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Abstract 
Background: Fetal growth is influenced by maternal factors, but also more 

specifically determined by level of fetoplacental circulation. We tested the hypothesis 

that fetal abdominal circumference (AC) in the second trimester was influenced by 

maternal weight gain during pregnancy. Further, we investigated whether fetal growth 

assessment using serial measurements, i.e. conditional centiles for estimated fetal 

weight (EFW), improved the prediction of perinatal outcomes in a population at high 

risk of having small for gestational age (SGA) fetuses. Similarly, we tested the use of 

conditional centiles for the middle cerebral artery (MCA) pulsatility index (PI) and the 

cerebroplacental ratio (CPR).  

Material and method: In study I data from the «Fetal age and growth» study that 

included healthy pregnant women, were used to examine the effect of maternal weight 

gain on fetal AC at gestational week 15-25. Z-scores were used in a linear regression 

analysis. In study II and III pregnant women at risk of, or diagnosed with an SGA (≤5th 

centile) fetus were included for serial ultrasound measurements of fetal size and 

Doppler. In both studies data from the final two examinations were included in a 

regression analysis. Adverse outcomes were birth <37 weeks, operative delivery due to 

fetal distress, 5-min Apgar score <7, neonatal hypoglycemia (glucose <2.0 mmol/L), 

admission to the neonatal intensive care unit, and perinatal mortality.  

Results: Study I: Complete data were available in 515 of the 650 included women. We 

found a positive association between z-score for weekly maternal weight gain and z-

score for second trimester fetal AC (p = 0.001). Study II and III: Complete biometric 

data were obtained for 211 women and serial Doppler measurements were available in 

207 participants. Combining conditional and conventional centiles of EFW ≤5 and ≤10 

(Study II) and CPR ≤10 (Study III) significantly improved the prediction of adverse 

outcomes compared with conventional centiles for EFW and CPR alone.  

Conclusions: Study I: Maternal weight gain in pregnancy is positively associated with 

fetal AC in second trimester. This study adds information that fetal growth regulation 

can be traced already in second trimester. Study II and III: The use of conditional 

centiles for EFW and CPR in combination with conventional centiles improved 

prediction of adverse perinatal outcomes. The results support an increased use of 
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conditional growth centiles in the monitoring of fetuses at risk, while the large 

individual physiological variation in CPR may limits the test performance. In general, 

our results indicate that there is merit in the further development of using serial 

observations to improve the prediction of adverse perinatal outcomes. 
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1 Introduction 

1.1 Prenatal care in a historical perspective 

Fetal size at birth and the enigma of fetal development has always been an interesting 

topic. An increased systematic measurement and registration of birthweight during the 

last century, has contributed to an increased understanding of fetal growth and fetal 

development. A photo of a 100 years old baby weigher is shown in Figure 1. Fetal size 

and growth has now become one of the main focuses in pregnancy care. During the 

first half of the 20th century knowledge of fetal development and factors influencing 

birthweight was based on examination after abortions and birth (1, 2). At this time the 

majority of births took place at home (3). From 1920 to 1960 there was an extensive 

increase in the number of birth institutions and women increasingly chose an 

institutionally delivery (3). Birthweight was recorded routinely for neonates born at St. 

Helens Hospital, New Zealand prior to 1922 (4) and institutionally births were 

recorded in similar ways in other countries. For those who had a delivery outside an 

institution there is no information on organized registration of medical information in 

birth records in the early 1900s.  

 
Figure 1. Hughes’ baby weigher no 48B. Private photo. 
 

Organized antenatal care was virtually absent in the early 1900s. It was the fight 

against maternal and perinatal mortality that attracted the Norwegian doctors to the 

antenatal period, and led to a proposal of organized antenatal care in the 1930s (5). In 
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Norway a systematic registration of all birth data started when the Medical Birth 

Registry (MBR) was established in 1967. The first report revealed a higher perinatal 

mortality rate in Norway than in other Nordic countries (6), this prompted an increased 

focus on antenatal, perinatal and neonatal care. Specific recommendations concerning 

pregnancy care were set and perinatal audit committees were established (7).  

 

Assessment of fetal size by abdominal palpation has largely been replaced by 

measurement of the fundal height, i.e. the symphysis-fundus (SF) measurement which 

was introduced in Stockholm, Sweden in 1972 by Westin (8). Both methods have low 

sensitivity in detection of small for gestational age (SGA) fetuses (9-12), which 

commonly is defined by an estimated fetal weight (EFW) <10th or <5th centile for 

gestational age. Abdominal palpation and SF height were the only antenatal methods 

available to identify impaired fetal growth until ultrasound imaging was introduced. In 

1958 Ian Donald established the potential use of this technology (13), and in 1961 

Donald and Brown introduced the measurement of biparietal diameter (BPD) (14), 

which later was shown to correlate with fetal weight (15). Based on a consensus 

conference routine ultrasound scan in the second trimester was introduced in Norway 

in 1986. The introduction of ultrasound in obstetric care has provided us with a unique 

opportunity to monitor fetal development and growth. Reference charts for fetal size 

and growth has regularly been updated in line with increasing knowledge and technical 

development. Identification of fetal growth restriction has become more detailed 

during the latest decades. Different methods are used in management of these 

pregnancies, except for repeated biometry measurements, surveillance are now 

supplemented by Doppler ultrasound and cardiotocography (CTG) registration. This 

rapid development in antenatal care has been reserved for industrialized countries; 

developing countries have partly still conditions comparable to that existed here in the 

early 1900s. In these countries there is also a big difference in availability of health 

care depending on whether you are rich or poor. 
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1.2 Gestational age 

Information on gestational age is essential in pregnancy care. All reference charts e.g. 

for SF height, ultrasound estimates of fetal size and Doppler measurements are 

gestational age dependent. When it comes to ethical difficult decisions such as second 

trimester termination of pregnancy and delivery of extremely preterm fetuses, a correct 

gestational age is crucial. In post-term pregnancies a correct gestational age is also of 

great importance, since the risk of adverse perinatal outcomes, including intrauterine 

fetal death, increases if the pregnancy lasts beyond 294 days (16-18). Historically the 

expected date of delivery was based on Naegele’s rule, where 280 days were added to 

the first day of the woman’s last menstrual period (LMP). In a global perspective, this 

is the most common method. Prerequisites for using this method are correct recall of 

the first day of LMP, regular menstrual cycle, ovulation 14 days before next expected 

menstrual period and no use of hormonal contraceptives the past three months. 

However, these criteria are commonly not met and the gestational age assessment 

rendered correspondingly unreliable (19, 20). Ultrasound dating has proven to be more 

accurate compared to LMP dating, additionally it seems to reduce post term births (21-

23). However, fetal growth is assumed to be under biological variation already at the 

earliest stages of pregnancy, and the variation increases with gestation. This implies 

that the accuracy of ultrasound dating, which relies on fetal biometry, reduces as the 

pregnancy progresses (24-26). At the second trimester scan at gestational week 17-20 

the variability is as high as ± 7-10 days (2 standard deviations (SD)) (26, 27). The 

American College of Obstetricians and Gynaecologists suggest use of the earliest 

biometry measurement to determine gestational age (27), and this approach is 

supported by the majority of international societies of obstetrics (28), including the 

Norwegian Association of Obstetricians and Gynaecologist. A crown-rump length 

(CRL) measurement between gestational week 6 to 14 was introduced by Robinson in 

1975 (29). The method is still considered to be the most accurate (20, 22, 25, 30) with 

a variability of ±3-5 days (2SD) (29, 31, 32). From 12 weeks onward fetal head 

circumference (HC) or BPD is preferred over CRL (32). For in vitro fertilized (IVF) 

pregnancies the day of conception is known, and there is therefore a broad consensus 
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that gestational age should not be adjusted with ultrasound in these pregnancies (28, 

33)  

 

Normal duration of a pregnancy is defined to be 280 days (range 259 – 294 days) by 

World Health Organization (WHO) (34). However, population based birth registries 

based on LMP suggest a longer pregnancy duration, the median day of delivery varied 

between 282 and 284 days (35-37). A median pregnancy duration of 282 days are now 

commonly used (35). The probability of having a spontaneous start of labor within 7 

days of the estimated date of delivery (EDD) is about 60%, and the overwhelming 

majority of births are distributed during a five weeks period that lasts from gestational 

age 37 to 42 weeks (37). Fetal size in the second trimester is shown to be a 

determinant of pregnancy duration. Fetuses that had a smaller abdominal 

circumference (AC) than expected in the second trimester tend to have a longer 

pregnancy than fetuses with a larger AC (38). The effect being significant also after 

adjustment for the discrepancy between gestational ages based on LMP and that on 

ultrasound biometry of HC.  

1.3 Normal fetal growth 

Birthweight results from a complex interaction between genetic, environmental and 

maternoplacental factors (39-42). The normal biological variation is wide and 

increases throughout pregnancy, a fact, which is evident looking at the wide range of 

normal size of neonates at birth (3015-4140 gram referred to the 10th and 90th centile at 

40 gestational weeks for female neonates) (43).  

 

Fetal development in first trimester is dominated by organogenesis, and the nutritional 

supply of the embryo is provided by the yolk sac, until the placental circulation is 

established in the late first trimester (44). The CRL is commonly used to determine 

fetal size in the first trimester and first trimester fetal growth is associated with 

birthweight (45, 46). In the second and third trimester the fetus has increasing needs of 

nutrients and oxygen, which are provided by the placenta. The fetal genome, maternal 

health and nutritional supply by the placenta will be crucial for setting the fetal growth 
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trajectory. These factors will have increasing influence during pregnancy and 

contributes to the wide normal range in fetal size at birth. Reference charts for fetal 

size and growth demonstrate this wide variation well and is a helpful tool in 

identifying SGA and intrauterine growth restriction (IUGR) (47). 

1.4 Methods 

Repeated measurements of SF height are routinely used to assess fetal growth in 

antenatal care (8, 48-50). The finding of low or stationary SF heights, usually leads to 

referral for ultrasound estimation of fetal size. However, the sensitivity in detecting 

SGA fetuses by SF height is highly variable (14-76%) and in many studies reported to 

be low (49-51). Clinicians should be aware of a high false-negative rate for SGA 

identification. Calculation of EFW by ultrasound is based on a combination of 

different biometry measurements like femur length (FL), AC or mean abdominal 

diameter (MAD) and HC or BPD. A diversity of commonly used formulas is available 

for calculation of EFW such as Combs, Hadlock, Mielke and Dudley’s formulas (52-

55). The accuracy of EFW in prediction of birthweight has been reported to have a 

mean absolute prediction error between 7.5% and 18.8% (56). Formulas including 

head, abdomen and femur measurements showed lowest mean absolute error (56, 57). 

In large for gestational age (LGA) fetuses and in IUGR fetuses the accuracy is lower, 

with a tendency to overestimate fetal size in IUGR fetuses (58, 59) and underestimate 

size in large fetuses (57, 60). Maternal obesity and oligohydramnios influence 

sonographic insonation quality, but accuracy in fetal weight estimation has not shown 

to be significantly affected by maternal body mass index (BMI) (61, 62), while results 

are conflicting for oligohydramnios (63-65).  

 

To assess fetal size and growth, appropriate reference ranges should be used (66). 

Cross sectional reference ranges are suitable for the assessment of fetal size at a given 

gestational age, but are poorly suited to assess growth. Growth is change in size over a 

period of time. To assess fetal growth longitudinal reference ranges based on serial 

observations are most appropriate (47, 67-70). One method of quantifying growth 

would be the calculation of conditional growth centiles, i.e. a previous measurement of 



20 
 

size in an individual fetus is utilized to establish the prediction range for the next 

measurement in that particular fetus (47, 67). These ranges are narrower compared 

with the reference ranges for the entire population and shifted toward the initial size 

centile. Examples are shown in Figure 2 and 3. 

 

 
Figure 2. Serial biometry measurements of estimated fetal weight (EFW) (red dots) plotted on reference ranges 

for male fetal sex with 5th, 50th and 95th centiles (black rules). The second last EFW assessment at 35 weeks 

(2746g, size centile 64) was used for calculating the individual conditional growth range for the last 

measurement at 38 weeks (red broken rules for 5th and 95th conditional growth centiles). The last EFW of 2760g 

corresponds to 11th centile for size and the conditional growth centile of 1. 
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Figure 3. Serial biometry measurements of estimated fetal weight (EFW) (red dots) plotted on reference ranges 

for male fetal sex with 5th, 50th and 95th centiles (black rules). The second last EFW assessment at 37 weeks 

(2427g, size centile 5) was used for calculating the individual conditional growth range for the last measurement 

at 39 weeks (red broken rules for 5th and 95th conditional growth centiles). The last EFW of 2618g corresponds 

to 3rd centile for size and the conditional growth centile of 11. 

1.5 Maternal influence on fetal size and growth 

Fetal growth and fetal size at birth is mainly determined by the interaction of the fetal 

genome and maternal constraint (39, 71), both contributes to the wide range of normal 

biological variation in fetal size (43, 47).  

1.5.1 Genetic influence on birthweight 

Genetic influence on birthweight has mainly been described in epidemiological 

studies. In a study from the Swedish Twin and Birth Registers the heritability for 

birthweight in offspring of twins was estimated to 25-40% (72). Such registers 

provides a unique opportunity to perform intergenerational studies. Parent–offspring 

data from the MBR of Norway were used to analyze genetic influence of the normal 

variation of birthweight. Fetal genetic factors were estimated to explain 31% of the 

normal variation in birthweight, while maternal genetic factors explained 22% of the 
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variation (73). The variation in estimates of genetic contribution is large; it varies 

between 38-80% (39, 74). The mechanisms of interaction between genetic, maternal 

and environmental influences on fetal growth are not fully exploited. 

1.5.2 Maternal constraint 

Maternal constraint involves maternal factors affecting fetal growth through limited 

access to nutrients, metabolic and hormonal processes (71). Maternal anthropometric 

and nutritional status limits the nutritional capacity, but maternoplacental function is 

crucial for the final nutrient supply to the fetus. Several hormones are important for 

placental diffusion capacity, i.e. placental growth hormone and placental lactogen, 

both contributing to insulin resistance (75). Maternal constraint is regarded as a 

physiological process that is present in all pregnancies but to varying degree. In cases 

where fetal demand of nutrients exceeds the supply, maternal constraint can result in 

slow fetal growth with consequences for both neonatal and adult health. A recent study 

of 1 mill pregnancies showed that the 80-84th birthweight centiles had the lowest 

perinatal mortality (76). The authors interpreted their results in an evolutionary 

perspective, that maternal constrain taking care of maternal survival restricts fetal 

growth beyond optimal weight for offspring survival. 

1.5.3 Maternal anthropometric measures 

Maternal size and body composition influence fetal growth and proportions throughout 

the pregnancy. In first trimester low maternal stature is associated to lower CRL 

measurement (77), while several studies agree that pre-pregnant BMI has no influence 

on CRL (78, 79). During second half of pregnancy maternal height, pre pregnant 

weight and BMI influence fetal size with increasing effect (80-82). Most studies 

evaluate the effect on fetal size comparing pregnant women with low vs. high stature, 

weight and BMI, while cut offs varies between the studies. However, there is an 

agreement on a positive association between EFW and maternal stature and BMI (81, 

82). Different maternal anthropometric measures influence biometric parameters at 

varying degree and at different stages in pregnancy. Goldenberg et al. found that low 

stature (<157 cm) vs. high stature (≥167 cm) affected fetal HC from week 31 and 

onwards, FL from week 25 and AC from week 36. While low BMI (<19.5) vs high 
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BMI (≥26) first influenced AC at week 25, followed by HC from week 31, and finally 

FL at week 36 (82). The study population in this study consisted of a high percentage 

of smokers (49%) and women with non-Caucasian ethnicity (69%). Therefore these 

results cannot be generalized to Norwegian pregnant women. 

1.5.4 Gestational weight gain 

In 2009 the Institute of Medicine in USA published new guidelines for maternal 

weight gain in pregnancy based on optimal maternal and fetal outcomes (83). 

Recommended weight gain differs according to pre-pregnant BMI categories: 

overweight or obese women should gain less weight (7.0-11.5 and 5.0-9.0 kg, 

respectively) than women with normal BMI (11.5-16.0 kg), while the opposite is 

recommended for underweight women (12.5-18.0 kg). Gestational weight gain reflects 

growth of maternal tissue and fetal growth, but also caloric intake during pregnancy.  

 

A positive relation between gestational weight gain and birthweight are well 

documented (81, 84-86). Maternal weight gain below the recommended range is 

associated with low birthweight and excessive weight gain increases the risk of having 

a LGA neonate (81, 87-89). Several studies have shown that maternal weight gain 

during the 2nd trimester has the greatest impact on birthweight (85, 86, 88). There has 

been less focus on when in pregnancy fetal growth is influenced. Only one study has 

explored the relationship between gestational weight gain and biometric parameters at 

different gestational age (82). Goldenberg et al. found a significant lower fetal AC 

from gestational week 25 onwards in women with low total weight gain (<8 kg) 

compared to those with high total weight gain (≥16 kg). HC was first affected in 

gestational week 31 and FL from week 36 and no effect on biometric parameters was 

seen in week 18.  

 

The area which the fetal AC measurement covers includes the stomach, subcutaneous 

and intra-abdominal fat accretion but is dominated by liver tissue. The mechanism in 

which gestational weight gain influence fetal AC is not known, but it has been shown 

that low maternal weight gain is associated with reduced umbilical venous perfusion to 

the right lobe of the fetal liver (90). This altered flow distribution may influence fetal 
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liver proliferation and production of insulin-like growth factor (IgF) 1 and 2 and as a 

consequence fetal growth will be affected (91, 92). 

1.5.5 Other lifestyle related factors influencing fetal growth 

Cigarette smoking during pregnancy is well known to reduce birthweight, and a dose 

response effect is evident (93-95). Alcohol consumption in pregnancy is also inversely 

related to birthweight but not to the extent of smoking (96-98). A meta-analysis has 

shown that moderate physical activity during pregnancy reduces the risk of having a 

LGA neonate without increasing the risk of having a SGA neonate (99). A positive 

association between maternal education and birthweight is seen (97).Education is 

thought to be an indirect parameter influencing fetal growth, higher education is 

related to other factors that have positive effect on fetal growth such as higher 

maternal age and less smoking (97).  

1.6 Fetal growth restriction 

Suspected IUGR is a common issue in antenatal care mounting to 3-7% of all 

pregnancies. IUGR is a major contributor to perinatal morbidity and mortality (100-

102), in addition the birthweight gradient across the entire population is inversely 

linked to increased risk of adult diseases such as diabetes and cardiovascular diseases 

(103). For the immediate perinatal outcomes the identification, close monitoring and 

timely delivery are key aspects in optimizing management. This is still a huge 

challenge in developing countries where the pregnant population in general is less 

healthy and where the availability of qualified personnel and technology are limited. 

1.6.1 Definition 

Fetal growth restriction has many denominations and at least as many definitions. 

Numerous publications on this topic exist but the inconsistency in definitions 

contributes to some confusion and difficulties in comparing different studies. The 

definition of the WHO of low birthweight being <2500 g and for very low birthweight 

<1500 g is useful because it classifies a group neonates with high perinatal morbidity 

in societies where accurate gestational age is commonly unknown (34). However, the 

uncertainty of gestational age is also an important limitation when trying to 
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discriminate prematurity and growth restriction as the cause of morbidity in these 

societies.  

 

Originally the term SGA was used to describe neonatal size at birth, but this term is 

also commonly used to describe intrauterine fetal size, with different cut offs 10th, 5th 

or 3rd centile. A low cut off will more accurately identify the true growth restricted 

neonates but some normally sized neonates with impaired growth will be overlooked. 

Use of a high cut off will include numerous constitutionally small but well growing 

fetuses.  

 

Many different reference curves for intrauterine fetal size and birthweight exist (43, 

104). Whether to use a reference curve based on intrauterine observations or to use 

birthweight curves to identify SGA is debated. Population based reference curves of 

birthweight differ considerably from intrauterine reference curves especially at low 

gestations (43, 105, 106). Births at low gestation are often associated with pregnancy 

complications, which influence fetal growth; there is an increased incidence of IUGR 

in these pregnancies. The 10th centile tends to be shifted lower in population based 

reference curves of birthweight than in intrauterine reference curves based on 

ultrasound EFW; as a consequence IUGR will be underdiagnosed.  

 

The IUGR definition is intended to describe intrauterine growth conditions. 

Unfortunately, a lot of different definitions of IUGR exist (107). The most common 

definition is EFW <10th centile (27, 108), although, lower cut offs have shown to be 

better predictors of adverse perinatal outcomes (109). Other widely used descriptions 

are EFW <2SD (105) and fetal AC <10th centile or <2SD (108). A low fetal AC centile 

in combination with normal HC parameter is termed asymmetrical growth (110) while 

there is conflicting results regarding a HC/AC ratio above 95th centile is associated to 

increased risk of adverse outcomes (111, 112). One single measurement of fetal size is 

not suitable to describe intrauterine growth (113). Serial ultrasound measurements and 

calculation of fetal growth expressed in gram/week or in conditional centiles (67), can 
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be used to discriminate between well growing small fetuses and those who have 

impaired intrauterine growth.  

1.6.2 Etiology of fetal growth restriction 

Although the mechanisms leading to fetal growth restriction are not completely 

understood, a number of important factors are known. Some prominent factors in the 

maternoplacental circulation and fetal and maternal conditions are described here. A 

large proportion of IUGR is due to placental dysfunction as seen in hypertensive 

pregnancy disorders (114, 115). Early onset IUGR (onset before 34 weeks gestation) is 

associated with pre-eclampsia (PE) in up to 50% of cases and account for 20-30% of 

all IUGR cases (116). Late onset IUGR is associated to PE in approximately 10% of 

the cases (116). Marginal or velamentous insertion of the umbilical cord on the 

placenta and a single umbilical artery are also associated with slow fetal growth (117). 

Uterine malformations, bicornuate uterus or uterus didelphys, predispose to slow fetal 

growth (118). Maternal diseases such as chronic hypertension, renal failure, rheumatic 

disease, pre gestational diabetes and eating disorders are closely associated with fetal 

growth restriction (119-127). Exposure to smoking or alcohol during pregnancy can 

affect fetal growth (128). Fetal causes of IUGR such as chromosomal aberrations, fetal 

anomalies (129-131) and intrauterine fetal infections (132) are associated with a less 

favorable prognosis compared to IUGR due to circumstances outside the fetus. If an 

obvious explanation of SGA cannot be found and the fetus grows within normal 

ranges, it is probably a constitutionally healthy small fetus.  

1.6.3 Surveillance of IUGR 

As IUGR fetuses are at risk of perinatal morbidity and mortality, increased 

surveillance during pregnancy and birth is required, compared to the surveillance 

applied to the general pregnant population. Management of a pregnancy with IUGR 

depends on gestational age. The key aspect in management is to find the optimal time 

and method for delivery based on a balance between the risk of fetal harm induced by 

leaving the fetus in utero and the risk of morbidity caused by iatrogenic prematurity. 

Surveillance includes repeated ultrasound examinations including fetal biometry and 

biophysical profile (amniotic fluid index, fetal movements and fetal heart rate 
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monitoring). A two-week interval between two ultrasound estimations of fetal weight 

is common in clinical practice, but an interval of three weeks is recommended to 

minimize the false positive rate of diagnosing fetal growth restriction (133). Early 

onset IURG (<34 weeks gestation) is considered to be more severe than late onset 

IUGR and fetal condition may be followed more closely. Decelerated fetal growth is 

usually accompanied by circulatory redistribution to protect the fetus against hypoxic 

damage (134, 135). Prioritized organs include the fetal brain, heart and adrenal glands 

(136). The introduction of fetal Doppler ultrasound has given us a unique opportunity 

to study the human circulation in utero and monitor fetuses at risk.  

1.7 Doppler ultrasound assessment of placental and fetal circulation 

Doppler ultrasound was introduced in obstetrics before 1980 and has since been 

developed to a range of techniques now widely in use to study fetal circulation (Figure 

4). The fetus receives well-oxygenated blood from the placenta through the umbilical 

vein and deoxygenated blood is directed from the fetus to the placenta through the 

umbilical arteries (UA). At mid-gestation approximately one half of the fetal total 

blood volume is located in the placenta; it gradually decreases to 25-30% at term 

(137). The fetus is capable of fast redistribution of blood if needed, three fetal shunts 

(ductus venosus (DV), foramen ovale and ductus arteriosus) contribute to distribution 

of oxygenated blood to prioritized organs when needed (135). This flexible circulatory 

system is extensively studied by Doppler ultrasound and reference ranges are 

established under physiological conditions in human fetuses (138-142). 

Correspondingly, the pattern of circulatory changes in growth restricted fetuses due to 

placental dysfunction are reasonably well described (143-146) and used successfully to 

identify those who are at the highest risk of adverse outcomes (147-149). 
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Figure 4. Demonstration of central fetal circulation (reproduced by permission (150). The most common vessels 

being examined by Doppler are the umbilical artery, Ductus venosus and middle cerebral artery; sites are 

marked by red circles.  

1.7.1 Maternoplacental circulation  

The uterine arteries (UtA) are the main contributors to uterine blood flow which is 

increasing tenfold during pregnancy (151, 152). This increase in blood flow is 

mediated by placental trophoblastic invasion of the spiral arteries (153, 154). The 

process starts around gestational week 8 and the transformation of the uterine spiral 

arteries from a high resistant vascular system to a low resistant vascular system is 

completed around week 24 (153, 154). Campbell et al. introduced use of Doppler 

sonography of the UtA in 1983 after their discovery of an association between 

increased vascular resistance and pregnancy complications such as PE and poor fetal 

growth (155). Impaired trophoblastic invasion may cause increase UtA resistance, 

which can be measured by Doppler ultrasound and be traced as high pulsatility index 

(PI). Such a finding is associated to IUGR, PE, placental abruption and stillbirth (156-

159). Reference ranges for UtA PI now exists from gestational age 11 to week 41 

(138). In pregnancies at risk of PE and IUGR an evaluation of UtA PI has traditionally 

been performed in gestational week 23-24 (160). Recent studies have also 
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demonstrated that an examination of UtA in late first trimester also can be used to 

identify pregnant women at risk (161). In a low risk population such screening has 

limited benefit (161), while in a high risk population an evaluation of the 

maternoplacental circulation can be helpful in further management and a high 

resistance can be the first sign of IUGR due to placental dysfunction. 

1.7.2 The umbilical artery 

Between gestational weeks 20 to 32 approximately one third of the fetal cardiac output 

is directed to the placenta via the UA (162, 163). After gestational week 32 this 

volume is gradually reduced to one fifth at term (162, 163). The vascular resistance in 

the placenta is mainly determined by the vascular bed, of which the area is increasing 

during pregnancy, resulting in reduced impedance. Endothelial cells in the placenta 

regulate angiogenesis and vasomotor tone. Normally the UA Doppler waveform is 

characterized by high diastolic blood flow velocity, while in cases of placental 

dysfunction abnormal angiogenesis and increased vasoconstriction results in increased 

vascular resistance in the placenta and the diastolic blood flow velocity is reduced 

(164). An increased flow resistant in the UA is associated with SGA due to placental 

dysfunction (165), while a PI >95th centile will not be evident before at least 30% of 

the placenta is affected (166, 167). A normal UA Doppler measurement is therefore 

not sufficient to assess fetal wellbeing (168, 169). In severe cases absent end diastolic 

(AED) blood flow can be seen and by further deterioration absent and reversed end 

diastolic (ARED) blood flow can occur (166, 167, 170). When 60-70% of the placental 

villi are destructed AED or ARED typically occur and the risk of perinatal morbidity 

and mortality is high (166, 170, 171). The mortality rate varies between 5 to 36% and 

is dependent on gestational age and the degree of affection of the venous fetal 

circulation (170, 171). AED and ARED blood flow in the UA are mainly seen in early 

onset IUGR, it is an uncommon finding late in pregnancy. UA Doppler waveform 

analysis is now an integrated part of surveillance in high risk pregnancies and are 

widely used in fetuses <10th centile to identify those at increased risk of adverse 

outcomes (171-173).  
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1.7.3 The blood flow of the middle cerebral artery 

Normally 15% of the cardiac output is directed to the fetal brain. In cases of reduced 

placental perfusion, hypoxia, increase in pCO2 or low arterial pH, the fetus can 

increase its blood supply to the brain (174, 175). This redistribution is called “brain 

sparing” and is characterized by vasodilatation of cerebral arteries resulting in an 

increased diastolic blood flow velocity and reduced resistance. Doppler recordings in 

the middle cerebral artery (MCA) are now an integrated part in the surveillance of fetal 

growth restriction. A low PI reflects redistribution of fetal cardiac output to the brain, 

and this brain sparing effect is associated to adverse perinatal outcomes (134, 176, 

177).  

 

Both the UA PI and MCA PI have an independent predictive effect on neonatal 

outcomes but recent studies have shown a better prediction of adverse outcomes 

combining these two in the cerebroplacental ratio (CPR) (178-180). The CPR reflects 

both the placental function and the fetal response to the placental return. However, the 

accuracy in identification of the fetuses at risk using CPR <5th centile varies between 

different studies, sensitivity ranged from 42% to 85% (149, 181, 182). The different 

study designs partly explain this wide range in sensitivity but may also be due to the 

wide physiological variation in MCA PI (140, 183), which also applies to CPR (140, 

183). As for serial growth measurements, longitudinal reference chart for MCA PI and 

CPR are published and these allow calculation of conditional centiles for cerebral 

blood flow measurements (140). The use of conditional centiles in prediction of 

adverse perinatal outcomes is tested for fetal growth (184), while there are no 

publications regarding prediction of adverse perinatal outcomes by conditional centiles 

for fetal Doppler measurements. This way to exploit the value of serial measurements 

may be useful in prediction of adverse perinatal outcomes.  

1.7.4 The Ductus Venosus  

The fetus is supplied with oxygenated blood from the placenta via the umbilical vein. 

Blood from the umbilical vein is distributed to the liver and a fraction of 20-30% 

bypasses the liver through the DV into the heart (185). In placental insufficiency an 

increased fraction of well oxygenated blood from the umbilical vein is directed 
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through the DV to the fetal heart to ensure oxygenation of prioritized organs such as 

the brain, adrenal glands and heart (186, 187). Doppler measurement in the DV was 

introduced as a diagnostic tool in 1991(141). A relationship between the pulsatility 

index for veins (PIV) in the DV and the degree of acidemia has been demonstrated 

(188). Chronic hypoxia in the fetus causes myocardial dysfunction resulting in an 

increased afterload which can be seen as increased DV PIV. In early onset IUGR 

abnormal DV blood flow is considered a late and severe sign of fetal deterioration 

(143, 147, 189). In surveillance of these compromised fetuses DV blood flow is an 

important parameter in terms of delivery decisions (190, 191). 

1.7.5 Circulatory redistribution in compromised fetuses 

In an experimental animal study of fetal sheep’s DV was blocked resulting in 

increased liver blood flow. Compared to the controls, cell proliferation was 

significantly increased in the liver and organs such as the heart, kidneys and skeletal 

muscle (192). The fetal liver is a key organ in regulation of fetal growth (91). 

Umbilical venous (UV) perfusion of the liver is essential for fetal growth due to the 

high content of nutrients. Of the total UV blood flow 70-80% is directed to the fetal 

liver (185). UV blood flow accounts for approximately 85% of the total venous liver 

perfusion, while the portal vein contributes with about 15%.  

 

Liver perfusion is influenced by maternal body composition, weight gain in pregnancy 

and diet (90, 150). Slim mothers and those having an unbalanced diet had a 

compensatory increased liver blood flow (150), while low gestational weight gain was 

associated with reduced blood flow from the UV to the fetal liver (90). A similar 

pattern is seen in fetal growth restriction due to placental insufficiency (92, 186). In 

IUGR fetuses blood from the UV is redistributed away from the fetal liver to increase 

the amount of oxygenated blood to the fetal heart (143). In compromised fetuses a 

compensatory increase in portal blood flow to the right liver lobe will result in right 

liver lobe hypoxemia. These adaptive responses will affect liver growth and 

production of growth factors like IgF1 and 2 (91, 193). As a consequence liver size 

decreases, and since fetal AC is dominated by the fetal liver, a low AC measurement 

can be one of the first biometric signs of fetal growth restriction. Low IgF production 
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will further affect growth of other organs and this adaption to a suboptimal intrauterine 

environment may have longer term consequences for adult health (194).  

 

Fetal response to hypoxia is redistribution of cardiac output and fetal compromise is 

associated with early arterial circulatory changes followed by alterations in the venous 

circulation. The sequence of the fetal deterioration is not uniform (147, 148). The fetal 

physiology changes during pregnancy and is evident looking at the different patterns 

of sequential changes in early onset IUGR. The first circulatory marker of IUGR due 

to placental disease is increased impedance in the UtA, which can be seen weeks 

before fetal circulation is affected (148). In early onset IUGR the most common 

sequence is abnormal UA PI, followed by low CPR and low PI in the MCA. Abnormal 

DV flow usually debuts after signs of brain sparing, but can also appear before brain 

sparing (147). Progressive changes in the UA such as AED and ARED or a PIV above 

the 95th centile in the DV are considered acute prognostic markers and the risk of 

acidosis is increased (148). Daily monitoring may be required and delivery must be 

considered with progressive fetal compromise, but this should be balanced against the 

risk of neonatal morbidity due to prematurity (195, 196). Other late signs in fetal 

deterioration are abnormal biophysical profile including reduced fetal movements, 

reduced breathing movements, oligohydramnios and abnormal CTG (low short term 

variation) (148). In a study of Baschat et al. such changes appeared one day prior to 

delivery (147). In late onset IUGR less severe circulatory changes are seen (190) and 

blood flow in the UA is not necessarily abnormal (177). Low CPR centile is often the 

first marker to be affected followed by a MCA PI <5 (146, 148), and monitoring 

intervals are to a large extent based on these parameters (195). Gestational age is of 

less importance in delivery decisions in late onset IUGR (195). In a randomized 

controlled trial of IUGR fetuses at term no difference in adverse outcomes was found 

between the induction group and those who were randomized to expectant 

management (197). However, any abnormal finding in the CPR, amniotic fluid index 

or CTG will generally lead to intervention.  
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1.7.6 Intrapartum care 

Growth restricted fetuses may suffer from chronic hypoxia and they have limited 

capacity of further redistribution of the blood flow if they were exposed to acute 

hypoxia during labor (198). In early onset IUGR with affected venous circulation like 

abnormal DV blood flow, pulsations in the umbilical vein or in cases with AED or 

ARED flow in the UA, a caesarean delivery is the most common preferred route for 

delivery (191, 196). Fetal heart rate abnormalities appear more frequently in fetuses 

exposed to chronic hypoxia (199), and continuous intrapartum fetal heart rate 

monitoring is required (200, 201) to reveal any deterioration of hypoxia and to prevent 

neonatal asphyxia. A low centile of CPR increases the risk of intrapartum fetal distress 

and need for an emergency cesarean section, however the likelihood for vaginal birth 

exceeds 50% (168, 202, 203).  

1.8 Consequences of IUGR 

The increased risk of perinatal morbidity and mortality in IUGR fetuses is closely 

linked to prematurity; some studies have shown that fetal growth restriction in itself is 

an individual risk factor (204, 205). Several studies have evaluated the risk of neonatal 

morbidity and mortality. However, the impact of IUGR on neurodevelopment in 

childhood and long term consequences for adult health has gained increased interest in 

the latest decades (206).  

1.8.1 Short term consequences 

IUGR fetuses are highly susceptible to iatrogenic delivery and in cases of early onset 

IUGR the risk of prematurity is high. Early preterm birth is associated with mortality 

and severe morbidity (207). Late preterm birth is also associated with significant 

neonatal morbidity (208). The consequences of prematurity are further increased in 

IUGR fetuses compared to normally size preterm fetuses (101). In the TRUFFLE 

study a death rate of 5.5% and severe morbidity rate of 24% in early onset IUGR 

fetuses was found (191). IUGR fetuses are exposed to an increased risk of intrauterine 

fetal death, and it has been shown that the risk increases with gestational age and is 

inversely related to birthweight centiles (209). Late onset IUGR is more often 

undetected and accounts for over 50% of unanticipated intrauterine fetal deaths (210). 
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In a recent study the combination of EFW <10th centile and slow growth of the fetal 

AC showed the highest risk of adverse outcomes like metabolic acidosis, Apgar score 

<7 after 5 minutes and admission to NICU in term neonates (211). 

 

Placental compromise is a common cause of IUGR and results in reduction of 

nutrients and oxygen delivery, and circulatory redistribution will eventually appear. As 

a result the changes make these fetuses more susceptible to hypoxia during uterine 

contractions in labor; the contractions will lead to additional need for redistribution 

(212). Signs of hypoxia during labor like fetal heart rate decelerations entail an 

increased need for emergency caesarean delivery in IUGR fetuses (148, 203). The 

second stage of labor is usually the most stressful part of the delivery for the fetus 

(213, 214), but surprisingly few studies have examined if an increased risk of 

operative vaginal delivery due to fetal distress is present in IUGR fetuses, compared to 

AGA fetuses.  

 

Markers of perinatal asphyxia such as low 5 minutes Apgar score (<7) and metabolic 

acidosis have different prognostic value. IUGR fetuses have significantly increased 

risk of low Apgar score compared to AGA neonates (215). However, the association 

with impaired neurologic development is modest for a 5 minute Apgar score <7. While 

a 5 minutes Apgar score <4 is a stronger predictor of neurological sequelae (216). 

Metabolic acidosis (umbilical artery pH <7.05 and base deficit >12.0 mmol/L) is a 

more objective parameter in the evaluation of fetal well-being immediately after birth. 

This parameter is one of the criteria for intrapartum asphyxia, which is associated with 

neonatal morbidity and mortality (217-219). An increased risk of neurologic 

impairment at 6.5 years of age is demonstrated, but the risk is mainly reserved for 

those who had other clinical signs of asphyxia or encephalopathy in the neonatal 

period (220). Growth restricted neonates are also at risk of having hypoglycemia 

shortly after birth (221), undiagnosed and untreated this can potentially lead to 

neurologic damage with long term consequences (222). 
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1.8.2 Long term consequences 

One of the most feared complications following delivery is impaired 

neurodevelopment. The prognosis can be difficult to predict in the neonatal period as 

the problems may occur several years later and range from mild learning problems and 

mild hyperactivity disorder to severe cerebral palsy. The severity of prematurity is the 

most important factor for neurologic outcome (223, 224), and the addition of IUGR in 

these fetuses has not shown to have an independent predictive effect on neurological 

outcomes (224, 225). While in cases of late preterm and term deliveries SGA neonates 

have shown a significantly lower intelligence score, neurodevelopment score and 

school achievements compared to age-matched controls (226-228). Perinatal asphyxia 

is a well-known risk factor for impaired neurodevelopment, while the presence of 

metabolic acidosis at birth is associated to adverse neurologic outcome only in the 

presence of symptoms of encephalopathy (220). Two randomized trials have evaluated 

neurodevelopment in infants at 2 years of age in preterm growth restricted neonates 

(229, 230). None of the studies shown reduced neurodevelopment outcomes in the 

groups who were randomized to delayed delivery, which supports the importance of 

achieving as high gestational age as possible to reduce the risk of other severe 

outcomes associated to prematurity. 

 

The awareness of increased rates of cardiovascular disease and type II diabetes in 

adults born with low birthweight led to the Barker hypothesis (194, 231). This theory 

of developmental origins of adult disease has gradually gained acceptance, and the 

knowledge of how the fetus adapt to a suboptimal intrauterine environment and 

undernutrition is increasing. Intrauterine programming is associated to changes in both 

organ structure and function with potentially consequences for extra-uterine life (91, 

232, 233). In a Swedish cohort slow fetal growth was associated with increased risk of 

death from ischemic heart disease (234). An inverse relationship between birthweight 

and systolic blood pressure from adolescence and onwards has been demonstrated 

(235). Hypertension is one of the medical conditions included in the metabolic 

syndrome in addition to reduced glucose tolerance, abdominal obesity and 

hyperlipidemia. Low birthweight has also been associated with the metabolic 
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syndrome in young adulthood and onwards (236). Additionally, osteoporosis has been 

linked to impaired intrauterine nutrition (237, 238).  

1.9 Ultrasound physics 

Ultrasound waves have frequencies above the audible range (>20 kHz). Diagnostic 

ultrasound in obstetrics and gynecology normally operates in the range of 2-10 MHz. 

Low frequencies probes provide better penetration of the tissues but lower resolution, 

while high frequencies probes provide better resolution and are therefore most suitable 

for imaging of superficial structures. Resolution refers to the smallest distance between 

two spots that can be visually discriminated.  

 

Brightness mode (B-mode) scanning is used for making two dimensional grey scale 

images. Sound waves produced by an ultrasound transducer are passed through 

different tissues, being absorbed, scattered and reflected in different degree depending 

on the density of the tissue. Reflected waves are called an echo, and the echoes 

captured by the transducer are used to generate an ultrasound image. Two-dimensional 

grey scale ultrasound is widely used in evaluation and measurements of fetal 

structures. 

 

Doppler ultrasound is increasingly used in obstetric settings to monitor risk 

pregnancies by evaluation of blood flow velocities. The Doppler Effect is change in 

frequency of an ultrasound wave that is detected by an observer which moves relative 

to the wave source. This frequency change is called the Doppler shift. Different types 

of Doppler ultrasound are used in clinical practice, continuous-wave Doppler, color 

Doppler, power Doppler and pulsed Doppler.  

 Continuous wave Doppler ultrasound is a technique in which the transducer 

emits and receives ultrasound waves continuously. It is widely used for external 

monitoring of the fetal heart. 

 Color Doppler ultrasound is a form of pulse wave Doppler where the measured 

Doppler shift is transformed into an assigned colour depending on the flow 

direction. The color display is superimposed on the grey scale image. 
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 Power Doppler ultrasound is based on the amplitude, or power, of Doppler 

signals, reflecting the number of red blood cells scattering the ultrasonic beam. 

This allows detection of low velocity flow and a better visualization of small 

vessels, but at the expense of information on velocity and direction. 

 In the pulse wave Doppler ultrasound the transducer emits ultrasound in 

repeated pulses at a given pulse repetition frequency. This technique contributes 

with information about the blood velocity profile. In velocity measurements an 

optimal insonation angle (<30°) is important to avoid a false low velocity. 

1.10 Ultrasound safety 
Safety in obstetric ultrasound has been subject for increased focus in the last decade. 

Ultrasound scanners produced today have a maximal permitted intensity of 720 

mW/cm2 spatial peak temporal average (SPTA), while prior to 1991 the maximum 

limit was 94 mW/cm2 SPTA. This increase in intensity gave improved image quality 

but also potentially increased risk of harmful effects. So far there is no evidence that 

diagnostic ultrasound has harmful effects on the developing human fetus. An effect on 

birthweight (239, 240), neurological development (241-245) and malignancy (246, 

247) has been in focus, without demonstrated consequence. The only documented bio 

effect of prenatal grey scale ultrasound is non-right handedness in male neonates (244, 

248). Doppler ultrasound represents increased output energy compared to B-mode 

scanning. The growing use of Doppler ultrasound has caused increased concern and 

research regarding potentially harmful effects (249).  

 

Ultrasound imaging deposits energy in the body in terms of increased temperature and 

mechanical cavitation. From 1993 information about these two indices, thermal index 

(TI) and mechanical index (MI) have been provided with all imaging machines and 

this information are visible on the display of the machines. In this way the operator can 

prevent unnecessary use of potentially harmful high output energy. The British 

Medical Ultrasound Society (BMUS) supports the ALARA (i.e. as low as reasonable 

achievable) principle for safe use of ultrasound energy output. Sande et al. showed that 

reducing the energy output from thermal index for bone (TIB) from 1.0 to 0.1 does 
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neither compromise the ultrasound biometry measurements (250) nor the Doppler 

measurements (251).  
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2 Aims of the studies 
 

Study I 

To assess whether maternal weight gain during pregnancy might influence fetal 

AC as early as second trimester in low risk pregnancies. 

 

Study II 

 To test whether adding conditional growth centiles to centiles of estimated 

 fetal weight improves the prediction of adverse perinatal outcomes compared 

 with the SGA classification alone. 

 

Study III  

 To test whether adding conditional centile for middle cerebral artery 

 pulsatility index and cerebroplacental ratio to conventional centiles, improves 

the prediction of adverse perinatal outcomes compared to the use of 

conventional centiles alone.  
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3 Materials and methods 

3.1 Study I 

3.1.1 Study population 

This study was a part of the “Fetal Age and Growth” project that included 650 women 

with a low risk pregnancy for the establishment of fetal size and growth charts (47, 

80). Recruitment took place between August 2001 to September 2003 and they were 

included when they attended the routine ultrasound scan. All women participated 

voluntarily and gave their written informed consent according to The Regional 

Committee of Medical Research Ethics approval (REK-III no. 025.01). Inclusion 

criteria were healthy women with regular menstrual periods (28±4 days) in at least 

three months prior to this pregnancy and no use hormone therapy during these three 

months, a certain LMP date, singleton pregnancy, no history of complications in a 

previous pregnancy and no regular use of medication. Women with a discrepancy of 

≥14 days between ultrasound and menstrual age were excluded. 

3.1.2 Examinations 

We collected information on maternal weight measurements from the antenatal forms. 

Weight gain during pregnancy was calculated as the difference between weight at the 

last antenatal visit and pre-pregnant weight. For the analysis we calculated weight gain 

per week, and created subgroups according to low weight gain (<0.28 kg per week), 

normal weight gain (0.28-0.40 kg per week) and high weight gain (>0.40 kg per 

week). Gestational age was based on LMP. The ultrasound examinations were 

performed by two experienced ultrasound operators, using a Philips HDI 5000 

machine (Phillips Seattle, WA, USA), with a 2-5 MHz abdominal scanning probe, or 

Aloka Prosound-5000 machine (Aloka, Tokyo, Japan), with a 2-5 MHz abdominal 

scanning probe. Fetal AC ultrasound measurement was obtained using an ellipse in the 

transverse section of the fetal abdomen at the level where the umbilical vein enters the 

liver. The mean of three measurements at one of the visits between 15-25 weeks 

gestation was used.  
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3.1.3 Statistical method 

Descriptive statistics were used to characterize the study population. Z-score for AC 

and weight gain per week were used to adjust for variation in gestational age at 

measurement. Linear regression analysis was used to assess the effect of maternal 

weight gain in pregnancy on AC and birth weight. Variables with a p-value <0.05 were 

considered statistically significant. We used SPSS (Statistical Package for the Social 

Sciences; Inc, Chicago, IL, USA) for the analysis. 

3.2 Study II and III 

3.2.1 Study population 

During a four years period from May 2010 to June 2014, pregnant women were 

recruited to this prospective longitudinal study of fetal growth at Fetal Medicine Unit, 

Department of Obstetrics and Gynecology, Haukeland University Hospital, Bergen, 

Norway. The study was approved by the Regional Committees for Medical and Health 

Research Ethics (REC West no. 2010/686). Pregnant women referred for the 24-weeks 

ultrasound evaluation due to high risk of IUGR and pregnant women having had an 

ultrasound examination for any clinical indication and diagnosed with a SGA fetus 

(≤5th centile of EFW) were invited to participate in the study. Merely women with 

singleton pregnancies were invited to the study and all participants gave their written 

informed consent. Women were invited to participate due to high risk if they had 

previous PE and/or given birth to a SGA (≤5th centile) neonate, chronic maternal 

diseases as hypertension, renal failure, systemic rheumatic disease but women with 

pre-gestational diabetes were not included. Discrepancy of ≥14 days between the due 

dates set by LMP and ultrasound dating was also one of the inclusion criteria. 

Chromosomal aberrations or congenital malformations in the neonate were excluded.  

3.2.2 Examinations 

Gestational age was assessed by ultrasound of HC in second trimester (252) unless a 

1st trimester scan of CRL (29) had been carried out or if the day of conception was 

known due to IVF. Voluson 730 Expert, E6 or E8, GE Medical systems, Kretz 
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Ultrasound, Zipf Austria, were used for measurements of fetal biometry and Doppler 

ultrasound.  

 

The ultrasound examinations included biometry measurements of the fetal HC, AC 

and FL (80). EFW was calculated according to Combs formula (52). The PI of the 

MCA and UA were measured at each visit and CPR was calculated by dividing the 

MCA PI with the UA PI. Examination was carried out with 2-6 weeks intervals and 

modified according to clinical needs. Participants where only one measurement was 

available were not included in the analysis. Size centile of EFW was calculated at each 

visit (47), and conditional growth centile was calculated between the last and the 

previous biometry with at least 14 days interval (47, 67, 69).  

 

Decisions concerning timing of delivery and delivery mode were made by the 

clinicians in line with local and national guidelines. According to these guidelines 

SGA as an isolated finding was not indication for preterm delivery; these pregnancies 

were followed up until 39-40 weeks gestation as long as no additional factors 

appeared. Birth outcomes (gestational age, birthweight, information about labor and 

delivery, Apgar score and admission to neonatal intensive care unit (NICU)) were 

collected from medical records after birth. A glucose test of the neonate was taken 

within 2 hours after delivery. Preterm birth (<37 weeks gestation), operative delivery 

(including cesarean delivery and vaginal instrumental delivery) due to fetal distress, 

admission to the NICU, 5 minutes Apgar score <7, hypoglycemia (glucose <2.0 

mmol/L), and perinatal mortality were considered adverse outcomes. A combined 

outcome variable “any adverse outcome” was established if one or more components 

were abnormal. Delivery due to fetal distress was indicated by pathological fetal 

Doppler findings, CTG abnormalities or due to fetal echocardiographic events (ST 

analysis, STAN) (201). Pregnancies at risk were monitored during labor by fetal 

echocardiography from gestational age 36 onwards. During the study period the 

overall cesarean rate in the department was 12.5%. 
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3.2.3 Statistical methods 

In study II and III a power calculation was performed before the initiation of the study. 

This was based on Apgar score in a population of SGA neonates at or below the 5th 

centile born at Haukeland University Hospital in the period from January to August 

2009. We aimed to show a difference in Apgar score of at least 2, with a significance 

level of 5% and a power of 90%. Using Altman’s nomogram (253) we calculated a 

need of 44 participants in the SGA group. For the high risk group we had no direct 

power calculation, but recurrence rate of having an SGA (<5th centile) neonate is about 

23% (254). Due to uncertainty about the power calculation we decided to perform an 

interim analysis after delivery of the first 80 participants using the ‘any adverse 

outcome’ variable as an outcome measure. We used the log-likelihood test to assess 

whether adding conditional growth centile ≤5 to a model with size ≤5th centile 

significantly improved the model (p <0.05) and estimated that a sample of 160 women 

was needed. To allow for potential withdrawals, exclusions, and incomplete data for 

some participants, the sample was expanded to 220 women.  

 

We used log binomial regression analysis to assess whether size centiles and 

conditional growth centiles was associated with the outcomes, shown as Relative Risk 

(RR) with 95% confidence interval (CI). To test whether size and conditional growth 

centiles had independent association with the outcomes, when adjusted for each other, 

both parameters were included in the model and results were shown as adjusted 

Relative Risk (aRR) with 95% CI. Log-likelihood testing was used to test the 

hypothesis that conditional growth centile between the last and previous biometry, in 

combination with size centile at the last examination, improved the prediction of 

adverse outcomes compared with the use of fetal size centile alone.  

 

Conditional centiles for MCA PI and CPR were calculated between the last 

measurement based on the penultimate measurement (67). The formula for conditional 

centiles includes gestational age, measurement and variance at the previous and 

current sessions in addition the covariance of both measurements. Log-binomial 

regression analysis was used to test the association between conditional centiles ≤5 or 
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≤10 for MCA PI and CPR at the final visit and adverse outcomes; the results are 

presented as RR with 95% CI. To test whether the centiles at the final visit and the 

corresponding conditional centiles ≤5 and ≤10 had independent association with the 

adverse outcomes, both the conventional and the conditional centiles were included in 

the model, and thereby adjusted for each other; the results are presented as aRR. In 

cases where both centiles had independent association with the outcomes, we were 

able to test the hypothesis that adding conditional centile to conventional centile for 

MCA PI and CPR improved the prediction of adverse outcomes compared with the use 

of conventional centile alone. Goodness of fit of the two models was compared using 

log-likelihood testing. To increase the sample size when log-binomial regression failed 

to show independent associations, all observations were used in multilevel log-

binomial regression. Pairs of first to second, second to third, third to fourth, fourth to 

fifth, and fifth to sixth measurements were identified. We calculated conventional 

centiles and conditional centiles (5th and 10th) for the last measurement of CPR and 

MCA PI in each pair. Log-likelihood testing is not optimal in multilevel models. The 

possible improvement of the model adding conditional centiles to conventional 

centiles was instead assessed by change in Wald chi square between the models. To 

optimize these calculations we used Markov Chain Monte Carlo regression in the 

MLwiN program.  

 

Diagnostic tests like positive predictive value (PPV), negative predictive value (NPV), 

sensitivity and specificity, were used to demonstrate the effect for the outcome 

variable ‘any adverse outcome’ with the ≤5th centile as cut off for size and conditional 

growth centiles and the ≤10th centile for CPR.  

 

Possible collinearity between conventional and conditional centiles for both growth 

and Doppler measurements were assessed using variance inflation factor (VIF) (255).  

Statistical analyses were carried out using SPSS 22 (Statistical Package for the social 

Sciences, SPSS inc, Chicago, IL, USA) and a p-value <0.05 was considered 

significant. 
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4 Results 

4.1 Study I 

Complete data were obtained in 515 of the 650 women who were included. 

Information on the maternal characteristics of the study population is presented in 

table 1. Gestational age at the last antenatal visit ranged from 32+0 to 41+6. Mean 

maternal weight gain per week was 0.39 kg. Two hundred and thirty women (45%) 

gained above 0.40 kg per week and 96 women (19%) gained less than 0.28 kg per 

week. 

 
Table 1. Maternal characteristics of the study population (n=515)  

Maternal characteristics Median (range or %) 

Pre-pregnancy weight (kg)  65 (43–132) 

Weight gain (kg)  14 (5–34) 

Height (cm)  168 (152–183) 

BMI (kg/m2)  23 (16–48) 

Age (years)  30 (19–43) 

Smokers (n)  41 (8%) 

 

The 101 women with missing information of maternal weight at the last antenatal visit 

was comparable to the study population when it comes to median pre-pregnant weight 

(64 kg), height (169 cm) and BMI (23 kg/cm2).  

 

Using linear regression analysis we found a positive association between z-score for 

weekly maternal weight gain and z-score for second trimester fetal AC (p = 0.001). 

Subgroup analysis in the different weight gain categories showed a significant lower 

fetal AC measurement in those with low maternal weight gain (p <0.001). Excess 

maternal weight gain (>0.40 kg per week), pre-pregnant weight and BMI were not 

associated to fetal AC in second trimester; results are presented in table 2.  
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Table 2. Effect of maternal pregnancy weight gain, pre-pregnant weight and BMI on fetal abdominal 

circumference at 15-25 weeks` gestation. R, 95% Cl and standard error (SE) expressed as z-score. 

  n r SE 95% Cl p-value 

Weight gain     515 0.122 0.036  (0.051–0.194) 0.001 

Weight gain>0.40 kg/week    230 0.020   0.091 (–0.160 to 0.199) 0.829 

Weight gain<0.28 kg/week    96 0.554 0.147   (0.261–0.846) <0.001 

Pre-pregnancy weight    515 ÷0.002 0.003 (–0.008 to 0.004)  0.483 

Pre-pregnancy BMI     515 ÷0.012 0.009  (–0.029 to 0.005) 0.171 

 

4.2 Study II 

Complete biometric data was available in 211 participants. Maternal characteristics 

and birth outcomes of the study population are shown in Table 3. Maternal 

characteristics and birth outcomes are also shown for those without any adverse 

outcomes (n = 122) and those with one or more adverse outcomes (n = 89) in table 3. 
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Table 3. Maternal characteristics and birth outcomes of the total study population, and in those without and 

those with adverse outcomes (n=211).  

Characteristic 

Median (range) or n (%) 

Total study 

population         

(n = 211) 

Non adverse 

outcomes          

(n = 122) 

Adverse  

outcomes          

(n =89) 

Maternal   
  

Age (years) 30 (17–43) 30 (21–42) 30 (17–43) 

Height (cm) 165 (148–179) 165 (148–179) 164 (148–176) 

Pre-pregnancy weight (kg) 63 (44–120) 62 (45–114) 65 (44–120) 

BMI (kg/m2) 22.9 (17.2–41.5) 22.6 (17.2–41.4) 24.1 (17.5–41.5) 

Parity ≥1 174 (82.5%) 114 (93.4%) 60 (67.4%) 

Smoking 17 (8.1%) 5 (4.1%) 12 (13.5%) 

Chronic maternal disease 12 (5.7%) 4 (3.3%) 8 (9.0%) 

Birth outcomes 
   

Gestational age at delivery 

(weeks+days) 
39+2 (25+3–42+3) 40+0 (37+4-423) 36+5 (25+3–40+6) 

Newborn birth weight (g) 2890 (440–4340) 3200 (2320–4340) 2270 (440–4135) 

Birth weight ≤ 5th centile 83 (39%) 27 (22.1%) 56 (62.9%) 

Birth weight ≤ 10th centile 108 (51%) 41 (33.6%) 67 (75.3%) 

Newborn length (cm) 48 (28–54) 49 (43–54) 45 (28–53) 

Ponderal index (kg/m3) 26.1 (17.6–32.4) 27.0 (21.5–32.4) 24.5 (17.6–29.7) 

Placenta weight (g) 500 (120–1100) 550 (300–1100) 425 (120–900) 

Male infants 103 (49%) 60 (49.2%) 43 (48.3%) 

 

Complete outcome data were available for all, except for 40 (19%) missing neonatal 

glucose levels. The frequency of the different perinatal outcomes is listed in Table 4. 

Both the perinatal deaths occurred in the neonatal period and severe growth restriction 

and extreme prematurity (<28 gestational weeks) were present in both cases.  
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Table 4. Perinatal outcomes in the total study population (n=211). 

 Outcomes n (%)  

Preterm birth (< 37 weeks) 50 (23.7%) 

Operative delivery due to fetal distress  50 (23.7%) 

Admission to NICU 48 (22.7%) 

5 min Apgar <7 10 (4.7%) 

Hypoglycemia (<2.0) 23 (10.9%) 

Perinatal mortality 2 (0.9%) 

‘Any adverse outcome’ 89 (42.2%) 

 

Four of the 50 women with a preterm delivery had a spontaneous start of labor; the 

remaining had either induced labor (n=22) or a primary cesarean delivery (n=24), 

twenty-one being emergency cesarean deliveries (i.e. within 24 hours after making the 

decision). The median gestational age at delivery was 36+3 weeks in those who were 

induced and 31+3 weeks in those having a primary cesarean section. None of the 

fetuses were delivered preterm due to SGA alone, additional factors such as pre-

eclampsia, abnormal CTG or fetal Doppler abnormalities were always present prior for 

induction or cesarean delivery. The frequency of extreme preterm delivery (<28 

weeks) was 2.4% (n = 5), 15 (9.5%) fetuses were delivered between 28 and 33+6 

weeks, and 30 were late preterm births (34 to 36+6 weeks). 

 

In study II we used log-binomial regression analysis to test if size centiles and 

conditional growth centiles ≤5 and ≤10 were independently associated with adverse 

perinatal outcomes. Conditional growth centile ≤5 and ≤10 exerted independent effects 

on the following outcomes: preterm birth, operative delivery due to fetal distress, 

admission to the NICU, and the ‘any adverse outcome’ variable. Size centile ≤5 had 

independent association to operative delivery due to fetal distress and ‘any adverse 

outcome’ when adjusted for conditional growth centile. When cut off was set to 10th 

centile, size was independently associated to admission to NICU as well. If the 

combination of size centiles and conditional growth centiles ≤5 and ≤10 significantly 
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improved prediction of adverse outcomes, compared to the use of SGA classification 

alone, were tested by log-likelihood test: 

 

Adding conditional growth centile to size centile ≤5 in the model resulted in a 

significant improvement in the prediction of the following outcomes: 

 preterm birth (p = 0.023)  

 operative delivery due to fetal distress (p = 0.028) 

 admission to the NICU (p = 0.022)  

 ‘any adverse outcome’ (p = 0.023)   

 

The combination of size centile and conditional growth centile ≤ 10 produced similar 

results in prediction of adverse outcomes: 

 preterm birth (p = 0.015)  

 operative delivery due to fetal distress (p = 0.014) 

 admission to the NICU (p = 0.024)  

 ‘any adverse outcome’ (p = 0.012)   

 

Use of size centile ≤5 alone resulted in an identification of 66% of those with ‘any 

adverse outcome’. Combining fetal size and conditional growth ≤5th centile resulted in 

an increase of 17% in the PPV; however, the improvement was not significantly 

increased. The sensitivity for fetal size centile ≤5 as predictor of ‘any adverse 

outcome’ was 60% and was not significantly changed when adding conditional growth 

centile in the model. While the specificity was significantly improved by combining 

size and conditional growth centile ≤5 compared to size centile alone (Table 5).  
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Table 5. Predictive values for ‘any adverse outcome’. 

  

PPV  NPV  Sensitivity  Specificity  

% (95% Cl) % (95% Cl) % (95% Cl) % (95% Cl) 

Size centile ≤ 5  66 (55 - 76) 73 (64 - 79) 60 (49 - 69) 78 (70 - 84) 

Size and conditional 

growth centile ≤ 5  
83 (69 - 92) 68 (61 - 75) 39 (30 - 50) 94 (89 - 97) 

 

4.3 Study III 

Serial measurements of MCA PI and CPR were obtained for 207 and 205 participants, 

respectively. Nineteen doctors with basic to advanced training in Doppler examination 

performed the measurements. A total of 865 observation of MCA PI was available and 

851 observations of the CPR. The number of neonates with a birthweight ≤5th centile 

was 83; two of these had only one CPR observation and were not included in the 

analysis. The number of observations in these 83 SGA neonates was 311 for MCA PI 

and 304 for CPR. Of the SGA neonates 29% had an UA PI ≥95th centile, 31% had an 

MCA PI ≤5th centile and 47% had CPR centile ≤5 at the last visit. Distribution of AU 

and MCA PI at the final visit in SGA and AGA fetuses is presented in figure 5 and 6. 

In those with normal birthweight the frequency of pathologic Doppler was 4%, 6% and 

7%, respectively.  
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Figure 5. Distribution of AU PI at the final visit in SGA fetuses (filled triangles) and in appropriate for 

gestational age (AGA) fetuses (open circles) in relation to reference curve for AU PI (139), the black lines 

representing the 95th, 50th and 5th centile.  
 

 
Figure 6. Distribution of MCA PI at the final visit in SGA fetuses (filled triangles) and in appropriate for 

gestational age (AGA) fetuses (open circles) in relation to reference curve for MCA PI (140), the black lines 

representing the 95th, 50th and 5th centile. 
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Maternal characteristics and birth outcomes are presented previously (same study 

population as for Study II).  

 

In this study we found that conditional centiles ≤5 and ≤10 for MCA PI were 

associated with increased risk of preterm birth, operative delivery due to fetal distress, 

admission to NICU, 5 minute Apgar score <7 and the combined outcome variable ‘any 

adverse outcome’, results are presented in table 6.  

 
Table 6. Log-binomial regression of conditional MCA PI centiles ≤5 and ≤10 and association with adverse 

outcomes in the total study (n = 207).  

 Conditional centile  
≤5 (n = 20) 

Conditional centile 
≤10 (n = 41) 

Outcomes n % RR 95% CI  n % RR 95% CI 

Preterm birth 16 80 4.5  3.1-6.6  27 66 5.0  3.2-7.8 

OD due to fetal 
distress 14 70 3.6  2.4-5.5  24 59 3.7  2.4-5.8 

NICU 15 75 4.4  2.9-6.6  27 66 5.5  3.4-8.7 

5 min Apgar <7 3 15 4.0  1.1-14.3  6 15 6.1  1.8-20.5 

‘Any adverse 
outcome’ 18 90 2.4  1.9-3.1*  32 78 2.4  1.8-3.1 

* RR is calculated by cross table when regression analysis failed due to unsatisfied converge criteria. 

OD, Operative delivery 

 

When both conventional and conditional centiles were included in the model, 

conditional centiles for MCA PI ≤5 and ≤10 had no independent association with the 

outcomes. However, when including conditional centile ≤5 for MCA PI from the 

entire series of measurements in multilevel log-binomial regression analysis (639 pairs 

of observations) we demonstrated an independent effect and a doubled risk of 

operative delivery due to fetal distress, aRR 2.0 (95% CI; 1.1-3.4), but adding 

conditional centile ≤5 did not improve the prediction.  
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Similar to the analysis of MCA PI, the conditional centiles ≤5 and ≤10 for CPR was 

associated with adverse perinatal outcomes, except for low 5-min Apgar score (Table 

7).  

 
Table 7. Log-binomial regression analysis of conditional CPR centiles ≤5 and ≤10 and association with adverse 

outcomes in the total study population (n = 205).  

 Conditional centile  
≤5 (n = 38) 

 Conditional centile  
≤10 (n = 51) 

Outcomes n % RR 95% CI 
 

n % RR 95% CI 

Preterm birth 29 76 7.1  4.4-11.3 
 

33 65 7.1  4.2-12.2 

OD due to fetal 
distress 24 63 4.4  2.8-6.8 

 
29 57 4.6  2.8-7.5 

NICU 30 79 8.8  5.3-14.6 
 

31 61 6.7  3.9-11.5 

‘Any adverse 
outcome’ 34 90 2.9*  2.3-3.8 

 
40 78 2.7  2.0-3.6 

* RR is calculated by cross table when regression analysis failed due to unsatisfied converge criteria. 

OD, Operative delivery 
 
 

When both parameters were included in the model, the conventional and conditional 

centiles ≤10 had independent effects on risk of adverse perinatal outcomes, while 

conditional centile ≤5 for CPR had no independent effect on the outcomes. Combining 

conventional centile and conditional centile of CPR ≤10 resulted in a significant 

improvement (log-likelihood test) in the prediction of the following outcomes:  

 Operative delivery due to fetal distress (p =0.032) 

 Admission to NICU (p = 0.048) 

 ‘Any adverse outcome’ (p = 0.034) 

 

PPV for CPR ≤10th conventional centile in predicting ‘any adverse outcome’ was 73%, 

and an increase to 81% was seen when conditional centile ≤10 was added. However, 

the difference was not significant. The sensitivity and specificity for conventional 

centile of CPR ≤10 as predictor of ‘any adverse outcome’ were 52% and 87%, 
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respectively. Adding conditional centile of CPR ≤10 did not change sensitivity and 

specificity significantly (Table 8). 

 
Table 8. Predictive ability of CPR ≤10th centile for ‘any adverse outcome’. 

PPV  NPV  Sensitivity  Specificity  

% (95% Cl) % (95% Cl) % (95% Cl) % (95% Cl) 

Conventional centile ≤10  73 (61 - 83) 72 (64 - 78) 52 (41 - 62) 87 (79 - 92) 

Conventional and 

conditional centile ≤10  
81 (68 - 90) 71 (63 - 77) 46 (36 - 56) 93 (86 - 96) 
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5 Discussion 

5.1 Methodological consideration 

5.1.1 Study design 

Women in both study populations were included in prospective longitudinal studies. In 

study I information on maternal weight at the final visit were obtained from the 

antenatal chart and weight gain during pregnancy was then calculated. One single 

measurement of fetal AC in second trimester was used in the analysis. This 

prospective study design has the advantages of being standardized regarding variables 

like gestational age and measurement of the fetal AC, but the collected information on 

maternal weight is susceptible for biases. In study II and III the advantages of a 

prospective longitudinal design is exploited. Change in fetal size and circulation over a 

period of time expressed in conditional centiles was used to test the risk of adverse 

perinatal outcomes. Growth assessment and serial Doppler measurements requires 

reference ranges of a longitudinal design which were used in our studies. A 

prospective longitudinal study design is time consuming and has increased risk of 

withdrawal. This proved not to be a problem in our studies. Women in study II and III 

had high risk pregnancies, and would have been offered additional ultrasound 

examinations anyway. Most pregnant women appreciate additional ultrasound 

examinations during pregnancy; this can explain the low withdrawal rate in the low 

risk population of study I.  

5.1.2 Biometry and Doppler measurements 

In routine clinical practice a mean of three biometric measurements is used to reduce 

measurement error, this was also the case in all three studies. Inter -and intra-observer 

variation for the biometric measurements is published elsewhere (80). For Doppler 

measurements we used the measurements reported in the patient’s records. Inter- and 

intra-observer variation for fetal Doppler measurements in the UA and MCA are 

presented in the publications of the references charts (139, 140). Inter –and intra-

observer variation was not repeated in our studies (II and III), however there is reason 
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to believe that the inter-observer variation is somewhat higher when the number of 

doctors performing the examinations was relatively high.  

 

Combs’ formula for EFW was used to construct reference charts for fetal growth in the 

“Fetal age and growth” study (47), and this formula (52) is used in clinical practice in 

our department since it is evaluated to have good performance throughout pregnancy 

(256). At term an absolute error between EFW and birthweight of 7.6% is reported 

(256). The accuracy of birthweight prediction using EFW is reduced at low gestation 

and for both IUGR fetuses and in macrosomia (59, 257). The reference charts for EFW 

works when the intention is to identify fetuses that have a size outside the normal 

ranges. In such situations an ultrasound estimate of fetal size is compared to a 

reference chart based on intrauterine fetal size. If a reference chart based on 

birthweight is used, the 10th centile will appear lower than the 10th centile in a 

reference chart based on EFW due to increased frequency of pregnancy complications 

and IUGR in those who are born prematurely (105). As a consequence fewer growth 

restricted fetuses will be identified. In a recent French study, they have tested an 

alternative standard to better identify SGA fetuses at increased risk of perinatal 

mortality. They used a subpopulation-based birthweight standard where infants of 

mothers having conditions related to IUGR were excluded. Infants classified as SGA 

according to the subpopulation based birthweight standard, but which were not 

classified as SGA due to conventional birthweight standard, showed significantly 

increased risk of perinatal death. Those classified as SGA due to intrauterine reference 

curves but not by the subpopulation birthweight standard, showed no increase in 

perinatal death compared to normally sized neonates (106).  

5.1.3 Internal validity 

The causal relationship between an independent and a dependent variable will be 

dependent on the internal validity, which refers to systematic errors. There are several 

types of errors that can influence the internal validity such as selection bias, 

information bias and confounders. 
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Selection bias may occur if the effects on the dependent variable can be modified by 

differences between the study population and those not included in the study, but who 

were theoretically eligible for the study. In study I a highly selected low risk 

population was invited. Some selection bias is expected due to those who are willing 

to participate in such studies generally has better health than non-responders. 

Compared to data from 2002 registered in the MBR database mean maternal age were 

comparable (29.5 and 29.9 (MBR)) while the number of smokers was considerably 

lower in the study population, 8.6% compared to 22.0% in the general population. 

Information on maternal weight and height were not registered in the MFR database at 

the time the study was conducted. Gestational age at birth and birthweight were both 

somewhat higher in the study population, 282 vs 275 days and 3694 vs 3528 grams, 

respectively. These differences are expected when the intention is to create reference 

curves from a low risk population. For those with missing information on weight gain 

during pregnancy (n =101) other anthropometric data were comparable to the overall 

study population. In study II and III women who were referred due to increased risk of 

having an SGA fetus, or who were diagnosed with an SGA fetus, were invited to the 

study. However, all women at risk were not invited, which may be because they never 

were referred for additionally growth assessment or that the doctor examining them 

forgot to invite them. Among those without any known risk factor, which nevertheless 

had an SGA neonate, far from all were detected prenatally and were therefore not 

invited. There is a risk of selection bias due to increased referral and detection of the 

most severe cases of growth restriction. The outcomes are not expected to be shifted to 

a major extent when a large number of the participants had normally sized fetuses as 

well as fetuses with less severe growth restriction. However, severity of growth 

restriction influenced the frequency of examinations and could potentially have led to 

a shift in outcome variables such as preterm birth. 

 

Information bias can occur when different sources or methods are used for data 

collection or variables are classified in a non-standardized way. In study I pre-pregnant 

weight was collected from the antenatal form, this information is prone to both 

information bias and recall bias. Standardized methods were used in the ultrasound 
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measurements in all three studies and clearly defined cut offs are used for the outcome 

variables in study II and III.  

 

Confounding occurs when the observed association between the independent and the 

dependent variable actually is influenced by a third variable. In study I the positive 

association between maternal weight gain and fetal AC in second trimester may be 

influenced by differences in nutritional status and diet. Such information was not 

recorded during the study period and we had therefor no opportunity to adjust for such 

differences. Study II and III were clinical observational studies, and the managing 

clinicians were not blinded to ultrasound measurements of ethical reasons. In some 

cases sonographic findings led to increased examination frequency, which enhances 

the probability of earlier detection of abnormal CTG or Doppler findings, leading to 

earlier intervention and prematurity in some cases. Iatrogenic preterm birth further 

influenced other outcome variables such as admission to NICU. IUGR is closely 

related to hypertensive disorders such as HT and PE which was contributing indication 

in 25 (54%) of iatrogenic preterm deliveries. Some of these participants were delivered 

due to maternal indication alone, mainly due to severe PE. Maternal hypertensive 

disorders influenced the number of preterm birth in the group of fetuses >5th centile.     

5.1.4 External validity 

External validity refers to whether the findings can be generalized to other 

populations. In study I healthy pregnant women were included for a study that aimed 

to construct reference charts for fetal size and growth. There was no restriction 

regarding age, height, pre-pregnant weight or BMI and women who developed 

gestational complications such as diabetes, hypertension or PE were not excluded. Our 

findings can only be generalized to a low risk population of pregnant women. 

Participants in study II and III were included due to high risk of SGA or due to a 

finding of a fetus ≤5th centile and we believe the results are valid for other departments 

but restricted to high risk populations. The high number of doctors involved in the 

examinations and management increases the external validity. 
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5.2 Discussion of results 
In study I we demonstrated a positive association between maternal weight gain during 

pregnancy and fetal AC in the second trimester in a low risk population. This early 

association suggests a common mechanism for maternal weight gain and fetal size. 

Maternal nutrition is known to influence pregnancy weight gain (258) in addition to 

impact the fetal liver circulation (90). Pregnant women with low body fat stores and 

those having an unhealthy diet (150) show an increased distribution of umbilical blood 

to the fetal liver, and less being shunted trough the DV. Low maternal weight gain 

during pregnancy influences liver blood flow distribution, the left liver lobe is 

prioritized on the expense of the right liver lobe (90). These findings are in line with 

our results. However, the association with fetal AC was only present in those with 

slow weight gain when the population was categorized in subgroups. Altered liver 

circulation will affect growth of the liver and production of IgF I and II. The area 

encompassed by the fetal AC is dominated by the fetal liver, suggesting that AC 

reflects the capacity of fetal liver metabolism. This may also be the reason why AC 

turned out to be the strongest predictor of adverse perinatal outcome in a recent study 

(211). It corroborates with the previous findings of changes in liver blood flow and 

associated fetal and neonatal body composition (259) and makes AC a promising 

surrogate for fetal metabolic status. There is growing evidence that fetal adaption to 

nutritional supply in pregnancy is linked to adult health (71, 231). The present study 

adds information that such a regulation can be traced as early as second trimester.  

 

Fetal size and growth are obviously strongly related since size is a direct consequence 

of growth. Commonly, small fetal size or SGA is used to predict adverse outcomes. 

Depending on the cut off used, a certain proportion of these fetuses will be 

physiological small. Due to this, there is a need for methods that better identifies 

fetuses at risk. Intuitively fetal conditional growth centile will be a suitable parameter 

in predicting adverse outcomes, but existing literature does not unequivocally support 

its use. Therefore we have tested a prediction model for adverse perinatal outcomes 

using a combination of size and conditional growth centiles compared to the use of 
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SGA classification alone. Our results should encourage the use of conditional growth 

centiles in pregnancies at risk in clinical practice and research.  

 

Although our study was not designed for testing the precision of predictors we 

calculated positive and negative predictive value, sensitivity and specificity for ‘any 

adverse outcome’.  Probability of ‘any adverse outcome’ was 83% when combining 

size and growth centiles ≤5 compared to 66% using size ≤5th centile alone. The 

difference of 17% was not significantly increased. As expected, sensitivity was 

reduced when adding conditional growth centile to size centile compared to the use of 

size centile alone. While sensitivity was not significantly changed, specificity 

improved from 78 to 94% by adding conditional growth centile to size centile. 

Identifying SGA fetuses at low risk is valuable in avoiding unnecessary surveillance 

and interventions.  

 

Study III adds new information on serial observations of MCA PI and CPR, by 

applying conditional centiles, in prediction of adverse perinatal outcomes. The 

combination of conventional and conditional centile ≤10 for CPR significantly 

improved prediction of adverse perinatal outcomes compared to the use of 

conventional centile alone. Equally good results were not demonstrated for MCA PI, 

which is similar to existing literature (178, 179, 182), i.e. a better predictive value 

when using CPR. Our results support that low conditional centile for CPR is an 

independent predictor of adverse perinatal outcomes in addition to low conventional 

centile for CPR. However, further evidence of the usefulness of conditional centiles is 

needed to justify a recommendation for clinical practice. Should we suggest its 

practical application, it would be in cases with an indication for Doppler examination 

(e.g. fetal growth restriction). In such a case a CPR <5th centile is associated with 

increased perinatal risks. The addition of a conditional centile would reflect the 

development. Thus a normal conditional centile would be reassuring while ≤5 would 

indicate a deteriorating development. The system may be used in normally growing 

fetuses, but we expect the usefulness rather will be found in the high-risk group. 

Healthy fetuses operate in a wide range of normal cerebral blood flow (140), while 
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compromised fetuses are expected to narrow down variation during their response to 

compensate for the insufficient placental function. A next study with increased power 

is expected to give a clearer view of some of the effects that did not reach significance 

in the present study.   
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6 Conclusions 
In study I we demonstrated a positive association between maternal weight gain in 

pregnancy and fetal AC in the second trimester in a low risk population, and the effect 

seemed to be strongest in mothers with the slowest weight gain. 

 

In study II we showed that size centiles and conditional growth centiles ≤5 and ≤10 

exert independent association with adverse neonatal outcomes such as preterm birth, 

operative delivery due to fetal distress and admission to NICU in a high-risk 

population. The prediction is improved by combining size and conditional growth 

centiles ≤5 and ≤10 compared with SGA classification alone. The study supports 

including conditional centiles of EFW in the clinical monitoring and management of 

IUGR. 

 

In study III we have shown that conditional centile ≤10 of CPR has independent effect 

in prediction of adverse perinatal outcomes, and combining conventional and 

conditional centile improves prediction compared to the use of conventional centile 

alone. The results for MCA and CPR are less convincing than those for EFW, possibly 

due to the relatively high individual variation of these parameters also in the small 

fetuses, worth further exploration. 
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7 Future aspects 
We have shown an association between maternal weight gain and fetal AC (which 

reflects fetal liver size) at the second trimester in a low risk population. This 

corroborates with the fact that fetal liver circulation is influenced by maternal diet, 

body composition and weight gain, indicating one possible mechanistic pathway that 

deserves further exploration. We are currently establishing a bio-bank (CONIMPREG) 

that includes nutritional information including biomarkers and registration of maternal 

activity. In this study, data collection starts before conception. We believe such 

information may give a more detailed knowledge of how growth trajectories for fetal 

growth are set and modified during the entire pregnancy.  

 

Well-documented longitudinal reference ranges and models for calculating conditional 

centiles are available for both EFW and Doppler measurements. In a high-risk 

population we have shown significantly better prediction of adverse perinatal 

outcomes when adding conditional centiles to conventional centiles for EFW and CPR. 

Repeated measurements of fetal size are performed extensively, and our results 

support clinical use of conditional growth centiles in high risk pregnancies. Adverse 

perinatal outcomes do not occur exclusively in SGA fetuses or in pregnancies with 

predefined risk. Testing applicability of conditional growth centiles in a low risk-

population would require a large number of participants. Sensitivity of prenatal 

identification of SGA fetuses in a low risk population is low with a detection rate 

varying between 20 and 57% (211). A combined evaluation of EFW and growth 

velocity of fetal AC has shown to better identify SGA fetuses with increased risk of 

neonatal morbidity (211). Further evaluation of conditional growth centiles for fetal 

AC in high risk pregnancies may be valuable for the identification of fetuses at risk of 

adverse perinatal outcomes. 

 

During the present studies we have become increasingly aware of the effect of 

multiple serial measurements and of a possible reduction in the variance of MCA PI 

and CPR in extreme cases. We therefore plan a study of individual variation of 

cerebral blood flow in prediction of adverse perinatal outcomes, and a further study 
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exploiting the full set of serial measurements in sharpening individual prediction of 

outcome.  
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Abstract

Objective. To study the association between maternal weight gain in pregnancy and
fetal abdominal circumference in the second trimester. Design. Prospective cross-
sectional study. Setting. Low-risk antenatal clinic. Population. Six hundred and fifty
women with low-risk pregnancy. Methods. Women with a regular menstrual period
(28±4 days) and certain information on the last menstrual period were recruited
when they were referred for routine ultrasound scanning. Women with a discrep-
ancy of>14 days between ultrasound and menstrual age were excluded. Maternal
weight gain during pregnancy was derived from information in the antenatal chart
and the weekly weight gain was calculated. Fetal abdominal circumference measure-
ments were registered in gestational weeks 15–25 and their z-scores, together with
the z-scores of maternal weight gain, were used in a linear regression analysis. Main
outcome measures. Association between maternal weight gain and fetal abdominal
circumference. Results. Based on the complete data of 515 women we found a mean
maternal weight gain during pregnancy of 0.39kg/week and a positive association
between this weight gain and fetal abdominal circumference in the second trimester
(r=0.122 (95%CI 0.051–0.194)), with the strongest effect in women with the slowest
weight gain (<0.28kg/week) (r=0.554 (95%CI 0.261–0.846)). Conclusion. Maternal
weight gain in pregnancy is related to and may determine fetal abdominal circum-
ference in gestational weeks 15–25, particularly in those women with a slow weight
gain.

Abbreviations: AC, abdominal circumference; BMI, body mass index; LMP, last
menstrual period; CRL, crown rump length; BPD, biparietal diameter.

Introduction

Birthweight shows considerable variation and has in recent
years been linked to various health risks in adult life (1). This
has led to an increased interest in identifying mechanisms and
factors that determine fetal growth. Maternal constraint on
fetal growth has been shown to be the most prominent factor
(2). Maternal height, body mass index (BMI) and weight gain
during pregnancy are shown to be part of this by influencing
estimated fetal weight and weight at birth (3–5).

The mechanism through which these factors are opera-
tional is not known, but recent data suggest that the fetal
liver is a key organ translating maternal factors into differen-
tial growth (6). Umbilical liver perfusion, liver proliferation
and production of insulin-like growth factors are important

components of this mechanism (7–9). Measuring the fetal
liver has been attempted and a relation between liver volume
and fetal growth has been established (10) but the technique
is time-consuming and is hampered by high variability. How-
ever, as the fetal liver is the dominating organ included in the
abdominal circumference measurement (AC), the AC could
be used to express liver size. AC additionally includes subcuta-
neous and intra-abdominal fat accretion, another expression
of growth variation, and another reason why we used AC in
the present study to test our hypothesis that maternal weight
gain influences AC in the second trimester.

Among the maternal factors, the maternal gestational
weight gain is of particular interest. It reflects growth of the
conceptus (including the fetus) and maternal tissue expan-
sion but also nutrition during pregnancy. The appropriate
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weight gain is regarded to be 11.5–16kg for women with a
normal BMI (11), and it is well established that there is a
positive relation between total weight gain in pregnancy and
birthweight (12–14). However, only one study has explored
the relation between maternal weight gain in pregnancy and
AC. That study showed that low total weight gain (<8kg)
compared with a high (>16kg) weight gain, was associated
with a difference in fetal AC of just 1.4%, but no effect was
seen at 18 weeks’ gestation (4).

Thus, the aim of the present study was to assess whether
maternal weight gain during pregnancy might influence fetal
AC as early as in the second trimester in low risk pregnancies.

Material and methods

The present study is part of the ‘Fetal Age and Growth’ project
that included 650 women with low-risk pregnancies for the
ultrasound study of fetal size, pregnancy duration and fetal
growth published previously (5,15–17). Here we used the in-
formation on maternal weight gain not published previously
to address our hypothesis of a nutritional influence on the
fetal AC as a surrogate for liver size and fat accretion in the
second trimester. The Regional Committee of Medical Re-
search Ethics approved the study (REK-III no. 025.01). The
women participated voluntarily and gave their written in-
formed consent at entrance. Inclusion criteria were: regular
menstrual periods (28±4 days) for at least three months be-
fore pregnancy and no use of hormone therapy in this period,
an exact known date of the last menstrual period (LMP), sin-
gleton pregnancy, no history of complications in previous
pregnancies, no regular use of medication. The exclusion
criterion was>14 days’ discrepancy between ultrasound and
menstrual age.

Information on maternal pre-pregnancy weight had been
recorded at the first antenatal visit. Weight gain during preg-
nancy was calculated as the difference between weight at the
last antenatal visit and the pre-pregnancy weight. For the
analysis we calculated weight gain per week until the last
antenatal visit. Gestational age was assessed using the LMP.

All ultrasound examinations were performed by two expe-
rienced persons, using a Philips HDI 5000 machine (Philips,
Seattle, WA, USA), with a 2–5MHz abdominal scanning head,
or an Aloka Prosound-5000 machine (Aloka, Tokyo, Japan),
with a 2–5MHz abdominal scanning head.

Fetal AC ultrasound measurements were obtained using
an ellipse in the transverse section of the fetal abdomen at the
level where the umbilical vein enters the liver. We used the
mean of three measurements, and only one measurement was
taken of each woman at 15–25 weeks’ gestation. As gestational
age is a determinant for AC and maternal weight, we used
a z-score for AC and weight gain per week for the analysis.
Z-score statistics and linear regression analysis were used to
assess the effect of maternal weight gain in pregnancy on AC

Table 1. Characteristics of the included participants (n=515).

Pre-pregnancy weight (kg) 65 (43–132)
Weight gain (kg) 14 (−5–34)
Height (cm) 168 (152–183)
BMI (body mass index) 23 (16–48)
Age (years) 30 (19–43)
Smokers (n) 41 (8%)

Values are median (range) or n (%).

and birthweight. We used spss (Statistical Package for the
Social Sciences; Inc, Chicago, IL, USA).

Results

Of the 650 women included, 135 were excluded, leaving 515
for the statistical calculation. Four participants were excluded
because of withdrawal from the study, a discrepancy between
ultrasound and menstrual age of>14 days led to eight exclu-
sions, and four women experienced miscarriage or intrauter-
ine fetal death. Missing data on the AC measurements at
gestational week 15–25 or missing data of weight at the last
antenatal visit after gestational week 32 also led to exclusion
of, respectively, 24 and 101 women. In six cases there were
overlapping causes of exclusion.

Maternal characteristics of the participants are presented
in Table 1. Gestational weeks at the last antenatal visit ranged
from 32+0 to 41+6. Table 2 presents the distribution of the
last weight measurements according to gestational age. Mean
weight gain was 14.5kg and mean weight gain per week was
0.39kg. There were 230 women who gained more than 0.40kg
per week. In this group there was no significant association to
fetal AC (p=0.829), but in the group of 96 women who gained
less than 0.28kg per week, there were significantly lower AC
measurements (p=0.000).

Linear regression with the z-score for AC as the dependent
variable and the z-score for maternal weight gain (kg/week)
as the independent variable (Figure 1), showed that mater-
nal weight gain during pregnancy was positively associated
to the fetal AC in the second trimester (r=0.122 (95%CI
0.051–0.194; p=0.001)). There was no significant association
between pre-pregnant weight and AC or between BMI and
AC between 15 and 25 weeks (Table 3).

Table 2. Distribution of the last weight measurement according to

gestational age.

Gestational age (weeks+days) n

32+0–33+6 55
34+0–35+6 99
36+0–37+6 165
38+0–39+6 166
40+0– 30

C© 2011 The Authors
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Figure 1. Z-score statistics showing a positive association between ma-
ternal weight gain per week in pregnancy and fetal abdominal circum-
ference (AC), p= 0.001. Z-score AC=0.070+0.122 ∗ (z-score of weight
gain per week).

Mean birthweight was 3 723g (range 2 200g–5 450g). Ma-
ternal weight gain in pregnancy was positively associated with
birthweight (p=0.000) (Figure 2).

Discussion

Our findings demonstrated a positive association between
maternal weight gain in pregnancy and the fetal AC at 15–25
weeks’ gestation, suggesting that maternal nutrition may im-
pact on the fetal liver and influence growth from an early stage
of fetal development. The effect seemed strongest in mothers
with the slowest weight gain rate. This early association be-
tween weight gain and fetal size is in contrast to the findings of
a previous study where only a low, although significant, asso-
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Figure 2. Z-score statistics showing a positive association between ma-
ternal weight gain pr week in pregnancy and birthweight, p=0.000.
Z-score BW=−0.003+0.024 ∗ (z-score of weight gain per week).

ciation from gestational week 25 onwards was shown (4). The
design of the study was different, as the effect of maternal risk
factors in a population where such factors were prevailing was
examined, whereas our study assessed growth dynamics in a
carefully selected low-risk population. The populations were
comparable concerning BMI but differed regarding ethnicity
(69% black compared with our 0%), inclusion of smokers
(49% compared with our 8%) and mothers having hyper-
tension (6.4% compared with our 0%). These factors are
known to influence fetal growth. Possibly more important
would have been the differences in assignment of gestational
age. Whereas the present study exclusively used the exact
information of a regular LMP with cycle variation within
28±4 days to select a homogeneous population, Golden-
berg et al. used LMP or ultrasound-corrected gestational age
for an unknown proportion of their population, which may
have affected their results concerning AC at 18 weeks’ gesta-
tion. We regard our finding as an expression of nutritional
mechanisms operating in physiological pregnancies. Several

Table 3. Effect of maternal pregnancy weight gain, pre-pregnancy weight and BMI on fetal abdominal circumference at 15–25 weeks’ gestation. R,

95%CI and standard error (SE) expressed as a z-score.

n r 95%CI SE p-value

Weight gain 515 0.122 0.051–0.194 0.036 0.001
Weight gain>0.40kg/week 230 0.020 –0.160 to 0.199 0.091 0.829
Weight gain<0.28kg/week 96 0.554 0.261–0.846 0.147 0.000
Pre-pregnancy weight 515 ÷0.002 –0.008 to 0.004 0.003 0.483
Pre-pregnancy BMI 515 ÷0.012 –0.029 to 0.005 0.009 0.171
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prior studies have demonstrated an association between ma-
ternal weight gain in pregnancy and fetal size from mid-
pregnancy onwards, but not the exact effect of the different
biometric parameters, and not as early as from gestational
week 15 (3).

The fetal nutritional supply depends on maternal–
placental transport capacity, maternal body composition and
diet (18,19). Maternal weight gain may influence the fetus
in several ways. The umbilical vein directs 75–80% of its
nutrient-rich blood from the placenta to the fetal liver (20)
but this fraction is reduced in cases of fetal growth restric-
tion (21) leading to less hepatocyte proliferation (7). It has
also been shown that low pregnancy weight gain is associated
with reduced umbilical venous perfusion to the fetal liver,
particularly the right lobe (22). A liver-sparing mechanism
comes into play in slim mothers with low fat stores (6). Such
adaptive measures are believed to alter hepatic development
(23), with potential long-term consequences for the risk of
cardiovascular and metabolic disease (6). We assume that
such dynamics underlie the variation in liver size and thus
AC.

The recently shown effect of umbilical flow and mater-
nal nutritional status on fetal liver development (6,7,22) was
demonstrated during the latter part of pregnancy. However,
there is increasing evidence of lasting fetal growth differen-
tiation before 24 weeks’ gestation (17,24). Rather than using
birthweight as a marker of later health risk, it may be of value
to explore more specific fetal measurements. The AC offers
such a possibility as a reflection of liver size and central fat
accretion.

There was no association between maternal pre-pregnancy
weight or BMI and fetal AC prior to gestational week 25. This
is in agreement with a prior study (4).

A possible confounder in the present study was the registra-
tion of maternal weight. Pre-pregnancy weight was based on
information from the antenatal chart. This was self-reported
weight or measurement of weight at the first antenatal visit.
The use of self-reported weight is associated with a tendency
to underestimate the weight, by an average 1.4kg and more
in heavy women (25). In a recent study of 1 000 women,
it was shown that weight, BMI, water content and fat did
not change during the first 14 weeks of pregnancy (26). We
therefore assume that weight and body composition in early
pregnancy within our study population was fairly similar to
pre-pregnancy values. We chose weight at the last antena-
tal visit instead of weight at birth because few women were
weighed on the day they gave birth. At the last antenatal visit
we had a more accurate weight measurement.

There is increasing evidence that fetal size at second
trimester is linked to neonatal and adult morbidity, and that
maternal anthropometrical and nutritional status are deter-
minants of fetal growth and adaptation (6,18,22). The present
study adds the information that such regulation can be traced

already by the second trimester, i.e. maternal weight gain in
pregnancy impacts on fetal abdominal circumference, par-
ticularly when maternal weight gain is slow.
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