap vaststelde 
in ongecompliceerde zwangerschappen versus zwangerschappen die later gecompliceerd werden door 
hypertensieve aandoeningen tijdens de zwangerschap. De hemodynamische adaptatie van vrouwen met pre-
eclampsie was significant anders in vergelijking met die met ongecompliceerde zwangerschappen, al na 11 
weken zwangerschap. De bloeddruk na 11 en 34 weken zwangerschap en de verandering in de augmentatie-
index gedurende de zwangerschap bij vrouwen met pre-eclampsie was verhoogd, wat wijst op een onvoldoende 
vasculaire aanpassing. Ook hadden vrouwen met zwangerschapsgeïnduceerde hypertensie een verhoogde 
bloeddruk bij 11 en 34 weken zwangerschap, vergeleken met vrouwen met ongecompliceerde zwangerschappen. 
Hun hemodynamische adaptatie was van dezelfde orde van grootte als die van vrouwen met ongecompliceerde 
zwangerschappen. Vrouwen met intermitterende hypertensie hadden tevens een verhoogde bloeddruk bij 11 
en 34 weken zwangerschap vergeleken met vrouwen met ongecompliceerde zwangerschappen, maar hun 
hemodynamische adaptatie was van dezelfde orde grootte. Vrouwen met intermitterende hypertensie hadden 
ook een verhoogd risico op dysmaturiteit, wat suggereert dat intermitterende hypertensie niet noodzakelijk 
een onschuldige aandoening is, een risico dat vaak niet wordt herkend. Ondanks duidelijke overeenkomsten 
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met betrekking tot bloeddruk, hebben zwangerschapsgeïnduceerde hypertensie en pre-eclampsie een andere 
vasculaire pathofysiologie en zouden ze als twee verschillende ziektebeelden moeten worden beschouwd.

Om volledig te begrijpen hoe veranderde maternale hemodynamica zich verhoudt tot obstetrische 
aandoeningen, is het van cruciaal belang om de fysiologische maternale hemodynamische adaptatie bij gezonde, 
ongecompliceerde, zwangerschappen te begrijpen. In hoofdstuk 5 is ook aangetoond dat centrale bloeddruk 
en augmentatie-index metingen aanvullende informatie over de hemodynamische toestand verschaffen. 
Dit pleit ervoor om in de kliniek te overwegen om vrouwen met een verhoogd risico op hypertensieve 
aandoeningen tijdens de zwangerschap hierop aanvullend te monitoren. Grootschalige studies van gezonde 
zwangere vrouwen zullen het mogelijk maken om de normaalwaarden per zwangerschapsweek vast te stellen. 
De eenvoudige en tijdbesparende, geavanceerde niet-invasieve apparatuur om de haemodynamische staat van 
de moeder te bepalen, zoals USCOM BP+, maakt een veilige bewaking van de hemodynamische aanpassing 
tijdens de zwangerschap mogelijk. De metingen met apparaten zoals deze zijn eenvoudig uit te voeren en 
net zo tijdsefficiënt als handmatige of andere geautomatiseerde bloeddrukmetingen. Het verdient daarom 
aanbeveling om deze hemodynamische metingen regelmatig uit te voeren bij zwangerschapscontroles bij 
vrouwen met een verhoogd risico op hypertensieve aandoeningen tijdens de zwangerschap. 

Sterktes en beperkingen

Een enorme kracht van de populatiestudies die in de hoofstukken 1-4 gepresenteerd zijn, ligt in het grote aantal 
geanalyseerde geboortes. De gegevens van deze studies waren afkomstig van de South Australian Perinatal 
Statistics Collection (SAPSC). Sinds 1981 verzamelt de SAPSC informatie over de kenmerken en klinische uitkomsten 
van alle geboortes in Zuid-Australië die zijn gemeld door verloskundigen en neonatale verpleegkundigen 
over ziekenhuis- en thuisbevallingen met behulp van een gestandaardiseerd geboortedocument. De 
gestandaardiseerd geboortedocumenten worden handmatig op volledigheid en gegevensdiscrepanties 
gecontroleerd en doorlopen tijdens het invoeren van gegevens een reeks geautomatiseerde validatieprocedures. 
De gegevens van de SAPSC worden bijgehouden door arts-onderzoekers, verloskundigen en statistici van 
de Pregnancy Outcome Unit. Validatiestudies door de SAPSC hebben aangetoond dat meldingen van alle 
geboortes in Zuid-Australië met betrekking tot het gestandaardiseerd geboorte document robuust waren 
voor de parameters die bestudeerd werden in de studies die in dit proefschrift worden gepresenteerd. De 
SAPSC registreert gegevens over alle geboortes in Zuid-Australië. De zwangerschappen die in de hoofdstukken 
1-4 zijn geanalyseerd, moeten worden beschouwd als een reële representatie van de Zuidaustralische en 
Australische bevolking. Vanwege het retrospectieve karakter van de onderzoeken die worden gepresenteerd 
in de hoofdstukken 1-4, zijn de gegevens beperkt door de gegevens die beschikbaar zijn in de SAPSC. Sommige 
van de relevante variabelen werden niet verzameld tijdens de beoordeelde onderzoeksperioden. Er waren 
beperkte gegevens beschikbaar over tabakgebruik bij moeders, echografisch onderzoek (beide verzameld sinds 
1998) en, belangrijker nog, maternale body mass index (verzameld sinds 2007). Ook ontbrak het aan voldoende 
gegevens over de vitamine D-status van de moeder, de inname van bepaalde voedingsstoffen (bijv. calcium, zink, 
foliumzuur), lichaamsbeweging, depressie- en angstcijfers, evenals druggebruik. Hierdoor konden de trends en 
geslachtsverschillen in obstetrische aandoeningen en seizoengebonden variatie van diabetes gravidarum en 
hypertensieve aandoeningen van de zwangerschap niet worden verklaard met behulp van deze risicofactoren. 
Zoals eerder vermeld, moet de seizoenvariatie van spontane prematuriteit en dysmaturiteit in Zuid-Australië 
ook nader worden onderzocht om de kennis te vergroten van mechanismen met betrekking tot perinatale 
factoren die mogelijk van invloed zijn op spontane prematuriteit en dysmaturiteit. Continue beoordeling 
van de trends in de incidentie van ongunstige zwangerschapsuitkomsten, met statistische methodes, zoals 
puntregressie modellering, kunnen tijdspunten identificeren wanneer trends zijn veranderd, wat het mogelijk 
maakt om direct te linken met invloedrijke gerandomiseerde gecontroleerde onderzoeken en veranderingen 
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in het gezondheidsbeleid. Alleen grote epidemiologische studies hebben voldoende power om trends op 
lange termijn als de impact van seizoenvariaties helder te identificeren en hiermee een bijdrage te leveren aan 
toekomstige gerandomiseerde gecontroleerde onderzoeken en zwangerschapsrichtlijnen.

De data van hoofdstuk 5 was afkomstig van de Screening Tests to predict poor Outcomes of Pregnancy (STOP) 
studie. De kracht van deze studie ligt in het prospectieve karakter van deze observationele multi-centrum 
cohortstudie en de hoeveelheid en diversiteit van de gegevens die verzameld werden van een populatie met, 
a priori, een laag risico op obstetrische complicaties. De STOP-studie was groot genoeg om verschillen in 
maternale hemodynamica tijdens de zwangerschap bij vrouwen met hypertensieve aandoeningen tijdens de 
zwangerschap te identificeren in vergelijking met met ongecompliceerde zwangerschappen. Om verschillen 
tussen de afzonderlijke subgroepen binnen hypertensieve aandoeningen tijdens de zwangerschap te 
identificeren, bijvoorbeeld pre-eclampsie met ernstige symptomen vergeleken met zwangerschapsgeïnduceerde 
hypertensie of vergeleken met intermitterende hypertensie, zijn grotere groepen noodzakelijk. Grootschalige 
studies die de hemodynamica bij elke zwangerschapsweek bij gezonde zwangere vrouwen controleren, zullen 
het mogelijk maken om normaalwaarden per zwangerschapsweek vast te stellen. Daarnaast werd aangetoond 
dat vrouwen met intermitterende hypertensie een verhoogd risico op dysmaturiteit hadden, wat aangeeft dat 
intermitterende hypertensie geen onschuldige aandoening is, een risico dat vaak niet wordt erkend. Daarom 
verdient intermitterende hypertensie meer gestructureerd onderzoek om het ware risico en de implicaties 
ervan voor de gezondheid van moeders, foetussen en neonaten te identificeren. 

De STOP-studie, waarvan een deel van de resultaten werd gepresenteerd in hoofdstuk 5, is een doorlopend 
onderzoek. In totaal werden 1.373 vrouwen, partners en baby’s gerekruteerd. De eindresultaten van dit 
onderzoek zullen naar verwachting eind 2018 beschikbaar zijn. Aangezien het risico op hart- en vaatziekten 
verhoogd is bij vrouwen die diabetes gravidarum ontwikkelden of een prematuur of dysmatuur kind hadden, zou 
men kunnen speculeren of deze vrouwen tijdens de zwangerschap een veranderde hemodynamische aanpassing 
vertonen, vergelijkbaar met vrouwen met hypertensieve aandoeningen tijdens de zwangerschap. De reeds 
verzamelde dataset samen met toekomstige data die in het kader van de STOP-studie wordt verzameld maakt 
het mogelijk om deze potentiële relaties nader te bestuderen. Het overkoepelende doel van de STOP-studie is 
het bepalen of de maternale hemodynamische toestand in het eerste trimester, samen met andere antenatale 
factoren, waaronder demografie, medische familie- en obstetrische voorgeschiedenis (inclusief depressie 
en angst), medicatie en gebruik van voedingssupplementen, voeding, lichaamsbeweging, antropometrische 
metingen, biomarkers en echografische metingen kunnen helpen bij het vaststellen en valideren van gevoelige 
voorspellingsmodellen voor spontane prematuriteit, dysmaturiteit, diabetes gravidarum en hypertensieve 
aandoeningen tijdens de zwangerschap. De overvloed aan gegevens van de STOP-studie zal ons ook in staat 
stellen om vast te stellen of maternale vitamine D-tekort en verlaagde calciumgehalten, samen met een 
reeks andere nutriëntenniveaus in bloed en urine, in het eerste of derde trimester het meest geassocieerd 
zijn met spontane prematuriteit, dysmaturiteit, diabetes gravidarum en hypertensieve aandoeningen tijdens 
de zwangerschap. We zullen ook beoordelen welke van de eerder antenatale risicofactoren geassocieerd zijn 
met veranderde hemodynamische aanpassing aan de zwangerschap. De uitgebreide hoeveelheid gegevens 
verzameld in de STOP-studie stelt ons in staat om deze relaties en associaties in toekomstige studies verder te 
beoordelen.
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Conclusie

De studies gepresenteerd in dit proefschrift beschrijven obstetrische aandoeningen in Zuid-Australië in 
populatie- en cohortstudies. Ons doel was lacunes in de kennis van tot nu toe niet-onderbouwde voorspellende 
of geassocieerde factoren in te vullen om betere strategieën voor preventie en monitoring van ongunstige 
zwangerschapsuitkomsten te plannen.

Populatie- en cohortgegevens, zoals in dit proefschrift gepresenteerd, zijn nodig om ware trends en associaties 
te identificeren. Ze kunnen risicofactoren voor obstetrische complicaties ontmaskeren en toekomstige 
gerandomiseerde studies en richtlijnen informeren ter verbetering van de perinatale, en mogelijk langdurige, 
gezondheidsuitkomsten voor zowel moeder als neonaat.
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Appendix 1 – List of abbreviations   

AAPC  average annual percentage change
AIx  augmentation index
ATSI  Aboriginal or Torres Strait Islander
BMI  body mass index
BP  blood pressure
cBP  central blood pressure
cDBP  central diastolic blood pressure
CI  confidence interval
cMAP  central mean arterial pressure
cPP  central pulse pressure
CS   caesarean section
cSBP  central systolic blood pressure
CVD  cardiovascular disease
DBP  diastolic blood pressure
DoB  date of birth
DOHaD  developmental origins of health and disease
FAR  fetus-at-risk
FGR  fetal growth restriction
eDoC  estimated date of conception
ePTB  early preterm birth
GDM  gestational diabetes mellitus
GH  gestational hypertension
GTT  glucose tolerance test
hCG  human chorionic gonadotropin
HDP  hypertensive disorders of pregnancy
hPL  human placental lactogen
HR  heart rate
HREC  Human Research Ethics Committee
ISSHP  International Society for the Study of Hypertension in Pregnancy
IH  intermittent hypertension
IUGR  intrauterine growth restriction
MAP  mean arterial pressure
NIH  National Institutes of Health
nsPE  preeclampsia without severe features
pBP  peripheral blood pressure
pDBP  peripheral diastolic blood pressure
PIHD  pregnancy induced hypertensive disorders
pMAP  peripheral mean arterial pressure
pPP  peripheral pulse pressure
PE  preeclampsia
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POU  Pregnancy Outcome Unit
PP  pulse pressure
PPROM  preterm prelabor rupture of the membranes
PROM  prelabor rupture of the membranes
pSBP  peripheral systolic blood pressure
PTB  preterm birth
PWV  pulsed wave velocity
RCT  randomized controlled trial
RR  relative risk
RR M/F  relative risk males versus females
SA  South Australia
SAPSC  South Australian Perinatal Statistics Collection
SBP  systolic blood pressure
SBR  supplementary birth record
SD  standard deviation
SES  socio-economic status
SGA  small for gestational age
SNR  signal-to-noise ratio
sPE  preeclampsia with severe features
sPTB  spontaneous preterm birth
STOP  Screening Tests to predict poor Outcomes of Pregnancy
T2D  type 2 diabetes
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